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Liquid chocolate exhibits a non-Newtonian flow behavior that is conventionally characterized by a yield stress
and plastic viscosity. In general, yield stress is determined by shear rheology experiments and the data are
plotted as viscosity as a function of shear stress or shear stress as a function of shear rate. For the shear stress-
shear rate plot, a frequently used approach to estimate the yield stress is to fit the data to one of several
established models, with the Casson model being the most popular. Even though ICA (former IOCCC)
recommendation is not to use the Cassonmodel, it is still frequently applied. With the Cassonmodel, a good fit
to the experimental data for the shear rate ranging from 5 s−1 to 60 s−1 is realized. However, this model is
unable to resolve real differences between chocolate samples that manifest at shear rate values below 5 s−1.
In this study, oscillatory rheology was applied and the stress at the end of the linear viscoelastic region (LVR)
was taken as an estimate for the yield stress. This method was shown to be sensitive to fat content, emulsifier
concentration and type of emulsifier. Furthermore, oscillatory rheology was found to be capable to capture
differences in yield stress of chocolates that were not differentiated using the Casson model fitting approach.
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1. Introduction

Chocolate can be considered a suspension of solid particles
dispersed in a continuous matrix of both solid and liquid fat, primarily
cocoa butter. Sugar constitutes the majority of the solid particles
(on average 60–70%), followed by the non-fat cocoa solids and,
depending on the type of chocolate, milk solids (Afoakwa, Paterson, &
Fowler, 2007; Beckett, 2000). Rheologically, liquid chocolate shows a
non-Newtonian behavior that conventionally is characterized by a
yield stress and plastic viscosity. The yield stress is the amount of
energy necessary to initiate flow, while the energy needed to main-
tain flow is expressed by the plastic viscosity. The flow behavior of
liquid chocolate is influenced by processing (refining, conching,
tempering) as well as formulation (particle size distribution, amount
of fat, amount and type of emulsifiers) (Schantz & Rohm, 2005;
Tscheuschner & Wunsche, 1979; Vavreck, 2004). Rheological proper-
ties not only determine the efficiency of processes involving mixing
and pumping, but also play a crucial role in chocolate applications
such as enrobing, shell formation and moulding processes (Servais,
Ranc, & Roberts, 2004). As such, controlling the rheological properties
of chocolate is paramount.

A major reason for measuring the flow properties of chocolate is to
be able to adjust the formulation and process toward different
applications. In chocolate business, widely used parameters to
describe flow properties are Casson plastic viscosity and Casson
yield stress. It is really important that both parameters are within
specification for the specific application. However, they describe a
different area of the flow region (low shear rates versus high shear
rates) and it is not always obvious to match both specifications. It is
well possible for two chocolates to exhibit the same plastic viscosity
while differing in yield stress, which can then give rise to processing
issues in the final application. Furthermore, it is also possible that the
current methods used to determine yield stress give similar yield
stresses for two chocolate batches while differences in applicability
are experienced. This might be due to the fact that current methods
are not able to capture the “true yield stress.”

Several methods have been used to determine the yield stress on
food products as well as non-food products. An extensive review of
determining yield stress has been given by Barnes (1999) focusing on
the differences between methods. In general, yield stress is deter-
mined by shear rheology experiments and the data are plotted as
viscosity as a function of shear stress or shear stress as a function of
shear rate. In the viscosity plot, viscosity shows a rapid decrease for
shear stresses above the yield stress, which is then estimated as the
stress at which the viscosity starts to decrease (Walls, Caines, Sanchez,
& Khan, 2003).

