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CHAPTER |

INTRODUCTION
Monolithic aerogels are highly mesoporous materials that have low densithdawal
conductivity, low dielectric constant as well as high acoustic impendence, &tiegv o
properties that make them attractive for wide range of applications mahand
acoustic insulation, electronics, separations and catalysis. Howevdityfragi
hydrophilicity, as well as the requirement for drying using supercritical @xtraction
has limited the actual use to only specialized space applications or as Cerelntoyra

detectors in some types of nuclear reactors.

Recently, the fragility problem was solved by casting a conformal polyoating over

the skeletal framework of typical silica aerogels prepared via adagéskyzed sol-gel

method (Leventis et al. 2002). That framework consists of a pearl-necklateréke
dimensional assembly of nanoparticles. The applied polymer coating crkssHe
nanoparticles by developing covalent bonding with their surface and reintbeces
structure without clogging the pores. Thus, the density typically increasetabtor of

3, while the strength at failure increases by a factor of 300 with a remainingyatos

70% (Leventis et al. 2002; Zhang et al. 2004; Bertino et al. 2004). Cross-linked samples
are able to deform by over 77% compressive strain without developing surface cracks

and remain stable when saturated with water.

In an effort to explore the limits of the technology, the surface of the skeletal

nanoparticles was modified with amines, which became the point of departure for



exploring cross-linking with several polymeric systems, for exampleigdicyanate-
derived polyurethane/polyurea, epoxides and styrene (Meador et al. 2005; Katti et a
2006; lIhan et al. 2006; Capadona et al. 2006). In addition to the strength, other desirable
properties were also introduced into the material such as hydrophobicity withyperest
cross-linked aerogels (llhan et al., 2006). Nevertheless, data showingehgttstvise
makes no much difference which polymeric system is used for cross-linking.aghat h
been attributed to the fact that the gain in strength is related to the bond enbayy in t
polymeric tethers connecting the skeletal nanoparticles, and for a more sintdar
amount of cross-linker (i.e., amount of accumulated polymer) the total bond energy does
not vary dramatically from one polymer to another (Leventis, 2007a). At that pant, t
next logical step was that strength could probably be improved further by vérging
network morphology (Woignier et al. 1998); in other words, it was reasoned thagmliffer
network morphologies could dissipate load-forces more efficiently, isioigatrength
further. For this, one approach could be to move away from silica or other metal and
semi-metal oxide aerogels with pearl-necklace like nanostructures inteparticle

necks are the obvious weak points that initiate failure (Leventis et al, 2007b). In this
context, it is known at least since the 1940s that vanadia sol-gel derived material
consists of fibers (Livage, 1991), or perhaps even entangled worm-like nano-objects
showing a 3D structure with morphology akin to the walls of a bird’s nest (Sudant et a
2004). Mechanically, vanadia aerogels appear to be brittle (Woignier and9é%98).
However, after cross-linking, the interlocking of elongated worm-like objeei®s to
become responsible for unique mechanical properties at both room and cryogenic

temperatures, which is the focus of this work.



Thus, following procedures described previously for silica and rare earth aerogel
(Leventis et al. 2002; Leventis et al., 2007); we have applied an isocyanate-derived
polyurethane/polyurea coating on the skeletal framework of vanadia wet getted
accumulation of the polymer is templated by the hydroxyl functionality found on the
surface of the vanadia nanoworms. The resulting composites were dried igg@®sero
with CO, taken out supercritically. Crosslinked vanadia aerogels (X-VOXx) were
characterized for their chemical, physical, morphological and mechanigeerties.
Specifically, the latter were studied by using dynamic mechanicalsse@DMA) and
compression testing under both quasi-static conditions and high strain rates. At high
strain rates subject to armor applications, we used a long split Hopkinson pressure bar
(SHPB) developed at Oklahoma State University. The deformation and faile ples
at two different densities were observed with ultra-high speed photography. The
deformation field was studied using the digital image correlation method (i C)
analysis of a sequence of images under high strain rate loading. Metheopeaties
were investigated with samples of different bulk densities as well as wigturei
saturated samples and samples having their mesopores filled with watdy. Fanmglles
were also cooled with liquid nitrogen and stiffness, strength and ductility were
investigated at cryogenic temperatures both at low moderate and high s&a@vexiall,
due to the low density, it was observed that t the mechanical properties of Xav¥Ox f
surpass those of general engineering polymer especially at nig@geicture application
in terms of special mechanical properties for applications ranging frowr &0

cryogenic liquid storage tanks.



CHAPTER II
REVIEW OF LITERATURE
2.1 Aerogels: A Brief History and Applications
Aerogels were first prepared by Steven K. Kistler in 1931 in an attempt to pedwe t
Solid gel and wet gel were similar in that they both contained a continuous network of
solid particles of the comparable shape and size. To prove this, he needed to find a way t
remove the liquid solvent from the wet gel without damaging the solid network of the
particles. The main obstacle that he encountered was that as the liquid recaued duri
evaporation, a liquid--vapor interface was created which produced strong sarfsioa
forces within the pores. This surface tension forces caused the pores to collpisaes
destroying the solid network of particles. This was the case when wetgalloxaed to
dry in ambient air, there was severe shrinkage followed by extensivengaltkivas
therefore not possible to produce solid monoliths. With this short coming, Kistler
theorized that:
"Obviously, if one wishes to produce an aerogel, he must replace the liquid with
air by some means in which the surface of the liquid is never permitted to recede
within the gel. If a liquid is held under pressure always greater than the vapor
pressure, and the temperature is raised, it will be transformed at the critical
temperature into a gas without two phases having been present at any time." (S. S.

Kistler, J. Phys. Chem. 34, 52, 1932).



The key to successful production of aerogel was supercritical extractionliofutide

solvent in the wet gel. The process of supercritical fluid extraction isilegddyelow.

2.2 Supercritical Drying
The process of supercritical fluid extraction involves holding the solvent fluid under
pressure that is greater than its vapor pressure. The temperature ésbenvhich

results in pressure rise as well and at the critical temperature, ¥eatssltransformed

into a gas without the creation of liquid—vapor interface. The gaseous phase could then
be vented out. Initially, early pioneers in the field used alcohol as thensblyeit was a
dangerous operation due to the high pressures and temperatures involved beforg reachin
supercritical situations. A safer method was desired and was developed by intfoduc
liquid CO,that was exchanged for any other solvent that would otherwise require more

severe conditions.

2.3 Basictheory of SCF

By holding a fluid and keeping it at a pressure and temperature above itd potid is
referred to as supercritical fluid. At this phase, regardless of the applssdipgethe pure
gaseous part of the solvent cannot be liquefied as long as it is maintained above the
critical temperature and pressures.

For this work CQwas used because of its low cost, hon-toxicity and the fact that it does
not react with aerogels. In addition, it has a low critical value of 31°C and 73.8 bars

(about 1050Psi) for the temperature and pressure respectively.



During supercritical drying, liquid C{s introduced into a high pressure chamber
(autoclave) where wet samples are and it replaces the liquid solvent trapgedhesi
pores of the samples. In the case of both the templated aerogels and vanadium based
aerogel which were investigated, the liquid solvent used was acetone, wiolaitateet

was the pore—filling solvent used to prepare base catalyzed silica aefogetsall the
liquid solvent has been replaced by liquid Cthe pressure in the chamber was rapidly
increased to a point where it is above the critical point of IEQ important to avoid a
situation where both the liquid and vapor are present at the same time because the
receding surface of the fluid would introduce strong surface tension forcesotiidt w
course the pores to collapse. The idea is to ensure that the high pressure chakdrer is t

through a rope around the critical point.

2.5 State of the Art in Aerogel Production

Monolithic aerogels are highly mesoporous materials that have low densithdawal
conductivity, low dielectric constant as well as high acoustic impendence, &tieev o
properties that make them attractive for wide range of applications mahand
acoustic insulation, electronics, separations and catalysis. Howevéityfrag
hydrophilicity, as well as the requirement for drying using supercritical &xtraction
has limited the actual use to only specialized space applications or as Cerelntoyra

detectors in some types of nuclear reactors.



