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On the yield stress of frozen sucrose solutions
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Measurement or prediction of the mechanical and fracture properties of foods is very
important in the design, operation and optimization of processes, as well as for the control
of quality of food products. This paper describes the measurement of yield stress of frozen
sucrose solutions under indentation tests using a spherical indenter. Effects of
composition, temperature and strain rate on yield stress of frozen sucrose solutions have
also been investigated. © 2003 Kluwer Academic Publishers

1. Introduction

The study of the large deformation mechanical prop-
erties of solid foods is an important aspect in the food
science, engineering and technology. This is because
the yielding and fracture behaviour of food products
heavily affects processing, storage, transportation and
the texture of final products. A number of reports about
the measurement and prediction of the mechanical and
fracture properties of various foods have been pub-
lished. These have dealt with meat [1, 2], sea food [3],
dairy products [4-7], starchy food [8—10], fruit and veg-
etable [11-13]. The mechanical and fracture properties
of solid foods have been given increasing attention by
researchers as it is thought that they are important mark
of food quality.

Sugar containing foods are important part in peo-
ple’s life. Understanding the physical processes that
occur, and the state of the nonequilibrium phases that
are produced during the freezing of saccharide solu-
tions, has fascinated research scientists for many years
[14]. The thermal changes in frozen aqueous sucrose
solutions have been extensively studied by several re-
searchers [14—17] and it is now better understood how
phase and glass transitions phenomena occur (or not)
during freezing and thawing. There have been a few
studies in the literature concerned exclusively with the
dynamic thermo-mechanical properties of sucrose so-
lutions at small deformation [18-20], but nothing on
large strain flow or fracture behaviour which are much
more likely to control sensory perception.

Yield stress is an important factor when considering
the mechanical and fracture behaviour of frozen sucrose
solutions under loading. It dominates the transition of
flow and fracture of materials together with Young’s
modulus, fracture toughness and geometry of specimen
tested. The components in frozen sucrose solutions are
ice crystals and unfrozen matrix. The properties of both
are related to the strain rate and temperature. The pur-
pose of the present study was to determine the yield
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stress of frozen sucrose solutions at various different
temperature and strain rate and investigate the relation-
ship between yield stress of frozen sucrose solutions,
temperature and strain rate.

2. Dependence of yield stress on strain rate
and temperature

At high temperatures (>0.5Ty,, where Ty, is the melt-
ing point of material on the absolute scale), stresses
imposed on specimen components produce a contin-
uously increasing strain and result in a phenomenon
known as creep. For many materials the deforma-
tion obey the familiar power law of steady-state creep

[21-24]:
¢q = Bo" exp<%> (1)

where &g is the steady-state creep strain rate, o is stress,
Q is an activation energy; T is the temperature; R is
gas constant, B and m are constants.

Hawkers and Mellor [25] found that there is a direct
relation between creep and yielding of ice and the re-
lationships of Equation 1 could be used to describe the
dependence of yield stress on strain-rate and tempera-
ture. This is not surprising if the connection between
creep properties and hardness, on the one hand, and
between hardness and yield stress, on the other, are
considered. Early in the 1950’s, Glen [26] showed that
the steady-state creep strain rate exponent m and the
activation energy Q in Equation 1 can be derived from
hardness tests. The agreement of dependence of yield
stress or hardness on strain-rate and temperature with
properties of power law steady-state creep has also been
confirmed by the works of Barnes et al. [27], Gold [28]
and many other researchers in their studies on ice [23].

Atkins et al. [29] have linked hardness behaviour
with creep properties by assuming that the rate
determining process is the diffusion of the hemispher-
ical elastic/plastic boundary surrounding the indenter
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into the undeformed material ahead. In this way they
obtained the relationship:

1 1/m Q
H = (constant)(;) exp<m> )

where H is the hardness and 7 is the time for which the
load is applied. It can be seen that Equation 2 is analo-
gous to the rearranged form of Equation 1. Generally,
yield stress and hardness are related [30] by

Oy = E (3)

where C is a constraint factor, which depends princi-
pally on the geometry of the indenter. Therefore, the
dependence of yield stress on strain-rate and tempera-
ture can be expressed as

oy = A&/ exp(%) 4)
m

where A is a constant. It is expected that the equation
holds for the plastic deformation processes which occur
in pure polycrystalline ice and frozen sucrose solutions.

