76

Translated from Uspekhi Khimii, 80, 137-160 (1981)

Russian Chemical Reviews, 50 (1), 1981

U.D.C. 541.64:539.55
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Published information on the changes in rheological properties of polymer melts and solutions accompanying various
chemical processes—polymerisation, vulcanisation, hardening, gelation—is examined, and experimental methods for the
rheological investigation of chemically unstable polymer systems are discussed in detail. Changes in rheological proper-
ties should be considered in relation to the chemical kinetics of the processes involved. Technical aspects of the
problem are indicated. A list of 133 references is included.
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1. INTRODUCTION

Polymers and compositions based on them provide a most
interesting subject for the application of diverse physico-
chemical methods of investigation, largely because in this
class of materials property indices can easily be changed by
many powers of ten. Hence the measurement of particular
characteristics is a sensitive method of physicochemical anal-
ysis of the material. A clear example is given by the rheol-
ogical properties of polymers, which are highly sensitive to
the length of the polymer chain, its structure, the molecular-
mass distribution,, and the content of the polymer in the sys-
tem (solution or filled composition).

The general laws of the development of rheological proper-
ties by polymer systems as functions of the main determining
factors have now been studied in some detail and have been
summarised in several monographs'~3. Important achieve-
ments of the past decade have been measurements on specially
synthesised series of monodisperse polymers and their model
mixtures*~!°, and also the correlation of numerous and multi-
farious experimental results on the rheological properties of
solutions of various polymers in different solvents through-
out the possible composition range*!~18,

The many studies of the past decade have provided a reli-
able basis for a general quantitative description of the rhe-
ology of polymers. They had the common aim of investigat-
ing materials that were as pure as possible. Although such
an approach is methodologically difficult, it is justified by
the comparative ease and unambiguity with which experimen-
tal results can be interpreted. Yet this approach ignores
several important classes of polymeric materials, among which
polymers or polymer systems whose properties vary continu-
ously with time should be specially distinguished. Two sig-
nificant aspects are firstly that the time taken by these
changes is comparable with the duration of observation and
secondly that they are functionally inherent in certain poly-
meric materials, being responsible for their technical value.
A fairly large number of cases correspond to these conditions,
for time-variable systems are met in various branches of the
chemical technology of polymers.

In principle two mechanisms—chemical reactions and physi-
cal phenomena—may cause the rheological properties of a
material to vary with time. Below we shall consider only the
occurrence on an experimental time scale of chemical reac-
tions leading either to the formation of linear polymers or to
the conversion of linear polymers (or oligomers) into three-
dimensional networks. The process related to the latter
case is gelation (gel formation), in which physical changes
(primarily crystallisation) may be combined with chemical
reactions.

Il. METHODS OF INVESTIGATION AND THEIR RANGE OF
APPLICATION

Study of the rheological properties of chemically unstable
systems during the formation and transformation of polymers
is a fairly new field of investigation, which has developed
from the traditional rheology of polymers. It is therefore
natural that this development has involved the widespread
use of customary rheological methods with their appropriate
experimental techniques and treatment of the results. How-
ever, the need for continuous monitoring of the state of the
system has caused a gradual modification of the existing
experimental apparatus.

The methodology of the rheology of polymers is based on
steady-state and non-stationary measurements. The prin-
ciples and experimental procedures related to non-station-
ary methods have been described in detail’®>. Among them
only dynamic methods have been widely used for the study
of rheologically unstable systems. They consist essentially
in subjecting the test specimen to harmonic deformation of
specified frequency w and studying the response of the mate-
rial in terms of the shear modulus of elasticity G and the
mechanical loss angle tan §, which depend on w and, in the
case of unstable systems, on the time t.

Relaxation methods have also found an extremely unusual
application: it was proposed?® to use them to monitor the



Russian Chemical Reviews, 50 (1), 1981

course of chemical reactions in rubbers subjected to an
applied stress. However, this type of approach did not
become widespread. Other non-stationary methods for
studying viscoelastic properties of polymers were not applied
to chemically unstable systems, apparently because of the
fundamental difficulty of separating time effects due to relax-
ation phenomena from those due to chemical changes.

Non-stationary (dynamic) methods for studying chemical
changes are used in the following cases—(i) to monitor the
initial stage of polymerisation, primarily by means of vibra-
tion viscosimeters and procedures identical with those usual
in viscosimetry?!'; (ii) to investigate the initial stages of the
vulcanisation of rubber mixtures, usually by forced low-fre-
quency vibrations, whose development led to commercial
instruments and standardised methods; (iii) to study the
hardening of thermosetting plastics and oligomers, especially
in practical scientific research using the whole set of modern
dynamic methods of measurement; and (iv) to assess the
thermal stability of various polymers and to investigate high-
temperature processes yielding infusible and insoluble resins.

A fair number of designs and measuring schemes are known
that use various instruments operating under dynamic loading
at the most diverse frequencies—from infrasonic to ultra-
sonic—for the above cases. Although various known designs
can in principle be used for this purpose'®, the practical
importance of thermostable polymers and the difficulties of
preparing specimens for investigation led to the establish-
ment of a special method—torsional braid analysis (the TBA
method). 22728

In the TBA method a bundle of fibres (filaments) is impreg-
nated with a solution of the test polymer. The solvent is
then removed, and the usual measurements of modulus or elas-
ticity and mechanical losses are made both on the filament
with the deposited polymer and for comparison on a blank
filament either under isothermal conditions or with tempera-
ture scanning. The properties of the polymer are found by
difference, while the observed changes in measured indices
enable the variation in state of the test material to be reliably
monitored. The convenience of depositing the polymer, the
small amount of polymer required, the ease of replacing the
fibre braid, and the reliability with which specified tempera-
ture conditions are maintained, combined with the proposed*
automated methods for processing the experimental data, con-
stitute important advantages of this method in comparison
with traditional dynamic methods of investigating polymers
and give it promise in laboratory practice, especially for
investigating newly synthesised polymers.

