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ABSTRACT 

Faysal, K. M. Rifat. M.S. The University of Memphis. August/2012. Tensile 

Testing of Polyurea Crosslinked Silica Aerogel Impregnated Silicone and Amine 

Functionalized Polyoligemeric Silsesquioxane Polyimide Aerogel for Cryogenic Tank 

Applications.  Major Professor: Firouzeh Sabri, Ph.D. 

 

Polymer-based thermally insulating vessels are an attractive option for future 

space exploratory missions as well as for the energy conserving terrestrial applications as 

an alternative to the conventional metal-based structures. Aerogel due to its unique set of 

material properties, such as superior thermal insulation and light weight, makes it an 

attractive for future space applications. Room Temperature (RT) and Low Temperature 

(LT) evaluation of the mechanical properties of Polyurea Crosslinked Silica Aerogel 

(PCSA) impregnated RTV 655 was performed under increasing concentrations of PCSA. 

The effect of PCSA particles sizes on the tensile behavior of RTV 655 was also assessed 

and compared with the tensile behavior of neat RTV 655 at both RT and LT. 

Incorporated PCSA particles ranges were varied from 90-425µm and the concentrations 

tested were 25%, 50%, and 75% weight to the RTV 655. The tensile properties of amine 

functionalized Polyoligomeric Silsesquioxane (POSS) crosslinked Polyimide (PI) aerogel 

strips were also evaluated at both RT and LT and the effect of the geometry and 

flexibility of PI-based aerogels was compared with the results obtained from PCSA 

impregnated RTV 655 samples. 
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Chapter 1 

INTRODUCTION 

1.1 IntroductiontoAerogels: 

Aerogels are the lightest known solid on earth
1
. Aerogel was not commercialized 

until the 1950’s, in spite of its invention in 1931 by Samuel Stephens Kistler
1
. Its very 

high surface area to volume ratio and very low thermal conductivity due to its nano-

porous nature has drawn the attention of both materials scientists and engineers. While 

crosslinked aerogels overcame with the fragility issue of native aerogels
1
, the stiffness 

attribute of this category has created limitations on the applications window. 

Silica aerogel is the most studied type of aerogel and  have been utilized for a 

variety of space-related missions such as insulation on the Mars exploration rovers
3
, 

hypervelocity particle capture in the Stardust probe
4
, high energy Cerenkov radiation 

particle counter 
5
, and other applications such as remediating oil from water

6
, and 

window insulation. The fragility of  native silica aerogel
1,7

 has limited its utilization in 

many applications. This shortcoming has been addressed in recent years by mechanically 

reinforcing the silica chains and creating “crosslinked” aerogel
7-10

 which has been the 

focus of the work presented here. 

1.2 Effect of “doping” on mechanical behavior of polymers: 

Many studies have been conducted to modify the mechanical properties of 

polymers by incorporating a few weight (wt.) percentages of foreign elements in order to 

cope with the inherent material limitations, such as low stiffness, low (yield) strength, 

and low load bearing capabilities to name a few. The mechanical strength of any 

composite strongly depends on the stress transfer between the incorporated particles and 
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the matrix which is of course related to the particle geometry and size as well as the 

nature of the interaction between the polymer and the foreign elements. It has been 

shown in many studies that for chemically well-bonded constituent particles, the applied 

stress can be effectively transferred to the incorporated elements from the matrix
11

. This 

clearly improves the overall strength
12-16

 whereas the incorporation with the poorly 

bonded micro-particles, the overall strength of the matrix decreases
17-25

.  Several studies 

have reported the trend of an increase in the fracture toughness of the thermoplastic 

composites filled with rigid particulates as compared to the neat polymers
25-27

.   Most of 

the investigations have reported a significant amount of lessening in the fracture 

toughness of the composites due to the introduction of foreign elements
19,28,29

. On the 

other hand, thermosetting resins are found to have poor resistance to crack growth and 

propagation
19,30,31

.  It is therefore clear that the mechanical properties of both thermoset 

(a polymer that irreversibly cures) and thermoplastic (a polymer that reversible cures) can 

be modified by adding varying concentrations and sizes of embedded components
18,19,32-

35
. 

1.3 Motivation and Focus of this work: 

Polyurea Crosslinked Silica Aerogel (PCSA) is naturally rigid in nature and 

cannot be easily molded into complex geometries. Despite the rigid nature of crosslinked 

silica aerogel, it is possible to take the advantage of its unique properties by incorporating 

it in the form of beads, particles, or capsules into a pliable matrix. Incorporation into a 

polymer matrix could enhance the thermal insulation properties of the base polymer by 

several orders. For example, encapsulating the PCSA into a pliable elastomer could 

create a structure with the excellent thermal insulation properties as well as maintaining 
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the geometrical conformability. The exact effect of PCSA incorporation into the 

elastomeric matrix on the mechanical properties is yet unknown and needs to be fully 

investigated. It has been already proven that incorporation of native aerogel beads  into a 

thermoplastic material could reduce the thermal conductivity significantly 
1,36

. So 

introduction of PCSA into elastomeric matrix for example, RTV 655: a space graded 

elastomer could also reduce the thermal conductivity of the compound material. But the 

change in the mechanical properties of this proposed RTV-PCSA compound material is 

yet unknown and will be addressed herein. Therefore it is necessary to understand how 

the aforementioned parameters like incorporation particle sizes, concentrations, 

geometries could modify the mechanical properties of the compound material.  

An alternative approach could also be carried out by incorporating a flexible type 

aerogel in the form of strips instead of rigid PCSA such as  amine functionalized 

Polyoligomeric Silsesquioxane (POSS) crosslinked Polyimide (PI) aerogel
37

. This 

particular type can be folded and cured in the form of thin sheets which appears to be 

promising for the future applications as a conformable insulator. In this study, the 

mechanical properties of PI aerogel have been investigated as an alternative material. 

Room temperature vulcanizing rubbers such as RTV 655 have been utilized 

extensively in the space applications such as on board Mars Pathfinder, the Mars rovers, 

and the Phoenix Lander. RTV 655 is a space qualified polymer which is capable of 

retaining its flexibility over the wide range of temperatures 
38,39

 as well as could provide 

good thermal insulation. In this work, both PCSA particles of varying sizes and 

concentrations and PI have been incorporated into RTV 655 matrix and the effect of 

concentrations, sizes, and geometry of two kinds of aerogels on the mechanical behavior 
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of RTV 655 has been investigated. The investigation was carried out on the RTV-PCSA 

compound material with the three varying PCSA particle sizes of 425-300μm, 300-

180μm, and 180-90μm at increasing concentrations of 25%, 50%, and 75% weights (wt.) 

to the neat polymer. Measurements were performed at both room temperature (293K) and 

at low temperature (77K). The tensile behavior of neat amine functionalized POSS 

crosslinked PI aerogel as well as RTV-PI compound specimens were also assessed at 

293K and 77K. The POSS crosslinked PI embedding concentrations were 22%, 39%, and 

56% volume to the RTV 655.   

1.4 Organization of the thesis: 

In Chapter 2 the theoretical background of all the scientific instruments utilized 

for this study has been reviewed as well as the corresponding formulas to calculate the 

weight fractions, area fractions, and volume fractions has been provided. Chapter 3 

describes the synthesis steps followed to prepare both the PCSA as well as amine 

functionalized POSS crosslinked PI aerogel. Detailed steps for synthesis of compound 

samples are also presented in this chapter. In Chapter 4 the tensile testing system has 

been introduced and the setup utilized to perform the room temperature and low 

temperature tests is described in detail. The effect of the impregnation of RTV 655 with 

PCSA micro-particles and PI strips on the tensile behavior is presented in Chapter 5 

along with other supporting characterizations data. Finally, conclusions and suggestions 

for further work are presented in Chapter 6.   
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Chapter 2 

THEORETICAL BACKGROUND 

The most relevant fundamental theories regarding tensile testing as it relates to 

pressurized cylindrical vessels will be discussed in this Chapter. Moreover, some of the 

sections of this chapter will contain theories regarding the working principles of various 

types of scientific instruments that have been utilized to prepare and characterize 

component materials. Descriptions on working principles of supercritical point drier, 

nitrogen adsorption machine, scanning electron microscope, UV-VIS spectrophotometer 

will also be provided. A section will also present the mathematical formulas used in this 

study to calculate parameters such as bulk density, weight fraction, volume fraction, and 

area fraction.  

