
PHYSICAL PROPERTY CHANGES IN COMMERCIAL STRUCTURAL 

SILICONE SEALANTS DUE TO WEATHERING 

by 

RAMESH KESHAVARAJ, B.TECH. 

A THESIS 

IN 

CHEMICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

CHEMICAL ENGINEERING 

Approved 

Accepted 

December, 1992 



ACKNOWLEDGEMENTS 

I am deeply indebted to Dr. Richard W. Tock, my committee 

chairman, for his guidance, encouragement, financial support 

and everything else which has made this research possible. My 

sincere thanks and utmost appreciation are extended to my 

other committee members, Dr. C. V. G. Vallabhan of the Civil 

Engineering Department for his invaluable advice and Dr. Raghu 

S. Narayan, chairman of my department for his interest in this 

research. The financial assistance provided through the 

National Science Foundation, Washington, D.C. (NSF Grant MSS 

900 7911) and Dow Corning Corporation (Elastomers research 

division) is very much appreciated. My thanks are also 

extended to the principal investigator, Mr. Lawrence D. 

Carbary of Dow Corning Corporation, Midland, Michigan, for 

making the test specimens available to the author and for his 

helpful suggestions and guidance of this research work. My 

thanks are extended to the technician in the electron 

microscopy lab of Biology Department of Texas Tech University, 

Mr. Mark Grimson, and all faculty, staff and friends in the 

Chemical Engineering Department for their encouragement and 

help. I dedicate the many hours behind this effort to my 

family for their love, encouragement and support throughout my 

entire education. 

Any opinions, findings, and conclusions or 

recommendations expressed in this thesis are those of the 

ll 



author and do not necessarily reflect the views of the 

National Science Foundation and Dow Corning corporation. 

iii 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT viii 

LIST OF TABLES ix 

LIST OF FIGURES X 

LIST OF ABBREVIATIONS XV 

CHAPTER 

I. 

II. 

III. 

IV. 

INTRODUCTION 

RESEARCH PROBLEM 

2.1 Structural silicone sealants 

2.2 Statement of the research problem 

2.3 Literature review 

2.3.1 Methods on the predictions of 
sealant properties 

2.3.2 The effect of various aging 
factors on sealant performance 

RESEARCH OUTLAY 

1 

4 

4 

4 

5 

6 

8 

11 

3.1 Theoretical development 11 

3.1.1 Model of an idealized silicone 
sealant 11 

3.1.1.1 Stress-relaxation 16 

3.1.1.2 Constant rate of strain 17 

3.1.2 Chemical-kinetic model 22 

3.2 Method of evaluation of various physical 
properties 25 

EXPERIMENTAL PLAN 28 

4.1 Test facility 28 

iv 



4.2 Preparation of test coupons 

4.3 Instron tester 

4.4 Exposure plan 

4.4.1 Exposure to acid rain 

4.4.2 Exposure to solar radiation 

4.4.3 Exposure to ozone 

4.4.4 Exposure of test coupons to 
various aging factors 

V. RESULTS AND DISCUSSION 

28 

31 

33 

35 

37 

41 

43 

5.1 Layout #1: 45 

5.1.1 General discussion 45 

5.1.2 Ground level exposure of test 
coupons 46 

5.1.3 The variation of Youngs tensile 
modulus due to weathering 46 

5.1.3.1 Low modulus coupons (DC-790) 47 

5.1.3.2 Medium modulus coupons 
(DC-995) 51 

5.1.3.3 High modulus coupons 
(DC-983) 55 

5.1.4 The variation of crosslink 
density due to weathering 57 

5.1.5 The variation of apparent 
viscosity due to weathering 65 

5.1.6 The variation of relaxation time 
due to weathering 71 

5.1.7 The variation of ultimate tensile 
stress due to weathering 74 

5.2 The roof level exposure of test coupons 
(Layout # 2) 83 

5.2.1 General discussion 83 

v 



5.2.2 The variation of Youngs tensile 
modulus due to weathering 83 

5.2.3 The variation of crosslink 
density due to weathering 92 

5.2.4 The variation of ultimate 
tensile stress due to weathering 
for the coupons exposed to 
simulated rain and solar radiation 98 

5.2.5 The variation of ultimate 
tensile stress due to weathering 
for the coupons protected from 
direct exposure of solar radiation 106 

5.3 Chemical kinetic model 113 

5.3.1 General discussion 113 

5.3.2 Kinetic model 114 

5.3.3 Predictions of chemical-kinetic 
model 116 

5.3.4 Verification of the chemical-
kinetic model with the experimental 
data 126 

5.4 oxidative effects of ozone on silicone 
sealants 131 

5.4.1 General discussion 131 

5.4.2 simulation of ozone attack on 
silicone sealants 133 

5.4.3 The variation of Youngs tensile 
modulus due to ozone exposure 134 

5.4.4 The variation of relaxation time 
due to ozone exposure 136 

5.4.5 The variation of ultimate tensile 
stress due to ozone exposure 139 

5.4.6 Photographic study of the surface 
developed on the silicone sealant 
due to exposure to ozone 145 

VI. CONCLUSIONS 

vi 



6.1 Summary of accomplishments 

6.2 Recommendations for future research 

LIST OF REFERENCES 

vii 

151 

152 

154 



ABSTRACT 

The changes in physical properties of three different 

commercial silicone sealants used in structural glazing 

applications were monitored as a function of various 

environmental and climatic aging factors. These variables 

included, exposure to solar radiation(UV) and simulated 

rainfall in which the pH of the water ranged from 3 to 11. The 

extremes of the pH range represent recorded values for acid 

rain(pH=3) and basic cleaning solutions(pH=11), respectively. 

A second portion of the study involved contacting test coupons 

simultaneously with simulated rain and high levels of gaseous 

ozone. 

The experimental tensile tests coupons were cut from 

sheets of DC-790, DC-995 and DC-983. An Instron tester was 

used to measure the changes in engineering properties such as 

moduli and tensile strengths of the test samples as a function 

of time of exposure to the different variables. Unexposed 

samples, kept at ambient laboratory conditions, were used as 

the control. 
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CHAPTER I 

INTRODUCTION 

Sealants are materials that are placed in joints to 

obstruct the passage of moisture, dust, air and heat. A 

structural sealant is a material that is used to provide a 

connection between glass and the building structure itself and 

hence is under stress loading. Elastomeric structural 

sealants have had a relatively short history of use by the 

building industry. The first elastomeric sealants, 

polysulfide elastomers, were introduced in the early 1950's. 

Today, the range and type of sealant products available for 

construction purposes has become very extensive. 

After the introduction of modern sealants, the ASTM 

Committee C-24 on building seals defined "Sealant" as :"In 

construction, material that has necessary adhesive and 

cohesive properties to form a seal." Initially elastomeric 

silicone sealants were used as joint seals. Silicone sealants 

were attractive to the construction market because of their 

relatively low modulus and high movement capacity-- properties 

which are ideal for joints. Subsequently, high modulus 

materials were developed. The high modulus sealants became 

more popular because of their unique properties compared to 

the traditional polysulfide sealants. For example, silicone 

sealants have the capability to perform at higher service 

temperatures for longer periods of time, also the silicone 
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polymer bonds well to the building structure as well as to the 

glass glazing. Many of these sealants have the ability to 

stretch several times their original length. Some silicone 

sealants contain stabilizers to minimize undesirable changes 

in their chemistry. These changes often occur due to the 

presence of oxygen and sunlight. Oxygen causes the sealant 

chemical structure to suffer a net loss of electrons. This 

loss occurs when the samples are 

radiation, such as direct sunlight, 

bonds within the silicone elastomer. 

exposed to air. Solar 

can attack the primary 

A structural seal must also act as a connector in 

structural glazing systems. Designers do not completely 

understand sealant behavior such as the complex interaction of 

sealant to the glass or to the building frame. Thus, 

structural designers typically use a higher factor of safety 

or over design in the development of glazing systems. 

In architectural design for structural glazing, the 

surface of the glass is glued to the building by the sealant. 

The sealant acts as a structural connection as well as a 

weather 

capable 

seal. The silicone sealants, 

of withstanding environmental 

therefore, 

weathering 

must be 

effects, 

while maintaining their ability to withstand windload stress 

as well as live load and seismic movement. This study 

considers the effect of several aging factors that have the 

potential to cause degradation of the sealant. The aging 

factors that effect the sealant can be divided into two 
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groups, climatic and environmental aging factors. The 

climatic aging factors are solar radiation from the sun, 

oxidation from ozone, etc. The environmental aging factors 

include the buffeting forces from the wind, hydrolysis from 

rain, etc. 

Manufacturers of silicone sealants have traditionally 

provided material specifications for their sealants, but 

seldom supply all of the required physical and engineering 

property requirements which may be needed for architectural 

designs. These physical properties can be important criterion 

1n the selection of a sealant for a particular type of 

environmental system. For example, an environment in which 

there are high sulfur emissions is likely to experience acid 

ra1ns of low pH. Unless the performance properties such as 

Young's modulus, crosslink density, etc., are known for such 

a particular highly acidic environment, and for a given 

sealant, then the wrong selection can result in some risk of 

failure. 

The variation in physical properties such as Young's 

modulus, ultimate tensile stress, crosslink density, viscosity 

and relaxation time following exposure to environmental and 

climatic aging factors were considered in this thesis. The 

subject of this thesis was to develop a model to predict the 

life of the sealant, given certain constraints. 
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CHAPTER II 

RESEARCH PROBLEM 

2.1 Structural Silicone sealants 

The structural silicone sealant is usually colorless. 

They are made opaque by the use of fillers whose purpose is to 

retard degradation due to solar radiation. The silicone 

sealants under investigation are black in color. The industry 

wide application and acceptance of these sealants is due their 

excellent adhesive properties and good recovery ability from 

a load. Test samples used in this study were prepared from 

cast sheets provided by Dow Corning. Three different 

formulation of silicone elastomers were considered, i.e., DC-

790, DC-995, DC-983. They are listed in order of increasing 

tensile modulus, with DC-790 being a low modulus material and 

DC-983 being a high modulus sealant. Their ultimate strengths 

are similarly ordered. 

2.2 Statement of the research problem 

The use of structural silicone sealants by the 

construction industry is increasing. In architectural designs 

using structural glazing, design safety factors are kept very 

high. This is because of the fact that many of the time 

dependant engineering properties have to be assumed in the 

design phase. 

available. 

Only recently has performance data become more 

Hence, realistic performance properties can be 
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used to provide better safety factors. This can perhaps lead 

to eventual reductions in construction costs. 

The aging factors that are most likely to affect the 

sealant's performance can be divided into two groups; climatic 

andjor environmental factors. The climatic factors which were 

investigated were solar radiation and oxidative attack from 

ozone. The environmental factors considered were exposure to 

acid rain at four different pH levels. The structural 

sealants are expected to resist all these aging factors as 

well as maintain adequate resistance against wind load, live 

load, etc. 

The variation of selected engineering properties of the 

sealants following exposure to environmental factors was 

studied. To account for adverse interaction effects, the 

samples were 

simultaneously. 

study in this 

exposed to two environmental factors 

The properties of the sealant selected for 

investigation were the material's tensile 

modulus, its crosslink density, the ultimate tensile stress, 

a relaxation time and its apparent viscosity. These 

properties are addressed separately for all the three types of 

sealants. 

2.3 Literature review 

Silicone sealants act as the connector and as a seal in 

the structural glazing system. Several researchers have 

conducted studies on the environmental aging of sealants. 
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However, published data regarding the natural environmental 

aging characteristics of silicone sealants are very limited. 

Available information consists mostly of documentation on the 

ability of structural silicone to adhere to a surface and to 

resist tear. The lack of other types of design data such as 

weathering is due inpart to the fact that environmental aging 

can be a time intensive study. Because of a lack of data, a 

sealant is often selected at random. If the selected material 

has poor environmental resistance, then after relatively a 

short time of exposure, one can be faced with the difficult 

and expensive task of resealing the building structure. 

2.3.1 Methods on the prediction of 
sealant properties 

Structural designers need to know some of the physical 

properties of silicone sealants which are not now available in 

order to improve their understanding of the response of the 

sealants to the aging factors. There are no standard methods 

available in the published literature to test the sealants. 

Anderson1 (1985) developed a method for determining some of the 

physical properties of the silicone sealants. Several factors 

reported to affect the sealant's behavior were temperature, 

strain, strain rate and the crosslink density (type of the 

polymer) . Anderson designed a device to provide data to 

calculate the modulus of the sealant. The apparatus he 

designed had two bars, between which the sealant was gripped 

~nd two posts to keep the bars apart. These posts caused some 
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fixed elongation in the sealant and some strain gages were 

attached to the posts to record the strain in the sample over 

time. In this way, the stress relaxation in the sealant was 

recorded. 