Steady-state methods of measurement are essentially visco-
simetry?®!:?® complicated by the fact that polymer systems are
not viscous liquids but viscoelastic media’. Viscosimetric
methods may be used when the test material is able to flow,
and their application to the study of chemical processes is
possible when the transition period preceding the establish-
ment of steady-state flow and due both to viscoelastic and to
thixotropic phenomena?’~%! is significantly shorter than the
characteristic time of chemical reaction. In such case many
traditional viscosimetric methods prove useful. However,
the following substantial difficulties then arise: the deforma-
tion produced in any type of viscosimeter can itself have a
definite effect on the course of a chemical reaction, and its
intensity will depend on the rate of deformation; if the reac-
tion is accompanied by considerable evolution of heat, special
attention must be paid to maintaining controllable (e.g. iso-
thermal) conditions of measurement; and inmany cases chemi-
cal changes in polymers are accompanied by hundredfold and
thousandfold changes in viscosity, so that the instrument
should be able to measure viscosities of the test medium over
a very wide range.
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Viscosimetric methods are used industrially for two pur-
poses—(i) to estimate the duration of retention of the fluid
state by rubber mixtures (various types of Mooney viscosi-
meters are used®’; certain methods of applying them have
been standardised in several countries, in particular in the
USA as ASTM D-1246, etc. and in the USSR we also have
GOST 10722 as a "method of determining the viscosity and
the capacity for premature vulcanisation" of rubber mixtures),
and (ii) to measure the "viability" of thermosetting plastics
(the rotation viscosimeter developed in the USSR is used for
this purpose®®®; an instrument of the same type is manu-
factured also in the Federal Republic of Germany by Gevaert;
other suitable experimental methods have been reviewed?®S).

Viscosimetric methods have found very restricted use in
the industrial production of polymers (isolated examples can
be found®®?7), despite the exceptionally high sensitivity of
rheological indices to the composition of the polymer system
and the structure of the macromolecular chain. Polymerisa-
tion processes are usually monitored by traditional viscosi-
metric methods and instruments. However, the problem of
studying rapid polymerisation reactions, in particular of
assessing the induction period and the intial stages in general,
may require the development of scanning methods for moni-
toring viscosity®®.

The use of instruments combining viscosimetric and dyna-
mic methods of measurement is extremely promising for the
investigation of processes starting with a low-viscosity liquid
and ending in separation of a solid product, for the whole
process of hardening can be examined on a single small speci-
men. Instruments of this type are now manufactured in
Great Britain (the Weissenberg rheogoniometer produced in
several modifications by Sangamo Weston Ltd.), the USA (the
dynamic spectrometer made by Rheometrix), and in the
USSR.?° An analogous instrument has been developed also
for rubber mixtures"°®.

111. POLYMERISATION AND POLYCONDENSATION

The change in viscosity and in the whole set of viscoelas-
tic properties of a polymer system during chain growth is
extremely striking, as a consequence of the very strong
dependence of their governing parameters on the molecular
mass and the concentration of the polymer in the solution'~?,
as well as the existence of critical points at which even the
character of these relations changes™®":*2  Indeed, pub-
lished qualitative results have shown that in actual cases the
viscosity of the reaction mass changes by many powers of
ten during polymerisation.

Measurements of the viscosity of polymers in the actual
monomer are very significant in this connection. The pro-
posed experimental technique makes it possible to follow the
course of polymerisation by a dilatometric method with simul-
taneous measurement of viscosity“®**. Results for methyl
methacrylate show"® that the viscosity n is related to the
extent of conversion B by the power formula

n=Ke". ¢))

where the constants K and n are determined by the composi-
tion of the reaction mass (the concentration of the initiator
and the content of the molecular-weight regulator), but all
cases show very high values of n 210. The polymerisation
of butyl methacrylate exhibits a similar n—8 relation, although
the region of transition to concentrated solutions of macro-
molecular products at some critical value of B may be more
sharply defined than with methyl methacrylate*é.
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An extraordinarily rapid increase in viscosity has been
observed also in the copolymerisation of butyl methacrylate
with methacrylic acid, although for this sytem the effect is
very strongly dependent on the composition of the copolymer-
ising system, and an induction period of almost unchanged
viscosity it observed intially*’. However, evidence of an
induction period depends to some extent on the way in which
experimental results are presented, which is clearly shown
by a comparison of the same data plotted on linear*® and log-
arithmic*® scales. Yet in all the above cases of radical poly-
merisation the n—8 relation, like the usual dependence of the
viscosity of polymer solutions on molecular mass and concen-
tration, undoubtedly consists of two parts—an initial seg-
ment with a relatively weak dependence of n on B, and the
main segment, when at a considerable degree of conversion
the dependence is extremely sharp, and the exponent n
reaches very high values.

Extremely interesting experimental results illustrating the
way in which viscosity changes during the polymerisation of
acrylic monomers in the presence of fillers*®~5% also show
change in the rate of increase of viscosity when a certain
degree of conversion is reached. It was shown at the same
time that the increase is accompanied by a sharp change in
the whole complex of rheological properties of the polymeris-
ing system, with strengthening viscoelasticity of the solution,
evidence of intense structure formation at a certain degree of
conversion.

An initially slow and then extraordinarily rapid increase in
viscosity of the reaction mass has been observed in the poly-
merisation of styrene in the actual monomer, which also has
a radical mechanism®* (it is especially interesting to compare
these results with an investigation of the rheological proper-
ties of the model system formed by solutions of polystyrene
of varying molecular mass in styrene®®, which will provide a
physical basis for assessing the nature of the rheological
transitions accompanying polymerisation). These experi-
mental results®* were represented by an exponential depen-
dence of viscosity on extent of conversion, but the rheolog-
ical results for solutions of polystyrene by power functions®®.

It is important to emphasise for the purposes of the present
discussion that use of a single variable—extent of conver-
sion—to describe the type of variation in viscosity has
proved entirely valid for radical polymerisation under homo-
geneous conditions.

Unfortunately the above very interesting and significant
results were not compared with the kinetics or the mechan-
ism of polymerisation, which would have enabled sound judg-
ments to be made on the relative roles of the main determin-
ing parameters—concentration of catalytic system, temperature,
and change in the molecular mass of the product and its con-
tent in the reaction mass at various stages of polymerisation.

