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Abstract Rheological properties of chocolate play a rel-
evant role either in process design or texture definition.
Nevertheless, only flow properties of molten product or
mechanical properties of samples cooled at fixed temper-
ature (usually 20 °C) are measured, whilst testing condi-
tions close to the industrial applications (temperature close
to 30 °C) are less common to be used. In this work,
chocolate samples (cooled at 1 and 5 °C minfl) were
characterised at 30 °C by using small-amplitude oscilla-
tions and low-stress creep tests, aiming at establishing how
material properties are related to the chocolate micro-
structure. The effects of either 3 anhydrous milk fats
(AMPF), having different melting points, or sugar particle
size were evaluated. It was found that addition of AMFs,
owing to their solid content, can yield an increase in con-
sistency; however, this effect is less relevant when coarse
sugar is used, because of the broader particle size distri-
bution, and it depends on the thermal history because of the
different fat crystallisation time. Finally, creep tests
resulted to be very sensitive in detecting changes in
chocolate rheological properties.

Keywords Chocolate rheology - Cooling rate -
Anhydrous milk fats - Particle size - Creep test
Introduction

Like many other food products, chocolate is a complex
multi-phase system containing cocoa butter and milk fat as

N. Baldino - D. Gabriele (<) - M. Migliori

Department of Engineering Modelling, University of Calabria,
Via P. Bucci Cubo 39C, 87036 Arcavacata di Rende (CS), Italy
e-mail: d.gabriele @unical.it

solid continuous phase, sugar and other solid (fat-insolu-
ble) ingredients as disperse phase [1]. In addition, active
surface components, like emulsifiers, are often added to the
formulations aiming to modify the interactions among the
other ingredients [1, 2].

Some important applications, like coating or filling,
require the use of chocolate in the molten state; therefore,
rheological properties should be carefully considered either
in process design [3] or in texture control procedures.
Many studies are present in literature on this topic [2, 4-6],
even though mainly flow characteristics, such as viscosity,
were extensively studied and controlled in order to obtain
good quality products and weight control during enrobing,
shell making and moulding processes.

Chocolate rheological properties are affected by both
formulation (i.e. fat content, particles size distribution,
moisture content, emulsifiers) and processing conditions
(mainly process time and temperature) [2, 3, 8-10]. The
most important ingredient of chocolate is cocoa butter, a
mixture of different triglycerides (TAGs), essentially solid
at temperatures below 25 °C, but entirely liquid at body
temperature [11]. The fat crystals in cocoa butter pack
together in six different forms [2, 12] having increasing
melting points; for practical applications, the best texture is
achieved when cocoa butter is present in the form V (f,)
[11]. Operating conditions, mainly cooling rate and thermal
history (i.e., crystallisation temperature and tempering
process), have significant effects on the kinetics and
physical properties of the crystallised systems. Therefore, a
controlled cooling step, often followed by a partial re-
heating under shear, is necessary to have the proper crys-
talline forms [4, 13, 14]. Many authors showed that suitable
cooling rates and annealing temperatures allow the for-
mation of a single rapidly nucleating TAG crystal form
which produces a spherulitic network with a small fractal
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dimension and the final product exhibits a high elastic
modulus. On the other hand, low cooling rates and
annealing temperatures will allow coexistence of various
TAG polymorphs, producing a more disordered network
with large fractal dimension and a final product with a
small elastic modulus as a consequence [15].

