LUND UNIVERSITY

Ageing and deformation properties of building joint sealants

Burstrom, Per Gunnar

1979

Link to publication

Citation for published version (APA):
Burstrom, P. G. (1979). Ageing and deformation properties of building joint sealants. [Doctoral Thesis
(monograph), Division of Building Materials]. Division of Building Materials, LTH, Lund University.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/5bdbd996-08a1-400b-bf58-ce2a46b9920a

P

it

L

S

.

.
.
S
.

L

o % " k:
%

o
.




I

Ll

. R

3

.

o

e

=

i

E

-

=

W%
il
.

T
L
.

MH,W%”.
B
i

1

W

R
R
T
i

PR

4%#57%:

i

o
D
i
i




CODEN _LUTVDG / (TVBM-1002)/1-150/(197¢)

AGEING AND DEFORMATION
PROPERTIES OF BUILDING
JOINT SEALANTS

PER GUNNAR BURSTROM

REPORT TVBM -1002

LUND SWEDEN 1979






PREFACE

In spite of, or maybe partly because of, all the failures which have
occured, sealants have found an increasing use in building construc-
tions. It has to some extent been a kind of trial-and-error usage.
Knowledge concerning some of the fundamental properties of sealants
has been defective.

This thesis is an attempt to clear the horizon to a certain extent re-
garding ageing and deformation properties of the sealants. It is my
hope, that some of the results will be useful when choosing a sealant
for example, when needing material data, when working out appropriate
accelerated ageing methods, and when manufacturing new products.

The first desideratums in the investigation came from the industries
which manufactured sealants in Sweden. The work was then carried out in
two different projects at the Division of Building Materials, Lund Insti-
tute of Technology. The projects have in the majority been financed by
grants from the Swedish Board for Technical Development and the Swedish
Council for Buildipg Research.

The author would 1like to express his appreciation to the head of the
Division of Building Materials, Professor Arne Hillerborg, for his valu-
able opinion and views.

Leif Erlandsson and Sture Sahlén have been of invaluable help during the
development of new equipment, the laboratory experiments and solving of
other probiems.

Britt Andersson, Birgitta Hellstrom, Mona Hammar and Birgit Olsson have
been involved with the production of this report and have all shown a
never failing enthusiasm.

To ail the above mentioned and to all others who have taken part in the
projects I would 1ike to extend my sincere gratitude.

Lund, April 1979

Per Gunnar Burstrom
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SUMMARY

This report deals with the ageing and deformation properties of building
joint sealants. In spite of the fact that they are two different processes
they are interrelated, but mainly treated separately. The first major part
is concentrated upon the ageing and durability characteristics of sealants.
The second part deals with some important deformation properties of sea-
Tants.

In the first part of the report a short review is given of the Titerature
concerned with the ageing and durability of organic building materials, and
the main factor causing durability problems are described. These factors
are heat, moisture, alkaline, UV radiation, ozone and some other gases. The
action and the effects of these factors on organic building materials are
described without any more explicit chemical explanations.

A brief survey is also given of the limited literature regarding the age-
ing of sealants.

In the experimental part of this thesis the aim has been to try and clari-
fy how the factors causing ageing affect sealant properties, and particu-
larly the deformation ones. The purpose has also been to draw up a Tine of
directions for accelerated laboratory ageing methods and designing rules
for sealing joints.

The effects of thermal, moisture, alkaline, UV radiation and ozone action
have been studied on eight different types of sealants. These were two
polysulfide based, two polyurethane based, two acrylic based {type solvent
release), one acrylic based {water dispersed), and one oleo-resinous ba-
sed sealant.

In view of the changes in the stress-strain curves, determined during

well controlled conditions, the effects of the ageing factors were evalu-
ated for the different sealants. Determinations of the changes in hardness
in %Shore A were carried out as a matter of routine. Measurements of changes
in weight and volume were made after storage in different environments.
Photographing and Scanning Electron Microscopy have also been used as eva-
Tuation methods.
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The results of the Taboratory investigations have been correlated to
the results obtained from specially built equipments, where the sea-
lants were simultaneously exposed to climatic forces and varying joint
movements. Comparisons have also been made to practical experiences.

The temperature was the ageing influencing factor which was found to

have the greatest effect on the deformation properties of the sealants.
Heat ageing at +40 - +70 % usually increased the deformation resistance »
to a high extent. However, a polysulfide based sealant turned softer

after heat ageing at +70 Ot

In sealants where the effect of heat ageing clearly dominated the effects
of other factors, some connections were found between heat ageing and out-

door exposure.

In the concluding chapter of the investigations regarding the ageing of
sealants some ways of estimating the durability of different groups of

sealants are discussed.

The second part of the thesis deals with the deformation properties of
sealants. A short review of the literature regarding joint movements is
given. Factors affecting the deformation properties of sealants are dis-
cussed and examples are given for some sealants.

The last chapter discusses how the joint movements at a joint opening,

resting and closing affect the sealants. A probable destruction mecha-

nism for sealants is suggested in this discussion, and some methods of

estimating the movement capability of sealants are also proposed. These
methods are exemplified for three different types of sealants.



CONVERSION FACTORS

To convert

millimeter (mm)
centimeter (cm}

meter (m)

meter (m)

meter (m)

square centimeter (cmz)
square meter (m2)
square meter (mz)
cubic centimeter (cm3)
cubic meter (m3)

cubic meter (m3)
kilogram (kg)

kilogram (kg)

newton (N)

newton (N)

density (kg/m3)

density (kg/m3)

newten per square meter
(N/m?)

kilonewton per square meter
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pascal (Pa)

megapascal {MPa)

Vil

To

inch {in.)

inch (in.)

inch (in.)

foot (ft)

yard (yd)

square inch (sq in.)
square foot (sq ft)
square yard (sq yd)
cubic inch (cu in.}
cubic foot (cu ft}
cubic yard {(cu yd)
pound (1b)

ton {ton)

one pound force (1bf}
one kilogram force (kgf)

pounds Eer cubic inch
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pounds_per cubic foot
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{psf)
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(psi)
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1 degree Fahrenheit (deg F) = g degree Celsius + 32
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i. INTRODUCTION

Most sealants are used in external walls e.g. between concrete ele-
ments, between the frame and the wall, in expansion joints, when gla-
zing etc. This means that the sealants are exposed to great climatic
and mechanical stresses. First and foremost the efficiency of the one-
step joint, which is very common in Scandinavia, is completely depen-
dent on the properties of the sealant, its ability to follow the joint
movement without any crackings or other faults occurring and also to be
able to maintain these properties in the surrounding environment.

The environment differs considerably from joint to joint even in the
same building. The amount and rate of joint movement depend on the
orientation of the facade, the material in the outer wall, the design
and the fixation of the different wall components etc.

The environment and the weather also differ a lot. The well-known ele-
ments of weather are thermal conditions, moisture, radiation and gases.
These elements also vary a great deal within the same building. E.g.
the thermal conditions and radiation have a much more severe effect on
a joint facing southwards than on one facing northwards.

Because of the organic nature of the sealants, some changes in the ma-
terial do occur with time, in other words the sealant ages. The extent
of the ageing depends on the above mentioned circumstances but the type
of sealant is also important as some polymers are more resistant than
others.

There is a wide range of sealants available on the market. The chief
variable of the different products is the binder in the sealant. The
binder, which is always a type of polymer, determines the main proper-
ties of the sealant. However, where the same class of binder is con-
cerned, great variations can occur in the final product.

In Scandinavia one normally differs between "elastic" and "plastic"
sealants. However, this basis of division causes large variations of
properties within each respective class. Furthermore, the 1imit between
these two groups is not defined cleariy. In spite of this, these terms



will be used here in some cases. But, when referring to elastic and
plastic sealants, definitions according to a proposal from a committee
of the International Organization for Standardization will be referred
to. These definitions are:

- "Elastic sealant: A sealant which after application exhibits predo-
minantly elastic behaviour, i.e. remaining stresses induced in the
sealant as a result of joint movement are almost proportional to the
strain®.

- "Plastic sealant: A sealant which after application retains predomi-
nantly plastic properties, i.e. the remaining stresses induced in
the sealant as a result of the joint movement are rapidly relieved".

At present, knowledge regarding sealant ageing and deformation proper-
ties is very limited. This means that the material choice and the de-
sign of the joint are often made at random. Therefore, after a relati-
vely short time, one may be faced with difficult and expensive resea-
lings.

The aim of this work has been to try and clarify how certain factors
which cause ageing affect sealant properties, and then mainly the de-
formation properties. Furthermore the purpose has been to clarify those
variables which are most essential when characterizing the sealants
from a mechanical point of view. Finally the purpose has been to draw
up a 1ine of directions for accelerating laboratory ageing methods and
designing rules for sealing joints.



2. AGEING AND DURABILITY OF ORGANIC BUILDING MATERIALS
2.1 Introduction

Naturally the ageing and durability of organic materials used in buil-
dings are of great interest to the architect, the builder, and the cus-
tomer.

Organic materials used in buildings can be classified according to
their use. They include e.g. paints, plastics, sealants, and roofing
materials. Normally organic materials contain inorganic compounds such
as pigments, but the basic properties of the mixture are derived from
the organic matrix.

Recently, a very comprehensive book is published regarding durability
of rubber and plastics, Dolezel (1978). In this chapter a short sum-
mary is given of the literature concerned with how the weathering
factors affect organic buiiding materials. As previously mentioned
these factors are thermal conditions, moisture, radiation and gases.

Very often these factors combine in the degradation of an organic mate-
rial. In many cases the total effect of these combinations may be
highly enlarged {synergism}.

The influence of the weathering factors on the polymeric materials can
be divided into physical and chemical actions. Physical action means a
process which does not break the primary {covalent) bonds in the poly-
mer. Consequently, chemical action means a process which breaks the
primary bonds. Of course, both these actions lead to effects of a phy-
sical nature. e.g. discolouring and increased brittleness.

2.2 The effect of thermal action on organic building materials

The temperature may have both a physical and chemical action on organic

materials.

Physically, heating of polymeric materials first results in a softe-
ning of -the material. This is due to the breaking of the weak secondary
bonds. During heating for a short time the changes are mostly of a



reversible nature but are of course depending on the temperature
reached. This is the case where thermoplastics are concerned. Materials
which are highly cross-linked, i.e. the thermoset materials, usually
decompose before a great deal of softening has occurred.

Another physical action is that the plasticizer {softener) may vaporize
when there is an increase in temperature. Many organic building mate-
rials contain plasticizers. These are included in the composition of
the product in order to regulate the hardness of the material. These
plasticizers are chemically stable up to a certain temperature. If
these 1imits are exceeded vaporization may occur with several physical
effects as a result.

A decrease in temperature increases the hardness of organic building
materials, consequently making them more brittle. The material regains
its properties when the temperature returns to normal again. However,
increasing brittleness at Tow temperatures could be fatal if a ma-
terial in this condition is exposed to great deformation. E.g. sealants
are required to elongate most when they are Teast able to, due to har-
dening or stiffening.

When heated sufficiently there is a chemical action on rubber materials.
This normally leads to an increase in the hardness at the same time as -
the tensile strength decreases {Friberg (1970a)). According to
Schrioderheim (1971) this may be due to a transformation within the
molecules. Fig. 1.1 shows how a few, long cross-1inks are transformed
into several short ones with an increased hardness as a result,

FiG. 1.1 Molecular -transformations in rubber due to thermal action
' (Schroderheim (1971)).



Temperature changes the rate of chemical reactions. According to the
general rule of thumb the reaction rate is roughly doubled when the
temperature rises 10%C. A11 chemical ageing processes depend on the
temperature. The durability under hot conditions depends on the strength
of the chemical bonds, this means the dissociation energy necessary to
break up the chemical bonds. When the temperature has reached a cer-
tain level the thermal decomposition starts.

Solar radiant energy is converted into heat when it impinges upon and
is absorbed by a material. On reaching the earth, the infrared part
{wavelengths longer than 0.78 um) comprises about 53% of the total ra-
diation. The temperatures of the outside surfaces of a building (roofs
and walls) depend to a great extent on the colour of the surface in
question. An example of this is shown in Fig. 1.2 according to Kiinzel
(1969).

Temperature, °C
80 ]
70 ) B Black
&0 Dark blue
ﬁ' /\\;‘\‘ Brick red
> 15/ “ Ivory
i ﬂ
40 f S A4 Lithopone
w R R
VAR
30 i/;_”/’ AV - Qutdoor air
oA N\
10
0 ] _
6 10 1w 18 22 2 6
Time, hours

FIG. 1.2 Temperature curves, as a function of time, of differently
coloured outer surfaces {west walls), measured on a highly
radiating summer day (June). The walls are of identical struc-
tural design, they differ only in outer-surface colour (Kin-
zel (1969)).



The design and form of the outer surfaces also affect the temperature
levels. Usually one can calculate with +70%C for a dark surface, but

in some cases the levels are considerably higher, e.g. in solar collec-
tors. Hoglund (1974) describes a method of calculating extreme surface
temperatures.

2.3. The effect of moisture action on organic building materials

Humidity and moisture can also have a physical and chemical action on
organic materials. Very often moisture combines with other weathering
factors, e.g. heat and radiation, cf. below.

Among the physical processes swelling and leaching are essential.
Water swells the hygroscopic substances in rubber and plastics. Ure-
thane-rubber of the ester-type may show a reversible increased degree
of plasticity due to water absorption. This means that the water acts
as a plasticizer upon the rubber. After drying the rubber regains its
original properties (Friberg (1970a)).

The leaching of water-soluble substances may be both an advantage and
a disadvantage. The advantage being the leaching of formed oxidation
catalysers. The leaching of anti-oxidants and light stabilizers is na-
turally a disadvantage {Saare (1%60)).

The chemical action of moisture on organic materials is very complica-
ted. Most degradation reactions are greatly accelerated in the presence
of water. This is e.g. due to an increased mobility of the reaction
products and an increased dissociation.

A1l organic materials which contain hydrolysable groups (hydrolysis
could be defined as a chemical reaction, where a molecule or an ion is
transformed into two or more molecules or ions by reacting to water)

are affected by water. If these groups are in the side chains the mole-
cular weight is barely affected and consequently neither is the
strength. But, if the hydrolysable groups are in the main chain, this
results in a chain-scissioﬁ and a consequent loss of strength.

2.4 The effect of alkaline action on organic building materials

In many building materials there are free calcium compounds. Where wa-
ter is concerned these compounds (mainly Ca(OH)Z) form an alkaline



environment for other building materials, e.g. sealants between facade
panels of concrete, glues on concrete floors.

Some binders in organic building materials are sensitive to this alka-
Tine environment. The alkaline action is of chemical nature. In most ca-
ses a water sensitive or a water soluble calcium-salt and an alcohol

are formed. The effect of this chemical reaction is analogous to the
hydrolysis previously described.

2.5 Radiation action on organic building materials

Solar radiation is an electromagnetic radiation. It can be described
as the wavelength or the frequency of vibration. As the wavelength de-
creases the frequency increases. The radiation consists of multiples
of a quantum, which is the smallest quantity of energy. The energy of
a quantum is proportional to the frequency of the radiation, i.e. the
shorter the wavelength, the higher the energy content. Sometimes a
quantum is also called a photon.

One of the most important weathering elements is the part of the solar
radiation which lies in the ultraviolet range. Ultraviolet (UV) is nor-
mally defined as the electromagnetic radiation of wavelengths between
4 and 400 nm (Rosato and Schwarz (1968)). According to Ashton (1970a)
the range is 10-400 nm. From practical point of view the actual range
is about 190-400 nm as the shorter waves are absorbed by ozone in the
atmosphere.

The energy of any radiation is equally as important, or more so, as its
total quantity. Many reactions are unable to take place unless a mini-
mum energy, often called the activation energy, is reached. Consequent-
1y, ultraviolet with its short wavelength has the:-energy to initiate
reactions which would either not occur or which would occur at a very
Tow rate. Although it amounts to only 4% of the total radiation received
by the earth's surface, it is responsible for many of the changes which
occur when polymeric materials are exposed outdoors (Rosato and Schwartz
(1968)).

Organic building materials are composed of long-chained molecules.
These may be bound to each other by secondary forces or, depending on
the type of polymer, by chemical bonds as well. Because thg primary



bonds are chemical and their strength depends upon the elements invol-
ved, they can be broken by sources of energy that exceed the attrac-
tive forces between the atoms, thus disrupting the molecules. In Fig.
1.3 the energy per photon in sunlight is shown as a function of the
wavelength (Gjelsvik (1975)). The dissociation energy per bond for
some of the most common bonds in organic materials is also shown. As
can be seen there are several types of bonds which can be broken by
the UV light.

3
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FIG. 1.3 Energy per photon and examples of dissociation energy per
bond (Gjelsvik (1975)).

When a molecule absorbs radiation it is raised to an excited state,
usually at one particular atom. It may return to its ground state by -
dissipating the energy by reradiation of fluorescence, phosphorescence
or heat. (The fluorescence finishes at the same time as the irradiation
ceases, while phosphorescence may last for a measurable time interval
after the exciting radiation is turned off). In such a case the mole-
cule is unaffected. This is what happens with longer-wave radiation
which is converted into heat. However, if the radiation contains
sufficient energy, it may cause a chemical reaction at the excited atom
and this frequently leads to degradation of the material.

According to Ashton (1969a), the degradation of organic building mate-‘
rials attributable to UV can take two paths:



1. In some materials the energy starts a process which is the reverse
of the polymerization reaction that produced the large molecules
("unzipping"). It is a chain reaction and it leads to catastrophic

failure.

2. In the other degradation mechanism, the smaller molecules produced
by chain scission frequently react across the chains. This results °
in more cross-linking than was present originally.

The physical effects of these degradation mechanisms are, in the first
case, a loss of strength and, in the second case, an increased hardness

and brittleness.

In rubber materials sunlight causes oxidation in the outer layer, which
leads to an inelastic skin forming. The skin cracks in an irregular
pattern, so-called crazing. When the amount of oxidation products in-
creases, a further attack is prohibited and the oxidation decreases
(Friberg (1970a)). The crazing is a surface phenomenon and should not

be confused with ozone cracks, cf. Chapter 2.6.

Even though the polymer itself in an organic material may be resistant,
it is possible for.UV 1ight to cause undesirable changes if the mate-
rial is coloured and the colorant, many of which are organic, is not
resistant. The previously mentioned photo chemical reaction can be ca-
talysed by such colorants.

The resistance to UV light by polymeric materials can be greatly im-
proved. The most common procedure is to prevent the polymer from ab-
sorbing the UV Tight. If it is not necessary for the material to be
transparent this can readily be aecomplished by the incorporation of
pigments that reflect radiation or absorb it preferentially. The few
compounds that do perform satisfactorily are referred to as UV absor-
bers or stabilizers. These act by absorbing energy and then transfor-
ming it mainly into heat. However, these absorbers are rather specific
in their action; even compounds that are closely related chemically
may show large differences in effectiveness with different resins. It
must also be taken into consideration that the absorbers do not last
indefinitely, but are slowly degraded, and consequently the absorption
they are supposed to prevent will ultimately occur (Ashton (1970b)).
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2.6 The effect of ozone action on organic building materials

Ozone is a highly reactive gas. The formation of ozone takes place in
the upper atmosphere. The UV radiation from the sun forms free oxygen
atoms due to photochemical reactions. These atoms react with oxygen
molecules in the air forming ozone (03) (Friberg (1970b)).

This gas diffuses slowly on its way down to the earth where a fairly
rapid scattering takes place. As the concentration of ozone is very
low on the earth, the content is given in pphm = parts of ozone per
hundred million parts of air. '

Usually the ozone content on the earth is below 10 pphm, normally about
1-3 pphm. The average ozone concentration is usually at its lowest in
the winter, increases in the spring and reaches its maximum in the ear-
1y summer only to decrease again. However, in some areas, circumstances
may combine resulting in very high ozone concentrations. E.g. in the
Los Angeles-area very high ozone-concentrations have been measured

(115 pphm). These are due to the smog, emanating from the combustion of
petroleum products, and a special topography (Friberg (1970b)).

In spite of the normally low ozone content on the earth, this concen-
tration is still sufficient to cause cracks in some rubber qualities.
The ozone attacks the double bonds in the unsaturated rubber molecules
consequently causing a crack formation at right angles to the tensile
direction. However, these cracks only arise if the rubber is tensioned.
If the rubber is under compression the ozone resistance is considerably

greater.

Amongst other things, the crack formation rate depends on the amount of -
deformation, the ozone content, the temperature, and the intensity of
the sun 1ight (Friberg (1970a)).

In order to protect rubber mixtures from ozone attack some means of
protection can be added. The chemical compounds which protect against
ozone attack are called anti-ozonants. Many of these are also anti-
oxidants, i.e. protect against oxidation.

Another type of protection against ozone is a wax-film on the surface
of the rubber. Soluble wax is added to the rubber mixture and a film

is consequently formed on the surface which protects the rubber against
ozone.
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2.7 The effect of oxygen action on organic building materials

The atmospheric gas that causes the most damage to organic materials,
because of its high concentration and reactivity, is oxygen. Chemical
Tinkages that are not completely saturated (chemically called double
bonds) are particularly susceptible to oxidation (Ashton (1969)).

At normal temperatures plastics are usually oxidized very slowly. This
oxidation does not lead to any measurable changes. However, natural
rubber and many synthetic rubbers contain double bonds. These suscep-
tible links allow oxygen to enter the molecule, thus Teading to an in-
crease in weight and eventually to a chain scission at the place of the
doubTe bonds.

According to Ashton (1969a)unsaturation is not essential in order for

oxidation to occur. Polymers that contain reactive hydrogen atoms are

also attacked. Polystyrene and polyethylene are examples of such poly-
mers. Because oxygen has to diffuse into the material in order to con-
tinue the reaction, oxidation often occurs only at the surface unless

the material is in a thin film.

The effects of oxidation are e.g. discolouration, hardening, crazing
and finally cracking.

In order to protect polymeric materials against oxidation, chemical
compounds called antioxidants are added to the mixture. Some types of
antioxidants only protect against one particular kind of degradation,
while others are also effective against other types of degradation.
Mixtures of antioxidants are frequently used. However, it is important
to remember that the antioxidants do not prevent oxidation, they only
delay it. '

2.8 The effect of action of other gases on organic building materials

Due to the burning of sulphur-containing fuels we obtain an increased
content of sulphur dioxide in the atmosphere. This is especially pro-
nounced in industrial atmospheres. The action of 502 is to form sulphu-
ric acid. This may e.g. diffuse through organic coatings and attack
the underlying metal (Ashton (1969a)).
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The action upon the polymeric materials themselves has only been dealt
with briefly in literature. This could imply that this type of pollu-
tion has not caused any problems yet.

2.9 The effect of synergistic action on organic building materials

The process of weathering is a combination of the factors mentioned
previously. The combination of the factors produces an effect greater
than the sum of the individual effects. This synergism, or reinforcing
action, has been demonstrated many times in studies regarding durabili-
ty. Consequently, the combined actions as well as the individual pro-
cesses must be estimated. The latter is of course a necessary first
step and must be studied before the former can even be attempted.

In Ashton (1970b) there is a survey about radiation and its combination
with other weather factors. Radiation tends to be one of the most im-
portant factors among the weather factors. In this case, some examples
regarding synergistic effects will be given.

2.9.1 Radiation and water

Most organic building materials are resistant to attacks by water at
normal temperatures. But, it is possible for radiation to raise the
temperature to a point where solution or hydrolysis occurs. Thus, some °
plasticizers may be removed if they are sufficiently soluble in water
at elevated temperatures.