3. Materials and method

Two different frozen-sucrose-solutions, with concen-
tration of sucrose by mass fraction of 7% and 19%,
respectively, and pure polycrystalline ice were tested.
The solutions of sucrose were mixed using tap water.
As frozen sucrose solutions and pure polycrystalline
ice are very sensitive to temperature, microstruc-
ture, etc., any variation of the cooling conditions will
markedly change their structure and properties. In at-
tempting to achieve a uniform and fine crystal struc-
ture, a special method for preparation of specimens
was developed. The pre-frozen blocks of sucrose so-
Iutions and pure water were finely comminuted us-
ing a food mixer blender with metal blades and the
achieved diameter of the fragments was in the range
of 0.1-0.5 mm. Then the fragments were made into a
poultice by adding a little identical concentrated solu-
tion and poured into mould boxes made of cardboard
(100 mm x 100 mm x 50 mm). The samples were then
put into a freezer (at about —20°C) over 24 hours. Be-
fore testing, the cardboard was peeled off and the sam-
ples were kept in the thermal cabinet for 30-45 minutes
at the testing temperature to equilibrate.

The tests have been carried out in the temperature
range from —20°C to —40°C and in the range of
crosshead speed from 0.05 mm/min to 100 mm/min,
using an Instron Tensile Testing Machine. The tem-
perature was controlled using a thermal cabinet and
the coolant used was liquid CO,. A spherical inden-
ter of 10 mm diameter was pushed into a block of
sample material at a given crosshead speed, and the
load-displacement curve was recorded. A typical load-
displacement curve for frozen sucrose solutions and
pure polycrystalline ice in an indentation experiment is
shown in Fig. 1. The mean pressure between the surface
of the indenter and the indentation is equal to the ratio
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Figure 1 Typical load-displacement curve of frozen sucrose solutions
and pure polycrystalline ice under indentation tests.

of the load to the projected area of the indentation. This
quantity is referred to as the Meyer hardness [30].

P

= &)

w8(D — 8)
where H is Meyer hardness, P the applied load, D the
diameter of indenter and § the depth of the indenta-
tion. In testing conventional engineering materials, it
is customary to use indentations with diameters rang-
ing between 0.25D and 0.5D [30-32]. The average of
these is 0.375D, which corresponds with a value of
8 =0.0365D. For spherical indenters, the value of C in
Equation 3 is 2.8-2.9.

The average strain of the non-uniform deformation
field beneath the indentation is dependent on the ‘shape
factor’ d/ D [30], namely,

e ~ 0.20(d/D) (6)

where d is the diameter of the indentation, given by
2./8(D — ). If the crosshead speed is § and loading
time is ¢, the depth of the indentation will be § = éz.
Therefore, the strain rate can be written as follows:

,_de_02D-29) -
T % T DSsD-p

To calculate the value of hardness and the yield stress,
a value of § =0.0365D was chosen, so that

¢ =0.98865/D 8)

4. Results and discussion

Using Equations 3, 5 and 8, the yield stresses of pure
polycrystalline ice, 7% sucrose solution and 19% su-
crose solution, at the different temperatures and at the
different strain rates, have been determined. The re-
sults are shown in Figs 2—4. For all tested samples, the
yield stress increases with decreasing temperature, and
also increases initially with increasing strain rate be-
fore reaching a peak. At this critical strain rate the yield
stress reaches a maximum and then decreases with in-
creasing strain rate. Also, the strain rate corresponding
to the maximum yield stress varies with the composi-
tion of samples and testing temperature. The magnitude
of yield stress is strongly dependent on the sucrose con-
centration, which must be related to the amount and size
of ice crystals in the samples. The higher the content
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of sucrose, the lower the amount of ice crystals and the
finer the crystal size, resulting in lower yield stresses.

