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Abstract:

Small micellar casein particles were formed in aqueous solutions of native casein after addition of polyphos-
phate. These so-called submicelles aggregated and gelled with a rate that increased with increasing tempera-
ture. The evolution of the viscosity during this process was determined at constant shear rate or shear stress.
When applying a small shear stress the viscosity increased strongly until the shear rate became immeasurably
slow, but when the applied shear stress exceeded a critical value (sc) the aggregates broke up and the viscosity
reached a maximum. At longer times the viscosity decreased rapidly at first, followed by a very slow decrease.
sc was independent of the shear rate and heating temperature, but increased strongly with increasing casein
concentration. At constant shear rate the stress remained close to sc, but fluctuated irregularly. After cessation
of shear flow, gels were formed rapidly. Oscillation shear measurements for s > sc showed a strongly non-lin-
ear response at the time of maximum viscosity.

Zusammenfassung:

Die Zugabe von Polyphosphaten in eine wässrige Lösung von nativen Kaseinproteinen führt zur Bildung von
kleinen mizellaren Kaseinpartikeln. Diese sogenannten Submizellen aggregieren und gelieren in linearer
Abhängigkeit mit der Temperatur. Die Viskositätsentwicklung während dieses Prozesses wurde unter konstan-
ter Schubspannung und unter konstanter Schergeschwindigkeit untersucht. Unter geringer Schubspannungs-
belastung steigt die Viskosität stark an, bis die Rotationsgeschwindigkeit unmessbar klein wird. Wenn allerd-
ings die Schubspannung ein bestimmten Wert überschritten hat, werden die Aggregate aufgebrochen, und die
Viskosität erreicht dann einen endlich hohen Wert. Über die Zeit nimmt die Viskosität erst rasch, dann ger-
ingfügig ab. Die kritische Schubspannung ist unabhängig von der Scherrate und der Aufheiztemperatur, steigt
jedoch stark mit der Kaseinkonzentration an. Bei konstanter Scherrate bleibt die Schubspannung im Bereich des
kritischen Wertes, schwankt jedoch unregelmässig. Nach Abschaltung der Scherung werden die Gele schnell
gebildet. Oszillationsversuche zeigen für Schubspannungen überhalb des kritischen Werts eine starke nicht-lin-
eare Antwortfunktion, wenn der maximale Viskositätswert erreicht ist. 

Résumé:

Par addition de polyphosphates aux solutions aqueuses de caséines natives, des petites particules de caséines
micellaires sont formées. Celles-ci, usuellement appelées submicelles, s'agrégent et gélifient avec une vitesse
qui croit avec une augmentation de la température. L'évolution de la viscosité durant ce processus a été suivie
pour une vitesse ou une contrainte de cisaillement constante. Par application d'une faible contrainte de cisaille-
ment, la viscosité augmente fortement jusqu'à ce que la vitesse de cisaillement devienne trop faible pour être
mesurable, mais lorsque la contrainte de cisaillement appliquée dépasse une valeur critique (sc), les agrégats
se cassent et la viscosité atteint un maximum. Pour des temps plus longs, la viscosité décroît tout d'abord rapi-
dement, puis cette décroissance devient très lente. sc est indépendant de la vitesse de cisaillement et de la tem-
pérature de chauffage, mais augmente fortement avec l'accroissement de la concentration en caséines. Pour
une vitesse de cisaillement constante, la contrainte reste proche de sc, mais fluctue de façon irrégulière. Après
cessation de l'écoulement de cisaillement, des gels se forment rapidement. Des mesures de cisaillement en
régime oscillant pour s > sc montrent une réponse fortement non linéaire au temps associé à la viscosité max-
imale.
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The increase of G’ was slower if the temper-
ature was decreased after cessation of the shear
flow and it was hardly visible at 20ºC for the dura-
tion of the experiment, see Figure 7. The reason
is that the rate of bond formation decreases
strongly with decreasing temperature [6]. The
gels obtained after recovery at 80ºC are almost
indistinguishable from gels obtained at rest if the
shear flow was stopped soon after tg. However,
a difference between the gels formed at rest and
after recovery appeared when the time at which
the shear flow was stopped was much larger
than tg, probably due to slow densification of the
aggregates under shear flow as mentioned
above. 

