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Preface

The use of adhesives in general industry continues to develop at a
rapid pace and this is particularly the case for structural adhesives.
Such adhesives are based upon resin compositions that polymerise to
give high-modulus, high-strength adhesives so that a load-bearing joint
is formed. As might be expected, developments in the chemistry and
properties of structural adhesives have led and supported the spread of
these materials from the high-technology aerospace industries into all
types of general engineering applications. It appeared therefore to be
an appropriate time to review some of the developments in our
understanding of the chemistry, structure and properties of resins
which are used in the technology of structural adhesives bonding.

The resins which form the mainstay of the industry are the ¢poxies
and acrylics and several chapters consider various aspects of these
materials. In Chapter 1 the effect of cure conditions on the final
properties of the resin are discussed and this chapter extends the most
useful concepts of time-temperature-transformation diagrams to
rubber-toughened epoxy resins. In the next two chapters authors from
two of the world’s leacing adhesives companies review recent develop-
ments in acrylic- and epoxy-based adhesives. In Chapter 4 the
comparatively new bismaleimide resins are discussed. These materials
possess relatively high thermal resistance but are readily processable
and, since they are new materials, their use as matrix materials in fibre
composites as well as in structural adhesives is considered. Structural
adhesive formulations usually contain additives such as‘rubbers and
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rigid-particulate fillers and Chapters 5 and 6 review the relationships
between the microstructure and properties of such materials. In the
next chapter the contentious issue of whether there is a definite
microstructure in simple epoxy resins is addressed, and whether any
microstructure would affect the properties of the material. Finally, in
adhesives technology the problem of attaining good resistance to
moisture for the bonded assembly always represents a challenge and
the use of silane resin coupling agents to achieve this goal is
increasing. Thus, the book concludes with a review chapter on this
important area in adhesives technology.

.

A. J. KiNLocH
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Cure and Properties of
Thermosetting Polymers

J. K. GiLLHAM

Polymer Materials Program,
Department of Chemical Engineering,
Princeton University,

New Jersey, USA

1. THE TIME-TEMPERATURE-TRANSFORMATION CURE
DIAGRAM AND PROPERTIES OF
THERMOSETTING SYSTEMS

A time—-temperature-transformation (TTT) cure diagram may be used
to provide an intellectual framework for understanding and comparing
the cure and physical properties of thermosetting systems.'”' The
main features of an isothermal TTT cure diagram such as that shown
in Fig. 1 can be obtained by measuring the times to events which occur
during isothermal cure vs temperature (T, ). These events include the
onset of phase separation, gelation, vitrification, full cure, and
devitrification. Gelation corresponds to the incipient formation of an
infinite molecular network which gives rise to viscoelastic behavior in
the macroscopic fluid. Vitrification occurs when the glass transition
temperature rises to the isothermal temperature of cure. Devitrifica-
_tion occurs when the glass transition temperature decreases through
the isothermal temperature (as in degradation). The diagram displays
the distinct states encountered on cure due to chemical reactions.
These states include liquid, sol/gel rubber, elastomer, ungelled (sol)
glass, gelled glass, and char. The gelled glass region in the TTT cure’
diagram is divided into two parts by the full cure line:® in the absence
of degradatit (Fig. 1, devitrification and char), the top and lower
parts could be designated fully cured (gel) glass and undercured
(sol/gel) glass region, respectively. The terms A-, B- and C-stage

1
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Fic. 1. Time-temperature-transformation (TTT) cure diagram for a reactive
thermosetting polymer system showing the different states encountered during
isothermal reaction. Such a diagram is useful for designing plastic systems to
replace metals. T, , ,.7, and T, are the glass transition temperature of the
reactants, the temperature at which the times to gelation and vitrification are
the same, and the glass transition temperature of the fully reacted system,
respectively. The states are liquid, sol/gel rubber, elastomer, gelled glass,
ungelled (or sol) glass, and char. The full cure line (i.e., T, = T, ) divides the
gelled glass region into sol/gel glass and gel (ful]y cured) glass regions.
Successive isoviscous contours shown in the liquid region differ by a factor of
ten. The diagram also shows the locus of the onset of phase separation in
which a second phase (e.g. rubber) separates during cure: the presence of a
dispersed phase mndifies the properties of the cured material.
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resins, which are used in the technological literature, correspond to sol
glass, sol/gel glass and gel glass, respectively. The diagram also
displays the critical temperatures T, , ,T,, and T, which are,
respectively, the glass transition temperature of the fully cured system,
the temperature at which gelation and vitrification occur simul-
taneously, and the glass transition ‘ .mperature of the reactants.

The schematic isothermal TTT cure diagram of Fig. 1 includes a
series of isoviscous contours in the liquid region, successive contours
differing by a factor of ten.’ Visual extrapolation of the isoviscous
contours suggests that the vitrification process below ,,7T, is an
isoviscous one.