2.1 Introduction to mechanical testing of materials: 

There are various types of tests that can determine the mechanical properties of a 

material such as tensile testing, compression testing, materials hardness testing, material 

impact testing, and three point bending. The selection among the aforementioned test 

types could be very important and depend on applications. As a subdivision of a project 

the feasibility of polymer-based compound materials as a prospective structural material 

for a pressurized cryogenic propellant tank has been carried out. Hence the fundamental 

theory relating to cylindrical pressure vessel will be discussed in the section. 

The most common form of geometry for a pressurized vessel is a cylindrical 

shape. Any enclosed pressurized vessels usually are subject to constant outward pressure 

which could lead the system to various types of failures such as elastic deformation, 

stress rupture, plastic instability, and brittle fracture
41

. In general, the cylindrical 
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pressurized vessel is subject to axis symmetric loading and deformation which can be 

divided into three components of forces: axial force, tangential force and radial force
42-44

. 

The wall of a tank or pipe carrying a fluid under pressure is subjected to the tensile or 

axial forces across its longitudinal and transverse sections. The circumferential force, also 

known as tangential force, in a tank or pipe can be determined by applying the concept of 

fluid pressure against curved surfaces. Finally the radial force tends to change the wall 

thickness. A simplified diagram (Figure 2.1) will help to picture the acting forces on an 

enclosed pressurized vessel.  Now the mathematical treatments for these three types of 

stresses will be provided here
41-44

. 
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Figure 2.1: Three types of stresses that act on any pressurized cylindrical vessel. (a) stress 

components acting on an infinitesimal segment on the wall, (b) axial stress or tensile 

stress, (c) hoop stress, and (d) radial stress. 

  

(a) 

(b) (c) 

(d) 
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Longitudinal stress: 

At the force equilibrium 

 

 
   

 
( )                        (1) 

 

 

where, D, and t are the diameter, thickness of the cylinder, and P, and     are the internal 

outward pressure, and tangential stress acting on the cylindrical vessel. If P>0, then    is 

tensile and can be expressed as: 

 

 

   
  

  
                 (2) 

 

 

Hoop stress: 

 

Again, at force equilibrium 

 

 

                                                (3) 

 

 

   
  

  
                 (4) 

 

Radial stress: 

Radial stress    can vary from P on the inner face to zero on the outer face. For a 

thin wall cylindrical vessel, it essentially can be neglected. Therefore, only tensile stress 

and circumference stress or hoop stress are active on a thin wall cylindrical pressurized 
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vessel. Now the net stress can be written in a matrix form with the help of cylindrical 

coordinates (r, θ, x) as follows: 

 

 

  [

         

         

         

]   

   

 
  

 
 

  
  

  

              (5) 

 

 

where, r is the radius of the cylinder. 

The aforementioned stresses also can deform the subjugated material towards the 

direction of respective forces. Hence, fractional changes in dimensions can be referred as 

three different strains: axial strain, hoop strain, and radial strain
41-45

. 

These strains can be correlated with their corresponding stresses as follows: 

 

 

   
 

 
      (       )                              (6) 

 

 

   
 

 
      (       )                              (7) 

 

 

   
 

 
      (       )                              (8) 

 

 

 

where E, υ, α, and ΔT are modulus of elasticity, Poisson ratio, coefficient of expansion 

and temperature, respectively. 

By now it is conspicuous that tensile stress is one of the component stresses acting 

on pressurized cylindrical vessel and hoop stress is nothing but two times greater than the 

tensile stress. Moreover, for thin wall cylinders, radial stress can be neglected. Therefore, 
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as a preliminary investigation, studying the tensile properties for the proposed polymer-

based composite is found to be the most relevant type of mechanical characterization. 

Properties that can be determined from such an experiment are Young’s modulus, stress 

to failure, strain to failure, modulus of toughness, modulus of elasticity, resilience, yield 

stress, and ultimate tensile stress. Aforementioned parameters can be readily calculated 

from the stress-strain profile of the testing specimen. 

2.2 Stress vs. Strain Profile: 

Stress is defined as force per unit cross-sectional area. But the cross-sectional area 

may change if the material deforms due to the stretching. So when the area used in the 

calculation is the original non-deformed cross-sectional area then the corresponding 

stress is referred to as engineering stress. On the other hand, true stress is defined as the 

ratio of the applied load to the instantaneous cross-sectional area
46

.  

 

 

 

Figure 2.2: Engineering stress vs. true stress. 
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Strain which is a deformation due to the applied external force can also be divided 

into two: engineering strain and true strain. Engineering strain takes into account the 

fixed reference quantities i.e. the initial length of the specimen. On the other hand, the 

true strain is defined as the sum of all the instantaneous engineering strains. For our 

experimental result, the engineering stress and strain will be measured. The tensile profile 

obtained from any tensile experiment could vary depending upon the materials type as 

well as testing conditions. Typical tensile profiles for various types of polymers and the 

effect of temperature on these tensile profiles are shown in Figure 2.3
47

. 

 

 

  

  

 

 

Figure 2.3: (a) Schematic of the different types of stress strain curves in a polymer, and 

(b) Effect of strain rate and temperature on stress strain curves. 

 

 

(a) (b) 
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From Figure 2.3a it can be seen that brittle polymers rupture at higher stress but 

lower strain compared to the elastomers. Moreover, the role of temperature on the 

mechanical properties of polymer is substantial (Figure 2.3b). As the temperature 

decreases, the stress vs. strain profile of certain polymers shifts towards the brittle profile. 

Figure 2.3 also signifies the effect of strain rate on the tensile profile of a specific 

material which will be discussed later. A particular focus will be provided on the 

elastomeric tensile profile because one of component materials of the proposed matrix is 

RTV 655 which falls into the category of thermoset elastomer.  

As mentioned beforehand various types of parameters can be obtained from a 

typical tensile profile. A typical tensile profile of both the thermoplastic materials and 

thermoset elastomeric materials are presented in Figure 2.4
49-51

. Various terminologies 

that are shown in Figure 2.4a can be summarized as follows (Table 1) for convenience. 
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Figure 2.4: (a) Typical tensile profile of a thermoplastic polymer and (b) typical tensile 

profile of thermoset polymer obtained by means of different set of mechanical tests. 

  

  

(a) (b) 
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Table 1 Definitions of various tensile parameters 

 Definition Description 

Yield Point  It is the stress corresponding to the intersection of the 

stress-strain curve. Usually by drawing a line parallel to its 

straight line portion offset by a specified strain e.g. 0.2% 

for metals. This is when the specimen's cross-sectional 

area begins to decrease. This is called necking. 

 

Young’s modulus The ratio of stress to strain within the elastic region of the 

stress-strain curve. 

 

Yield Elongation The strain at the yield point. 

 

Elastic Region The portion of the curve before the yield point. 

 

Plastic Region The portion of the curve after the yield point. 

 

Ultimate Tensile 

Strength (UTS) 

Ultimate tensile strength is the maximum stress a material 

can withstand before failing. 

