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Effect of Glass Transitions on the Rheological Properties
of Food Polymers

Victor T. Huang

Pillsbury Company, Minneapolis, MN, USA

SUMMARY: The rheological properties of food products are highly dependent on the
physical state of the structural matrix, which ranges from the glassy state, the glass-
rubber transitionregion, the rubbery plateau region, the rubbery flow region, and viscous
flow region. Depending upon the combination of temperature and/or moisture content,
the viscosity could be anywhere from 10" mPa.s for glassy material and 1 mPa.s for
flowable, low viscosity liquid. During the glass transition range alone, the rheological
properties can change as large as 1000 times. The rheological properties of ingredients,
in-process intermediates, and finished products also affect the processing techniques,
textural quality, physical and chemical stability during storage. In this paper, the
similarity in rheological behaviors between synthetic and food polymers, as affected by
degree of crystallinity, cross-linking, plasticization, and phase separation is reviewed.
Various mathematical equations for modeling the changes in rheological properties
during glass transitions are also discussed. The advantages and shortcomings of each
model will also be compared.

Introduction

It was not until the early 80's that food scientists, pioneered by Drs. Harry Levine and Louise Slade,
realized that synthetic polymer principles are applicable to food systems'®. Various thermal
analysis techniques have been used to demonstrate the similarity between those two systems”™". In
this review, the rheological comparisons will be on (1). the ranges of modulus changes and
temperature spreads during glass transition and the effects due to crystallinity, cross-linking,
plasticization, and phase separation; (2) various models describing the rheological changes at and
around T,, such as Williams-Landel-Ferry(WLF), Vogel-Tammann-Fulcher(VTF), Power-law, or

Peleg-Fermi equations.
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Comparison between synthetic and food polymers

Glass transition temperature(T,) is a function of product composition, molecular weight of the
continuous structural matrix, degree of branching, degree of crosslinking, crystallinity, and
degree of plasticization. Figure 1 shows the five regions of viscoelasticity of a synthetic
polystyrene: AB glassy region, BC glass transition region, CD rubbery plateau region, DE rubbery
flow region, and EF viscous flow region'”. The modulus-temperature curve is very sensitive to
many structural factors such as molecular weight, degree of cross-linking, % crystallinity,

copolymerization, plasticization, and phase separation.
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Fig.1: Five regions of viscoelasticity, illustrated by using a polystyrene sample. Also shown
are the strain-time curves for stress applied at x and removed at y:(a) glassy region;(b) leathery
state;(c) rubbery state; and (d) viscous state (From Ref. 12).

For un-crosslinked molecules, the drop in modulus is about three decades during glass transition.
As the degree of cross-linking increases, the drop in modulus during glass transition decreases. For
example, in Figure 2, for a gluten sample equilibrated in 65% Relative Humidity (RH), the drop in
modulus is less than 2 decades'. The degree of viscosity drop at a constant T-T, has been used as
an index of "fragility". Organic glass usually is more fragile than inorganic glass. High crystallinity
sample has lower modulus drop at T, due to the reduced amount of amorphous region, and has

higher T,. Plasticizers decrease both T, and rubbery modulus of PV C-diethylhexyl succinate system
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(Figure 3'") while Figure 4 shows that water is a powerful plasticizer for gluten. Crispy breakfast
cereal is in glassy state (10° Pa)!®. Glucose glass is 8#10° Pa, while glucose/sucrose glass with 2-

3% moisture is 8*10° Pa'”. Shortening and emulsifiers do not affect T,, but they decrease the

rubbery modulus'®.
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Fig. 2: A typical DMTA plot for gluten (RH = 65%), showing tand, log loss modulus (E")

and log elastic modulus (E') as a function of temperature (From Ref. 13).
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Fig. 3: Dynamic shear modulus of polyvinyl chloride plasticized with various amounts of
diethylhexyl succinate plasticizer (From Ref. 14).
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Fig. 4: DMTA plot for gluten samples stored under different RH values (From Ref. 13).

The length of the rubbery plateau is a function of molecular weight and the number of entanglement
per molecule. Thus, as shown in Figures 2 and 5, gluten sample at 65% RH, due to its high
molecular weight and degree of entanglement, has very long rubbery plateau while sorbitol almost
does not have a visible one'”. Sorbitol goes right into rubbery and viscous flow right after glass
transition region, but gluten does not have the rubbery flow and viscous flow regions, which is
probably due to its relatively high degree of cross-linking and/or entanglement. Molasses and batter
are examples of food systems in viscous flow regions at room temperature. Microwave heated
bread is in between the glass transition and rubbery plateau regions as typified by its leathery-
rubbery texture (10° to 107 Pa). Cheese and bread dough are in rubbery flow region at room
temperature (10° to 5%10° Pa).

A blend of incompatible synthetic polymers will phase-separate and show more than one T,, as
indicated in Figure 6 for sodium caseinate-water and fructose-water systems'®. In a polymer with
crystallizable plasticizer, one can detect both the glass transition of the maximally frecze-
concentrated polymer-plasticizer matrix and the melting of the plasticizer. As shown in Figure 7 for
the sucrose-water and PVP-water systems'”. The figure also shows that higher molecular weight

compound gives higher T,'.
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Fig. 5: Annular shear test for amorphous sorbitol: (A) storage modulus G', (+) loss modulus
G", and (*) loss tangent (From Ref. 15).