Much of the behavior of thermosetting materials can be understood
immediately in terms of the TTT cure diagram through the influence
of the gelation, vitrification, and devitrification events on properties:
gelation retards macroscopic flow, and retards growth of a dispersed
phase (as in rubber-modified systems); vitrification retards chemical
conversion; devitrification due to thermal degradation marks the limit
in time for the material to support a substantial load. The remainder
of this section amplifies these statements.

The ungelled glassy state is the basis of commercial molding
materials since, on heating, the ungelled (sol) material can flow before
geliing. Formulations can be processed as solids (e.g. molding com-
positions) when T, is above ambient temperature; they can be
processed as liquids (e.g. casting ﬂuids) when T, is below ambient
temperature.

Parameter 7, is a crltlcal temperature in determining the upper
temperature for storing reactive materials to avoid gelation. The glass
transition temperature of the material at the composition correspond-
ing to gelation is ., 7; since at the point of gelation the glass transition
temperature has risen to ,,7T,.

The morphology developed in a two-phase system (e.g. those in which
rubber-rich domains precipitate as a dispersed piase) depends on the
temperature of cure. The reaction temperature determines the com-
petition between thermodynamic and kinetic (transport) factors. For
optimum mechanical properties, a two-phase system will be cured at
one temperature to control the morphology, and subsequently cured,
usually at higher temperatures, to full cure to complete the reactions
of the matrix.

Shrinkage ‘stresses due to cure begm to develop with adhesion to a
ngld substrate at gelation above ., 7, and at vitrification below ., T,.
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The tensile stresses in the resin and the corresponding compressive
stresses on a substrate are important in composite behavior.

Prolonged isothermal cure at T, below T, would lead to T, = T,
if the reactions were quenched by the process of vitsincation. In
practice T,> 1., for three principal reasons: (1) T, can increase
during the heating scan used to measure it; (2) although vitrification is
defined to occur when T, =T, T, as usually measured does not
correspond to the glassy state but rather to approximately halfway
between the rubbery and glassy states, and so isothermal reactions will
proceed beyond the assigned time of vitrification; and (3) reactions do
proceed in the glassy state to extents depending on the influence of the
glassy state on the reaction mechanism.

Correlations between macroscopic behavior and molecular structure
of the reactants result most clearly for fully cured materials. Full cure
is attained most readily by reacting above T,_; it can be achieved more
slowly by curing below T, to the full cure line of the TTT cure
diagram.

For cure below ge1 Iy the cure reactions lead eventually to gelation.
At high temperatures other chemical reactions can lead to thermat
degradation. Thermal degradation can result in devitrification as the
glass transition temperature decreases through the isothermal tem-
perature due to decrease in crosslinking, or due to the formation of
low molecular weight plasticizing material. Degradation can also result
in vitrification (e.g. char formation) as the glass transition temperature
rises to the isothermal temperature due to increase in crosslinking or
volatilization of low molecnlar weight plasticizing materials.* For
high-T, systems there is competition between cure and thermal
degradation.

The limiting viscosity in the fluid state is controlled by gelation
above ., T;, and by vitrification below gei Iz At gelation the weight-
average molecular weight and zero-shear-rate viscosity become infin-
ite. Viscosity in the vicinity of vitrification is described by the
Williams—-Landel-Ferry (WLF) equation.!

Recording the time to reach a specified viscosity (Fig. 1) is often
used as a practical method for measuring gelation times: above
temperature 7, the apparent activation energies obtained from the
temperature dependence of the time to reach a specified viscosity
approach the true activation energy for the chemical reactions leading
to gelation with increase of the specified viscosity.'

The times to gelation and to vitrification each can be computed from
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the reaction kinetics, the conversion at gelation (which is constant
according to Flory’s theory of gelation),'” and the conversion at
" vitrification (which increases with T,.), respectively. Since vitrifica-
tion occurs when the glass transition temperature rises to the tempera-
ture of cure, computation of the time to, vitrify requires knowledge of
 the relationship between 7, and conversion (see Fig. 2, which shows T,
.increases with conversion at an increasing rate). In the absence of
"diffusion control, the general kinetic equation describing the reaction
is dX/dt = A exp (—EA/RT)f(X) where X is the extent of reaction and
the other symbols have their usual meanings. The times to gelation
.and (in the absence of diffusion control) to vitrification at different
temperatures can be computed using this equation, knowledge of Xy
(for gelation) and a relationship between X and T, (for vitrification)
(Fig. 2), and the reaction kinetics.>”!* The influence of diffusion
control on the reaction rate can be deduced in principl¢ from the
experimentally measured vitrification curve.
The ‘S’-shaped vitrification curve obtained experimentally (in the

(o] Xgel 1

TEMPERATURE

@
[
u—i

TQO

° CONVERSION (X) !
Fic. 2. Schematic diagram of T, vs conversion at vitrification for reactants
differing in functionality (101>011). The conversions at gelation are also
included. The diagram is useful for demonstrating the effect of increasing
functionality on gelation, vitrification, and the temperatures ., T;, T,, and T, .
" (Reproduced with permission from Journal of Applied Polymer Science.*)
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absence of thermal degradation) has been matched computationally
for one epoxy system from temperature T, to temperature 7, .