Recently, several authors have shown that the macro-
scopic properties of the product can be related to the
dimension of the particles in the network formed by
cooling [7, 8, 14, 16], including not only the fat crystals
formed during chocolate solidification but also other dis-
persed particles [10, 17]. The solid content can vary in
concentration (between 65 and 73 g/100 g formulation,
depending on the recipe), particle size distribution (PSD),
shape and surface properties [3]. PSD is a key factor
affecting rheological properties in chocolate and sensory
perception [2] even though this relationship generally
comes from experience-based knowledge [8]. Both particle
size and distribution play a relevant role; for example, a
bimodal PSD promotes viscosity reduction and better
mixing, yielding improvements in final product stability
[2], whilst the increase in particle sizes reduces yield stress,
apparent viscosity, firmness, index of viscosity, hardness
and melting index of products [8]. One of the main solid
components is sucrose that constitutes more than 40% of
solids dispersed in fat [17]; it appears to act as a hetero-
geneous nucleation agent, preferentially promoting the
formation of lower melting polymorphs [13].

Emulsifiers are used mainly to promote the interaction
between sugar particles (lipophobic) and the fat phase,
reducing the amount of fats necessary to guarantee the
desired flow properties [2]. The most common emulsifiers
used in chocolate manufacturing are lecithin and poly-
glycerol polyricinoleate (PGPR). Because of their molec-
ular structure, these surface-active ingredients lower the
interfacial tension between the dispersed and the continu-
ous phase, affecting processability (e.g. during tempering)
as well as some physical properties, such as the sensitivity
to moisture and temperature [18].

Cocoa butter is, often, partially replaced by different
fats, such as anhydrous milk fats (AMF), useful in
improving flavour, smoothing texture of milk chocolate
and preventing fat bloom [19]. According to the melting
point, milk fat fractions can be roughly classified as very
high-melting fractions (melting above 45 °C), high-melt-
ing fractions (between 35 and 45 °C), middle-melting
fractions (between 25 and 35 °C), low-melting fractions
(between 10 and 25 °C) and very low-melting fractions
(melting below 10 °C). Typically, high-melting fractions
are recommended because they reduce fat bloom without
significant negative effects on rheological properties [20].

Because of the augmented viscosity, chocolate con-
taining high-melting fractions of anhydrous milk fat
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requires slightly higher crystallisation temperature,
whereas middle and low fraction of anhydrous milk fat can
be successfully tempered by modifying crystallisation time
and temperature [19].

As described previously, chocolate rheology can be
controlled by modifying fat content and type, adding
emulsifiers or, more recently, by acting on particle size
distribution. However, according to the International
Confectionery Association (ICA, previously IOCCC-
International Office of Cocoa, Chocolate and Sugar Con-
fectionery) guidelines [3, 16], literature mainly reports only
on flow properties (i.e. viscosity) at 40 °C or on mechan-
ical properties (measured by tensile machine or Dynamic
Mechanical Analyzer, DMA) at room temperature (typi-
cally 20 °C) [9, 20, 21]. Both situations refer to extreme
behaviours (molten state or solid chocolate) and no infor-
mation is available about material structure at intermediate
conditions, adopted in industrial productions (for example,
in enrobing or moulding processes).

In this case, when material properties are required, flow
properties are not useful to analyse the chocolate structure
and to understand as formulation and operating conditions
can affect it. Therefore, it should be necessary to adopt
techniques able to measure parameters related to material
structure and independent on deformation history. This is
the case of the so-called “asymptotic kinematics” carried
out in conditions of linear material behaviour where mea-
sured material functions are independent on the amplitude
of applied load and are only the function of microstructure
[5, 22].

By using these techniques, this work aims to investigate
the effects of some ingredients and cooling rate on linear
rheological properties of chocolate at 30 °C. In order to
obtain information on material structure [22], rheological
parameters in linear viscoelastic conditions were measured
for chocolate samples prepared by varying either the anhy-
drous milk fat content or the sugar particle size distribution.