Anderson predicted the modulus of the sealant using an 

equation by Nielson2 (1962) and a computer program. He tested 

polysulfide sealants in the device (dumbbell-shaped). 

Anderson changed the stress-time data recorded in the device 

to stress and strain data in order to predict the modulus of 

the sealant. He then compared his test data to data obtained 

from the Instron tester. The difference was less than 10% 

between the two data values. Additional testing was done to 

explore the difference. His results indicated that the 

modulus of the sealant reached a constant for higher strain 

rates (>10injhr). He saw the need for better understanding of 

the properties of the sealant. The Nielson equation did not 

consider changes in stress and strain properties as a function 

of temperature. Anderson's method was a the first step towards 

obtaining physical properties of the sealants in order to 

understand the aging behavior. 

Chew3 ( 1987) studied the properties of the structural 

sealants. He found out that the sealant modulus depends on 

temperature, strain rate and the extension(a). Chew selected 

a classical Maxwell model and made some changes in the model 

to predict the modulus of the sealant. He measured the stress 

and strain for several structural silicone sealants and used 
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these data to measure the modulus of the sealant. He tested 

his samples with two devices, one was the improved version of 

Anderson's device and the other was an Instron tester. He 

found that large elongations at large strain rates reduced the 

experimental moduli. Chew showed that high elongations over 

a long period reduced polymer viscosity and that a temperature 

decrease produced a lower sealant modulus. 

Tack et al. 4 ( 1988) published a ideal rubber model for 

predicting the modulus of the sealant at a given strain. 

These predictions depend on the crosslink density, seal 

displacement and temperature. He showed that the modulus of 

the sealant decreased with an increase in extension(a). This 

was because the crosslinks in the sealant begin to separate as 

the sealant continues to extend. 

2.3.2 The effect of various aging 
factors on sealant performance 

Burstrom5 ( 1980) reported some effects of humidity and 

alkali solutions on the structural sealants. The sealants 

were stored in water or alkali solutions for long periods of 

time. It was reported that the sealants became soft, 

indicating that the material had absorbed water, and exhibited 

a decrease 1n the modulus. After the material was allowed to 

dry, however, there was an evident increase in hardness for 

the sealant. 

At least three phenomenon may occur when a sealant is in 

continuous contact with water. First according to Gill, 6 an 
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incompletely cured material may continue to change chemically 

(crosslinking). Secondly, John Beech7 observed that the 

sealant may become soft and plastic as a result of absorption 

of water. Water adsorption 1s further manifested by a 

reduction of measured modulus. Thirdly, the water may 

physically diffuse through the seal. 

Sealants used for joints in buildings are exposed to a 

wide range of service conditions in which the water may have 

a significant effect upon performance. This is so even though 

the exposure to water is usually intermittent and of short 

duration. The continuous transport of water through a porous 

substrate and its absorption by the sealant may also influence 

the subsequent performance of the sealants in many service 

situations. Generally, the sealant becomes exposed to water 

in one of two basic ways: (1) through normal rainfall and (2) 

through contacts with cleaning solutions. 

Rain water may contain many dissolved chemicals, and have 

a sufficiently low pH to be classified as acid rain. Alwin D. 

Skonik8 reported the acid rain effects on structural building 

materials. Once the acid reaches the surface, either diluted 

in rain or snow, the effect depends not only on the type of 

the material but also its location and its relationship to 

other materials. There are no standard methods available to 

study the effect of acid rain on the sealants. 

Generally speaking, solar radiation has been reported to 

cause only minor changes in the performance of the silicone 
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sealants. The effects reported by Burstrom5 have been changes 

of color, dulling of the exposed surface, and in certain cases 

surface cracking was reported. All these experiments were 

carried out in commercial equipment used to simulate the UV 

attack of the sunlight. These simulated results require 

careful comparison in order to obtain correlations which 

reflect actual field behavior. 

Ozone effects on the materials that were not elongated or 

under a state of stress were reported by Bustrom5 ( 1982) . 

Later experimental work attempted to induce some stress or 

elongation into the samples. It was observed that samples 

which were stiffer (high modulus) developed a greater array of 

cracks upon exposure to ozone. This may be because ozone is 

attracted to the stress concentration centers which are 

predominate when these harder materials are elongated. In 

addition, a specific chemical compound in the polymer 

structure may be particularly susceptible to ozone attack. 

This is the case of sulfur structures which are prominent in 

polysulfide sealants. 
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CHAPTER III 

RESEARCH OUTLAY 

The research outlay is addressed in two parts; (a) the 

theoretical development of the ideal elastomer model and (b) 

the chemical kinetic model. The theoretical development 

describes the mathematical mechanisms developed to estimate 

various sealant physical properties. This will include the 

ideal rubber model and a sequence of chemical reactions 

hypothesized to predict the onset of failure of the sealant 

with respect to time of exposure, i.e., chemical kinetic 

model. The kinetic model is based on the variation of 

crosslink density as function of exposure time and was 

developed to predict the life of the sealant. The model was 

developed based on parameters obtained from the experimental 

data. 

3.1 Theoretical development 

3.1.1 Model of an idealized silicone sealant 

The behavior of silicone rubber materials subjected to 

uniaxial stress fields and gross deformation cannot be 

adequately described by classical mechanical theory. This 

approach relies on the linear stress-strain relationship of 

Hooke's law, i.e., 

a= E.e 

where a is the tensile stress in the sample, 

11 
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E is the strain in the sample, and 

E is the Hookean constant or Young's tensile modulus. 

Instead the 11 ideal 11 model is based on the classical 

mechanical treatment of viscoelasticity and stress-relaxation 

behavior. For example, the simple Maxwell model (Fig 3.1) 

consists of a Hookean spring and a Newtonian dashpot connected 

in series. When several simple Maxwell's elements are 

repeated in parallel, a generalized Maxwell model is obtained. 

The Hookean spring in the model accounts for the initial 

stiffness in the silicone sealant when it is deformed. The 

dashpot accounts for the relaxation of stress when the 

deformation is maintained over time. The displaced spring 

produces a resisting force. Most of the models use the concept 

of a linear spring. That means that the relationship between 

the force and displacement is linear. The displaced spring 

oscillates when the load is removed. The behavior of the 

dashpot is to either dampen the oscillations or to reduce the 

resisting force of a displaced spring under a load. 

The differential equation derived for a single Maxwell 

element which 

(Rodriguez,1985): 

mimics viscoelastic 

de = _! . da + a 
dt E dt TJ 

behavior is 

( 3. 2) 

Where € = aL/L. ,aL is the amount of deformation produced by 

the uniaxial stress, and L. is the original length. 

dE/dt = rate of elongation ( sec- 1) , 
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E = Young's Modulus(Pa), 

dajdt =rate of change in stress(Pajsec), 

a = stress (Pa) 

ry = apparent viscosity (Pa.sec). 

The stress-strain rate data are obtained from 

reduction of the tensile tests performed with the Instron. 

data 

In 

order to solve equation 3.2 for tensile modulus, however, the 

viscosity of the sample must be known, and this may not be 

available. 

The simple Maxwell model spring is linear and represents 

elastic behavior. An elastic material is one which returns to 

its original shape when the load is released. The Maxwell 

model dashpot represents decreasing stress over time as a 

material relaxes under constant displacement. Silicone 

polymers relax due to viscous flow. Viscosity is the measure 

of a material's resistance to flow. In application of the 

Maxwell model to a silicone sealant, the Hookean spring 

element is replaced by an element typical of a ideal elastomer 

as shown in Figure 3.2. This makes it possible to account for 

the permanent deformation caused by large elongations. The 

concept of an ideal elastomer is based on kinetic theory, and 

hence is capable of describing the effects of temperature and 

the average or effective number of moles of polymer chains 

between crosslinks per unit volume. The expression for stress 

based on the kinetic theory for elastomers is shown in 

equation 3.3, which is quite different from equation 3.1. 
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a = RTN (a - __!__ } 
a2 

Where R = Gas constant, 

T =Absolute temperature (Kelvin), 

N = Number of moles of polymer chains per m. 3 

a= € + 1 (where € is the strain). 

( 3. 3) 

The differential equation for the modified elastomer is 

similar to equation 3.2, of the Maxwell model. The 

mathematical form of Equation 3.2 may be solved by considering 

two different conditions; stress relaxation behavior and 

constant rate of strain testing. 

3.1.1.1 Stress relaxation 

This condition assumes that a modified "ideal" elastomer 

1s placed in a state of stress and experiences a specific 

instantaneous fixed elongation. The stress field is then 

observed to "relax." Experimentally the fixed elongation E. 

is applied at time t=O and maintained so that d€/dt = 0 (Fig 

3 • 3} • The data generated are the level of stress in the 

sample as a function of time: o(t). For the Maxwell model, 

the total strain is given by equation 3.4 

de 
dt 

d€2 
+ = 0. 

dt 
( 3. 4} 

Substituting the condition that dejdt = O, into equation 

3.2, yields the equation 3.5. 
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E-1 da + 0 = 0 . ( 3 . 5 ) 
dt 11 

Integrating equation 3.5 over the limits, of time t = 0, a = 

ao and at time t, a = a(t). 

( 3. 6) 

or 

ln a ( t) = Et 
ao 11 

(3.7) 

The quantity ryjE, is known as the relaxation time and is 

a measure of the rate at which stress decays. The linear 

viscoelastic region, therefore, coincides with the behavior 

for E(t) being independent of € • 

3.1.1.2 Constant rate of strain 

The second condition assumes that a known constant strain 

rate, K, is applied to the elastomeric material. Many 

commercial testing machines do in fact operate under such 

conditions so that dcjdt = K
0

• It is desirable in this case 

to observe stress as a function of time or of elongation. 

Since € = Kot (Fig 3.4), then equation 3.2 can be rewritten 

as; 

K = 1 
E 

da a 
+ 

dt 11 

Rearrangement of equation 3.8 gives; 

17 
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Figure 3.4 Ideal rubber model in constant rate of strain. 
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do 
dt 

E 
+ -.a = EK . 

f) 
( 3. 9) 

The homogeneous solution to this linear differential equation 

occurs when EK =0, in which case equation 3.9 becomes; 

where A = a constant. 

- ..§. t 
a=A.e, (3.10) 

A particular solution to 3.9 is obtained whenever stress is a 

constant, i.e., B. In this case equation 3.9 becomes 

or 

E B = EK. 
f) 

B = t')K 

(3.11) 

(3.12) 

The complete solution, therefore, is obtained as equation 3.13 

_..§.t 
a = A e , + Kt') . 

(3.13) 

Use of the initial boundary condition where at time zero, 

stress is zero, equation 3.13 becomes the following where A is 

identified as (-Kry). 

0 = A + Kt') . ( 3 • 14 ) 

Substituting this value of A into equation 3.13 leads to 

equation 3.15 

_..§.t 
a = Kt') [ 1 - e , ] 
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The ratio of (-E/ry) can be estimated from experimental 

data in which the slope is obtained from the stress relaxation 

data by plotting equation 3.7. Substituting the value of the 

ratio thus obtained into equation 3.15 gives a numerical value 

of the apparent viscosity for the elastomer. 

Taking the derivative of equation 3.3 with respect to a 

gives: 

da 2 = RTN[1 + -] . 
da a3 (3.16) 

Since by definition, a = € + 1,then da = d€ ,and 

da 
da = ~~ = E ... Tangent elastic modulus 

Therefore, for an ideal elastomer 

E = RTN[l + 2] 
a;3 

(3.17) 

(3.18) 

A numerical value of RTN can be obtained from the 

experimental data and equation 3.3 by a linear regression of 

a vs {a- (1ja2 )} as shown in the Figure 3.5. These short 

duration tests should not affect the crosslink density. In 

order to confirm this, five experimental extensions were 

carried out for each sample. The value of RTN obtained from 

such data regressions can then be used to estimate E, the 

modulus of the elastomer. It is apparent from equation 3.18, 

that for isothermal testing, E for an elastomer is a function 

of both N and extension (a). 
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3.1.2 Kinetic model 

A chemical kinetic model was developed as a means of 

estimating time dependent changes in the sealant. The kinetic 

model was based on the concept that a crosslinking reaction 

occurs in the sealant when it is subjected to a specific 

environmental insult. In this instance, the insult was solar 

radiation andjor hydrolysis brought by changes in pH of the 

moisture contacting the sample. The laboratory data were 

reduced to obtain the crosslink density after a specific 

exposure time and to estimate the chemical reaction rate 

constants. In this manner, an empirical model emerged from 

which an estimate of the life of the commercial structural 

sealants could be calculated. The following section describes 

the development of the hypothetical chemical reaction 

mechanism used to develop the kinetic model. 

The proposed mechanism consist of two irreversible 

reactions which occur in series: 

(3.19) 

where No is the unreacted crosslink sites, 

Nc lS the crosslinked sites after exposure, and 

Nx is the crosslinked sites destroyed by environmental 

insult. 

