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Rheological Properties of Thermosetting Compositions
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The current state of research on the plastic properties of compositions based on reactive oligomers is assessed. Methods used
to study their properties during deformation are examined. The influence of external factors, composition, and specific
structural features of the compositions on their residence time in the plastic state and on their deformation characteristics
is discussed. Possible lines of investigation on the rheological properties of thermosetting compositions are considered.
A list of 135 references is included.
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I. INTRODUCTION

Thermosetting compositions are based on reactive oli-
gomers and fillers, plus any required additives. The dis-
tinguishing feature of these materials is their inherent abil-
ity, when heated or at a low temperature, to pass into an
infusible and insoluble state by the formation of steric
bonds (a three-dimensional network) as a result of chem-
ical reactions1"4. Thermosetting resins, in contrast to
many thermo plastics, are highly resistant to arcing and
possess good dielectric properties; they are stable in many
corrosive media and exhibit considerable rigidity. Because
of this combination of valuable properties thermosetting
plastics find diverse applications in the national economy5.

The character of the reactions which cause the setting
of reactive oligomers largely determines the conditions of
formation of high polymers, and hence should be taken into
account in the choice of technical scheme for the process-
ing of oligomeric substances into a polymeric material.
Reactive oligomers can be divided6 into several groups:
(1) those having multiple bonds and cyclic oligomers, able
to undergo chain and stepwise polymerisation — "polymer-
isation oligomers"—including oligoester-acrylates, oli-
gosiloxanes, polymers and copolymers of butadiene and
isoprene, etc.; (2) oligomers containing functional groups
are able to undergo polycondensation, migration copoly-
merisation, or polycoordination — "oligomers with func-
tional groups" (phenol-formaldehyde, urea, glyptal, etc.);
and (3) oligomers having a chain of π-conjugation which
may contain functional groups, including oligovinylenes,
oligophenylenes, etc.

In the present Review we shall consider mainly mate-
rials of the second type. Actual cross-linked polymers
are characterised by various structural inhomogeneities,
which explains in particular their diminished strength (in
comparison with the calculated value), as well as the abil-
ity to flow at high temperatures and pressures possessed
by certain irregular polymers with a low density of cross-
linking.

Structural inhoniogeneity affects not only the mechanical
and physical properties of the material but also the kinet-
ics of further cross-linking, which mayinvolvebothgroups
attached to the existing three-dimensional structure and
those located at more accessible sites. It may therefore
be expected that the same primary reaction, especially at

relatively high degrees of conversion, will exhibit differ-
ent rate constants, representing different kinetic mobili-
ties of the units of the three-dimensional structure.

The properties of polymers may vary within wide limits
depending on the structure, chemical nature, andfrequency
of cross-links6 Polymers possessing neither solubility
nor the capacity of viscous flow are formed only on the
attainment of quite high degrees of conversion of the initial
multifunctional compounds. The formation of three-dimen-
sional cross-linked polymers is accompanied by a gradual
loss of fluidity and concomitant increase in viscosity. It
is therefore important to assess the rheological proper-
ties of the system in order to elucidate the nature of the
processes occurring in reactive oligomers and filled com-
positions based on them.

Three types of processes — direct extrusion, transfer
moulding, and injection moulding with preliminary masti-
cation of the material —are now widely employed for con-
verting thermosetting compositions into finished articles7.

Many publications on the processing of thermosetting
resins usuallv point out the need to establish high injection
pressures 8" 1 . Materials based on phenol-formaldehyde
oligomers can be processed properly with almost all types
of equipment, including moulding machines with worm
mastication. The considerable heat resistance of mate-
rials based on reactive oligomers enables them to be pro-
cessed in ordinary extruders1 1"1 4.

The difficulty of processing lies in the near impossibil-
ity of drawing a boundary between the end of mastication
and the beginning of setting, since irreversible cross-linking
begins to develop at the same time as softening of the materi-
al15. No significant part is played by the particle size of
the thermosetting compositions when the material is fed
into the channel of the worm. However, the friability of
the mass to be processed is significant9.