Materials and methods
Materials

Samples were prepared by using cocoa liquor (I.C.A.M.
S.p.a., Italy), cocoa butter (Dulcistar s.n.c., Italy), anhy-
drous milk fats, sugar and a commercial soya lecithin
(Carrefour, France). Three anhydrous milk fats, AMF 15,
32 and 41, melting, respectively, at 15, 32 and 41 °C, were
kindly supplied by Corman SA (Belgium); two different
sugar types were adopted to study the effects of particle
size: Zefiro (Z), (Eridania Italy) and Silandecor (S)
(Silanpepe S.r.l., Italy). Zefiro sugar was sieved (Bicasa,
Italy) at 125 pm before use to reduce particle size.
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Table 1 Particle size distribution of sugars; d,q, dso, dog respectively
10, 50 and 90% of all particles had smaller size than given value

Sugar S Sugar Z
dip (Lm) 3.8 14.9
dso (Lm) 15.8 69.6
dgg (Hm) 84.0 148.0
ds; (um) 8.9 30.3
Span (—) 5.1 1.9

Total fat content of cocoa liquor was determined by
Soxhlet method [23] and it is 50.9 g/100 g total mass.

The sugar particle size was determined employing a
MasterSizer 2000 (Malvern Instruments, UK), and the
experimental data were analysed using the Malvern soft-
ware. The obtained particle size distributions (PSD) were
described mainly by two parameters, the Sauter diameter,
ds3», and the span, an indicator for the width of the PSD,
defined as:

doy — dyo

span = 1
p " (1)

where dog, dsg, dyg are volume-based diameters below
which 90, 50 and 10% of particles are undersize, respec-
tively [16]. The values of Sauter diameter and span are
reported in Table 1 together with other data obtained from
experimental particle distribution. Experimental data evi-
dence a clear difference between the two materials: mean
diameter of sugar S is close to the typical industrial values
even though in the presence of a bimodal distribution,
whilst sugar Z is coarser than sugar S and shows a narrower
distribution.

It was worth noticing that the presence of coarse parti-
cles (like in sugar Z) can lead to undesired organoleptic
effects (such as “sandy” perception during consumption).
However, this is a minor issue when chocolate is adopted
as coater or filler or in the presence of other “crispy”
ingredients (piece of nuts, chunks of candy, etc.) [16];
therefore, in the present work, this issue was not
considered.

Samples preparation

A typical formulation for dark chocolate [24] containing
sugar (237.5 g), cocoa liquor (175 g), cocoa butter (86 g)
and soya lecithin (1.5 g) was used as base recipe with a
total fat content of about 35 g per 100 g. Modified samples
were prepared by replacing 15 g of cocoa butter with
anhydrous milk fats, keeping constant the total fat content
and using either the S or the Z sugar. The samples were
identified according to sugar type (CS or CZ) and the
melting point of AMF (15, 32, 41); for example, CS32 was

prepared by using S sugar and AMF melting at 32 °C,
whilst sample CS was prepared by using S sugar without
AMF.

Chocolate was prepared by mixing the cocoa liquor, pre-
melted at 60 °C, with the molten cocoa butter (containing
the anhydrous fats when used), sugar and lecithin. In order
to guarantee proper homogenisation, the mixture was
continuously mixed (RW20, Ika Werke, Germany) and
held at 50 °C in a thermostatic bath (ED, Julabo, USA) for
20 h.

Rheological measurements

The rheological characterisation was carried out by using a
stress control rheometer (DSR500, Rheometric Scientific,
USA), equipped with a Peltier system, acting only under
the lower plate, and serrated steel plates (¢ = 40 mm),
holding a constant gap of 1.1 & 0.1 mm. Samples were
poured on the plate at 50 °C, then cooled down to 27 °C
and finally heated up to 30 °C to obtain mainly V form
crystals [2]; both testing plates were pre-heated to 50 °C,
before loading the sample, to avoid undesired and uncon-
trolled cooling effects on the solid surfaces.

For all samples, two different cooling ramps were used:
5and 1 °C min~'. After a 5-min rest period at 30°, samples
were characterised under small-amplitude oscillations.
During these tests, knows as “dynamic tests”, samples are
subjected to oscillatory motions by applying small defor-
mations (or stresses) to maintain linear viscoelastic con-
ditions [5, 25]. The linear viscoelastic region was
previously determined by stress sweep tests at 1 Hz, and
then frequency sweep tests were performed within the
linear region by increasing the oscillation frequency in the
range 0.1-3 Hz [5, 25].