Recently, the fragility problem was solved by casting a conformal polgoating over

the skeletal framework of typical silica aerogels prepared via adagéslyzed sol-gel

method (Leventis et al. 2002). That framework consists of a pearl-neckia¢krie-
dimensional assembly of nanopatrticles. The applied polymer coating crkssHe
nanoparticles by developing covalent bonding with their surface and reintbeces
structure without clogging the pores. Thus, the density typically increasetabtor of

3, while the strength at failure increases by a factor of 300 with a remainingyatos

70% (Leventis et al. 2002; Zhang et al. 2004; Bertino et al. 2004). Cross-linked samples
are able to deform by 77% compressive strain without developing surface eratks,

remain stable when saturated with water.

In an effort to explore the limits of the technology, the surface of the skeletal
nanoparticles was modified with amines, which became the point of departure for
exploring cross-linking with several polymeric systems, for exampleigsocyanate-

derived polyurethane/polyurea, epoxides and styrene (Meador et al. 2005; Katti et a
2006; llhan et al. 2006; Capadona et al. 2006). In addition to the strength, other desirable
properties were also introduced into the material such as hydrophobicity withyperest
crosslinked aerogels (llhan et al., 2006). Nevertheless, data showing thgthstrese

makes no much difference which polymeric system is used for cross-linking.aghat h
been attributed to the fact that the gain in strength is related to the bond enbayy in t
polymeric tethers connecting the skeletal nanoparticles, and for a more sintdar

amount of cross-linker (i.e., amount of accumulated polymer) the total bond energy does
not vary dramatically from one polymer to another (Leventis, 2007a). At that point, the

next logical step was that strength could probably be improved further by vérging



network morphology (Woignier et al. 1998); in other words, it was reasoned thagmliffer
network morphologies could dissipate load-forces more efficiently, isioigatrength
further. For this, one approach could be to move away from silica or other metal and
semi-metal oxide aerogels with pearl-necklace like nanostructures intexparticle

necks are the obvious weak points that initiate failure (Leventis et al, 2007b). In this
context, it is known at least since the 1940s that vanadia sol-gel derived material
consists of fibers (Livage, 1991), or perhaps even entangled worm-like nano-objects
showing a 3D structure with morphology akin to the walls of a bird’s nest (Sudant et a
2004). Mechanically, vanadia aerogels appear to be brittle (Woignier and€é%98).
However, after cross-linking, the interlocking of elongated worm-like objeei®s to
become responsible for unique mechanical properties at both room and cryogenic

temperatures, which is the focus of this work.

Thus, following procedures described previously for silica and rare earth aerogel
(Leventis et al. 2002; Leventis et al., 2007), we have applied an isocyanate-derived
polyurethane/polyurea coating on the skeletal framework of vanadia wet getsed
accumulation of the polymer is templated by the hydroxyl functionality found on the
surface of the vanadia nanoworms. The resulting composites were dried in&lsaerog
with CO, taken out supercritically. Crosslinked vanadia aerogels (X-VOXx) were
characterized for their chemical, physical, morphological and mechaniogeerties.
Specifically, the latter were studied by using dynamic mechanicalssa@DMA) and
compression testing under both quasi-static conditions and high strain rates. At high
strain rates subject to armor applications, we used a long split Hopkinson pressure bar

(SHPB). The deformation and failure of samples at two different dengiéee observed



with ultra-high speed photography. The deformation field was studied using thé digita
image correlation method (DIC) via analysis of a sequence of images ugldstrain

rate loading. Mechanical properties were investigated with samples oédiffarik
densities as well as with moisture saturated samples and samples havingegopores
filled with water. Finally samples were also cooled with liquid nitrogehstiffness,
strength and ductility were investigated at cryogenic temperatures Hoth @moderate

and high strain rate. Overall, due to the light density, it is are clearbjesibiat the
mechanical properties of X-VOx far surpass those of general engmeetymer
especially at cryogenic structure application in terms of specialanaet properties for

applications ranging from armor to cryogenic liquid storage tanks.



CHAPTER 11

METHODOLOGY: SAMPLE SYNTHESISAND EXPERIMENTS

3.1 Materials Used

Vanadium (V) tripropoxide was purchased from Sigma Aldrich (Milwaukee ahd)

used as received. Acetone was obtained from AAPER Alcohol and Chemical Co.
(Shelbyville, KY). Desmodur N3200 hexamethylene diisocyanate was donated courtesy
of Bayer Corporation (Pittsburgh, PA). Deionized water was produced using a Millipore
Milli-Q water system and purified to 18.2M Siphon grade CQwas obtained from

BOC Gases, Murray Hill, NJ, supplied locally by Ozarc Gases. The nwidglindrical
samples appropriate for compression testing were 10ml polyethylene sy(liuge-

LokTM Tip, BD 10 ml); the molds for square cross-section samples for three point
bending were square glass tubes (ACE Glass Incorporated, Vineland, NJp.#@rOB-

91, SP/4 10mm ID); and, molds with an 8merBmm rectangular cross section for

Dynamic Mechanical analysis were custom-made by ACE Glass.

3.2 Sample Preparation and Drying
Vanadia wet gels were prepared by copolymerization of a vanadium (V) tripdepoxi
solution in mixture of acetone and water, which is a modification of Dunn’s procedure

(Chaput et al., 1995). In a typical process, two solutions, solution A containing 5.58 ml of

10



de-ionized water (0.310 mol), 11.34 ml of acetone (0.155 mol), and solution B containing
2.4 ml of vanadium(V) tripropoxide (0.0106 mol) were cooled in an acetone/dry ice bath
until ice appeared in solution A; solution B just became more viscous. Solution A was
vigorously shaken until all chunks of frozen water/acetone disappeared, and at that point
it was added into solution B rapidly all at once. The dark orange-red mixture ésol) w
shaken vigorously for 10-15 s and it was poured directly into molds where it quickly

turned to green. The synthesis protocol is as shown in figure 1.

Square and rectangular cross-section molds were open at both ends; one end was covered
with two layers of Parafilm, and the sol was poured from the other end, which was then
also covered with two layers of Parafilm. Gelation occurred in about one minug whil

the sol was still cold. Samples were left in their molds to age for five Aftgs that

period, gels were removed from the molds and were placed in a large jar with fresh
acetone, approximately 4-5 times the total volume of the gels. The contents of the jar

were agitated periodically, and acetone was changed four times, onc4venjative

vanadia (VOXx) aerogels were obtained by a final solvent exchange in alaeeitwbere

the pore filling acetone was replaced with liquidC@hich was then taken supercritical

and was vented off isothermally (Zhang et al., 2004; Katti et al., 2006).

Alternatively, acetone-exchanged wet gels were cross-linked byoreadth a

Desmodur N3200 solution in acetone. For this, the fourth acetone wash was replaced by
an equal volume of a solution containing 32.9 g Desmodur N3200 in 82 mL of acetone.
The jar was then swirled gently after 24 hours and gels were allowed tm riarttee

crosslinking bath for 36 hours. The concentration of Desmodour N3200 in the bath was

11



varied resulting in crosslinked aerogels with different densities. SubsequEitiyvere
heated in an oven at 3C for 72 hours under two different conditions: either in the
crosslinking bath or in fresh acetone. Typically, crosslinked vanadia (X-VOogelsr

cured in acetone have lower densities than X-VOx aerogels cured in th@enkiogsl

bath. After 72 hours, gels were removed from the oven and they were washed four more
times with fresh acetone. Finally they were dried with, @Ren out supercritically as in

the case of the native samples.

VO(OCH,CH,CH;); Acetone + Water

I |
Coolto -78°C Coolto -78°C
b

Mix, Pour into Molds,Gel and Age (5Days)

|

4X Acetone Wash

v

- Cross-Link in N3200

v v

Curein N3200 at 55°C Curein Acetone at 55°C

|

SCFin CO2
Low Density Gels

SCFin CO2

High Density Gels

Figure 1: Flow chart of Vanadium aerogel making protocol
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3.3 Thermal, Physical and Chemical Characterization

Thermal characterization was conducted by thermogravimetric an@lafs) and
differential scanning calorimetry (DSC). TGA was performed on a T&ungents
Model 2950 HiRes instrument at 10/min under nitrogen. DSC was conducted with a

TA Instruments Model 2010 apparatus also aiCléhin under nitrogen.

The aerogel nanostructure was characterized by scanning electrosaopy (SEM) and
nitrogen sorption porosimetry. For SEM, samples were coated with Au and were
observed with a Hitachi S-4700 field emission microscope. For nitrogen sorption
porosimetry samples were outgassed at3for 24 h, and were analyzed with an ASAP
2000 Surface Area/Pore Distribution analyzer (Micromeritics Instnii@erp.).