The monotonic character of the variation in viscosity during
polymerisation is characteristic only of homogeneous processes.
Various physicochemical effects, such as phase separation or
inversion at a certain degree of conversion, formation of a
heterogeneous system, substantially complicate the pattern of
change in rheological properties. A very pertinent example
is the formation of shock-resistant polystyrene. An impor-
tant stage in this process is phase reversal, when at acertain
degree of conversion of styrene in the polymer a transition
takes place from a system in which the continuous phase is a
solution of rubber in styrene to a system in which rubber is
dispersed in another, newly formed continuous phase—a
solution of polystyrene in styrene—the conditions at this
point influencing significantly if not decisively the physico-
mechanical properties, i.e. the quality of the produect.

A fundamental-aspect of these problems is that phase
reversal is accompanied by a jump in viscosity: the effective
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viscosity falls very rapidly at the instant of phase reversal
(Fig.1 *%). The drop in viscosity is very clearly evident,
since until the critical moment the viscosity has been increas-
ing owing to the polymerisation of styrene (but the polymer
remains the dispersed component). The change in character
of the variation in viscosity (from increase to decrease) is so
marked that it may become an extremely reliable method for
the technical monitoring of polymerisation. It should be
noted that the viscoelastic properties of the composition
change just as sharply at the point of phase reversal, which
is evident e.g. in a decrease in the Weissenberg effect.

7

Figure 1. Variation in viscosity during polymerisation
accompanied by phase reversal (in the range I).

IS

Figure 2. Variation in viscosity during: 1) homogeneous
polymerisation; 2) phase transition during polymerisation;
3) heterogeneous polymerisation.

The above example of an extremal change in viscosity at
an instant of phase transition during polymerisation is appa-
rently general in character. In this respect special interest
attaches to viscosity measurements on methyl methacrylate
polymerising in a solvent—precipitant mixture®’. The com-
position of the medium was chosen to ensure that polymerisa-
tion took place under either homogeneous or transition con-
ditions. Sharp differences were observed in the variation
of viscosity (Fig.2 37)—comparatively slow increase during
homogeneous polymerisation (curve 1), an extremal curve
with change in phase state of the system (curve 2), and a
very sharp increase during heterogeneous polymerisation
(curve 3)—the continuance®’ of the relatively slow increase
up to extremely high degrees of conversion being due to
occurrence of the reaction in solution—not in the mass—so
that the polymerising system was a not very concentrated
solution.
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Isolated qualitative observations show that the moment of
phase reversal on formation of an insoluble polymer depends
on the rate of mixing of the reaction mass. This is due to
both physical causes (since the instant of phase separation
depends on the rate of deformation®®°%) and apparently to
the influence of deformation on the rate of polymerisation.
The latter is one of the most obscure and little studied
aspects of the rheology of polymerising systems. Individ-
ual views on this aspect are extremely unconvincing, and
there are hardly any "pure" researches in which this ques-
tion would be studied.

The few investigations in which dependence of rate of poly-
merisation on deformation of the reaction mass has actually
been observed include the discovery of the influence of rate
of shear on rate of change of viscosity during the cross-
linking of oligourethane®’. However, the complexity of
interpreting the results, consequent on the extremely spe-
cific character of the dependence of the effective viscosity
of an oligomer on rate of shear, prevents their extension to
other polymerising systems in general. Thus a region of
dilatant behaviour—increase in effective viscosity with rate
of shear—is often observed®®®! with oligomers at low rates of
shear. Significantly different flow curves are observed for
concentrated solutions'’®'%1®,  Therefore the type of depen-
dence of viscosity on rate of shear changes as polymerisa-
tion proceeds, so that viscosity measurements with a constant
rate of shear (as in Ref.60) may give points corresponding
to different regions of the flow curve of the reaction mass,
which makes their comparison ambiguous.

The character of the variation in viscosity depends on the
mechanism of polymerisation, since the variation of the two
principal factors—the mean molecular mass of the product
and the polymer content of the reaction mass—is determined
by this mechanism. The physical state of the specimen—
whether it remains a solution during polymerisation or whether
the system becomes heterogeneous, which very strongly influ-
ences the rheological properties—also depends on the nature
of the reaction medium. Unfortunately, very little attention
has been paid to these question: the few experimental
results are qualitative in character and are in no way linked
with the mechanism or the kinetics of polymerisation, although
simple semi-quantitative considerations clearly indicate that
the kinetics of polymerisation play a decisive part in the
variation of the viscosity®®.

If polymerisation has a radical mechanism, the initial mean
degree of polymerisation remains constant during a fairly
lengthy initial stage®®, while the yield of polymer increases
linearly with time. In terms of the governing parameters
this implies that the initial stage consists in a temporally
linear increase in concentration of polymer in solution. Hence
the expected character of the variation in viscosity can be
indicated, provided that the concentration dependence of the
viscosity of solutions of specific composition is known.
Experimental results make possible such an analysis, which
has recently been made and has confirmed the validity of the
suggested theoretical approach®*. A more complete scheme
of radical polymerisation must take into account the time
variation of the mean molecular mass, which depends on the
relation between reactions of chain growth and transfer. In
any case, however, a detailed kinetic scheme of a specific
radical polymerisation together with the constants of the ele-
mentary reactions provides sufficient basis for assessing the
way in which the viscosity changes during polymerisation.
Nevertheless, such an approach is valid as far as the gel
point, which also can be detected by rheological methods and
is associated with certain peculiarities in the viscosity pro-
perties of the reaction mass®® or with change in the free vol-
ume &s a factor determining the rheological properties of the
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polymerising system®®,

Another kinetic scheme, involving an ionic mechanism of
polymerisation®’~¢?, is most simply represented by chain
growth at a certain number of active centres, whose concen-
tration A remains unchanged during the reaction, while chain
termination is excluded. If the degree of conversion deter-
mined from the change in concentration of functional groups
is B, the mean molecular mass of the resulting polymer is at
some time proportional to the ratio B/A, while the concentra-
tion of polymer in solution is proportional to 8. Thus both
the molecular mass and the polymer content of the solution
change, in contrast to the preceding case. This situation
becomes substantially more complicated if the polymer sepa-
rates from solution, which, of course, affects the rate of
increase of viscosity®®.