For the shear stress-shear rate plot, two approaches can be
followed to estimate the yield stress. The first is to fit the data to one of
several established models. However, fitting data to a model can lead
to over or underestimation of the yield stress and not all materials
comply with common yield stress models (Barnes, 1999; Barnes &
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Nguyen, 2001). Until 2000, the Casson model was the standard
confectionery industry strategy to quantify rheological properties of
molten chocolate. With the Casson model, a good fit to the
experimental data for the shear rate ranging from 5 s−1 to 60 s−1 is
realized (Taylor, Van Damme, Johns, Routh, & Wilson, 2009). Since
2000 ICA (former IOCCC) recommends the use of interpolation data to
describe chocolate rheology. This method involves the measurement
of stress and viscosity at shear rates between 2 s−1 and 50 s−1 in
7 min using both ramp up and ramp down curves in shear rate,
preceded by a pre-shear at 5 s−1 (ICA, 2000). At the basis of this
change lay the results of an inter-laboratory study (Aeschlimann &
Beckett, 2000) that led to the conclusion that the Casson model,
employing only a small set of parameters, was limited in accuracy. At
lower shear rates, chocolate rheology data do not fit the Casson model
well. As a consequence, this model is unable to resolve real differences
between chocolate samples that manifest at low shear rate values.

Even though ICA recommendation is not to use the Casson model,
it is still frequently applied. Afoakwa and colleagues (Afoakwa,
Paterson, Fowler, & Vieira, 2009) compared the use of the Casson
model with the newer ICA recommendations on dark chocolate and
statistically examined their inter-relationships. From this research it
was concluded that both models were highly related and either could
effectively quantify chocolate viscosity parameters (Afoakwa et al.,
2009). In contrast to the ICA quantification strategy, the current
National confectioners association/Chocolate manufacturers of Amer-
ica (NCA/CMA) method to characterize chocolate rheological proper-
ties is to extrapolate concentric cylinder flow data using the Casson
equation and the vane technique rather than the Couette geometry
(Baker, Brown, & Anantheswaran, 2006).

The second approach uses a log plot that shows Newtonian
behavior at very high shear rates and “stress plateaus” at low stresses
that are taken as the yield stress (Evans, 1992). All shear stress
measurements to determine the yield stress face the challenge to find
the point of the largest applied shear stress before the material starts
to flow, with the a major problem being the large uncertainties that
are observed at shear stresses and shear rates just below the apparent
yield stress (Walls et al., 2003).

An alternative way of estimating the yield stress is using creep
measurements. In creep experiments the sample is subjected to a
constant stress over a defined period of timewhile the resulting strain
is recorded. Below the yield stress, imposed stress will result in the
sample approaching a constant strain value. Above the yield stress, as
the material starts to flow, the strain will rapidly increase. In a strain
versus time plot, this is seen as a constant slope. The major
disadvantage of this technique is that it involves a series of time
consuming experiments. It is thus advisable to at least have an
indication of the yield stress before beginning the experiments (Walls
et al., 2003).

As yield stress is connected to flow by definition, it is commonly
determined using standard flow experiments. Alternatively, oscilla-
tory or dynamic strain or stress experiments can be applied to
estimate the yield stress (Fong & Dekee, 1994; Walls et al., 2003). In
a dynamic stress sweep the sample is subjected to increasing
oscillation stresses and the resulting strain is recorded. This type of
test, called an amplitude sweep, is used to determine the linear
viscoelastic region (LVR), in which stress and strain are linearly
proportional to each other. Consequently, rheological variables are
not stress or strain dependent within the LVR (Marangoni, 2005;
Steffe, 1996). In addition to determining the limits of the LVR, an
amplitude test can also be used to differentiate between weak and
strong gels as strong gels may have a longer LVR than weak gels
(Steffe, 1996). Within this region, as stress and strain are
proportionally related, no structure breakdown occurs. Above a
critical stress (or strain), structure breakdown will occur. Consid-
ering that structure breakdown is necessary for flow to initiate, this
critical stress can be considered an estimate for the yield stress. The
use of oscillatory rheology to estimate yield stress has several
advantages. Firstly, reliable data are obtained both below and above
the yield stress, this in contrast to the large uncertainties obtained at
low shear rates for the shear flow experiments. Secondly, there is no
need for a first estimation of the yield stress as it is the case for the
creep experiments. Finally, oscillatory rheology does not only
provide information on the yield stress, but also on the sample's
visco-elastic properties and microstructure (Walls et al., 2003). At
small amplitudes, oscillatory rheology allows to investigate the
properties of the material while causing minimal disturbance to the
structure. Oscillatory rheology has already been applied in chocolate
research but not with the specific goal of measuring yield stresses
(Baldino, Gabriele, & Migliori, 2010; Gabriele, Migliori, Baldino, & de
Cindio, 2008; Taylor et al., 2009).

