This is an ¢

THE LODGE RUBBERLIKE LIQUID BEHAVIOR FOR CHEESE IN LARGE
AMPLITUDE OSCILLATORY SHEAR

Y.-C. WANG, S. GUNASEKARAN™*, A. J. GIACOMIN!

Department of Biological Systems Engineering
460 Henry Mall
University of Wisconsin-Madison, Madison, WI 53706, USA

* Fax: X1.515.294.5444
E-mail: guna@facstaff.wisc.edu

1 Department of Mechanical Engineering
University of Wisconsin-Madison, Madison, WI 53706, USA

Received: 29.12.2000, Final version: 10.11.2001

ABSTRACT:

The viscoelasticity of reduced-fat Cheddar and Mozzarella cheeses was characterized in small (parallel disk
rheometer, y, = 0.01) and large (sliding plate rheometer, 0.2< y,, <7) amplitude oscillatory shear at 40 and 60°C.
We deduced the linear relaxation spectrum from the small strain measurements. At large strain amplitudes, we
found sinusoidal stress responses whose amplitudes are well below those predicted from the linear relaxation
spectrum, and yet remarkably linear with strain amplitude. We call this the large strain linear regime. We dis-
covered that the Lodge rubberlike liquid can quantitatively explain the large strain linear regime if we scale
down the relaxation moduliin the linear spectrum by a constant. This large strain linear regime persists to much
higher strain amplitudes for Cheddar (y, < 4) than for Mozzarella (y, <1). This is perhaps due to oriented struc-
ture of the protein matrix in the Mozzarella cheese.

ZUSAMMENFASSUNG:

Die Viskoelastizitat von teilentrahmtem Cheddar und Mozzarellakdse wurde mittels SAOS (Parallelplatten-
rheometer,y, =0.01) und LAOS (Sliding Plate Rheometer, 0.2 <y, < 7) Experimenten bei40°Cund 60°C gemessen.
Das lineare Relaxationsspektrum wurde aus den SOAS Messungen hergeleitet. Bei LAOS Experimenten wurden
sinusoidale Spannungsantworten beobachtet, deren Amplituden weit unter den aus dem linearen Relaxation-
sspektrum vorhergesagten Werten liegen und dennoch bemerkenswert linear in der Amplidute sind (“Large
strain linear regime”). Das Lodge Model fiir gummiartige Fliissigkeit kann das lineare Verhalten bei grossen
Amplituden quantitativ erklaren wenn die Relaxationsmoduli im linearen Regime mit einer Konstanten
reskalieren werden. Der lineare Verhalten bei grossen Amplituden ist fiir Cheddar (y, < 4) wesentlich grosser
als fiir Mozzarella (y,, <1). Dies kann vielleicht auf die orientierte Struktur der Proteinmatrix im Mozzarellakase
zuriickgefiihrt werden.

RESUME:

La viscoélasticité de la Mozarella et du Cheddar a contenance réduite en matieres grasses a été caractérisée a
I'aide de cisaillements oscillatoires de petites (rhéométre a disques paralléles, y, = 0.01) et grandes (rhéometre
a plaques glissantes) amplitudes, a 40 et 60°C. Nous avons déduit le spectre de relaxation linéaire a partir des
mesures a petite déformation. A grandes amplitudes de déformation, nous avons trouvé des réponses sinu-
soidales de la contrainte, avec des amplitudes qui sont bien en dessous de celles prédites par le spectre de relax-
ation linéaire. De plus, ces réponses sont encore remarquablement linéaires avec 'amplitude de la déformation.
Nous appelons ceci le régime linéaire de grande déformation. Nous avons découvert que le liquide caoutchou-
tique de type Lodge permet quantitativement d’expliquer le régime linéaire de grande déformation, si nous divi-
sons les modules de relaxation dans le spectre linéaire, par une constante. Ce régime linéaire de grande défor-
mation persiste jusqu’a des amplitudes de déformation bien plus grandes pour le Cheddar (y, < 4) que pour la
Mozarella (y, < 1). Ceci est peut-&tre du a une structure orientée de la matrice protéinique dans la Mozarella.
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Figure 10 (left):

The predicted shear stress (=)
versus shear strain rate loop
(lines) for Mozzarella cheese
at 60°C using the relaxation
spectrum determined from
LAOS test compared with
the experimental o versus

¥ loop (+
(0.4Hz,1<y5<7)
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down by the ratio of the stress amplitudes using
the following equation:

%o (12)

where, o is the stress amplitude evaluated at
0.4 Hz and at y, = 0.01 and calculated from the
discrete relaxation spectra (see Tab. 2). o, is the
measured shear stress amplitude at 0.4 Hz and
atyo = 0.2. We call this the relaxation spectrum
for the large strain linear regime.

The predictions using the relaxation
spectrum for the large strain linear regime arein
Figs. 5 and 6. The measured o versus y loops are
elliptical at y, = 0.2 for both cheeses at 40 and
60°C. The predicted and experimental o versus y
loops match at 60°C for both cheeses. At 40°C,
the predicted slightly exceed the experimental o
versus y loops for Cheddar cheese, but do not fit
the Mozzarella data well. Figs. 7 and 8 show the
predicted and experimental o versus y loops for
Cheddar cheese at 60°C: 0.4 Hz and y, < 1and
Yo > 1, respectively. Figs. 9 and 10 show similar
results for the Mozzarella cheese. The predicted
and experimental data match up to y, = 4 for
Cheddar, and up to y, =1, for Mozzarella. Com-
paring these, we can state that the Cheddar
cheese exhibits large strain linear viscoelastic
behavior over a wider strain range than Moz-
zarellay, < 4 for Cheddar comparedtoy, <1for
Mozzarella. Why? Cheddar cheese may be more
uniform and more structurally homogeneous
than Mozzarella. The mixing-molding step in the
Mozzarellamanufacture orientsthe protein fiber

structure [24]. The effect of this oriented struc-
ture has also been observed in other rheological

measurements [18].
The large strain linear behavior is equal-

ly difficulttoexplain. ltwould appearthatatrest,
the cheese has one equilibrium structure, and
that in large amplitude oscillatory shear, it con-
verts to another non-equilibrium structure.
Whereas the equilibrium structure is indepen-
dent of small amplitude deformations, its non-
equilibrium counterpart appears to be equally
independent large amplitude deformations.

5 CONCLUSION

Cheddar and Mozzarella cheeses at 40 and 60°C
were characterized in large amplitude oscillato-
ry shear. At large strain amplitudes, we found
sinusoidal stress responses whose amplitudes
are well below those predicted from the linear
relaxation spectrum, and yet remarkably linear
with strain amplitude. We call this the large
strain linear regime. We discovered that the
Lodge rubberlike liquid can quantitatively
explain the large strain linear regime if we scale
down the relaxation moduli in the spectrum by
aconstant.Thislargestrainlinear regime persists
to much higher strain amplitudes for Cheddar
(vo = 4) than for Mozzarella (y, <1).
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