Porosity, as percent empty space, was calculated from bulk and skeletal datasithie
latter were obtained by helium pycnometry using a Micromeritics AgcdB30

instrument.

Chemical characterization was performed by XRD, XPS, infrared and atdriatal
reflectance (ATR) infrared spectroscopy. For XRD, samples were lookethat

continuous mode with a Phillips X’Pert Materials Research Diffractanfetedel

PW3040/60) using Cu &radiation {=1.54 A). The incident beam prefix module was an
X-ray mirror (PW3088/18) equipped with a sealed proportional detector (PW3011/20).
XPS was conducted on a KRATOS AXIS 165 XPS Spectrometer equipped with a
magnesium anode at 225W, using an electron pass energy of 20 eV. A Nicolet Nexus 470

FT-IR spectrophotometer was used to obtain both infrared spectra of powder samples in

13



KBr pellets, as well as ATR infrared spectra across the radius of disksm larger

monoliths.

3.4 Uni-axial Quasi-static Compression Test:

Cross-linked vanadia (X-VOXx) have a nano-fibrous structure coated conformtllg
nano-layer of polymer. However, their relative rigid walls lender them tsigddiy

behave like rigid plastics. For that reason, quasi-static compression testsone in
accordance to ASTM standard D 695—02a which is technically equivalent to ISO 604.
The main reason for this test was to find such critical data about the samples e
compressive strength, compressive yield strength, and Young’s modulus. ioradké
data obtained was used to calculate the specific energy of material, vasabtained

by calculating the area under the stress—strain curves.

ASTM standard D 695—2a prescribes that the length to diameter ratio of the samples be
2:1 for tests on rigid plastics. Samples with circular cross-section weraredeusing

10ml syringes as mold material as described above. After the sangokesed, they

were cut to size with a diamond saw and the tool marks left by the sow were demove
using a fine grade sand paper and also polish the sides of samples. ited &met there

was no stress concentration on the scratches left by the tool marks leftrdadghiging.

14



Figure 2: Test specimen set on test platens of MTS test machine before €somprest

Quasi-static tests were done at room temperature, -5°C, at -50°C and aharyog
temperatures of about -180°C. For tests at -5°C, samples were left in thddridge

hours. The platens of the compression machine were then cooled by placing ice on them
before the samples were placed there. Tests were then carried out witleiooiess

from the start of the test to the finish. For test at -50°C, the samples weed pi dry ice
obtained from a liquid carbon dioxide tank with a dip tube in it. The temperature of the
dry ice was measured to be about -70°C. Just like in the case of the tests aty-lgeC, dr
was placed on the platens to cool them before the tests were carried out, feinadkts

at -180°C, the samples were wrapped in aluminum foil and then dipped in liquid nitrogen
for six hours. There after they were taken out of the liquid nitrogen, unwrapped and
placed on the platen where a steady flow of nitrogen was maintained to make sure that
there was no significant rise in temperature during the test. All otheotetitions were

maintained the same as for room temperature tests.

One of the limiting factor for wide spread use of aerogel is their hydrophilRievious

work by Leventis at al [2] showed that it could be reduced by applying a conformal

15



polymer layer on the mesoporous surface of the aerogel secondary particlesedtraf ef
water on the mechanical properties was then investigated by submergsuet@stens

in water for thirty days. Measurements and weight of the samples Wweredter every
eight hours for the first two days and then in two day intervals till there was no
significant change in both the dimension as well as the weight. They were tieenates

described above using ASTM D 695—2a standard as described in previous tests.

Figure 3: Compression samples in water before and after the test

Tests were also carried out at different strain rates achieved by siamging the cross

head speed of platen. Strain rate was varied from a low of 0.001/second to a high of
1/second. This test was done at room temperature only. Finally, to determine how the
material handles repetitive loading, the samples were subjected to load and unload
compression tests. Standard specimens with a ratio of 2:1 for length to dianeter r

were used as prescribed by the ASTM D 695—2a standard were loaded by bringing the
test platen together to compress the samples to a pre-determined stithieratine

motion of the platen was reversed to unload.
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3.5 Dynamic Mechanical Analyses (DMA)

Complex modulus was investigated using 55mm long, 13mm wide and 2mm thick
specimens prepared using glass molds as described above. A model RSA ledynam
mechanical analyzer (Rheumatics Scientific Inc. Piscataway, &slged to conduct

DMA tests at University of Oklahoma (Norman, Ok). Each sample was loaded on the
knife support of the test chamber and the loading was applied at the mid-span of the
sample which now behaved as a simply supported beam as shown in the diagram. A load
of 10 grams was introduced at the mid-span to make sure that the sample wasnalways i
contact with the knife-loading fixture when oscillating load was applied. The fiegue

was set at 1Hz and then liquid nitrogen was introduced into the chamber to cool the
sample to the lower limit of -122°C while the upper temperature limit wast 280°C.

Data sampling was then set at every two minutes and the sample was soaked for 20

seconds before recording the data. The loss modulus, the storage modulus as well as tan

delta were all recorded simultaneously at each temperature set.

Figure 4: Vanadium aerogel sample resting on DMA machine test chamber
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3.6 Compressive Experiments at High Strain Rates

Compressive experiments at high strain rates of 50-250@&ge conducted under

ambient condition at room temperature 23€ and under relative humidity 35 + 3%,

using on a long split Hopkinson pressure bar (SHPB) facility developed at Oklahoma
State University. The schematic diagram of the SHPB is shown in Figure 6HR2
consists of a steel striker bar, incident and transmission bars, strain dasitiaoqui

system, and an ultra-high speed photography system using Cordin 550-62 ultra-high
speed camera. A disk shaped X-VOx samples (13.72 mm in diameter and 2.54 mm in
thickness) of two densities ware sandwiched between the incident and tramsinéssi

A pulse shaper was used to generate a smooth incident wave, reducing thedispers

the incident wave due to the bar geometry (Frew et al., 2002). A hollow transmission ba
was used to reach high signal-to-noise ratio for the transmitted signaw®rloby

Chen’s group (Chen and Zhang, 1999; Chen and Lu, 2002) determined that the wave
dispersion under 1-D wave propagation is negligible when appropriate pulse shaping is
used. The incident and transmission bars made of 304L stainless steel had lengths 7514
and 4049 mm, respectively, with an outer diameter equal to 19 mm. The inner diameter
of the transmission bar was 14.1 mm. At the end of the transmission, a cap end made of
hard tool steel was press-fitted into the hollow tubing to support the specimen. An
appropriate pulse shaping can remove the end cap effect on 1D stress waveipropagat
(Chen and Zhang, 1999). A new pulse shaper, consisting either a metal tubing placed
inside another one, or two pieces of copper tubing, was used to help reach dynamic stress
equilibrium state and constant strain rate, necessary for a valid SheBneaents. The

working principle of SHPB has been well documented in literature (Gary, 208ta Ga
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and Lopatnikov, 2004). Under a valid SHPB experiment, formulas for the history of
stress, strain rate and strain in a specimen have been also documented (Luo, Lu and
Leventis 2006). In the case of high strain rates, SHPB experiments wereatided

the effect of strain rate, water, moisture, absorption, and low tempeitateseh SHPB
experiment, three or more specimens were tested to assure repeatabitityersdene

test conditions.

Figure 5: SHPB set up at Oklahoma State University
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Figure 6: Schematic of the SHPB set up and various components

3.7 High-speed Photography and Digital Image Correlation

A Cordin 550-62 high speed digital camera (62 color frames, up to 4 million frames per
second, 10-bit resolution CCD with 1000 x 1000 pixels) was used to acquire images of a
specimen at a rate of 71,829 frames per second. Two Cordin 605 high intensity Xenon
light sources with two sets of lenses were used to illuminate the specimasesimf

order to reach good focus, cubic specimens 10.4mm on the edge were used. The use of
such specimens allowed the measurement of Poisson’s ratio and the observation of the
failure. A speckle pattern was printed on the surface facing the cameralagikgilicon
rubber dots. The silicon rubber coating is so soft with Young’s modulus of about 1 MPa
that the strengthening effect is negligible. Also it was determiregdtibe rubber does not
react with the X-VOXx. Digital image correlation (DIC), a non-contadiffeld

deformation measurement method widely used to measure surface defornkatanmss(

and Zhu, 2002; Luo, Lu and Leventis, 2006), was used to measure surface deformations

on specimens. In DIC, two images, the reference image and the deformed image, are
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compared to determine the surface deformations through tracking distinct gy sc
patterns. In this work, the DIC code developed by Lu and Cary (2000), capable of

measuring both first-order and second-order displacement gradients, was used to

determine the surface deformations on a specimen.

