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Rheopexy in Some Polar Fluids and in Their 
Concentrated Solutions in Slightly Polar Solvents 
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Tel Aviv, Israel 

Synopsis 
Several medium and high molecular weight polar fluids, when subjected to shearing 

forces above a certain rate of shear, showed a rheopectic behavior. The observation 
was made on some polyesters, an epoxy compound, and on concentrated solutions of 
these materials in nonpolar solvents. The experiments were carried out in a rotating 
type viscometer with cone-and-plate arrangements. The following explanation for 
the observed rheopexy is proposed: above a critical rate of shear, the polar macromole- 
cules after alignment in the field of shear are forming quasicrystallites and a rheological 
network structure due to intermolecular forces. Because of the simultaneously occurring 
process of the breaking of structures in the field of shear, a state of pseudoequilibrium is 
reached. It wm found that when the experiments were interrupted at the stage of such 
a pseudo-equilibrium for a short time, a thixotropic strengthening of the existing struc- 
ture occurred; under renewed shear the stress decreased to ita value before the inter- 
ruption. After interruption of shear for longer periods (hours, days), a breakdown of 
the rheopectic structure was observed. 

Introduction 

According to general rheological considerations, fluids under shear can 
show Newtonian or non-Newtonian behavior. l v 2  The Newtonian behavior 
is characterized by a simple linear correlation between the shearing stress 
T and rate of shear D during the laminar flow of the fluid. The flow curve 
is a straight line passing trough the origin of the shearing stress-rate of 
shear coordinates, and its slope, the viscosity, depends only on temperature 
and pressure. Non-Newtonian fluids for which the flow curves are non- 
linear or have an intercept on the shearing stress coordinate can be divided 
into two major groups: (a) the shearing stress at any point depends only 
on the rate of shear (at constant temperature and pressure), and after the 
interruption of shear the stress returns immediately to its initial value; 
(b)  the shearing stress versus rate of shear relation depends also on the 
time the fluid was sheared, on the previous shear history, and the length 
of the rest period of the fluid between two periods of shear. 

The first group, of time independent non-Newtonian fluids, can be sub- 
divided further into three groups: ( I )  Bingham plastics with a flow curve 
represented by a straight line having a intercept T,, on the shearing stress 
coordinate; (2) pseudoplastic fluids with flow curves without a yield value 
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and with a progressively falling apparent viscosity qa. (At high rates of 
shear, the flow curve becomes linear, and the slope of this part of the curve 
is defined as the viscosity at  infinite shear qm. In order to characterize 
the fluid, the empirical power law proposed by Ostwald3 and Reiner4 is 
used very often.); (3) dilatant fluids with flow curves without a yield, 
and with an apparent viscosity increasing with the rise of rate of shear. 
Again the power law very often does represent this type of flow, but n, 
the degree of non-Newtonian behavior of the fluid, is greater than unity. 

The nowNewtonian time-dependent fluids can be subdivided into two 
groups: (1) thixotropic fluids ; (2) rheopectic or antithixotropic fluids. 
In both cases rheological structures are formed due to intermolecular forces 
and to interaction between the particles of the fluid. 

In  the thixotropic fluid, the spatial structure forms mostly at rest and is 
progressively broken down when the material is sheared. The apparent 
viscosity is decreasing with a rate depending on the rate and duration of 
shear. With the progressing destruction, or with the increase of the number 
of available linkages, the structure reforms with an increasing rate, and 
eventually a dynamic equilibrium, depending on the rate of shear, is 
reached, and a constant value of apparent viscosity at given conditions is 
obtained. During rest, the structure builds up again, so that the process 
is reversible. 