Pressure is another important variable in processing.
The permissible pressure is lower for materials that tend
to undergo mechanical degradation and disintegration at
high rates of processing. Thus aminoplasts are processed
at only half the rates of deformation used with phenoplasts16.
The maximum rate of injection can be realised in the pro-
cessing of phenol-formaldehyde compositions and materi-
als based on melamine-formaldehyde oligomers.

High pressures and rates of injection of thermosetting
melts cause intense wear of moulds andgates, butinsome
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cases this is attributed to inadequate mastication of the
material16. This is probably responsible also for the vig-
orous evolution of heat when an attempt is made to increase
the capacity of the machine by rotating theworm more rap-
idly. Few if any data are available on the homogeneity of
the melt in the channel of the worm. Estimation of this
property from the extruded material emerging from the
die is unreliable, since intense mixing may occur during
extrusion, as in the processing of elastomers and thermo-
plasts. It has been suggested 7 that the quality of masti-
cation can be assessed in several cases e.g. from the tem-
perature of the material leaving the masticator.

This optimisation of the processing of thermosetting com-
positions requires an investigation of the change in their
properties on passing from initial to plastic and then to
hardened state, i.e. the rate of passing from one state to
another, the duration of the plastic state. It is also nec-
essary to study the effects of numerous technical factors—
temperature, speed, pressure, degree of filling, and par-
ticle size of filler—at all stages of processing.

II. ASSESSMENT OF PLASTIC PROPERTIES OF THER-
MOSETTING COMPOSITIONS BY RHEOLOGICAL METH-
ODS

The maximum amount of information on the state of the
material and the role of various factors in its processing
can be obtained by making rheological measurements under
conditions approximating to actual moulding,
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Figure 1. Comparison of fluidities of phenoplasts and
various thermoplastics with longitudinal filling of a heli-
cal cavity (injection pressure 700 kg cm"2): 1) Genal 4000
phenoplast; 2) Genal 4050 phenoplast; 3) polypropylene;
4) glass-filled nylon; 5) polystyrene: 6) ABS; 7) Genal
4300 phenoplast.

It is also desirable to lengthen the time the material remains
in a plastic state, and to diminish the viscosity of thermo-
setting compositions. A single system for assessing the
viscosity properties of the latter is lacking, because of the
poor reproducibility of measurements made with different
designs of apparatus18.

The principal characteristics which must be used to com-
pare thermosetting compositions are the initial viscosity,
the time the material remains in a plastic state, the dura-
tion of setting, and the change in fluidity during setting.
The initial viscosity and the duration of the transition from
plastic to hardened state are often determined at a stand-
ard temperature18. It is noteworthy that thermosetting
compositions in a plastic state approach melts of ordinary
thermoplastics in their viscosity characteristics (Fig. I).19

The most diverse methods are used for determining
those technical characteristics of thermosetting composi-
tions that may be useful under practical conditions, but sys-
tematic accounts of them can be found20'21. Thefirstgroup
involves estimating fluidity during extrusion, when the
results depend on the conditions of deformation. In the
second group of methods the viscosity is determined under
conditions approximating to those of injection moulding and
extrusion.

Among the numerous methods of the first group the
most widely used are the examination of fluidity by com-
pression between two plane-par all el plates22, the "beaker
method"23'24, extrusion through different channels25"29 and
its Rossi-Peaks modification, determination of fluidity
during flow into a conical channel31 or into a mould in the
form of an Archimedean screw24'32'33, etc. 34~36. All these
methods involve obtaining arbitrary characteristics, which
does not permit adequate assessment of the fluidity of ther-
mosetting compositions.

time of flow

Figure 2. Assessment of viscosity properties of thermo-
setting compositions by Meysenbug's method (Darmstadt
test): OA) heating range; AB) softening range; .BZ3) flow
range; D) start of setting of composition.

The standards required for the composition to be pro-
cessed are increasing because of the great sensitivity of
injection moulding to variations in the properties of the
material; in particular, the scatter of material charac-
teristics from batch to batch must be as small as possible.