No chocolate contraction was observed for all samples,
in the considered temperature range, as confirmed by visual
inspection before starting each test.

Even though dynamic tests are very useful in deter-
mining material properties [25], when weakly structured
materials are considered and dynamic moduli are close
each to the other, they could be not enough sensitive to
detect small differences between samples. On the other
hand, a different transient test, such as creep in linear
condition, [S5] could be useful because of its capability to
separate “solid like” behaviour (at short times and high
Deborah number') from the “liquid-like” one (at long
times and low Deborah number). In a creep test, an
instantaneous stress is applied to the sample and the change
in strain is measured over time; when low stress values are

! Deborah number, defined as the ratio between a characteristic time
of the material and a characteristic time of the process, is a theoretical
tool proposed to distinguish solid and liquid behavior [5, 22].
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adopted, the obtained material function (the creep com-
pliance J(¢), i.e. the ratio of measured strain to applied
stress) does not depend on the magnitude of the load and it
is related to the microstructure [5].

Therefore, some samples (CS, CZ, CS32) were also
characterised by creep tests (300 s) carried out in linear
viscoelastic conditions (3—7 Pa for samples CS and CZ,
1-4 Pa for sample CS32) to avoid structural changes.

For all the characterisation, the preparation of all sam-
ples was triplicated and presented results are average val-
ues; differences of measurement are shown by standard
deviations (typically lower than 10%).

Data analysis

Chocolate, from a structural point of view, can be con-
sidered as a fractal network based on the interactions
among fat crystals forming roughly spherical domains,
flocs, entrapping the liquid phase [9, 12, 15]. Depending on
the strength of network interactions, compared to the flocs-
internal ones, it is possible to have a strong-link or a weak-
link behaviour; when a high solid content is present (such
as for chocolate), a weak-link behaviour is typically
observed [21]. According to this description of the micro-
structure, the chocolate can be considered as a weakly
structured 3-D network where rheological units (the crystal
flocs) are bound by weak physical interactions. Many foods
can be described as weakly structured systems having a
three-dimensional network with rheological “units” con-
nected by weak bonds like London or van der Waals forces.
Therefore, they seem to behave as “critical gels” [26, 27],
showing a solid-like behaviour under small deformations.
This mechanical behaviour can be described, in a limited
frequency range, by a power law relationship between the
dynamic complex modulus G and the oscillation fre-
quency, w (Weak Gel model [26]):

G'(w) = \/[G’(w)}ZHG”(w)}Z —4-olf (2)

In Eq. 2, G’ and G" are, respectively, storage and loss
modulus, z is the network extension, related to the number
of rheological units interacting within the network, and A is
a measure of the strength of these interactions. High
A value indicates an increase in the interaction forces
within the network and high z value indicates a broad
network extension. It is worth reminding that the rheo-
logical behaviour of foods, as weakly structured materials,
is described by this power law model in a limited frequency
window, usually ranging between 0.1 and 100 Hz, whilst
for lower frequencies, different relaxation mechanisms
should be considered [26].

According to this model, dynamic data obtained for
tested chocolate samples were fitted by Eq. 2 and obtained
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parameters (A and z) were used throughout the paper to
describe the material structure.

Data from creep were analysed according to the Bohlin
theory of cooperative flow [28], describing the material
structure as a lattice of interacting rheological units (the
crystal flocs in this case) having a “coordination number”
7. The macroscopic flow of materials is then assumed to be
the consequence of a cooperative rearrangement of a
number of flow units [28]. According to the theory, the
dimensionless strain in a creep test, from time zero up to
steady state, can be described as:

j(0) = —V(Z(:t)o) - (1 +Zli' t)7 (3)

where ¢ is time, 4 is an average relaxation time, y is the
measured strain, and 7’ is the coordination number. Even
though from a different perspective, the theory of cooper-
ative flow describes the material structure as a network
that, under flow, is characterised by a typical extension, Z/,
and an average relaxation time, 4, that can be considered as
a measure of the ratio between the solid-like and the liquid-
like behaviour.