Contrary to the previous case, in a rheopectic fluid the structure builds 
up by shear, and the shearing stress increases with time of shear at a con- 
stant rate of shear. At rest the rheopectic structure breaks down. Such 
timedependent behavior of fluids is less common than the previous one, 
but several interesting cases are k n ~ w n . ’ ~ ~ ~ ~ ~  

The rheological properties of different fluids, including pseudoplastic 
linear polymers, determined in a wide range of rates of shear, have been 
reviewed by Merrill.’ The pseudoplastic materials were categorized as 
Ostwald-Philipoff liquids. A detailed study of a typical flow curve of such 
a liquid shows two Newtonian regions, the first at low rates of shear, the 
second at high rates of shear, separated by a region of non-Newtonian 
behavior. In this interconnecting region of “structural flow” the molecules 
straighten out, disentangle to a certain extent, and when no further change 
in their arrangement is possible, their apparent viscosity becomes constant, 
giving rise to the second Newtonian r e g i ~ n . ~ , ~  

Above the second Newtonian region, an additional non-Newtonian 
behavior was observed by Ostwald but this is already the region of turbu- 
lent flow in which the formation of Taylor vortices takes place.l0 

In our work on some medium and high molecular weight polar fluids 
that are able to form strong intermolecular bonds and on their solutions in 
nonpolar solvents, three of the above mentioned phenomena appeared : 
pseudoplasticity, thixotropy, and rheopexy. 

Experimental 
Materials used in this work were: PI, a saturated polyester prepared 

from propylene glycol, phthalic anhydride, and succinic acid in molar 
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ratios 2: 1 : l  respectively, with an acid number of 39.1; PII, an aliphatic 
saturated polyester, Dalterol PRI, made by Imperial Chemical Industries; 
PIII, an unsaturated polyester of the maleic type, mixed with about l / 3  

(by weight) of styrene, designated by its manufacturer, American Cyan- 
amid Company, as Laminac 4134. All three polyesters had approximately 
the same molecular weight of about 2000, determined by cryoscopic measure- 
ments. 

Also used was the epoxy, Epon 826 (manufactured by Shell Chemical 
Company), whose structure can be represented by the relatively simple 
formula : 

as the amount of other diepoxides in the resin is very small.” 
Solvents were toluene, ethylbenzene, dioctyl phthalate, dibutyl phthalate, 

and butyl acetate, all of them C.P. grade. 
The viscometer used, Rotovisco (Haake Co.), was of the rotating type, 

with cone-and-plate arrangements and equipped with thermostatic and 
recording facilities. 

Results 
Most of the experimental work was done on the model polyester PI; 

the results are shown in Table I. The experiments were carried out in 
order to find the correlations between the shearing stress and the rate of 
shear, shearing time, temperature, nature of solvent, and solvent concentra- 
tion. 

As it can be expected, the “goodness” of the solvent is a very important 
factor in the general behavior of the solutions sheared at a constant rate. 

In the case of a good solvent like dibutyl phthalate or dioctyl phthalate, 
after the initial decrease there is no change of the shear stress during the 
time of shear, the apparent viscosity qa is a constant, and the behavior of 
the fluid is slightly pseudoplastic (Fig. 1). 

In solution in a poor solvent like butyl acetate, the polymer precipitates, 
and the fluid becomes thixotropic. A weak structure builds up on rest and 
breaks down under shear, and the apparent viscosity drops quickly to a 
certain value of qm at a constant rate of shear and temperature. 

Most interesting results were obtained with “medium” solvents, toluene 
or ethylbenzene (styrene in Laminae 4134 can be regarded as a medium 
solvent for the polyester), and in these fluids the rate of shear had a very 
pronounced influence on the shear stress at constant temperatures. Some 
flow curves of PI and solutions of PI in toluene are shown in Figure 2. 
Below a certain limiting rate of shear, after the initial decrease, the shear 
stress remained constant for a given rate of shear;. after interruption of the 
experiment and its renewal (with the same rate of shear), no time effects 
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.I 

t 
n 

rate of shear 8267 sac-' 

+ polyester Pm 
x polyester P I  
t polyester PI +dibutyl phthal 
0 polwstor P I  + othyl bmzene 
0 polyertsr P I  + tolwna 
c3 polyester PX 0 pdyester Px* toluene 
m Epon 826 

@ Epon 826 +toluene 

late 

10 20 30 40 x) 60 70 80 shearing time[min] 

Fig. 1. Shearing stress-shearing time relation for all investigated fluids, rate of shear 
8267 set.-', temperature 6OOC. 