The above mechanism is rather simple, but it incorporates 

all the aspects of the observed behavior. That is, (1) the 

number of unreacted crosslink sites, (N
0
), is expected to 

22 



decrease with time, (2) the number of sites destroyed, (Nx), 

by environmental insult is expected to grow continuously, (3) 

the number of crosslinked sites (Nc) is expected to pass 

through a maximum with time depending on the magnitude of the 

rate constants k
1 

and k
2

• 

The rate expression for the reactions listed in equation 

(3.19) can be written as follows: 

(3.20) 

(3.21) 

(3.22) 

where [No] is the concentration of unreacted crosslink sites. 

[Nc] is the concentration of crosslink sites. 

[ Nx] is the concentration of destroyed crosslink sites 

due to environmental insult, 

t is the elapsed time, and 

k 1 and k2 are the reaction rate constants for the 

individual reactions. 

Simultaneous solution of these differential equations 

gives insight into how the concentration of the crosslink 

sites which is measured, changes with time by the proposed 

mechanism. Initially, when t=O, there exists a finite 

concentration of crosslinked sites. Taking this into account 

the initial conditions can be written as follows: 
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[N0 ] = [N0 ]i ; when time, t=O 

[Nc] = [Nc]i ; when time, t=O 

[Nx] = 0 ; when time, t=O. 

Upon integration of equation 3.20 with the appropriate 

initial condition, we get: 

= kl. t . (3.23) 

or, 

(3.24) 

Equation 3. 24 suggests that the unreacted crosslink sites 

disappear exponentially and from crosslinked sites (Nc] . 

Hence [Nc] should increase. Now, substituting equation 3.24 

into equation 3. 21 and integrating, the equation for the 

concentration of crosslinked sites as a function of time is 

obtained. 

(3.25) 

With equations 3.24 and 3.25, it is possible to predict 

the concentrations of crosslinks as a function of time. The 

difficulty is in establishing the numerical values for k 1 , 

These values can be estimated from the 

experimental data, under special conditions and limiting 

assumptions. Thus [Nc] i is equal to the crosslink density 

measured for a neat elastomer. 
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The experimental data should follow the general trend of 

the kinetic model predictions. The general characteristics of 

the concentration-time curve are shown in the Figure 3. 6. 

Here N0 is shown to decrease exponentially, Nc rises to a 

maximum and then declines, and Nx rises continuously. 

3.2 Method of evaluation of various 
physical properties 

The physical properties considered inorder to study the 

deterioration in the sealants exposed to various aging factors 

were {1) the tensile modulus, {2) the crosslink density, {3) 

ultimate tensile stress, {4) the relaxation time and {5) the 

apparent viscosity. Both the stress-relaxation and the 

tensile tests were carried out in the Instron tester. The 

force applied on the specimen was recorded against time with 

the x-y plotter attached to the Instron control console. The 

engineering stress, a, on the sample is obtained from the 

quotient of the force experienced by the coupon and its 

unstressed, cross-sectional area. The strain E, is measured 

by dividing the amount of change in elongation by the original 

length of the unstressed sample. This is done for both the 

stress-relaxation and tensile tests. The extension a, to be 

used in the evaluation of various parameters, is related to 

strain by the relationship, a = E + 1 . From knowledge of the 

elongation {a) with respect to stress (a), equation 3. 3 1s 

plotted, and the RTN is obtained from the slope. Here "R" is 

the universal gas constant, "T" is the absolute temperature 
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and "N" is the crosslink density or [Nc] in the kinetic model. 

All the experiments were carried out at room temperature 

(23±2oC), so the crosslink density N can be estimated from the 

slope of the graph of stress versus the alpha ratio (equation 

3.3). The tensile modulus of the sample can be estimated from 

the knowledge of the magnitude of RTN by using equation 3. 18. 

On this basis, the modulus of the elastomer is a function of 

N, the crosslink density, and a, the extension. 

In the stress-relaxation experiments, a fixed elongation 

€
0 

was applied at time t=O, and held. The extension was fixed 

while data on the stress level as a function of time, a(t) 

were recorded. The data from the stress-relaxation tests were 

substituted in equation 3.15 to estimate the ratio of modulus 

to apparent viscosity(E/ry). This quantity is the inverse of 

relaxation time (ry/E). 
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CHAPTER IV 

EXPERIMENTAL PLAN 

4.1 Test facility 

The test facility consisted of two components; the test 

coupons which were subjected to environmental insult, and the 

Instron tester for measuring physical properties. The test 

coupons were prepared from cast sheets (0.3m x 0.3m x 0.6cm) 

provided by Dow Corning. Three different types of commercial 

grade silicone elastomers were considered in this study, the 

specifications of which are shown in Table 4.1. The section 

below contains a description of the procedures used in the 

preparation of the test specimens for all the three types of 

the sealants. The Instron tester was used to perform the 

uniaxial tensile tests. These tests were conducted either at 

some fixed elongation or for elongation to failure. In 

special cases, the Instron was also used for short duration 

stress relaxation tests. 

4.2 Preparation of test coupons 

The ASTM dumbbell-shaped test coupons to be used in the 

Instron tester were prepared from cast sheets. The dimensions 

of these samples were to conform to those shown in Figure 4.1. 

Since the cast sheet was not less than 1.3 mm, nor more than 

3. 3 mm thick, the samples were cut according to the ASTM 

standard for elastomers, D-412. The inside faces in the 
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Table 4.1 Properties of the test coupons 

Sample No.of Initial Sealant 
formulation components modulus type 

DC-790 1 Low Crosslinked 
silicone 

DC-983 2 High Crosslinked 
silicone 

DC-995 2 Medium Crosslinked 
silicone 
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reduced section are to be perpendicular to the plane formed by 

the cutting edges. The dumbbell shaped coupons were prepared 

by clamping the elastomer between two metal templates and 

slicing the elastomer along the outside of the template with 

a knife, using the edges of the template to guide the knife. 

Samples prepared in this manner should be free of nicks. 

Three measurements were used to determine sample thickness: 

one at the center and one at the each end of the reduced test 

section of the coupons. The average of the three measurements 

was used as the thickness in calculating the cross-sectional 

area of each test sample. 

4.3 Instron tester 

The Instron tester (Figure 4.2) is capable of performing 

tensile tests at selected, constant extension rates. The 

crosshead rate for all the tests was fixed at 1 inchesjminute, 

i.e. ,crosshead speed. In addition to tensile tests at 

constant strain rates, stress relaxation tests of short 

duration were also performed on the Instron. Under actual 

aging conditions, the probable extension in the elastomer due 

to wind forces is expected to be about 30% or less. 

Therefore, all the tests were carried out for a maximum strain 

of 30%. With this restraint, the recording chart and the 

cross-head movement drive were set to preselected speeds. The 

force-time data were recorded by the x-y plotter attached to 
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the Instron control console. The various variables used 1n 

the tests are shown in the Table 4.2. 

4.4 Exposure plan 

The aging factors that affect the sealant can be divided 

into two groups: climatic and environmental factors. The 

climatic aging factors are the solar radiation from the sun, 

oxidation due to ozone, etc. The environmental factors 

include buffeting forces from the wind, hydrolysis from rain, 

etc. Some of these aging factors are addressed in the 

following chapters. 

The study was carried out 1n two phases. The coupons 

were subjected to environmental exposure during summer and 

winter periods at ground level and for a rooftop location. In 

application, the sealant is expected to experience both 

compression at low temperatures and extension at high 

temperatures, since the building elements meeting at the joint 

contract with decreasing temperature and expand with rising 

temperature. To determine the environmental characteristics 

of the sealants, test methods are needed to provide a valid 

indication of their performance. However, most methods 

currently specified as standards bear little relationship to 

actual outdoor performance, because the particular tests 

conditions are usually chosen for convenience rather than an 

actual environmental basis. 
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Table 4.2 variables in the Instron testing machine. 

Sealant No.of Testing Initial Strain Full 
type components temperature modulus rate(inj scale 

min) load(Lb) 

DC-790 1 Room Low 1 5 

DC-995 2 Room Medium 1 20 

DC-983 2 Room High 1 20 

34 



4.4.1 Exposure to acid rain 

Acid rain is the product of a series of chemical 

reactions which occur when oxides of sulfur and nitrogen enter 

the atmosphere. There are various sources for these oxides 

which can include both natural sources, such as volcanic 

eruptions or man-made sources, which arise from the burning of 

fossil fuels. These gases react with the moisture in the 

atmosphere to form inorganic acids of which 50% to 70% 

precipitate as acid rain or snow. 

In many regions of the United States, rain has a pH in 

the range of 4 to 5. Carbon dioxide in the atmosphere reacts 

with water in the air forming weak carbonic acid (H2C03 ) and 

producing a pH range of 4 to 6. Generally, precipitation 

having a pH less than this level 1s classified as acid rain. 

Rain with a pH as low as 2.1 has been recorded in the United 

States. At the other extremes, melted snow in the Dakotas 

sometimes is so contaminated with dirt that it is alkaline, a 

pH of 10 or greater is exhibited. It was, therefore, 

considered necessary to attempt to take into account the 

effect of pH, when evaluating the aging characteristics of 

sealants. Although there has been considerable discussion 

concerning the problem of acid rain, there is surprisingly 

very little data in the literature as to its effect on the 

properties of building sealants. The base-laden cleaning 

solutions which exhibit high pH levels are also suspected 
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causes of deterioration in the sealant. Therefore, both the 

extremes of pH were considered in this study 

Whenever non-neutral precipitation reaches the surface of 

the sealant, the interactive effects depend on the properties 

of the sealant and its relationship to other materials to 

which it is attached. Most of the mineral acids in rain are 

non-volatile. Hence, during the drying period, the increased 

concentration of the acid or base heightens the probability of 

damage to the sealant, at least in a very localized region. 

Most polymeric materials are, therefore, expected to 

deteriorate following frequent exposure to acidic or basic 

insult in which periods of drying occur. 

There are no standard test methods available to study the 

effects of the acidity of rain on the sealant material. Thus, 

the test method followed in this case consisted of a 

simulated-rainfall spray system over a preset pH range. A 

simulated rainfall or moisture contact at four different pH 

levels was selected. Quanti ties of water in the pH range 

below neutral were prepared using sulfuric acid. Basic 

solution for pH levels greater than neutral were prepared 

using sodium hydroxide. Both the acid and base are non

volatile. Five dumbbell-shaped samples from each formulation 

of the silicone elastomer were exposed to these four pH levels 

as a simulated rainfall event once a day. The coupons were 

then removed from the exposure and tested in tension at 

regular intervals of time. 
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4.4.2 Exposure to solar radiation 

Correlation between laboratory or simulated exposure and 

actual performance in outdoor use seldom can be established on 

the basis of change for a critical property with quantitative 

measurements made throughout duration of exposure. For this 

reason, it was decided that the outdoor exposure testing is 

the most meaningful method for obtaining quantitative data on 

the sealant's weatherabilityy. The samples were placed in 

direct exposure to solar radiation. The degree of 

deterioration which results from such exposure depends on the 

type of the material (polymer crosslink density) and the bond 

energies of various types of bonds in the material. If 

deterioration is to occur in the material, the energy level of 

the incident solar radiation should be greater than the bond 

energies found in the polymer. 

The solar thermal radiation might be thought as a "photon 

gas" which can flow from one place to another, and has energy, 

mass and momentum. The expression for the relationship 

between mass and momentum of the "particle" has been derived 

by Planck as: 

U = mc 2 = hu . ( 4. 1) 

where u is the frequency and is defined as the ratio of C/A; 

u lS the energy; 

h is the Planck's constant( 1. 58xlo-34 caljsec) ; 

c is the speed of light in vacuum; and 

"- lS the wave-length of solar radiation. 
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Equation 4.1 can be rewritten as follows: 

m= (4.2) 

The momentum of a particle traveling at the speed of light can 

be estimated: 

Momentum= chu = hu 
c2 c (4.3) 

Also an estimate of the wavelength of solar radiation required 

to break the primary bonds which exist in silicone sealant can 

be written as follows: 

A = 
he 
E 

(4.4) 

The propagation of thermal radiation takes place in the 

form of discrete quanta, each quanta having an energy level of 

U=hu 

The bond energies for various types of bonds in silicone 

sealants and the wavelengths of the solar radiation necessary 

to break these bonds are shown in Table 4.3. The wavelength 

of radiation required to rupture the primary bonds found in 

the silicone elastomers reside predominantly in the visible 

range of the thermal radiation. The visible range of the 

thermal radiation is shown in the Figure 4.3. Radiation with 

wavelengths greater than 4J..Lm are classified as longwave 

radiation, while wavelengths below this level are termed as 

shortwave radiation. On this basis, the wavelength of solar 

radiation required to break the primary bonds in the silicone 
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Table 4. 3 Bond enerqies and wavelenqth of solar radiation 
required to break the bonds in silicone rubber 
sealants. 