The low-molecular fragments from scission after irradiation by UV 1ight
could act as plasticizers, but they are removed if water is present.
The result is an increased brittleness, added to the brittleness caused

by cross-1inking.

2.9.2 Radiation and heat

Degradation reactions that only proceed at temperatures higher than
those reached when normally exposed may occur at much lower tempera-
tures due to the influence of UV Tight.

2.9.3 Radiation and oxygen

A natural weathering combination that has a great effect is radiation
and oxygen, referred to technically as photo-oxidation. Polymeric
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materials subjected to oxygen are degraded much faster in the presence
of radiation than in its absence and vice versa. Because of the syner-
gistic action of radiation and oxygen, UV absorbers as well as anti-
oxidants are generally added to polymeric materials designed for exter-
nal use.

Apart from the above mentioned examples of synergism there are many
other possible combinations, e.g. heat, UV 1ight and oxygen. A1l the
possible combinations of weathering factors contribute to making the
picture of degradation of organic building materials very complex.

2.10 Evaluation methods

It is difficult to choose a good method of evaluating changes in poly-
meric materials, especially as demands on these methods are known to
be great. E.g. such a method should be

- easy to carry out
- sepsitive
- preferably non-destructive

- adaptable to all types of materials

As yet the method which can fulfil all these demands does not exist. In
Titerature one can find many methods used in different investigations
some of which are presented here.

Different types of evaluation methods are frequently used in the same
investigation. Naturally the reason for this is, as mentioned above,
the Tack of one unique, and outstanding method. Frequently, the method
used also depends on the type of polymeric material. E.qa. coatings,
thin films or plastics in bulk.

Many of the tests have been qualitative and not readily evaluated nu-
merically. Many attempts have been made to convert them into instrumen-
tal versions so that some kind of readings could be obtained. E.g. the
use of Differential Thermal Analysis (DTA) in evaluating changes in
glass transition temperature (cf. below).



Coatings, the oldest of the organic building materials, have long had
their physical properties described simply as flexibility, hardness,
and resistance to impact, scratching and abrasion. It was natural,
therefore, to try to predict durability by following up changes in
these properties. (Ashton (1969b)). '

Mechanical properties such as tensile strength, permanent strain after
rupture, work to break (toughness), yield strength, flexural strength,
creep, stress relaxation, and elastic modulus govern the ways a mate-
rial responds to physical forces.

A bibliography regarding the long-term weather resistance of polymeric
materials of different kinds was published by Rilem Committee 8-SR
(1975). The bibliography covers the years from about 1968 up to 1974,
and comprises more than one hundred works. In this, the most common
methods of evaluation are the determination of impact strengthAand
changes in colour. Other fairly common methods of evaluation in the
reviewed works are: Determination of elongation at rupture, tensile

or compressive strength, flexural strength, gloss, tensile stress-strain
behaviour, variations in dimension and weight.

In other works, e.g. Wright (1972), determination of a "modulus" is
carried out. The modulus may then be defined as the stress at diffe-
rent elongations, 100, 200, and 300 per cent.

Apart from all these determinations which mainly concern mechanical
properties there are also methods for determining changes in the che-
mical structure. In Binder/Sultan (1973) some methods of molecular
weight determinations of polyethylene are mentioned. These methods are
Gel Permeation Chromatography (GPC) and melt flow index.

During‘the last few years many works dealing with glass transition tem-
peratures of aged polymeric materials have also been published. E.g. in
Kiinzel et al (1975) Differential Thermal Analysis is used as a method

of determining the glass transition temperature of sealants which were
aged in different ways. They found that the method was so important

that they stated that "the displacement of the glass transition tempe-
rature should be measured in all ageing experiments, for example by
means of DTA. The measuring of the glass transition temperature and its
changing give an exact value about the ageing properties of the sealant".
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During recent years many research workers have also reported the use
of Scanning Electron Microscopy (SEM) as a means of determining diffe-
rent ageing phenomena in polymeric maferia]s. For example compare
Blaga and Yamasaki (1977), Bendel (1974).

In Titerature some attempts have also been made to obtain models for
ageing and for the correlation between natural and accelerated ageing.
However, the difficulty in using mathematical models in this field is
that one model is often only valid for a certain property in a particular

material.
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LITERATURE SURVEY REGARDING AGEING OF SEALANTS

There is a great insufficiency of information in Titerature regarding
durability properties of sealants. The investigations reported chiefly
follow two directions. One deals with the examination of sealants in
joints in actual buildings, the other one deals with accelerated ageing
of sealants in the laboratory. Combinations of both these types of in-

vestigations are rare.

The oldest investigation found in literature which deals with Tong-time
properties of sealants was carried out by Ny]uhd (1964). This was in
the form of two field experiments comprising 25 sealants of various
kinds. The sealants were used in joints between concrete panels. The
joints and the sealants were inspected after about 12 and 28 months
respectively. Changes regarding adhesive and cohesive failure, wrink-
ling, cracking, and colour were noted.

At that time most of the sealants used had a polysulfide or an oleo-re-
sinous binder. The indications of the results of these investigations
were not surprising bearing in mind today's experiences. This means
that most of the polysulfides worked satisfactorily while problems
arose regarding some of the oleo-resinous sealants. Another indication
was that if there were any problems with a sealant, these usually
appeared during the first observation period, i.e. 12 months.

Grunau (1968) treats sealants and problems connected to sealing of
joints in buildings in a very ambitious way. Amongst other things he
shows many pictures of sealants of various kinds and in various condi-
tions. However, it is difficult to draw any general conclusions from
this work regarding long-time properties of different kinds of sealants.
The conditions vary too much in the different cases for that.

McCarty (1972) gives results from a 4 1/2 year field test which dealt
with sealers for longitudinal joints in pavements. The investigation
comprised both preformed sealers and liquid ones. Among the sealants,
a polyurethane sealant proved to have the best overall serviceable
life.
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Andersson and Hasselblad (1972) summarize the experiences gained regar-
ding joints in a special prefabricated concrete panel system. About a
hundred buildings were examined regarding the function of the joints.
The sealants used were mainly oleo-resinous-, acrylic- or polysulfide-
based.

The oleo-resinous sealants were found to produce a great scatter in
properties. In some cases this type performed well even after 12 years
in the joint, while in other joints the sealants had hardened and
failed cohesively.

The acrylic-based sealants indicated a plastic behaviour during the
various deformations. They were also sensitive to alkali influence, for
example from wet concrete.

An examination of the local deformations in a cross-section of the
polysulfide sealants showed a high degree of deformation at the edges,
especially at compression. In some cases these deformations caused
cohesive failure along the edges, Fig. 3.1. Some surface effects were
also reported and were probably due to UV- and/or ozone-attack.

FIG. 3.1 Cohesive failure in a polysulfide
sealant in a joint between con-
crete panels with pebble-dashed
surface. This type of failures
are due to large Tocal deforma-
tions along the edges at a com-
presstor ‘Andersson et al (1972)).
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Grunau (1976) examined joints and sealants of various ages (from 1956
to 1975). A total of more than 2 600 000 meters of joints were exa-
mined! The type of joints examined were outer wall joints and window:
joints (top sealing and joihts between the wall and frame). The fre-
quency of damage in outer wall joints was 31% during 1958-1965 and

11% during 1970-1975. The sealants used in the various cases were poly-
sulfides, butyls, silicones, polyurethanes and acrylics.

The results of the findings from this investigation are summarized in
Table 3.1.

TABLE 3.1 The probable lifetime of different sealants (Grunau (1976)).

Type of Documented | Expected Allowable deformation

sealant use Tifetime
' (years) (years) (% of joint width)

Polysulfide 16 22 20

Silicone 8 15 20
Polyurethane 7 10 5-10

Butyl 13 15 3

Acrylic plastic 13 15 5
Acrylicterpolymer 7 15 10

Some figures in the Table may be a slightly surprising, e.g. the maxi-
mum allowable deformation. In Scandinavia we calculate with ¥ 25%
allowable deformation for polysulfides, silicones and polyurethanes.
However, recent experience indicates lower values, but not as Tow as
Table 3.1 indicates.

Karpati (1968) includes some literature concerning weathering of sea-
lants. Among others the polysulfides are said to be resistant.to light,
oxygen and ozone. Furthermore the polysulfides are sensitive to heat
and urethanes are sensitive to water. Silicones are resistant to both
water and heat. These data are mainly from laboratory experiments.
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Another reference dealing with laboratory investigations regarding the
ageing properties of sealants is by Jagfeld (1968). Specimens of eight
different sealants were exposed to three different types of environments:
Normal climate +20°C/65% RH, Weather-Ometer, and an alternating climate
comprising heat, UV light, low temperature and alkaline water. Stress-
strain curves were determined for the different specimens. A1l the
elastic sealants showed a decreased adhesion if they were exposed to
accelerated ageing. However, the sealant shape was very unsuitable for
tensile tests: The cross-section was 20 x 20 mm and the width 10 mm: It
was difficult to make any general conclusions.

Lerchenthal and Rosenthal (1972) also reported results from accelerated
ageing tests. They worked with five brands of polysulfide-based sea-
lants exposed to various kinds of accelerated tests. Comparison of the
physical characteristics of the sealants before and after ageing

showed that the changes observed were dissimilar and sometimes also
went in divergent directions.

In Kiinzel et al (1975) results from both outdoor exposure and accelerated
ageing tests in laboratory were reported.

Three different sealants were investigated outdoors. One polysulfide-,
one polyurethane- and one silicone-sealant. They were either protected
against sunlight, exposed to sunlight and at the same time either expo-
sed to deformations or not deformed. It was decided that when testing
these sealants the most essential parameter is exposure to the sun.
Consequently it is not necessary to expose the sealants to varying joint
movements at the same time.

From the accelerated ageing tests in the laboratory it was found that
heat had a great effect on most of the sealants investigated.

More weathering tests of sealants are taking place in other places.
E.g. Karpati et al (1977) describe a special weathering rack for sea-
lants, where the sealant specimens are exposed both to normal climate
and to varying dimension changes.
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4. LABORATORY INVESTIGATIONS REGARDING AGEING OF SEALANTS

4.1 Evaluation methods

The determination of the shape of the stress-strain curve according to
different forms of ageing has been used as the main method of evalua-
tion. The specimens have been elongated at a rate of 1.5 mm/min and at
a temperature of +2°C. At this temperature the elongation resistance
of the plastic sealants increases especially after certain forms of

ageing.

The elongation rate 1.5 mm/min is much too high compared to those rates
which occur in most joints in the actual buildings (cf. Chapter 8.2).
The rate greatly affects the form and level of the stress-strain curves.
The rate dependence is greatest where plastic sealants are concerned.

A completely elastic material is independent of the rate. However,
these matters are dealt with more thoroughly in Chapter 8.3.3.

Consequently, the effects of the rate 1.5 mm/min on the results ob-
tained are that the measured stresses are too high compared to cases
in reality. Furthermore, a mainly plastic sealant may show too much of
an "elastic stress-strain curve", i.e. a curve without the characteris-

tic maximum point typical for plastic sealants.

As the method has mostly been used for comparative determinations these
negative effects may be neglected. The positive effects are for example
more rapid tests and also a possibility of testing rather soft sealants.

When evaluated, all the specimens were extended 100%, which is Tess
than the permanent strain after rupture where the majority of the ma-
terials are concerned. There are several reasons why deformation of up
to only 100% was chosen:

- the length of the specimen has a greater effect on the test result

the greater the elongation

- generally, the adhesive stresses increase with increased elongation.
As the sealant is primarily examined this can mean that adhesive
failure may occur and interfere with the comparisons
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- 100% elongation is very much on the safe s.de compared to the defor-
mation the materials are usually designed for.

When 100% elongation was reached the stress relaxation was registered
for about 10 minutes. One can suppose that a sealant which is mainly
plastic can show stress-strain curves up to 100% which are similar to
those of an elastic sealant, cf. above. However, the determination of
the time dependence of the stress relaxation shows the difference be-
tween an elastic and a plastic sealant.

The appearance and shape of the stress-strain curve supplies informa-
tion regarding softening or hardening, brittleness, increased tempera-
ture dependence etc. The test equipment used for this purpose is shown

in Fig. 4.1a and b.

FIG. 4.1a Testing equipment for
’ sealants. Climate
chamber closed. De-
formation rate 0.001-
-1.5 mm/min tension/
compression. Testing
temperature -25 - +70
oc.

Another way to evaluate changes in the sealants is to determine the

loss in volume and weight after different periods of time and kinds of
ageing. This determination of the loss in volume and weight supplies
information regarding the amount of volatile components, the thermo-
stability of the plasticizer, continued polymerization, de-pclymerization,
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FIG. 4.1b Testing equipment for .sealants. Fixing of specimens.

and the changes in density. These determinations were made approximate-
1y according to the method NT Build 015 "Determination of free shrink-
age" (Gjelsvik (1976)). The methodics are shown in Fig. 4.2.

&)

I T I [ |
' ( | Cover g ~72 mm
) filled with sealant
[

FIG. 4.2 Measuring of weight Toss and shrinkage.

One method, which is very simple to carry out, is the determination of
hardness by means of a Durometer. This method can be used for the main-
1y elastic sealants. The more plastic ones are either too soft or show
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too high a degree of stress relaxation for the measurements to be impor-
tant. Thus the instantaneous values in degrees Shore A have been deter-
mined for all the mainly elastic sealants after different kinds of
ageing.

On data sheets from the different manufacturers of sealants the hard-
ness values are very often given in terms of degree Shore A. As can be
seen below, the values found in this investigation frequently differ a
great deal from the values given by the manufacturers.

This may be due to at Teast three reasons. Firstly, there are many dif-
ferent ways of determining this value. One can e.g. make the readings
instantaneously, after 15 seconds, after 1 minute etc. Because of the
stress relaxation and creep phenomenon in the sealants, these values
are completely different.

An example of how the Shore A-value depends upon the time factor is
shown in Fig.4.3when testing a couple of sealants (Andersson (1972)).
The time-dependence is naturally least for the most elastic sealant,
the silicone-based one.

°Shore A
30
1
2
25 - } e P —
\'\4" +1’~~‘”_\*' g
\+\+
1‘ —~—
Y i |
TR
Ty
10 :
5 10 50 100 200 300 500

Time, S Log scale

FIG. 4.3 Durometer characteristics for sealants at room temperature
after storing for six months at room temperature. The Tevel
at which the curve is situated is a measure of the defor-
mation resistance for loading times of different lengths.
The inclination of the curve is a measure of the rate of
creep of the compound. The curvesare practically straight
Tines in this type of diagram.

1= Polysulfide-based sealant type 1, 2= Polysulfide-based
sealant type 2, 3= Silicone-based sealant, 4= Polyurethane-
based sealant {Andersson et al (1972)).
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In Fig.4.4 the same relationship is shown for four other sealants in a
Tinear scale and with instantaneous readings. The curves are very simi-
lar to the creep or stress-relaxation curves. '

®Shore A
L ——— Silicone sealant
— — == Polyurethane sealant
50 f| _ .
At Polysulfide sealant
'\ —- — Acrylic sealant
LN
“*\;:—- —_——— e e e
N .
\.‘ .\"\...__‘
10 30 50 70 90

Time, seconds

FIG. 4.4 Examples of Shore A-hardness as a function of time for four
different sealants. The sealants have been stored at +200C/
/50% RH five years before testing.

Secondly, the rate when setting the needle on the sealant gives diffe-
rent values. Higher rates give higher values and vice versa, cf. above.
Thirdly, there is a trend among most of the manufacturers to give va-
lues which are too low. These are looked upon as being better from a
functional point of view. However, one cannot accuse the manufacturers
of not telling the truth, because sometimes the stated values are true!

However, if a Shore A-value is to be of any interest, the stated value
should be given according to a known test method, e.g. NT Build 005
(Gjelsvik (1976)).

Only an approximation of the changes can be obtained by photographing
the specimens before and after different periods of ageing. But, in
spite of this, this method has also been used to a certain extent.



25

Scanning Electron Microscopy (SEM) photography has been used in some
experiments. These investigations were made at the Zoological Institu-
tion at Lund University.

4.2 Specimen size and shape

When examining the elongation resistance of sealants, discussions re-
garding the appropriate shape of the specimens often occur. Where the
shape of the cross-section is concerned the width/depth relationship
should be as large as possible, in order to minimize the tensile stres-
ses that occur and thereby the adhesion stresses. This is particularly
true where mainly elastic sealants are concerned. These matters have
been dealt with in a work by Tons (1962).

Where the Tength of the joint specimen is concerned, great strains on
a short joint will result in stresses, which are too small compared
with those they are exposed to in buildings.

Cook (1965) has dealt with these questions. Assuming the sealant is a
perfectly elastic material and with a square cross-section (1 x 1 in.)
he found theoretically that, at an extension of 100%, a specimen with
a length of 2 inches showed a principal stress 21.5% lower than the
infinite Tength specimen. The corresponding value for a specimen with
a length of 6 inches was about 10.5%.

In some experimental work he also determined the ultimate strain and

modulus of elasticity. This work was carried out with 2-, 4-, and 6-in.
long specimens. Cross-section dimensions of the specimens were 1 1/2

by 3/4 in. (probably width to depth). Exactly how the modulus of elas-
ticity was defined is not clear. In a book by Damusis (1967) Cook says
"A tensile modulus should be clearly defined. Classically, the modulus
of elasticity is the value of stress at 100% strain. However, in elas-

tomeric work, a 300% modulus is often used ...".

Judging the results, the modulus of elasticity might have been defined
as the stress at 100% strain. Anyway, there was practically no diffe-
rence at all in the values of modulus for the different length speci-
mens tested.

At the time of the .investigations by Tons and Cook, other demands upon
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the ideal sealant were made as compared to nowadays. The sealants were
more rubber-Tike, showed a high degree of recovery and high stresses
when extended. Many adhesion problems influenced the trend towards éof-
ter sealants and a rather high degree of stress relaxation. For example
Tons (1962) made the assumption that the strain in the sealant along
the parabolic curve-in Tine is uniformly distributed. However, today
this assumption is probably not valid for many types of sealants. E.g.
the acrylics do not fulfil this assumption and probably the soft poly-
sulfides do not either.

Tensile stress

Strain,’s

FIG. 4.5 Principle stress-strain curve of a plastic sealant.

When the stress-strain curve is determined for a more plastic sealant
one obtains a principal curve as shown in Fig. 4.5.Here the stress is
calculated in the usual way, i.e. by dividing the Toad by the original
cross-section. Where the more plastic sealant is concerned the elonga-
tion is distributed unevenly along the joint width (in the direction
of force). This means that most of the deformation takes place in the
weakest part of the cross-section. Consequently this part gradually
diminishes and thereby also the recorded load. That is the reason why
the stress-strain curve produces a maximum point.

Because of the above mentioned change in philosophy when developing
new sealants it was decided to establish the size effect on three com-
mon sealants of different kinds. The estimation of the extent to which
the specimen size affects occuring stresses was made on the following
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types of sealants:
1. One-component silicone sealant, 25-30° Shore A
2. Two-component polysulfide sealant, approx 15° Shore A

3. One-component acrylic sealant, solvent release

The cross-section was nominally 12 x 8 or 12 x 12 mm (width x depth).
The length was 50, 80 or 150 mm. The specimens were stored at +20°C/
/50% RH for 14 months before testing.

Before starting the testing, the true dimensions were measured. The
specimens were elongated at least 50% at +20 *2 OC and at a rate of
1.5 mm/min. The elongation 50% instead of 100% was chosen in order to
reduce the adhesion problems and also the total forces occuring espe-
cially in the longer specimens. The results are shown in Figs. 4.6-4.9.
For the silicone sealant, which can be characterized as being elastic,
the relative positions of the different specimens correspond well with
the positions expected, Fig. 4.6. For example, in a case of 25% defor-

Tensile stress Width=DepthxLength
MPa
12x12 = 150
/12012« 80
04 | L-12x12x 50
12= 8= 150
12x 8x 50
12x 8x 80
03
02
0
10 20 30 40 50
Strain,’

FIG. 4.6 The influence of the specimen dimension on the stress-strain
curve for a silicone-based sealant of 14 months age.
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mation a specimen with a length of 50 mm shows about 7% less tensile
stress than one with a length of 150 mm. The difference will be some-
what larger at 50% elongation.

Tensile stress WidthxDepth= Length
MPa

[—12x1x 50
12« 11480
{]2:« 7x50
12x 7x80

L 12 x 8x150
0.05 {125111150

Deformation speed: 1.5 mm/min

0025 Testing temperature:+20°C

1 1 1 1

10 20 30 40 50
Strain,’o

FIG. 4.7 The influence of the specimen dimension on the stress-strain
curve for a polysulfide-based sealant of 14 months age.

Tensile stress Width=Depth = Length
MPa
Deformation speed: 1.5 mm /min
Testing temperature: +20°C
005 +
_/12 x T x 50
12 x 8x150
- 12#10 » 50
.025 |-
00 12x 8 x 80
\ 12x105* 80
12x11 » 150
1 1 1 1
10 20 30 40 50
Strain, %/e

FIG. 4.8 The influence of the specimen dimension on the stress-strain

curve for an acrylic-based (solvent release) sealant of 14
months age.
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Where the more plastic polysulfide and acrylic sealants are concerned
the distribution of the results has produced a somewhat unexpected or-
der in the curves, Figs.4.7-4.8. The distribution of the results domina-
tes the effect of the specimen shape. E.g., for the acrylic sealant

the curve which was expected to be the highest was the Towest.

The results of this study were that the variation in specimen size was
of no significance for the measured stresses at deformations below
approximately 50% and for materials of a certain plasticity, i.e. for
most sealants.

For these reasons, the specimen size 12 x 12 x 50 mm was chosen. These
dimensions correspond well with the American, English, and German
standards. Asbestos cement, alternatively aluminium (grade SIS 41 04-6)
were used as block materials.

4.3 Sealants used in the investigation

When choosing between the different types of sealants to be included,
the purpose was to get as many types as possible represented, of those
which were used frequently when the investigations started. It was also
intended that these materials which were comparatively unknown on the
market, but were expected to become increasingly used, should be inclu-
ded. For example, two different types of polyurethane based sealants
and one water dispersed acrylic sealant were included.

Furthermore, the purpose was also to make comparisons possible between
sealants of the same type (approximately the same polymer) but of diffe-
rent formulations.

The final choice of materials was made together with the largest Swe-
dish manufacturers of sealants. The choice is presented in Table 4.1.

Eight different materials of five different makes were used. The va-
lues of the Shore A hardness have been taken from the information given
by the manufacturers. As can be seen no silicone sealant was included.
At that time (Autumn 1973) there were very few silicone sealants on the
market and the low-modulus ones had not yet been introduced.
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TABLE 4.1 Different types of sealants in the investigation

Material | Kind of binder | Number of Note
No. components
1 Polysulfide 2 Hardness ~13° Shore A
2 Polysulfide 2 Hardness ~40° Shore A
3 Polyurethane 1 Hardness ~25° Shore A
4 ~ Polyurethane 2 Hardness ~18° Shore A
5 Acrylic 1 Solvent release
6 Acrylic 1 Solvent release
7 Acrylic 1 Water dispersed

Hardness ~159 Shore A

8 0leo-resinous 1

4.4 The effect of thermal action on sealants

4.4.1 Introduction

For several reasons a comparatively thorough study was carried out
concerning the temperature influence on the ageing and deformation
properties of the sealants; storing in heat, frequently at +70°C, is
used fairly often in laboratories in order to accelerate the ageing of
the sealants. This method is also very easy to carry out.