were observed (Fig. 3) ; the fluid showed a pseudoplastic behavior. With 
the increase of the rate of shear, a certain critical rate, characteristic for 
the fluid, was reached. When the fluid was sheared with higher rates 
than the critical one, its behavior changed. The shear stress increased 
with time at any constant rate of shear, and after interruption of the ex- 
periment for several minutes and its renewal (with t,he same rate of shear) 
no drop of shear stress could be seen; on the contrary, an increase, albeit 
small, in its value was observed that did not disappear immediately after 
restoration of the shear. The fluid was clearly rheopectic in its behavior 
(Fig. 3). On continued shear with the same rate (higher than critical), 
the stress reached, after a certairi time, a yseudoequilibrium value persisting 
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for at least 30 min. (Figs. 3 and 4). After an interruption of the experi- 
ment at this stage for a short period (several minutes) and renewal of the 
shear with the same rate, an increase in the stress was observed which 
soon dropped under continuous shear to the value observed before the 
interruption. It seems that during the short time of rest a weak thixotropic 
structure built up on top of the existing rheopectic one, and the former 
broke down under the renewed shear. When the shear was interrupted 

t 

ro te  o f  shrar [SIX-'] 

Fig. 2. Flow curves for polyester PI and PI/toluene solutions, temperatures 40, 50, 
60, 70°C. 

for a long time (24 hr. or more) and then renewed, a strong drop in shear 
stress was noticed, caused probably by disintegration of the rheopectic 
structure, proving the process to be at least partially reversible. In 
experiments with the commercial polyester PHI, the breakdown of the 
rheopectic structure, followed by a marked drop in the shear stress, was 
observed after about 32 iniri. of coiitiiiuous shenririg at the same coristaxit 
rate (Fig. 1). 
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20 40 60 80 100 120 140 sharing  time[^] 

Fig. 3. Shearing etress-shearing time relation for polyester PI at different rates of shear, 
temperature 60°C. 

An increase in the temperature of the experiments carried out at a 
constant rate of shear above the critical shearing rate had, as it can be 
expected, a twofold effect on the fluid : the pseudoequilibrium was reached 
faster, and the apparent viscosity of the fluid at the pseudoequilibrium 

The experiments were carried out in two ways: (a,) series 
of measurements were made at  different temperatures; (b)  in the same ex- 
periment, after reaching the pseudoequilibrium, the temperature was 
quickly changed (under continuous shear) and kept constant again ; in 
both cases, for the same temperatures the same numerical values for qeq 
were obtained. The relation between qeq and temperature can be expressed 
by the simple equation, qeq = A exp { -Bt ) , where A and B are constants 
and t is temperature. 

At constant temperatures and rates of shey (above the critical rates), 
the value of the shear stress at pseudoequilibrium T,, was almost not af- 
fected by the amount of the solvent in the investigated fluids (compositions 
with 0-80y0 of solvent); it was reached by the different solutions after 

was lower. 
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lo4 
10' lo4 rate  of shear [sec-i) 

Fig. 4. Flow behavior of polyester PI a t  60 arid 70°C., rates of shear 2755, 4133, 
(A ' ,  B', C'; D', E', F ' )  after the equi- 8267 sec.-l: ( A ,  B, C; D, E,  F )  initial stage. 

librium was reached. 

different times of shearing (Figs. 5-7). The rate of approach to the limit- 
ing value of the shearing stress was the fastest for the fluid with the highest 
solvent content. 

All the other products studied showed the behavior described previously 
in the case of the polyester PI in toluene. The rheopectic structure that 
built up at the same rate of shear (D = 8267 sec,-l) a t  60°C., decreased in 
the following order: PI/ethylbenzene, Larninac 4134, Dalterol/toluene, 
Epon 826/toluene. In  the case of the solventless high molecular weight 
fluids in the same shearing conditions (D = 8267 sec.-l, SOOC.) rheopexy 
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was observed only in PI; Dalterol and Ep01i 826 showed no time-depend- 
ent behavior (Fig. 1). 