Bond Wave lenqth of 
enerqy(kcaljmol) solar radiation 

Chemical to break the 
bond (Ferdinand chemical bonds(nm) 

Rodriquez, 1990) 

Si-0 88 325 

c-c 83 344 

c-si 69 415 

C-H 99 289 

c-o 84 340 

c-s 62 461 

Si -0- Si 

Dimethyl Siloxane 
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elastomer reside in the shortwave subdivision of thermal 

radiation. 

4.4.3 Exposure to ozone 

The use of ozone as an oxidant for organic substrates has 

been studied for several decades. The silicone sealants, 

despite the presence of the Si, are organic in nature. 

Moreover, the rubbery sealants are affected by ozone; the 

attack being enhanced whenever a tensile stress exists in the 

material. Hence, most test coupons exposed to ozone are 

placed under stress or elongated. For this reason, a 10% 

elongation was induced into a majority of the samples, while 

some of the coupons were kept under non-stressed conditions. 

This was done in order to study the effect of tensile stress 

on the samples. The conditions in the experimental plan for 

sealant resistance to ozone exposure are shown in the Table 

4 . 4 . 

The silicone polymer is relatively electropositive, so 

any electrophilic attack by ozone on the silicone sealants 

would seem unlikely. To enhance the probability of attack, 

the samples were exposed to simulated acid rain prior to 

exposure to ozone. On a regular basis, the samples initially 

were sprayed and then they were exposed to ozone. The surface 

phenomena caused by acid rain may be the more likely site of 

an attack by an electrophile, i.e. , ozone. It is also 

possible that the ozone forms a complex with silicone before 
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Table 4.4 Ozone resistance, experimental plan. 

Variables 

Ozone 
content 

Time of 
Exposure 

Deformation 

Levels 

6000 ppm 

1 hrjday 

0 % 

10% 

Notes 

Coupons were exposed to acid 
rain in the pH range of 3 to 
4 and cleaning alkaline 
solution in the pH range of 
10 to 11 before exposure to 
ozone. 

DC-790, DC-995, DC-983 

DC-790, DC-995, DC-983 
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attack. Although no spectral bands attributable to a silicone-

ozone complex were found, some investigators have observed 

that organics containing any silicone species catalyzed the 

decomposition of ozone. 

4.4.4 Exposure of coupons to various 
aging factors 

In service, the various individual aging factors usually 

cannot be rationalized. Sealants are going to be exposed to 

one or more of these aging factors simultaneously. Hence, 1n 

this study the exposure plan for incorporating various aging 

factors was as follows: (1) the effect of solar radiation and 

acid rain, (2) the effect of acid rain, and (3) the effect of 

ozone and acid rain. This exposure plan was carried out in 

two phases: one in the summer and the other in the winter. 

Five samples in each formulation of the sealant were exposed 

to the preselected pH ranges of simulated acid rain and other 

aging factors. The physical layout for the exposed samples is 

shown in the Figure 4.4. The coupons were removed from the 

layout at regular intervals and were tested for changes in the 

physical properties in the individual sealants. 
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Figure 4.4 Layout of the test coupons for exposure 
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CHAPTER V 

RESULTS AND DISCUSSION 

5.1 Layout # 1 

5.1.1 General discussion 

This chapter covers four main sections which deal with 

the changes in physical and engineering properties of the 

sealants. The properties are the Young's modulus, the 

crosslink density, the apparent viscosity, the relaxation time 

and the ultimate tensile stress. The first section considers 

a ground level exposure of the coupons in layout #1, and the 

second section considers a roof level exposure of the coupons 

in the layout #2. The only difference between these two 

layouts is the duration of exposure to solar radiation. The 

third section involves a discussion concerning the inference 

of the semi-empirical kinetic model. This model was developed 

1n order to estimate the useful life of the sealants subjected 

to certain aging factors. Finally, the fourth section will 

consider the oxidative effect of ozone on silicone polymers. 

The test coupons subjected to various aging factors were 

tested at regular intervals of time for changes in properties. 

The test coupons consisted of three formulations of silicone 

sealants provided by Dow Corning: the low modulus sealant (DC-

790), the medium modulus sealant (DC-995), and the high 

modulus sealant (DC-983). The test conditions were 
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standardized for all the three formulations of the sealants 

and a description is cited in the Chapter IV. 

5.1.2 Ground level exposure of test 
coupons (Layout #1) 

The layout of the coupons was similar to the one shown in 

Chapter IV. The test coupons were exposed to a simulated 

rainfall-spray system at four different pH ranges once a day. 

The layout was also placed in an outdoor exposure to solar 

radiation. Some of the coupons were protected from direct 

exposure to solar radiation in order to help identify any 

synergetic effects for the combined solar radiation and rain. 

As mentioned earlier, five properties of the sealant were 

considered in this study, and they are discussed in detail in 

the following sections. 

5.1.3 The variation of Young's tensile 
modulus due to weathering 

The Young's modulus of a polymer is a measure of 

stiffness of the material. When a sealant is exposed to 

moisture with different levels of pH, damage will be most 

pronounced in the drying period. This is because most of the 

acid and basic mixtures in the rain are non-volatile in 

nature. Therefore, in the drying phase, the water generally 

evaporates, and thereby increases the concentration of the 

acid or base on the surface by several times. This sharp 

increase in the concentration results in severe, localized 
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surface reactions which become the site of attack for other 

aging factors. The level of deterioration can be monitored by 

changes in physical properties such as the modulus of the 

sample. The variations in Young's tensile modulus for the 

three formulations of the sealants are discussed in the 

following sections. 

5.1.3.1 Low modulus coupons ( DC-790 ) 

This formulation of sealant was soft and elastic. 

Initially, upon exposure to simulated environments, these 

coupons exhibited an increase in moduli. We believe that this 

is due to continued chemical curing which is manifested by 

increased crosslinking in the sealant. This initial increase 

was more pronounced in some pH ranges as can be seen in Figure 

5.1. During this chemical curing, the lower pH level, i.e., 

acid rain, and solar radiation resulted in additional increase 

in the modulus of the sealant. The acid acts as an 

intensifier in this formulation of the sealant, which is 

evident from the initial acceleration in the rate of the 

curing curve. The maximum in the modulus occurred after seven 

events of simulated rain for this pH range. In comparison, 

nineteen events were required before a maximum was reached for 

the other three pH ranges. Apparently, crosslink sites which 

were available in some component of the silicone are sensitive 

to acid and radiation. Hence, exposure to the lower pH ranges 
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resulted in aggressive increase in the modulus, even though 

the curing phase was very short in the acid pH range. After 

the coupons became more fully crosslinked, they then begin to 

show aging from attack due to acid. This was observed by the 

decrease in their moduli probably from chain scission due to 

hydrolysis. A retardation in the initial increase in the 

moduli was observed in both the extreme pH ranges when 

compared to the neutral range. The overall initial increase 

in the moduli due to chemical curing was 80%. 

After attaining a maximum modulus in the curing phase, 

the coupons in all the four pH ranges started to show a 

decline in tensile modulus, which is indicative of a softening 

process taking place within the sealant structure. The rate 

of softening was different 1n all four pH ranges. After 

seventy simulated rain events, the coupons showed a 40% drop 

in moduli when compared to the samples maintained at ambient 

laboratory conditions as control. 

In order to study the synergetic effect due to solar 

radiation and rain, some of the samples were protected from 

direct exposure of sun. Figure 5.2 is similar to Figure 5.1 

except that for Figure 5.2 the coupons were not exposed to 

sunlight. The synergetic effect of rain in the high pH range 

and solar radiation resulted in the reduction of the modulus 

of the sealant, which can be seen by the comparison of Figure 

5.1 with Figure 5.2. The synergetic effect produced a 
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decrease in the moduli by 30% during the initial curing phase. 

This effect may be due to the retardation in the crosslinking 

potential of some component of the silicone sealant, or to the 

destruction of crosslinking sites by solar radiation. 

Apart from this synergetic effect in the alkaline range, 

the response of the coupons was similar when exposed to two 

aging factors. 

5.1.3.2 Medium modulus coupons (DC-995) 

This formulation of the sealant was less compliant than 

the DC-790. The initial increase in the moduli due to 

chemical curing was in the range of 65% to 70%. Simulated 

rain in the pH range between the neutral and the acidic range 

resulted in an additional increase in the moduli in the curing 

phase as shown in the Figure 5.3. Acid in this pH range acted 

as catalyst for the surface reactions which resulted in the 

increase of the modulus of the sealant. The peak in the 

moduli for this pH range occurred at seven simulated rain 

events, whereas at the other experimental pH levels, the 

moduli continued to increase after seven events. The maximums 

for the other two lower pH ranges occurred around twenty 

simulated rain events. The coupons in the higher pH range 

continued to show an increase in modulus until around thirty 

five simulated rain events. Some component of this 

sealant had crosslink sites available for further crosslinking 
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in this pH range, which was evident in the increase in the 

tensile moduli. Apparently a retardation in the initial 

increase in the modulus of the sealant was observed for both 

the extreme pH levels. 

After attaining a maxima, the coupons in all the four pH 

ranges exhibited similar rates of decline in modulus. This 

may be an indication of the end of the curing phase. After 

about seventy simulated rain events, the exposed coupons 

showed a 8% drop in moduli in the pH range between the neutral 

and acidic range with respect to the initial moduli. 

A similar plot of tensile modulus versus the number of 

event's for the coupons exposed to rain at four different pH 

ranges is shown in the Figure 5.4. The aggressive increase in 

the moduli in the curing phase for the coupons in the pH 

range, between the neutral and the lower pH range observed in 

Figure 5.3 was probably due to the effect of moisture alone in 

this pH range because a similar behavior was observed in 

Figure 5.4. Even though the moduli of the coupons in the 

higher pH range continued to increase up to thirty-five 

simulated rain events in the higher pH range (Figure 5.3), the 

magnitude of the moduli was higher in this case. This 

retardation in moduli in the Figure 5. 3 was due to the 

synergetic effect of solar radiation and rain in the alkaline 

range. The base acted as an intensifying agent in retarding 

the surface reactions which would result in an additional 
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increase in the moduli. This effect was also observed in the 

low modulus coupons (DC-790). 

The overall behavior of the coupons in this case was 

similar to that of the coupons exposed to both aging factors 

as shown in Figure 5.3. After seventy-eight simulated rain 

events, the moduli had dropped by 6% in the coupons exposed in 

the pH range between the neutral and the acidic, when compared 

to the coupons initial modulus. 

5.1.3.3 High modulus coupons (DC-983) 

This formulation of sealant displayed 

rigidity of the three tested formulations. 

the greatest 

The overall 

initial increase in the modulus of this material due to 

chemical curing approached 70%. The initial increase in the 

moduli due to chemical curing was more pronounced for the low 

pH range (acid rain). The acid acted as a catalyst in the 

surface crosslinking reactions. In the other three pH ranges, 

the initial increase was delayed until after seven simulated 

rain events as shown in Figure 5.5. The maxima in the moduli 

in these three pH ranges occurred after twenty simulated rain 

events, while the coupons exposed to the lower pH range 

continued to show a reduced rate of increase in moduli through 

thirty-five events. 

This was the only formulation among the three sealants in 

which acidity resulted in additional crosslinking. The low pH 
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appears to have caused additional crosslinking in the 

crosslink sites still available in the silicone. However the 

coupons started to soften again after this initial curing as 

did the other two formulations. After about seventy simulated 

rain events the moduli of all the coupons had returned from a 

high of 70% to 45%, compared to the coupons initial modulus. 

A plot of same parameters for the coupons exposed only to 

simulated rain at four pH ranges is shown in the Figure 5.6. 

Hence, it is observed that the initial rise in moduli observed 

for the low pH range was duplicated by the higher or caustic 

pH range. As mentioned earlier, this was the only formulation 

of the sealants for which the acidic pH range resulted in an 

increase in the moduli as the manifestation of additional 

crosslinking. The acid appears to enhance or intensify 

crosslinking reactions on the surface of the sealant, and 

apparently increases the modulus of the sealant. 

5.1.4 The variation of crosslink density 
due to weathering 

The crosslink density in an ideal elastomer reflects the 

number polymer molecules per unit volume of material. Hence, 

any decrease in the crosslink density of the elastomer is a 

direct indication of a decrease in stiffness in the polymer. 

A previous study by R. W. Tack (1988) demonstrated that no 

significant change in the crosslink density occurs due to 

change in temperature or rate of elongation. This observation 
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suggests that sealants have to change chemically in order to 

produce a change in the crosslink density. Tack's prediction 

of the modulus was based on theory related to the concept of 

an ideal elastomer. In this case, the crosslink density is 

directly related to the material's tensile modulus. Because of 

this, the magnitude of the crosslink density following 

exposure to a chemical environment was similar to the changes 

described earlier for the tensile modulus. 