Figure 7: High speed setup at the SHPB test site

3.8 Effects of Density, Water and Moisture Absor ption, and Low Temperature

The mechanical behavior of X-VOx aerogel depends on their mass density. Thefeffe
density on the stress-strain relationship was investigated at a stradfi +a360 5.

Since X-VOx has open-cell nanoporous structure, it can absorb water and moisture.
Experiments were conducted to determine the effect of water and moistometiainson
the compressive behavior at high strain rates. Water-soaked samples wearddrgpa
immersing dry X-VOx samples into water allowing them to absorb wateathrfully

saturated state. In order to investigate the effect of moisture, sampéestared under
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97% relative humidity for about two months in an enclosed container (desiccator). Th
mass and volume changes were also monitored during this period. The weight change
was measured with a balance (Denver Instrument, APX-200, max 200 g) with resolution
of 0.1 mg. After two months, X-VOx aerogels had reached a moisture saturat#on sta
Both water-soaked and moisture fully saturated X-VOx specimens weatdéouseasure

the stress strain relation at a strain rate of ~ 33(Results are compared with those

from dry X-VOXx specimens at room temperature.

A refrigerator was used to cool samples t&C=dry ice was obtained from CO2 tank

with a dip tube and the temperature was measured be abéQtaii@ samples were

placed in a vacuum flask to cool them and temperature at test time was alf@iit -50

liquid N2 (melting point -197C) in a Dewar were used for reaching cryogenic
temperature (-17€C). All samples were kept at the set temperature for at least 6 hours to
reach thermal equilibrium. For SHPB experiments, once samples weydoesebting,

they were placed quickly between the incident and transmission bars and theatasting

completed within 2~3 seconds.
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CHAPTER IV

FINDINGS

4.1 Synthesis, Physicochemical and Morphological Characterization of Vanadia

Aerogels

Vanadia aerogels (VOXx) were prepared by supercritical fluid (SCEk)d8/ang of
corresponding wet gels, which in turn were prepared by modification of Dunn’s
procedure (Chaput et al, 1995) whereas vanadyl triisopropoxide was substituted with
vanadyl tripropoxide; the latter had been used in earlier protocols (Livage, 1991). The
substitution was essential for our purposes, because invariably all large monelghic g
prepared via the former vanadium source developed cracks even while still in their
molds. Figure 1 schematically summarizes the preparation procedures for battagat
well as polymer cross-linked samples. Cooling of the acetone/water solntidhea
vanadium tripropoxide sample slows gelation which otherwise takes place upon mixing,
and gives time to pour the mixture into the molds. Aging for five (5) days is iamprt
because it strengthens the wet gels enough for gentle handling. Weegelsolvent-
exchanged by four acetone washes and they were either dried to produce naiive va

aerogels (VOXx) or they were subjected to a cross-linking process abddduzlow.

Table 1 summarizes key properties of these materials. Macroscopicallg, na
vanadia aerogels are green, suggesting the presence of vanadium(lV), andradbnsis

with the literature (Chaput et al, 1995) they are highly porous (consisting of ~97% empt
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space), low-bulk density materials (~0.08 gfpmhich are also extremely fragile. Their
BET surface areas are around 21%gmwhich are closer to those reported for vanadia
ambigels obtained by ambient pressure drying rather than for aeregetsr(f/qg)
prepared via SCF drying (Sudant et al, 2004). Microscopically, they consist afledtan
100-200 nm long, 30-40 nm thick worm-like objects shown in Figure 3(A) whose surface
morphology reminds the surface morphology of secondary patrticles of silicalaeroge
(Katti et al., 2006), suggesting that they are also formed by coalescirayypparticles.

By closer examination of SEM images shown in Figure 3(A) the size of the primar
particles seems to fall in the 6-8 nm range. XRD shown in Figure 4(A) of\e nati
vanadia aerogel shows a nanocrystalline material with well definedt, ladbad,
reflections at 2 =26.37 and at 2=50.58. From the half-width of the XRD reflections
we calculate (via the Scherrer method) that the crystallite sine¢hie range of 5 nm
(derived from the peak at 26.37 degrees) and 12 nm (derived from the peak at 50.58
degrees). On one hand this broad particle size range reflects a disorgatid;dout on
the other hand it matches with the primary particle size estimated from IS&uivh $n

Figure 3(A).

The best match for the observed reflections in XRD is §,\H,0, implying that
vanadium (V) was reduced during processing (probably by acetone) to vanadium (1V).
The presence of vanadium (IV) is quantitatively supported by the XPS data shown in
Figure 9 (B) showing a broad vanadiuny2peak with a shoulder at lower binding
energies indicating the presence of both tharil 4 oxidation states (Dutoit et al, 1997).
Thus assuming two peaks, both with 80% Gaussian and 20% Lorentzian contributions,

centered at 517.8 eV (vanadium V) and at 516.47 eV (vanadium IV), with a common
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half-width of 1.6 eV, it is calculated that vanadium is present at 67.61% as vanadium(V)

and at 32.39% as vanadium (1V). These data support the XRD assignmes@idi, .

Infrared spectra of native vanadia aerogels (Figure 11-bottom, dashedhdtneihe
strong absorption of V=0 at ~1000 ¢nwhile broad V-O bands appear below 900‘cm
The spectrum, however, is dominated by a broad absorption in the 33Gindra

second one at 1625 Eywhich are assigned to surface hydroxyls and adsorbed water
(Chaput et al, 1995). The presence of adsorbed water is further indicated by TGA

analysis (Figure 6) that shows a loss of ~15% mass at aroun@ #38ompanied by a

strong exothermic heat flow (by DSC) with a peak at®0

P 11"

, .e‘h

4700 10,0k 1mm =200k SE(U) 4/7107 eLilnm

Figure 8: SEM of Vanadium aerogel
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Figure 9: XPS results for vanadium Aerogels
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Figure 10: ATR infrared spectra near the center (solid line) and nepetingeter (dashed line)

of a crosslinked vanadia aerogel (X-VOx) disk (~2 diameter) cut offjardanonolithic cylinder.
Bottom: IR of a native vanadium aerogel (VOx=0.078 g/cm, dashed line) and of neat
Desmodur N3200.
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Figure 11: TGA and DSC results

The presence of adsorbed water is essential for building interpagtioées. Thus, in
analogy to our recent investigations with silica and rare earth agrogabhdia wet gels
are expected to react with isocyanates introduced in the mesopores, developing
interparticle molecular tethers via formation of: (a) urethane groupsabtiae with
hydroxyl groups on the surface of vanadia, and (b) urea bridges with othena@sya
from the mesopores; the latter are formed by a two-step reaction sequnaneasw
dangling isocyanates are hydrolyzed by surface adsorbed waterdt@€@eand dangling
amines, which in turn react with free diisocyanates in the mesopores to givesirea. A
demonstrated in Table 1, the amount of isocyanate uptake, and therefore the density of
the resulting aerogels, can be controlled by two methods: either by varying the
concentration of the diisocyanate in the crosslinking bath, or by curing the is@eyanat
equilibrated wet gels in the acetone/isocyanate equilibration bath itselfresh

acetone. The resulting cross-linked vanadia aerogels (X-VOXx) were @hared by
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ATR-IR spectroscopy. Figure 10-top shows two spectra, one at the edge anthene at
center of a disk cut with a diamond saw off a ~2 cm in diameter cylindrical X-VOx
monolith. These data confirm uniform distribution of the polymer throughout the sample,
and by comparison with the spectrum of neat N3200 diisocyanate (Figure 10-bottom
solid line) the isocyanate stretch at ~2300'dmas disappeared while the diazetidine
dione stretch of N3200 at 1767 ¢rhas survived the crosslinking process in analogy to
X-silica and X-rare earth aerogels (Zhang et al, 2004; Katti et al, 2@96éntis et al,
2007). The presence of ureas in the monomer obscures the formation of new ureas by the
cross-linking process, although the relative size of the feature at ~1698asm
increased. Now, Figure 3(B) confirms that nanoscopically, material hagddesn
conformally to the skeletal worm-like objects. By comparison SEM imageguréf8(B)
with 8(A), the thickness of the coating for the particular cross-linked X-S¥&@nple is
approximately 4 nm. Concurrently, the BET surface area has decreased teltte