Finally, in a specific kinetic scheme based on chain growth
by a polycondensation mechanism all molecules are simulta—
neously involved in the increase in molecular mass, and the
degree of conversion B corresponds to the mean degree of
polymerisation (1-8)"!, but the polymer concentration in
solution during polycondensation is constant at unity. This
implies that the course of changes in the governing parame-
ters is significantly different during polycondensation than
during radical or ionic polymerisation.

Dependence Radical lonic  Polycondensation
P(p) 1 g (1—5)-1
c(®) B
n () B° pett (1—p)°

Thus the effects on variation in viscosity n of different
types of dependence of mean degree of polymerisation P and
concentration ¢ on degree of conversion B is determined by
the type of function n(c,P). If it is assumed for illustra-
tion**® that n = PAcb (where a and b are constants), the
above effects of the mechanism of polymerisation on variation
in viscosity can be summarised as in the Table. Although
the degree of conversion 8 is the sole governing parameter
in all cases, the character of the function n(g) varies sub-
stantially depending on the mechanisms of formation of the
polymer.

The above simple schemes of growth in viscosity during
polymerisation apply to isothermal conditions. Non-isother-
mal phenomena during polymerisation exert a significant
influence on changes in rheological properties, and may lead
to completely novel non-trivial effects (a detailed survey of
related problems has appeared’®7!). Some of these cases,
e.g. the changes in viscosity during adiabatic polymerisation,
can be described quantitatively®?. To obtain a more gen-
eral description requires a very large body of calculations,
which can be justified by the fundamental interest of the
problem and for applied purposes. However, it is important
that in all cases such calculations should be based on detailed
knowledge of the kinetics of polymerisation, and also on
establishment of the way in which viscosity depends on the
molecular mass of the polymer and the content in the solution,
for specific cases of theoretical or technical interest.
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IV. VULCANISATION OF ELASTOMERS AND HARDENING
OF THERMOSETTING PLASTICS

Elastomers and thermosetting plastics are both able to react
to form a three-dimensional network of chemical bonds, with
conversion from a liquid to a non-fluid and infusible material.
It is this transition, in which all the rheological properties
change within wide limits, that we shall discuss here. The
most characteristic changes consist in an increase in viscosity
to "infinitely" high values, an extremal change in hyperelas-
tic properties at a stage preceding formation of a continuous
three-dimensional network of chemical bonds’?’%, and ulti-
mately the appearance of an equilibrium modulus characteris~
tic of non-fluid systems. The components of the dynamic
modulus of elasticity also change. Such changes are strong-
est at low frequencies, since the development of properties
then involves movement of the macromolecular chain as a
whole or of quite long segments. Formation of cross-links,
however, hinders movement of the chain more strongly the
larger the portion of it is involved in the elementary act of
relaxation.

The great changes in rheological properties of oligomers
during hardening or of rubbers during vulcanisation have
formed the basis of various industrial methods for monitoring
structural transformations by measuring the rheological (or
mechanical) characteristics of the material. Among them the
best known and quite widely used are methods for monitoring
the vulcanisation of rubber mixtures using various designs
of Vulcameter, Curometer, etc., as well as dozens of indus-
trially produced and standardised, and also home-made,
devices employing the most diverse types of loading. The
initial stages of vulcanisation are usually monitored viscosi-
metrically, but the continuation of vulcanisation (hardening)
after formation of the three-dimensional network of chemical
bonds is recorded by dynamic methods. The chief experi-
mental methods and modes of treatment of the results applied
to rubbers and rubber mixtures for this purpose were sum-
marised in a monograph?®?,

The further efforts of investigators in this field are now
directed at standardising test conditions and procedures as
strictly as possible, achieving reproducible comparative
results, and establishing correlations between characteristic
points in relations obtained in different types of apparatus
and technical indices of the moulded articles. In the imme-
diate future we must even expect strengthening of the
requirements for the standardisation of conditions of mea-
surement together with automation of instruments used in
industrial practice.

Study of the rheological changes accompanying the harden-
ing of oligomers is in a somewhat different position. The
specific nature of problems arising here is most conveniently
illustrated by the example of epoxy-resins, whose hardening
has been studied by means of the whole set of existing rheol-
ogical methods. Hardeners of amine type have been used in
most of this work.

Investigation of the initial stages of this process requires
primarily the determination of viscosity—temperature—time
(n—T—t) characteristics for multicomponent materials having
various compositions’*"%. A constant-temperature cross-
section of such a characteristic can be represented sche-
matically by the graph in Fig.3. The greatest interest
attaches to assessment of the positions of two points: the
time t, defines the "viability" of the oligomer, i.e. the dura-
tion of the low-viscosity liquid state; and the time t* cor-
responds to the attainment of a certain high viscosity, which
in practice is defined as "gelation", i.e. the point at which
fluidity is lost, although the polymer actually remains fluid
for some time longer. The gelation point is determined by
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the accepted arbitrary technical methods and corresponds’
to a very narrow viscosity range (~1200—-1400 P). This
result gives a quantitative basis for the technical estimates
of t* adopted in practice, which is important when consider-
ing non-isothermal hardening schedules for thermosetting
resins. Nevertheless, this viscosity criterion is fairly
arbitrary, for the mouldability of compositions based on
epoxy resins is determined’s by a viscosity of only 500 P, as
was demonstrated for many systems differing in composition.
It is important to observe that in general there is no cor-
relation between t; and t*. Consequently the "viability" of
a material is still an inadequate indication of its technical
possibilities, and the ability to be moulded may be retained
for a long time (between t, and t*) if the increase in viscosity
during this period is not very rapid. Therefore the com-
plete time dependence of viscosity n(t) must be used toassess
the technical properties of compositions.

*
t, t*t

Figure 3. Assessment of critical points— "viability" and
"gelation" times—in the hardening of oligomers.