Air behaves as a diluent and is effective in edifying some products, such as breakfast cereals,
which would otherwise be too hard. Gas cells inside some products can be from many sources:
yeast leavening, chemical leavening, injected inert gases, carbon dioxide, ethanol. Those gas
cells will eventually have the same gaseous composition as that of the packaged environment.
One area that differs from synthetic polymer system is the presence of fat in food matrices. Fats
and emulsifiers do not affect T,, but do decrease the rubbery modulus'®. The tenderizing effect at
serving temperature is a function of the solid fat index, fat content, and fat crystalline form. Fats
and emulsifiers also enhance perceived moistness to bakery products. This is why fat-free bakery
products usually taste dry and not as tender. From all these observations, we can conclude that

indeed food systems can be viewed as polymer systems.

Models for describing rheological changes around T,
Basically, there are two ways for modeling the viscosity/modulus changes around Tg.
The VTF'", Power-law’”, and WLF?" models start in the rubbery flow or plateau regions, using

viscosity, interpolating toward the glassy region while the Peleg-Fermi model starts from glassy
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Fig. 6: DMTA plot of sodium caseinate and fructose at a ratio of 2:1 stored at 75% RH (16%
water)( From Ref. 16).
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Fig. 7: Annular shear test for frozen 50% sucrose (+) and PVP (A) solutions; full line: storage
modulus G', dotted line: loss tangent (From Ref. 15).
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state, using modulus, increasing in temperature toward the rubbery plateau region. These models

are listed below:

VTF model
n=Aexp[B/(T-T)] or 1= A exp[D*T/(T-T)]
where T;: the temperature of viscosity divergence

D : strength parameter

Power-law model
n=C(T-Tyy

where r<0.

WLF model
log(n/mo)= -CI(T-T)(C,+T-T,)

where 1, is viscosity at T,

Table 1 listed coefficients for various models as measured for glucose and fructose
samples®. The problem associated with these models is that those coefficients for all food
ingredients are not readily available in the literature, and it takes lots of effort to determine those
values even just for one compound. Thus, it is very difficult to establish the relationship between
structure and functionality among food ingredients. In Vogel-Tammann-Fulcher model, the
higher the D value, the thicker the viscosity will be at a constant temperature above Tg, which
implies that products with high D values are expected to be more stable at a given temperature

above Tg. Products with higher Tm/Tg ratio tends to have this superstructuring effect.

Peleg-Fermi model”

Fermi distribution function describes a normalized distribution of y ranges from 0 to 1 as
a function of T with midpoint at T, and the spread factor "a" which defines the shape of the

23-24

curve. Initially, Peleg adapted it to describe the temperature dependency of G'. When T=T,,
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Table 1: Application to glucose and fructose®

models coefficients  glucose fructose

Vogel-Tammann-Fulcher

u=A exp[B/(T-T))] A(Pas) 2.98*10° 3.44%107
B(K) 1926 2391
T(K) 256 227
T(K) 304 283

Power-law

w=C(T-T,) C(Pass) 8.07*10% 3.36%10%
r -11.4 -11.1
TL(K) 298 280
T(K) 307 289

Williams-Landel-Ferry

log(Wpg= -C,(T-TY(C,+T-T,) 1, (Pa.s) 35510 4.37+10"
C,(K") 17.44
C,(K) 51.6
T,(K) 304 286

G value is only 50% of G,. The general equation is G'(T)= G,/{1+exp[(T-T,)/a]} + G, where G,
is G' value in glassy state; T, is the midpoint of change from G, to G,; a is the spread factor. The
temperature variable can be replaced with moisture content or water activity while E' can replace
G'. For example,

E'(T)=E/{1+exp[(T-T Va]} + E,

G'(M)= G/{1+exp[(M-M,)/b]} + G,

G'(a,)= G/{1+expl(a,-a,.)c]} + G,
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where T is temperature, M is moisture content and a,, is water activity.

It would be interesting to define the critical G' or E' for a given system below which the textural
properties such as crispness becomes unacceptable. Peleg further expanded the model into
simultaneous temperature and moisture dependency of G' as

G(T,M)= G/{1+exp[(T-T.(M)/a(M)]} + G,M).

In this case, the following 2 equations which have a lot of coefficients need to be derived first,
ToM) = Tp*exp™,™ and a(M)= ag*exp™,™

The advantage of the Peleg-Fermi model is that it covers the ranges of modulus at and around
glass transition. However, similar problem to the other models, we need more data on different
ingredient systems in order to establish the relationship between the spread factor, modulus

change, and molecular structure.

Conclusion

Rheological changes during glass transition are similar for synthetic and food polymers.
However, rubbery flow and viscous flow regions are not as easy to detect for food systems, this
might be due to inherent molecular cross-linking, or due to decomposition or moisture loss at high
measurement temperatures. In general, food systems have broader transition due to compositional
or phase heterogeneity. Rubbery modulus of food macromolecules may be modified by emulsifiers,
shortenings, water, or other low molecular weight plasticizers. Superstructuring effect with respect
to temperature and plasticizer needs further study before it can be used for food system
stabilization. Rheological changes can be mathematically described by various models. For each

model, various coefficients of food systems needed to be established.
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