value range of the native samples, while the average pore size has incedbeszithg
restricted access to the smaller crevices on the skeletal framewtir& pglymer

coating. The skeletal density of the cross-linked samples has also decetaipee to

the skeletal density of the native samples, reflecting the weighted adenagjey of the
polymer and the underlying inorganic skeletal framework. By TGA (Figure 6[DX-V
samples contain ~3% w/w moisture, while polymer starts decomposing abo\@, 300
analogy to corresponding X-silica or X-rare earth samples (Zhang et al. 2atfiZetkal.
2006; Leventis et al. 2007). The mass loss up to ®0Adicates that the corresponding
cross-linked monolith consists of ~82% of isocyanate-derived polymer. This isteahsis

with the density gain by cross-linking of the particular VOx samples (6@%8 g/crito
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0.421 g/cm) corresponding to 81% w/w polymer, and also with the skeletal density
change from that of native vanadia (~2.854 §jam cross-linked vanadia (1.293 gfm
for samples cured in acetone with bulk density of 0.421 Yj/éndeed, considering the
density of Desmodur N3200 derived polyurea (1.14591 Y/dtis calculated that the
skeletal density of a sample consisting of 82% polymer, 3% water and a balance of

vanadia (15%) should be 1.398 gfcm

Sample 1D/ Bulk Skeletal

N3200:acetone  Density Density Porosity BET areddm
in bath (g/mL)  (g/cm) (g/cnt) (%) (Av. Pore diam., nm)
VOx

Native samples  0.078+0.011 2.854+0.112 97 216 (56.5)
X-VOx: Samples cured in acetone

5.5:95 0.219+0.009

11:94 0.257+0.003  1.383 81

33:82 0.421+0.008  1.293+0.015 67 99.7 (71.2)
X-VOx: Samples cured in the N3200: acetone bath

5.5:95 0.338+0.005

11:94 0.465+0.007  1.257 63

33:82 0.593+0.004  1.236+0.008 52 68.4 (109)

Table 1: Results of BET analysis

4.2 Dynamic Mechanical Analysis (DMA).

Between -129 °C and 210 °C at 1 Hz, the complex modulus data (storage modulus and
loss modulus) of X-VOXx in acetone with density 0.465 g/arare determined. We

present results in terms of nominal stress and nominal strain with reféoanitel
dimensions. Figure 13 shows the storage modulus, loss modulus, and loss tangent as a

function of temperature. It is seen that the Young’s modulus at room tempeP4tice (
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is 669.6 MPa. In general, the storage modulus decreases with the increas

At -129 °C, the storage modulus is 1243 MPa; at 100 °C the modulus is reduced to 315
MPa. Around 118.4 °C, the storage modulus decreases at a steep rate, thereby indicating
ana-glass transition. Above 118.4 °C, the storage modulus shows a slight increase; at
207 °C the modulus decreased to 24.3 MPa, i.e., about 19.5% of the value at -129 °C.
Figure 13 further includes the loss modulus and the loss tangent, tangent of owgeof-pha
angley, tary, calculated in terms of the ratio of loss modulus to storage modulus. In a
typical viscoelastic material the sinusoidal strain lags behind sinustiglss by a phase
angle within O~n/2. Figure 13 shows that there is a major peak it aaound 118.4 °C,
marked with “A”. The peak corresponds to a high-to-low viscosity transition, intjcat
that the material undergoes softening around that temperature. This peakstenonsi

with the rapid reduction in the storage modulus, thus indicating the major glagsoimans
temperatured-transition) as 118.4 °C. It is noted that silica aerogel cross-linked with a
N3200 isocyanate-derived polymer (Katti et al, 2006) have showntensition at

about 130 °C, indicating the proximity of glass transformation in silica and vanadia
aerogel, both cross-linked with di-isocyanate-derived polymer supportintyaideal

chemical identical to materials.
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Figure 12: DMA test results showing tiidransition at point A where grass transition

occurred.

4.3 Quasi-static Compressive Testing.

Figure 14 shows typical compressive stress-strain curves at 4*16r native vanadia

and X-VOx aerogel under unconfined conditions. Native VOx aerogel are extremely
brittle, developing surface cracks that lead to fragmentation as strain ratesgs

However, at very small strain rate of about 0.00005/s, we were able to compress the
specimen to about 94% resulting in yield strength of about 3.2MPa and Young’s modulus
of about216MPa while final failure occurred at 114MPa at 87% strain. The Young’s
modulusE, 0.2% yield strengtlay », ultimate compressive strength and ultimate

failure straing, as determined from Figure 14 are listed in Table 2.
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This investigation focused on the characterization of the cross-linked vanajalaer

that are much more ductile and stronger than their native counterpart. Afeetickosy

with isocyanate, the cross-linked vanadia aerogels, or X-VOx, have about 3.5 times of
density of native vanadia. All compressive stress-strain curves show tigee of
deformations, a linearly elastic region under small compressive strain);(&48élding
regime with slight hardening until 60% compressive strain; and a densification and
plastic hardening range until 84% ultimate strain. It may be noted that batle \n&Dx

and the (cross-linked) X-VOx have similar Young’s modulus and yield strength except
different low strain rate. At a strain rate 518", X-VOx cured in acetone has lower
Young’s modulus, yield strength and ultimate compressive strength than tho3&0f X-
cured in N3200. Cross-linked vanadia aerogels cured in either N3200 or acetone have
much higher ultimate compressive strength than that of native VOx’s. Théspeci
energy absorption is 36.93 MRan/mm for X-VOx of density 0.422 g/chunder quasi-
static loading. The Poisson’s ratio as determined at an axial compressiné%i is 0.15
when the sample expands laterally in the initial compression. Samples did not buckle
during quasi-static compression at room temperature. The materials dyeabhssrbed
within their own porosity so that lateral deformation did not show any visible ircreas
after initial 5% compressive strain. Figure 15 shows typical X-VOx san@fore and
after compression testing. At failure, despite the splitting of the sampléand t
development of numerous cracks emanating in the radial directions, the outerf &ler
cross-linked samples did not shatter and flew away, and the sample remidisede

piece. The significant increase in ductility over the native vanadia aeagbkdracked
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as the polymer coating reinforces the weak connection between the fibrous

nanostructures.
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Figure 13:Compression results for various types of vanadium gels

Figure 14: Sample before and after compression test.

33



Figure 16 shows the stress-strain curve with seven unloading/reloadiag. @it

unloading exhibited the nonlinear recovery. Unloading stiffness (slope of the unloading
stress/strain curve) is negative, possibly induced by a memory effect in ynegpol
coating, which exhibits the viscoelastic behavior. Prior to each unloading, thge w
loading event with increase in stress and strain. At the beginning of unloading, even
though the stress has started to decrease, the strain would keep increasrg due
memory effect, leading to the formation of negative slope in the initial unloadigg st
each cycle. Reloading at compressive strain levels lower than 40% ap fkovi

loading curve starting at a stress free state. Reloading at a baghpressive strain level
shows higher stiffness, induced most likely by the increase in density due to the
compaction of the X-VOx. Reloading in all cases does not follow the unloading curves,
resulting that hysteresis loops are seen in each unloading/reloading ¢ycleldading
curve becomes steeper at higher compressive strain levels (e.g., beteand586%),
indicating a reduced elastic behavior for samples having experienced leigHaf
densification by compaction. Figure 16 also shows a curve for straight loadingpnghow
that it closely traces a path on top of the load and unload curve, an indication that the
material is able to recover considerably after each loading and that thaé strength is

not affected much by the loading and unloading process.
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cured in acetone

The effect of strain rate on the mechanical behavior was first evaluatedquiede static
loading conditions. Figure 17 shows the stress-strain curves at strain ratés s,
and 4x10 s* for X-VOx cured in N3200. The Young’s modulus, 0.2% offset yield
strength, ultimate compressive strength and ultimate compressive stosteanined
from Figure 17are also summarized in Table 2. As strain rate changes byles® alr

magnitude, the overall stress-strain curves do not exhibit significant chdingse
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results indicate that at these low strain rates, the mechanical behaviev€x Hoes not
have a strong dependence on the strain rate. For applications such as energgrabsorpt
high speed impact further testing at high strain rate using a split Hopkinson @temssur

would be necessary and the results are presented in next section.
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Figure 16: Quasi-static compression tests for tests at differaint sites