Depending on the loading condition, ice exhibits two
types of behaviour: ductile when loaded slowly and
brittle when loaded rapidly [33]. During compression
tests the transition from ductile yielding to brittle frac-
ture occurs at a strain rate of 1072 s~! in the temper-
ature range between —20°C and —40°C [25, 33-35].
Ductile behaviour of ice is controlled by the glide and
climb of basal dislocations and by dynamic recrystal-
lization; whereas the growth and interaction of prop-
agating cracks control brittle behaviour. On loading,
cracks will first nucleate within virgin material at stress
around 1.2 MPa for ice [28]. At the lower strain rates,
the cracks do not propagate; instead, new cracks formed
as the load increased, and the ice exhibits ductile be-
haviour. At a higher rate, the cracks do propagate and
the ice is brittle. The transition results from a compe-
tition between stress buildup and stress relaxation near
the crack tips. Stress buildup dominates at higher load-
ing rates: the stress intensity factor eventually reaches
the critical level at which point the cracks grow and in-
teract and brittle failure ensues. Relaxation dominates
at lower loading rates, leading to crack blunting and to
ductile behaviour.

The results presented here showed that the critical
strain rate for pure polycrystalline ice lies between
0.6-1.3 x 1072s~! under indentation tests. It is be-
lieved that this critical strain rate corresponds to the
ductile-brittle transition strain rate. During an indenta-
tion process, the specimen is not loaded uniformly and
the stress varies spatially and temporally. In fact, as soon
as the indenter is pushed into the specimen, the mean
pressure between the surface of the indenter and the
indentation increases very quickly and reaches a large
value immediately. The magnitude of this initial mean
pressure, of course, is dependent upon the resistance of
specimen to the indenter. With the increase of the in-
dentation depth, the mean pressure increases. Because
of the large shear stress due to the stresses which de-
velop sharply within the contact zone, microcracks are
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generated. The growth and interaction of microcracks
is a very complicated process. Under lower strain rates,
the microcracks continue to nucleate as the stress in-
creases, but do not propagate until the failure strain is
reached. At the critical strain rate the cracks begin to
propagate and then the transition from ductile to brittle
behaviour occurs.

The values of the ductile-brittle transition strain rate
for pure polycrystalline ice and frozen sucrose solutions
during indentation tests at the different temperature are
shown in Fig. 5 and summarised in Table I. Obviously,
the ductile-brittle transition strain rate of the frozen su-
crose solutions varies with the variation of composi-
tion and temperature. The dependence of the transition
from ductile to brittle behaviour of frozen sucrose so-
lutions on the strain rate can be also explained in terms
of the mechanism of cracks propagating or blunting
as discussed above. The properties and the amount of
matrix around ice crystals in frozen sucrose solutions
plays an important role on the establishment of this
transition mechanism. It has been noted that the prop-
erty of the matrix (essentially, viscosity) is related to
the temperature and independent on the initial sucrose
concentration; the amount of matrix is strongly affected
by the initial sucrose concentration and slightly by the
temperature [36]. The amount and viscosity of matrix in
the frozen sucrose solutions investigated can be calcu-
lated from results in the literatures [15, 37]. The details
of the calculations have been given by Xu [36] and the
results obtained are shown in Figs 6 and 7.

TABLE I Temperature-dependent critical strain rate of pure polycrys-
talline ice and frozen sucrose solutions in the indentation tests (Unit: s~!)

7% Sucrose 19% Sucrose

Temperature Pure ice solution solution

—20°C 1.3 x 1072 3.3 %1072 1.0 x 1072
—25°C 1.0x 1072 4.0x 1072 1.0x 1072
—30°C 0.8 x 1072 5.3 %1072 3.0 x 1072
—35°C 0.6 x 1072 4.0x 1072 10.1 x 1072
—40°C 0.8 x 1072 1.7x 1072 3.1x1072

| —e—Pure lce
|

—&— 7% Sucrose Solution
—k— 19% Sucrose Solution

-45 -40 -35

Temperature (°C)

Figure 5 Critical strain rates of pure polycrystalline ice and frozen sucrose solutions as a function of temperature.
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Figure 6 Volume fraction of matrix in frozen sucrose solutions as a function of temperature.
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Figure 7 Viscosity of matrix in frozen sucrose solutions as a function of temperature.