The graph in Fig.3 can be expressed analytically in vari-
ous ways depending on the specific hardening reactions of
actual oligomers. Often this relation is clearly described by
means of an exponential function:

n=mn.exp (k?), (2)

where ng is the initial viscosity and k the kinetic parameter
of hardening, both of which depend on the temperature. An
exponential time variation of viscosity usually "works" quite
well in the initial range, but not as far as the gelation point,
for the increase in viscosity accelerates as this point is
approached. More complicated n—t relations have also been
suggested’®’® which take into account the very sharp
increase in viscosity in the hardening of epoxy resins.

The hardening of oligomers often takes place under non-
isothermal conditions. It is therefore important to generalise
formula (2), so that complete n—T—t hardening characteris-
tics can be obtained. For this purpose the temperature
dependence of n, is expressed in the usual way:

No=mnwexp (E/RT), (3)

where Ep is the activation energy of viscous flow and n. &
constant. The temperature dependence of the rate constant
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k is described similarly, but with a different activation
energy Ej., of hardening:

k=Fk.exp (EJRT). 4
Then

Inn=In1.-+EJRT+tkuexp (EJRT). (5

Direct measurements have shown’™ that Ej = 200 kcal mole™?
for the hardening of epoxy resins with amine hardeners,
while E,, varies with the composition of the materials from 22
to 41 kcal mole™!. Both ne and ke are also strongly depen-
dent on composition.

Formula (5) can be used to estimate the gelation time t*
under non-isothermal conditions. This is important techni-
cally, since actual hardening processes almost always take
place under non-isothermal conditions and go to completion
fairly rapidly, so that their direct observation is difficult.
The appropriate generalisation is made by replacing kt in
Egn.(2) by the expression

¢ o
jk(r)dt= kwjexp [EWRT () dt. 6

Then
t
Inm = InNw + Eo/RT + koo f exp [EW/RT () d ¢, N
[
The integral on the right-hand side of (7) is evaluated (for

a specified programme of temperature variation) by any
numerical method+t.

L

Figure 4. Variation in viscosity during non-isothermal
hardening (linear time variation of temperature).

In practice a linear (or almost linear) time variation of tem-
perature of a composition is often achieved. This gives a
characteristic extremal variation in viscosity (Fig.4), due to
competition, with rise in temperature, between softening
(lowering of viscosity) and acceleration of the chemical reac-
tion. Use of the generalised n—T—t characteristic in for-
mula (7) enables a correct estimate of the gelation time t* to
be made in this case, and an optimum hardening schedule to
be selected by varying the rate of heating.

One factor restricting the possibility of increasing the rate
of rise in temperature and thereby accelerating the technical
process is the requirement that the temperature gradient
across the mass must be lowered ia the moulding of large or

t+ The possibility of such an approach has recently been
extended also to non-isothermal increase in viscosity of a
polyester binder!!®.
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thick-walled articles.  With external heating a uniform tem-
perature field throughout the article cannot be guaranteed,
so that hardening takes place non-uniformly, which leads to
the appearance of considerable (or even unacceptably high)
internal stresses. Therefore the choice of optimum rate of
rise in temperature during the hardening of oligomers must
take into account the heat-transfer conditions in an article
of specific dimensions and the estimated internal stresses
arising during heating, chemical reaction, and cooling.

The construction of n—T—t characteristics has general
value for analysing the non-isothermal hardening of thermo-
setting resins, compositions based on them, and other rhe-
ologically unstable materials undergoing particular chemical
changes when heated. The fairly large number of studies
of the changes occurring in the rheological properties of
oligomers during hardening suggest a single type of behav-
iour governed by two characteristic indices—the duration
of the initial ("induction") perod of slight increase in visco-
sity and the gelation time.

The possibility of the temperature—time superposition of
chemorheological characteristics of polymer materials also
has general value. It implies that the generalised time
characteristic of the variation in viscosity can be constructed
as a function of the product tap, where ar is the tempera-
ture dependence of the rate of hardening. Direct measure-
ments have shown® that ar is described in terms of the same
activation energy as that characterising the temperature
dependence of the viscosity of the oligomer in theinitial state.
Apparently, however, this is not a universal rule, as has
been emphasised above (the dependence of the activation
energy of viscous flow on the composition of the hardened
material with Ex unchanged during the hardening of epoxy
resins by an amine type of hardener). Nevertheless, the
possibility of applying temperature—time superposition in
those specific cases in which it applies in practice provides
an important method for constructing n—T—t characteristics
and enables technical parameters of a composition to be esti-
mated at temperatures at which direct measurements cannot
be made because of the high rates of hardening.

The relation between the activation energies of viscous
flow and chemical reaction Ej and Ek is important in the con-
sideration of changes in viscosity during non-isothermal
hardening. In general these constants can be regarded as
independent, and the general n—T—t characteristic described
by formula (7) can be used. The postulate that the change
in viscosity due to hardening and the role of temperature as
a factor controlling the rate of chemical reaction are far
stronger than the actual temperature dependence of viscosity
at a certain stage of structure formation is apparently legiti-
mate and extremely useful in virtue of the equations it gives®.

In essence this hypothesis is sufficient for the tempera-
ture—time superposition of n—t relations obtained at differ-
ent hardening temperatures. Hence follows in particular
the possibility of estimating the activation energy (or the
temperature dependence of the rate of chemical reaction in
general) from the temperature dependence of the duration of
reaction necessary to achieve a specified viscosity. Applica-
tion of this approach to various thermosetting resins gave
positive results. Thus the activation energy of the process
characterised by the time variation of the viscosity of a resol
agreed with the value found by an independent chemical
method®. It was shown for epoxy resins that the activation
energy of the process leading to the increase in viscosity was
independent of the actual viscosity at which the correspond-
ing duration of reaction was compared. The activation
energy thus obtained from viscosimetric data was almost iden-
tical with the value found from a chemical study of the kinet-
ics of hardening®'.
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However, such a simple approach is restricted to the state
of viscous flow: on the formation of non-fiuid materials the
possibility of temperature—time superposition becomes debat-
able. This is indicated by the differences observed between
activation energies calculated from the induction period and
from the gelation time®. Nevertheless, such differences
may be fortuitous, in view of the ambiguity in the assessment
of the instant at which fluidity is lost, since this point is
actually determined from arbitrary indices.