Discussion 

According to Born and Greeri,12 the viscosity of a fluid is determined by 
contributions from two basic mechanisms : from the “kinetic” contribution 
produced by thermal motion of liquid particles resulting in transfer of 
momentum from the faster-moving layers to the adjacent slower-moving 
ones and from the action of the intermolecular forces between the liquid 
particles. 

The general problem of solvent-polymer interaction was treated earlier 
by different  investigator^,'^ but mostly in cases of relatively low polymer 
concentrations of nonpolar polymers with much higher molecular weights 
than the fluids used in this study. 

The rheological behavior of concentrated solutions and suspensions of 
the polymers investigated in this work depends very strongly on the nature 
of the solvent. Several models will now be discussed in order to explain 
this behavior. 

In the case of a polyester dissolved in a good solvent, the fluid showed in 
all our experiments a pseudoplastic behavior with very short first New- 
tonian and first non-Newtonian regions. This could. be explained by 
assuming that the shielded polar groups of the solvated polyester mole- 
cules were not able to interact with each other, and therefore no intermo- 
lecular rheological structure could be build up, neither in the field of shear 
nor at  rest after the shear was interrupted; the interaction between the 
molecules was purely hydrodynamic. 

In the second case, a polyester in a poor solvent, the behavior of the 
fluid was thixotropic; the rheological structure that built up at  rest was 
destroyed by shear, and the time effect was clear. This phenomenon can 
be explained easily in the following way. As the shielding of the polar 
groups of the polyester by the poor solvent molecules is very inefficient, 
the forces of attraction between the particles are exceeding the dispersion 
forces between them which are due to Brownian motion. The particles 
are approaching each other by overcoming the energy barrier created by 
the Brownian motion, and weak secondary links are formed between them, 
giving a coagulation structure; the mechanism of the process was described 
and explained by Derjaguin14 and Rehbinder.15*16 As the links are localized 
only at  a very few points of the relatively long rod-shaped molecules of the 
polyester, a weak network structure is formed, defined by Rehbinder as a 
reversible thixotropic coagulation framework. l6 The most complicated 
behavior was shown by the bulk polyester and its solutions in a medium 
solvent like toluene, ethylbenzene, or styrene (in the commercial Laminac 
4134). As mentioned already in the experimental part, below a certain 
critical rate of shear, the investigated low polymers and their solutions 
were pseudoplastic. With the increase of the rate of shear above the critical 
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value, the behavior of the fluids changed, and time effects connected with 
the formation of rheological structures were noticed. 

At the early stages of the experiment, carried out with a shear rate higher 
than the critical one, a rheopectic, or negative thixotropic, structure built 
up quickly; the rate of growth of the structure decreased with time until 
a pseudoequilibrium in the relation between the shear stress and time was 
reached. If the shear was interrupted for a few minutes before the pseudo- 
equilibrium was reached and then renewed at the same rate, it could be 
observed that during the rest period the structure strengthened and the 
shear stress increased and continued to increase on further shear. Inter- 
ruption of the shear for several minutes after the pseudoequilibriuni was 
reached caused again a strengthening of the structure during the rest period, 
but on further shearing with the same rate, the shear stress soon fell to the 
pseudoequilibrium value, indicating this time a breakdown of the struture 
formed during the rest period. Based on these observations, the follow- 
ing explanation is suggested for the changes occuring in the fluids investi- 
gated, when subjected to shear under isothermal conditions. 

At relatively low shear rates the systems disperse the shearing forces 
without undergoing any changes, and no time effects are observed. With 
the increase of the rate of shear above a certain critical value, the energy 
introduced into the system is not just dispersed in the form of heat but 
also effects the equilibrium in intermolecular or perhaps also intramolecular 
bonding between the molecules. The distances between some of the 
polyester molecules aligned in the field of shear decrease, and the linear 
molecules build anisodiametric agglomerates, mostly due to the formation 
of strong polar and hydrogen bonds between them. These agglomerates 
can be seen as quasicrystallites in solution.” As the shielding of the polar 
polyester groups by the mediocre solvent is only slight, due to weak inter- 
action, solvent molecules are probably “squeezed out” in the field of shear 
from the space between the approaching and interacting polyester mole- 
cules. A certain amount of energy is introduced by shear so as to affect 
the thermodynamic equilibrium in the fluid and to build the new structures 
with a higher free energy content. The quasicrystallites, oriented in the 
field of shear, can be held together by more intermolecular forces, probably 
of weaker nature than the ones building the quasicrystallites, thus forming 
a larger network structure. A somewhat similar explanation for negative 
thixotropy in a different system was offered by Eliassaf, Silberberg, and 
Katchalsky: and the model corresponds to the general definition given 
by Weltmann16 that in rheopectic materials an almost perfect orientation 
of anisodiametric particles in the field of shear is necessary. The relative 
ease of straightening of the macromolecules in the field of shear can be 
attributed to their limited length and to the internal stiffness of the poly- 
ester chains. 