Three of the sealants were studied more thoroughly thaq the others.
These were materials Nos. 1, 3, and 6. From a hardening or curing point
of view these materials represent three different types of sealants:
2-component chemically curing, 1-component chemically curing, and 1-
component chemically curing/drying sealant respectively.

+20°C/50% RH was used as the standard climate. Heat ageing was carried
out at +40°C and +70°C. Heat storage normally started after 7 days in
the standard climate. However, in some cases the heat ageing also star-
ted after 21 days. Some undesirable effects can occur if the heat sto-
rage is started too early. For example, blisters may form in sealants
containing solvents (Burstrom (1977)).

Heat can affect sealants in many different ways, depending e.g. upon
the type of binder. Such effects are continued polymerization, de-poly-
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0.1mm

FIG. 4.9 SEM-photograph of the surface of a polysulfide-based sealant
stored at +20 OC/50% RH. Enlargement 600x. Photo: The Zoolo-
gical Institution of Lund University.

merization, oxidation. Fig. 4.9shows the surface of a polysulfide sea-
lant stored at +20°C/50% RH. If the same sealant is heat-aged at +70°C
for 21 days the material changes. The surface can be seen on Figure 4.10.
Obviously a chemical change has taken place in the sealant. In spite of
there not being any movements there are-a lot of cracks on the surface.
These cracks will induce stress-concentrations, where cohesive failure

may start when the sealant is elongated.

0.1 mm

FIG. 4.10 SEM-photograph of the surface of a heat-aged (21 days at
+70 OC) polysulfide-based sealant. Enlargement 600x. Photo:
The Zoological Institution of Lund University.
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4.4.2 Results

The results for Material No. 1, a two-component polysulfide sealant, are

summarized in Fig. 4.11. is the tensile stress at 50% elongation.

(¢
As can be seen there is a s??ght increase in the hardness of material
stored for an increasing length of time in a normal climate +20°c/50%

RH. The sealant is unaffected by the heat-ageing at +40°C. However, heat-
ageing at +70°C made the material softer! This is very surprising as

so far, experience has shown that polysulfide sealants usually become

harder when heat aged.
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| e ===
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FIG. 4.11 Tensile stress at 50% elongation (= ogg) for Material No. 1
as a function of storing time at different temperatures.
Initial storing: 7 days at +20 °C/50% RH.

Fig. 4.12 shows the stress-strain curves after 7+56 days. The softening
after heat-ageing at +70%C s fairly evident. In Fig. 4.13, showing the
stress-strain curves after almost three years at different temperatures,
the softening after heat-ageing at +40°C is also evident.

The same pattern was repeated when heat-ageing was started after 21
days initial storage in the normal climate, i.e. the result is indepen-
dent of when the accelerated ageing was started.
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FIG. 4.12 Stress-strain curves for Material No. 1 after heat-agejng
at different temperatures. Deformation speed: 1.5 mm/min.
Testing temperature: +2 °C.
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FIG. 4.13 Stress-strain curves for Material No. 1 after about three
years at different temperatures. Compare Fig. 4.12! Defor-
mation speed: 1.5 mm/min. Testing temperature: +2 OC.

By means of determining the hardness in OShore A it was almost impos-
sible to detect the softening, Fig. 4.14. The distribution among the
readings when using this method was too great. Note also that the value
of 13° Shore A as stated by the manufacturer does not correspond satis-
factorily with the measured values. A more accurate value is approxima-
tely 25° Shore A.
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FIG. 4.14 Instantaneous Shore A-values for Material No. 1 as a function
of storing time at different temperatures. Initial storing:
7 days at +20 OC/50% RH.
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FIG. 4.15 Stress-strain curves for Material No. 2 after heat-ageing at
different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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However, if by his statement the manufacturer refers to the value e.g.
after 15 seconds, his value might be reasonable. Anyhow, if a value is
to be of any use, the method should also be given.

The other polysulfide-sealant, Material No. 2, is formulated in another
way. The polymer content is higher compared to Material No. 1 and the
hardness is approximately 40° Shore A. The adhesion properties were
found to be very poor sometimes. This interfered with the comparisons.

Fig. 4.15 shows the effect of heat ageing. In this case there is also
a definite tendency to a decrease in the elongation resistance after
storage at +70°C. With the aid of the Durometer this tendency was not
evident.

When tests were carried out after longer periods of heat ageing, there
were different results. Fig. 4.16 shows the stress at 50% elongation as
a function of time at different temperatures. The pattern is very irre-
gular. There is a tendency to increased hardness due to continued
curing at +20°C/50% RH. There is also a tendency to increased hardness
due to heat ageing, but the values after about 1000 days at +40°C
derange the conclusion.
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FIG. 4.16 Tensile stress at 50% elongation (= 050) for Material No. 2
as a function of storing time at différent temperatures. Ini-
tial storing: 7 days at +20 OC/50% RH.
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FIG. 4.17 Tensile stress at 50% elongation (= ogy) for Material No. 3
as a function of storing time at different temperatures. Ini-
“tial storing: 7 days at +20 9C/50% RH.

Fig. 4.17 summarizes the results of the heat ageing of Material No. 3,
the one-component polyurethane sealant. The sealant cures with the aid
of moisture in the air. (The curing mechanism is e.g. described by
Evans and Greene (1976)).

The curing rate is very slow and it still continues after three years
in a climate of +20°C/50% RH. If the temperature is increased there is
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a remarkable increase in the hardness in spitz of the relative humidity
being very Tow at the higher temperatures. The relative humidity is
about 10-15% at +40°C and about 3% at +70°C. The increase in hardness
is not linearly dependent upon the rise in temperature. But it is
possible to compare the increase in hardness after heat ageing at +40°C
to the hardness after storing in a climate of +20°C/50% RH. E.g., take
the value of 0.2 MPa. This value is reached after about 20 days at +40°C,
and after about 80 days at +20°C (besides the initial 7 days in a cli-
mate of +20°C/50% RH). This relationship is valid almost throughout the
entire range of time studied. The factor 4 (= g%) agrees very well with
the one expected when using the rule of thumb: A temperature increase
of 10°C doubles the rate of a chemical reaction.

The results are the same whether the heat ageing is started after 7 or
21 days at +20°C/50% RH.
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FIG. 4.18 Stress-strain curves for Material No. 3 after heat-ageing at
different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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In Fig. 4.18 examples are given of the stress-strain curves after 56
days at different temperatures. The corresponding curves after about
three years at +20 or +40°C are shown in Fig. 4.19. The sealant stored
at +70°C during this period was very brittle due to an increased cross-
linking, and showed dis-colourationand a high degree of shrinkage. From
Fig. 4.19 it is evident that the sealant has become very elastic and it
also shows a strain-hardening effect at higher elongation.
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FIG. 4.19 Stress-strain curves for Material No. 3 after about three
years at different temperatures. Compare Fig. 4.18! Deforma-
tion speed: 1.5 mm/min. Testing temperature: +2 OC.

Material No. 4 is a two-component sealant based on a polyurethane-poly-
epoxide co-polymer. Some results are shown in Fig. 4.20 after heat age-
ing at different temperatures. After storing in a climate of +20°C/50%
RH the sealant shows a small continued increase in hardness during a
long period of time. The heat ageing has a very slight effect on Mate-
rial No. 4. But if the heat ageing continues too long at +70°C chemical-
ly changes occur in the sealant. Thus, after almost three years at +70%C

the sealant was reverted.



39

MPa

)
@
L
T
|
X——O-X-0——]

02 T o +20°C/50% RH -
x +40°C
L e +70°C
10 30 50 70 90 110 ~1000
Time, days

FIG. 4.20 Tensile stress at 50% elongation (= ogy) for Material No. 4
as a function of storing time at different temperatures. Ini-
tial storing: 7 days at +20 0C/50% RH.

Stress-strain curves after heat ageing for 28 days at different tempe-
ratures are shown in Fig. 4.21.
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FIG. 4.21 Stress-strain curves for Material No. 4 after heat-ageing at
different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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Material Nos. 5 and 6 are both acrylic sealants, type solvent release.

However, the polymers differ greatly in structure and properties. They

cure or harden chiefly because of the evaporation of their solvent con-
tent. This is particularly true where Material No. 5 is concerned. For

Material No. 6 it is claimed that a portion of the cure is a result of

the chemical reaction; a continued polymerization of the binder.

Both these sealants are thermoplastics. They become considerably harder
at low temperatures and reveal the typical stress-strain curve of a
plastic sealant. Fig. 4.22 shows this for Material No. 5. Naturally the

stress relaxation is also very pronounced.

In this case, the heat ageing started after 7 days at +20°C/50% RH. At
that time the material still contained a large quantity of solvent, cf.
Chapter 4.9. When the heat ageing started, the solvent evaporated ra-
pidly thus forming many large pores, cf. Fig. 4.23. This probably means
that the stress-strain curve for the heat aged material in reality is

higher than that shown in Fig. 4.22.
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FIG. 4.22 Stress-strain curves for Material No. 5 after heat-ageing at
different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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FIG. 4.23 Fracture surface of a specimen of Material No. 5 (acrylic
based, solvent release) heat aged 56 days at +70 OC. Initial
storing: 7 days at +20 9C/50% RH.
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FIG. 4.24 Tensile stress at 50% elongation (= 050) for Material No. 6
as a function of storing time at different temperatures. Ini-
tial storing: 7 or 21 days at +20 ©C/50% RH.
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The other acrylic sealant, Material No. 6, also showed a considerable
increase in deformation resistance after heat ageing. Fig. 4.24 summa-
rizes the results from the stress-strain determinations. The tensile
stress at 50% elongation is plotted as a function of time in different
climates. At +20°C/50% RH there is a very slow increase in the elonga-
tion resistance.

Heat ageing at +40°C increases the hardness to a certain extent, while
heat ageing at +70°C has a considerable effect upon the tensile stress
at 50% elongation. However, there is a large scatter among the values.
This depends mainly on adhesive cracks and to some extent on cohesive
cracks which occurred after a long period of storage at +70°C. These
types of cracks occurred when heat storage started after 7 and after 21
days at +20°C/50% RH.

Fig. 4.25 shows stress-strain curves after 14 days of heat ageing and
after about three years in a climate of +20°C/50% RH. No stress-strain
curves are shown after 56 days of heat ageing at +70°C. This is because
partial adhesive failure usually occurred after such a lengthy heat
ageing, irrespective of whether the heat ageing started after 7 days or
after 21 days in a normal climate.
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FIG. 4.25 Stress-strain curves for Material No. 6 after heat-ageing at
different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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Comparing Fig. 4.25 to Fig. 4.22, it is obvious that the different bin-
ders in the two acrylic-based sealants No. 5 and No. 6 also greatly
affect the stress-strain properties of the sealants. Though both sea-
lants can be characterized as being plastic sealants (cf. Chapter 1),
Material No. 6 does not show such a large necking as Material No. 5.
Furthermore, the stress-relaxation is great, but not as great as that
for Material No. 5.

Material No. 7, a water dispersed acrylic sealant, differs considerably
from both of the solvent based sealants which were discussed above. This
sealant has a pronounced elastic behaviour, see Fig. 4.26. However, the
great relaxation also reveals a large plastic portion in the sealant.
The increase in hardness after storing for a long time in the normal
climate is probably due to loss of water and plasticizer, cf. Chapter
4.9. This change is almost the same when the material is stored at +40°C.
But if the sealant is heat aged at +70°C the elongation resistance is
almost doubled.
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FIG. 4.26 Stress-strain curves for Material No. 7 after heat-ageing at

different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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A great many results from work carried out on this sealant were spoiled
due to poor adhesion properties. Particularly when aluminium was used
as a substrate. ‘

However, this material is sufficiently elastic for the hardness values
in %Shore A to be important. At the same time one can avoid the adhesion
problems. Therefore, in Fig. 4.27 the Shore A values are shown after
different times in a variety of climates. When stored at +20°C/50% RH
the hardness of the sealant continues to increase as the water evapo-
rates. This increase continues for a long period of time.

When the temperature is raised, the evaporation is naturally quicker.
Therefore the hardness is increased when the sealant is heat aged at
+40°C or +70°C. But, in the long run, an asymptotic value seems to have
been reached.
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FIG. 4.27 Instantaneous Shore A-value for Material No. 7 as a function
of storing time at different temperatures. Initial storing:
7 days at +20 ©C/50% RH.

Material No. 8 is an oil based sealant. Most of its properties differ
considerably from those shown for the previous materials. For example
the curing time, the curing mechanism, the way in which the material
fulfills its-sealing function are different. These facts also mean that
it is rather a complicated matter to carry out laboratory tests with
this kind of sealant.

After the application, oxidation starts on the surface and a somewhat
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ductile skin is formed. During varying joint movements the skin surface
becomes wrinkled, and works 1ike concertine bellows. The material func-
tions well as long as this skin remains intact as it prevents continued
oxidation of the inner part of the sealant.

The effect of heat ageing is shown in Fig. 4.28. As the curing rate is
very slow, stress-strain curves after 91 days of heat ageing are shown.
The position of the stress peak has moved towards a somewhat lesser
elongation after heat ageing. This is due to the fact that the rise in
temperature increased the thickness of the skin at the same time as a
certain oxidation took place in the centre of the sealant. The skin
cracks at a certain elongation. This means that the continued elonga-
tion of the joint width will take place in the part of the centre where
the surface crack entered. Furthermore, the heat ageing also caused oxi-
dation to a certain extent in the centre. Therefore its ability to
distribute the elongation decreased.
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FIG. 4.28 Stress-strain curves for Material No. 8 after heat-ageing at

different temperatures. Deformation speed: 1.5 mm/min. Tes-
ting temperature: +2 OC.
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The ability of an oil based sealant to function is, apart from the duc-
tility of the skin, also greatly dependent on the fact that the thick-
ness of the surface skin does not increase too gquickly.
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The thickness of the skin was therefore determined at different times
and after storage in different climates. A scalpel cut was made through
the sealant. By using a magnifier the skin thickness was determined to

an accuracy of 0.05 mm.

Fig. 4.29 shows the skin thickness as a function of time. For material
stored at +20°C/50% RH the relation is approximately a straight Tine in
the Tog-Tog diagram. Empirically the equation of this Tine is

S~ 0.03-t0'48. The exponent agrees with the well-known relation x = c-\t
where ¢ is a constant and t the time. This expression is approximately
valid for chemical attack, e.g. carbonatization of concrete.

When storing the sealant at an increased temperature oxidation naturally

takes place quicker. Consequently the thickness growth of the skin is
also quicker.

Skin thickness

mm
10.0
F Example
L o +20°C/50% RH
| $=0.85
L X +40°C t=29d +20°C/50°% RH
o +70°C 236d +40°C //-,a
B - (] o /’
B v UV storing + 20°C
10 & OQutdoor  exposure ° A
- |
- |
B I
- |
i |
_ i
- |
-
01 - - |
-
- |
-
Tl 1 ol 1 1 I;LIIIII_| 1 Lot
10 100 1000 10000
Time, days

FIG. 4.29 Surface skin thickness as a function of storing time at +20 °C/
50% RH for Material No. 8. Example of calculating the equiva-
lent time at +20 °C/50% RH for material stored at +40 OC. The
values of material stored at +40 and +70 °C are calculated values
to equivalent times at +20 0C/50% RH according to the example in
the Figure.
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With the aid of the skin thickness, measured after storage at +40°C and
+70°C, the real storage times at respective temperatures were recalcula-
ted to the equivalent times at +20°C/50% RH. The calculations are shown
in one example in the Figure. The point S = 0.85/t = 265 (29 days at
+20°C/50% RH and 236 days at +40°C) has, according to the Figure, an
equivalent hardening time of about 850 days at +20°C/50% RH. Suppose
that the skin growth is x times quicker at +40°C than at +20°C/50% RH,
then

29 + x-236 = 850
x s 3,5

The average value for the corresponding calculations for a number of
other points was about 4. The calculations for specimens stored at +70°C
resulted in a growth factor of about 22.

The heat ageing of Material No. 8 causes an increased rate of oxidation.
As this is a chemical process, the values 4 and 22 could be compared to
those one obtains when using the thumb-rule: The reaction rate of many
chemical processes is doubled when the temperature is raised about 10%.
Using this simple rule one obtains a surprisingly good correlation as
the values are 4 aﬁd 32 respectively!

Having recalculated the actual times in the different climates to equi-
valent times, the values of the heat aged specimens were plotted (x and
e) in the Figure.

Consequently it is possible to say that heat storage at +40°C results

in ageing which is 4 times faster than storage at +ZOOC/50% RH. The fac-
tor 22 is valid for heat ageing at +70°C. However, the time at +70°C
must be Timited to approximately 100 days. Because in the long run, such
a high temperature will result in an oxidation and a considerable in-
crease in the viscosity at the centre, regardless of the growth of the
thickness of the skin. This does not occur in a normal climate.

4.4.3 Discussion

As has been shown, all sealants, except Materials Nos. 1 and 2, show a
varying increase in the hardness after-different forms of heat ageing.
Usually, this effect is due to either a loss of plasticizer or a chemi-
cal change of the binder (Chapter 2.2).
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Regarding Material No. 1 there is an evident decrease in the hardness.
This unexpected change is difficult to explain. Usually "Thikol LP-32"
or "Thiokol LP-2" is used as a binder or sometimes a mixture of the two.
In previous investigations concerning polysulfide sealants from other
manufacturers it has been quite clear that heat ageing causes an in-
crease in the hardness. Also in Peterson et al (1976) results with both
these polymers show an increase in the hardness.

For Material No. 1 there might have been a depolymerisation or another
chemical change of the binder. However, the reason for this is diffi-
cult to find without knowing the formulation of the sealant.

Material No. 2 is also based on a polysulfide binder. The polymer con-
tent is higher compared to Material No. 1. The effect of heat ageing is
not quite clear, but the main conclusion must be that this sealant is
almost completely unaffected by heat ageing.

Material No. 3 showed a great increase in hardness after heat ageing.
This was to some extent probably due to an increased cross-linking of
the polymer. But other results also occur during the heat ageing. In

Chapter 4.9.2 a rather large shrinkage is revealed. This could be due
to a loss of solvent and/or a loss of plasticizer.

Material No. 4 showed a moderate increase in the hardness. On examining
the curing as a function of time at +20°C/50% RH it was found that it
was not quite completed after 28 days. Therefore, the increase in the
hardness after heat ageing could be due to an accelerated curing.

Material No. 5 contains 14% solvents. In Chapter 4.9.2 it is shown that
this amount evaporates very slowly at +20°C/50% RH. Thus, the remaining
amount acts as a plasticizer. That is why the sealant is so soft when
tested after storing in a normal climate.

It is the same where Material No. 6 is concerned. Apart from this, the
heat ageing may also have accelerated the chemical curing of the sealant.

Where both these acrylic sealants are concerned, it must be pbinted out
that the heat ageing ought not to start too early. 21 days at +20°C/50%
RH is not sufficient. Maybe they should be stored for almost 56 days

in a normal climate before the heat ageing is started. The young sea-
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lant has too much solvent left and a low viscosity. This combination
may very easily result in cracks and bubbles if the temperature is rai-
sed. Therefore, these sealants should not be used in a soutern or wes-
tern facade on a sunny summer day.

Material No. 7 hardens when the water evaporates. The equilibrium mois-
ture ratio is naturally higher when the sealant is stored at +20°C com-
pared to +70°C. The water acts as a plasticizer after storing at the
lower temperature. Another mechanism is that at the higher temperature
a type of sintering of the polymer particles may occur forming a closer
structure of the sealant which to a certain extent also explains the
steep increase in the hardness after heat-ageing (Figs. 4.26 and 4.27).
A loss of plasticizer is a third explanation.

As has previously partly been discussed, where Material No. 8 is con-
cerned, the rate of oxidation takes place more rapidly when the tempe-
rature is increased. This oxidation forms a thicker and harder skin,
Fig. 4.29, which explains the higher levels of the heat-aged curves in
Fig. 4.28. The sealant contains vegetable 0il as a binder and there

. could also be some solvent in the material, (cf. Chapter 4.9.2). The
loss of solvent naturally contributes towards a harder material.

The use of heat storing as a means of accelerating the ageing of the
different sealants has proved to be useful in some cases. For example,
for Material Nos. 3 and 8 connections have been observed between natu-
ral and accelerated ageing. However, there are some pitfalls present
(Material No. 1). These make general conclusions dangerous. Questions
regarding these matters are discussed in Chapter 7.

4.5 The effect of moisture and alkaline action on sealants

4.5.1 Introduction

The action of moisture and alkali was studied by storing the specimens
at +20°C on a sponge saturated with de-ionized water or a Ca(OH)2 solu-
tion. This procedure could, for example, be similar to when a back-up
material for some reason or other becomes saturated with water. The
alkalic environment could arise in practice if a joint is located
between concrete elements.

The pH-value of the de-ionized water was kept at 4-6 while the intended
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value of the alkalic solution was 11. According to Grunau (1968) this
could be a reasonable value similar to that of a concrete surface. How-
ever, the value dropped a little during the experiments. On the average
the ph-value for the alkaline baths was 9-10.

The sealants were initially cured/hardened for 7 or 21 days at +20°C/50%
RH before storage in the baths started. Testing was carried out after
14, 28 and 56 days of storage.

4.5.2 Results

A11 sealants showed a varying degree of water absorption and swelling
during storage in the water or alkaline water environment. It was about
the same level in both cases, cf. Chapter 4.9.2. In some cases this
water absorption resulted in a softening of the sealant. The water ac-
ted as a plasticizer.

However, for Material Nos. 1 and 2 there were no significant effects of
water and alkali exposure. Fig. 4.30 shows the stress at 50% elongation
as a function of time in water or alkaline water for Material No. 1.
This Figure may be compared to Fig. 4.11. It is obvious from the Figures
that there are no significant differences in the results.
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FIG. 4.30 Tensile stress at 50% elongation (= ogg) for Material No. 1
as a function of storing time on water and alkaline water. Ini-

tial storing: 7 days at +20 9C/50% RH.

Material No. 3 showed a large swelling caused by water absorption (Chap-
ter 4.9.2). This resulted in a softening of the sealant. If the material
had been allowed to dry out, the previous water and alkaline storage
would have resulted in a considerably larger increase in hardness than,
for example, heat ageing at +40°C, Fig. 4.31 compared to Fig. 4.18.
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FIG. 4.31 Stress-strain curves for Material No. 3 after ;tom’ng at +20 0C/
/50% RH, on water and alkaline water. Deformation speed: 1.5
mm/min. Testing temperature: +2 OC.

As Material No. 3 is cured by the air humidity it is natural that the

water storage decreases the curing time.
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FIG. 4.32 Stress-strain curves for Material No. 4 after storing at +20 Oc/

/50% RH, on water and alkaline water. Deformation speed: 1.5
mm/min. Testing temperature: +2 OC.
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For Material No. 4 storage in water and alkaline baths resulted in a
certain softening. This is shown in Fig. 4.32. It depends on the fact
that the material absorbs a certain. amount of water during storage, Chap-
ter 4.9.2. When the sealant was allowed to dry out it regained its
"normal" elongation resistance.