The concentration, temperature and pH
dependence of the gelation process were dis-
cussed in [6]. It was shown that the concentra-
tion and the temperature dependences of the gel
time were independent and could be described
by the following equation:

(1)

with RT the kinetic energy in kJ/mol and C the
casein concentration in g/L. This expression
described the observed values of tg within the
experimental error over a wide range of concen-
trations (10 – 180g/L)  and temperatures
(20 – 90ºC). 

As shown above, the strong increase of the
viscosity occurred close to tg. We confirmed this
correspondence for a range of concentrations
and temperatures. Figure 8 shows the viscosity
at constant shear rate of 10 s-1 as a function of

time during heating at 77ºC for different casein
concentrations. Increasing the casein concentra-
tion both accelerated the aggregation process
and increased the maximum viscosity. We have
verified for each concentration that the viscosity
stopped increasing at a critical shear stress inde-
pendent of the shear rate. Within the rather large
scatter sc increased with the concentration as:
sc ≈ C3, see Figure 9. The critical shear stress that
the system could resist during the gelation
process was much smaller than the elastic mod-
ulus of the gels. However, the concentration
dependence of the latter was weaker: G’ ≈ C2 as
shown in [6].

Figure 10 shows the evolution of the viscos-
ity at a shear rate of 10 s-1 for a submicelle sus-
pension with C = 120g/L at different tempera-
tures. At low temperatures the initial viscosity of
the suspensions is much higher and one can
clearly observe that the viscosity decreases first
before increasing. This effect was also observed
at room temperature where it occurs over a peri-
od of days [5]. It may be caused by reorganisation
of the submicelles before they start to aggregate.
Increasing the temperature accelerated the
aggregation, but had no significant influence on
sc. In fact, the values of sc shown in Figure 8 were
obtained at several different temperatures,
between 40 and 90ºC.
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Figure 6 (left):
Comparison of the time
dependence of the storage
(Ê) and loss (Á) shear mod-
uli of an unperturbed sub-
micelle solution at 120 g/L
heated at 90ºC, with that of
the same system (squares)
after cessation of shear flow
at t = 1.8·103 s. The viscosity
during the period of shear
flow at a constant shear
stress of 20 Pa is shown in
the bottom figure. 

Figure 7 (right above):
Recovery of the storage
shear modulus following
the cessation of shear flow
of a submicelle solution at
120 g/L heated at 80ºC dur-
ing the shear flow. The tem-
perature was lowered
immediately after the shear
flow was stopped to values
indicated in the figure. For
comparison the evolution of
G' at 80ºC in the absence of
shear flow is also shown
(filled symbols).

Figure 8 (right below):
Time dependence of the vis-
cosity for submicelle suspen-
sions heated at 77ºC for
different concentrations
indicated in the figure.
The shear rate was 10 s-1.
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The pH dependence was studied for a sub-
micelle suspension at 120 g/L heated at 90ºC. The
effect of varying the pH on the shear flow behav-
iour was similar to that shown in [6] for the stor-
age shear modulus. The results were indepen-
dent of the pH between pH 5.5 and pH 6.5. At
lower or higher pH the aggregation rate
increased and the critical stress decreased. Com-
parison with the corresponding values of G’, see
Figure 12 in [6], showed that the dependence of
sc on the pH was similar to that of the shear mod-
ulus.

5 CONCLUSION
In the absence of shear flow, casein submicelles
formed a gel with a rate that increased strongly
with increasing temperature. During continuous
shear flow at constant stress a gel was formed only
below a critical stress that increased strongly with
increasing concentration, but that was weakly
temperature dependent. If s > sc the shear rate
reached a maximum as large aggregates broke up
before they could form a percolating network. At
constant shear rate the stress increased until it
stagnated at a value close to sc independent of the
shear rate. Imposed oscillatory stress with
smax > sc yielded a non-linear response close to the
gel time that could be qualitatively understood by
stress induced shear flow. 
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Figure 9 (left):
Concentration dependence
of the critical shear stress
for submicelle solutions.
Results obtained at different
temperatures between
40 and 90ºC were the same
within the experimental
noise. The solid line has
slope 3.

Figure 10:
Time dependence of the
viscosity for a submicelle
suspension at 120 g/L heat-
ed at different temperatures
indicated in the figure. The
shear rate was 10 s-1.
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