As the shearing forces are acting also in the opposite direction, by break- 
ing intermolecular bonds, a dynamic pseudoequilibrium is established and 
persists under unchanging conditions (rate of shear, temperature, etc.) 
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in the system under shear for a long time. The assumption of such a 
model seems to be supported by a further observation made when the 
experiment was interrupted for short periods (of several minutes) after 
the shear stress plateau was reached. Immediately after the renewal of the 
shear with the same rate, a slight increase in the shear stress was noticed, 
and after a short time of shear the stress dropped again to the pseudo- 
equilibrium value. During the period of rest, a weak thixotropic struc- 
ture of reversible coagulation character built up in the fluid, due to forma- 
tion of some additional weak intermolecular bonds, and this structure was 
destroyed after the restoration of shear. 

In  case the experiments were interrupted for a short period (several 
minutes) before the pseudoequilibrium was reached, a slight increase in 
shearing stress was also observed immediately after the renewal of the shear 
with the same rate, but the shear stress continued to grow without drop 
until the pseudoequilibrium value was reached. This can be due to such 
a fast rheopectic build-up with the renewal of shear that the destruction 
of the weak thixotropic structure could not be observed. 

The appearance of the thixotropic structure in addition to the rheo- 
pectic (or antithixotropic) one can be explained in the following way. 
With the formation of quasicrystallites, the size and the shape of the fluid 
particles is different than before, thus changing the balance between 
the dispersion and attraction forces responsible for c ~ a g u l a t i o n ~ ~ - ~ ~  and 
giving reversible thixotropic coagulation structures.16 The same con- 
clusions can be reached by considering also the change in the “goodness” 
of the solvent with relation to the solute when the quasicrystallites start 
to build up. 

Likewise, in the case of the bulk polyester, an amount of energy has to 
be supplied in order to change the existing equilibrium, to orient the mole- 
cules, and to build the polymer quasicrystallites with a higher free energy 
content. Until this amount of energy is supplied, the polyester behaves as 
a weakly pseudoplastic fluid. Once the critical rate of shear is exceeded 
and the shear continues, all the phenomena described earlier, rheopexy, 
pseudoequilibrium stress at a constant rate of shear, and thixotropy, can 
be observed in the system. 

The experiments show that at constant temperatures and rates of shear 
above the critical rate, the shear stress at equilibrium was almost the same 
for different compositions of the polyester PI and solvent (amounts of 
solvent from 0 to SO’%). This behavior indicates that the internal stiffness 
and resistance to shear of the concentrated solutions of the polymer during 
the experiment as well as the pseudoequilibrium between the building up 
and breaking up of the structure due to shear in all cases reaches values 
that are not very different. This phenomenon is not clear, but it can 
perhaps be explained by assuming that up to the stage investigated in our 
work only a small part of the polymer molecules participates in the process 
of building the rheopectic network structure. All the other polyester 
particles, together with the solvent molecules, do not contribute to the 
increase of the resistance of the system to shear. 
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One more point has to be mentioned in this discussion, viz., the remark- 
able strength of some of the investigated rheopectic structures. The 
pheriomerion of rheopexy described here seems to  be strictly corinccted 
with the length, bulkiness, and stiffness of the molecule. By limiting the 
number of possible chain conformations through introduction of stiff 
zones into the narrow linear molecules, the lifetime of the quasicrystallites 
is extended, and the rheopectic structures are becoming stronger. These 
assumptions are supported by the experimental results obtained with the 
solventless aliphatic saturated polyester, that showed at  all rates of shear 
tested only a slightly pseudoplastic behavior. On the other hand, the 
two remaining polyesters with approximately the same average molecular 
weights, one with maleic, the other with phthalic acid groups in the chain, 
showed above critical rates of shear all the phenomena described earlier, 
and their rheopectic structures persisted for long times after interruption 
of the shear. 