The complexity involved in characterising the rheological
properties of hardening polymer materials is due not only to
the need to estimate changes in behaviour of the specimen
with time but also to the fact that the test materials (except
perhaps during the initial state) exhibit an anomalous viscos-
ity effect, with the departure from Newtonian flow changing
with the degree of structure formation. Therefore the
problem of describing the flow of hardening polymers is of
intrinsic value. The early papers®®’®* used the Bingham
model of a viscoplastic medium to represent the viscosity
properties of compositions based on phenol—formaldehyde
resins. Actually, however, a true fluidity limit is most
likely absent from such compositions until a three-dimensional
network is formed®>?¢, although a definite part may be played
by the nature of the filler used, interaction of whose particles
may lead to the appearance of solid properties in the compo-
sitions®’»®®. In such cases the appearance of a fluidity limit
is not directly due to hardening of the oligomer, in contrast
to what occurs during structure formation causing the gela-
tion of polymer solutions®?. Nevertheless, it is not always
possible to draw a sharp boundary between these two phe-
nomena.

A high filler content in hardening oligomers, even if it
does not tend to form a stable structural network, leads to
the boundary-layer slippage characteristic of highly filled
compositions when they are forced through moulding chan-
nels®%®!, In actual technical situations and in the laboratory
investigations simulating them the dominant role in the hydro-
dynamic resistance of the channels is played by boundary-
layer slippage until high degrees of structure formation are
reached. The role of the filler is especially important in
the flow of hardening compositions in the region of sharp
changes in cross-section of the channel, e.g. in the entry
portion of moulding channels®®, where a decisive part is
played by the presence of the filler, not by hardening of the
oligomer®%%*, Boundary-layer slippage or rupture of the
deformed composition occurs with various flows of highly
filled oligomers®*, but this effect is not specific to hardening
materials, since completely analogous phenomena are observed
in the flow of various polymer materials*®%%%!,

The reliability of viscosimetric analysis for kinetic study of
the hardening of oligomers largely depends on how far the
change in properties of the specimen can be separated from
thermal effects due to the exothermic character of hardening.
The importance of this factor is clearly indicated by kinetic
results for phenol—formaldehyde resins, which enabled their
viscosity to be related to the extent of conversion®® %,
Extrapolation of the results to "zero" specimen thickness
proved that the induction period always observed in practice
is not a true kinetic effect but is due to delay in the spread
of temperature throughout the specimen. It has already
been suggested above that the inevitable non-uniformity of
the temperature field (and hence degree of conversion
throughout the specimen) is a cause of internal stresses.
Here another aspect of non-isothermal hardening is empha-
sised—as a factor complicating kinetic interpretation of the
results—so that correct allowance for non-isothermal effects
achieved by different methods® "®° has general value for a
whole range of problems associated with the changes in rhe-
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ological properties of polymer materials undergoing structure
formation.

Successive separation of thermal effects from the change in
degree of hardening has shown that the increase in viscosity
in the initial stages of structure formation in phenol—formal-
dehyde resins is described by the formula®%°!

n=no(p)exp (E/RT), ®

in which the pre-exponential factor ny,(B8) represents the
effect of degree of conversion g on viscosity, while the acti-
vation energy E = 8.22 kcal mole™* is almost independent of

B until a considerable degree of conversion is attained. The
maintenance of an unambiguous relation between degree of
conversion and viscosity whatever the thermal history of the
material is very important, since it enables a single main
reaction to be regarded as causing the increase in viscosity.
It is also responsible for the possibility of finding generalised
n—T—t characteristics in the form (7).

A similar approach to describing the degree of conversion
attained as the sum of changes occurring with different laws
of variation in the temperature of the material is valid also
for rubber mixtures'®,

Another important aspect of the rheology of hardening com-
positions related to the non-isothermal character of flow is
the influence of rate of deformation on kinetics of hardening.
This problem has been very little studied, and existing data
are unreliable just because effects due to the actual increase
in rate of deformation and to the consequent evolution of heat
(corresponding to the rise in temperature and in the rate of
hardening) were not separated. Therefore the shortening
of the time during which an oligomeric composition remains
plastic, with increase in the flow rate of shear!®*™!°%, may
actually be due to non-equivalence of the temperature condi-
tions of deformation. This is indicated also by the marked
effect of initial temperature on the development of the effect,
which may be associated with the viscosity of the oligomer:
the higher the temperature the lower the initial viscosity of
the reaction mass, and hence the smaller the evolution of
heat at comparable rates of deformation and the weaker the
influence of flow on the reaction kinetics. Therefore the
influence of deformation on the course of the hardening of
oligomers remains an open question.

It is very tempting to simplify the description of processes
occurring in the initial stages of the hardening of oligomers
by using a single parameter, e.g. the degree of conversion.
This is possible if any leading mechanism of chemical changes
in the reaction mass can be distinguished. Viscosity mea-
surements during the formation of polyurethane are signifi-
cant in this respect, when the precise meaning of the reac-
tion mechanisms enabled the viscosity to be related to the
molecular characteristics of the product at various stages of
polycondensation®®*.

Kinetic study of the hardening of oligomers by viscosimetry
is mainly of value for the initial stages, which in practice
correspond to preparation of the composition or decomposition
of a hardening layer on a reinforcing material. Subsequent
stages extending as far as the final article can conveniently
and fruitfully be observed by a dynamic method, by mea-
suring the time variation of the modulus of elasticity G and
the mechanical loss angle tan §.'%°

The most general picture of the variation in dynamic char-
acteristics during hardening has been obtained with epoxy
resins. It is shown diagrammatically in Fig.5,'°® where the
upper continuous curves represent the variation in the glass
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point Tg] during vitrification, and tg] is the length of the
hardening period necessary to reach the region of vitrifica-
tion. Analogous results (but not so complete) conforming to
this pattern have been obtained by other workers®?:1%¢ [n
order to understand the results of rheological investigations
on this process it is fundamentally important that we estab-
lish the relationship between three temperatures—that of the
experiment T, the glass point of the unhardened composition
Tg], and the glass point of the final product Tgl’g,——bearing
in mind that achievement of maximum loss than 6 corresponds
to the relaxation transition point.