The second group of methods are based mainly on rotary
viscosimetry, which enables the experimental conditions
(temperature, duration, regime of deformation) to be var-
ied within very wide limits ~46. Those most widely used
for thermosetting compositions are Meysenbug's method47'48,
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the flow test4 9 '5 0, the Kanavets apparatus5 1"5 5, and the
Brabender plastograph49'56""59. The test results are used
to determine the duration of the plastic state, the viscos-
ity properties of the material, the rate of setting, etc. 6 0.
Figs. 2 *° and 3 6 1 illustrate typical relations. The methods
differ in the mode of deformation, either specifying a con-
stant torque and recording the variation in rate of flow with
time, or using a specified constant rate of travel and mea-
suring the resulting torque.

b c time

Figure 3 Kinetics of the hardening recorded on a
Kanavets plastometer35 of thermosetting materials of:
1) Novolak type; 2) resol type; Oa, Oc) periods of time
in plastic state; Ob, Od) setting times.
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Figure 4. Flow curve of K-18-2 composition: PfcJ lower
fluidity limit; Pk2) upper fluidity limit; R) radius of
gate; 1) 1 mm; 2) 1.5 mm; Q) bulk flow rate; I) length
of gate; P-I\n) pressure drop in channel.

Knowledge of the rheological properties of the composi-
tions under processing conditions is necessary in order to
compare the mouldability of different thermosetting mate-
rials and describe the flow of the melt in the pouring chan-
nels and the mould cavity62""65. Capillary and capillary-
rotary instruments are also used66. Rheological properties
were determined62 by extruding the material through gates
of different diameters, the main result being the discovery
of two fluidity limits for a composition (Fig. 4). The flow
curves were described analytically by means of Bingham's
law. Capillary viscosimetry yielded 7 ' 6 8 flow curves for a
composition analogous to the Soviet material K-18-2 at
shear stresses not exceeding 5 kg cm"2, below the lower
fluidity limit P^i (Fig· 4). The flow curve was satisfac-
torily described67 by a power relation of the type

where τ is the shear stress, Q the space velocity, and R
the radius of the capillary, while the constants were k =
= 1.0 (kg cm" 2 ) m s and m = 2.07. However, both here and
in other work37'68'69 capillary flow curves were obtained
only at one temperature. Hence the results do not permit
calculation of the activation energy of deformation, which
would have permitted a fuller comparison of the technical
properties of the compositions.

Use of a PPR-1 rotary instrument to examine the rheo-
logical properties of K-18-2 composition with deformation
at a constant rate of shear revealed a limiting shear strength,
which rose with increase in the intensity of deformation70.
However, no limiting stresses like the Bingham fluidity
limit were detected, in contrast to earlier statements62'66.
A limiting shearing strength is typical71"73 of the breakdown
of the three-dimensional structural framework formed by
the disperse phase (sawdust). Plastic disperse systems,
among which thermosetting melts may be included, exhibit
a fall in shear stress with increase in rate of deformation
on passing through the limiting shearing strength.

Investigation of the rheological properties of K-18-2
moulding powder on a Brabender plastograph revealed43

considerable boundary-layer slippage during movement of
the mass in the gap between the working members. How-
ever, another worker68 observed no slippage of material in
the boundary region.

Thus results of the above work on the viscosity proper-
ties of thermosetting materials by capillary and rotary vis-
cosimetry have occasionally been contradictory.

Dynamic methods are currently in widespread use for
investigating the most diverse materials. Information
obtained in this way enables us not only to determine the
temperature of transition from one state to another but also
to record the development of particular processes with time.
The use of dynamic methods also avoids breakdown of the
structure, like that occurring during deformation in rotary
and capillary viscosimeters.

Despite the promise of the dynamic method, very few
results have been obtained on thermosetting compositions,
although the first attempts have been made to determine the
duration of the plastic state of the binder at various tem-
peratures. Thus the setting of phenolic oligomers and
unsaturated oligoesters has been investigated74 by means
of a torsional pendulum, and a similar determination has
been made75 of the viscoelastic properties of the binder.
Somewhat apart from these investigations are experiments
on the viscoelastic properties of oil-filled phenolic oligo-
mers near their glass point76. By varying the oil content
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from 0 to 50% the temperature dependence of the mechani-
cal loss angle tan δ was obtained for four frequencies. The
results indicated the relation

between the degree of cross-linking φ and the glass point
of the oligomer Tg, where A and .Bare constants. The
molecular mobility of the phenolic oligomer is assumed to
be independent of the degree of cross-linking.