 

Ultimate elongation The total elongation just before fracture 

 

Tensile Strength Point of fracture 
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Figure 2.4b represents the typical tensile behavior of an elastomeric material (red 

profile) obtained from a uniaxial tensile test. This type of profile is usually known as “S” 

curve and can be modeled with the help of sigmoidal function which essentially 

possesses two tangents at two points (Figure 2.4b); the first tangent represents the 

phenomenon called the necking. The second tangent implies the drawing of materials into 

the neck region from the outside of the neck region when stress begins to rise uniformly 

until eventually ruptures occurs. Finally the overall tensile nature of a material can be 

pictured with the help of presented Figure 2.5. Notice that, this is not an exact tensile 

profile but an overall slope of the profile.  

 

 

 

 

Figure 2.5: Prediction of mechanical nature based on tensile profile slope. 
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2.3 Introduction to supercritical fluids and Critical point drying: 

Critical point drying is a technique to remove the liquid from a material in a 

controlled way. It is so named because as part of its process, the phenomenon known 

as the continuity of state occurs, where there is no apparent difference between the 

liquid and gas state of an element (Figure 6). The surface tension between these 

interfaces essentially reduces to zero. This occurs at a specific temperature and 

pressure and is known as the critical point. For CO2, this temperature and pressure 

are approximately 31.50C and 1072psi. This condition of zero surface tension was 

used to dry PCSA sol-gel in order to avoid the damaging effects of surface tension. 

The phase diagram shows the pressure to temperature ranges where solid, liquid and 

vapor exist. Along the boundary between the liquid and vapor phases, it is possible to 

choose a particular temperature and corresponding pressure, where liquid and vapor 

can co-exist and hence have the same density. A critical point drier relies on this 

physical principle. 
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Figure 2.6:  Phase diagram of CO2. 

 

 

 

2.4 Review of Gas adsorption Techniques and Porosimetry: 

Adsorption means the attachment of molecules to the surface of a solid. In 

contrast, absorption means the dissolution of molecules within a collecting medium, 

which may be liquid or solid. The phenomenon of adsorption can be classified into two 

types: physisorption and chemisorption. Adsorption is mainly caused due to the Van der 

Waals and electrostatic forces between the adsorbate molecules and the adsorbent 

surface.  Therefore the surface properties such as surface area, polarity and pore size 

distribution can be evaluated by means of this phenomenon. Scientists over the years 

developed various models to analyze surface area, pore size, and pore volume. Figure 2.7 

explains the physisorption process in accordance with different adsorption theories.  
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Figure 2.7: Gas adsorption working principles. 

 

 

Table 2 presents some of the models in a succinct form that have been utilized to measure 

aforementioned parameters.  
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Table 2 Summary of commonly used gas adsorption models 

 

Model Main assumptions Applications 

Langmuir  The surface of the adsorbent is 

uniform. 

 Adsorbed molecules do not 

interact. 

 At the maximum adsorption, only 

a monolayer is formed. 

 

Determines surface area 

based on monolayer 

coverage of the 

specimen. 

BET  Often molecules do form 

multilayer 

 

 The successive heats of adsorption 

for all layers except the first are 

equal to the heat of condensation 

of the adsorbate. 

To determine surface 

area, pore size, pore 

volume, pore density. in 

a nanometer scale based 

on a model of 

adsorption which 

incorporates multilayer 

coverage. The most 

utilized model by the 

scientific community. 

 

BJH  Calculate the pore size 

distributions from experimental 

isotherms using the Kelvin model 

of pore filling. 

 

It applies only to the 

mesopore and small 

macropore size range. 

 

deBOER 

t-plot 
 It is based on standard isotherms 

and thickness curves which 

describe the standard t-plot. 

Most commonly used to 

determine the external 

surface area and 

micropore volume of 

microporous materials.  

 

 

DFT  Density functional theory provides 

a method by which the total 

expanse of the experimental 

isotherm can be analyzed to 

determine. 

 

Both microporosity and 

mesoporosity in a 

continuous distribution 

of pore volume in 

respect to pore size. 

Horvath-

Kawazoe 

Technique 

 The original H-K method is based 

on slit-shaped pores. 

Micropore volume. 

 

 



 

20 

It is obvious that there are many models available to analyze surface properties or 

measure the pore density and volume. However, only the theoretical aspects of the 

Brunauer, Emmett and Teller (BET) model (1938) will be provided.  The BET method 

can be used to determine the pore volume, pore density, surface area, and pore diameter 

of the aerogel at a nanometer scale. In contrast to the Langmuir model, the BET model 

accounts for multilayer adsorption and the dependency of the adsorption enthalpy, ΔH on 

surface. The BET model is based on the following formula: 

 

 

 (   )
 

 

     
 

 (   )

     
               (9) 

 

where x is the pressure divided by the vapor pressure for the adsorbate at a specific 

temperature, v is the STP volume of adsorbed adsorbate,      is the STP volume of the 

amount of adsorbate required to form a monolayer and c is the equilibrium. Usually these 

parameters are obtained from isotherms of the adsorbates.  

2.5 Review of scanning electron microscopy technique: 

A scanning electron microscope utilizes electron waves instead of light waves to 

form an image at a molecular level. The conventional microscope is limited by the visible 

range of the wavelength whereas a scanning electron microscope can scan at a nanometer 

scale due to the very short de Broglie wave of electrons. Figure 2.8 explain the working 

mechanism of a scanning electron microscope. The accelerated electron beam emitted 

from the electron gun passes through anode and magnetic lens and bounces off the 
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examined specimen and collected by a detector and processed further to obtain a sharp 

image at the molecular level.  

 

 

 

Figure 2.8: Schematic diagram of scanning electron microscopy technique. 
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Accelerated electrons normally carry a significant amount of kinetic energy, and this 

energy is dissipated by electron-sample interactions as the incident electrons are 

decelerated as it bounces off the solid sample. These signals include secondary electrons 

(that produce the SEM images), backscattered electrons (BSE), and characteristic X-rays. 

Secondary electrons and backscattered electrons are commonly used for imaging a 

sample. Secondary electrons are the most valuable for showing morphology and 

topography of the examined samples and backscattered electrons are the most valuable 

for illustrating the contrasts in multiphase samples. 

2.6 Review of spectrophotometry: 

A UV-VIS spectrophotometer or ultraviolet visible spectrophotometer is a 

scientific tool to characterize a solution or samples optically. This is mainly used to 

determine the absorbance profile of a chemical solution.  The working principle is very 

straight forward.  First, a light source generates light at a specific wavelength or 

wavelengths. Commonly, UV-VIS spectrophotometers utilize two light sources: a 

deuterium arc lamp for consistent intensity in the UV range (190 to 380 nm) and a 

tungsten-halogen lamp for consistent intensity in the visible spectrum (380 to about 800 

nm). Some spectrophotometers also use xenon flash lamps which offer decent intensity 

over the UV and visible regions. The source light is then directed to a dispersion device 

that causes different wavelengths of light to be dispersed at different angles. The most 

common dispersion device used is a prism. As the beam hits the prism, it disperses into 

different wavelength and only a specific wavelength is allowed to pass through the exit 

slit (Figure 2.9). Finally the beam of any particular wavelength impinges on the detector. 

Photomultipliers or diodes are usually widely used as a detector. The detector determines 
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the absorbance or transmittance coefficient by means of further processing. The Beer-

Lambert law is associated with this working principle of spectrophotometer and is given 

below: 

 

 

                      (10) 

 

 

 

where A is the measured absorbance,  is wavelength dependent absorptivity coefficient, 

b is the path length, and c concentration of the solution.  

 

 

 

Figure 2.9: Working principle of a UV-VIS spectrophotometer. 

 

 

 



 

24 

2.7 Calculation of weight and volume percentages of PCSA- impregnated RTV 

655 samples: 

The following simple formula has been used to calculate the weight (wt.) fraction 

of the aerogel to the neat polymer (RTV 655).  