We may suppose, for example, that condtions of vitrifica-
tion are attained before the gelation point (i.e. at T < Ty).
Maximum tan § then corresponds to some degree of structure
formation, and an already vitrified polymer will undergo only
a slight decrease in tan § as the process continues. Another
case corresponds to the condition Tg] <T < Tg],, when two
loss maxima are observed: the first occurs at the gelation
point, i.e. on transtion from a fluid to a hyperelastic state,
and the second at the glass point, i.e. the main relaxation
transition. Finally, in the third case, with T >Tg1,oo, gela-
tion conditions are reached very rapidly (because of the high
temperature), but vitrification does not take place: i.e. the
material is in a hyperelastic state the whole time. This
extremely informative view of the changes in dynamic pro-
perties of a composition is generally valid for the hardening
of oligomeric resins. Important technical recommendations
for two parameters—gelation time t, and vitrification time tgl,
the latter close to the time at which hardening is complete—
can be obtained from this scheme. Taking Fig.5 to repre-
sent a model of the process, we can analyse the specific fea-
tures of the hardening of various materials.

The fertility of applying a dynamic method to analyse the
concluding stages in the formation of a rigid polymer has
been demonstrated in estimating the degree of cyclisation
when a polyester—amide film is heated to give a polyimide
Measurements of the time dependence of the dynamic modulus
of elasticity can usefully be employed for studying the induc-
tion period, the duration, and the completion of the linear
and three-dimensional copolymerisation of organosiloxane
monomers'!?, Interest attaches also to a recently developed
method for analysing chemical changes in solid polymers by
introducing a reactive component into the matrix of a heat-
resistant rigid polymer: occurrence of a chemical reaction
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in the material, including intrachain processes, can be
assessed from the variation in dynamic mechanical properties
(loss angle and elastic modulus)*!¥»12,

The above results clearly show the possibility and the value
of a dynamic method for investigating chemical processes in
structure-forming oligomers and monomers. Therefore this
method is readily used to monitor various real technical pro-
cesses: for example, it has been proposed!!® to employ mea-
surements of dynamic properties in the acoustic frequency
range to monitor the completion of hardening in articles made
from thermosetting resins and glassfibre-reinforced laminates
based on them. A qualitative similarity was found'!? in the
changes in acoustic (i.e. ultimately elastic) properties of
binder and laminate. Although the type of time dependence
of the measured signal varies, the positions of characteristic
points corresponding to formation of a three-dimensional
structure in the polymer and to completion of hardening almost
coincide for polymer and composition based on it. Therefore
use of a dynamic (e.g. acoustic) method will permit non-
destructive monitoring of the concluding stage in the harden-
ing of the polymeric binder in glass laminates. Such a
method has been successfully used also to monitor foaming:
and subsequent hardening of polyurethane foam plastics**.

A dynamic (or vibrational) method can also be used to
monitor the vulcanisation of rubber mixtures, especially the
hardening of liquid rubbers’!®, when a complete change in
modulus of elasticity can be observed, from low values cor-
responding to the liquid state right up to values in the
region of the hyperelasticity plateau. However, a dynamic
method will give entirely reliable results even for ordinary
highly viscous rubber mixtures. This has permitted stan-
dardisation of a dynamic method for monitoring the vulcanisa-
tion of rubber mixtures (ASTM 2704—2706 in the USA), and
a good correlation was shown''® between values obtained by
this method and by the customary but more inconvenient
and less sensitive and reliable Mooney measurement of coef-
ficients of viscosity.

Dynamic effects on the test material involved in non-
destructive monitoring methods do not themselves in any way
affect the kinetics. However, this does not limit the possi-
bilities and prospects of applying dynamic (or vibrational)
effects on structure-forming compositions, in particular
thermosetting plastics. In fact, with increase in amplitude
of deformation and transition to so called "large" amplitudes

tan & tan g
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|
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Figure 5.
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Variation in dynamic properties during hardening for different relations between experimental

temperature and glass point: a) Texp < Ters b) Tfl <Texp <Tgl,w; ¢) Texp>Tgl,w; A) the arrow indi-

cates the region of the vitreous state of the materia
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(in contrast to the "infinitesimal" amplitudes used for non-
destructive measurements) vibrational effects become an effi-
cient means of influencing the kinetics of chemical processes.
This has been clearly demonstrated on the same epoxy
resin*'’: increasing the amplitude of deformation led to a
sharp fall in elastic modulus and to a delay in hardening,

but the final state of the polymer subjected to vibration was
characterised by a higher modulus. Cyclic deformation

with large amplitudes presumably delays formation of a three-
dimensional network of chemical bonds and intensified harden-
ing.

Unfortunately the paper -’ gives only limited information on
this interesting and promising aspect of the reality of struc-
ture-forming polymer systems. There is thus no basis at
present for discussing how general is the significance of
these facts. Undoubtedly, however, the use of large-ampli-
tude dynamic effects can give important new information on
the behaviour of polymer compositions during hardening and
is of definite technical interest for controlling the rate of
hardening and the properties of the end-products.
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V. GELATION

Gelation is intermediate between polymerisation in solution
and vulcanisation with respect to the accompanying change
in rheological properties. The initial stages actually involve
an increase in viscosity owing to chemical interactions of a
limited number of macromolecules, which results in anincrease
in molecular mass of individual chain structures. Then a
single three-dimensional network appears, which contains a
considerable proportion of the initial chains, while the
remaining solvent acts as a plasticiser of the rubberlike struc-
ture!'®!® In the light of the above rheological approach,
therefore, gelation involves conversion of a relatively low-
viscosity liquid into a viscoelastic medium incapable of flow,
regardless of the actual mechanism of gelation, which may be
associated not only with chemical reactions but also with
physical transitions (e.g. formation of microcrystalline
regions).