The effect of water absorption was investigated by comparing compréessivg results
using both dry and water-soaked samples. After immersing a X-VOx samplesinforat

two days (the minimum time for water to saturate), the sample reacheddtulated

state, and gained weight by 140% with an increase in volume less than 0.5%, indicating

that water enters mostly the pores without causing the worm-like fiberpanexigure
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17compares the stress-strain curves for both dry and water-soaked X-VOxssanagple
strain rate of 5x18s™. The Young’'s modulus, 0.2% yield strength, ultimate strength and
strain in Figure 18 are also summarized in Table 2. The stress-straia agrsigown in

Figure 17 indicate that the water-soaked sample is weaker than a dry sdmeple. T
Young’s modulus, yield strength, and ultimate compressive strength of watexesX-

VOXx decreased by 20%, 43% and 64% than dry X-VOx. But remarkably, the water-
soaked samples were still stable, did not dissolve in water, and were stik dalbigit

not as much as a dry sample. The water-soaked samples failed at an ultinpaessma
strength of about 78.4 MPa and at an ultimate compressive strain of 83%, similay to a dr

sample and are compared to dry samples in figure 17 below.
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Figure 17: Compressive stress-strain curve comparing dry sample ateh soaked one.
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Figure 18 shows compressive results of X-VOx at low temperature atrarateaof

0.365 §. Such a relatively high strain rate was needed so that at low temperatures,
samples were tested within a very short time, usually within 3-5second to avoid any
significant temperature change. As the temperature decreases, thalrhatenmes

stiffer, and the stress-strain curve shift in generally to the above. Ittesliteat the X-
VOXx can absorb more energy at lower temperatureXJ#&nd -50C). However, as
temperature decrease to about -180the sample still remain ductile until 30% strain
and the sample was broken in buckling failure. Still the area under the curve was
comparable for the case of samples tested at room temperature and at 4807 s
that the material can still absorb significant amount of energy evenoafecnyg
temperatures. The reason is 2:1 sample ratio between length and diameter and nea
moderate strain rate 0.36%, sndicating that the ratio should be reduced in SHPB testing

under the high strain rate.
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Figure 18: Compressive stress strain curves at different temperature.

Overall, for static compression, X-VOx with density of 0.422 ¢/bas an average yield
strength of 5.22 MPa, an ultimate compressive strength within 240-370 MPa, and
ultimate compressive failure strain as high as 84%. The specific enegptains
indicated by the area enclosed by the in stress strain curve, is 36.98 R,
indicating that X-VOx is especially suitable for force protection such asengy

absorption in automobile collision and armor applications.
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Materials P Strain E y Dry or
(glcnt) rate (§) (MPa)  (MPa) (MPa) Water

Native VOx 0.115 0.0004 2158 373 1143 0.86 Dry

X-VOx 0404 0005 1595 502 2222 084 Dry

In acetone

X-VOX

Naooo 0422 0005 225 521 2253 0.84 Dry

X-VOX

Naoop 0466 00004 2870 508 3470 083 Dry

X-VOX

T Naoop 0422 0005 2175 529 3930 084 Dry

X-VOX

N3o00 0440 004 179.0 561 2920 088 Dry

X-VOx 0415 0005 1552 512 2203 0.85 Dry

In acetone

X-VOX

Naoop 0996 0005 1240 294 784 083 Water

Table 2: Summary data for quasi-static compression tests

4.4 Compression at High Strain Rates using SHPB

We next present results on X-VOx obtained using a long split Hopkinson pressure bar. In

a SHPB test, the dynamic equilibrium state, indicated by equal stresses appboth

ends of the specimen, must be established. Such an experiment is then considered valid

and the acquired experimental data are processed to the dynamic siiegglstions.

To examine the dynamic equilibrium condition, as following the 1-wave (traesimit

wave), 2-wave (difference between incident wave and reflected wavedan@ary,

2000; Gama and Lopatnikov, 2004), the front stress (the end of specimen in contact with

the incident bar) and back stress (the end of specimen in contact with the sarsmis

bar) on the specimen are compared, as a function of time and depicted in Figare 20, a

well as the strain rate history.
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Figure 19: Dynamic stress equilibrium check and constant strain rat& @ixX-

The front stress is very close to the back stress, indicating that the dytanticrium
condition was nearly established and the specimen was nearly uniformly defexospt
during the initial 10Qs rising-up stage. By the pulse shaping, the strain rate is nearly flat
during most of the loading stage with only a slight variation (~2.5%), indicatibthéna
specimen deformed approximately under a constant strain rate. Then the incident,
transmitted and reflected signals were processed further to detenmistegss-strain

relation at high strain rates.
4.5 Effect of Strain Rate

The compressive stress-strain curves for X-VOx under unconfined conditionsrat seve
strain rates within the 50'2500 &' range are shown in Figure 20. In general at these

high strain rates X-VOx samples are linearly elastic under smatis{kB%). Then they
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yield at ~3% compressive strain and exhibit plastic hardening until ~50% sirder
uniform compaction. Subsequently, X-VOx samples are densifies and faihatelt
compressive strain of 60-70%. Since the length of the bar allows loading for 1.5ams, at
medium strain rate, the attainable maximum strain within 1.5 ms was lowmahttaat a
higher strain rate. Consequently, at medium strain rates, the specimen deomdiraken
during experiments so that the compressive stress-strain curves shown é?Bigue

not the complete curves, which was the limit for SHPB experiments with laleaila

limited length of metal bars. This situation happened to curves at strain rates 50, 70, 281,
and 334 3 in Figure 20. At strain rates above 1000 all samples failed so the
compressive stress-strain curves shown are complete. The X-VOx sacpigeestiffer

as the strain rate increases. Thus, the mechanical behavior of X-VOx dependsthighly

high strain rate.

Figure 21 shows the SEM images before and after SHPB testing for X-\tOdensity
0.424 g/cm. The original X-VOXx nano-structure exhibit a nano-porous skeletal
frameworks with a fibrous (worm-like), and 3-D order nanowire stackingtheg
morphology, very similar to the way a bird nest are constructed and the remaimeag spa
between the skeletal fibers to form the mesoporosity, as shown in Figure 21SARBr
impact at 60% plastic strain under strain rate 12p0®st of nanopores disappeared and
the skeletal X-VOx material, vanadia skeletal fiber plus the polymeingoatas
compacted together. Also the size of the skeletal X-VOx nano-fibers hachédkicker

and larger, and a part of polymer coating which links fibers had been fused tagether

become a large piece during high strain rate and large strain loading condition. This
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interested phenomenon was not interpreted now according recent availabts physi

theory, which remains future research if applicable.

Both the Young’s modulus data and the 0.2% offset compressive yield strengths are
plotted in Figure 22 as a function of strain rate. The yield strength incwilsdbe
strain rate. The relationship between yield strength and strain fateddo the literature

models (Chen, 1998) and given by equation 1,

muzcltan{m(&j“] ®
o, 7z &

whereoy is the 0.2% offset compressive yield strengihis a reference compressive
strength; & is the reference strain rat@; andmy are constants. As seen in Figure 22,

this model can describe the yield data reasonably well. The Young's modul@sesre
also with the strain rate. The threshold strain to reach dynamic stresbraquils ~2%,
corresponding to 100s rising-up time. The Young’s modulus data are considered to be
valid as the dynamic equilibrium state was established below the limit afityne

Following the relationship established for cross-linked silica aerogets (lu and

Leventis, 2006), the Young’s modulus is given as a function of strain rate in the form of

equation 2,

EEO - c{1+ |n[§jw] @)

wherek, is the referred Young’s moduluS; andm, are constants. From the

experimental data, the best-fit constabtsC,, my andnm, are summarized in Table 3.
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This model can also describe the experimental data very well, as seen in2Rigline
specific energy absorption values are 26.84 and 39.73nRanm for X-VOx at

densities 0.424 g/chrand 0.576 g/cty respectively, at a strain rate of ~2400 s

200 —mm—m———————————7F———+—
[ X-VOx cured in acetone  X-VOx cured in N3200
- p=0.424 glcm® P=0.576 glcm®

150 -_ —0— ?05"1 +503"1 _'
. —o— 281§ —e— 3345 4
[ —a— 1200 —»— 1100s”
[ o 24005 —e— 25005 |

100

Compressive Stress (MPa)
[4)]
o

0.0 0.2 0.4 0.6 0.8
Compressive Strain

Figure 20: SHPB results at different strain rates showing that theiahaerformed

better at higher strain rate than at low strain rate.
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Figure 21: SEM of X-VOXx before and after high strain dynamic test ustiRBS
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Figure 22: Young’'s modulus and yield strengtla, » as a function of strain rates for X-