There are no stress-strain curved to be shown for Material No. 5. This
is due to the plasticity of the material and the fact that the material
produces such a small deformation resistance that any possible differen-
ces are difficult to evaluate in this way. In Chapter 4.9.2 a certain
amount of swelling is revealed when the sealant was stored in an alka-
Tine bath.

Material No. 6 is also mainly plastic, but in Fig. 4.33 stress-strain
curves are shown after storage in water and alkaline. If the curves are
determined immediately after storage, it is obvious that the sealant
has softened. This depends on the water absorption. An ocular inspec-
tion also showed that the joint profile had expanded and that the sur-
face had started to break up. The latter was the case particularly
where alkaline storage was concerned. If the specimens were allowed to

Tensile stress
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FIG. 4.33 Stress-strain curves for Material No. 6 after storing at +20 9C/
/50% RH, on water and alkaline water. The both upper curves are
valid for specimens which were allowed to dry three weeks after
the water and alkaline water storage. Deformation speed: 1.5
mm/min. Testing temperature: +2 OC.



dry out, the result was an increase in hardness of the sealant instead
(Fig. 4.33).

Material Nos. 7 and 8 were both found to be very sensitive to storage
in water and alkaline water. They showed a very rapid water absorption,
cf. Chapter 4.9.2. Therefore there was no point in determining stress-
strain curves for these materials.

4.5.3 Discussion

It is evident that water, the element which sealants are supposed to
protect us against, has a great effect on most sealants. Therefore, sea-
Tants must be protected against long-time contact with water. In the
design of a joint, back-up materials which might absorb water should be
avoided.

For many sealants contact with water led to a water absorption and a
softening which were reversible. However, Material Nos. 6-8 should not
be used even where there is a risk for just a short-time contact with
water, especially if there an alkaline influence is present.

Today, sealants similar to Material No. 7 are marketed as suitable for
most types of joints. As is the case where all building materials are

concerned, this universal use is not to be recommended.

4.6 The effect of radiation action on sealants

4.6.1 Introduction

When observing the effect of radiation, the purpose was to examine only
the effect of UV radiation on the sealants. However, most of the avai-
lable UV sources had a large part of their energy outside the UV range.
Therefore a low effect lamp was chosen (type OSRAM HNS 15 W, ozone free).

Six of these 1light sources were placed in a cylinder where specimens
could be fixed on the inner wall. The temperature in the cylinder was
maintained constantly at about +20°c.

Storage in UV 1light was started after 7 days initial curing/hardening
at +20°C/50% RH. For some of the sealants testing was carried out after
14, 28 and 56 days in UV light. Some sealants were also stored for a

Tonger period of time.
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4.6.2 Results

Generally speaking, the UV radiation only slightly affected the sealants.
For example, this was in the form of a change in colour, a dull surface,

wrinkling and in certain cases cracking.

As an example of the latter, Fig. 4.34 shows a SEM photograph of a
polysulfide sealant exposed to UV radiation for 21 days. The cracking

0. mm

ysulfide-based sea1ant‘
Photo: The Zoolo-

FI1G. 4.34 SEM-photograph of the surface of a pol
UV-irradiated for 21 days. Enlargement 600x.
gical Institution of Lund University.

. €
' €
“ . N A ‘ 5

F1G. 4.35 SEli-photograph of a cut through a UV-irradiated polysulfide
sealant according to Fig. 4.34. Enlargement 120x. Photo: The
7oological Institution of Lund University.
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appears to go deep into the sealant. A cut through the material, Fig.
4.35, shows that the effect of the UV radiation is of a very superficial
nature. However, it is both possible and probable that this effect con-
tributes in the long run to an increased cracking when UV 1ight is com-
bined with varying joint movements, cf. Chapter 5.3.

Using the stress-strain curve as an evaluation method, it was not
possible to reveal any crackings. The cracks were probably too shallow
to be seen on the stress-strain curve.

However, an example of the results will be given. Fig. 4.36 shows the
stress at 50% elongation after different periods of UV light exposure.
This Figure should be compared to Fig. 4.11. There is no significant
difference between the measured stresses even after long periods of UV
exposure.

Oso
MPa
0.2 -
—————————————— —a—

0. |

1 1 1 1 1 1 1 1 1 1 1 1

10 50 100

i Time, days

FIe. 4.36 Tensile stress at 50% e]ongat1on (= 050) for Ma?eria] No. 1
as a function of storing time in UV- 11ght Initial storing:
7 days at +20 0C/50% RH.

Ocularly, there were some surface changes on all sealants. These changes
are described in Table 4.2.

The sealant which showed the smallest changes due to the UV exposure
was Material No. 4. Therefore some SEM photographs were. taken of the
surface of a specimen exposed to UV radiation during 28 days, see Fig
4.37. The sealant was tested, i.e. elongated to 100%, before the pic-
ture was taken. There is an obvious crack pattern due to the UV expo-
sure.
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TABLE 4.2 The effect of UV radiation on the sealants

Material Surface change
No.
1 Dullness
2 Dullness
3 Dullness; cracking visible with the naked eye
4 Dullness ‘
5 Dullness; formation of a skin; small cracks
] ) ' , A = )
7 Dullness; very small cracks
8 Dullness: fofmation of a wrinkled skin

- 0.1 nvn__*

FIG. 4.37 SEM-photograph of the surface of Material No. 4 after UV-ir-
radiation for 28 days. Initial storing: 7 days at +20 9C/
/50% RH. The specimen has been elongated 100% before photo-
graphing. Enlargement 240x. Photo: The Zoological Institution
of Lund University.

4.6.3 Discussion : -

As has been shown the effects of the UV irradiation itself are very
small, almost negligible. But, when choosing appropriate UV sources for
studying the effect of UV radfation,it is important to choose a reaso-
nable UV source. Different types of materials absorb radiation of diffe-
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rent wavelengths. Therefore, it is possible that an incorrectly chosen
UV source hits some types of material unnecessarily hard or, on the
other hand, favours some UV-sensitive materials. Because of this, it
would be interesting to try other UV sources as well and furthermore,
also combine the UV Tight with e.g. water, cf. Chapter 4.8.

4.7 The effect of ozone action on sealants

4,7.1 Introduction

The effect of ozone has been studied on all the sealants shown in Table
4.1. In literature it has been pointed out that ozone cracking only
occurs if a rubber material is elongated, that is, it has an internal
tensile stress. Some of the chosen sealants were regarded as being much
too plastic for the elongation to be of any value. For this reason, the
sealants were divided into two groubs, according to Table 4.1:

Group I, comprising mainly elastic sealants, consisted of Materials Nos.
1-4 and Material No. 7.

Group II, comprising mainly plastic sealants consequently consisted of
Materials Nos. 5-6.and Material No. 8.

In spite of group II comprising sealants without tensile stresses it
was considered to be of interest to study if any other effects of ozone

might occur.

The other test conaitions had to be adapted to the standards valid for
this range. These included e.g. ozone Tevel, time and storage tempera-
ture (+30°C). The test plan for the effect of ozone is shown in Table

4.3. :

The specimens which were to be stored under tensile stress were elonga-
ted in the laboratory before they were transported to the rubber fac-
tory where the ozone exposure was carried out. Where these specimens
were concerned, it meant that the stress built up in the sealants had
time to relax to a certain extent before the exposure began. In order
to estimate the amount of stress relaxation, dummy specimens elongated
25 or 50% were used.
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TABLE 4.3. Test of ozone resistance, experimental plan

VARIABLES LEVELS NOTE
0zone content 50 pphm
200 pphm
Age 35 days Half the number of specimens were

heataged 14 days at +709C

Time 1x96 h

Deformation 0% Sealants in group No. I and II
25% Sealants in group No. I
50% Sealants in group No. I

After the exposure the specimens were inspected ocularly. Stress-strain
curves were determined and some SEM photographs were taken for a couple
of the sealants.

4.7.2 Results

Adhesive failure was frequent on specimens which were kept under elonga-
tion during the exposure. This was especially the case for Material Nos.
1, 2 and 7. Of these specimens, those which were heat aged in advance
usually showed better adhesion.

No effects of the ozone on materials that were not elongated were ob-
served. Of the elongated specimens only both the polysulfide sealants
were affected by ozone, and the tendency was fairly evident: The lar-
gest cracks and the most frequent ones appeared in the harder sealant,
Material No. 2. Furthermore, the most severe effect occurred at 50%
elongation and at an ozone concentration of 200 pphm.

Fig 4.38 valid for specimens of Material No. 1 elongated 50% during the
ozone exposure, shows a certain decrease in the deformation resistance
to the highest ozone content. The reason for this is shown in Fig 4.39.
The specimen shows typical ozone cracks oriented at right angles to the
direction of the elongation.

Fig. 4.40 shows that ozone cracks in Material No. 2 occurred both at
25 and 50% elongation at 200 pphm.
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FIG. 4.38 Stress-strain curves for Material No.
elongation and different ozone 1eve1s
1.5 mm/m1n Testing temperature: +2 OC.

FIG. 4.39 Heat aged specimens of Material No.

1 after storing at 50%

Deformation speed:

10mm

1 after storing at an

ozone concentration of 200 pphm. The specimen to the left
elongated 25% and the specimen to the right 50% at the ozone

exposure.

10mm

FIG. 4.40 Heat aged specimens of Material No 2 after stormg at an
ozone concentration of 200 pphm. The specimen to the Tleft
elongated -25% and the specimen to the right 50% at the ozone
exposure.
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Some SEM photographs were taken of a couple of sealants in order to see
if any changes in a micro scale could be detected. As an example Fig.
4.41 shows the surface of Material No. 4. The sealant was stored elonga-
ted 50% at 200 pphm. After that the stress-strain curve was determined
in the usual way, i.e. up to 100% elongation. Ocularly; the sealant did
not show any cracks or failures. Apparently some cracks did occur and
they passed between the small "mountains" as seen on the Figure. These
mountains consist of filler particles. The cracks are not caused by
ozone exposure, as corresponding photographs of specimens not exposed
to ozone showed the same crack pattern.

0.1mm

FIG. 4.41 SEM-photograph of the surface of Material No. 4 after storing
at 50% elongation and an ozone concentration of 200 pphm.
The specimen has been elongated 100% before photographing.
Enlargement 600x. Photo: The Zoological Institution of Lund

University.

4.7.3 Discussion

The only sealants which were found to be affected by ozone exposure were
Material Nos. 1 and 2. These sealants both contain polysulfide as a
binder. In Damusis (1967) it is said "that polysulfide sealants have
excellent resistance to ozone, ageing, ...". In spite of this, results
of ozone exposure have been found here.

It is not impossible that the ozone exposure also affected other sea-
lants. According to Dolezel (1978) a brittle surface layer forms on many
polymeric materials during ozone influence. This layer prohibits further
diffusion of the ozone into the material, and therefore the attack
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ceases. However, with the evaluation methods tszed here, the results have
not been possible to detect and are therefore negligible.

As has been shown, both the degree of elongation and the ozone concentra-
tion as well as the type of polymer affect the results. The chosen le-
vels of both can naturally be discussed. However, elongations of 25 and
50% are fairly reasonable and may occur in practice. An ozone content

of 50 pphm may also occur in practice, cf. Chapter 2.6.

It has been discussed in literature whether or not any threshold value
of the stress exists, i.e. the Towest value for cracks to occur. In
Dolezel (1978) such a value is given for one quality of rubber. However,
some people say that such a value does not exist. It is just a question
of time if the material has a molecular structure that is sensitive to
ozone attack. Generally speaking, the greater the amount of elongation
the shorter the time until ozone cracks occur. The ozone cracks occur
not only at static, but also at dynamical deformations. However, the
ozone crack formation is smaller under dynamical stresses compared to
equal large static ones.

The time required until the first crack occurs depends upon the ozone
concentration according to the connection (Dolezel (1978))

= k/c%

where t = time until the first crack occurs
C = ozone concentration

k, o = coefficients

Examples of values of the coefficients are not given. The test material
in this investigation is too small to be applied where this is concer-
ned. But it should be possible to obtain such a connection for a poly-
sulfide sealant in a more comprehensive study.

0f the ozone sensitive sealants, Material No. 2 was found to be more
sensitive than Material No. 1. The explanation for this is that Material
No. 2 has a considerably higher polymer content and is also harder. If
the polymer itself is also sensitive to ozone attack, then both these
facts contribute to more ozone cracks: A higher polymer content gives more
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sensitive bonds per unit volume of the sealant, and in a harder sealant

greater stresses occur compared to a soft sealant with the same defor-

mation.

~In Table 4.4 the stresses at 25 and 50% elongation are shown for the

elongated sealants. As can be seen the stresses are considerably greater

for Material No. 2 compared to Material No. 1, even after a long period
of stress relaxation. Material Nos. 3 and 4 did not appear to be sensi-
tive to ozone in spite of greater stresses being built up during elon-

gation and relaxation.

TABLE 4.4. Stress relaxation at +22°C and different levels of deforma-
tion and curing
Mate- o,5MPa ogMPa % Remaining stress after -t hours
rial 025tMPa °50tMPa
+20°C  |Heataged| +20°C |Heataged
No. 07 RA |at 708c 0T RA lat 7Ogc 20/50 |Heataged |20/50 Heataged
adhesive adhesive 46 52
L failure 0.07 | eaiTure 0.10 - (t=25) - (t=65)
adhesive adhesive 58 cohesive
2 failure 0.3% lfailure 0.46 - (t=46) - failure
52 33 49(t=53) 41
3 0.10 0.27 0.15 0.29 (t=61) | (t=17) 16(t=143) | (t=42)
62 44 54(t=50) 52
4 0.09 0.14 0.15 0.16 (t=60) | (t=20) 50(t=143) | (t=43)
19 15 17(t=53) 16
7 0.05 0.22 0.12 0.34 (t=61) | (t=17) 18(£=143) | (t=42)
4.8 Synergistic effects on sealants

In practice the previously mentioned weathering factors cooperate in a

very complex pattern. The total effect can be very difficult to estimate

as this cooperation may cause synergistic effects (Chapter 2.9).




There is a lot of equipment available on the market for accelerated
ageing tests. A survey is given in Dolezel (1978). This equipment often
combines heat, radiation and moisture in certain programs.

In Gjelsvik (1975) the specially built equipment is described, where Tow
temperatures are also included in a certain cyclic program.

These types of apparatus often produce very valuable information, as
some synergistic effects may also be revealed. However, if the propor-
tions or concentrations of the factors are chosen wrongly misleading
results may arise. Therefore, it should be interesting to know the ac-
tion of the different factors separately.

In this investigation the effects of one action of the different factors
have been studied. Just in a few cases combinations of different factors
have been used. E.g. mechanical stress and ozone, heat and ozone. Natu-
rally outdoor exposure has also produced a combination of all the fac-
tors in a slightly accelerated way, Chapter 5.

In spite of this, more combinations would be of interest and should be
examined. Such combinations are e.g. heat plus radiation, moisture plus
radiation. Due to tack of time it has not been possible to carry out
these studies.

4.9 Shrinkage and shrinkage stresses in sealants

4.9.1 Introduction

As previously mentioned (Chapter 4.1) the determination of weight- and
volume-loss was used as a method of evaluation when determining changes
in the sealants after different forms of ageing.

A large amount of shrinkage may affect the function of a sealant consi-
derably. E.g. a large amount of shrinkage may be followed by a great in-
crease in the hardness. Furthermore, in Agri et al (1973) it was pointed
out where water-dispersed acrylic sealants are concerned a large amount
of shrinkage causes tensile stresses in the joint. Whether or not this
is true, some sealants used in manufacturing of insulated glass revealed
very high tensile stresses due to shrinkage and curing. In some cases
these stresses were so high that the edges of the glass were also broken!
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In ordinary building joint sealants a moderate shrinkage may have a po-
sitive effect: From a movement capability point of view the sealant has
a better profile, the bi-concave cross-section, cf. Fig. 4.42.

Sealant surface after tooling

Sealant surface after shrinkage

Back-up material

FIG. 4.42 A certain amount of shrinkage gives a better profile from the
movement capability point of view.

The shrinkage and weight-Toss were determined for all the sealants
according to Table 4.1. The different types of storage were:

- +20°C/50% RH

- +40%

- +70%

- water +20°C

- alkaline water +20°C pH 9-11

- UV radiation +20°C

Storage in these conditions was usually started after storage for 7 days
at +20°C/50% RH. However, heat storage at +40°C and +70°C was also star-
ted after 21 days in a normal climate, +20°C/50% RH.

The investigation was started in a Master thesis (Nimmermark et al
(1976)) and was later completed by the author.

The measurements of shrinkage stresses that might occur were made in
the equipment according to Fig. 4.1 and in a specially built frame, Fig.
4.43. Measurements were carried out for Material Nos. 1, 3, 7 and 8.

The temperature was +22 * 1%C.
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FIG. 4.43 Device for measuring of shrinkage stresses.

4.9.2 Results

Figs. 4.44-4.46, 4.48-4.52 show the results of the measurements of the
volume loss for all sealants after storage in different climates. Each
point is the mean value of two specimens.
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FIG. 4.44 Shrinkage as a function of storing time in differént environ-
ments for Material No. 1.
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Fig. 4.44 gives the results for Material No. 1. In a normal climate
+20°C/50% RH there is a continued decrease in volume. Note the high
amount after three years! When comparing weight and volume loss it is
possible to calculate the density of the component of the sealant that
disappeared. This density was 130 kg/m3 and disagrees with the densities
of any volatile components, solvent and plasticizer, which may have dis-
appeared. Evidently there must have been a chemical change in the sea-
lant which caused a contraction of the bulk.

It appears from the Figure that the time necessary to reach the volume
loss 7.5% is considerably shorter if the temperature is raised. This
level is reached after about one year if the temperature is +40°C and
after about 42 days if the temperature is +70°C. The well-known rule
of thumb, saying that a temperature increase of 10°C doubles the rate
of a chemical reaction can be applied also in this case: A temperature
increase from +20 to +40°C increases the reaction rate by a factor 4
(in this case 3) and an increase from +20 to +70°C increases the rate
by a factor 32. The factor found here is about 3x365/42 = 26.

Thus, it should be possible to accelerate this spontaneous curing and
shrinkage by means of a simple heat ageing of the sealant.

If the heat ageing continues for a long time there is a great loss of
plasticizer. The shrinkage after about one year is 11.5%.

If the sealant is stored in water or alkaline water the liquid is ab-
sorbed and the volume loss decreases.

The conclusions drawn for Material No. 1 are, with one exception, also
valid for Material No. 2, Fig. 4.45. The heat ageing at +70°C does not
produce the same rapid volume loss in this case. However, after one
year the levels are almost the same. This difference might be due to
the fact that the plasticizer is caught within a denser molecular
structure in Material No. 2, and therefore it evaporates more slowly.

Fig. 4.46 shows the results for Material No. 3. There is a large volume
loss even when the sealant is stored in a normal climate, but most of
it is completed already after 8 weeks. The rule of thumb regarding the
heat ageing is probably also valid in this case.
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However, if heat storage at +70°C is started later, there is an in-
creased volume loss. Considering the weight loss as a function of time,
Fig. 4.47, it is obvious that this is the same in the both cases. Evi-
dently, there is a pore formation in the sealant due to rapid evapora-
tion of the solvent if the heat ageing is started too early.

Weight loss
%
e — e — — ey =
7 - —
ad el
_ / /
/ / -
5 I / /
i | o
|
3F I °
i o Storing in air, + 20°C/50% RH
L ° v o, o+ 70°C
A1 1 1 1 1
7 14 21 28 56 Time, days

FIG. 4.47 Weight loss as a function of storing time at different tem-
peratures for Material No. 3.

When calculating the density of lost substance this is found to be about
910 kg/m3 in a normal climate. This corroborates with the density of sol-
vent. If the heat ageing at +70°C is started after 7 days the density

is 977 kg/m3 and after 21 days 896 kg/m3. The "true shrinkage" is evi-
dently obtained in the latter case.

Storage in water and alkali results in considerable absorption of the
liquid. The degree is higher where storage in water is concerned.

Exposure to UV radiation caused a higher volume loss compared to storing
in a normal climate. The UV Tight made the surface brittle and cracks
occurred which might explain the greater amount of shrinkage.
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The results for Material No. 4 are shown in Fig. 4.48. The volume loss

in a normal climate is to a large extent compieted within eight weeks.
When heat ageing at +70°C the shrinkage increases very quickly and there-
fore the rule of thumb is not valid in this case. This is due to the
shrinkage caused by the evaporation of a plasticizer and not a chemical
reaction.

This sealant is sensitive to moisture storing as there is rather a large
amount of water absorption.

Volume loss, %

Notations: See FIG. 444!
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FIG. 4.48 Shrinkage as a function of storing time in different environ-
ments for Material No. 4.

The results of Material No. 5 are shown in Fig. 4.49. The volume loss
after storage at different temperatures depends on the solvent Toss. If
the heat ageing at +70°C is started too early one obtains a false volume
loss due to the formation of pores within the sealant. The sealant ab-
sorbs water during storage in alkaline water.

Almost the same conclusions are valid for Material No. 6, Fig. 4.50.
However, sensitivity to an early start of the heat ageing is more pro-
nounced. Furthermore, there is more water absorption during storages in
water and alkaline water.
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F1G. 4.49 Shrinkage as a function of storing time in different environ-
ments for Material No. 5.

Material No. 7 is a water-dispersed acrylic sealant. The results are
shown in Fig. 4.51. The sealant hardens during the evaporation of water.
The water content is about 24% by volume. Most of it vanishes very quick-
ly. There is a tendency to a formation of pores if the sealant is heat
aged too rapidly. This explains why the volume loss is higher if the

heat ageing is started after three weeks at +20°C/50% RH compared to one

week in the same climate.
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Storage in water or alkaline water is fatal for the sealant. The mois-
ture storage began after one week. Very shortly after that, the sealant
absorbed water and was destroyed.
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FIG. 4.50 Shrinkage as a function of storing time in different environ-
ments for Material No. 6.
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FIG. 4.51 Shrinkage as a function of storing time in different environ-
ments for Material No. 7.

For Material No. 8 the results of the volume loss as a function of time
are shown in Fig. 4.52. The shrinkage continues for a long period of
time in a normal climate. The processes going on are mainly the evapo;
ration of the solvent and oxidation of the binder. The more the oxida-
tion progresses the denser the sealant becomes and therefore the rate
of evaporation diminishes. An increase in the temperature speeds up
these processes. The rule of thumb previously mentioned applies quite
well in this case.

As can be seen there is a large amount of water absorption during the
moisture storage. This is surprising, as the binder is a vegetable o0il
which should be hydrofob. Obviously, other components in the sealant
contribute to this sensitivity to water.
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Shrinkage as a function of storing time in different environ-
ments for Material No. 8.

The results of the measurements of the shrinkage stresses are summari-
zed in Table 4.5.

TABLE 4.5. Shrinkage stresses after different times of ageing
Material | Age | Shrinkage | Measured [Maximum error Max imum
No. days | vol-% stress in measurements | shrinkage stress
MPa MPa MPa

1 12 | 1 0 2-1073 2.1073

3 27 | 5.5 3-1073 " 5-1073

3 27 | 5.5 6-10° | 107 6.1-1073
3 %6 | 6.5 12-107% | 107 12.1-1073
7 3| 21 2-1073 | 2.1073 4-1073

7 6 | 22 <1073 | 107 5.1-1073
8 46 | 10 0 1074 0.1-1073
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As it was a question of measuring very small stresses there was some
uncertainty regarding the measurements. The equipment according to Fig.
4.43 is sensitive to changes in temperature etc. Therefore an approxi-
mation of the measuring accuracy was made. This resulted in a general
addition (=2-1U-3 MPa) to the measured values.