Experimental data were fitted by using a commercial
software (Table Curve, Jandel Scientific, USA), and all
parameters are reported as mean value and standard
error.

Results and discussion
Dynamic tests

Stress sweep tests were performed in order to identify the
linear viscoelastic region after the two cooling steps at
5°C min~' orat 1 °C min~"'. Experimental results showed
a narrow linear region, approximately ranging from 1 to
8 Pa for both the cooling rates, depending on specific
chocolate formulation.

Typical frequency sweeps, obtained for samples CS and
CS41 conditioned at 1 °C min~", are reported in Fig. 1; it
can be seen that both dynamic moduli show the typical
behaviour of weakly structured systems, and the loss
modulus is greater than the storage one in the considered
frequency range, evidencing a prevalent liquid-like
behaviour. Moreover, it can be noticed that AMF 41
modifies rheological properties, increasing both moduli,
with a different effect on loss and storage modulus,
yielding a less liquid-like behaviour. This result is more
evident when dynamic data are shown in terms of complex
modulus (Fig. 2a) and loss tangent (Fig. 2b) (defined as the
ratio between loss and storage modulus [25]). It can be seen
that AMF 15 leads to a slight reduction in complex mod-
ulus, whilst either AMF 32 or AMF 41 cause a significant
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Fig. 1 Frequency sweep test for samples CS (circle) and CS41
(diamond), cooled down at 1 °C min~'; storage modulus (filled
symbols), loss modulus (open symbols). Error bars represent standard
deviation
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Fig. 2 Frequency sweep test for samples CS (circle), CS15 (trian-
gle), CS32 (square), CS41 (diamond) cooled down at 1 °C min~';
a complex modulus (symbols are experimental data, lines represent
the weak gel model fitting), b loss tangent. Error bars represent
standard deviation

increase in G". As far as loss tangent is concerned, a
continuous decrease, related to a more solid-like behaviour,
is observed, particularly when AMF 41 is used. This rhe-
ological behaviour is due to the AMF solid content at the
testing temperature, i.e. 30 °C, depending on the fat
melting point (see Table 2). At 30 °C, the fat AMF 15 does
not contain any crystal, and therefore, its addition slightly

Table 2 Solid fat content at 30 °C for different AMF [29-31]

Sample ID Solid fat content at
30 °C (g/100 g of fat)

AMF 15 0

AMF 32 2-7

AMF 41 20-25

reduces chocolate consistency, according to the literature
evidence [20]. On the contrary, when CS32 and CS41 are
tested, the presence of a greater amount of solid fat parti-
cles affects the chocolate crystal network, increasing either
consistency (described by the complex modulus) or the
solid-like behaviour (related to the loss tangent).

A similar, but less marked, trend for dynamic moduli is
found when increasing the cooling rate at 5 °C min~'
(Fig. 3a, b). In fact, the increased thermal ramp (as it will
be described in the following discussion) enhances differ-
ences for both G* and tg(d) in sample CS41, whilst other
formulations exhibit a quite similar behaviour.

Complex modulus data were fitted with Eq. 2 to calcu-
late the weak gel model parameters; it can be seen, from

1000
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Fig. 3 Frequency sweep test for samples CS (circle), CS15 (trian-
gle), CS32 (square), CS41 (diamond) cooled down at 5 °C min~!;
a complex modulus (symbols are experimental data, lines represent
the weak gel model fitting), b loss tangent. Error bars represent
standard deviation
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Figs. 2a, 3a, that the model adequately describes the
experimental data, except at the lowest frequencies where a
slight deviation from the power law behaviour can be
noticed, mainly for CS sample. Similar results were
obtained for all tested samples, and the weak gel model
parameters for all the samples are reported in Fig. 4a, b.