III. EFFECTS ACCOMPANYING THE DEFORMATION OF
COMPOSITIONS BASED ON REACTIVE OLIGOMERS

Results obtained by the above methods are sometimes
used to plot relations between shear stress and rate, (flow
curves), as in the investigation of the viscosity properties
of thermoplastics and elastomers. However, most work-
ers do not regard this as possible, probably because it is
not generally accepted that viscous flow can take place in
thermosetting compositions. Indeed, until recently no
studies had been made of their viscosity properties at low
rates of shear by means of various rotary instruments,
nor had the constancy of the flow curves been verifiedwhen
compositions were extruded through capillaries of differ-
ent radii.

y,4Q/irR3,s~l

10 s

10

10'

10

10

10

10-1

10

10-J

Μ

ο α
• b
α c
m d

10' 101 τ, T W , kgf cm"

Figure 5. Flow curves of K-18-2 compositions without
a hardener at 120°C: I) region of flow (viscosimeter:
a) REV-1; b) capillary); II) pressure dependence of bulk
flow rate measured with cylinder-cylinder type of visco-
simeter (surfaces of working members: c) grooved;
d) smooth); III) dependence of 4.Q/vR3 on T W obtained with
capillary viscosimeter [diameters of capillaries (1-5 mm)
indicated on curves].

Boundary-layer slippage plays a decisive role 7 7 ' 7 8 over
wide ranges of shear stress and rate of shear (at rates of
deformation of phenoplasts closely similar to those of actual
processing conditions). External friction between the mate-
rial and the wall of the channel may lead to a sharp increase in
rate of rotation of the worm. Similar results are obtained
in the deformation of thermoplastics79, for which it has been
shown in particular that the rate of slippage is independent
of temperature. Region (II) in Fig. 5,77 in which the shear
stress falls with increase in rate, is especially interesting.
In the case of raw rubbers this phenomenon was at one time
attributed to breakdown of the structure8 0 '8 1. In this case
slippage of the material relative to the measuring surfaces
is possible79'82, and the same conclusion was reached by
the above workers77'78.

However, a decrease in stress with increase in rate
cannot always be detected in the tests. Thus with elasto-
mers the transition from internal to external friction dur-
ing extrusion through a capillary takes place at constant
stress while the rate increases several dozen times83. An
analogous phenomenon has been recorded in the investiga-
tion of thermosetting compositions, although itwas explained
by the development of degradation84.

A characteristic sign of the development of rubberlike
elasticity in a polymeric material during extrusion through
a capillary is the swelling of the jet of extrudate. Since
thermosetting compositions are based on reactive oligo-
mers with different degrees of filling, strongly developed
rubberlike elasticity is hardly to be expected. This is sup-
ported by results obtained with phenolic compositions85

which showed that the mould was filled by a molten jet equal
in diameter to the gate, this work also indicated that bind-
er and filler may separate, which would impair the homo-
geneity and the strength characteristics of the final article85.
This effect was due not only to poor adhesion between bind-
er and filler but also to inadequate homogenisation during
mastication. An experiment was therefore undertaken in
which the extrudate emerging from the nozzle was divided
into four parts, the fluidity of each of which was determined
by a standard method. The pouring properties deterio-
rated along the extrudate, which confirmed the hypothesis
that the initial composition had been insufficiently homo-
geneous.
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Figure 6. Dependence of inlet resistance i-in on rate of
shear γ at 150°C for moulding material: l) K-21-22;