 

 

   ( )  
          

                    
                                                            (11)  

 

 

Although the prepared testing samples were based on the above calculation, the weight 

fraction could readily be converted into volume fractions using the following formula: 
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where         , and         , are the mass of aerogel and RTV 655 and         , and 

         are the density of aerogel and RTV 655. 
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2.8 Calculation of cross-sectional area fraction of RTV-PI: 

The following formula has been used to calculate the cross-sectional area fraction 

of PI strip to the neat polymer- 

 

 

 ( )  
   

            
                                                                                                (14) 

 

 

 

where A represents the area of the corresponding subscripts which is Polyimide (PI) and 

RTV 655. 
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Chapter 3 

SYNTHESIS AND SAMPLE PREPARATION 

3.1 Synthesis of polyurea crosslinked silica aerogel: 

Native sol-gels were synthesized in the form of cylindrical monoliths, and cross-

linked with isocyanate in accordance with previously published work
1,2

. The synthesis 

was carried out in several batches with each batch consisting of ten monoliths.  

Tetramethoxysilane, 3 aminopropylsilane and acetonitrile were purchased from 

Sigma Aldrich (Milwaukee, WI) and used as received. Methanol and deionized (DI) 

water were acquired from Fisher Scientific Inc. DESMADUR was purchased from Bayer 

Corporation (Pittsburg, PA). The first step was to measure the chemicals very carefully as 

mentioned below. A 4.25 mL volume of methanol in a 10mL cylinder (cylinder A), a 

3.85 mL volume of TMOS in another 10 mL cylinder (Cylinder B), a mix 4.5 mL 

methanol with 1.5 mL DI water (Total volume =6mL) in another 10 mL cylinder 

(cylinder C), and a 0.25 mL 3-aminopropysiliane in syringe were measured respectively. 

Then the contents of cylinder A and cylinder C was mixed together in a 100mL beaker. 

Afterwards, the contents in cylinder B and in the syringe were added to the 100mL 

beaker and mixed together and the mixture was poured into 3mL cylindrical molds. Since 

the gelation occurs within 1 min, this step was performed as quickly as possible. The top 

surface of the mixture was kept wet with methanol during the curing in order to prevent 

cracking. Finally the molds were covered with parafilm to prevent contamination and 

allowed to stand for next 3 hrs. Sol-gels were removed from the molds carefully and 

without breakage. The sol-gels were placed in glass jars with closed lids containing 

methanol with approximately 4 times the volume of the monoliths and allowed to stand 
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for next 12-15 hrs at the room temperature and atmospheric conditions. The native 

monoliths were transferred from the methanol jars to glass jars containing acetronitrile (4 

times the volume of aerogel monolith) and allowed to stand for next 12-15 hrs. The 

acetonitrile washing step was repeated three times. The next stage was carried out to 

crosslink the native sol-gel chain with isocyante solution. The crosslinker solution was 

prepared by mixing 33g of DESMADUR and 94 mL of acetonitrile in a 150 mL beaker. 

To crosslink the sol structure, the native monoliths were submerged into a newly 

prepared DESMADUR solution replacing the last utilized solvent and placed in an oven 

at 70 °C for 72 hrs. After 72 hrs of baking, the monoliths turned whitish in color but yet 

found to be translucent. Three more rounds of washes were carried out with acetonitrile 

after baking as well. Prepared monoliths were required to dry out by means of super 

critical drying process with liquid CO2. This step was necessary to prevent the porous the 

skeleton of PCSA from collapsing due to the surface tension of the solvent. CO2 was used 

as a drying medium because it is convenient, inexpensive, and environmentally 

acceptable.  The drying process was carried out utilizing a critical point drier (CPD) 

acquired from Quorum technology, UK.   The supercritical state of liquid CO2 was 

reached at approximately 1300 psi and between 35-42
0
C.  

Bulk density of each synthesized PCSA cylinder was measured and averaged over 

each corresponding batch as described in Chapter 2. Each batch corresponds to a specific 

synthesized date and ten cylinders were synthesized for each batch. A sample standard 

deviation formula has been used to calculate the variation in densities among the samples 

which can occur during critical point drying. Figure 3.1 shows the calculated bulk density 
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distribution of PCSA over different batches. Synthesized PCSA monoliths after the CPD 

stage are shown in Figure 3.2. 

 

 

 

Figure 3.1: Bulk density distributions of PCSA for different batches. 

 

 

 

 
Figure 3.2: Synthesized PCSA monoliths. 

. 
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3.2 Pulverizing of polyurea crosslinked silica aerogel: 

Initially a hand held nail homogenizer (Fisher Scientific Inc., PA) was utilized to 

pulverize PCSA cylinders. However, it became apparent that the PCSA was too hard for 

the grinder to perform consistently because the cutting edges wore away within a short 

period of time. In addition, the compartment was too small to fit a single cylinder. 

Therefore, a heavy duty stainless steel cutting blade-based pulverizer was acquired from 

IKA Works Inc., NC. PCSA cylindrical monoliths were pulverized with the help of a 

newly acquired grinder for 60sec. Notice that, the time constant of 60sec was set in 

accordance with the experimental outcome which is described later in this section. Then 

the PCSA particles were sorted out utilizing sieves (ASTM standard) having different 

mesh sizes: 20µm, 45µm, 90µm, 180µm, 300µm, and 425µm acquired from Fisher 

Scientific Inc. Finally PCSA particles have been found to be distributed over five 

different categories. Although we were able to obtain particles that fell into all the 

aforementioned categories but the distribution amount were not the same which was 

essential to prepare even number of samples from each category. Hence the following 

study was performed with only batch A.  

Ten monoliths from batch A were ground five times in 30 sec intervals. The 

PCSA particles were sorted out each time and weighed. Initially, the distribution was 

dominated by larger PCSA particles but finally the distribution was found to be 

approximately even over the range of 425-90µm. It was concluded that the total 

pulverizing time of 60 sec could provide an approximately even distribution of PCSA 

particles in the aforementioned range. Three different PCSA size ranges obtained was: 
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425-300μm, 300-180μm, 180-90μm and the possible size ranges were: 425-300μm, 300-

180μm, 180-90μm, 90-45μm, and 45-20μm. 
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Figure 3.3: Scanning electron microscopy images of pulverized PCSA particles: (a) 1mm 

scale, and (b) 100μm scale. 

  

   (a) 

  (b) 
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3.3 PCSA-RTV 655 compound samples preparation: 

 ASTM standard (D1708-061) dog bone shaped Teflon molds, which were custom 

made in the College of Engineering machine shop, were utilized to cure neat RTV 655.   

However, the molds were found to be unreliable. As shown in Figure 3.4a, the molds 

deformed after several curing where performed at 100
0
C . Therefore, a new set of 

aluminum molds of the same standards were acquired (Figure 3.4b) and polished by a 

professional mold polishing company (The Mold Polishing Inc., NJ). The type of 

polishing was SPI A-2. 

 

 

 

  

 

Figure 3.4: Sample preparation molds: (a) deformation of Teflon molds (right), (b) SPI-

A2 polished aluminum mold. 

 
 

 

RTV-655 and RTV-PCSA samples were cured in the polished aluminum molds in 

accordance with the ASTM standard D1708-06a (Fig.3.5). The polymer and crosslinker 

were mixed in a large container for 6 min at a mixing ratio of 10:1 as instructed by the 

manufacturers and the mixture was out gassed fully for 45 min in a vacuum chamber at a 

pressure of 20mbar. After the first round of out gassing stage, equal parts of neat polymer 

were poured into three different weigh boats and PCSA particles of three different size 

(a) (b) 
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ranges, 425-300μm, 300-180μm, and 180-90μm, were introduced into the polymer. For 

each particle size range, samples were made with a 25%, 50%, and 75% wt. of PCSA to 

RTV 655 as presented in Table 3.  In all cases, the PCSA-RTV mixture was thoroughly 

and uniformly mixed prior to out gassing for a second time. After the second round of out 

gassing stage, the mixture was poured into the aluminum molds. The mixture was out 

gassed for the third time at a pressure of 15mbar and the mixture was cured   at a 

temperature of 100
0
C for 1 hr. The cured dog bone shaped samples were approximately 

1.5 mm thick having the neck length of 22 mm and width of 5 mm (Figure 3.5).  