Measurements were also made with the help of the equipment shown in Fig.
4.1. The measuring accuracy was then less than 10_4 MPa

Consequently the results obtained from thé measurements showed that the
shrinkage stresses due to shrinkage are very small. The shrinkage stress
is greatest for Material No. 3. The value 12.1-10'3 MPa could be com-
pared with the tensile stresses occurring in the material at a very low
deformation (Fig. 4.18). At 1% deformation the tensile stress was about
the same as the shrinkage stresses that occurred.

Corresponding comparisons for the other sealants resulted in even smal-
ler deformations.

4.9.3 Discussion

A11 sealants show a considerable volume loss even after storing in a
normal climate. The results are summarized in Table 4.6. The values gi-
ven by the manufacturers are also shown. The differences are considerab-

le in some cases.

TABLE 4.6. Weight and volume loss after 3 years at +20°C/50% RH

Material | Weight loss | Volume loss [Density of Volume loss according
lost substance | to the manufacturer

No. % % kg/m’

1 0.6 7.6 130 "negligible"

2 0.9 6.8 200 "no shrinkage"

3 6.8 8.8 910 no %nformation

4 3.7 6.0 730 "7%"

5 9.8 15.2 870 "moderate"

6 1" 17.2 910 "10%"

7 15.8 23.7 1000 no information

8 8.0 17.7 680 "15%"
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A rough approximation of the density of the Tcst substances is obtained
by means of the weight and volume loss. The calculated densities of the
Tost substances agree well with the anticipated values. E.g. the value
for Material No. 5 is 870 kg/m3. The density of Toluol is 890 kg/m3 and
of Xylol 870 kg/m3. For Material No. 7 the lost substance is evidently
water. However, the densities of the Tost substances of other sealants
are too low. This must be explained by a contraction of the structure
due to a continued chemical curing. This is particularly true where
Material Nos. 1 and 2 are concerned. It is therefore possible to deter-
mine such changes by using this very simple method.

Furthermore, it is possible to accelerate the mechanism by heat ageing
the sealants. The processes concur fairly well the thumb of rule regar-
ding the chemical reaction rate, i.e. heat ageing increases the changes
by a factor of about 2 for every increase in the temperature of 10°C.
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5. OUTDOOR EXPOSURE OF SEALANTS
5.1 Introduction

The purpose was to compare the results obtained from the accelerated
ageing in the laboratory with ageing results closer to reality. This
can of course be done by comparing laboratory tests with tests on sea-
lants used in buildings. However, problems arise regarding the evalua-
tion of changes and the formulation of the sealants might also have
changed during the time when the tests were being carried out. It is
also important to carry out the outdoor tests during conditions which
can easily be controlled and at the same time as they accelerate the
degradation. But, the comparisons with buildings are both interesting
and important and must not be neglected.

In order to expose the sealants to almost natural weathering conditions
and at the same time as they were tensioned/compressed, special equipment

was built.

FIG. 5.1 A survey of the testing equipment for outdoor exposure of
specimens.
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5.2 Equipment for outdoor exposure of joint specimens

A survey of the equipment is shown in Fig. 5.1. The equipment consists
of an aerated concrete element (250 x 900 x 6000 mm) placed on one

fixed and one rolling bearing respectively. Two aluminium tubes, connec-
ted with "rungs" of aluminium, are placed on this element. This "ladder"
is fixed to the aerated concrete at one end and to a roller bearing at
the other end.

Specimens can be fixed between this ladder and the aerated concrete
element. This means that the joint width of each specimen will change
according to the changes in the humidity and temperature of the white
painted element and the temperature of the black painted aluminium
ladder. The fixation of the specimens is made in such a way that the
specimens are compressed when the temperature increases.

Assuming that

- the variation in temperature of the aluminium ladder is within the
range -20 - +50°¢C

- the variation in temperature of the aerated concrete is within the
range -20 - +35°¢C

106 0
%erated concrete ~ 810 m/mC

~ 241078 m/mC

“aluminium

- the moisture depending movements of the aerated concrete could be
neglected

the maximum difference in length could be about 7.0 mm. This change in
dimension will decrease linearly towards zero, where the aluminium
ladder is fixed to the aerated concrete.

Thermo couples were placed on the construction, which is located in a
north-south direction. Thermo couples were also placed in sealants of
different colours. The maximum difference in movement was measured by
means of an inductive deformation gauge. The light intensity, i.e. the
amount of sunshine, was measured with a photoelement. A1l measured va-
lues were registered on a 12-channel point recorder.
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At least eight specimens of each sealant were exposed in the outdoor
equipment. Regardless of the curing or hardening mechanism each mate-
rial was kept 7 days at +20°C/50% RH before being applied. This meant
that the hardening of the chemically curing sealants and the water-dis-
persed acrylic sealant was fairly advanced, even if these were far from
being fully cured, cf. Chapter 4.4.

Materials Nos. 5-6 and 8 were extremely plastic when placed outdoors.

Half the specimens had asbestos cement as a substrate and the other half
aluminium. This was done in order to combine the climatic influence with
a certain alkaline influence. The pH-value of water pouring over the
asbestos cement was 9-10.

The specimens were applied at +5 - +10°C in the autumn. With a supposed
maximum variation in temperature of -20°C - +50°C, this meant that the
specimens would be compressed to a greater extent than elongated, which
was also the intention. There are indications which show that compressive
movements cause greater strain on a sealant than a corresponding elonga-
ting movement (Andersson and Hasselblad (1972), Hockman (1975)). This
depends on the fact that large local deformations occur during
compression and that stress relaxation is greater at higher temperatu-
res (the temperature is often higher when a sealant is compressed).

Concerning the chemically curing elastic sealants, Material Nos. 1-4,
another application of specimens was made during the spring and at a
temperature of about +12°C. These specimens were cured longer before
installation: About 100 days in a normal climate and one week at +40°C.

When choosing the position on the aluminium ladder, the basis used was
the movement capability stated by the manufacturers. From the largest
to the smallest joint movements, the order of the sealants was conse-
quently: Material Nos. 4, 6, 3, 8, 1, 2, 7, and 5.

Specimens of each sealant were also applied where they were exposed to
about half the maximum joint movement for the respective material used.
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5.3 Results

Fig 5.2 shows examples of measured joint width variations on a sunny
day with great temperature variations. The joint movement noted is the
maximum joint width variation in the construction, i.e. at the end
where the aluminium ladder is placed on movable bearings.

On this day the joint width changed by 3.35 mm. The speed of the joint
movement according to the Figure is about 10'3-10_2 mm/min. During a
given time the joint width remained almost unchanged.

The change in temperature in the centre of the 250 mm thick aerated con-
crete element was naturally slower. The maximum atmosphere temperature
in this case was around mid day while the highest temperature in the
aerated concrete occurred about 6 hours later. The gradually increasing
temperature inside the aerated concrete resulted in a subsequent change
in joint width in spite of the ladder temperature remaining at about the

same high level.