In the case of the low modulus coupons, the initial 

increase in the crosslinking due to chemical curing was 

greatest for both the extreme acidic and caustic pH ranges. 

This is shown in the Figure 5. 7. Enhanced crosslinking 

activity occurred through seven simulated rain events, whereas 

the coupons exposed to the other two pH ranges continued 

crosslinking, but at a slow rate even after this stage. After 

attaining a maxima in crosslink density at nineteen simulated 

rain events, the coupons exhibited decreases in the crosslink 

density. This is indicative of chemical degradation. The 

decline in the crosslink density was continuous with time. 

However, 

coupons 

after seventy events the crosslink density of the 

had not yet dropped below the initial crosslink 

density, except for the caustic level. In the case of the 

coupons exposed only to simulated rain at four pH levels, a 

similar behavior was observed as shown in Figure 5.8. The 

decrease in the maxima for crosslinking due to a synergetic 
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effect of alkaline exposure and solar radiation is quite 

obvious from the comparison of Figures 5.7 and 5.8. 

For the medium modulus coupons, the initial increase in 

the crosslink density due to chemical curing was enhanced for 

the pH levels between the acidic and the neutral ranges. This 

is shown graphically in Figure 5.9. A similar behavior was 

observed in the variation of the tensile modulus as a function 

of the number of events. Some active component of the 

silicone polymer obviously resulted in the occurrence of 

additional crosslinking for this pH range. After attaining a 

maxima, the crosslink density declined. The crosslink density 

of all the coupons for each of the pH levels showed reductions 

to 50% in the crosslink density after sixty-five simulated 

rain events. The synergetic effect caused by solar radiation 

and the alkaline water resulted in a substantial decrease in 

the maxima for crosslinking which was achieved. This effect 

is quite obvious when comparing Figures 5.9 and 5.10. The 

latter figure is a plot for the coupons exposed to rain alone. 

Except for this both figures are very similar. 

In the case of coupons which exhibited high levels of 

stiffness, the initial increase in the crosslinking was more 

pronounced when compared to the other two formulations of 

sealants. The maxima for both the extreme and the neutral pH 

ranges occurred around twenty simulated rain events. But at 

the other two levels, some component of the silicone was still 
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available for further crossl inking as shown in the Figure 

5.11. A retardation in the crosslinking reactions was 

observed in the lower acidic range when compared to the other 

three pH ranges. In these two ranges, the cross! inking 

continued to increase until thirty-five simulated rain events 

had occurred. The synergetic effect observed for the other 

two formulations of the silicone was also recorded for the 

high modulus sealant (compare Figures 5.11 and 5.12}. This 

effect was more significant in the lower acidic level, where 

the crosslink density was increasing even after thirty-five 

simulated events. The decrease in the crosslink density in 

Figure 5.11 was, therefore, due to a synergetic effect, even 

though the acid acted as an intensifier for the crosslinking 

reactions. 

After attaining a maxima the crosslink density of the 

coupons for all the pH ranges were observed to show a gradual 

decline. However, after seventy simulated rain events the 

crosslink density still had not fallen below the initial value 

of crosslink density. This was observed only for the high 

modulus (DC-790) formulation of the silicone sealant. 

5.1.5 The variation of apparent viscosity 
due to weathering 

Viscosity is correlated to the Newtonian fluid dashpot in 

the modified "Ideal" elastomer, as the modulus was related to 

the ideal elastomer. The apparent viscosity is a measure of 
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the amount of energy dissipated when a stress is introduced in 

the sample, and permanent deformation takes place. The 

apparent viscosity of the sealants was predicted from the data 

generated by stress-relaxation experiments. These were 

initiated at a 12% strain level. The samples exposed to both 

solar radiation and rain for seventy-five events (days) 

exhibited the greatest reductions in their viscosity. 

For the low modulus coupons, a decrease in the range of 

45% to 75% for the apparent viscosity was recorded (Figure 

5.13). The synergetic effect of combined solar radiation and 

rain caused a substantial reduction in the apparent viscosity 

of the coupons in all but the lowest pH range. At the lowest 

pH level, the crosslinking produced in the test samples 

exposed to both weathering factors was not fully destroyed. 

Thus, the coupons exhibited a high apparent viscosity when 

compared to those coupons exposed only to rainfall. 

The medium modulus coupons exhibited very little change 

in their apparent viscosity due to exposure. The coupons 

exposed to both the weathering factors did have an additional 

decrease due to synergetic effects as shown in Figure 5.14. 

This behavior was observed for all but the highest pH ranges. 

Such behavior implies that the synergetic solar-alkaline 

effect actually resulted 1n an increase in the apparent 

viscosity of this formulation of sealant. 
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The third formulation, or the high modulus sealant, 

exhibited additional crosslinking due to synergetic effects of 

the two aging factors in the high pH range. A similar trend 

was observed in the variation of apparent viscosity with 

exposure time as shown in Figure 5.15. Overall, the drop in 

the apparent viscosity for this formulation ranged from 40% to 

60%. 

5.1.6 The variation of relaxation time 
due to weathering 

The relaxation time obtained from the stress-relaxation 

data is represented by the ratio of (~/E). Relaxation time is 

an important parameter, since stress-relaxation phenomena are 

known to occur in installations subjected to the buffeting 

forces of the wind, or due to variation in the outdoor 

temperature. The building materials to which the sealant is 

attached either contract or elongate with changes in the 

ambient temperature. As a result, this movement or 

deformation is also experienced by the sealant. 

The plot of relaxation time at ambient temperature versus 

exposure time for the low modulus sealant is shown in the 

Figure 5.16. As noted earlier, this formulation was soft and 

elastic, so the time taken for the stress to relax is 

comparatively short. After exposing the coupons to 

weathering, they became even softer. Hence, a decrease in 

relaxation time was observed. Similar behavior was recorded 
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at all four pH levels, with the lower pH range (acidic) 

exhibiting a higher drop in relaxation time. 

For the medium modulus coupons exposed to simulated rain 

1n the neutral range, the reduction was greatest when compared 

to the other three pH ranges. Overall, a range of 30% to 60% 

reduction in the relaxation time was observed (Figure 5.17). 

Significant reductions in the relaxation times of the 

high modulus sealant were recorded. Coupons exposed to the 

acid rain showed a higher percentage drop in the relaxation 

time than those for the coupons held at control conditions. 

This behavior was observed even though the lower pH caused 

addi tiona! cross linking in this sealant. As shown in the 

Figure 5.18, a drop of 65% to 80% in the relaxation time was 

recorded for this formulation of the sealant. 

5.1.7 The variation of ultimate tensile 
stress due to weathering 

The ultimate tensile stress is the stress experienced by 

the sample at or near failure. For most materials, failure 

involves the rupture of chemical bonding forces and is 

catastrophic. However, some materials, especially crystalline 

polymers, reach a point where large inelastic deformation 

occurs, i.e., plastic flow. Such materials continue to deform 

and absorb energy long before failure occurs by rupture. The 

ultimate tensile stress, therefore, is a important parameter, 

because it is a measure of the total cohesive and adhesive 
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energies within the material. However, ultimate strength 

seldom receives much attention in experimental studies. 

Unlike tensile modulus, which is a material property, the 

ultimate tensile stress is sample dependent. Thus, it can be 

skewed by the differences in sample preparation and even 

treatment variations. Most often, therefore, the ultimate 

tensile stress for a given formulation of the sealant is 

assumed based on an averaged value with a judicious safety 

factor. 

In the case of the low modulus formulation, the plot of 

the variation of ultimate tensile stress with exposure is 

shown in Figure 5.19. The average elongation for this 

formulation of the sealant before failure was about 700%. The 

ultimate tensile stress of the coupons exposed to the caustic 

pH level showed a 16% drop, when compared to the coupons held 

at control. For the other pH levels, a 2% drop in the tensile 

stress was noticed. This drop in the ultimate tensile 

strength was significant in this sealant formulation. 

A photographic view of the cracks that developed in the 

surface of these low modulus samples in both the extreme pH 

ranges are shown in the Figure 5.20(a),(b). These picture 

were obtained with an electron microscope at 100X 

magnification. Surface cracks of this magnitude should 

certainly cause concern with regard to the entire glazing 

system. 
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Figure 
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For the medium modulus coupons, the ultimate tensile 

stress in all four pH ranges increased as the result of 

weathering (Figure 5. 21). The average elongation before 

failure was about 450% for this formulation. In general, the 

coupons exposed to simulated rain in the neutral range showed 

a 40% increase in tensile stress as a result of additional 

crosslinking. But the coupons in the other three pH ranges 

showed only a 13% to 15% increase. This reduced increase in 

the tensile stress may be due the synergetic effect of rain 

and solar radiation either retarding additional crosslinking 

or more likely reducing bond density. No surface cracks were 

observed to have developed in this formulation of the sealant, 

however. 

The high modulus coupons also exhibited as increase in 

ultimate tensile stress for all four pH levels (Figure 5.22). 

The average elongation before failure was 120%. The increase 

in the tensile stress was in the range of 60% to 75%. The 

highest increase in the tensile stress was noticed in the 

caustic pH range. We believe that such a high increase in the 

tensile stress was observed because this was the only 

formulation of the sealant in which the crosslinking was not 

partially or fully destroyed due to weathering. Also there 

were no surface cracks observed for this formulation of the 

sealant. 
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5.2 The roof-level exposure of test 
coupons (Layout #2) 

5.2.1 General discussion 

This section considers the exposure of test coupons at 

roof-level of a building. The duration of exposure in this 

layout, #2, to solar radiation was more than in layout #1. 

This is probably the only difference between the two layouts. 

During this second exposure at roof level, the coupons were 

again exposed to simulated rainfall having four different pH 

levels. Application occurred once a day, and the samples were 

installed normal to the direct rays of sun. Also, some of the 

coupons were again protected from direct exposure to solar 

radiation with opaque covers. The coupons were removed from 

the layout at regular intervals of time and were tested for 

changes in properties. In this discussion section only three 

properties of the silicone sealant are considered. They are: 

the Young's tensile modulus, the crosslink density, and the 

ultimate tensile stress. 

5.2.2 The variation of Young's tensile modulus 
with number of events 

In the case of the low modulus coupons, the initial 

increase in the moduli at all four pH levels was very 

pronounced. A maximum increase of 85% was observed as shown 

in Figure 5.23. The maxima in the moduli occurred after seven 

simulated rain events for all the coupons in this layout. We 

believe an even greater increase in modulus was suppressed by 
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the effects of solar radiation. After the maxima were 

attained, the moduli declined for all four pH ranges, even 

though the rate of decline was different. At fifty simulated 

rain events, the coupons were observed to have undergone a 15% 

to 40% drop in the moduli when compared to the initial moduli 

before exposure. 

After sixty simulated rain events, the exposure of the 

coupons to simulated rain was discontinued. This period 

during which no moisture was sprayed on the coupons lasted for 

forty days. During this stage, a 25% to 30% increase in the 

moduli was again recorded. This increase in the moduli was 

probably due to the removal of one weathering factor which 

eliminated any synergetic effect. When spraying was resumed, 

the coupons continued to show a drop in the moduli due to a 

synergetic effect. After one hundred and thirty-eight events 

of exposure, the moduli of the coupons in all the four pH 

ranges still remained below the initial modulus. 

A plot of same parameters for the coupons exposed to one 

aging factor, 

Figure 5. 24. 

i.e. , simulated rain alone, is shown in the 

The initial increase in the moduli was again 

pronounced all four pH levels. A maximum 80% increase in the 

moduli was observed. Upon comparison with the Figure 5.23, 

the synergetic effect of rain and solar radiation at the pH= 

7.0 and pH= 5 to 6 had a significant effect on the degree of 

crosslinking. The percentage increase in the moduli due to 

85 



0. 7.---------:-----;--....,-----,----....,.---,------, 

0.6 ..... 
"@" 
a.. 
:::E 
';; 0.5 .... 
:l 
:l 

"U 
0 
E 
Q) 

0.4 ... 

·u; 0.3 . 
c 
~ 

0.2 

---pH= 10 to 11 

pH= 7.0 

pH= 5to6 

-B-

pH=3to4 

! ! No spraying ! 
en 
Cl 
c 
:l 

~ 
0.1 ...... ......... ... J ...... .... .......... ; ................ ~ .............. I ............ ~.l. .................. i .. I I ' , . 

j ~ 
0-----;-----r----r---~----+---~----~ 

0 20 

Figure 5.24 

40 60 80 100 120 140 
Number of events (Days) 

The variation of Young's tensile modulus with 
number of events for the low modulus coupons 
(DC-790) exposed to simulated rain. 

86 



crosslinking in the time period when no spraying occurred was 

smaller in this case, which may indicate an increase in the 

crosslinking due to solar radiation alone. 