) 2 1 2

A specific problem in the processing of thermosetting
compositions is the need to establish considerable pres-
sures in the dispensing zone, owing to the great pressure
losses on entry to the gate. This hypothesis is supported
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by the experimental results6 3 '7 7 '8 6 plotted in Figs. 6 and 7.
Such considerablepressure losses might apparently be due
to the development of cross-linking, but the same results
are observed in the absence of a hardening agent77 as in its
presence6 3'8 6. The need to establish high pressures is
probably due to the high viscosity and considerable limit-
ing shear strength of thermosetting compositions with
finitedegrees of filling. The pressure in thedispensing zone
can be somewaht lowered if the geometry of the inlet is
modified. Thus by changing the inlet angle by 60° we can
not only eliminate stagnant zones but also reduce the input
losses on the average by 25%.87
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Figure 7. Dependence of pressure on length of capillary
for the flow of K-21-22 moulding material at 150° C
through an orifice of diameter: a) 2 mm; 6) 4 mm with
different rates of shear (s"1): 1) 3500-3800; 2) 1400 to
1500; 3)950-1000; 4)330-360; 5)720; 6) 480; 7)200
to 300.

Examination of the fluidity of moulding materials by
Meysenbug's method showed88 that adding uptol% of aplas-
ticiser considerably improves the reproducibility of esti-
mates of the properties of the compositions. However,
the fluidity remains almost unchanged with variation in the
plasticiser content from 1% to 3%. The reproducibility of
the properties of thermosetting compositions in quite con-
vincing evidence of the favourable effect of theplasticiser89.
It is interesting that plasticisers that do not react chemi-
cally with the oligomer enhance the plasticity of the com- •
position at all stages while hardly affecting the duration of
the plastic state90. However, if chemical reaction occurs
between plasticiser and oligomer, not only a decrease in
viscosity but also a longer period in the plastic state is
observed.

An attempt was made62'63 to use the measured coefficients
of friction of the test materials to calculate the loss of
pressure at the inlet to the nozzle. Thus for K-21-22
material with a rate of shear of 500 s"1 the pressure dif-
ference at the inlet to the channel found by Bagley's meth-
od91 was 300 kg cm"2, while the pressure loss due to fric-
tion of the thermosetting composition was 90 kg cm"2. The
difference between these values was then taken in the vis-
cosity calculations to be the pressure loss at the inlet to
the die. These workers considered that slippage of mate-
rial relative to the walls of the capillary was almost com-
pletely absent in the deformation of thermosetting compo-
sitions at such considerable rates of shear. Their results

enabled the input correction P\n to be related to the rate of
shear γ by the power formula

in which C and a are constants depending on the properties
of the moulding materials and the temperature63. A for-
mally similar relation was obtained77 with the rate of slip-
page as variable, when the input correction was unaffected
by temperature.

Study of the rheological properties of thermosetting com-
positions shows that careful reproduction of the test condi-
tions is necessary for the results to be comparable. Plas-
tometers with parallel plates and rotary viscosimetersare
therefore becoming ever more widely used. A compari-
son was made58 between results obtained with a Brabender
plastograph using an extruder as mixer and those obtained
with a Kanavets type of rotary viscosimeter. Experiments
with a phenol-cresol-formaldehyde oligometer filled with
sawdust are noteworthy58. With 5 g of material at 100° C
and the rotor rotating at 30 rev/min almost complete irre-
producibility was found, since the test mass stuck to the
mixer paddles and the drag fell sharply. Analogous dis-
integration of the specimen can occur also in tests with rotary
instruments of the cone-plane type, in which hydrostatic
pressure is absent. As a consequence, the dependence of
rate on torque may acquire the form described by other
workers7 7 '7 8 '8 0"8 2.

It is of the greatest interest in investigating the rheo-
logical properties of thermosetting compositions to estab-
lish flow in a capillary, since conditions then approach those
of actual injection moulding. The needfor high pressures,
the almost complete absence of rubberlike elasticity after
emergence from the capillary, and also the rheological
results indicate the "rodlike" motion of the compositions77.
The experimental results show that the rate of discharge
is almost entirely determined not by flow but by the rate of
boundary-layer slippage vo. The dependence of stress τ
on this rate is then

t = As · υ™, /

where As and m are constants. Measurements for tech-
nical purposes can be speeded up by using a capillary -vis-
cosimeter93 with automatic recording of therelationbetween
stress and rate of deformation. Deformation conditions
accompanying slippage and calculations of the chief param-
eters (stress and rate of shear, rates of slippage) have
been discussed in detail9 4"1 0 0.