 

 

 

Table 3 Fabricated Samples Category 

 

 

 

  

Category Combination Embedded 

PCSA size 

(μm) 

PCSA 

concentration to 

the RTV 655 wt. 

Corresponding 

Volume 

percentage 

1 

 

 

RTV-655  0% 0% 

 

RTV-655 & 

PCSA 

 

425-300 

25% 42% 

50% 69% 

75% 

 

87% 

 

2 

 

 

RTV-655  0% 0% 

 

RTV-655 & 

PCSA 

 

300-180 

25% 42% 

50% 69% 

75% 

 

87% 

 

3 

 

 

RTV-655  0% 0% 

 

RTV-655 & 

PCSA 

 

180-90 

25% 42% 

50% 69% 

75% 87% 
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Figure 3.5: Prepared samples for tensile test. 

 

 

 

3.4 Synthesis of amine functionalized polyoligomeric silsesquioxane crosslinked 

polyimide aerogels: 

Preparation of n-oligomer POSS cross-linked PI aerogel monoliths is given 

below. 3,3,4,4-biphenyl tetreacarboxylic dianhydride (BPDA) and 4,4-

methylenedianiline (MDA) was cross-linked with octa(aminophenyl) silsesquioxane 

(OAPS) in  a solution of N-methyl-2-pyrrolidinone (NMP) and acetone respectively, to 

prepare polymide aerogel. Note that, BPDA and MDA is mixed at a ratio of (n+1) to n, 

where n is the number of repeat units of oligomers.  The typical procedure for three 

monoliths is as follows: A 0.207g mass of MDA (2.09mmol), a 0.319g mass of BPDA 

(2.17mmol), and a 0.012g mass  of OAPS (0.042mmol) were measured very carefully 

50% 

0% 

75% 

25% 
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with high precision scale acquired from OHAUS and separated in three different weigh 

boats labeled as A, B, and C, respectively. Volumes of 4.75 mL and 1.575 mL of NMP 

were measured with an adjustable volume pipette and placed in beaker A and beaker B 

respectively. The contents in weigh boat A were added in beaker A and stirred until it 

dissolved. The contents in weigh boat B were introduced to the solution in beaker A and 

stirred until it dissolved. The contents in weigh boat C were added to beaker B and stirred 

until it dissolved. The mixture was poured into beaker A and stirred for 10 minutes. A 

1.640 mL of acetic anhydride (17.35mmol) and a 1.405 mL of pyridine (17.35mmol) 

were measured respectively in a pipette and added into beaker A successively and the 

solution stirred for another 10 min. The solution was poured into a Petri dish and allowed 

to stand for next 24 hrs. The gel was removed from the mold and soaked in NMP for 

24hrs in a closed lead jar. The second round of wash was carried out by replacing old 

NMP solvent with a new mix of NMP & acetone (75% NMP & 25% acetone) for 24hrs. 

During third round of wash, the old NMP-acetone mixture was replaced by new mixture 

(25% NMP & 75% acetone) for 24hrs. Finally, the old solvent was replaced by 100% 

acetone and allowed to stand for another 24hrs. Prepared monoliths were required to be 

dry by means of super critical drying process as described in section 3.3. 

3.5 RTV-PI compound samples preparation: 

Amine functionalized POSS cross-linked polyimide aerogel was also utilized in 

the form of a dog bone in order to carry out the mechanical tests. An ASTM standard 

(D1708) cutting die (Pioneer DietechInc., MA) was utilized to punch the testing 

specimen from a thin sheet of POSS crosslinked PI. The cutting die was mounted in a 

manual toggle press in order to apply an even pressure distribution throughout the sheet. 
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Prepared samples have been utilized to perform mechanical tests at both room 

temperature (293K) and low temperature (77K).  Figure 3.6 shows neat PI and RTV-PI 

compound samples utilized to perform the mechanical tests. Moreover neat PI in the form 

of strips were impregnated into RTV 655 to prepare RTV-PI compound samples of three 

differing area fractions (17%, 34%, and 51% PI cross sectional area to the neat polymer) 

by means of similar procedures as described in section 3.4. 

 

 

 

  

 

Figure 3.6: (a) Neat PI samples and (b) RTV-PI compound samples (post tensile testing). 

 

 

 

Table 4 Fabricated PI/RTV samples category 

 

 

Category Combination PI to the RTV 655 

cross-sectional area 

fraction 

Corresponding 

volume fraction  

1 

 

 

PI 0% 0% 

 

RTV-655 & PI 

17% 22% 

34% 39% 

51% 

 

56% 

 

51% 

 

 

34% 

 

 

17% 

(a)      (b) 
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Chapter 4 

EXPERIMENTAL SETUP 

4.1 Tensile tester system: 

A Mark-10 bench top motorized tensile tester: ESM 301 was used to perform all 

the mechanical tests.  Force gauges used for this study alternated between BG 20 

(capacity x resolution: 20 x 0.01lb) and BG 200 (capacity x resolution: 200 x 0.05lb) 

depending on the resolution and load requirement. The MESUR data acquisition software 

was used for all data acquisition and manipulations. Swivel adaptors were used for 

accurate alignment of specimen during testing. The clamps and the cryogenic container 

were custom designed and built in physics department instrument shop to fit the ESM 

301 system. Initially commercially available grips including parallel jaw grips (G1013), 

and parallel paper and film grips (G1008) were used for testing but polymeric samples 

slipped during the extension period.  Hence, a new set of clamps were custom designed 

and built in the machine shop (Figure 4.1) in order to address the slipping issue. 

 

 

 

 

Figure 4.1: Custom made grips for the tensile tests. 
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4.2 Room Temperature Setup: 

The room temperature test was conducted at approximately 293K (20
0
C) under 

ambient conditions. A BG 200lbF force gauge was used to perform the tests. The test 

parameters were set up according to the ASTM standard for micro-tensile specimens as 

mentioned previously. A pull rate of 100mm/min was maintained for the duration of all 

tests. 

 

 

 

  

 

Figure 4.2: (a) Room temperature, and (b) low temperature experimental setup. 

 
 

 

4.3 Low Temperature Setup: 

The cryogenic container was made of aluminum and styrofoam. Liquid nitrogen 

was poured directly into the aluminum container and the styrofoam encased the 

aluminum container to provide insulation.  The low temperature tests were performed at 

(b) (a) 
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77K (-196
0
C) and in some cases at 197K (-76

0
C). Once the sample had been mounted 

accurately within the custom-built grips and positioned on the stage, the sample plus the 

grips were lowered into the cryogenic container and liquid nitrogen/dry ice were 

dispensed into the cryostat. The container was filled up with liquid nitrogen/dry ice until 

the grips and the entire sample were immersed in cryogenic liquid. The lid of the 

container was then closed. The setup can be seen in Figure 4.2b. Testing parameters were 

the same as described in the room temperature test section.  
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Chapter 5 

RESULTS AND DISCUSSIONS 

In the first part (part A) of this chapter reports on the characterization of PCSA 

which includes bulk density measurements, optical characterizations, and gas adsorption 

report. Next the PCSA distribution after the pulverizing step is presented followed by the 

mechanical characterizations. In the second part of this chapter (Part B) the tensile results 

of POSS cross-linked PI and RTV-PI compound samples are reported and discussed. 