The medium modulus coupons exhibited a 65% to 75% initial 

increase in moduli. This is shown graphically in the Figure 

5.25. The initial increase in the moduli at the 3 to 4 pH 

level was very dramatic when compared to the other three pH 

levels. The maxima in the moduli or the degree of 

crosslinking occurred after seven simulated rain events. 

After attaining the maxima, the softening of the sealant 

structure was indicated by a decrease in the moduli. Overall 

a 25% to 50% drop in moduli from the initial was observed 

after fifty events of exposure when compared the initial 

moduli. 

During the period of forty days when daily spraying was 

eliminated, the coupons in all four pH ranges showed an 

increase in the modulus. We believe that there were still 

enough sites for further crosslinking, but that the 

crosslinking reaction was suppressed by the synergetic 

effects. The observed increase in the moduli ranged over 25% 

to 30% when compared to the previous test moduli. This 

increase in the moduli is indicative of the increase in the 

stiffness of the polymer caused by additional crosslinking 

induced by solar radiation. 

Figure 5.26 is the plot of the variation of Young's 

tensile modulus with the number of events of exposure for the 
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coupons exposed to simulated rain as the weathering factor. 

When comparing Figure 5.26 with Figure 5.25, the synergetic 

effect caused by solar radiation and rain is significant. The 

synergetic effects of solar radiation and simulated rain 

caused a 70% to 80% drop in the degree of crosslinking for 

these three pH levels. The initial rapid increase in moduli 

for the pH=3 level was, therefore, due to pH and not due to 

any synergetic effect. 

As observed in the layout #1, the high modulus coupons 

showed an additional increase in the moduli for the lower or 

acid pH level, when compared to the other three pH ranges. 

The moduli increased rapidly upon initial exposure, however, 

even in the these three ranges. The 75% to 85% initial 

1ncrease in moduli which was observed was attributed to 

increased crosslinking as shown in the Figure 5.27. After 

seven simulated rain events, the moduli of the coupons then 

started to decline rapidly. After fifty simulated rain 

events, the coupons exhibited a 25% to 30% drop in the moduli 

when compared to the initial moduli. During the period when 

spraying was eliminated, the moduli in all the four pH ranges 

underwent an increase of about 20%. This increase in the 

moduli in this period was observed for all three formulations 

of the sealant. This may be due the elimination of one of the 

weathering factors, i.e., rain in this case, which was 

significant in suppressing the moduli by synergetic effect. 
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The initial rapid increase in the moduli of the coupons 

exposed to simulated rain in the lower pH range, i.e., acid 

rain, is shown graphically in Figure 5.28. Even though the 

synergetic effect occurred in the alkaline and neutral ranges, 

this drop in the moduli (-5%) was not as significant when 

compared to that caused in layout #1. The percentage increase 

in the moduli in this stage, where the exposure to simulated 

rain was eliminated, was higher in this case {Figure 5.26), 

when compared to Figure 5.27. 

5.2.3 The variation of crosslink density 
with number of events 

In the case of an ideal elastomer, the crosslink density 

reflects the moles of polymer molecules per unit volume of the 

polymer. Any increase in the crosslink density of the 

elastomer is a direct indication of an increase in the 

stiffness or modulus of the material. In the case of the low 

modulus coupons, the initial increase in the crosslink density 

was in the range of 80% to 85%. This is shown graphically in 

the Figure 5.29. 

The general characteristics of the variation of the 

crosslink density with number of events should be similar to 

the graph of Young's tensile modulus. Accordingly, after 

attaining the maxima, the crosslink density started to 

decline. After about sixty simulated rain events, the 

crosslink density of the coupons had dropped from 15% to 40% 

of the initial crosslink density measured before exposure. In 
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the period where spraying was stopped, the crosslink density 

of the coupons again increased about 20% to 30%. The coupons 

were monitored for a total of hundred and forty days and after 

this time the crosslink density of the coupons had essentially 

become constant. 

A similar plot of the same parameter for coupons exposed 

to simulated rain as the sole weathering factor is shown in 

the Figure 5.30. In comparison to the previous plot, the 

synergetic effect did not appear to cause any significant 

changes (>5%) and the overall behavior is similar in both 

figures. 

For the medium modulus coupons the simulated rain with an 

acid pH resulted in an accelerated increase in moduli. The 

same effect was observed with the crosslink density as shown 

in the Figure 5.31. There appears to be a chemical component 

in this sealant with available sites for further crosslinking 

which is sensitive to acids and which resulted in additional 

20% crosslinking. Comparisons to the other three pH ranges 

for the same time period does not indicate a high peak in 

crosslink density. After fifty simulated rain events, the 

crosslink density of the coupons had dropped to about 40% 

below their initial values for all the four pH levels. In the 

period when spraying was stopped, the crosslinking showed an 

increase of 5% to 15%, but generally remained invariant with 

time after sixty days of exposure. 
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The synergetic effect of rain and solar radiation 

resulted in additional crosslinking in the acid pH range as 

can be seen in the comparison of Figure 5.31 and Figure 5.32. 

This was the only instance in which the synergetic effect was 

observed to have resulted in additional crosslinking. 

However, for the pH level between 4 and 6, the synergetic 

effect caused a 10% drop in the crosslink density. The 

coupons were monitored for a total of one hundred and forty 

days. During this period, the medium modulus formulation of 

the silicone sealant showed the maximum drop in the moduli and 

the crosslink density for the three materials tested. 

In the case of the high modulus coupons, the simulated 

rain in the acid pH=3 to 4 range resulted in addi tiona! 

initial crosslinking activity when compared to the other three 

pH levels as shown graphically in the Figure 5. 33. After 

sixty events, the crosslink density of the test coupons had 

dropped from 25% to 35% below the initial level. While 

cessation of spraying caused some additional crosslinking, 

there was little to suggest that occurred. The coupons were 

monitored for a total of hundred and forty days of simulated 

exposure. 

5.2.4 The variation of ultimate tensile stress 
of the coupons exposed to solar radiation and 

simulated rain 

The ultimate tensile stress is the measure of the 

strength in tension of a material at or near failure. 
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Generally the polymers which exhibit a higher modulus will 

also exhibit a higher ultimate tensile strength. The test 

coupons were not tested to failure at regular intervals of 

time, but only at the end of the monitoring period. Thus 

after short duration modulus measurements, the same coupons 

were reinstalled in the respective layout for further 

exposure. 

The variation of the ultimate tensile stress with the 

number of events for the low modulus coupons is shown in 

Figure 5.35. In this figure, the initial ultimate tensile 

strength of the test coupons is shown corresponding to the 

zero events of exposure. Most silicone sealants continue to 

cure or crosslink with the passage of time. The ultimate 

tensile stress of those coupons kept at the ambient laboratory 

conditions was, therefore, found to have increased by about 

40% when compared to the initial measurements. Therefore, due 

to additional curing, some increase in the ultimate tensile 

stress was expected in all the test coupons. 

The test coupons exposed to the four pH levels showed an 

increase in their ultimate tensile strengths as a result of 

their exposure. The coupons exposed to both the extreme pH 

levels and the neutral range exhibited an overall 10% to 15% 

increase in their ultimate tensile strength. However, the 

test coupons exposed in the pH= 4 to 6 range showed less than 

a 1% change when compared to those coupons held at the control 

conditions. 
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For the medium modulus coupons, a 40% increase in the 

tensile strength was observed in the test coupons held at 

control conditions, when compared to the initial ultimate 

tensile stress (Figure 5.36). Coupons exposed to the four pH 

levels also showed an increase in the ultimate tensile stress 

when compared to the initial tensile stress. This increase is 

again undoubtedly due to curing. This was the only 

formulation of the sealant in which an increase in the 

ultimate tensile stress was noticed in all the four pH ranges 

when compared to the coupons kept at ambient laboratory 

conditions. The coupons exposed in the neutral pH range 

exhibited the largest, or about a 72%, increase in the 

ultimate tensile stress, when compared to the coupons held at 

the control. However, the percentage increase was only about 

60% for coupons exposed in either of the extreme pH ranges. 

The ultimate tensile stress for coupons in the pH range of 4 

to 6 achieved the smallest increase in the tensile strength. 

We believe that some component of the silicone polymer 

structure was a more susceptible site of attack in this pH 

range, since identical behavior was observed for the low 

modulus coupons. 

In the case of the high modulus coupons, the initial 

ultimate strength of the test coupons was lower than that 

observed for the medium modulus coupons. This was probably 

due to the incomplete curing in this formulation of sealant. 
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However, a 75% increase in the ultimate tensile stress of the 

coupons held at the control was observed and is shown in the 

Figure 5.37. The coupons exposed to the water with a neutral 

pH of 7. 0 showed a 5% additional increase in the tensile 

strength due to curing. At the other three pH ranges, a drop 

in the ultimate tensile stress was observed when compared to 

the coupons held at control conditions, even though, this was 

about 70% higher than the initial ultimate tensile stress of 

the test coupons. 

5.2.5 The variation of ultimate tensile stress 
in the coupons exposed to simulated rain but 

protected from the direct effect of solar radiation 

This section considers the coupons in the layout #2 that 

were protected from the direct effect of solar radiation. The 

variation of ultimate tensile stress with the number of events 

for the low modulus coupons is shown in Figure 5.38. In the 

coupons exposed to the lower pH range, a 12% drop in the 

ultimate tensile stress was observed when compared to Figure 

5.35, where the coupons were exposed to solar radiation in 

addition to the simulated rainfall. The coupons exposed to 

simulated rain in the pH range between the neutral and the 

acidic range showed a 7% drop in the ultimate tensile stress 

when compared to Figure 5.35. We believe that the additional 

increase shown in Figure 5. 35 was due to the additional 

crosslinking caused due to solar radiation. 
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But in the coupons exposed to the neutral water, a 5% 

additional increase in the ultimate tensile stress was 

observed when compared to Figure 5.35. Even though the solar 

radiation resulted in additional increase in the tensile 

stress in the other pH ranges, at the neutral range, solar 

radiation retarded additional increase. 

In the case of the medium modulus coupons, the variation 

of ultimate tensile stress is shown in Figure 5.36. In the 

coupons exposed to the neutral water, a 12% drop 1n the 

ultimate tensile stress was observed when compared to Figure 

5.39. In the pH range between the neutral and the acidic 

range, a 10% drop was observed when compared to Figure 5.39. 

similar behavior was observed in the low modulus coupons in 

this pH range. A 5% increase in the ultimate tensile stress 

was observed in the coupons exposed in the lower pH range, 

i.e., the acidic range. The behavior of this formulation of 

the silicone sealant in the neutral and the acidic pH range 

was in direct contrast to what was observed in the low modulus 

coupons. 

In the high modulus coupons, no increase in the ultimate 

tensile stress was observed in the coupons exposed to 

simulated rain at all the four pH ranges, when compared to the 

coupons held at the control. This behavior is seen in Figure 

5.40. The coupons in the pH range between the neutral and the 

acidic range showed a greater drop in the ultimate tensile 

stress. A 25% drop was observed in this range when compared 
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to Figure 5.37. There appears to be some component of the 

silicone that was more susceptible to attack in this pH range 

as compared to the other pH ranges. This type of behavior was 

observed 1n all the three formulations of the silicone 

sealants. 

In the coupons exposed in the neutral pH range, a 20% 

drop 1n the ultimate tensile stress was observed in the 

sealant due to the lack of the direct effect of solar 

radiation. A similar behavior was observed in the other two 

pH ranges even though the change was not significant(>5%). 

In general, all the three formulations of the silicone 

sealants showed a greater degree of damage in the pH range 

between the neutral and the acidic range, regardless of 

whether there was direct or indirect exposure to solar 

radiation. But solar radiation seems to aggravate the damage 

to some extent. Apparently some component of the silicone 

molecular structure in all the three formulation of the 

sealant was the site of attack in this pH range. 

Interestingly, the normal rain water is the combination of 

carbon dioxide with the moisture present in the atmosphere to 

form weak carbonic acid in the pH range of 5 to 6. Therefore, 

exposure to normal rainfall can introduce substantial changes 

in both the material and the sample dependent properties of 

the sealant. 
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5.3 Chemical Kinetic Model 

5.3.1 General discussion 

The structural silicone sealants used in industrial 

glazing applications are crosslinked to varying degrees 

depending on the length and type of curing. The low modulus 

materials are only slightly crosslinked, while the high 

modulus sealants exhibit greater crosslink densities. If one 

assumes that the sealant behaves as an ideal elastomer, then 

a crosslink density can be estimated by first measuring the 

elastic modulus of the sealant. With this approach, the 

degree of crosslinking in a given silicone sealant can be 

estimated from simple stress-strain measurements in tension. 