TEMPIGINT MOVEMENT —— ——< JOINT MOVEMENT|TEMP
¢ [mm / S mm °c
\
30 ,/ \ 301
+40 / \ +40
// TN
/ ~-
/7 >
+30 120 /7 204 +30
7/ X )
/ N
17 N
+20 T _#] ~==+20
0 T —— Joint movement 10-
~~~~~ Air temperature )
—=—=Surface tem?erature of
+10 - aluminium "ladder” +10
—e—e— Temperature in the middle
of the aerated concrete
0 —o—o— Intensity of the sun light 0
pd >
00 03 06 09 12 15 18 21 24
TIME

FIG. 5.2 An example of a day (750809) with large measured temperature

variations qnd in connection to that joint movements in the
outdoor equipment for exposure of specimens.
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Fig. 5.3 shows a photograph of a chart from the point recorder. Note the
partial drops during the intensity of the sunlight (channel 7). These
are due to clouds passing by. The clouds change the temperature of the
black aluminium ladder immediately (channel 5). This is directly
followed by a change in the joint movement (channel 12), i.e. the sea-

lants are exposed to rapid dimension changes.

FIG. 5.3 Photo of a chart from the point recorder.

The rapid changes in temperature measured in the aluminium construction
and the slow changes measured in the aerated concrete are very important
in practice. This means that sealants between aluminium constructions
will be exposed to a large number of joint width variations at a compa-
rative high deformation rate. For example, the joint width will change
when the sun is temporarily hidden behind clouds. When sealants are

used between concrete or aerated concrete elements they will mainly be
exposed to a fairly regular, approximately sinusoidal joint movement,
varying over a period of 24 hours.

The variations of the maximum differences in length between the aerated
concrete and the aluminium ladder at the end of the construction are
shown in Fig. 5.4. The situation when the first series of specimens was
installed is considered as origo. Length changes which cause elongation
of the sealants are considered as a positive movement.



Tension
mm
-~ |Fixation of specimens Fixation of specimens
series A series B - 0.6/770404
3 -

16/760115 1.7/761230 14/780105

1 -
.\ 790101 /

760101 770101 780101
..] -
._.3 -

-3.6/760626 -3.6/770705 -3.6/780601

-

Compression

FIG. 5.4 The variations of the "joint" movements at the end of the
outdoor equipment.

The deformation pattern can be described as a sine curve over a period
of one year. Comparing Fig. 5.4 to Fig. 5.2, it is obvious that a daily
dependent movement is superimposed on this season dependent movement.
The latter sometimes shows great amplitudes. This movement pattern coin-
cides with the movements measured in real buildings, cf. Chapter 8.2.

Fig. 5.4 shows that the sealants were compressed to a greater extent
than they were elongated. This is particularly the case where the speci-
mens in series A are concerned.

The results of the observations for the different sealants after vary-
ing times of outdoor exposure are summarized in Tables 5.1 - 5.8. "Tes-
ting" in these Tables indicates that the stress-strain curve was deter-
mined.
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TABLE 5.1. Material No. 1 (soft, polysulfide-based), results of outdoor exposure
Specimen | Curing conditions | Date of |Time of |Max. tension/ | Observations
No. before fixation fixation|exposure|compression

’ months %

1261 7 days 20/50 751208 7 8.9/20.6 Surface cracks.
Compressed pro-
file. Testing

1262 7 days 20/50 751208 7 8.9/20.6 Surface cracks.
Start of adh.
failure

14 19.7/20.6 Surface cracks.
100 A. Com-
pressed profile

1263 8 days 20/50 751209 7 3.5/8.0 Surface cracks.
Compressed pro-
file. Testing

1264 8 days 20/50 751209 7 3.5/8.0 Surface cracks

14 3.7/8.0 Surface cracks.
. 10 A

23 3.7/8.1 Surface cracks.
10 A

37 3.7/8.3 Surface cracks.
10 A

39 " Surface cracks.
40 A

1266 7 days 20/50 751208 7 8.9/20.6 Surface cracks.
Compressed pro-
file. Testing

1267 8 days 20/50 751209 7 3.5/8.0 Surface cracks.
Compressed pro-
file. Testing

1268 8 days 20/50 751209 7 3.5/8.0 Surface cracks.

14 3.7/8.0 "

23 3.7/8.1 " 2 A
37 3.7/8.3 " 5A
39 " " 50 A

12 1/6 9 | 108 days 20/50 770404 7 2.6/17.3 Surface cracks.

and 7 days +40 ¢

12 1/6 10 21 11.2/18.2 Surface cracks.
100 A. Compr
profile. Cf.
Fig. 5.5

12 1/6 11{ 108 days 20/50 770404 7 1.0/6.7 Surface cracks.

and 7 days +40 %

12 1/6 12 21 4.4/7.0 "

23 5.0/7.0 " Testing

Note: 100 A means 100% adhesive failure.
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The results of Material No. 1 are shown in Table 5.1. It is evident

that this polysulfide-based sealant is sensitive to UV irradiation
especially in combination with joint movements. Surface cracks occurred
within 7 months of exposure. These cracks were frequent only on the sur-
face facing the sun.

Adhesive failures, partly or completely, were also very frequent in
spite of the maximum deformations being within the 33% deformation
allowed (according to the manufacturer). This might be due to the type
of movements the sealant was exposed to; more compressing than elonga-
ting movements. The common opinion was that the elongating movements are
more severe for the sealants. However, from Table 5.1 it is evident that
the compressing movements have caused plastic deformations of the sea-
lant, thus forming a new stress-free profile. The following elongating
movement must now be taken by a narrower profile, Fig. 5.5. This leads
to a higher percentage of tension and consequently higher stresses and
possible cohesive or adhesive failure (Cf. also Chapter 8). This mecha-
nism has occurred in Material No. 1 both when the sealant was installed
rather fresh or when well cured.

The results of the outdoor exposures thus indicated,that Material No. 1
probably functions as a plastic sealant where seasonal movements are con-
cerned and as a mainly elastic sealant where daily movements are concer-
ned! Anyway, this was true where the used distribution of movements, i.e.
more compressing than elongating movements, was concerned.

10 mm

FIG. 5.5 Photo of specimen No. 12 1/6 10 after 21 months of outdoor
exposure. The specimen has been elongated 11.2% and compres-
sed 18.2% (cf. Table 5.1).
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TABLE 5.2. Material No. 2 (hard, polysulfide-based), results of outdoor exposure

Specimen | Curing conditions | Date of |Time of |Max.tension/ | Observations
No. before fixation fixation|exposure|compression
months %
2361 7 days 20/50 751208 7 8.3/19.2 Compressed pro-
file. 20 A.
Testing
2362 7 days 20/50 751208 7 8.3/19.2 Compressed pro-
file. 100 A
2363 8 days 20/50 751209 7 2.8/6.6 Compressed pro-
file. Testing
2364 8 days 20/50 751209 7 2.8/6.6
14 3.1/6.6 Small surface
cracks. 10 A
23 .. " "
37 3.1/6.9 S "
39 " " "
Compr.prof. 50 A
2366 7 days 20/50 751208 7 8.3/19.2 Compressed pro-
file. 100 A
2367 8 days 20/50 751209 7 2.8/6.6 Compressed pro-
file. Testing
2368 8 days 20/50 751209 7 2.8/6.6
14 3.1/6.6 Small surface
cracks.
23 " Small surface
cracks. 2 A
37 3.1/6.9 Small surface
cracks. 5 A
39 " Small surface
cracks. 20 A
23 1/6 9 | 108 days 20/50 770404 7 2.4/16.2 Small surface
o cracks. Compr.
and 7 days +40 °C profile. 100 A
23 1/6 10 »
23 1/6 111108 days 20/50 770404 7 0.8/5.6 Small surface
7 days +40 °C cracks
21 3.6/5.8 "
23 4.2/5.8 " Testing
23 1/6 12{ 108 days 20/50 770404 7 0.8/5.6 Small surface
7 days +40 °C cracks
21 3.6/5.8 " 1A
23 4.2/5.8 " 10 A

Note: 20 A means 207 adhesive failure
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The corresponding results for Material No. 2 are shown in Table 5.2. Al-
most the same conclusions as those for Material No. 1 are valid for this
sealant. But Material No. 2 has a better resistance against UV Tight. In
spite of smaller movements, adhesive failure was also more frequent. This
is naturally because higher stresses are induced in this sealant during

elongation.

Table 5.3 shows the results for Material No. 3. This sealant showed a
characteristic crack pattern on the surfaces after a relatively short
time of outdoor exposure. These cracks were rather difficult to see
with the naked eye at the beginning, but they gradually increased in
size, Fig. 5.6. They were present on all surfaces, and not only on the
one facing the sun. Apparently, they are not the result of pure UV
irradiation.

After some time the surfaces started to chalk too. Therefore, degrada-
tion must be taking place in the binder on the surfaces. This degrada-
tion is probably the result of combined heat, water, radiation and move-
ments.

This sealant was found to function mainly as an elastic material both

where seasonal and daily movements were concerned.

10 mm

FIG. 5.6 Photo of specimen No. 3268 after 39 months of outdoor expo-
sure. The specimen has been elongated 5.7% and compressed
12.8% (cf. Table 5.3).
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TABLE 5.3. Material No. 3 (1-component polyurethane-based), results of outdoor exposure

Specimen| Curing conditions| Date of |Time of [Max.tension/ Observations

No. before fixation fixation|exposure|compression
months %
3261 7 days 20/50 751203 7 10.1/23.4 Very small
surface cracks.
Testing
3262 7 days 20/50 751203 7 10.1/23.4 Very small
surface cracks

14 11.0/23.4 "

23 11.0/23.5 " 15 A

37 11.0/24.4 " 100 A

3263 8 days 20/50 751204 7 5.3/12.3 Very small sur-
face cracks.
Testing

3264 8 days 20/50 751204 7 5.3/12.3 Very small sur-
face cracks.

14 5.7/12.3 Very small sur-
face cracks.

23 " Small surface
cracks. Chalking.
5A

37 5.7/12.8 Small surface
cracks. Chalking.
Testing

3266 7 days 20/50 751203 7 10.1/23.4 Very small sur-
face cracks.
Testing

3267 8 days 20/50 751204 7 5.3/12.3 Very small sur-
face cracks.
Testing

3268 8 days 20/50 751204 7 5.3/12.3

14 5.7/12.3 Very small sur-
face cracks

23 " Very small sur-
face cracks.
Chalking

37 5.7/12.8 Very small sur-

face cracks.
Chalking. 2 A

39 " Very small sur-
face cracks.
Chalking. 20 A

Cf. Fig. 5.6.
Testing
32 1/6 9 105 days 20/50 770404 7 2.9/19.7 Slight chalking
7 days +40°C 21 12.7/20.6 " 5A
23 14.8/20.6 " 5 A
32 1/6 10/ 105 days 20/50 770404 7 2.9/19.7 STight chalking
7 days +40°C 21 12.7/20.6 Small surface
cracks. Testing
32 1/6 11| 105 days 20/50 770404 7 1.5/10.4
7 days +40°C 21 6.7/10.8 very small sur-
face cracks.
Testing
32 1/6 12105 days 20/50 770404 7 1.5/10.4
7 days +40°C 21 6.7/10.8 Very small sur-
face cracks
23 7.7/10.8 Very small sur-

face cracks.
Chalking. 25 A.
Testing

Note: 15 A means 15 adhesive failure
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TABLE 5.4. Material No. 4 (polyurethane-polyepoxide-based), results of outdoor exposure

Specimen | Curing conditions | Date of |Time of |Max.tension/ Observations
No. befare fixation fixation| exposure| compression
months %
5561 7 days 20/50 751216 7 11.9/27.7 Testing
5562 7 days 20/50 751216 7 11.9/27.7
14 12.9/27.7
23 " Slightly dirty. 5A
37 12.9/28.9 " . 5A
39 " " . 5A
5563 7 days 20/50 751216 7 6.5/15.1 Testing
5564 7 days 20/50 751216 7 6.5/15.1
14 7.0/15.1
23 7.0/15.2 Slightly dirty, 2A
37 7.0/15.7 " . 2A
39 " " . 2A
5566 7 days 20/50 751216 7 11.9/27.7 Testing
5567 7 days 20/50 751216 7 6.5/15.1 Testing
5568 7 days 20/50 751216 7 6.5/15.1
14 7.0/15.1
23 7.0/15.2 Slightly dirty
37 7.0/15.7 Dirty
39 " Partly dirty.
Fig. 5.7. Testing
55 1/6 9 108 days 20/50 770404 7 3.4/23.3 Slightly dirty
7 days +40 °C 21 15.0/24,4 "
23 17.4/24.4 " Testing
55 1/6 10| 108 days 20/50 770404 7 3.4/23.3 Slightly dirty.50A
7 days +40° 21 15.0/24.4 " 500
23 17.4/24.4 " .100A
55 1/6 11| 108 days 20/50 770404 7 1.9/12.7 Slightly dirty
7 days +40% 21 8.2/13.3 "
23 9.5/13.3 "
55 1/6 12| 108 days 20/50 770404 7 1.9/12.7 STightly dirty.
7 days +40°C 100 A

Note: 5 A means 5% adhesive failure
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Material No. 4, see Table 5.4, functioned rather well during the outdoor
exposure. In spite of being forced to accommodate the largest movements,
most of the specimens functioned well. '

The sealant showed a tendency to become dirty, partly because it was
pigmented white and partly because the sealant remained slightly tacky
for a long time.

Material No. 4 also showed a certain sensitivity to UV radiation in sun-
light, see Fig. 5.7. Only the surface faéing the sun showed this pattern.
Fig 5.7 can be compared to Fig. 4.37 showing the same sealant when UV
irradiated in the laboratory. Almost the same type of crack pattern can
be seen in both cases.

This sealant proved to be extremely elastic both where seasonal and dai-

1y joint width variations were concerned.

10 mm

FIG. 5.7 Photo of specimen No. 5568 after 39 months of outdoor expo-
sure. The specimen has been elongated 7.0% and compressed
15.7% (cf. Table 5.4).

The results of Material No. 5, one of the acrylic-based sealants of type
solvent release, are shown in Table 5.5. The thermoplasticity of this
sealant was quite evident; the sealant became folded and very dirty.
However, there was no cohesive or adhesive failure in any of the cases.
As there was no information regarding movement capability from the manu-
facturer, this sealant was placed where the smallest movement occurred.
But the sealant functioned well from the point of view of keeping the
joint tight.
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TABLE 5.5. Material No. 5 (acrylic based, solvent release), results of
outdoor exposure
Specimen | Curing conditions | Date of |Time of |Max.tension/ | Observations
No. before fixation fixation|exposure|compression
months %
6261 7 days 20/50 751120 7 7.2/16.6 Folded. Dirty.
Testing
6262 7 days 20/50 751120 7 7.2/16.6 Folded. Dirty.
14 7.8/16.6 " "
23 7.8/16.7 " "
37 7.8/17.3 " "
39 " " "
6263 7 days 20/50 751121 7 1.7/3.9 Folded. Dirty.
Testing
6264 7 days 20/50 751121 7 1.7/3.9 Folded. Dirty
14 1.8/3.9 " "
23 " ! "
37 1.8/4.1 " !
39 " " "
6266 7 days 20/50 751120 7 7.2/16.6 Folded. Dirty.
Testing
6267 7 days 20/50 751121 7 1.7/3.9 Folded. Dirty
6268 7 days 20/50 751121 7 1.7/3.9 Folded. Dirty
. 14 1.8/3.9 " "
23 " " "
37 1.8/4.1 " "
39 " " "

The results of Material No. 6 are shown in Table 5.6. This sealant was
forced to accomodate large movements. This was because the movement ca-
pability was 50% according to the manufacturer. The sealant managed to
keep the joints tight but the profile became folded during the varying
movements, Fig. 5.8. The surfaces also became rather dirty, but to a
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TABLE 5.6. Material No. 6 (acryllc based, solvent release), results of
outdoor exposure
Specimen Chring conditions | Date of |Time of |Max.tension/ Observations
No. before fixation fixation|exposure|compression
months %
7561 7 days 20/50 751124 7 10.8/25.0 Folded. Dirty.
Testing
7562 7 days 20/50 751124 7 10.8/25.0 Folded. Dirty
14 11.7/25.0 " "
23 11.7/25.1 " "
37 11.7/26.0 " "
39 n " n
7563 7 days 20/50 751126 7 5,9/13.8 Small folds. Dirty.
Testing
7564 7 days 20/50 761126 7 5.9/13.8 Small folds. Dirty
14 6.4/13.8 " "
23 6.4/13.9 Folds. Dirty
37 6.4/14.4 " "
39 " See Fig. 5.8
7566 7 days 20/50 751125 7 10.8/25.0 Folded. Dirty.
Testing
7567 7 days 20/50 751126 7 5.9/13.8 Small folds. Dirty.
Testing
7568 7 days 20/50 751126 7 5.9/13.8 Small folds. Dirty
14 6.4/13.8 " "
23 6.4/13.9 Folds. Dirty
37 6.4/14.4 " "
39 " "n "
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lesser extent compared to the relative, Material Mo. 5. It i5 apparent
that the different types of acrylic polymer used in both these sealants
result in end products with different properties.

10 mm

FIG. 5.8 Photo of specimen No. 7564 after 39 months of outdoor expo-
sure. The specimen has been elongated 6.4% and compressed
14.4% (cf. Table 5.6).

The results of Material No. 7 are summarized in Table 5.7. The sealant
itself has functioned surprisingly well during exposure. Only a slight
brittleness of the surface facing the sun was detected. This is probably
due to UV irradiation. The surfaces also turned dirty to some extent.
However, there were adhesive problems regarding the very tight sub-
strate, aluminium, while adhesion was better for asbestos cement. The
great amount of shrinkage of the sealant has probably contributed to a
reduction of adhesion problems.

In some cases the material showed small folds. Consequently, it worked
partly as a plastic material where seasonal movements were concerned and
partly as an elastic material where daily movements were concerned.

The results of the oleo-resinous sealant can be seen in Table 5.8. The
sealant was forced to accomodate very large movements and consequently
became folded. But the most important part of this type of sealant, the
surface skin, remained essentially intact.
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TABLE 5.7. Material No. 7 {acrylic based, water-dispersed), results of
outdoor exposure
Specimen | Curing conditions | Date of |Time of |Max.tension/ | Observations
No. before fixation fixation}|exposure|compression
months %
8261 8 days 20/50 751204 7 7;7/17.8 Testing
8262 8 days 20/50 751204 7 7.7/17.8 T0A
14 8.4/17.8 10A
23 8.4/17.9 Dirty. 10A
37 8.4/18.6 Dirty. 10A
39 " Slightly dirty.
30A
8263 8 days 20/50 751204 7 2.3/5.2 Testing
8264 8 days 20/50 751204 7 2.3/5.2 STightly dirty
14 2.4/5.2 Dirty
23 n "
37 2.4/5.5 "
39 " Slightly dirty.
Testing :
8266 17 days 20/50 751127 7 7.7/17.8 STightly folded.
Testing
8267 17 days 20/50 751127 7 2.3/5.2 Testing
8268 17 days 20/50 751127 7 2.3/5.2 Dirty
14 2.4/5.2 "
23 n "
37 2.4/5.5 "
39 " STightly dirty.
Testing

Note: 10A means 10% adhesive failure
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TABLE 5.8. Material No. 8 (oleo-resinous based), results of outdoor
exposure
Specimen | Curing conditions | Date of |[Time of [Max.tension/ | Observations
No. before fixation fixation|exposure|compression
months %
9561 11 days 20/50 751116 7 9.4/21.7 Folded. Testing
9562 11 days 20/50 751116 7 9.3/21.5 Folded
14 10.1/21.5 Folded. Small sur-
face crack
23 10.1/21.6 "
37 " 0 "
39 10.1/22.4 Folded. Small sur-
face crack. Fig.5.9
9563 14 days 20/50 751119 7 4.1/9.4 Slightly folded.
Testing
9564 15 days 20/50 751120 7 4.1/9.4 STightly folded
’ 14 4.4/9.4 "
23 4.4/9.5 "
37 4.4/9.8 "
39 " Slightly folded.
Very small sur-
face cracks
9566 11 days 20/50 751116 7 9.2/21.3 Folded. 5A. Testing
9567 14 days 20/50 751119 7 4.1/9.4 S1ightly folded.
Testing
9568 14 days 20/50 751119 7 4.1/9.4 S1ightly folded
14 4.4/9.4 "
23 4.4/9.5 S1ightly folded.
Very small sur-
face cracks
37 4.4/9.8 STlightly folded.
Very small surface
cracks
39 " STightly folded.
Very small surface
cracks. Fig. 5.10

Note: 5A means 5% adhesive failure
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FIG. 5.9 Photo of specimen No. 9562 after 39 months of outdoor expo-
sure. The specimen has been elongated 10.1% and compressed
22.4% (cf. Table 5.8).
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FIG. 5.10 Photo of specimen No. 9568 after 39 months of outdoor expo-
sure. The specimen has been elongated 4.4% and compressed
9.8% (cf. Table 5.8).

5.4 Comparisons between accelerated ageing tests and results from

outdoor exposure

Where a couple of the sealants are concerned, adhesive failures made it
difficult to compare the stress-strain curves after accelerated ageing
with those after outdoor exposure. However, it was possible to determine
the instantaneous values in Shore A with the restrictions previously men-

tioned.

The values for the mainly elastic seslants are shown in Fig. 5.11. ATl
the sealants show an increase in hardness with an increasing time out-
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doors. Where a couple of sealants are concerned some dots do not adhere
to the pattern. In the case of Material No. 3, the one-component polyure-
thane sealant, three dots after 21 and 23 months respectively are well
below the curve. These dots are valid for specimens which had been cured

longer when placed outdoors.

°Shore A
)
50 |- ’?__—_,—-———-"—' T b4
/
g X
'_,gc—-"‘"———-—'——-“———-x-';-
40 / % y ]
; ]
/= X P Ly &
"'——. —
o u—— o
30 i . e
........ 0= Material No. 1
20 - ——— ! No.2 a
—_— X ’ No.3
coofyreeee y No.4

t | | | 1 -——{lj‘"- | N°7 B ?

5 10 - 15 20 25 30 35 40
Time, months

FIG. 5.11 Instantaneous Shore A-values for the mainly elastic sea-
lants as a function of time outdoors.

Where Material No. 7 is concerned three dots are also away from the
drawn curve. These are after 4 and 7 months and are valid for specimens
with asbestos cement as a substrate. Evidently there is an alkaline ac-
tion where this water-dispersed acrylic sealant is concerned.

At least two sealants, Material Nos. 4 and 7, show a tendency to absorb
water during outdoor exposure (cf. Chapter 4.9, too). The water acts as
a plasticizer and consequently when these sezlants were allowed to dry
out indoors the hardness increased about 3 degrees.

The values of Shore A under different conditions are given in Table 5.9.

It is apparent that the values given by the manufacturers are far too

low in comparison to those determined. On the other hand, the values

after about three years of outdoor exposure correspond surprisingly well
with those obtained after the same time in the normal climate +20°C/50% RH!
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TABLE 5.9. Instantaneous Shore A-hardness under different conditions

Material| According to +20°C/50% RH 7 days +20°C/50% RH +56 days at| Outdoors
No. the manufac-
turer 63 days|3 years +40°C +70% 3 years

1 13 26 26 28 25 30

2 40 47 50 46 47 52

3 25 36 40 . 38 44 44

4 18 28 32 32 31 29

7 15 34 42 41 48 35

Where Material Nos. 1-3 are concerned there is only a slight increase in
the hardness after three years outdoors compared to the same time indoors
The previously menticned water absorption in Material Nos. 4 and 7 has
also shown a lower value after outdoor exposure.

However, ocular changes have been observed regarding some of the sea-
lants. For example a comprehensive cracking of the surface of Material
No. 1 and a cracking and chalking of the surface of Material No. 3. These
types of changes cannot be revealed by measuring the instantaneous hard-
ness. By using the stress-strain curves there is a possibility that such
changes might be detected.

For example, in Fig. 5.12 the stress-strain curves for Material No. 1
are shown after varying times of outdoor exposure. The hatched surface
indicates the curves of a total of six specimens with exposure times
from seven to eleven months. According to Table 5.1 these specimens are
1261, 1263, 1266, 1267 and two specimens from an earlier investigation.
In spite of the hardness in Shore A having increased, Fig. 5.11, the

23 months of exposure caused the stress-strain curve to drop (12 1/6 11
and 12 1/6 12). This is due to UV action on the sealant. The UV irradia-
tion has made the surface brittle. Together with varying joint movements
cracks have occurred (cf. Fig. 5.5). These cracks increase during elon-
gation, thus diminishing the registered force.
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In comparison to Fig. 4.12 the curve for storage in a normal climate
corresponds extremely well with the curves shown in Fig. 5.12 after
seven to eleven months of outdoor exposure. I.e. if there are only small
changes in the sealant due to UV irradiation, for example, the deforma-
tion properties of the sealant are about the same as when the sealant

is exposed cutdoors or indoors.

Tensile stress Outdoor exposure, months
MPa
03
015
0.1
Joint between aluminium prisms

005 | /4 I asbestos cement prisms

| — 1 1 i i 1 1

25 50 75 00 2 4 6 8 10
Strain/e Time, min

FIG. 5.12 Stress-strain curves for Material No. 1 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 °C.

Fig. 5.13 shows the corresponding curves for Material No. 2. This sea-
lant was found to be less sensitive to UV attack than Material No. 1.
Therefore the "expected" increase in hardness was found. In a case such
as this the elongation resistance, determined via the stress-strain
curve, correlates very well with the hardness determined by a Durometer
(Fig. 5.11 and Table 5.9).

Material No. 3 showed a rather slow curing mechanism in the normal cli-
mate, cf. Fig. 4.17. The results of the determination of stress-strain
curves after different times of outdoor.exposure are shown in Fig. 5.14.
The hatched surface indicates the curves of four specimens (3261, 3263,
3266-7) with an exposure time of seven months. Evidently, most of the
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Tensile stress Outdoor exposure, months
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FIG. 5.13 Stress-strain curves for Material No. 2 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 OC.

curing have taken place within seven months, but there is still a conti-
nuing increase in hardness. The curve after 37 months of outdoor exposure
is higher and steeper in spite of the specimen having showed a partial
adhesive failure (about 5%) and small cracks on the surfaces before the
testing (specimen 3264).

The dotted 1ine curve represents a specimen (32 1/6 11) which was well
cured before being installed outdoors. This softer material is also to
be found in Fig. 5.11. The final properties of the sealant, hardness

and elongation resistance, evidently depend upon the curing climate. A
better cured sealant when placed outdoors results in a softer final pro-
duct. In practice the sealants naturally cure outdoors, thus forming a
harder sealant. "
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Tensile stress Quidoor exposure, months
MPa .
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o1 ——— Joint between aluminium ptisms
/  ——— Joint between asbestos cerent prisms
1 . i 1 1 1 1 Il
25 50 75 100 2 4 6 8 10

Strain, ° Time, min.

FIG. 5.14 Stress-strain curves for Material No. 3 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 OC.

When comparing the stress-strain curves after five and seven months of
outdoor exposure, it is apparent that a continuing increase in harde-

ning took place. However, Fig. 4.17 showed, that this increase occurred
more quickly when the sealant was heat aged at +70°C. The value of the
tensile stress at 50% elongation after seven months outdoors is about
0.375 MPa (= 950 MPa). This value corresponds to about 10 days heat
ageing at +70°C (Fig. 4.17). This means that heat ageing at +70°C for
about 1/21 (7'30 = 21) of the time results in having about the same effect

10
on the deformation resistance as outdoor exposure.

Using this factor, a 37 months outdoor exposure period should correspond
to }Z%%Q ~ 53 days at +70°C. From Fig. 4.17 it can be seen that this re-
sults in a 90 value of about 0.45 MPa. The obtained value in Fig. 5.14
is about 0.38 MPa. The difference may well be explained by the previous-
1y mentioned partial adhesive failure and the present surface cracks.
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Fig. 5.15 shows the stress-strain curves for Material No. 4. The hatched
surface indicates the stress-strain curves for 4 specimens (5561, 5563,
5566-7 according to Table 5.4) with an exposure time of about 7 months
and with different degrees of deformation. The dispersion is very small.

After 39 months of outdoor exposure specimens Nos. 5564 and 5568 were
tested. These curves also fell within the hatched surface. However,
the Tatter specimens showed less stress relaxation, i.e. the sealant
had became slightly more elastic.

The dotted line curve represents a specimen (55 1/6 9) which was well-
cured before being placed outdoors. Therefore the curve is slightly
steeper and the sealant shows less stress relaxation.

When comparing normal and heat stored specimens in Fig. 4.20 to the
values from Fig. 5.15 it is evident that the outdoor exposed material
is considerably softer! A reasonable explanation for this is that the
outdoor material absorbed small amounts of water. As previously men-
tioned the water acts as a plasticizer.

Tensile stress Outdoor exposure, months
MPa T
- =
——, —.
/./- —.— 23
0.2 | s _ 3%
= - _ == T e — 4
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— Joint between aluminium prisms
—_— Joint between asbestos cement prisms
1 s o 1

25 50 75 100 2 4 6 8 10
Strain, o Time, min

FIG. 5.15 Stress-strain curves for Material No. 4 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 OC.

The stress-strain curves for Material No. 6 after varying times of
outddor exposure are shown in Fig. 5.16. Material Nos. 5 and 6 are
plastic sealants. However, as far as Material No. 6 is concerned, the
elastic properties increase slowly with time. The plastic behaviour



has caused wrinkling in the joint profile. Tiis made it difficult to
measure cross sections before stress-strain curves were determined and
therefore the results showed a great dispersion.

Tensile stress Outdoor exposure, months
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FIG. 5.16 Stress-strain curves for Material No. 6 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 OC.

The comparisons with the results of heat ageing indicated that heat
ageing at +70°C seemed to result in a rather hard ageing. Compare for
example Fig. 5.16 to Fig. 4.25. Just two weeks at +70°C resulted in an
increase in hardness far greater than the one obtained after seven
months outdoors. However, a suitable length and level of heat ageing
should be useful when making accelerated ageing tests on this type of
sealant.

Fig. 5.16 shows the difference between specimens with aluminium and
asbestos cement as substrates. In Chapter 4.5.2 the effect of the alka-
line action was also revealed. This effect was only apparent if the
sealant was allowed to dry after alkaline exposure. The great diffe-
rence between the stress-strain curves after four and seven months of
outdoor exposure depends to a great extent upon the fact that the for-
mer specimen was tested in the spring after a rainy period, while the
latter were tested during the summer.

The stress-strain curves for Material No. 7, after outdoor exposure,
are shown in Fig. 5.17. The figures indicate the specimen numbers.
One curve without such a number represents two specimens from a pre-
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vious investigation. With one exception, the curves only concern joints
between asbestos cement prisms. When using aluminium, most of the spe-
cimens failed, showed adhesive failure during the test. On the other
hand, when asbestos cement was used, the adhesion was excellent. The
water dispersed sealant obviously requires a fairly absorbant substrate
in order to obtain good adhesive capacity or alternatively, primer

treatment.
Tensile stress Outdoor exposure, months
MPa
Joint between aluminium prisms
0.8 . Joint between asbestos Y

cement prisms

N2

25 50 75 100 2 4 6 8 10
Strain, % Time,min

FIG. 5.17 SFress—strain curves for Material No. 7 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 °C.
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At a first glance at Fig. 5.17, the tendency is very irregular. However,
after studying all the variables a little closer, two main conclusions
can be drawn:

Firstly, the properties of the sealant itself are dependent only to a
small extent, on the time outdoors. The differences seen between the
curves depend mainly on the water content, i.e. the storing conditions
before testing. The highest curve represents two specimens which were
stored indoors for about four months before testing. Specimen Nos.
8266 and 8267 were tested immediately, but the outdoor climate had
previously been rather warm and dry. 8268, 8265 and 8264 were taken
and tested in March after a cold and wet period.

Tensile stress Outdoor exposure, months

MPa
Joint between aluminium
01 F prisms
—~ ——-— Joint between asbestos
/ \ cement prisms
[ <\
—
oosk !/ ~
. 1 1 T 4-17
25 50 75 100 2 4 6 8 10
Strain,% Time, min.

FIG. 5.18 Stress-strain curves for Material No. 8 after different
times of outdoor exposure. Deformation speed: 1.5 mm/min.
Testing temperature: +2 OC.

Secondly, there is an apparent tendency towards an alkaline effect on

Material No. 7. Specimen Nos. 8264 and 8268 differ only where the sub-
strate is concerned. The same tendency was found when using the Duro-

meter for all specimens (including the adhesively failed ones).

As there were only small surface changes of the sealant it should be
possible to obtain a connection between accelerated heat ageing and the
time of outdoor exposure. When comparing Fig. 4.26 to Fig. 5.17 it is
apparent that heat ageing for 56 days at +70°C results in a greater in-
crease in the hardness than twelve months outdoors. However, the com-