Part A 

Results of polyurea crosslinked silica aerogel-based impregnated RTV 655 

measurements: 

5.1 Optical characterization: 

The UV-VIS absorbance and transmittance spectra of PCSA were obtained using 

a Beckman DU-60 UV-VIS spectrophotometer and are shown in Figure 5.1. PCSA are 

expected to be translucent in the visible range whereas in the case of Ultraviolet range 

they absorb heavily. Absorbance peaks are observed around 300-400nm (Figure 5a). On 

the other hand transmission (Figure 5b) through the specimen increases significantly as 

the wavelength of the incident beam increases towards the visible region. 
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Figure 5.1: (a) Absorbance and (b) transmittance spectra of PCSA monoliths. 

 

5.2 Gas Adsorption Results: 

A gas adsorption technique was carried out to characterize PCSA at nanometer 

and micrometer scale with help of a surface area and pore size analyzer machine: 

Autosorp 1 (Quantachrome Instruments, Beijing, China). The summary of results is 

provided in Table 5 in accordance with different models described in Chapter 2, section 

2.4.  

  

 (a) (b) 
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Table 5 Nitrogen gas adsorption results 

 

Parameter Analyzing method Results 

Surface area data, m
2
/g Multipoint BET  

 

70.60 

Langmuir surface area 

 

13.07 

BJH method  

 

54.22 

DH method  

 

56.92 

t-method external surface 

area 

 

70.60 

 DR method micro pore area 

 

102.0 

Pore volume, cc/g Total pore volume for pores 

with diameter 26.2 ̇ 

 

0.0338 

 BJH method cumulative 

pore volume 

 

0.0281 

 t-method pore volume 

 

0.0283 

 DR micro pore volume 

 

0.0362 

 HK cumulative pore 

volume 

 

0.0251 

 SF cumulative pore volume 

 

0.0259 

Pore size,  ̇ Average pore diameter 

 

19.18 

 BJH pore diameter 

 

24.84 

 DR micro pore diameter 

 

15.69 

 HK pore diameter 

 

17.27 

 SF pore diameter 32.76 



 

43 

5.3 Pulverizing results: 

The effect of grinding time on PCSA particles size distribution is also investigated 

as mentioned in chapter 3 (Figure 5.2). The particle size ranges were d>425μm, 425-

300μm, 300-180μm, 180-90μm, 90-45μm, and 45-20μm. A grinding time of 60sec 

provided with a consistent mass distribution of PCSA particles over the range of 425-

90µm. It was found that approximately 60% of the PCSA particles fell into the following 

three ranges: 425-300μm, 300-180μm, and 180-90μm. 

 

 

 

 

Figure 5.2: PCSA particle size distributions. 

 

 

 

5.4 Mechanical characterizations: 

Tensile tests were carried out on both neat polymer (RTV 655) and RTV-PCSA 

compound samples at two different temperatures of 293K and 77K. Overall, the 

mechanical picture of the compound material was also evaluated with the help of stress-

strain profile as described in the Chapter 2.  
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Neat polymer behavior at room temperature (293K): 

Figure 5.3 represents stress vs. strain plots of neat RTV 655 of nine separately 

synthesized samples from three different batches. The obtained tensile profile of the neat 

polymer  followed the standard tensile profile of elastomeric polymers
52,53

.   

 

 

 

 
Figure 5.3: Tensile profile of neat polymer (RTV 655) obtained at 293K. 

 

 

 

 

 

A summarized tensile report of the neat polymer is also presented in Table 6. 
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The uncertainty value that has been included to show the variation is calculated utilizing 

the sample standard deviation formula. It can be seen that the tensile behavior of neat 

polymer samples from all the batches was quite reproducible at 293K except for the fact 

that there was a small variation in the rupture strain and stress. Although great care was 

taken to be consistent during the sample preparation stage and testing protocol,  batch to 

batch variations were inevitable to a small degree. Other factors that could have 

contributed to the variations in the tensile strength include the utilization of dog bone 

cavity molds instead of cutting die which will be discussed later. Nevertheless, the 

rupture stress of 4.65MPa on average compared to 6.5MPa of that reported by the 

manufacturer and the on average rupture strain of 99.44% compared to the elongation of 

120% reported by the manufacturer exhibits a consistence performance. 

 

 

 

Table 6 Rupture stress and strain at 293K 

 

Sample 

number 

Stress to 

failure, MPa 

Mean, MPa Strain to 

failure, % 

Mean, % 

1 6.0  100  

2 4.5  90  

3 5.0  85  

4 5.0 4.6±1.0 120 99±14 

5 5.5  100  

6 2.2  100  

7 5.0  120  

8 5.5  100  

9 4.5  80  
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Neat polymer behavior at 197K: 

The low temperature behavior of neat polymer was assessed at 197K by 

performing mechanical tests in a dry ice bath. Investigation with dry ice revealed the 

elastomeric behavior of RTV 655 even at 197K and is shown in Figure 5.4. Three 

samples are tested from the same batch and cured under the same conditions. 

 

 

 

 

Figure 5.4: Tensile profile of RTV 655 at 197K. 

 

 

 

Neat polymer behavior at77K: 

Figure 5.5 represents the tensile profile of neat polymers from all batches at 77K. 

The tensile behavior of RTV 655 at 77K demonstrates a significant strengthening of the 

polymer perhaps due to the significant amount of stiffening in the polymer chain 
47,59

. 

Normally the stiffness of the polymer chain results in rupture at a very low strain and a 

very high load
60

. Some variation in the rupture stress was noted, but the overall tensile 

profile of all the samples was found to be similar to each other. Rupture stress and 

rupture strain is summarized in Table 7 for convenience. The variation in results is likely 
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attributable to the factors already discussed earlier. Moreover, the actual temperature of 

the testing samples could vary slightly due to the heat exchange between the liquid 

nitrogen and testing samples. Nevertheless by taking into account all the aforementioned 

factors, the obtained results were consistent and demonstrated repeatability.  

 

 

 

 
 

Figure 5.5: Tensile behavior of neat RTV 655 at 77K. 
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Table 7 Rupture stress and strain at 77K 

 

Sample 

number 

Stress to 

failure, MPa 

Mean, MPa Strain to 

failure, % 

Mean, % 

1 40  2.8  

2 60  3.4  

3 32  4.0  

4 62 40±14 4.5 3.7±0.64 

5 35  4.0  

6 45  2.4  

7 27  4.0  

8 32  4.0  

9 25  3.4  

 

 

 

RTV-PCSA behavior at room temperature (293K): 

Effect of PCSA concentration on mechanical properties of RTV-PCSA: 

The tensile behavior of PCSA-RTV compound material is demonstrated in Figure 

5.6 as a function of PCSA concentration levels. A general trend towards the more brittle 

profile was observed (considering 25 wt. % specimen brittle itself which we will be 

discussed later) as the incorporation level increases regardless of PCSA particle sizes 

(Figure 5.6). Figure 5.6a illustrates the tensile behavior of the RTV-PCSA compound 

samples incorporated with the largest PCSA particle size (425-300μm). It is obvious that 

at an impregnation level of 25 wt. % the compound specimen ruptures at a relatively 

higher strain (approximately 45%) compared to the 50 wt. % and 75 wt. % compound 

samples of that which is less than 5% (Figure 5.6a-c). As described in Chapter 2, the 

nature of a brittle material is to rupture at a very low elongation which was the observed 

here as well. Several plateaus were observed in the tensile profile for the 25 wt. % 

impregnated samples regardless of PCSA sizes marked as A and B (Figure 5.6c). This 
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strange behavior could be explained as follows. These plateaus indicate the phenomenon 

of rapid crack propagation which could be an effect of aggregation of the PCSA particles 

at a specific place into the RTV matrix. It could be the result of the inhomogeneous 

dispersion of the PCSA into the polymer matrix. Notice that  the mechanical properties of 

any filler matrix also depends on the dispersion of the filler over the entire matrix
54

. A 

simple mathematical treatment reveals that an aggregation of approximately 30 PCSA 

particles next to each other could lead to crack propagation from point A to B. The 

mathematical treatment was carried out assuming perfectly spherical PCSA particles with 

the diameter of 135μm; the average of the range 180-90μm. Those plateaus mentioned 

are not observed in the case of 50 wt. % and 75 wt. % simply because the specimens 

ruptured at the very moment of pulling during the test and can be verified from the fact 

that the strain to rupture was less than 5% which is about 2mm in length.   