At temperatures of —20°C and —25°C, the viscosity
of the matrix is extremely low so that the sliding be-
tween the ice crystals occurs readily when the specimen
is stressed, and the critical sliding distance is reached
quickly. The observation of the lower transition strain
rate in this temperature range is good evidence of this
phenomenon. At a temperature of —30°C, because of
the increased viscosity of the matrix, the bearing capac-
ity of the sample increases and the transition strain rate
increases. Since the volume fraction of matrix in 19%
sucrose solution is greater than that in 7% sucrose solu-
tion, the shear resistance of 19% sucrose solution is less
than that of 7% sucrose solution (assuming that the ice
crystals is uniformly covered by matrix, therefore, the
thickness of matrix film in 19% sucrose solution must
be greater than that in 7% sucrose solution). Therefore,
above —30°C, the transition strain rates of 7% sucrose
solution are greater than those of 19% sucrose solution.
There is a glass transition for sucrose solutions in the
temperature between —34°C to —46°C and it is time-
dependent [15]. At temperatures of —35°C and —40°C,

a partial glass phase exists and correspondingly, it in-
creases the deformation resistance of the matrix and
reduces the transition strain rate. Also, owing to the
fact the amount of matrix in 19% sucrose solution is
more than that in 7% sucrose solution, the time needed
for glass transition of matrix in 19% sucrose solution
may be longer than that in 7% sucrose solution. As a
result, under same conditions (such as cooling temper-
ature and cooling time), the maximum transition strain
rate of 19% sucrose solution occurs at —35°C while the
maximum transition strain rate of 7% sucrose solution
occurs at —30°C (see Fig. 5).

Clearly, when the applied strain rate exceeds the tran-
sition strain rate, the indentation process is dominated
by crack propagation, which is, of course, unstable.
Therefore, the dependence of yield stress on strain rate
and temperature in Equation 4 is only valid in the range
of the applied strain rate less than the transition one. By
plotting the logarithm of the yield stress against// T for
same strain rate, the values of the Q/m and the con-
stant A may be obtained. Similarly from the variation
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TABLE II Values of the parameters in Equation 4 for pure polycrys-
talline ice and frozen sucrose solutions

TABLE III Values of m and Q obtained from stress relaxation
experiments for pure polycrystalline ice and frozen sucrose solutions

7% Sucrose 19% Sucrose

Pure ice solution solution
A (MPa s!/m) 2.40 x 107! 2.15x 1078 3.10x 10713
m 5.25 4.67 4.47/2.82*
0 (kJ/mol) 54 195 224/147*

Note: *m =4.47 and Q =224 kJ/mol. for the higher temperatures of
—20°C and —25°C; m =2.82 and Q = 147 kJ/mol. for the lower tem-
peratures of —30°C, —35°C and —40°C, respectively.

of the yield stress with strain rate at a constant temper-
ature the value of m can be found. This type of analysis
has been employed on indentation tests by Atkins [38]
for metals, by Glen [26] and Barnes et al. [27] for ice.
Present results for pure polycrystalline ice and frozen
sucrose solutions are shown in Table II.

The stress exponent m of 5.25 in our experiments for
pure polycrystalline ice is greater than that of 4.4 from
Barnes et al. [27]. The stress exponent, m, for 7% su-
crose solution is 4.67, while the 19% sucrose solution
has two different values of m, 4.47 at the higher temper-
atures of —20°C and —25°C and 2.82 at the lower tem-
peratures of —30°C, —35°C and —40°C, respectively.
These variations are perhaps related to the magnitude
of internal stress in the samples. Duval et al. [39] noted
that on loading, an increasingly nonuniform state of in-
ternal stress, with a wavelength about equal to the grain
size, develops with strain around the grains due to the
anisotropy of ice. Its average is always equal to the ap-
plied stress, but the peaks can be many times larger. At
a given temperature and a given strain rate, pure poly-
crystalline ice has the greatest yield stress, followed by
7% sucrose solution and 19% sucrose solution. This
means that, under the same conditions of temperature
and strain rate, the stress applied in the specimen of
pure polycrystalline ice is greater than that in the speci-
men of 7% sucrose solution, while the stress applied in
the specimen of 7% sucrose solution is greater than that
in the specimen of 19% sucrose solution. Correspond-
ingly, the ranking of values of m, from greatest to small-
est, are pure polycrystalline ice, 7% sucrose solution,
and 19% sucrose solution due to the magnitude of yield
stress i.e., to the phase volume of ice crystals present.