Since the elastic modulus of an ideal elastomer is a function 

of extension (a), it is necessary to specify a modulus at some 

fixed extension. In this study, the elastic modulus at zero 

extension was selected because it represents the maximum 

stiffness experienced by an elastomer for extensions less than 

one hundred percent. 

5.3.2 Chemical kinetic model 

The kinetic model which was developed attempts to 

describe the behavior of the sealant in terms of both its 

degree of crosslinking and the time for which it is subjected 

to weathering. As with any material, it is advantageous to be 

able to predict the onset of failure of silicone sealants. 

113 



The theoretical development of the kinetic model was discussed 

in section 3. 1. 2. Use of this series reaction model with 

proper initial conditions which are determined experimentally 

can indeed provide an estimate to the life of the sealant. 

The laboratory test data were reduced to obtain the crosslink 

density at various times as well as the rate constants needed 

in the model in a semi-empirical approach. The method of 

determination of the constants based on the laboratory data is 

shown in the Figure 5.41. This approach is usually defined as 

initial rate analysis. 

After the reduction of the stress-strain data in the 

manner illustrated, it was found that the elastic modulus and 

hence the crosslink density increased following exposure to 

the selected environmental conditions. We believe that this 

was due to the existence of the residual crosslink sites which 

were still reactive, and that a continuation of chemical 

crosslinking was accelerated by the environmental exposure. 

Until these residual sites are deactivated or crosslinked, any 

degradation effects will be difficult to observe through the 

short duration tests, i.e., tensile test. 

5.3.3 Predictions made by the model 

In the case of the low modulus coupons, a plot of the 

changes in [Nc], [No], and [Nx] with the number of events is 
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shown in the Figure 5.42. Based on this approach, the initial 

concentration of the unreacted crosslinked sites, [No)i was 
I 

greater (85% greater) than the concentration of the 

crosslinked sites [Nc)i. This indicates that numerous 

potential crosslink sites were available for further 

crosslinking. 

The concentration of the unreacted crosslink sites [No) 

decreases exponentially with the number of events (time) of 

exposure as a result of continued cross linking reactions. 

However, the concentration of the of crosslinked sites [Nc) 

increases with time to a maximum and then falls. This maximum 

depends on the amount of crosslinking, due to exposure 1n the 

available reactive crosslink sites. The concentration of the 

destroyed crosslinked sites, [Nx), can also increase 

continuously as a result of continued exposure. The maximum 

achieved levels are all related to the initial conditions and 

rate constants. The latter is dependent on the experimental 

constraints; the former on the type of the sealant. 

After sixty events of exposure, the concentration of the 

crosslinked sites [Nc) had fallen below the concentration of 

the destroyed crosslink sites [Nx). This is indicative of the 

extent of the damage caused to the sealant due to insult. 

After one hundred and twenty events of exposure, the 

concentration of the unreacted sites had reached a null, or 

zero level. This is accompanied by an 85% increase in the 
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crosslinking reactions in the sealant. After one hundred and 

sixty events of exposure, the concentration of the destroyed 

crosslink sites [Nx] had reached a value close to the initial 

concentration of the unreacted crosslink sites, [No] i. For 

the coupons exposed to simulated rain and protected from the 

exposure of solar radiation, a similar plot is shown in the 

Figure 5.43. The chief difference between the data in these 

figures is the magnitude of the rate constants, k
1 

and k
2

, and 

the fact that the concentration of the destroyed crosslink 

sites were increasing at a much faster rate in this case. 

In the case of the medium modulus coupons, the 

concentration of the unreacted crossliked sites, [No]i, was 

75% more than the initial crosslinked sites, [Nc]i. In the 

coupons exposed in the pH level between the neutral and the 

acidic range, the concentration of crosslinked sites, [Nc], 

reached the magnitude of nearly the initial concentration of 

the unreacted crossliked sites, [No]i, as shown in Figure 

5.44. Thus, indicating a 100% completion of the crosslinking 

reaction for this pH level. 

The differential equations were very sensitive to the 

magnitude of the rate constants, i.e., k 1 and k 2 • In general, 

the prediction was better in the initial curing phase. After 

one hundred and sixty events of exposure the concentration of 
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the crosslinked sites, [Nc), and the concentration of [No) had 

almost fallen to zero. This is indicative of the intense 

change due to crosslinking reactions, because the 

concentration of the crosslinked sites, [Nx], had reached a 

value higher than the initial concentration of the unreacted 

crosslinked sites, [No)i. 

In the case of the coupons that were protected from the 

solar radiation, a similar plot is shown in the Figure 5.45. 

In the case of the coupons exposed in the pH level between the 

neutral and the acidic range, the concentration of the 

crosslinked sites [Nc) had increased above the initial 

concentration of the unreacted crosslinked sites [No)i. 

Apparently some segments of the silicone polymer are available 

for additional crosslinking at this pH level, because a 50% 

additional increase in the crosslink density was noticed 1n 

this pH level when compared to the other three pH levels. 

For the high modulus sample, the initial concentration of 

the unreacted crosslinked sites, [No)i' was 65% above the 

initial concentration of the crosslinked sites, [Nc]i, as seen 

in Figure 5. 46. The availability of the active crosslink 

sites for further crosslinking decreases with the increasing 

initial moduli of the sealant. Only a 50% increase in the 

concentration of the crosslinked sites was observed in this 

formulation of the sealant. Therefore, the maxima of the 

crosslinked sites was lower than the concentration of the 
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destroyed sites. This was the only formulation of the sealant 

in which this behavior was noticed. After about sixty events 

of exposure the concentration of the crosslinked sites had 

dropped below the initial value, [Nc]i. After about one 

hundred and twenty events of exposure the concentration of the 

destroyed crosslink sites, [Nx]i, started to linearize with 

the number of events of exposure. At this stage, the 

concentration of [Nc] and [No] had reached zero. The 

magnitude of both the rate constants was very high when 

compared to the other two formulations of silicone. 

After about one hundred and forty events of exposure, the 

concentration [Nc] and [No] had reached almost a zero value. 

Indicating the extent of the damage in this sealant due to 

insult. Even though the magnitude of the rate constants were 

different in the coupons protected from the solar radiation, 

a similar behavior was observed (Figure 5. 4 7) . Another 

interesting behavior that was noticed in this formulation of 

the silicone was the aggressive reduction in the crosslink 

density after attaining the maximum. The concentration of the 

destroyed crosslink sites were greater than the concentration 

of the crosslinked sites after about twenty events of 

exposure. This stage was attained after much later events of 

exposure in the case of the low modulus coupons. 
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5.3.4 Verification of the chemical kinetic model 

The prediction of the crosslink density made by the 

kinetic model was compared with that of the experimental 

estimation made from the elastic modulus of the sealant. The 

experimental estimation was made from the simple tensile test 

data, where the crosslink density was correlated from the 

Young's modulus (Ideal elastomer concept). The test coupons 

were monitored for one hundred and thirty-six days in the 

layout #2, so the prediction made by the model was also over 

the same period of time. The model parameters were obtained 

by the reduction of the tensile test data for the coupons in 

this layout. The plot of comparison of the predictions made 

by the kinetic model and the ideal elastomer model for all the 

three formulations of the silicone sealants are shown in 

Figures 5.48, 5.49 and 5.50, respectively. 

In general, the prediction made by the kinetic model was 

very good in the initial curing phase. After attaining a 

maxima, the model showed a gradual decline in the crosslink 

density over a period of time instead of the initial steep 

decrease observed in the experimental estimation. The kinetic 

constants are functions of temperature; but in the 

experimental measurements, the effect of temperature was 

neglected. We believe this might be the reason for the offset 

in the model predictions. In the case of the low modulus 

126 



-E 
::J 
0 

(;) 
Q) 

0 
E -
-~ 
(/) 

c: 1 
Q) 

"U 
~ 0.8 ... 
c: -(/) 
(/) 

e 
0 0.4 
.--. 

-Exper(both) 

-+-
Model (both) 

Model (rain) 

Exper(rain) 

0 

6 o.2 i I . 
0+---~----~--~r---~----~--~--~ 

0 20 40 60 80 100 120 140 

Figure 5.48 

Number of events (Days) 

The verification of the predictions made by the 
chemical-kinetic model in case of the low 
modulus coupons (DC-790). 

127 



20 

Figure 5.49 

40 60 80 100 120 
Number of events (Days) 

140 

-Exper(both) 

-+-
Model(both) 

Model(rain) 

~ 

Exper(rain) 

The verification of the predictions made by the 
chemical-kinetic model in the case of the 
medium modulus coupons (DC-995). 

128 



7~--:----,----~--~--~--~--~ 

.~ 
UJ 
c 
Q) 
-o 
.::s:. 4 .... .. . 
c 

c;; 
UJ e 

0 
,........ 

~ 2 ...... 

1 

---Exper(both) 

Model(both) 

Model(rain) 

--Er 

Exper(rain) 

0+---~----~~~~--~---4~---+~~ 

0 20 

Fiqure 5.50 

40 60 80 100 120 140 

Number of events (Days) 

The verification of the predictions made by the 
chemical-kinetic model in the case of the high 
modulus coupons (DC-983). 

129 



coupons, the prediction in the initial curing was good. After 

attaining a maxima, the experimental estimation would decrease 

at a faster rate and then approach a constant value with the 

number of events. But the model showed a gradual decrease in 

the crosslink density even though the prediction was very 

close. 

The prediction made by the kinetic model in the case of 

the medium modulus coupons was very close until 50 events of 

exposure. This includes the curing phase and the aggressive 

decline phase. After this decline the model showed a gradual 

decrease, whereas the experimental data was lineraizing with 

time. After about hundred and thirty events of exposure, the 

model showed the concentration of the crosslinked sites to 

reach almost zero. But the actual experimental estimation was 

at a much higher level. 

In the case of the high modulus coupons, the prediction 

made by the model in the initial curing phase was very good. 

Even though the predictions in the decline phase are not good, 

at the end of the monitoring period, the experimental 

estimation reached very close to that predicted by the model. 

Even though the predictions of the model in the decline 

phase are not good when compared to the experimental data, 

there is a general overall agreement between the model and the 

actual crosslink density measured experimentally. 
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5.4 The oxidative effects of ozone on 
silicone sealants 

5.4.1 General discussion 

Silicone sealants are organic in nature, and as such they 

are sensitive to oxidation by ozone. 

violently with silicone; however, 

degradation is just as troublesome. 

Ozone does not react 

its slow attack or 

While the addition of 

special inhibitors to the sealants has overcome many 

unpleasant symptoms of degradation; nevertheless, oxidation 

by ozone continues, but at a reduced rate. These oxidative 

reactions can again proceed at a considerable rate after a 

certain induction period. There is experimental evidence to 

suggest that during the initial periods of exposure, oxides 

are formed which catalyze later more rapid attacks. In order 

to prevent the build-up of oxides, inhibitors such as phenols 

are added. 

In spite of the use of inhibitors, severe and acute 

cracks appear on the surface of the silicone rubber. These 

cracks are characterized by lesions which can penetrate 

deeply, causing serious damage. Typically, the cracks appear 

to run at an angle of ninety degrees across the 1 ines of 

tension. The absorbance of ozone actually increases with the 

When increase 1n elongation of the elastomer sealant. 

stretched moderately and exposed to low concentrations of 

ozone, cracking starts rapidly. In the case of natural 

rubber, there was an absence of stretching, no apparent 

changes were reported in the documented literature. 
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The resistance of elastorneric products to ozone cracking 

can be affected by many factors. The important factors 

undoubtedly include the following: (1) ozone concentration, 

(2) stress on the sample, (3) chemical nature of the polymer 

(crosslink density), (4) state of cure, and (5) the 

compounding variables. This study considered only i terns 2 and 

3 above in an attempt to quantify the ozone attack. 

The multiple cracking that sealants experience on outdoor 

exposure is due not just to the effects of solar radiation, as 

is commonly supposed, but also to the ozone contained in the 

atmosphere. Previous workers (28, 29, 30) have arrived at the 

same conclusion with respect to the effect of ozone, but its 

importance in weathering has not been fully realized or 

understood. For the past fifteen years, few publications 

known to this author have discussed the features of ozone 

attack in detail. Apparently, there is already enough proof 

in the documented literature that cracking can be due to ozone 

and not to light alone. 

The various possibilities for the attack by ozone on 

silicone elastomers are listed below: (1) when the silicone 

sealant is stretched (for example: up to 50%), light and air 

in the absence of ozone do not cause cracking; ( 2) ozone 

generated in the laboratory at the same concentration as in 

the atmospheric air will duplicate in every detail the 

cracking of silicone outdoors; (3) the silicone cracks 

produced outdoors appear just as rapidly at night as in the 
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daytime; and (4) previous researchers have demonstrated that 

no other component of the atmosphere can possibly produce 

cracks in silicone in the same unique manner and rate. 