A solution of the aliphatic saturated polyester in toluene showed rheo- 
pectic behavior when sheared a t  a high rate, but the structure was weaker 
than the structures of corresponding solutions of the two other polyesters, 
although the same conditions were applied. A similar behavior was shown 
also by Epon 826 with a much lower molecular weight than the polyesters. 
The epoxy compound (solventless) was slightly pseudoplastic at all in- 
vestigated rates of shear. The codcentrated toluene solution of Epon 826 
showed rheopectic behavior a t  a rate of shear of 8267 see.-', but the rate 
of the build-up and the strength of the structure were very low. The 
whole problem of the strength of the rheopectic structure is under further 
investigation. 
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%SUllli5 

De nombreux milieux de inbme que les fluides polaires de httuts poids inolkculaire 
montrent un comportement rhkopectique lorsque la vitesse de cisaillement a laquelle ils 
sont soumis dkpasse un certain niveau. Ceci s’observe pour certains polyesters et cer- 
taines rksines Bpoxydkes de mbme que pour leurs solutions dans des solvants-non- 
polaires. Les experiences ont Btk effectukes dans un viscosimbtre rotatif 
plateau. On propose l’explication suivante pour le comportement rhkopectique: lorsqu’ 
on dkpasse une certaine vitesse de cisaillement les macromolkcules polaires s’alignent sd- 
vant le champ des forces de cisaillement et forment des paracristaiix et une structure 
rheologique rkticul6e par suite de forces intermoleculaires. Comme il y a simultankment 
formation et  rupture de ces structures dans le champ de cisaillement, on atteint un &at 
de pseudo-Bquilibre. On a trouvk qu’un renforcement thixotropique des structures 
existantes se produisait lorsqu’on interrompait l’expkrience au stade du pseudokquilibre 
pendant un instant trbs court. Lorsqu’on reprend l’expbrience, la tension dBcrott et 
reprend sa valeur d’kquilibre primitive. Lorsqu’on interrompt le cisaillement pendant 
des pkriodes relativement longues (heures, jours), on observe la disparition des struc- 
tures rhkopectiques. 

Zusammenfassung 

cane et 

Einige polare Flussigkeiten mit mittlerem und hohem Molekulargewicht zeigten 
bei Einwirkung von Scherkraften oberhalb einer bestimmten Schubgeschwindigkeit 
ein rheopektisches Verhalten. Dime Beobachtung wurde an einigen Polyestern, einer 
Epoxyverbindung und an konzentrierten Losungen dieser Stoffe in unpolaren Losungs- 
mitteln gemacht. Die Versuche wurden in einem Rotationsvikosimeter mit Kegelplat- 
teneinrichtung gemacht. Folgende Erklarung wird fur die beobachtete Rheopexie 
gegeben: Oberhalb einer kritischen Schubgeschwindigkeit bilden die polaren Markro- 
molekule nach Ausrichtung im Scherfeld auf Grund der intermolekularen Krafte Quasi- 
kristallite und eine rheologische Netzwerkstruktur. Durch das gleichzeitige Auftreten 
einea Strukturzerstorungsprozewes im Scherfeld wird ein Pseudogleichgewichtszu- 
stand erreicht. Bei Unterbrechung der Versuche in einem solchen Pseudogleich- 
gewichtszustand fur kurze Zeit trat eine thixotrope Verfestigung der bestehenden 
Struktur auf ; bei neuerlicher Einwirkung der Scherung sank die Spannung auf ihren 
Wert vor der Unterbrechung ab. Bei Unterbrechung der Scherung fur liingere Zeit, 
(Stunden, Tage) wurde ein Zusammenbruch der rheopektischen Struktur beobachtet. 
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