The variation in viscosity during gelation has quite long been
regarded as an extremely sensitive indication of the course of
the process. Moreover, a rapid increase in viscosity with time
has been interpreted as a criterion of conversion of the solution
into a gel. Quite frequently, indeed, e.g. for ethanolic
solutions the cellulose nitrate'?® or for aqueous polyacrylic
acid'?!, the variation in viscosity is extremely simple: a pro-
longed stable state or slight growth in viscosity is replaced
by a very rapid fall in fluidity. The length of the induction
period depends on the temperature, but the whole observed
pattern of change in viscosity resembles so strikingly the
kinetics of crystallisation of a polymecr from solution that it
can be regarded as indirect evidence of gel formation by a
mechanism of crystallisation. More complicated cases of
growth in viscosity with time are known, when the rate of
change decreases'?2,

However, known examples of increase in viscosity during
gelation are partial in character, while possible ambiguity of
results and interpretations based on viscosity measurements
is due to ambiguity in the very concept of "viscosity" for
non-Newtonian polymer solutions. The actual pattern of
variation of viscosity properties during transition of a solu-
tion into a gel is substantially more complicated. As has
been shown for gelling solutions of a polysulphonamide in
dimethylacetamide®®, the way in which viscosity varies with
time depends markedly on the conditions under which the

rheological methods of rotational rheometry

Russian Chemical Reviews, 50 (1), 1981

measurements are made (Fig.6): at high rates of shear the
viscosity increases only slightly for a long time, and gives
hardly any indication of the occurrence of gelation. Yet
the possibility of gel formation may already have been estab-
lished, if the clearest criterion of gelation—a yield point in
a homogeneous system—has appeared. And then, if mea-
surements are made at low rates of shear, a clear structure-
formation effect is observed.

tan 7

tan r

Figure 6. Variation in dependence of viscosity on rate
of shear y during gelation. The arrow shows the direction
of increase in duration of the process.

Here we must emphasise the difference between the "state"
and the "behaviour" of a material. In general this differ-
ence is well known for polymers: thus a polymer in a hyper-
elastic state may behave as a glass, but a melt as a rubber?,
which is a direct consequence of the relaxation mechanism of
polymer deformation. The same applies to the solution—gel
case. The existence of a yield point should in general be
regarded as a criterion of a gel®®!!®, However, the .
appearance of a yield point (or a limiting shear stress) can
have various causes. Thus in dispersions with a polymeric
binder a solid filler may form a structure that undergoes
brittle fracture at some critical stress!?®. A still closer
approach to gels is made by liquid-crystalline polymer solu-
tions, in which a well defined though not very high yield
point is observed?*~126,

The borderline between jellies and other systems having
a yield point is fairly arbitrary. But in any case the states
of a system below and above the yield point must be distin-
guished. In this sense it is more correct to speak, not of
the "state" of solution or gel, but of behaviour equivalent to
"solution" or "gel" behaviour. However, even the transition
between "fluid" and "non-fluid" states may be blurred if
breakdown of the structural network formed by macromole-
cules takes time, i.e. if this network possesses durability??.

From the rheological point of view transition to the gela-
tinous state is complete when the yield point, whichincreases
during gelation, becomes equal to the tensile strength of the
material, so that the possibility of transition to a fluid state
has completely disappeared®®.

Gelation is characterised by the appearance not only of a
yield point but also of a set of thixotropic properties, which
in the early stages of gel formation are studied by the same
128 a5 are thixo-
tropic changes in polymer melts and solutions?°. At the
stage of formation of a three-dimensional structure the
thixotropic properties of gels are observed by dynamic meth-
ods—from the time variation of the modulus of elasticity*®°.
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Furthermore, deformation may itself affect the rate of gela-
tion*3*, so that the introduction of shear in the measurement
of viscosity is an active factor influencing the kinetics.
Therefore viscosity measurements, especially if they are
approached without sufficiently thorough analysis, are insuf-
ficient to assess the changes accompanying gelation. Addi-
tional information may, of course, be obtained by measuring
the hyperelasticity or the viscoelastic properties of the mate-
rial, which also change on formation of a jelly. But it is also
relevant that in some cases rheological methods may be rela-
tively insensitive to structural changes.

An investigation of gelation in gelatin solutions!*? has given
results that are significant in this connection. Spectro-
scopic observation showed that, in the initial stage of struc-
ture formation, changes in intensity of several bands occured
for ~6 h, indicating the occurrence of chemical reactions.
These changes are entirely susceptible to the usual kinetic
interpretation: they are described by a first-order equation
with rate constant 0.01 min~*. The viscosity, however,
remains almost unchanged during this period, and increases
significantly only after 9—10 h, a considerable time after
completion of the chemical changes observed spectroscopically.
Thus macroscopic changes (apparent in an increase in vis-
cosity) do not necessarily follow all the microscopic processes,
In the present case spectroscopic observations enable nucle-
ation within individual molecules to be followed, whereas the
viscosimetric method indicates the combined effects of inter-
molecular interactions—the formation of spiral multimolecular
structures.

In concluding this discussion of jellies as systems undergo-
ing changes in rheological properties during formation it must
be emphasised that, despite the huge literature (a 1974
review®®* contains 399 references), very few systematic quan-
titative investigations of rheological changes in a system dur-
ing gelation have been made, and available information is
restricted to a number of particular examples.

---000---

This Review of published experimental facts and theoret-
ical aspects of the changes in rheological properties accom-
panying polymerisation and the reactions of polymers and
compositions based on them shows that the variation in all the
rheological indices is regularly linked with the molecular
characteristics of the polymer. This opens up wide possibil-
ities for the use of rheological measurements for monitoring
and controlling technical processes in the production of poly-
mer materials and chemical stages in the moulding of articles
(hardening, vulcanisation, etc.).

Until now this important and promising field has not
received due development. The reasons are inadequate study
of the relations between rheological characteristics and molec-
ular parameters of specific and diverse materials, little atten-
tion paid to several fundamental problems, in particular the
influence of rate of deformation on the kinetics of chemical
processes, the absence or inadequacy of experimental tech-
nique, especially in controlling the technical process, and
the absence of a general theoretical approach to the design
of reaction vessels in which properties of the medium change
significantly (in many cases even radically). Solving these
problems will permit effective utilisation of rheological meth-
ods in the production and processing of polymer materials.
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