The vitrification curve is generally ‘S’-shzped for both network- and
lincar-forming step-growth reactions and for linear chain-growth
reactions.” At temperatures immediately above T, the time to
vitrification passes through a maximum in consequence of the oppos-
ing influences of the temperature dependence of the viscosity and the
reaction rate constant. Immediately below T, , the time to vitrification
passes through a minimum in consequence of the opposing influences
of the temperature dependence of the reaction rate constant and the
decreasing concentration of reactive sites at vitrification as I, is
approached. Knowledge of the minimum time and the corresponding
temperature is economically useful in molding technology where molds
can only be opened after solidification.

The conversion at vitrification can be computed in principle by
relating the glass transition temperature to contributions from the
molecular weight and from the crosslinking density, both of which vary
with conversion.”™ For linear polymerization the computation is
simplified by the absence of crosslinking.!* ,

The fractional extent of reaction at vitrification and the time to
vitrify, like gelation, decrease with increasing functionality of the
reactants.* The effect of increasing functionality on gelation, vitrifica-
tion, and the temperatures getlg, Ty, and T, can be understood from
consideration of X vs T, and X, relationships such as those of Fig. 2.}

Increasing cure time at any temperature leads to increasing conver-
sion, 7;, and crosslinking density. Prior to vitrification the modulus
and density at the curing temperature also increase. However, on
cooling intermittently from the curing temperature to a temperature
well below T, (e.g. room temperature for high-T, materials), the
modulus and density are found to decrease whereas absorption of
water is fouud to increase with increasing extent of cure.® A common
basis for these interrelated phenomena is the increasing free volume at
room temperature (RT) with increasing extent of cure. 1015

2. TORSIONAL BRAID ANALYSIS/TORSION
PENDULUM: A TECHNIQUE FOR CHAPRACTERIZING
THERMOSETTING SYSTEMS

"A freely oscillating torsion pendulum can be used in two ways to
characterize polymeric systcms, namely in the conventional torsion
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pendulum (TP) mode and in the torsional braid analysis (TBA)
mode.!?1%22 Section 3 includes application of the TP/TBA technique
to an investigation of the cure and properties of rubber-modified
epoxy systems.>

Figure 3 shows a schematic diagram of the pendulum, which consists
of a specimen held in place with clamps attached to two rods. The
upper supporting rod is held vertically in alignment with a 2in (5 cm)
Teflon sleeve and is rigidly attached to a gear. The lower extender rod
hangs freely and is magnetically coupled to a polaroid disc at its lower
end.

The pendulum is enclosed in an air-tight cylindrical chamber (05 in
(1-3cm) diameter), whose atmosphere can be closely controlled and
monitored: inert, water-doped, and reactive gases have been used.
There are no electronic devices within the specimen chamber. Dry
helium, rather than nitrogen, is usually employed as an inert atmos-
phere because of its higher thermal conductivity at cryogenic tempera-
tures. An on-line electronic hygrometer can be used to continuously
monitor the water vapor content of atmospheres from <20 to
20 000 ppm H,O. A cylindrical copper block. round which cooling coils
for liquid nitrogen and band heaters are wound, surrounds the
pendulum. Excellent temperature control is achieved by virtue of the
large thermal mass of the copper block, with a temperature spread of
<1°C over a 2in (5cm) specimen. A temperature programmer/
controller system permits experiments to be performed in isothermal
(£0-1°C above 30°C) and dynamic modes from —190 to 400°C; in the
dynamic mode the temperature may be increased or decreased linearly
at rates of 0-05-5°C/min. Cooling is achieved by controlling the flow
of liquid nitrogen from a pressurized container. Routine temperature
scans are made at rates of change of temperature of +1-5°C/min.
Measurements have been made as low as 4K and as high as 700°C in
modified apparatus.

A key factor in the instrumentation is the non-drag optical trans-
ducer which produces an electrical response that varies linearly with
angular displacement. A polarizing disc is used as part of the inertial
member of the pendulum, and a stationary second polarizer is
positioned in front of a linearly-responding photo-cell. An analog
electrical signal is obtained from a light beam passing through the pair
of polarizers. )

The clamps on the pendulum allow a variety of specimens to be
used: film, fiber, or coating on glass braid or foil substrate. Depending
on the specimen, the system can be used as a conventional torsion
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Fic. 3. Schematic diagram of automated torsion pendulum and TBA instru-
ment. An analog electrical signal results from using a light beam passing
through a pair of polarizers, one of which oscillates with the specimen. The
pendulum: is aligned for linear response of the transducer and oscillations are
initiated using a gear train controlled by a computer. The computer also
processes the damped waves to provide the elastic modulus and mechanical
damping data, which are plotted against temperature or time.