The objective of this research was to demonstrate the use of
oscillatory rheology as an alternative way to obtain a more accurate
measurement of the yield stress compared to the use of mathematical
models or simply deriving stress values at fixed shear rates. The
possibilities of oscillatory rheology to estimate the yield stress of
chocolate are elucidated on samples with varying fat content,
different emulsifiers and different emulsifier concentrations. These
results are compared to the yield stress values obtained from fitting
the classical flow curve data to the Casson equation.

2. Materials and methods

2.1. Samples

A milk chocolate containing 29.0% total fat and 0.4% moisture
(chocolate A) as well as a milk chocolate of 36.7% total fat and 0.3%
moisture (chocolate B) served as base chocolates in the experiments.
Both chocolates were provided by Barry Callebaut. Raw materials are
commercially available cocoa liquor, cocoa butter, sugar and milk
powder. The chocolates are produced on an industrial production line,
where raw materials are mixed, grinded over 5-roll refiners and
conched, using the manufacturers' production parameters for the
recipe in scope. Chocolate A also contained 0.7% lecithin while
chocolate B was manufactured without adding any emulsifier.

2.1.1. Preparation of chocolate samples with increasing fat content
Starting from chocolate A as a base chocolate, cocoa butter was

added in steps of 4% to obtain a series of chocolate samples with
increasing fat content. The chocolate was intensely stirred at fixed
rpm during fixed time to assure a good and repeatable mixing.

2.1.2. Preparation of chocolate samples of different emulsifiers in
varying concentrations

Starting from chocolate B as base chocolate, lecithin (Soya
International Ltd, Cheshire, UK.) or PGPR (Palsgaard Industry,
Juelsminde, Denmark) was added in different concentrations: 0.2%,
0.4%, 0.6% and 0.8%. The emulsifiers were added to batches of 500 g of
chocolate B and mixed in a warm water bath at 50–55 °C during
30 min.

2.2. Rheology

The rheological measurements were carried out with an AR2000
(ex) stress controlled rheometer (TA Instruments, Brussels, Belgium).
The chocolate sample was melted overnight in an oven at 40 °C and
transferred into the cup of the DIN cup and bob geometry that was set
at 40 °C. All analyses were carried out at a constant temperature of
40 °C. Two different rheological measurements were carried out: a
stepped flow experiment to record the flow curve and an oscillatory
stress sweep to determine the linear visco-elastic region (LVR). Each
rheological analysis was executed in triplicate.
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2.2.1. Flow curve
After a conditioning step of 2 min, the shear rate was increased

from 0.1 s−1 to 100 s−1. The flow curve is then obtained by plotting
the recorded shear stress (Pa) as a function of the applied shear rate
(1/s). Viscosity and yield stress values were obtained by fitting the
Casson equation to the data. This method deviates from the ICA
method in two points: no pre-shear is applied and more data points
are recorded over a wider shear rate range. More data points in the
lower shear rate range should provide a more detailed picture on the
chocolate flow behaviour in this region.

2.2.2. Stress sweep
Oscillatory measurements were performed at a frequency of 1 Hz.

After a conditioning step of 2 min, the chocolate samplewas subjected
to an increasing oscillatory stress from 0.01 Pa to 50 Pa. Rheograms
were obtained by plotting the complex modulus G* (Pa) as a function
of oscillatory shear. The complex modulus can be defined as the ratio
of stress over the corresponding strain and is considered to be a
measure of the rigidity of the system. As long as the applied stress is
within the LVR, the complexmodulus values will show little variation.
However, upon increasing oscillatory the stress, the applied stress and
resulting strain will no longer be linearly proportional as structure
breakdown occurs, which is shown in the rheogram as a decrease in
complex modulus. The end of the LVR is calculated as the intercept of
two straight lines fitted to the log–log plot of the complex modulus
versus the oscillation stress. The first straight line includes the values
of the complex modulus that lay within the LVR, while the second
straight line is based on the complex modulus values when stress is
increased beyond the LVR as is illustrated in Fig. 1. At stresses below
this critical stress that defines the end of the LVR the sample will
behave like a visco-elastic solid. As soon as this critical stress is
exceeded, the material starts to flow due to the destruction of the
structure. As such, this critical stress at the end of the LVR can be used
as a measure for the yield stress. In addition to this critical stress, the
length of the LVR as well as the complex modulus values at which the
LVR is situated can be deduced. As the complex modulus is a measure
for the rigidity of the system it provides information on the chocolate
microstructure.