VOx samples

. p oo(
Materials C C, m, mp n; n,
(g/cnt) MPa)
X-VOx cured in acetone 0.424 0.50 0.24 0.45 0.083 .0 7
1.83 2.03
X-VOx cured in N3200 0.576 0.50 0.50 0.45 0.024 915.
CSA (Luo et al, 2006) 0.452 0.81 0.12 0.10 0.40 59 3.10 3.10

Table 3: Summary of best fit constants from SHPB results
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4.6 High Speed Photography and Digital Image Correlation

A Cordin 550-62 high-speed digital camera was used to acquire images of the sampl
surface during SHPB tests, for measurements of surface deformations ggalgrdage
correlation technigue and for observing the failure behavior at high strainAateag

the total 62 frames, four typical frames are shown in Figure 18. Specklegindy

made on the specimen surface using black silicone rubber dots so that they would follow
the deformation of the sample, even at very high strain levels. A ruler with sidaif gr

x 1 mm was fixed on the base of the SHPB, and was also recorded by the camera for use
as the scale of the image. Figure 18(A) shows the image of the specioreo fwading

at time Ous. At time 724.Qus, as shown in Figure 18(D), the specimen with density

0.416 g/cm was compressed by about 55% strain, but did not show any formation of
surface cracks despite the high lateral tensile strains, indicatingramely ductile

behavior under high speed impact. It is noted that under quasi-static compression on an
MTS system, at ~ 70% compressive strain, X-VOx sample developed surfdceasac
shown in Figure 9. In compression at high strain rate, the applied compressivevas

limited by 1.5 ms loading duration of the SHPB so that it did not reach a value high

enough to cause formation of large number of surface cracks.

Digital image correlation technique was used to determine the surfaocedsiteabution

on a specimen. Each pixel represents a length of 30 both horizontal and vertical
directions. Surface deformations were determined using Figure 18(A) a&dfdatrence
image and successive images as deformed images. Seven deformed imagebsaicquire

111.4ps, 194.9us, 250.6us, 306.3us, 362.0us, 417.7us and 473.3is were processed
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using the digital image correlation (DIC). The strains determined from theavasywand
from DIC (marked by “DIC”) are synchronized with the stress determinedtfiem
transmitted wave, and are plotted in Figure 19. Under very high compressive agams
the case of Figure 18(D), speckles are too close to be discerned so thaatiefsroan
no longer be determined from DIC. Consequently the deformed images after Figure
18(D) do not render any data points as determined from DIC. From Figure 19, the data
points from DIC agree well with data obtained from analysis of the waveslezl by

the strain gages attached to the bars, providing further assurance on the ofatinity
dynamic compressive data. In Figure 19, also the transverse strain (noamahsthe
vertical direction) determined from DIC on 7 images is also plotted with araéh sThe
Poisson’s ratio was determined from these strains, and the average value4i6.00%2
in the regime of nonlinear deformation. The small Poisson’s ratio indicatebehat t
material is in general absorbed by its own porosity of the X-VOx so that lateral

deformation is minimal.

Figure 20 (A) and (B) show the contour of displacement in the horizontal and transverse
direction as determined from DIC on image “D” of Figure 18, respectivelyré-2 (B)

and (D) show the contour of normal strain in the horizontal and transverse direction,
respectively. Results show that surface deformations on samples avelselatiform in

the central region, indicating that compaction occurs relatively uniformoygmout the
specimen. The average axial compressive strain for the strain field as isheigure 20

(C) is 26.74%+0.05%, very close within 2.3% to the strain 26.14% as measured by strain

gages attached to the bars.
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Figure 23: Contours of displacements and strains of X-VOXx cured in aceto0el(6
g/cnt) determined from DIC.
(A) Axial displacement field (Unit: 1 pixel = 37.Q4n); (B) Transverse displacement

field (Unit: 1 pixel = 37.04um); (C) Axial strain field; (D) Transverse strain field,;
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4.7 Effect of Mass Density

X-VOx samples with different densities were compressed on the SHPB tmihet¢he
effect of density on the stress-strain relations. As it was discussed previoNsDx

with higher densities was prepared by applying a thicker conformal polyatng on
the skeletal framework, by curing the samples in a N3200 solution rather than pure
acetone. Figure 24 shows the stress-strain relations for native VOx anc Xavitples
at four different densities at strain rates close to 30@ s noted that in dynamic
testing, it is difficult to reach exactly the same strain rate becausterédt
experiments. The testing at a strain rate nearly 308 sonsidered to reveal primarily
the effects of density on the stress-strain relationship, although the captee@mplete
enough to ultimately fail samples. Results indicate that inducing strags+&llationship
is very sensitive to the mass density at those strain rates. At all etk stress-strain
curves show similar trends, namely, elastic, compaction followed byqltestiening
and densification. At higher mass densities, X-VOXx exhibits higher stiffmelskigher
strength, giving curves above than those at lower densities. Figure Al $lgovesiation
of both the Young’s modulus and the 0.2% offset compressive yield strength as a
function of mass density. Young’s modulus and yield strength (or plastic collags® st

were fitted into the power law relations according Equations (3) and (4)

E B P k

E‘C{pj 3)
Uzc{pjnz ()
O-S pS
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whereE andE;, o andaos, p andps are Young's modulus, yield strength, and mass density
of the corresponding bulk and skeletal material, respectiv&j\gndC, are constants

and dependent on the material skeletal density whidadn, are density exponents and
not dependent on the material skeletal density. The modulus and the strength data are
fitted into Equation (3) and (4) for a given strain rate (~390and the best-fit

parameters are listed in Table 3 usihig- 1GPa,cs= 10 MPa, angbs = 1.0 g/cmi. The

fitted curves are plotted with the experimental data as shown in Figure Al. The
difference between the experimental data and model is within 5%, indicajouayla

agreement.

4.8 Effect of Water and Moisture Concentration

The solvent concentration can affect significantly the mechanical behayotyofiers

and cross-linked aerogels (Luo, Lu and Leventis, 2006). In this section, we report the
effects of water and moisture absorption on the stress-strain relation of >aftM@gh
strain rates. Cylindrical samples of X-VOx with 13.25 mm diameter and 36 ngth)e
and initial mass densities of 0.434 and 0.574 Jhwere tested under ambient conditions
immersed in water. Also other X-VOx cylindrical samples with initiaksdensities of
0.414 and 0.592 g/cinwere placed inside an enclosed container with water present
(producing 9Z1% relative humidity); these samples did not have direct contact with
water. Both the mass and the volume changes of the X-VOx samples were @donitor
over a period of time, and densitywere calculated from the measured mass argl volum
and data are shown Figure A2 and A3, respectively. As shown in Figure A2, when

samples were immersed in water, the weight gain reached a steady \&doatitwo
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days. When samples were placed undet194 relative humidity, the weight gain
increased slightly and gradually, and could hardly reach a fully saturatedistarefore,

in order to determine the effect of moisture concentration on the mechanicabbgelve
used samples remaining undet2% relative humidity for two months. Table 4
summarizes the final densities of X-VOx with presence of water or sdiwefaur

densities of X-VOX under ambient conditions. The water did not escape from the
samples after removing from the water container, indicating that watetrapped in the
mesopores. The percent weight gain after immersion in water as shown | Egwas
higher for X-VOx samples with lower density (e.g. 0.434 dlpthan for X-VOXx with

higher density (e.g. 0.574 g/@mThis is the attributed proof that at lower density, the X-
VOx samples have higher porosities allowing more water to be trapped in thgomess
The weight gain of X-VOx samples under 97% relative humidity was much lesdiiian t
immersed in water, and it did not depend on the initial weight of the samples. This is the
attributed proof that the moisture is be absorbed by the polyurea skeletal ,oohtoiy
absorbs nearly the same percentage of moisture regardless of itsghic¢kigare 24

shows the volume change as a function of time, and points out all X-VOx samples shrink
both in water and under high humidity. Shrinkage is more servere for X-VOx under
moisture than in water. Larger volume shrinkages are observed for X-V(tesanf

lower densities. For X-VOx with a density of 0.434 gicthe volume was reduced by
7.8% in water after 1320 hours, whereas the volume of X-VOx with density of 0.574
g/cnt was reduced by 1.8% for the same period. For X-VOx with density of 0.417 g/cm
exposed to 97% relative humidity, the volume was reduced by 43% over 1320 hours,

whereas X-VOx with density of 0.592 g/@shrank by only 7.9% during the same time.
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These results indicate that X-VOx with high densities thus has thicker polgoating
over skeletal framework, and tends to allow the worm-like vanadia nanopartiabesto f
a more stable network resisting dimensional change more effectivalyeF2§ shows
the density as a function of time for X-VOXx in water or under 97% relative humidigy
density of X-VOx immersed in water increased rapidly in short times, thenniega
constant after two days; the density of X-VOx increased by 90% for X-V@ximitial
density of 0.574 g/cfhand increased by 150% for X-VOx with initial density of 0.434
g/cnt. The percent mass density increase is higher for samples with lowerdeitsities
(0.417 g/cm) than for samples with higher initial densities (0.592 djcindicating that
more water tends to fill the accessible pores in the former. From Table43, the mas
densities of X-VOx samples of two different densities after saturatidmwater were
1.102 and 1.114 g/chfior samples with initial dry densities of 0.434 gfcand of 0.574

g/cnt, respectively, that is very close to each other.
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X-VOx cured in acetone X-VOx cured in N3200
m— p =0.434, water-soaked A— p.=0.574, water-soaked
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Figure 24Percent mass gain as a function of time for X-VOx cured in acetone and in