The comparison of the tensile profile of the compound samples with the neat 

polymer is shown in Figure 21d. The inset represents a zoomed in section of the plot. The 

comparison reveals the fact that the breakage of the 50 wt. % and 75 wt. % impregnated 

specimens occurred at such a low strain where the necking of neat polymer has not been 

even initiated. However the 25 wt. % impregnated samples stretched out much further to 

exhibit relatively higher toughness as compared to other compound samples. The tensile 

strength of this particular category was yet found to be very low compared to neat 

polymer of that. It is apparent that PCSA-RTV composites exhibit a non-linear 

relationship between stress and strain which made it very difficult to calculate the 

Young’s modulus from the tensile profile. But even if an attempts were made  to 

calculate Young’s modulus by taking into account the very initial portion of the curves 



 

50 

which could essentially be only two date points then the slopes would appear as shown in 

the  inset of Figure 5.6d. Certainly Figure 5.6d reveals the fact of increasing Young’s 

modulus as an increasing function of PCSA loading into polymer matrix.  
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Figure 5.6: Effect of PCSA concentration on mechanical properties. Tensile profile set 

for three different PCSA sizes (a) 425-300μm, (b) 300-180μm, and (c) 180-90μm, and (d) 

comparison of tensile behavior with neat polymer at 293K. 

 

 

 

 

 

 (a) 

(c) (d) 

(b) 
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Effect of PCSA particle size on mechanical properties of RTV-PCSA: 

The effect of particle size on the mechanical properties has been reported in 

several studies
25,57,58

. A slight increase in the Young’s modulus has been reported for the 

higher volume fraction (15%) with reduction of embedded particle sizes (from 35nm to 

15nm) whereas the modulus was found to be independent of the particle sizes for lower 

volume fraction (5%)
58

. For that particular study
58

, however, the embedded silica/glass 

particles were spherical in shape ranging from 3nm to 30μm. In contrast, The range of 

PCSA incorporated in this study varied from 90µm to 425μm.. Moreover, the SEM 

images (Figure 2.12) revealed that the geometry of the PCSA particles were non-uniform 

in shapes and many particles had sharply pointed edges. The tensile profile of RTV-

PCSA compound materials was found to be independent of PCSA particle size (Figure 

5.7). It was also observed that the strain to failure was independent of PCSA size at a 

specific impregnation level. Moreover, a similar approach is also taken here to illustrate 

the dependency of Young’s modulus on the PCSA size as described in the previous 

section. From the presented slopes in the inset of Figure 5.7d, it can be seen that the 

Young’s modulus was found to be independent of PCSA particle size. The factors that 

interplayed here were: relatively very large PCSA sizes, wide distribution of PCSA sizes 

(425-90μm), and random shapes of PCSA especially those with sharp edges.   
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Figure 5.7: Effect of PCSA size on mechanical properties. Representative stress vs. strain 

curves for the samples impregnated at (a) 25 wt. %, (b) 50 wt. %, and (c) 75 wt. %, and 

(d) comparison of tensile behavior with neat polymer at 293K. 

 

 

 

 

 

 

 

 

 

  

 (a) 

(c) (d) 

(b) 



 

54 

Summary of RTV-PCSA at 293K: 

Tensile strengths (i.e. stress to failure or rupture) are reported both as a function 

of PCSA concentrations and sizes in Figure 5.8a-c. A drastic reduction in the tensile 

strength was observed due to incorporation of PCSA compared to the neat polymer of 

that (Figure 5.8a-b). The reduction in strength was substantial for the case of highly 

impregnated compound samples (50 wt. % and 75 wt. %). However, a comparatively 

small amount of reduction in the tensile strength was observed for the case of 25 wt. % 

impregnation samples incorporated with the smallest PCSA particles: 180-90μm (Figure 

5.8c). Nonetheless, at higher concentration levels (50 wt. % and 75 wt. %) the tensile 

strength was found to be independent of PCSA sizes (Figure 5.8c). The variation in the 

modulus of toughness is reported in Figure 5.8d.  The modulus of toughness is a 

commonly used parameter in the field of fracture mechanics. The modulus of toughness 

was calculated by integrating the area under the stress vs. strain curve of a sample. A 

drastic reduction in the modulus of toughness was observed due to the incorporation of 

PCSA into the polymer matrix and was found to be independent of PCSA sizes. However 

the modulus of toughness calculated for the lowest impregnated samples (25 wt. %) was 

found to be relatively higher when compared to the highly impregnated sample (50 wt. % 

and 75wt. %).  
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Figure 5.8: Comparison of tensile strength (a) 425-300μm, (b) 300-180μm, and (c) 180-

90μm impregnated samples, and (d) comparison of average modulus of toughness as a 

function of PCSA size and concentration at 293K. 
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RTV-PCSA behavior at liquid nitrogen bath (77K): 

Effect of PCSA concentration: 

The effect of PCSA concentration on the tensile profile at 77K is shown in Figure 

5.9.  In contrast to the room temperature results, the tensile profile of the compound 

material was observed to be independent of PCSA concentration at low temperature. 

However, a significant amount of increase in the tensile strength was observed at 77K 

compared to the 293K results of that. At the cryogenic temperature of 77K, the RTV-

PCSA compound samples were found to be relatively stiffer and more brittle when 

compared to the behavior of samples investigated at 293K (Figure 5.6 and 5.9). Although 

the tensile profile was found to be independent of PCSA impregnation level, an 

enhancement in the tensile strength was observed as a decreasing function of PCSA size 

at a specific impregnation level (Figure 5.9a-c). The comparison of the tensile profiles 

between the compound materials and the neat polymer is also shown (Figure 5.9d). The 

tensile profile of neat polymer and compound matrix was found to be similar at 77K. A 

similar approach as mentioned earlier was carried out to picture the Young’s modulus 

under this condition as well (Figure 5.9d: inset). It is obvious from the inset diagram that 

the Young’s modulus was found to be independent of PCSA concentrations at 77K.  
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Figure 5.9: Effect of PCSA concentrations on the mechanical properties. Tensile profile 

set for three different PCSA sizes (a) 425-300μm, (b) 300-180μm, and (c) 180-90μm, and 

(d) comparison of tensile behavior with neat polymer at 77K. 
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Effect of PCSA particle sizes on mechanical properties: 

 

The tensile profile of RTV-PCSA compound samples as a function of PCSA sizes 

at 77K is shown in Figure 5.10. At 77K, the tensile profile of the proposed compound 

material was found to be independent of PCSA size similar to the behavior that was 

observed at room temperature. Again, a similar approach has been carried out to illustrate 

the independence of Young’s modulus on PCSA size (Figure 5.10d: inset).    
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Figure 5.10: Effect of PCSA size on mechanical properties. Representative stress vs. 

strain curves for the samples impregnated at (a) 25 wt. %, (b) 50 wt. %, and (c) 75 wt. %, 

and (d) comparison of tensile behavior with neat polymer at 77K. 
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Summary of results for RTV-PCSA at 77K: 

In summary, the tensile strength of RTV 655 matrix was reduced due to the 

incorporation of PCSA. The trend of decreasing rupture strength at 77K (Figure 5.11) 

was similar to the trend observed at 293K (Figure 5.6) as a function of PCSA 

concentration. However, the compound sample impregnated at a 25 wt. % with the finest 

PCSA (180-90μm) exhibited comparatively stronger behavior when compared to the 

compound samples from other categories (Figure 5.11 a-c). Finally, the modulus of 

toughness has been calculated similarly as described earlier and found to be significantly 

reduced.   As shown in Figure 5.11d, the modulus of toughness is also independent of 

PCSA impregnation level and particle size.  
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Figure 5.11: Comparison of tensile strength (a) 425-300μm, (b) 300-180μm, and (c) 180-

90μm impregnated samples, and (d) comparison of average modulus of toughness as a 

function of PCSAsize and concentration at 77K. 
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Part B 

Results of polyimide based impregnated RTV 655 measurements: 

This part of the Chapter contains the tensile results of neat amine functionalized 

POSS crosslinked polyimide aerogel at both 293K and 77K as well the tensile properties 

of RTV-PI compound samples at 293K. 