3. Results and discussion

The oscillatory rheology method to determine yield stress was
validated on two different sets of chocolate samples. Both the effects
of increasing fat content and adding emulsifiers (lecithin or PGPR in
different concentrations) on the yield stress were investigated. Firstly,
Fig. 1. Determining the end of the LVR of a milk chocolate sample.
the yield stress was determined via fitting the Casson model to the
flow curve. These results were subsequently compared to the results
obtained through oscillatory rheology.
3.1. Chocolate samples with increasing fat content

Fig. 2 presents the flow curves of chocolate samples as a function of
increasing fat content. In molten chocolate, fat can be present in two
ways: either as free fat or as fat bound by and within the solid
particles. It is the free fat that enables the solid particles to move past
each other and thus the chocolate to flow.With increasing fat content,
the distance between the solid particles increases and, consequently,
the viscosity drops (Beckett, 2009). From Fig. 2 it is clear that an
increased amount of added fat affects both plastic viscosity and yield
value.

The experimental flow curve data were fitted to the Casson model
the results of which are presented in Table 1. As expected, a decrease
in viscosity and yield stress with increasing fat content can be
observed. The effect of adding extra fat to the chocolate is higher for
viscosity than for yield value. This can be explained by the fact that the
extra fat adds to the free fat, which has a lubricating effect on the flow
when it takes place. Consequently, the viscosity will dramatically
decrease. The yield value arises mainly from the interactions between
the solid particles, and as such, is less affected by fat addition
(Afoakwa et al., 2007; Beckett, 2009).

Table 1 also shows the error to the model fit. What this means
becomes clearer when considering Fig. 2. In addition to the flow
curves the regressions curves obtained via the fitting to the Casson
model are also included. Comparing these regression lines with the
original data it is obvious that the error reported in Table 1 originates
from the mismatch in the lower shear rate region.

Fig. 3 shows the evolution of the complex modulus of chocolate
with increasing concentrations of added fat as a function of the
applied oscillation stress. It is clear from this graph that with adding
fat, the complex modulus curves shift toward lower values. As the
complex modulus is a measure for the rigidity of the system, it can be
concluded that the structure of the chocolate sample weakens as the
amount of liquid fat increases. Furthermore, Fig. 3 also shows that
upon increasing the amount of fat, the length of the linear visco-
elastic region (LVR), the stress range within which no structure
breakdown occurs, becomes shorter. This is also clear from Table 2
which lists the critical stress and complex modulus values at the end
of the LVR. These results also indicate that a structural network exists
Fig. 2. Flow curves of chocolate samples with increasing fat content (legend: % of added
fat) (average of three measurements). The Casson fit to the data is also included.
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Table 1
Casson viscosity and yield stress of chocolate samples with increasing fat content.

Sample Yield stress (Pa) Viscosity (Pa*s) Error fit model

% added fat average stdev average stdev average stdev

0% 23,067 0.617 2.992 0.617 8.9 0.2
4% 11,647 0.090 1.246 0.015 10.3 0.8
8% 6600 0.012 0.661 0.002 12.5 0.2
12% 3762 0.010 0.394 0.000 13.7 0.2
16% 2251 0.019 0263 0.001 14.7 0.2
20% 1337 0.011 0.194 0.000 13.8 0.3

Table 2
Critical stress and complex modulus values at the end of the LVR for samples with
increasing fat content.

Sample Critical G* (Pa) Critical stress (Pa)

% added fat average stdev average stdev

0% 32,813 2926 5.534 0.238
4% 21,594 599 3.388 0.528
8% 10,901 2454 1.565 0.290
12% 5877 922 1.097 0.103
16% 2879 228 0.368 0.045
20% 1558 154 0.362 0.117

2663V. De Graef et al. / Food Research International 44 (2011) 2660–2665
in liquid chocolate that is affected by compositional parameters. In
order for flow to occur, this structural network needs to be disrupted.