5.4.2 Simulation of ozone attack on silicone 
elastomers 

The susceptibility of silicone to attack by ozone is a 

consequence of its chemical unsaturation, i.e., the ozone 

combines at the double bonds to form ozonides. In the attack, 

it appears that the ozone reacts with the double bonds at the 

surface of the sealant. The reactivity of ozone is such that 

the bonds immediately beneath the surface are not attacked 

until the double bonds at the surface are essentially 

saturated. Except in the case where the intermolecular spaces 

of the silicone elastomers are filled with water, the surface, 

after reacting with ozone, serves to protect the rubber 

underneath it. The result is that when the polymer is exposed 

to ozone, the structure of the material is modified (crosslink 

density) and, hence, so are the stress-strain characteristics. 

These surface reactions continue to produce changes in 

the elongation properties until the stress cracks releases the 

stress, if the sealant is under deformation. At this point, 

the elongation of the surface film formed due to ozone equals 

the strain and so the modified silicone fails in tension. In 

the case of the homogeneous rubber, the entire surface can be 

considered as under a uniform attack, to consider cracks as 

arising from a direct chain scission process seems unrealistic. 
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5.4.3 The variation of Young's tensile 
modulus with number of events 

The exposure plan was explained in Chapter IV. The test 

coupons were exposed to simulated rain in both the extreme pH 

ranges, i.e., acidic and basic range, before exposure to 

ozone. It was suspected that the simulated rain in the acid 

range would act as an intensifier for the ozone attack. Some 

of the test coupons were stretched to a 10% extension. In 

this section, the variation of three important properties that 

were discussed in Chapter III are considered. 

The variation of Young's tensile modulus with number of 

events for the coupons exposed to simulated rain in the acidic 

range is shown in Figure 5.51. The initial attack of ozone on 

the high and medium modulus coupons was very aggressive. A 

drop in the tensile modulus was observed due to the initial 

exposure to ozone. We believe that this decrease in moduli 

was due to the attack of ozone on the double bonds on the 

surface of the sealant. This initial attack lasted for seven 

simulated events of insult (ozone and acid rain). After this, 

the sealant started to show an increase in the moduli. We 

believe that this increase in moduli was an indication of the 

completion of surface attack by ozone. The test coupons were 

monitored for more than two hundred events of insult. 

The tensile moduli of all the test coupons increased at 

a steady rate, even though surface cracks had started to 

develop. At the end of the monitoring period, the test 

coupons exhibited a 50% increase in the moduli when compared 
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The variation of Youngs tensile modulus with 
number of events for all the three formulations 
of sealants exposed to simulated rain in the 
acidic level and to ozone. 
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to the initial moduli of the coupons. In the coupons that 

were stretched, an additional increase in the moduli was 

observed when compared to the coupons that were relaxed. 

The variation of Young's tensile modulus with the number 

of events of exposure for the test coupons that were exposed 

to simulated rain in the alkaline level is shown in Figure 

5.52. Even after sixty events of insult, the test coupons did 

not show any kind of decrease in the moduli. The surface 

attack which was observed in the acid level was not observed 

in this case, instead the moduli was increasing at a steady 

rate. The rate of increase in the moduli was due to the 

alkaline effect, which was observed in sections 5.1 and 5.2. 

As suspected, the simulated rain in the alkaline range did not 

cause any significant damage and no surface cracks developed. 

For this reason, these test coupons were monitored only for 

sixty events of exposure. 

5.4.4 The variation of relaxation time 
with number of events of exposure 

The relaxation time is a measure of the rate of decay of 

stress when a sample is deformed. The variation in the 

relaxation time for the coupons that were exposed to simulated 

rain in the lower pH range and to ozone is shown in Figure 

5.53. The test coupons were tested for changes in the 

relaxation time twice; once at the midpoint of monitoring 

period and at the end. After one hundred and two events of 

exposure, the coupons showed a dramatic drop in the relaxation 
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time. The coupons that were kept in a relaxed state showed an 

additional decrease in the relaxation time. The relaxation 

time at this stage had decreased by 75% when compared to the 

initial relaxation time of the coupons. We believe that this 

decrease was due to the initial aggressive attack of ozone on 

the double bonds at the surface of the sealant. 

The test coupons were again tested at the end of the 

monitoring period for changes in the relaxation time since the 

last testing. Even though the surface cracks started to 

develop on the surface of the sealant, the relaxation time of 

all test coupons, except the low modulus coupons that was 

stretched, increased at a steady rate with the number of 

events of exposure. The observed increase in the relaxation 

time was greater for the medium modulus sealant than the high 

modulus sealant. We believe that the medium modulus sealant 

was more resistant to the environmental insult than were the 

other two formulations. This observation was substantiated by 

discussions in earlier chapters on the effect of simulated 

rain and solar radiation. 

5.4.5 The variation of ultimate tensile stress 
with number of events 

For the low modulus coupons, the variation of ultimate 

tensile stress is shown in the Figure 5. 54. The ultimate 

tensile stress is defined as the stress experienced by the 

sample at or near failure. The ultimate tensile stress is 

sample dependant and is not a material property as is the 
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Young's tensile modulus. The variation of ultimate tensile 

stress for the low modulus coupons exposed to ozone and 

simulated rain in the lower pH level is shown in Figure 5.54. 

In general both the material and sample dependent properties 

1ncrease with exposure time. 

The ultimate tensile stress of the test coupons kept at 

control (ambient laboratory conditions) were tested at the 

same time in order to understand the type of damage caused by 

ozone. The control test coupons showed a 100% increase in the 

ultimate tensile stress when compared to that stress before 

the initiation of the exposure plan. In the case of the 

natural rubber products, no cracking is reported in the 

unstrained samples. But in the case of the silicone sealants, 

strain or elongation did not cause any kind of additional 

degradation as can be seen 1n the Figure 5. 54. The test 

coupons showed a 35% drop in the ultimate tensile stress when 

compared to the coupons kept at control. At the end of the 

monitoring period, the intensity of the surface cracks 

developed was low, but those that had developed were very deep 

And were capable of causing substantial damage. 

The medium modulus material showed the best resistance to 

the ozone attack of the three formulations of the silicone 

sealants. The variation of ultimate tensile stress is shown 

in Figure 5.55. In this sealant, the exposure to ozone 

resulted in an additional increase in the ultimate tensile 

stress. This behavior was observed only in this formulation 
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of the silicone sealant. The test coupons that were in a 

relaxed state showed a 10% increase when compared to the 

samples held as a control. But the coupons that were set to 

a fixed elongation showed a 25% increase in the ultimate 

tensile stress. This is quite contrary to what has been 

reported for natural rubber. No surface cracks had developed 

in this formulation of the sealant, except for the shrinkage 

caused on the surface. 

In the case of the high modulus coupons, the samples kept 

as a control showed a substantial increase when compared to 

the coupons initial ultimate tensile stress, as shown in 

Figure 5.56. This magnitude of change was not observed 

before. The coupons that were kept in a relaxed state showed 

a 20% drop in the ultimate tensile stress when compared to the 

coupons that were held as control. 

In this formulation, the sealant behaved much like 

natural rubber in that the applied stress field resulted in 

additional degradation of the sealant. In general, when a 

high modulus polymer is elongated, localized sites of higher 

stress result. These high stress sites are more susceptible 

to attack from any kind of insult. In the case of ozone 

attack, these sites become the place of origination of surface 

cracks. Hence, the higher stressed areas are relieved through 

the formation of surface cracks. The number of surface cracks 

was very high in this formulation of the sealant. 
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5.4.6 Photographic study of the surface 
cracks developed on the silicone sealant 

due to exposure to ozone 

The surface cracks on the sealants were photographed with 

an electron microscope. The magnification of each sample is 

documented on the photograph. The surface cracks which 

developed in the low modulus coupons are shown in Figure 5.57. 

The surface cracks in this sample were very deep and extended 

across the entire width of the sample. In those coupons in 

which an initial stress was imposed, a permanent deformation 

was observed as reported in the earlier section. We believe 

that this stress relaxation which begins on the surface is the 

active site for crack development. 

As mentioned earlier, ozone appeared to form some type of 

complex with the silicone, and this complex was much lighter 

in color when compared to the actual sample. These sites 

became the points of failure when the ultimate tensile stress 

tests were performed. The ozone attack appeared to form in 

the direction perpendicular to the direction of the tensile 

load and were few millimeters in thickness. The view of the 

ozone complex on the uncast surface is shown in the Figure 

5.58. All the low modulus coupons showed this type of 

incision development on the sides of the sample, which was 

shaped as the letter "S." We believe that the ozone 

penetrated through the silicone in this direction because this 

"s" shaped formation developed in the early stages of exposure 

and later the cracks started to develop on the surface of the 
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Figure 5.57 Photographic view of the surface cracks 
developed in the low modulus coupons (DC-790) 
exposed to simulated acid rain and ozone. 
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sample. The view of the ozone complex at the point of failure 

is shown in Figure 5.59. A clear change in the structure of 

the silicone was noticed and some shrinkage due to the initial 

stresses in the sample was also observed in this region. 

Apparently, these became the place of origination of cracks 

which crossed the entire cross section of the test coupons. 

In the case of the medium modulus coupons, the 

photographic view of the surface cracks are shown in Figure 

5. 60. In this formulation, the cracks were not deep but 

individual cracks were observed across the entire cross 

section, and the number of the cracks were high in this case 

when compared to the low modulus coupons. Apparently, the 

crack development had no specific orientation, but rather 

appeared in a zig-zag fashion. We believe that this was due 

to the development of the cracks between the regions of 

differing crosslink density. 

For the high modulus formulation, no surface cracks were 

visible on the surface of the sealant. But with a higher 

magnification in the electron microscope (X500) , some surface 

cracks in the direction perpendicular to the direction of 

elongation were detected. These surface cracks are shown in 

the Figure 5.61. 
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Figure 5.58 

Figure 5.59 

Photographic side view of the ozone-silicone 
complex on the uncast surface in the low 
modulus coupons (DC-790). 

Photographic view of the ozone-silicone 
complex on the surface of failure in the low 
modulus coupons (DC-790). 
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Figure 5.60 Photographic view of the surface cracks 
developed in the medium modulus coupons (DC-
995) exposed to simulated acid rain and ozone. 
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Figure 5.61 Photographic view of the surface cracks 
developed in the high modulus coupons (DC-983) 
exposed to simulated acid rain and ozone. 
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CHAPTER VI 

CONCLUSIONS 

6.1 Summary of accomplishments 

This research was conducted in order to gain a better 

understanding of the aging characteristics of the structural 

silicone sealants. 

simple methods to 

Emphasis was placed on the development of 

study the effect of weathering on the 

sealants and to estimate the useful service life of silicone 

sealants. Three aging factors singly and in combination, were 

considered in this study; they are: (1) aqueous exposures, 

i.e., effects due to acid rain and basic cleaning solutions, 

(2) solar radiation and (3) exposure to ozone-enriched air. 

In order to get a better understanding of silicone 

sealant-weathering behavior, the variation in specific 

physical properties of the silicone sealants was considered 

during their course of exposure. These properties were: (1) 

the Young's tensile modulus, (2) the crosslink density, (3) 

the apparent viscosity, (4) the relaxation time, and (5) the 

ultimate tensile stress. Only limited published values were 

available for comparison with the experimentally measured 

values. Duplicate tests were conducted to help ensure 

consistency in the overall test results. 

The following conclusions were formed based on 

observations made from the experimental data: 
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1. The concept of a modified ideal elastomer was found to 

be useful for describing the behavior of the structural 

silicone sealants. The estimates made of the physical 

properties of the sealant at different levels of exposure 

using this concept was found to be better than those obtained 

based on Hookean behavior assumption. 

2. In general solar radiation did not have any detectable 

effect on the silicone sealants. 

3. Considering the variation of ultimate tensile stress, 

the low modulus coupons (DC-790) exhibited an increase in the 

tensile stress when exposed to only simulated rain, but showed 

a decrease when exposed to simulated rain and ozone. The 

medium modulus coupons (DC-995) exhibited an increase when 

exposed to both simulated rain and ozone. The high modulus 

coupons showed a decrease in ultimate tensile stress when 

exposed to both the aging factors. 

The resistance of the medium modulus formulation was 

found to be superior with respect to all the three aging 

factors, and the tensile strength of the coupons were found to 

increase as a result of weathering. 

6.2 Recommendations for future research 

Although this research did not produce a definite and 

comprehensive method for predicting the useful life of the 

sealant, it did suggest that they are susceptible to 
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weathering, and future studies should be exposed to the 

parameters beyond those investigated in this research. 

While this research was focused on the properties of 

several silicone elastomers, the adhesive behavior of these 

sealants attached to different substrates will also be of 

interest. Also, the effect of the curing on the life of the 

sealant is still not fully understood. Even though the 

synergetic effects of three aging factors were considered in 

this research, the additional effects from the buffeting 

forces of the wind represents another area of interest. 
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