N3200
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Samples were either fully water saturated or under 97% relative hunveligycut into

2.54 mm thick samples and were tested on the SHPB. Figure 26 compares the stress-
strain relations at a strain rate of ~300far the dry, water-soaked and moisturized
samples of X-VOx samples cured in acetone and in N3200, respectively. It ishaited t
these stress-strain curves is not complete due to SHPB limit at modexateate of ~

300 &, similarly to Section 3.3d (sample did not fail at the end of the testing and
deformed with large plastic strain). The shape of stress-strain curvasgeikinds of
sample are similar. The stress-strain curves for the water-scakgdes are very close

to those of dry samples, indicating that water does not have a very significahbaffe

the mechanical behavior in compression at high strain rates. By the same tolkgnh& m
noted that water absorption has a definite effect on the mechanical behawwosatin
rate, 5102 s (see Figure 12). At low strain rate, water trapped in the mesopores could
escape gradually from the sample so that water-soaked X-VOx samples woude ke
than a dry one, indicating partially collapse of the structure. At high strag) natésture

or water would not escape during very short duration so that water would actugfly c
partially the applied load allowing the overall mechanical behavior torakaiost
unchanged in comparison with the dry samples. The detailed mechanisms foedtse eff
of water and moisture absorption on the mechanical behavior involve complex micro-
flow in nano-porous structures and need further investigation. For X-VOx samipte
lower initial density (0.417 g/cHy samples with weight gain at 97% relative humidity
have stress-strain relationships different from those of both water-soaked aaangies
due to associated volume shrinkage and the 90% increase in density. For X-VOx with

higher initial density (0.592 g/ci) the water absorption weakens only slightly the
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mechanical properties at high strain rate, while samples under 97% relativcetirumi

does not have much effect on the mechanical behavior.

100 r———————r—r——r———r——r———r—r——
X-VOx cured in acetone X-VOx cured in N3200 g
—O— p,= 0.414, dry —®— p,= 0.588, dry h
—®— p = 0434, water-soaked —4&— p =0.574, water-soaked T
75 o =0 .417,97% moisture —v— p = 0.592, 97% moisture .

Compressive Stress (MPa)

M 1 " " 1 1 1 i
0.3 0.4
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Figure 25: Effect of water and moisture on cross-linked vanadium aerogels

4.9 Effect of Low Temperatures

Samples of X-VOx with 2.54 mm thickness and 12.70 mm diameter were tested on the
SHPB with an identical incident pulse used for testing X-VOx samples atrarstieaof
~1300 &, same as in Section 3.3a, which cause the samples to fail finally. The
compressive stress-strain relations at strain rate ~ 1380feur temperatures for two
densities of X-VOX, (0.417 and 0.546 gRmare plotted in Figure 27. The Young’s

modulus and yield strength at each temperature are listed in Table 5. With tlesddtre
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temperature, mechanical properties such as the yield strength indrgasesuch as

40% for samples. The Young’'s modulus (or yield strength) at*C74f@ere unchanged
(increased by 19%) for X-VOx samples with density 0.417 §/&or X-VOx samples

with density 0.552 g/cfathe Young’s modulus and the yield strength increased by 44%
and 22%, respectively, in comparison with the corresponding values at room teneperatur
Furthermore, for the temperatures investigated (°T7055°C, -5°C, and room
temperature), the stress-strain curves tend to fall higher as the atwmpetecreases,
indicating that the X-VOx has superior performance at lower temperatdesguee not
found with most monolithic bulk materials such as metals, polymers, and cerangbs whi
will normally become brittle at low temperatures. This property makes X-&/@aterial

of choice for energy absorption at low temperatures for application in protegtoisa
impact force, such as in armor. For example, rubber behaves like as brigle/géasthe
temperature decreases to -T@) and easily crushed into powder with a slight impact.
For low carbon steel, there also exists a critical temperature in raiggeebe40C to -

50°C where the material undergoes the transformation from ductile to brittle Mdgwe

3D stacked nano-fibrous X-VOx, do not show any sign of brittleness when exposed to
liquid nitrogen. This indicates that X-VOx exhibits potential structural agican

energy absorption under cryogenic environments at high speed impact.
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Figure 26: High strain rate compression test at different temperatures.
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CHAPTER YV

CONCLUSION

A new low-density, highly nano-porous strong lightweight crosslinked vanadium oxide
aerogel was developed by conformal nano-encapsulation of the skeletal/@ndnoé

native vandia aerogel with isocyanate derived polyureas. X-VOXx has potential i
engineering applications as it has overcome the brittleness and hydropbflicétive

VOx. Native aerogels which are 97% porous, a bulk density of 0.08 glanare too

brittle and hydrophilic to be of any significant use. Native vanadium gelsfouand to
contain vanadium (V) with BET surface areas 2¥fgand consisted of entangled
100-200 nm long, 30-40 nm thick worm-like framework. Infrared spectra of native
vanadia aerogels show the strong absorption of V=0 bond. TGA analysis shows a loss of
~15% mass at around 100 accompanied by a strong exothermic heat flow by DSC
with a peak at 86C. XRD and XPS data shows the chemicgD¥H,O compound of
native VOx with 5-12 nm nanocrystallite, presenting at ~2/3 vanadium (V) and at ~1/3
vanadium (IV). Vanadia wet gel reacted with isocyanates in the mesomwres\g
interparticle molecular tethers via urethane groups and urea bridgesshid®A X-VOx
samples contain ~3% w/w moisture, ~82% of isocyanate-derived polymer and@ebalan
of vanadia (15%) for density of about 0.421 gic@®haracterized by ATR-IR
spectroscopy, the resulting X-VOx confirms uniform distribution of the polyies.
cross-linker oligmer has been taken conformally to form a 4 nm thick polymer on the

native vanadia worm-like skeleton.

Through DMA, a primary glass transition temperature was identified at 1C814

MTS quasi-static compression, the X-VOx material was weakenedtadtesarbed

water, and the mechanical behavior was found to be not sensitive to low strain rates
(4x10%- 4x10% sY). The X-VOX samples have an average yield strength 5.22 MPa, and
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an ultimate compressive strength (240~370 MPa) and 80% compressive failarargira
better properties in low temperature, suitable for force protection in armacamls

and cryogenic structure application. The compressive behavior of two X-VOXx saample
two different densities at high strain rates 50-256@vas investigated using a long split
Hopkinson pressure bar (SHPB) developed at Oklahoma State University. The
dependence of Young's modulus and 0.2% offset yield strength on the mass density was
determined by quantitative relations. The surface full-field deformatidh\oDx

samples was determined with digital image correlation on a series of higgh-spe
deformed images on SHPB. The axial deformation was relative uniform and neddcali
compaction occurred in compression at high strain rates; the Poisson’s satio wa
determined at 0.152. X-VOx samples failed at about 60-70% strain by axial spigang
lateral surface at high strain rates. Under high strain rates, wateptasaiffects the
mechanical properties of X-VOX less than at low strain rates, and neo&igorption

has a more significant effect on the compressive behavior of X-VOx samihelewwer
densities than with higher ones. At -170 °C under impact, X-VOx exhibits a welkeducti
behavior, bending the trend in most existing materials such as monolithic metals,

polymers which become brittle at low temperatures.
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