parison material is too small and the stress-strain curves after out-
door exposure should be determined accérding to the same type of drying
which would make comparisons possible.
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Material No. 8 showed a plastic behaviour and maintained a very soft
consistency for a long time. Therefore it was difficult to determine

the stress-strain curves with acceptable accuracy. However, Fig. 5.18
shows the stress-strain curves after varying degrees of outdoor exposure.
With an increased length of time outdoors, there was a tendency to a de-
crease in the elongation at which the maximum stress occurs. This stress
occurs where the surface skin cracks. Fig. 4.28 together with other
results also showed a very clear tendency for the stress peak to move

to the left after heat ageing. The stress level is however considerably
higher after heat ageing according to Fig. 4.28 compared to the outdoor
specimens. But it should be possible to obtain a correlation between
outdoor exposure and simple heat ageing for this sealant as well.

As previously discussed, in Chapter 4.4.2, the ability of an oil based
sealant to function, apart from the ductility of the skin, is also
greatly dependent on the growth of the surface skin. The skin thickness
as a function of time was found to follow a straight line in the log-
log diagram (Fig. 4.29). If the corresponding values for material
stored outdoors (A) are plotted in this Figure, it is apparent that

the outdoor storage causes about the same thickness growth as the cli-
mate +20°C/50% RH does. For example, one point relates to a sample from
an approximately eight year old joint (2920 days) between elements of
concrete, 2.7 m long. The joint faces southwest and is consequently
sometimes exposed to high temperatures. In spite of this, the point
falls just below the straight line.

According to Figs. 4.28 and 5.18 the stress-strain curves and the stress
peaks are very similar regardless of whether the sealant is stored for
98 days in a climate of +20°C/50% RH or seven months outdoors. This
should indicate, together with Figure 4.29, that Material No. 8 ages

in the same way both indoors and outdoors! It is possible to accele-
rate the ageing by means of heat storing. As pointed out in Chapter
4.4.2 heat ageing at +70°C results in a thickness growth which is 22
times faster than at +20°C/50% RH. It is therefore reasonable to use
this factor as an accelerating factor for Material No. 8.

As in the case of Material Nos. 4 and 7, water absorption also takes
place during the outdoor exposure of Material No. 8.



5.5 Discussion

There is a great variation of properties in the eight sealants inves-
tigated. Therefore it is impossible to obtain a unique correlation bet-
ween Tlaboratory accelerated ageing and the results from outdoor expo-
sure. However, a correlation was obtained for some essential properties
of a couple of the sealants. By means of a simple heat ageing it is
possible to obtain a fairly good correlation, for example, for Mate-
rial Nos. 3 and 8.

From the comparisons of the results it is also apparent that some
effects which might occur in practice cannot be revealed in a labora-
tory ageing test. For example the cracks in the surfaces of Material
No. 1, and to some extent Material No. 2. These were found to be the
result of a combined action of UV radiation and varying joint move-
ments: The cracks were deeper and more common in the specimens of
Material Nos. 1 and 2 which were exposed to the largest movements.

Apart from adhesive or cohesive failure, there was no clear connection
between the degradation of the sealant itself and the increasing joint
movements for the other sealants. For example in Tables 5.1-5.8, the
results could be used to estimate the movement capability of the diffe-
rent sealants.



6. ACCELERATED AGEING OF SEALANTS COMPARED TO PRACTICAL EXPERIENCE
6.1 Introduction

If an accelerated ageing and an estimation of the durability of sealants
is to be of any value, the results should be compared to the experien-
ces from the practical use of the sealants.

Some comparisons have been made in Chapter 5.4 between accelerated
ageing in the laboratory and the results from outdoor exposure of joint
specimens during well registered conditions. Then, the next step should
be to compare these results with experiences of sealants in actual
buildings. Naturally problems arise concerning the fact that the for-
mulations of the sealants may have changed, and the time of their prac-
ticdal use may be rather 1imited etc. etc. However, such comparisons
will be made in this Chapter.

6.2 Previous investigations

An interesting investigation made by Grunau (1976) was briefly reviewed
in Chapter 3, also compare Table 3.1. The polysulfides were found to
produce the longest expected lifetime (22 years) and the largest allow-
able deformations (20%). Many examples from around 1960 were said to
have indicated these values. These sealants contained a relatively

high content of binder, 40 to 50% by weight. Compared to the formula-
tions of today they were harder (about 50° Shore A) and showed a high

recovery.

According to Grunau, the formulations of today contain 30 to 40% by
weight of polysulfide binder and these are said to be even better. Some
examples of outdoor exposed polysulfide sealants with binder content
from 19 to 35% by weight are shown. The one with the highest polymer
content showed the best resistance to exposure.

These results concur fairly well with the results found in Chapter 5
regarding Material Nos. 1 and 2, both polysulfide based sealants. The
polymer content is higher in Material No. 2. This sealant was consi-
derably harder and also showed the greatest resistance to environmen-



tal conditions. However, Material No. 2 was so hard that adhesive pro-
blems arose in many cases. The formulation of this sealant probably
correlates well with those used in the 60's.

It is obvious that the formulation changes from a higher to a lower
polymer content also changed the nature of the problems which might
arise. The higher polysulfide content resulted in a more durable sea-
lant but on the other hand, also caused more adhesive problems. Today,
the softer sealants give better protection against adhesive failure,
while the sealant itself shows a higher degree of degradation. These
contrasté naturally constitute an optimization problem.

The maximum allowable deformation was said to be 20% of the original
joint width for polysulfide sealants. This seems to be a reasonable
value if the joint is accurately designed and the sealant is applied
properly. However, limitations must be made regarding the distribution
of the joint movements. As discussed in Chapter 5.3 the stress relaxa-
tion of the polysulfides is very high at higher temperatures. As the
sealants are mostly compressed at these temperatures, this may lead to
large plastic deformations if too high a part of this 20% is compressed.
The results in Tables 5.1-5.2 showed these indications very clearly
where total deformations were concerned even less than 20%. However,
the cross-section of those specimens was rather unfavourable. Never-
theless, a caulking at a temperature of about +5°C is not unusual. In
some constructions this could cause an unfavourable distribution of
the movements leading to large plastic deformation during compression
and adhesive or cohesive failure during the following elongation at a
Tower temperature.

Grunau is very positive regarding the polysulfides but at the same time
he is rather negative regarding other types of sealants, for example
all kinds of o0il based products and also where the expected lifetime
and allowable deformations of the polyurethanes are concerned. The
expected Tifetime is about 10 years and the allowable deformations
5-10%.

The polyurethane sealants appeared in the late 60's. The previous for-
mulations were insufficient. They showed a continuing increase in hard-
ness and a poor climatic resistance. This may explain the low values
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given. However, there has been a very intensive development in this
field. New and better formulations have appeared.

The results shown in Chapter 5.3 for the two polyurethane sealants,
Material Nos. 3 and 4, indicated longer Tifetime and also greater
allowable deformations than stated by Grunau (1976).

In the investigation carried out by Andersson and Hasselblad (1972),
mentioned in Chapter 3, valuable information is given regarding the
practical use and experiences of different sealants especially those
concerning facade panels of concrete.

The most frequent problems were cohesive failure followed by adhesive
failure. Cracking was also rather common. The frequency of the damages
was greatly dependent upon the geographic orientation. The joints fa-
cing south-west showed the most common damages. Naturally this could be
explained by the great effect of the sunlight and the heavy rain in the
area investigated.

Surface cracking on polysulfide sealants was rather frequent. These
cracks were usually located in a direction parallel to the joint. These
must be due to the varying joint movements together with the attack by
UV and/or ozone.on the surface. The same pattern was found on the
polysulfide specimens according to Chapter 5.3. This type of cracking
is very common on the softer polysulfide sealants which are used today.
These crackings occur rather early. For example compare with Fig. 6.1
showing a soft polysulfide sealant two years after application. Note
the difference in UV action. The upper part of the joint is mostly
shaded by part of the wall.

In one case a very strong and deep type of cracking was reported. It

was thought that this might be due to the effect of snow on the sealant.
However, large cracks can also occur in a polysulfide sealant without
any special environmental action. In Fig. 6.2 a 12 year old joint with

a polysulfide sealant (about 50° Shore A) is shown. The joint is Tocated
indoors at a constant temperature of about +22°C! There must have been
some chemical processes continuing within the sealant, thus forming a
shrinkage and eventually cracks.
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FIG. 6.1 UV-action on a two year old po]ysu]fide—bésed sealant. The

upper part of the joint is mostly shaded. Therefore, the UV
attack is considerably lesser on this part of the sealant.
o bl
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Deeb cracks in a 12 year:o1d polysulfide-based sealant (50°
Shore A). The joint is located indoors at a constant tempe

rature of about +22 OC.

FI1G. 6.2
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The acrylic sealants reported by Andersson and Hasselblad (1972) na-
turally showed wrinkled surfaces after large movements. In some cases
an alkaline action was found to destroy the acrylic sealants (cf.
Chapter 4.5). The formation of pores and bubbles shown in Fig. 4.23
was also found in one case.

The oleo resinous sealants which were used showed a great variation in
properties. One sealant between room sized concrete panels was in
excellent condition after twelve years. On the other hand, some sea-
lants were in very poor condition after only a few years. Material No.
8 was also used in a couple of buildings with good results (cf. Chapter
5.3).

It was also supposed that most sealants in the long run cannot withstand
a deformation of +25% of the original joint width. This value has been
used for a long time where so-called elastic sealants are concerned.
This assumption also agrees very well with the results in Chapter 5.3.

Material Nos. 2 and 8 were included in the previously mentioned work

by Nylund (1964), Chapter 3, together with 23 other sealants. The ob-
servations made and reported after about 28 months also agree well with
the findings according to Chapter 5.3. For example, Material No. 2
showed small crackings. It is of course plausible that changes in the
formulations have been made since then but the main formulation should

still remain.

The previously mentioned tendencies regarding different kind of sea--
lants were confirmed in an investigation by Stridh and Ustlund (1974).

6.3 Discussion

It has been shown above, that there are great similarities between the
practical experiences of different kinds of sealants and the results
which can be obtained by rather simple Taboratory tests in combination
with equipment for outdoor exposure, for example, according to Chapter
5.2.
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The tendencies and the results of the outdoor exposure can be obtained
within a rather short time. Within less than a year there are prelimi-
nary results which are usually only reinforced after a longer period
of time, cf. Tables 5.1-5.8.

This should mean that, when introducing a new sealant on the market, a
good estimation of the long-time properties of the sealant could be made
before it is used in buildings. Today, some manufacturers recommend
their prodwcts too early and before any outdoor testing has been

carried out.

Today, we recommend the elastic sealants for maximum joint movements of
+25%, cf. for example HusAMA (1972). The results from Chapter 5.3 and
the results from practical experience discussed in Chapter 6.2 clearly
indicate that the given value is far too high. The reason being that

in spite of the fact that most sealants work well, the joint movements
in practice were less than those calculated. When failures occur, the
movements may have reached the estimated value!
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7. WAYS OF ESTIMATING THE DURABILITY OF SEALANTS
7.1 Introduction

The ultimate aim of testing ageing properties of building materials is
of course to obtain a method for estimating the durability of the mate-
rials in different environments.

As far as the group of the sealants is concerned this group is not
homogenous and it is therefore necessary to make a sub-division.

In this concluding chapter concerning the ageing of sealants, some
attempts will be made to draw up lines of direction for making esti-
mations of the durability of different groups of sealants possible.
These lines will be put together with the sealants used according to
Chapter 4.3.

The ageing of the sealants, i.e. the changes in the materials due to
environmental influence, natural]y depends to some extent upon the
amount of varying joint movements taking place at the same time, cf.
Chapter 5.3-5.4. The question regarding the movement capability of sea-
lants however is treated in Chapter 9.3.

When dealing with the question regarding the estimation of the durabi-
lity of different sealants, it will therefore be assumed that the sea-
lants are only exposed to "normal" amounts of varying joint movements.
In other words the movements which each respective sealant is designed
to be able to accomodate, cf. Chapter 9.

7.2 Different types of curing/hardening systems

A11 building joint sealants can roughly be divided into three different
groups according to their way of curing/hardening. These groups are:

1. Chemically curing sealants for which the curing mechanism enables a
material to retain the same properties throughout the whole cross-
section. Oxidation is excluded.

This group may comprise sealants which are 1-, 2-, or multi-compo-
nent. The binder could for example be silicone, polyurethane or



polysulfide. Among those sealants in Table 4.1 Material Nos. 1-4
should belong to this group. :

2. Sealants which to a major extent harden by vaporization of a compo-
nent in the fresh, liquid sealant. During this hardening the sealant
gains the same properties throughout the whole cross-section.

The function of the volatile component is to give the sealant a
gunnable viscosity. This component is normally a type of solvent or
water. Examples of sealants belonging to this group are Material

Nos. 5-7 according to Table 4.1. The non-drying sealants, for example
some butyls, should also belong to this group.

3. This group comprises sealants which are cured by oxidation of the
binder, which is normally a vegetable 0il or a mineral oil.

The oxidation starts from the surface of the sealant. Therefore a
surface skin may develop, which protects the inner part of the sea-
lant from oxidation. In that case the cured sealant consists of two
parts, a ductile surface layer and a viscous semi-liquid inner part.

Sealing materials known as "mastics" and "putties" should also belong
to this group, in spite of usually being oxidized almost equally
through the whole cross-section.

Material No. 8 in Table 4.1 should belong to this group of sealants.

7.3 Chemically curing sealants

With the results of the investigations above, described in Chapter 4-6,

and bearing in mind the assumption in Chapter 7.f, it should be possible
to try to draw ﬁp a line of directions for estimating the durability of

sealants belonging to the group of "chemically curing sealants".

The first step is to expose the sealants to the isolated environmental
factors as shown in Chapter 4.4-4.7, 4.9. Any specific weakness of a
sealant may then be revealed.
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For example, Material Nos. 1-2 are sensitive to ozone attack. Material
No. 3 is sensitive to thermal action and shows a rather high degree of
water absorption. Material No. 4 also shows a rather high degree of
water absorption.

These results could be used as advice against recommending the sealant
in question in a case where there is a great risk for a specific envi-
“ronmental factor.

Among the environmental factors given in Chapter 4.4-4.7, heat is
usually found to have the greatest effect on the deformation properties
of chemically curing sealants. Of course there are exceptions, cf. for
example Material No. 1, which showed a completely unexpected response

to heat ageing.

But, if there is an evident thermal action, it is also possible to ob-
tain a fairly good correlation between heat ageing and the effect of
storage in a normal climate, +20°C/50% RH. By means of determining the
stress-strain curves for Material No. 3, it was shown in Chapter 4.4.2
that heat ageing at +40°C resulted in an increase in hardness four
times faster compared to the normal climate +20°C/50% RH, i.e. an app-
lication of the rule of thumb regarding temperature and reaction rate
was possible. To be able to estimate this should be the second step.

The third step should be to try to correlate outdoor exposure to heat
ageing in the laboratory. Once again, by means of determining the
stress-strain curves for Material No. 3, it was shown in Chapter 5.4
that heat ageing at +70°C accelerated the increase in hardness by fac-
tor 21 compared to outdoor exposure.

With these comparisons available it is possible to estimate the effects
over a longer period of outdoor exposure where the deformation proper-
ties are concerned.

It is possible to obtain connections similar to the above for all
chemically curing sealants, if the effect of thermal action clearly
preponderates over the effects of other environmental factors.



115

But there are pitfalls of course. In many test methods some type of
heat ageing is used to accelerate the ageing of the sealant. And as
heat ageing and outdoor exposure are not the same thing the manufac-
turer would be able to make a formulation suitable for the test method.
while practical experience could be completely different.

Material No. 1 showed an obvious decrease in hardness after heat ageing
while outdoor exposure showed a slight increase.

When determining the stress-strain curves after outdoor exposure it
must also be observed that some sealants absorb water during the expo-
sure. Therefore, if comparisons are to be made, the specimens have to
be conditioned equally before testing.

Some kind of outdoor exposure is also recommended from another point of
view. The effect of UV irradiation in the laboratory is never the same
as the combined effect of UV irradiation from the sun and varying joint
movements, cf. for example the results of Material Nos. 1 and 2. Further-
more, the preliminary results, which are also usually valid after Tonger
periods of time, are obtained within a rather short time.

7.4 The hardening of sealants by vaporization of volatile components

The first step when estimating the durability of sealants belonging to
this group is the same as for the chemically curing sealants.

Material Nos. 5-7 were found to be very sensitive to thermal action,
and Material Nos. 6-7 were found to be sensitive to moisture and alka-
line action.

Where thermal action is concerned it has guite a different effect. on
this group of sealants compared to the former group. Therefore, it is
not possible to obtain a simple connection between heat ageing and nor-
mal ageing, either at +20°C/50% RH or outdoors. This is because heat
ageing does not mainly have a chemical action on this type of sealants.
During heat ageing the volatile components vanish rapidly, thus forming
a more porous structure compared to the one which is obtained during
slower evaporation. Heat ageing should therefore take place at a Tower
temperature (+40°C). If a higher temperature is to be used, the sea-
lants should be stored in a normal climate for almost 56 days before
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the heat storage starts (cf. Fig. 4.49-4.51).

The results of a step outdoors for this group of sealants are difficult
to evaluate. These sealants are usually fairly resistant to the weathe-
ring factors. Stress-strain curves can be difficult to determine but

in spite of this outdoor exposure is recommended. In any case this will
give an estimation of the behaviour during varying joinf movements.

As some sealants may reveal water absorption during exposure outdoors
one must be observant during the determination of stress-strain curves
for example. The specimens must be stored to equilibrium in the same
climate if comparisons are to be possible.

7.5 Oxidizing sealants

The investigation of the effect of the different weathering factors
used for the other sealants should also be carried out for this group
of sealants.

As an example, thermal action was found to have a great effect on
Material No. 8. The action of water and alkaline water caused swelling
and destruction, the UV irradiation caused wrinkling of the surface

skin.

Where the skin forming oxidizing sealants are concerned it is possible
to obtain a correlation between the growth of the skin thickness and
the time at +20°C/50% RH. An example of this was shown for Material No.
8 in Fig. 4.29. There was also a connection between the growth and the
time if the température was raised to +40 or +70°C. One day at +40 or
+70°C corresponded to 4 and 22 days respectively at +20°c. Consequently,
the rule of thumb mentioned above can also be considered to be valid in

this case.

As the skin forming rate is a very essential property of this type of
sealant, this rate and its connection with heat ageing should be deter-
mined for all similar products. If these connections are outlined it is
possible to make rather definite extrapolations.

Another essential property of skin forming sealants is the ductility
of the skin. If the skin cracks due to overload the oxidation continues
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into the center after which the core becomes harder and looses its duc-
tility. This mechanism is shown in Fig 7.1. The sealant contained a
small bubble through which oxygen was able to diffuse.

10mm

FIG. 7.1 Photo of a cut through a 9 year old specimen of Material
No. 8. The specimen contains a bubble, with an outer skin
which has been completely oxidized. Then the oxidation has
continued within the sealant.

It is therefore important to know the 1imit to which this surface skin
can be elongated. This limit determines the movement capability

of a skin forming sealant. This matter is therefore discussed in Chap-
ter 9.

By carrying out outdoor exposure tests it is possible to correlate the
skin forming rate outdoors to the rate in a known climate. Where Mate-
rial No. 8 was concerned it was found that this rate was almost the
same at +20°C/50% RH as outdoors!

Apart from that it is naturally possible to compare the movement capa-
bility found outdoors to the that found during tensile tests.

In the case of oxidizing sealants which do not form an obvious surface
skin, for example a putty, it should be possible to use the correla-
tions shown above. I.e. heat ageing at +40°C or +70°C cures the mate-
rial 4 respectively 22 times faster as compared to +20°C.
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8. DEFORMATION PROPERTIES OF SEALANTS
8.1 Introduction

"A sealant is a material which is applied to a joint in an unformed
state and which constitutes a seal by adhering to appropriate surfaces
within the joint".

This definition according to the International Organization for Stan-
dardization reveals some of the demands made upon a sealant: After
application, the sealant must immediately prevent the penetration of
moisture and/or draughts between the elements or components. The sea-
lant must adhere to the surfaces during the changes in the joint width.

Consequently, the deformation characteristics of a sealant are a very
important property. It is not only the properties in the fully cured
state but also during the curing and in the aged state that are of im=-

portance.

These questions will be dealt with in this chapter. The effects of the
most essential factors affecting the deformation properties will be in-

vestigated.
8.2 Joint movements

When referring to joint movements in connection with sealants there are
two particular aspects which are most important.

Firstly, the amplitude of the movements, i.e. the maximum increase and
decrease in the joint width calculated at one particular time. This time
usually being the time of sealant application.

Secondly, the rate of the joint movements is of great importance.
With an increased knowledge of these matters it should be possible tc

simulate in the laboratory the conditions to which sealants are subjected

in practice.



There are many research workers, who have studied joint movements. The

first systematical approach was made by Nylund (1968). He introduced &
geometrical and mathematical ground for the division of the movements

of concrete elements. The movements were divided into one temperature-
and one moisture-dependent part.

The temperature-dependent movement could be subdivided into one long- and
one short-term movement. The first one was assumed to follow the yearly
variation of mean temperature in the air. The second one superimposed the
yearly movements and comprised movements because of the air temperature
deviates from the mean temperature and because of temperature variations
caused by radiation.

The moisture-dependent movements were caused by an irreversible shrinkage
of the concrete and a shrinkage/swelling between the 1imit curves. The
latter was due to the yearly variations in the relative humidity of the
air.

Taking these movements into consideration mathematical expressions were
formulated from which it was possible to calculate the movements.

Apart from the analytical descriptions of the movements, practical measure-
ments of movements between concrete elements were also carried out.

Since then, a great deal of information has been published regarding mea-
surements of joint movements in actual buildings. Compare for example Ryder
and Baker (1970), Diergarten (1973), and Karpati and Sereda (1976 a and b).

However, the results obtained were sometimes contradictory. Ryder and Baker
examined the extent of movements in three different types of buildings. One
building was a fifteen storey tower construction with aluminium and glass
cladding. The second had reinforced concrete cladding panels forming the
external walls. The third building consisted of a concrete wall-frame tower
block. The joints were open and drained.

The movements showed a diurnal pattern which was approximately sinusoidal.
Superimposed on this pattern was a seasonal pattern of progressive opening
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of the joints during the autumn and winter and progressive closing
during the spring and summer.

In a case of joints between equal components not subjected to moisture
movements it might be expected that there would be a simular response
to the same changes in temperature. However, the results showed an app-
reciable difference in diurnal movements and in the seasonal range for
joints which were apparently similar.

Comparisons with calculated unrestrained thermal movements showed that
the majority of measured movements did not exceed the calculated ones,
while the measured movements were appreciably greater for a few joints!
Bowing of the components could be a possible explanation for this.

Diergarten (1973) measured the movements between four identical precast
concrete panels on a western facade. The amount of movement differed con-
siderably from joint to joint. The corresponding measurements carried out
another year produced even mbre confusing results. A joint, which the
year before, had showed practically the largest movements did not show
any movement at all the following year! Measurements of movements in
another concrete panel construction showed no movements at all. The mois-
ture-dependent movements were found to counteract the temperature-depen-
dent movement completely.

Karpati and Sereda (1976 a) reported measurements of joint movements in
precast concrete panel cladding. They found that for most of the joints,
it was possible to calculate the movements by using the Tinear coefficient
of thermal expahsion of concrete. However, in one case the movement was
about 20 % greater.

In another investigation dealing with expansion joints in two different
buildings, Karpati and Sereda (1976 b), it was found that the joint move-
ments correlated well with the temperature changes measured at the sur-
face of the wall. However, the change in the width of the joints, mea-
sured at the top of two buildings, was about half that predicted from

the coefficient of thermal expansion. The movement was reduced to a neg-
ligible size at the bottom, where the wall was restrained by the foundation.
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In Nylund (1975) a method was described for calculating the temperature-
dependent movements of facade panels. He also claimed, that for precast
concrete panel cladding the yearly dependent changes in length, caused

by shrinkage/swelling and temperature respectively, are roughly equal

and counteract each other. This applies where a normal yearly variation
of temperature and relative humidity in non-maritime or non-tropical cli-
mate is concerned.

The same conclusion was arrived at by Beijer (1976) who calculated the
moisture-dependent movements of facade panels of concrete with assumed
material characteristics.

Summing up the information from these practical measurements, the results
are to some extent confusing. Evidently, there are great variations regar-
ding the mechanical restraints of the components. Sometimes the moisture-
and temperature-dependent movements counteract each other completely. If
the irreversible shrinkage is negligible then a reasonable approximation
would be to design the joint only with respect to the short-time thermal

movements.

The other important question of joint movements is the rate. Ryder and
Baker (1970) reported a step-like pattern of the movements. This could be
a so called slip-stick-movement, i.e. a movement which is restrained by
friction and then suddenly becomes free to move. These jerks could cause
a major disaster especially where plastic sealants are concerned.

However, Andersson and Hasselblad (1972) made some measurements in order

to detect these movements, but they were impossible to find. Instead it

has been suggested that the step-like pattern is due to the equipment

used. The measurements were made using potentiometers with wire diameters
of 0.025 mm. This dimension could possibly explain the pattern which was
found. However, Nylund (1975) also claimed the existence of these movements.

There are very few measurements of continous joint movements which have
been reported. Apart from these step-1ike movements Ryder and Baker also re-
ported rates of movements lasting 12 minutes or longer (this is due to the
equipment). The maximum rate of the concrete cladding panel building was
about 2 - 1072 mm/min.