When systems prepared by using fine sugar are con-
sidered, it can be seen that samples CS32 and CS41 slowly
cooled (1 °C min_l) exhibit values of A greater than those
of the standard chocolate CS, whilst CS15 is characterised
by a lower value; on the other hand, all samples containing
AMF exhibit similar z values greater than that computed
for CS. According to the previous discussion on dynamic
data, this behaviour is due to the different AMF solid
content at the testing temperature; for AMF 32 and AMF
41, the larger amount of solid fat particles increases the
crystal network strength and, less evidently, interactions.
On the contrary, for AMF 15, a slight reduction in
A parameter is observed because of the lower fat particles
content at 30 °C.

When the effects of the thermal history are considered, it
can be seen that no relevant difference is found for samples
CS and CS15, whilst, due to fast cooling conditions,
samples CS32 and CS41 exhibit lower values of both weak
gel parameters (see Fig. 4a, b). It is worth reminding that
thermal ramp affects only fat crystal formation, whilst it
does not affect physical and chemical properties of other
chocolate components.

Experimental results seem in contrast with literature
data [15] showing that fast cooling rates produces high
elastic modulus. Nevertheless, it should be considered
that, in the mentioned paper, a long and constant
annealing period is used to complete the crystallisation
process at each thermal ramp. On the contrary, in the
present work, samples were subjected to different crys-
tallisation times, owing to the different cooling period
followed by a constant short annealing time. Therefore,
differences can be attributed to the effect of milk fats that
may significantly delay the crystallisation phenomena
[20], causing an apparent decrease in network strength at
higher cooling rates because of the shorter crystallisation
time. In fact, Wiking et al. [32] studied microstructure
and rheology of milk fats at two different thermal ramps,
0.1 and 10 °C min~', and measuring the complex mod-
ulus as function of time, they found that in the first
crystallisation period (approximately up to 50 min), the
sample cooled at slow rate was characterised by higher
values of the complex modulus because of the lower solid
content; on the contrary, at long time (longer than
50 min), the opposite trend was found owing to the dif-
ferent nature of the formed microstructural elements (i.e.
size and morphology of fat crystals) caused by the two
thermal histories.
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Even though chocolate samples studied in the present
work, owing to the high sugar content, are characterised by
a solid fraction higher than samples studied by Wiking and
co-workers [32], a similar effect of thermal history on fat is
expected; therefore it can be deduced that samples con-
taining AMF and slowly cooled (1 °C min~") have a low
solid fat content and they are characterised by a less
structured network as evidenced by the weak gel model
parameters.

When the effects of different sugars are considered, it
can be seen that standard formulations (i.e. sample CZ and
sample CS) do not exhibit relevant differences in interac-
tion strength. The effect of PSD is evident when AMFs are
added to standard formulation as clearly shown in Fig. 4a
where modified samples containing S sugar are character-
ised by A values higher than those computed for samples
containing Z sugar. These results are due to the different
solid fat content at testing temperature and they are in
agreement with literature data evidencing that coarse par-
ticles, being characterised by a lower specific surface,
require a lower amount of fat for their external coating and,
therefore, leave a larger fraction of fats available to
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decrease the suspension viscosity [16]. This effect becomes
more evident when increasing AMF melting point owing to
the lower available amount of molten fats.

It is worthy to notice, also for samples containing Z
sugar, the effects of AMF on the weak gel model param-
eters. Samples containing AMF are characterised by values
of A lower than those obtained for standard formulations at
both cooling rate and the interaction strength increases with
fat melting point (and therefore with solid content); this
behaviour, different from that discussed for samples con-
taining S sugar, is due to the fat crystal dimensions that are
usually small compared to Z sugar particle (see for
example [32]). Therefore, owing to the crystallisation
phenomena, both an increased solid content and a broader
particle size distribution were obtained, and as a compro-
mise between these opposite phenomena, a macroscopic
reduction in chocolate consistency is observed. On the
contrary, the different thermal history does not yield rele-
vant differences probably owing to the broader particle size
distribution as discussed previously.