In Fig. 4 the critical oscillation stresses at the end of the LVR as well
as the Casson yield values are plotted as a function of added % of fat. It
is shown that both the Casson yield values and the critical oscillation
stress at the end of the LVR decrease exponentially as the amount of
added fat increases. The total fat content of the chocolate samples
increased from 29% (chocolate A, the base chocolate) to almost 50%
(chocolate with 20% added fat). The effect of 4% fat addition is the
largest for the samples with the lowest total fat content and decreases
as the total fat content increases. Consequently, it can be concluded
that the critical stress at the end of the LVR is sensitive to the amount
of fat present in the chocolate. This effect was also seen in the Casson
yield value.

3.2. Chocolate with varying concentrations of emulsifiers

A next case-study to validate the proposed new method focused
on the different effects of lecithin and PGPR on the yield value of
chocolate. Fig. 5 shows the flow curves of chocolate samples with
different concentrations of lecithin and PGPR, respectively. A flow
curve of chocolate without emulsifier is included as a reference. From
these flow curves the different effects of both emulsifiers on the flow
behavior of chocolate is immediately clear. Adding PGPR results in a
much stronger reduction of the shear stress at low shear rates
compared to lecithin.

The Casson equation was used to extract the yield value and
viscosity from these flow curves. These data are presented in Table 3
and the plots are included in Fig. 5. It is known that, upon adding
lecithin to chocolate, the yield value will first decrease until a critical
lecithin concentration above which the yield value will again increase
(Beckett, 2009). This can also be concluded from the data presented in
Fig. 3. Complex modulus as a function of oscillation stress for chocolate samples with
increasing fat content (average of three measurements).
Table 3. Adding 0.2% lecithin caused a strong reduction in yield stress
from about 8.3 Pa to about 2.3 Pa while 0.4% and higher lecithin
concentrations again resulted in an increase of the yield stress. In
contrast, viscosity continued to decrease upon adding more lecithin.
The fact that yield value increases again above a specific concentration
of lecithin may be due to the formation of bilayers around the solid
particles or to the formation of lecithin micelles, both reducing the
effectiveness of the emulsifier (Beckett, 2009). Table 3 also includes
the error on the fit of the Casson model. It can be derived from Fig. 5
that this error mainly arises from the lack of fit in the lower shear rate
region. Consequently, this will result in an inaccurate estimation of
the yield stress.

PGPR, another widely used emulsifier, has the ability to strongly
reduce or even cancel the yield value of chocolate whereas the
viscosity is only slightly lowered (Rousset, Sellappan, & Daoud, 2002;
Schantz & Rohm, 2005). These effects can also be seen in Table 3.
Apparently, adding PGPR even caused the Casson yield value to drop
to zero for all concentrations. However, the Casson equation,
employing only a small set of parameters, is limited in accuracy as,
at low shear rates, rheology data show a poor fit to the Casson
equation (Taylor et al., 2009). This poor fit also becomes clear upon
comparing the Casson plots with the original flow data in Fig. 5b. A
Casson yield value of zero was found for all samples with PGPR, while
the flow curves in Fig. 5b show clear differences, especially between
0.2% PGPR and the higher concentrations.

Fig. 6 presents the evolution of the complex modulus as a function
of oscillation stress for chocolate samples with increasing concentra-
tions of lecithin and PGPR, respectively. The critical stress and
complex modulus values that correspond with the end of the LVR
are listed in Table 4. When considering the chocolate samples with
various concentrations of lecithin (Fig. 6a) the classic effect of this
particular emulsifier on yield stress can be observed. Adding 0.2%
Fig. 4. Yield values for chocolate with increasing fat content obtained via Casson model
to the flow curve versus via oscillatory rheology.
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Fig. 5. Flow curves of chocolate samples with varying concentrations of (a) lecithin and
(b) PGPR (average of three measurements). The result of the Casson fit is also indicated.