The activation energy for pure polycrystalline ice
obtained in this work is 54 kJ/mol, which is less
than the value of 72 kJ/mol obtained by Barnes et al.
[27] from hardness tests, but still lies in the range of
40-140 kJ/mol that has been obtained from many creep
experiments [23, 40, 41]. The value of Q of 7% su-
crose solution is equal to 195 kJ/mol. For 19% sucrose
solution, there are also two different values of activa-
tion energy, 224 kJ/mol. At the higher temperatures of
—20°C and —25°C, and 147 kJ/mol. At the lower tem-
peratures of —30°C, —35°C and —40°C, respectively.
These indicate that different mechanisms dominate the
deformation process of 19% sucrose solution in the dif-
ferent temperature ranges. The values of m and Q of
pure polycrystalline ice and both sucrose solutions have
been also determined by Xu [36] in terms of stress re-
laxation experiments. The differences between the data
obtained by indentation tests (Table II) and those by
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Pureice 7% Sucrose solution  19% Sucrose solution
m 4.1-5.3 3.0-3.6 24-3.5
Q (kJ/mol) 93 124 138

stress relaxation tests (Table III) may be dependent on
the stress level and the change of the structure.

As mentioned before, pure polycrystalline ice has the
lowest critical transition strain rate so that it may have
more microcracks underneath the indenter than the oth-
ers. During stress relaxation, owing to the stress drop
off, recrystallization and growth of ice crystals may
occur, thus result in the increase of activation energy.
For frozen sucrose solutions, the flow of matrix should
strongly affect their creep behaviour. This is why the
activation energies of sucrose solutions obtained by in-
dentation tests are greater than those by stress relaxation
tests, while for pure polycrystalline ice it is the opposite.
The data obtained show that the activation energy is re-
lated to the interaction of matrix and ice crystals at the
boundaries. The effect of the matrix on the loading and
stress relaxation processes of frozen sucrose solutions
depends on whether it is extruded or not. When the tem-
perature is higher than the glass transition temperature
of the matrix, the deformation of the system is signifi-
cantly determined by the flow of matrix. The strain of
ice crystals (elastic, plastic and creep) just contributes
a little. The greater the sucrose contents the more the
amount of matrix, the greater the activation energy. As
can be seen from Fig. 6, the amount of matrix in 7%
sucrose solution is less and therefore, the variations of
stress exponent and activation energy with temperature
are not apparent. The amount of matrix and its change
with temperature in 19% sucrose solution are obviously
large so that at the higher temperatures, the matrix can
be easily extruded during loading and the ice crystals
readily touch each other in the stress direction. Thus,
the direct contact of ice crystals keeps the stress expo-
nent at a higher value and the flow of matrix makes the
greater contribution to the activation energy. At tem-
peratures lower than the glass transition temperature of
the matrix, the movements of the matrix are restricted
due to the existence of a glass phase. During loading,
the matrix may be still remain between the ice crys-
tals in the stress direction, reducing the magnitude of
m although the internal stress rises. The decrease of
the matrix flow accompanies the decrease of activation
energy. For an identical material, the internal stress in
the specimen during loading is greater than that during
stress relaxation. Therefore, the values of m obtained
by indentation tests are somewhat greater than those by
stress relaxation tests for all samples.

Substituting the results of Table Il into the Equation 4,
the calculated yield stresses for all samples agree with
the measured yield stress very well (Figs 8—13). These
indicate that, for pure polycrystalline ice and frozen
sucrose, the dependence of yield stress of on strain rate
and temperature can be reasonably predicted by means
of Equation 4.
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5. Conclusions

The yield stress of frozen sucrose solutions and in
particular, the effects of composition, strain rate and
temperature have been investigated systematically. The
conclusions are given below: (1) in the temperature
range —20°C to —40°C there is a transition from ductile
yield to brittle fracture under indentation tests. The tran-
sition strain rate varies with temperature and depends on
the amount and properties of matrix, in other words, the
composition of the sample; (2) when the applied strain
rate is less than the transition strain rate, the yield stress
of sucrose solutions increases with decreasing temper-
ature, and also increases with increasing strain rate.
The dependence of yield stress, of frozen sucrose solu-
tions on strain rate and temperature can be described by
means of the rearrangement of the power law equation
of steady-state creep. The steady-state creep parame-
ters of sucrose solutions vary with the composition and
the temperature range.
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