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From a recorderchart, shown in Andersson and Hasselblad, it was possible
to calculate the maximum rate of joint movement in a facade facing south-
west. This rate was found to be about 2 - 10"3 mm/min. Consequently, most
joint movement rates in concrete facades are rather slow.

8.3 Factors affecting the deformation properties of sealants

8.3.1 Introduction

When a joint is closing due to increasing temperature the sealant is then
consequently compressed, Fig. 8.1. The deformation properties of the sea-
lant at that movement are to a great extent dependent upon the amplitude
and the rate of the joint movement, the temperature, the duration of the
movement, the age of the sealant etc. There is a complex co-operation
between these variables. Stresses are induced within the sealant, and
stress relaxation occurs during a resting time.

g -e

FIG. 8.1 Joint closing and a consequence of that compressive stres-
ses in the sealant.

At a subsequent opening of the joint when the temperature drops, the sea-
lant moves back to the original width and is later elongated to a certain
amplitude. Tensile stresses are induced in the sealant, Fig. 8.2.

This pattern is repeated day after day. In some cases the sealants are
not only exposed to these elongation/compression movements, but also to
shear deformations. The shear may occur along the joint or perpendicular
to the joint. It can easily be shown that a shear movement compared to an
equal percentage of elongation/compression movement causes a much lesser
strain on the sealant.



123

Therefore, the tests carried out concerning defuriation properties of
sealants have been concentrated on pure elongation or compression.

In this chapter examples will be given of how some main variables affect
the deformation properties of different types of sealants.

FIG. 8.2 Joint opening and tensile stresses are induced.

8.3.2 The effect of the temperature

From literature it is commonly known that the deformation resistance
of sealants generally increases in a decreasing temperature. However,
the temperature-dependence varies greatly between different materials.

For example, the silicone-based sealants are known to be practically
unaffected by changes in temperature in normal use. On the other hand,
acrylic-based sealants, type solvent release, are known to be thermo-
plastics in behaviour, i.e. the hardness increases considerably at a
low temperature and softens when the temperature is raised.

In an investigation started by the author and later continued by
Blomsterberg and Holmberg (1974), amongst others, the remaining defor-
mation after different degrees of deformation at different temperatures
was examined. The tests were carried out on three different sealants,
one acrylic-based (solvent release), one polysulfide-based (250 Shore
A) and one silicone-based (20° Shore A). Specimens were elongated 10,
25, 40 and 50% and compressed 10, 20, 25 and 30% at a rate of 0.001
mm/min. The temperature at the elongation was +23 0C, -5 ¢ and -25 °C.
while at compression it was +23 ¢ and +55 °C. The recovery was measu
red during one hour.



Figs. 8.3 - 8.5 summarize the results for the different sealants. It is
evident that the lower temperatures lessened the remaining deformations
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for all the sealants, including the very plastic acrylic sealants.

In other words, the Tower temperatures increase the elasticity of the
sealants at the same time as the adhesive stresses are increased. The
higher temperatures, on the other hand, increase the plastic deforma-
tions even for the highly elastic silicone-based sealant.
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8.3 Remaining deformations as a function of temperature for an

acrylic-based sealant (solvent release). Specimens have been
elongated 10%, 25%, 40% and 50% or compressed 10%, 20%, 25%
and 30% at a rate of 0.001 mm/min. 7 + 56 days at +20 OC/

/50% RH etc. indicates the curing conditions before testing.
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FIG. 8.4 Remaining deformations as a function of temperature for a
polysulfide-based sealant (259 Shore A). Compare Fig. 8.3!

8.3.3 The effect of the joint movement rate

Usually the rate of deformation has a great effect upon the deformation
properties of sealants. If the sealant is fairly elastic the stress-
strain curve, for example, would be almost entirely independent of the
deformation rate. But, because of the viscous elasticity of the polymers,
the deformation of a sealant is usually connected with a delayed elastic
and viscous deformation. The latter is sometimes explained by irrever-
sible slidings between the molecular chains.

The extent of these irreversible deformations in a sealant is of great
importance for the function of the material during repeated movements.
It is essential to know this when testing the materials in the labora-
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FIG. 8.5 Remaining deformations as a function of temperature for a
silicone-based sealant (20° Shore A). Compare Fig. 8.3!

tory. If too high a deformation rate is used, then the viscous deforma-
tion is not developed and a wrong picture of the sealant is obtained.

Therefore, one reason why such great efforts are made to determine real
joint movement rates (cf. Chapter 8.2) is to obtain as reasonable tes-

ting rates as possible.

An example of how the testing rate affects the result for an "elastic",

polysulfide-based, sealant is shown in Fig. 8.6.
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FIG. 8.6 The effect of the deformation rate upon the stress-strain
curve of a polysulfide-based sealant, 229 Shore A. Testing
temperature: +20 ©C.

The tensile stress at 25% elongation (= 025) can be plotted as a func-
tion of the deformation rate. This is shown in Fig. 8.7 for the poly-
sulfide sealant according to Fig. 8.6. Apart from this, the correspon-
ding values are also plotted for a silicone- and an acrylic-based sea-
lant. The greatest effect of the deformation rate, as expected, is

found in the plastic acrylic-based sealant. At higher deformation rates,
about 400 mm/min, the curves in Fig. 8.7 seem to converge towards almost
the same tensile stress.

Several independent investigations have shown that the joint movement
rate in actual buildings are mostly very slow, Chapter 8.2. However, it
is time-consuming and expensive to test sealants at these low rates in
the laboratory. With the help of curves, similar to those shown in Fig.
8.7, it should be possible to obtain an estimation of the fault, if a
tensile test is carried out at a higher rate. For example, consider the
stress at a deformation rate of 0.001 mm/min as the "true stress"

(= 0.036 MPa) for the polysulfide sealant. If the test is carried out
at 1 mm/min then the obtained stress is ébout 0.107 MPa, i.e. about
200% too high.



MPq

o Silicone-based sealant, 23° Shore A
0.3 o Polysulfide-based sealant, 22° Shore A .
x Acrylic-based sealant (solvent release)

/

XX
N s " n

0.001 0.0t 01 02 05 1 5 10 50 100 200 400

Deformation vrclte, mm/min(log scale)

FIG. 8.7 Tensile stress at 25% elongation (= opg) as a function of
deformation rate for three different types of sealants.

If a sealant is exposed to the so-called slip-stick movements (Chapter
8.2) very high instantaneous stresses are induced within the material.
An estimation of the amplitude of these jerks is made in Andersson et
al (1972). These were about 0.0025 mm.

Some slip-stick tests have been carried out where the amount of the
movement varied within 0.01 - 0.03 mm. These movements were obtained
by means of compressed air cylinders. As an example, for an acrylic-
based sealant a tensile stress peak of 0.13 MPa was obtained at a
movement of 0.03 mm. These stresses are relaxed comparatively quickly,
but depending on the frequency of these kind of movements, the total
stress can of course sometimes reach high levels. In order only to
illustrate the level of the stress 0.13 MPa it can be compared to a
more "normal" deformation rate. The same stress is obtained at about
40% elongation at a deformation rate of 100 mm/min.

Thus, a high frequency of this type of movements can build up high
stresses in a sealant. These may be dangerous both for the sealant it-
self and for the adhesion of the sealant.
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8.3.4 The effect of the cyclic joint movements

Sealants are normally exposed to cyclic joint movements and usually at
a rather slow rate. The moving periods are interrupted by resting peri-
ods when stress-relaxation may occur. It is important to be able to si-
mulate these kinds of movements in the laboratory in order to get an
idea of the movement capability of the sealants.

Some attemps can be found in Titerature where these matters have been
handled, cf. for example Matsumoto et al (1978). However, in most cases
the deformation rates were too high. If the rates chosen are too high,
the viscous deformations may not be allowed to develop.

In Fig. 8.8 an example of a cyclic test on a polysulfide sealant is
shown. The rate is too high and therefore this kind of test is of no
real value.

Instead it should be possible to develop suitable testing methodics,

in which the joint movements are simulated and combined with approp-
riate temperatures. By using such a method it could be possible to pre-
dict the function of the sealant in practice.

Stress, MPa
\__

i lb ' 30 ' ﬁ)eformotion,'l.

FIG. 8.8 The effect of cyclic joint movement on a polysulfide-based
sea]gnt. Deformation rate: 10 mm/min. Testing temperature:
+20 OC.
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8.3.5 The effect of the sealant age

It has been shown previously, for example in Chapter 4.2.2, that the
curing or hardening of most sealants continues for a long time. As far
as Material No. 3 was concerned there was still a continous curing
after three years in a climate of +20 oC/SO% RH. This means that the
deformation properties of the sealant are changing at the same time.
Usually the sealants grow more elastic during curing. Therefore, large
movements which arise when the sealant is young may cause large plastic
deformations which later on can be fatal for the sealant.

An example of a polysulfide sealant is given in Fig. 8.9. According to
the data sheet from the manufacturers, this type of sealant is usually
said to be fully cured within a week. If the sealant is heat-aged, which
amongst others increases the curing of the sealant, then the plastic de-
formations are dramatically decreased when the material is elongated or
compressed. I.e. from this point of view the sealant becomes better after
a heat-ageing. Now the question arises, when should the sealant be tes-
ted? Nevertheless, joint movements start as soon as the liquid sealant

is applied to the joint.
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FIG. 8.9 Remaining deformation as a function of curing conditions for
a polysulfide-based sealant (250 Shore A). Specimens have been
elongated 10%, 25%,40% and 50% at a temperature of +23 OC (Fig.
8.9a3 compressed 10%, 20%, 25% and 30% at a temperature of
+55 9C (Fig. 8.9b). The time at +20 9C/50% RH has been 63 days
while the time at +70 OC has been 56 days after 7 days at
+20 ©C/50% RH. Deformation rate: 0.001 mm/min.



8.3.6 Creep and stress relaxation properties of sealants

The phenomena of creep and stress relaxation in materials are interre-
lated and can therefore be treated together. Creep is the increasing
deformation at a constant load, while stress relaxation is the decrease
of stress at a constant deformation.

The amount of stress relaxation is important for a sealant. During res-
ting periods of the joint movements, stress relaxation occurs and thus
causes plastic deformations in the sealant.

Stress relaxation tests have been carried out by Nimmermark and Olsson
(1976). Three different sealants were investigated. These were Material
Nos. 1, 3 and 4 according to Table 4.1. The sealants were cured for 7

days at +20 0C/SO% RH and for 21 days at +70 Oc before testing. The speci-
mens were elongated 5, 10, 15 and 25% when the stress relaxation was
measured. The results are summarized in Table 8.1.

TABLE 8.1 allco-va1ues * for Material Nos. 1, 3 and 4

Deformation|ETongation rate = 1.5 mm/min | Elongation rate = 0.001 mm/min

Material | Material | Material | Material | Material |Material
No. 1 No. 3 No. 4 No. 1 No. 3 No. 4

%

5 0.54 0.52 0.55 0.97 0.93 0.79
10 0.61 0.55 0.60 0.98 0.95 0.85
15 0.62 0.56 0.60 | 0.93 0.92 0.93
25 0.64 0.60 0.64 0.97 0.98 0.95

tensile stress after 1 hour of relaxation

Q
n

Q
"

tensile stress at the respective maximum deformation

Obviously, almost the same values are arrived at independent of the maxi-
mum deformation, i.e. up to 25% elongation at least the stress relaxation
is independent of the amount of elongation for these three types of sea-
lants. It is also found, that a considerable relaxation occurs already
during the elongation if this takes place at a very low rate.

When examining the relaxation curves it was found, that about the same
absolute stress level was obtained after one hour of relaxation regard-
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less of whether the sealants were elongated at 1.5 mm/min or at 0.001
mm/min. Thus, an estimation of the absolute stress levels at a stress
relaxation can be obtained in a shorter time, if the sealants are elong-

ated at a higher rate.

According to Cook (1967) the relaxation curve followed the expression

_ _t
o =0, exp ( ?)

where
o = stress at any time
G, = initial stress
t = time

stress relaxation time

-
n

The stress relaxation time is defined as the time necessary for a
specimen to decay to %—or 36.8% of its initial value.

When using the data found in Nimmermark and Olsson (1976) the stress

relaxation time for the polysulfide sealant (Material No. 1) is about
64 hours at a rate of 0.001 mm/min. Checking the equation above with

the experimental values results in the following:

n

25.9 kPa
o = 25.9 exp(- gp) = 22.9
experimentally value found = 20.6

8 hours: o,

n

Zhours: o = 25.9 exp(- &) = 17.8 kPa
experimentally value found = 15.4 kPa

Thus, the given equation fairly accurately describes the stress relaxa-
tion of this polysulfide sealant. The relaxation of the two other sea-
lants after 64 hours was not sufficient for the stress relaxation time
to be reached. Therefore, it -was not possible to make the corresponding

calculations.

Evidently there are many factors affecting the relaxation properties of
sealants. For example, an increased deformation rate or an increased

temperature increases the stress relaxation, while the amount of defor-
mation up to at least 25% does not affect the amount of stress relaxa-

tion.



There are also other, specific properties, which affect the relaxation
properties. In an investigation of sealants for insulated glass manufac-
turing the stress-strain and the stress relaxation behaviour were exa-
mined. One sealant was softer and at the same time showed a "brittle"
behaviour and a quick stress-relaxation. A SEM-photograph of a fracture
surface, Fig 8.10, showed a Tot of small pores within the sealant. Thus,
stress concentrations in these pores caused cohesive cracks in the sea-
lant.

Imm

FIG. 8.10 SEM-photograph of a fracture surface of a polysulfide-based
sealant for insulated glass manufacturing. Note the high
amount of small pores within the sealant! Enlargement 24x.
Photo: The Zoological Institution of Lund University.

Creep properties of sealant may be of interest when a sealant is forced
to accommodate a constant load. For example, some sealants have been
used as a glue where glass sheets are concerned. As many sealants are
rather soft for conventional creep experiments to be carried out, an-
other method can be used.

In Nimmermark and Olsson (1976) stress-strain curves were determined
at various rates (from 0.2 - 400 mm/min). From these curves it is pos-
sible to calculate the time necessary to reach a certain stress at a
certain rate. When plotting the times and the deformations connected
to these a creep curve is obtained for a certain stress. Examples of
such creep curves are shown in Fig. 8.11.
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FIG. 8.11 "Creep curves" of Material No. 1 after 7 days at +20 0C/50% RH
+ 21 days at +70 OC. A constant deformation rate is assumed
when calculating this type of creep curves. Testing tempera-
ture: +20 OC.
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9. MOVEMENT CAPARTLITY OF SEALANTS
9.1 Introduction

Over the years the use of sealants in building constructions has led

to great failures in many cases. One reason for this is that the move-
ment capability of the sealants has been overestimated. Therefore, in
spite of the progress in making new and better polymers and formula-
tions, the permitted movements of the sealants have successively been
decreased. Naturally, the problem is to be able to make reasonable esti-
mations of the movement capability of the sealants taking into conside-
ration all the variables which affect the sealants: Type of polymer,
formulation, age, stress, temperature, environmental influence, joint
movement rate, joint movement pattern, etc. etc.

However, there are some factors which are more essential than others.
These are stress, deformation, time (= deformation rate) and tempera-
ture. These factors must be considered independent of the age of the
sealant, the environmental influence and so on.

The factors depend on each other in one principal way as shown in Fig.

9.1. An increasing deformation rate raises the curve, while an increa-
sing temperature lowers the curve.

Stress, 0

Deformation, €

FIG. 9.1 Principal connection between stress (o), deformation (e), time
(= deformation rate, &) and temperature (T).
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9.2 What is happening in the joint?

As has been shown previously -(Chapter 8.2), the joint movements are
yearly and daily dependent. For hygroscopic materials the yearly mois-
ture depending movements in some cases seem to nullify the temperature
depending movements. At that case, only daily temperature depending
movements should arise, while where other materials are concerned both

types of movements are apparent.

Joint movement

; “Huunmllllllllu”””“ 6 as ulllln
y mmm_,Mﬂuu y

FIG. 9.2 Yearly and daily dependent movements in a joint.

In a case of both yearly and daily movements the picture could be the
same as in Fig. 9.2, where the vertical lines represent the daily move-
ments. When looking at part of this Figure and at the same time concen-
trating upon what happens in a predominantly elastic sealant this

could be visualised as in Fig. 9.3.

Stresses are built up in the sealant at an elongation, relaxation and
compression and relaxation occur until the sealant is elongated once
again. These consecutive movements and relaxation periods successive-
1y increase the plastic deformations of the sealant. The growth of
these deformations is particularly pronounced during the warmer sea-
sons, as the amplitudes are greater and higher temperatures increase
the amount of stress relaxation.



Stress

Deformation

FIG. 9.3 Principal connection between stresses induced in a sga]an; dge
to daily and yearly movements. The vertical dashed lines indi-
cate stress relaxation in the sealant.

When the temperature drops successively during autumn and winter, the
joint opens. The deformation now has to be accomodated by a narrower
sealant profile. This gives rise to higher stresses in the sealant. If
they are high enough the sealant will fail cohesively or adhesively.

If, during a joint opening period, the total of all increments of ten-
sile stresses minus all reductions of compressive stresses is formed
according to Fig. 9.3, then a resulting stress-strain curve is obtai-
ned. If the stress relaxations are also summed up then a curve accor-
ding to Fig. 9.4a can be drawn. If the same calculations are made
during a joint closing period, then the curve according to Fig. 9.4b

is arrived at.

Tensile stress Compression

——
—
Compressive stress

Strain

a) b)

FIG. 9.4 a) The total of all increments of tensile stresses minus all
reductions of compressive stresses and the total of stress
relaxation according to Fig. $.3 form a resultant stress-
strain-relaxation-curve.

b) The same calculation as in 9.4a but during a joint closing
period.
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The discussion above can be exemplified in the following way:

* Take a joint where the yearly depending movements vary according
to Fig. 9.5. A sealant with a movement capability of #25% is cho-
sen and applied in the autumn, point A in Fig. 9.5. To simplify
matters, this point is supposed to be where equal movements occur
(25%).

During a decrease in temperature the joint opens to point Bwhere the
sealant is elongated 25% (calculated according to the original
sealant width = 20 mm). The joint width at this point is conse-
quently 25 mm.

Joint movement
%o
+25

-25

July Jan July Jan

FIG. 9.5 Examples of yearly dependent joint movements. Cf. Fig. 9.6a
and b.

Where the "stress-strain-relaxation-curve" that has been formed
during the joint movement A-B is concerned, it can be seen in
Fig. 9.6a.

During an increase in temperature the joint starts to close and
the sealant starrts to be compressed. At a certain level, e.g.

e = 10%, zero stress in the sealant is reached (the dotted line
in Fig. 9.6a).

Thus, a new sealant width is formed (= 20 + 2 = 22 mm). This
happens in point C in Figs.9.5 and 9.6a.
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FIG. 9.6 a) Tensile stresses induced in a sealant and remaining deforma-
tions according to the example in Fig. 9.5.
b) Compressive stresses induced in a sealant and remaining defor-
mations according to the example in Fig. 9.5.

The joint continues to close and reaches its narrowest value at
point D where the original joint width is compressed 25%. How-
ever, the new sealant width will now be compressed 2 + 5 = 7 mm
and the percentage compression is consequently é%-- 100% = 32%.
The corresponding "stress-strain-relaxation-curve" can be seen in
Fig. 9.6b.

During the following opening of the joint the sealant is allowed
to elongate, but zero stress is reached at, e.g. 20% compression
(point E in Figs. 9.5 and 9.6b). Thus, the new sealant width is

20-22 . .
now 22 - o0 - 17.6 mm. Therefore, the elongation up to point
F in Fig. 9.5 is = (20 - 17.6) + 5 = 7.4.

Now, the sealant is forced to accommodate a percentage elongation
7.4

of 76 " 100% = 42%, etc.
Practical experience shows that if failures occur in a sealant, these
will usually appear within about two years. This fact, together with
the example above, should indicate that the yearly depending movements

cause the greatest strain on a sealant.

Therefore, it should be valuable to try and simulate these kinds of

strain in a sealant.
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9.3 Methods of estimating the movement capability of sealants

As pointed out previously, the basis of this work was to examine the
ageing and deformation properties of the sealants themselves. The
adhesive problems were said to be managed by the manufacturers. How-
ever, this investigation could illuminate the demands made on the ad-
hesion of the sealants concerned. )

Then, when estimating the movement capability of sealants, a crite-
rion should first be stated. Such a criterion could be a tight joint.
This means that no cohesive failure would be allowed to occur, but
the sealant could become wrinkled. The latter is essential especi-
ally for skin-forming oleo-resinous sealants.

It is also essential to make some kind of sub-division of the inhomo-
genous group of sealants. A basic could, in this case, be the shape
of the stress-strain curve formed by the materials. Thus, one group
consists of sealants with a stress-strain curve showing a maximum
point of the stress, cf. Fig. 4.5. Consequently, the other group con-
sists of sealants which do not show a maximum point before failure.
This basis of division is roughly the same as that previously defined
for plastic and elastic sealants (Chapter 1).

However, the group of stress-peak-curves should also be sub-divided
into two groups. Firstly, sealants which are inhomogenous through the
cross-section, for example skin-forming sealants. Secondly, sealants
which are homogenous through the cross-section.

Summing up, when making a simple estimation of the movement capability,
the sealants could be divided into three groups:

1 a. Sealants, which are inhomogenous through the cross-section and are
forming stress-strain curves with a maximum point approximately
according to Fig. 4.5. A typical example is a skin-forming oleo-
resinous sealant.

1 b. Other types of sealants which are forming stress-strain curves
with a maximum point approximately according to Fig. 4.5. A typi-
cal example is an acrylic-based sealant, type solvent release.

2. Sealants which are forming an ever increasing stress-strain curve

until failure.
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As far as skinforming sealants are concerned, one critical point is
the permanent strain after rupture of the surface skin. The other

is the growth rate of the skin, but this can be checked according to
Chapter 4.4.2.

The permanent strain after rupture of the skin can be determined for
example by making specimens, according to Chapter 4.2. In order to
reduce the cross-sectional necking, it could be reasonable to make the
cross-section rectangular. For example 12 x 8 mm (width x depth). The
specimens are heat aged 56 days at +70 OC. The stress-strain curve is
determined at a reasonable rate and temperature according to the prac-
tical function. Appropriate levels are 0.001 mm/min respectively -5 o.
If the deformation rate is too high, the tensile strength of the skin
will be reached at a much lower elongation, cf. Chapter 9.4. The strain
at which the maximum point occurs on the curve could be called the per-
manent strain after rupture of the skin.

For practical use, the total movement capability of this type of sea-
lants (elongation and compression) is equal to the permanent strain
after rupture of the skin.

For the other groups of sealants showing a stress-strain curve accor-
ding to Fig. 4.5, the movement capability can be determined in a simi-
lar way. These kinds of sealants are homogenous through the cross-sec-
tion. Consequently, there is no need to determine any surface charac-
teristics.

The stress-strain curve is determined on specimens according to Chap-
ter 4.2. The specimens are stored in a climate of +23 OC/BO% RH for

56 days followed by heat ageing at +70 ¢ for 56 days. The stress-
strain curves are determined at a rate of 0.001 mm/min and a tempera-
ture of -5 °C. The strain where the maximum stress occurs is the move-
ment capability of the sealant. Above this strain, large, local defor-
mations will occur.

These types of sealants show a high degree of stress relaxation. There-
fore, when designing the joint width the movement capability of the
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sealant should be used from the narrowest calculated joint width,
i.e. the original joint width at application minus the calculated
closing movement. See the example in Chapter 9.4.

As discussed in Chapter 9.2 the critical mechanism of an elastic sea-
lant is the stress relaxation periods which occur during the elonga-

tions and compressions of the sealant. These relaxations cause perma-

nent deformations of the cross-section. If a high movement capabili-

ty of a sealant is to be obtained, then these permanent deformations

should be minimized.

An estimation of the amount of these deformations can be obtained by
simple elongation and compression tests to various degrees of defor-
mation and at various temperatures. The remaining deformations are
then measured in each case. The sum of these deformations should not
exceed a certain level, say 15%. If this is not complied with, then
the elongations and compressions are decreased. A proposal for metho-
dics is determined below.

Specimens are manufactured according to Chapter 4.2. These are cured
at +23 OC/SO% RH for one week and then heat aged at +70 O for 56 days.
Three specimens are elongated to 50% and three compressed to 30% at a
rate of 0.001 mm/min and a temperature of -5 ¢ respectively +55 °c.
The deformations are maintained for one hour during which the stress
relaxation is registered. Then the specimens are released and the re-
maining deformations are determined after one hour. If the sum of
these deformations divided by three is less than 15% then the movement
capability of the sealant is #15%. This value is obtained by comparing
laboratory values with practical experiences.

If the remaining deformations are greater than 15%, then the elongation
and compression values should be decreased to 40 respectively 20%. If
the sealant satisfy the demand in that case, then the movement capabili-
ty is said to be +10%. The testing values for a third group are 30%/10%
(elongation/compression) which should give +5% movement capability.
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It should also be pdinted out that the tests could be carried out at
a higher rate. In that case the relaxation times are prolonged before
releasing the specimens. The stresses arising in the sealant in ques-
tion at Tower rates could then be estimated with the help of diagrams
as shown in Fig. 8.7.

9.4 Examples

0leo-resinous sealant

Suppose the movement capability of the oleo-resinous sealant, Mate-
rial No. 8 according to Table 4.1, is to be determined.

The growth of the skin thickness is found to be very Tow, cf. Fig.
4.2.9. The permanent strain after rupture of the skin is determined
according to Chapter 9.3. The results are shown in Fig. 9.7. The maxi-
mum stress, the point where the skin cracks, occurs at a strain of
about 20%, which should be the movement capability of this sealant.
This movement should be calculated from the narrowest joint width, cf.
the example below!

The value agrees with-the results in Chapter 5.3 and also with prac-
tical experiences.

If the tensile tests are carried out at a higher rate, the stress peak
is moved towards smaller strains, cf. Fig. 4.2.8.

Tensile stress

MPa
0.1
7 +56 days
-
/// N
AN
0.05 + /,’, N
N
/ N
/ ~—__
1 | | 1
10 20 30 40 50
Strain,%

FIG. 9.7 Example of the determination of the movement capability of a
oleo-resinous sealant (Material No. 8).
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Acrylic-based sealant, type solvent release

Consider Material No. 6 according to Table 4.1. This material is
acrylic-based, type solvent release. The stress-strain curve is deter-
mined according to Chapter 9.3. The results are shown in Fig. 9.8. The
maximum stress is reached at about 15% elongation, which is the move-
ment capability of the sealant.

As stated in Chapter 9.3 the permitted movements should be calculated
from the narrowest joint width.

Tensile stress

MPa
7 +56 days
—_—
'/’,—' -~.__~._~.~~
005} / ) S ———
/ ity
/
/
’ | | . 1 _ ]
10 20 30 40 50

Strain,%s

FIG. 9.8 Example of the determination of the movement capability of an
acrylic-based sealant (Material No. 6).

Suppose that Material No. 6 is going to be used in a joint where the
closing movements are calculated to be 2 mm and the opening movements
1 mm. How wide should the joint be?

Suppose the joint width = B mm.

1+2, _
=7 100 = 15
B =22

If the oleo-resinous sealant above had been chosen instead, then the

joint width would have been = 17 mn (15 - 100 = 20).
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Polysulfide-based sealant

A couple of polysulfide sealants have been examined according to the
proposal in Chapter 9.3. An example is given for one polysulfide sea-
Tant, Shore A-hardness abeut 28.

The stress-deformation curves are shown in Fig. 9.9. At this deforma-
tions, this sealant did not satisfy the demand "remaining deformation
< 15%". The movement capability of the sealant is thus less than :15%,

say =10%.
Stress, MPa
-5°C —_
0.05 - ’H",-—-" S
-~
- / —/,/
-3 20 7+56 days
8 o ; B i | | 1 I
s V2 10 30 50
/ - L Deformation,%
//
.b/ +55°C - ‘005

FIG. 9.9 Example of the determination of the movement capability of
a polysulfide-based sealant (259 Shore A).
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