Investigation of the flow at low rates of deformation of
compositions based on reactive oligomers has shown101"106

that the rheological properties of the oligomers—Newto-
nian liquids—change abruptly when fillers are added to
them. At a certain filler content a regime* of boundary-
layer slippage is established when the compositions under-
go deformation in capillary and in rotary viscosimeters.

IV. EFFECT OF TECHNICAL MOULDING CONDITIONS
ON PROPERTIES OF THERMOSETTING COMPOSITIONS
IN THE PLASTIC STATE

In order to investigate the viscosity properties of ther-
mosetting compositions under conditions as close as pos-
sible to actual processing schedules, a Kanavets type of
plastometer was fixed to the outlet from the masticator
nozzle, enabling the viscosity of the material to be deter-
mined at a rate of shear of 0.014 s"1, low enough for the
effect of the heat produced by friction to be neglected107.
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Application of relations used4 0 '6 1 '1 0 8 to describe the behav-
iour of thermosetting materials showed that the tempera-
ture in the masticator should not exceed 120°C when stan-
dard compositions were processed: otherwise premature
setting takes place109. Fig. 8 illustrates the temperature
dependence of the time during which the material remains
in a plastic state107.
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Figure 8. Kinetics of the setting of a phenol-formalde-
hyde composition at different temperatures (°C): 1) 190;
2) 180; 3) 170; 4) 160; 5) 150; 6) 140; 7) 130; 8) 120.

The physicochemical properties of articles madefrom
thermosetting compositions exhibit anisotropy owing to
orientation of the filler particles8 5 '1 0 7 '1 1 0. Orientation of
the oligomer itself during injection moulding probably makes
no contribution85. At some distance from the gate filler
particles are usually oriented perpendicular to the direc-
tion of flow; in narrow channels the orientation isparallel.
The orientation effect is diminished by under extrusion:
i.e. injection takes place into an open mould; parts which
initially break off under the influence of pressure, then join
with great force32.

The use of high pressures in the processing of thermo-
setting compositions naturally raises the question of the
effect of pressure on their fluidity and on the duration of
the plastic state. Results obtained31 by the methods of
Schwittmann and of Meysenbug were quite reproducible, but
were not compared with those obtained by other methods.
Work on melamine and phenolic oligomers showing that the
duration of the plastic state becomes shorter with increase
in pressure8 8 is of greater interest. A study of flow dur-
ing extrusion64 revealed direct proportionality between
rate of flow and pressure up to around 600 kg cm"2, which
suggested that Newtonian flow was maintained up to high
pressures. However, no more data have appeared on the
Newtonian flow of a filled composition, despite the numer-
ous investigations in this field made with various types of
viscosimeters 3 7 ' 4 3 ' 6 2 ' 6 3 ' 6 6- 7 0 ' 7 7 ' 7 8 ' 1"- 1 1 4 .

In the "beaker" method itwas suggested64 thatpressure,
viscosity η, and dimensions of a standard "beaker" were
interrelated by the formula

Τ)(ϋΗ

where d is the thickness of the wall of the vessel, Η the
depth of the specimen, and ω the mean speed of theplunger,
while p = iilfAp, in which Ap is the mean extrusion pres-
sure.

The fluidity of a composition not only varies on passing
from one type of oligomer to another but also is largely
dependent on the moisture content of the initial material1 1 5 '1 1 6.
Usually the latter does not exceed a few percent, since
further increase, in spite of the consequent decrease in
viscosity, produces a sharp deterioration in physicomech-
anical properties of the hardened composition.

The particle size of the filler has a noteable effect on
the viscosity properties of the thermosetting composition:
it was shown for the typical compositionsK-18-2, K-21-22,,
and others that increase in the particle size from 0.1 to
0.5-0.6 mm not only increases the viscosity of the system
but also considerably shortens theperiod in a plastic state117.
Unfortunately, very few data have been published on the
effect of the filler content on the rheological properties of
thermosetting materials1 0 1"1 0 6.