Creep tests

Low stress creep tests were used to study the standard
samples (CS and CZ) cooled by using the two thermal
ramps and a sample (CS32) cooled at 5 °C min~!, more
interesting for industrial applications.

The obtained results for tested sample at both cooling
rates are shown in Fig. 5 in terms of creep compliance
J(¢) as time function; it can be seen that the slow ramp
yields higher value of compliance, and therefore, higher
deformability, probably due to the presence of larger but
less structured crystal domains.

It is worth noticing that samples CS and CS32 cooled
down at 5 °C min~' seems to approach a constant com-
pliance value, evidencing a constant deformation and,
therefore, a potential yield stress [33]. On the contrary,

0.6
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Fig. 5 Creep test for samples CS (squares), CZ (triangles), CS32
(circles) cooled down at 1 °C min ™! (filled symbols) and 5 °C min~!
(open symbols). Error bars represent standard deviation
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Fig. 6 Creep test for samples CS (squares), cooled down at
1 °C min~" (filled symbols) and 5 °C min~" (open symbols) in the
transient region (0-200 s). Symbols are experimental data, lines are
Bohlin theory fitting. Error bars represent standard deviation

Table 3 Bohlin theory parameters for different samples

Sample ID 5 °C min™" 1 °C min™"

2(s) 7 (=) () 7 (=)
CS 6.0+03 383+£006 70£03 276+£0.04
(674 5.6 £0.7 3.1£0.1 81+02 233+0.03
CS32 127+ 0.5 4.04 £ 0.06 - -

apparent flow conditions seem to be obtained in the other
tests; however, the investigated time range is too narrow to
withdraw reliable information about steady-state behaviour
[33].

Experimental data were fitted by using the Bohlin theory
of cooperative flow (Eq. 3) in the early stage of the test
(0-200 s) for all samples, and a good agreement was
obtained, as shown in Fig. 6, for CS sample at both thermal
ramps. It was found that for standard formulations
(Table 3), the coordination number z’ decreases when
decreasing the cooling rate. This is probably due to the
formation of a lower amount of larger crystals, leading to a
less extended network. On the contrary, the relaxation time
A increases with the decrease in thermal ramp, evidencing a
more solid-like behaviour for slowly cooled samples.

The addition of AMF to chocolate (CS32) leads to high
values of / (Table 3) when compared with the standard
sample (CS), whilst no relevant difference is found for 7’
and, as already discussed for dynamic tests, this result can
be explained because of the higher amount of solid
particles.

Conclusions
The rheological analysis based on dynamic and transient

tests seems able to evaluate the influence of cooling rate on
rheological properties of chocolate samples prepared with
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different fat content, particle size and emulsifiers. Creep
test was revealed to be a reliable alternative to dynamic
tests; in fact, it is able to evidence differences in materials
having different formulations and thermal histories.

Small-amplitude oscillation tests have shown that large
sugar particles strongly affect final rheological properties
reducing the relevance of the fat crystals morphology.
This is evidenced by the results obtained for samples
containing coarse sugar, having dynamic moduli fairly
independent either on the adopted thermal ramp or on the
fat content.

On the contrary, when decreasing the sugar particles
size, a clear effect of the cooling rate is detected with a
significant increase in both network extension and strength
when decreasing the ramp. This effect is due to the increase
in crystal amount because of the different crystallisation
time and it is dependent on the melting point of the adopted
anhydrous fat that is responsible for the different solid
content.

Particle size distribution has confirmed to be an
important factor able to affect both network strength and
extension with fine particle yielding higher elasticity.
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