Fig. 6. Stress sweeps of chocolate samples with varying concentrations of (a) lecithin
(b) PGPR (average of 3 measurements).
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lecithin caused a shortening of the LVR (lower critical stress) at lower
complex modulus values. Increasing the amount of lecithin again
resulted into a longer LVR (higher critical stress values) at higher
complex moduli compared to the sample with 0.2% lecithin. In
comparison to the chocolate without emulsifier all values of critical
stress and complex modulus were lower for the chocolates with
lecithin. It can thus be concluded that oscillatory rheology reveals the
same effects for lecithin as obtained with the classic flow curve based
approach. Adding 0.2% PGPR to the chocolate caused a significant
decrease in the stress at the end of the LVR and the corresponding
Table 3
Casson yield stress and viscosity of chocolate samples with varying emulsifier
concentrations (average of three repetitions).

Sample Yield stress (Pa) Viscosity (Pa*s) Error fit model

average stdev average stdev average stdev

0% 8.334 0.086 5.322 0.085 11.7 0.3
0,2% lec 2.267 0.076 1.812 0.008 8.5 0.1
0,4% lec 4.288 0.600 1.143 0.060 12.4 0.3
0,6% lec 5.842 0.134 0.917 0.014 18.3 4.6
0,8% lec 7.549 0.318 0.853 0.015 14.1 0.1
0,2% pgpr 0.000 0.000 3.140 0.040 11.3 0.1
0,4% pgpr 0.000 0.000 2.599 0.014 18.7 12.6
0,6% pgpr 0.000 0.000 2.415 0.012 11.2 1.7
0,8% pgpr 0.000 0.000 2.197 0.023 17.0 6.4
complex modulus (Fig. 6 and Table 4). Upon adding increasing
amounts of PGPR these values further decreased. Even for the highest
concentrations of PGPR (0.6% and 0.8%) the differences were
significant. In contrast to the classical flow curve based approach,
the newly proposed oscillatory rheology method is capable of
capturing the real differences between these samples. Furthermore,
these data show that a structural network exists in liquid chocolate
that is influenced by the type and the concentration of emulsifier used
in the chocolate production.
Table 4
Critical stress and complex modulus values at the end of the LVR for samples with
increasing concentrations of lecithin or PGPR (average and stdev of 3 measurements).

Sample Stress end LVR (Pa) G* end LVR (Pa)

average stdev average stdev

0% lec/pgpr 2.906 0.478 25,517 1106
0.2%lec. 1.107 0.173 4286 1456
0.4%lec. 1.214 0.145 7435 2348
0.6%lec. 1.573 0.315 12,764 1125
0.8%lec. 1.784 0.496 16,179 1362
0.2%pgpr 0.748 0.081 1095 320
0.4%pgpr 0.333 0.039 135 56
0.6%pgpr 0.227 0.003 54 1
0.8%pgpr 0.196 0.000 39 1
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Fig. 7. Yield values for chocolate with increasing concentration of (a) lecithin and
(b) PGPR via Casson model fitting to the flow curve versus via oscillatory rheology.
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When comparing the yield values obtained via the Casson model
with the yield stress (=stress at the end of the LVR) extracted from
the stress sweeps as plotted in Fig. 7, the same trends can be observed.
For the samples with lecithin, oscillatory rheology consequently gave
lower values compared to the Casson yield value. For the chocolate
samples with PGPR, oscillatory rheologywas capable of distinguishing
between the different concentrations while a Casson yield value of
0 Pa was obtained in all cases.

4. Conclusions

Based on these two cases studies it can be concluded that the
proposed oscillatory rheology method does provide a viable alterna-
tive compared to the classical flow curve based approach to determine
the yield stress in chocolate. It has been shown that the proposed
method is sensitive to fat content, emulsifier type and concentration.
More importantly, oscillatory rheologywas found to bemore sensitive
to differences in yield stress between chocolate samples than the
flow curve based approach. The proposed method generated
information on two parameters: the stress at the end of the LVR and
the corresponding complex modulus. In addition to the yield stress,
oscillatory rheology provides information on the microstructural
arrangement of the sample. The method is not time-consuming and
can easily be applied to a wide range of products. Last but not least, it
has been shown that a structural network exists in liquid chocolate
that needs to be disrupted before flow can take place.
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