10

-z -1

lg (7,

Figure 9. Dependence of length of stay of K-18-2 in
plastic state ipiast o n r a t e °f deformation γ at 170°C.

This latter omission is aggravated by the impossibility
of transferring to thermosetting materials methods of cal-
culating deformation regimes developed for thermoplas-
tics7 1 '7 , because of their specific character. In moulding
machines with worm mastication the former materials are
processed at very high rates of deformation. Analogous
conditions in the processing of thermoplastics may cause
the polymer to crystallise 1 8 ' 1 1 9 or to break down1 °~122.
Intense deformation also intensifies chemical reactions78,
which is of especial interest for the processing of thermo-
setting materials. Fig. 9 shows that the time in the plas-
tic state becomes shorter with increase in rate of defor-
mation41'123. The role of deformation in the setting of a
composition is largely determined by the temperature: e.g.
deformation at 120° C may shorten the period in the plastic
state by factors of about 4-5, whereas at 170° C by factors
of only 2-3 for the same range of shear rates. These
conclusions are supported by the results of capillary vis-
cosimetry37. The preliminary rolling of thermosetting
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compositions also shortens theperiod the material remains
in a plastic state.

The kinetics of setting— the second most important pro-
cess occurring during the moulding of articles from thermo-
setting compositions— is mostly assessed by a rheological
method40'61 which has found widespread use both in the
Soviet Union and abroad. However, several other meth-
ods are known for studying the hardening process, based
on the measurement of physicomechanical, electrical, and
thermal characteristics of the material, as well as chem-
ical methods. Thus rates of setting have been determined
by a thermochemical method124, from the volume shrink-
age125'126, the variation in molecular weight127, the varia-
tion in dielectric properties128, chromatographically129'130,
by infrared spectroscopy131, from the proportion of ace-
tone-insoluble oligomer 3 2, etc.1 1 1. The quantity of ammo-
nia evolved has been used133'134 to study the kinetics of the
hardening by hexamethylenediamine of the phenol-formal-
dehyde oligomer No. 18 and the composition K-18-2 based
on it.

Many different theories have been suggested to account
for the rheological behaviour of elastomers and thermo-
plastics during deformation. No mathematical model which
would describe the behaviour of thermosetting compositions
during deformation is yet available, despite our knowledge
of the variation in their properties with various factors and
the accumulation of much experimental information. We
shall therefore consider only an attempt135 to describe the
flow of a thermosetting material in a cylindrical mould.
This started from the pressure dependence of the bulk flow
rate Q

a d"Q a d"'1(i +aO = O (1)
dp" dp n - 1

and was confined to the simplest cases with η = 1 and η = 2.
The constants ai, as,. . . ,an depend on the properties of the
material undergoing processing and on the conditions of
filling of the mould, while Qo is the volume of the casting.
With the boundary conditions p = 0 when Q - 0 and p — °°
when do/dp - 0, the relation

Q=Q0(l-e~ r) (2)

was obtained for η = 1. The constant r depends on the
length I and cross-section S of the die, the duration of flow
ty, and the effective viscosity of the composition η*:

r = r(/,S, ίο,η*).

This dependence was written

Solving thein which a is constant for the apparatus used.
differential equation (1) for n = 2 yields

where n and rz depend on the properties of the composi-
tion and the conditions of filling of the channel, while Ci
and Cz are integration constants. The value of r was
found from the slope of the plot of In (Qo - Q) against p. The
results1 3 5 indicate that the deformation of polymerisation
oligomers is well described by formula (2), and that of
polycondensation oligomers by formula (3).

In view of the above results of investigations on the
deformation of thermosetting compositions, in which the
rate of slippage predominates (under conditions approxi-
mating closely to actual processing), it is necessary to
set up a mathematical model of the injection moulding of

these materials allowing for the "rodlike" character of
their motion in channels, and also to develop a rheologi-
cal model to describe the flow of materials based on reac-
tive oligomers.
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