Neat Polyimide (PI) behavior at room temperature: 

The tensile profile of neat PI samples at 293K is shown in Figure 5.12 which in 

fact demonstrates the brittle nature of PI. The specimens ruptured at a low strain 

percentage. The summary of the results presented in Table 8 illustrate a significant level 

of repeatability in these particular tests.  . The reproducibility is likely due to the 

utilization of cutting die to prepare the samples instead of cavity molds.  
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Figure 5.12: Neat PI tensile profile at 293K. 
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Table 8 Rupture stress and strain of PI at 293K 

 

Sample 

number 

Stress to 

failure, MPa 

Mean, MPa Strain to 

failure, % 

Mean, % 

1 4.1  3.6  

2 4.1 4.1±0.0 4.6 4.2±0.4 

3 4.1  4.5  

4 4.1  4.1  

 

 

 

Stress-strain behavior of PI aerogels at 77K: 

The tensile profile of neat PI at 77K is shown in Figure 5.13. The tensile behavior 

of neat PI was found to be similar at both 77K and 293K. Neat PI was found to be brittle 

at both the temperatures as the samples ruptured at similar strain percentages. Again, the 

obtained results were consistent for the four tested samples which affirm the repeatability 

of the experiment (Table 9).  
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Figure 5.13: Neat PI tensile profile at 77K. 

 

 

 

 

Table 9 Rupture stress and strain of PI at 77K 

 

Sample 

number 

Stress to 

failure, MPa 

Mean, MPa Strain to 

failure, % 

Mean, % 

1 4.7  3.2  

2 5.2 4.7±0.6 5.1 4.9±1.4 

3 5.2  6.7  

4 3.9  4.7  
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Polyimide impregnated RTV 655 behavior at room temperature: 

A preliminary study has been carried out on RTV-PI compound samples at a 

varying cross sectional area fractions of 17%, 34%, and 51% to the polymer at 293K. The 

tensile profile obtained from this investigation is shown in Figure 5.14a as a function of 

area fractions. The rupture load as a function of area fraction is shown in Figure 5.14b. A 

reduction in the tensile strength was observed as an increasing function of area fractions. 

 

 

 

 

  
 

Figure 5.14: (a) Tensile profile and (b) rupture load of RTV-PI compound sample. 

 

 

 

The RTV-PI compound samples exhibit similar trend in the reduction of tensile 

strength as a function of increasing volume fractions as the RTV-PCSA compound 

samples at 293K. However, the 25 weight (wt.) % impregnated RTV-PCSA compound 

samples with the smallest PCSA particles (180-90µm) were found to rupture at greater 

strain percentage compared to the lowest impregnated RTV-PI compound samples.  

 (a) (b) 
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Chapter 6 

CONCLUSION 

The effect on the tensile properties due the introduction of PCSA particles into a 

polymer matrix has been investigated for a prospect of future cryogenic tank applications. 

The effect of PCSA size and concentration on the uniaxial tensile behavior has been 

reported at both 293K and 77K. The mechanical properties of the compound material 

were found to be independent of PCSA particle size for the range of sizes studied at both 

293K and 77K for the higher concentration values. The tensile behavior of the compound 

material seemed to have a stronger dependency on the PCSA concentrations at both 

reported temperatures. Some irregularity was observed in the stress vs. strain curves 

obtained from the compound materials and this is attributed to a number of parameters 

but predominantly to the relatively large PCSA sizes variations in each group, 

geometrical non uniformities of each particle, and variations in the particle size 

distribution from batch to batch.  

On the other hand, neat PI was found to produce highly reproducible and 

consistent stress vs. strain curves as well as relatively similar mechanical strength at both 

293K and 77K. RTV-PI and RTV-PCSA room temperature results were found to be 

comparable. 

Future study 

It is recommended for the future study to identify mechanisms that can create 

small spherical PCSA particle sizes since it is expected that the incorporation with 

spherically shaped smallest PCSA would be more reproducible and closer to the non-

impregnated behavior of the RTV 655 both at room temperature and at low temperatures. 
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Moreover spherically shaped PCSA particles could increase the mechanical strength of 

the compound materials by several orders of magnitude. Also, the RTV-PI investigation 

should be carried out at low temperature to compare the strength of that with RTV-PCSA 

materials at the same condition.  
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Appendix A 

Properties of RTV 655: 

Uncured Properties Units Properties 

Color  Clear, colorless 

Consistency  Easily pourable 

Viscosity mPa.s 5700 

Specific gravity g/cm
3
 1.04 

 

 

 

Uncured properties 

with curing agent 

added 

Units Properties 

Mix ratio  10:1 

color  Clear, colorless 

Consistency  Easily pourable 

Viscosity mPa.s 5200 

Work time @ 25
0
C Hrs 4 

 

 

 

Cured Properties 

 

Mechanical 

Tensile strength MPa 6.5 

Elongation % 120 

Shrinkage % 0.2 

Refractive index  1.43 

Dielectric strength kV/mm 19.7 

 

Electrical 

Dielectric constant 

@ 1 kHz 

 2.7 

Dissipation factor @ 

1kHz 

 0.0004 

Volume resistivity Ohm.cm 1.8 × 10
15

 

 

Thermal 

Useful temperature 

range 

0
C -115 to 200 

Thermal  

conductivity 

W/m.K 0.2 

Coefficient of 

expansion 

m/m.K 33 × 10
-5

 

Specific heat J/g.K 1.3 
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Appendix B 

Gas adsorption datasheet: 
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Appendix C 

293K tensile profile: 25 wt. % RTV-PCSA 

 

 

Figure A.1: Tensile profile of 25 wt. % impregnated compound samples at 293K. 

Samples are cured with the three differing set of compound samples are noted on the 

right side of the plots respectively. Each set contains three samples arranged from the left 

to right. 
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293K tensile profile: 50 wt. % impregnated RTV-PCSA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2: Tensile profile of 50 wt. % impregnated compound samples at 293K. 

Samples are cured with the three differing set of compound samples are noted on the 

right side of the plots respectively. Each set contains three samples arranged from the left 

to right. 
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293K tensile profile: 75 wt. % RTV-PCSA 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure A.3: Tensile profile of 75 wt. % impregnated compound samples at 293K. 

Samples are cured with the three differing set of compound samples are noted on the 

right side of the plots respectively. Each set contains three samples arranged from the left 

to right. 
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Appendix D 

77K tensile behavior: 25 wt. % RTV-PCSA: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3: Tensile profile of 25 wt. % impregnated compound samples at 77K. Samples 

are cured with the three differing set of compound samples are noted on the right side of 

the plots respectively. Each set contains three samples arranged from the left to right. 
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77K tensile behavior: 50 wt. % RTV-PCSA: 

 

 

 

Figure A.4: Tensile profile of 50 wt. % impregnated compound samples at 77K. Samples 

are cured with the three differing set of compound samples are noted on the right side of 

the plots respectively. Each set contains three samples arranged from the left to right. 
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77K tensile behavior: 75 wt. % RTV-PCSA: 

 

 

 

Figure A.5: Tensile profile of 75 wt. % impregnated compound samples at 77K. Samples 

are cured with the three differing set of compound samples are noted on the right side of 

the plots respectively. Each set contains three samples arranged from the left to right. 
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