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ABSTRACT

Finely ground cocoa mass with varying particle size distributions were investigated using model
scale tribology. The shear viscosity of molten cocoa mass influences the frictional behavior of
a soft glass-elastomer tribocontact in the hydrodynamic friction regime. During the transition
from static to dynamic friction, within the mixed and boundary friction regime, the behavior of
the tribosystem cannot be explained by the differences in shear viscosity only. This paper
discusses the interrelationship between the rheological properties of the cocoa mass sample and
introduces possible mechanisms to explain the observed tribological behavior.

INTRODUCTION TO FOOD TRIBOLOGY

Understanding the interrelationship between food structure and sensory perception of food is of
particular interest in food science. Rheology has been, and still is, one of the most meaningful
approaches in characterization of food materials. Food tribology has become a sought-after
approach in this field, enabling the investigation of food oral processing'. During a tribological
study, the behavior of an entire system — the tribosystem — is of interest. In food oral processing,
tribosystems are representative of food intake, mastication and swallowing, with the tongue-
palate tribopair lubricated by a food-saliva mixture. One major motivation is to gain insights
into the mouthfeel of food by tribological studies using model system testing of food. Since the
tribological behavior of a lubricated tribosystem is influenced by the rheological properties of
the lubricant, rheological and tribological characterization often go hand in hand, enabling a
deepened understanding of the food material and how it behaves as part of a tribosystem?.

The tribology of food suspensions and confectionery products in particular has been studied in
recent years>®. Different types of instrumentation are implemented in this field and using
rheometers for tribological studies is one possible approach’. However, the concept of extended
Stribeck curves has rarely been applied to such food materials'’.

This research presents a complementary approach including rheological characterization of
cocoa mass as a food sample and how this behaves at soft and low pressure tribocontacts.
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MATERIALS AND METHODS

Cocoa mass preparation

Cocoa mass samples with approximately 56% fat content (measured with near infrared
spectroscopy) were prepared from one batch of cocoa mass. This ensures that the composition
of the cocoa mass sample is the same for both rheological and tribological characterization. The
cocoa mass was finely ground on a horizontal ball mill (NETZSCH-Feinmahltechnik GmbH,
Germany).

Particle characterization

For light-microscopy analysis of the cocoa mass particles, 2 ml of the molten cocoa mass was
dispersed in 50 ml of acetone in conical plastic tubes using a Pasteur pipette. The dispersion
was left for approximately 12 hours for the particles to sediment. After this sedimentation
period, the remaining acetone was removed from the conical plastic tube using a Pasteur pipette.
This procedure was undertaken three times in order to sufficiently reduce the fat surrounding
the particles. The acetone was left to evaporate at room temperature after the third sedimentation
was complete. Microscopic analysis was undertaken on a Keyence VHX reflected light
microscope equipped with a VH-Z500R objective and 500x magnification (Keyence, Japan). A
minimal amount of cocoa mass particles applied via a spatula tip was placed on the microscope
slides in addition to ~2 ml of acetone in order to separate the particles. The acetone evaporated
immediately and the microscopy images were observed in a dry state.

Particle size distribution measurements were performed on a Mastersizer 3000 laser diffraction
particle size instrument equipped with a manual wet dispersion unit (Malvern Panalytical,
Malvern, United Kingdom). The cocoa mass sample was taken from a heating cabinet with a
temperature of 50°C. After stirring the sample with a dry spatula ensuring a homogenous
sample, 2 g of cocoa mass was dispersed in 50 g of a synthetic mineral oil (OKS Oil). Using a
clean spatula, the sample was stirred and subsequently placed into an ultrasonic homogenizer
for two minutes at an intensity of 33% to dissolve all agglomerates. The wet dispersion unit was
operated with the synthetic mineral oil (OKS Oil). For each measurement, a small volume of
cocoa mass sample (16-18%) was added with a Pasteur pipette to the dispersion unit. The
Fraunhofer scattering model which assumes that all particles are round and opaque and which
can be applied for cocoa particles'! was used in this study. The particle size distribution
measurements were carried out in double determination.

Rheological measurements

Rheological measurements were carried out on a Kinexus Prime ultra+ rotational rheometer
equipped with a Peltier-cylinder cartridge (NETZSCH-Gerdtebau GmbH, Germany). A C14
concentric cylinder measuring geometry was used, consisting of a stainless steel cup coupled
with an Aluminum bob and passive hood, suitable for a relatively low sample volume. The C14
measuring gap of 0.7 mm is suitable for characterization of the cocoa mass samples used in this
study. The instrument was set to 40°C, approximately 1 hour prior to the measurement, in order
to heat up the measuring geometry homogeneously. The zero gap was determined prior to each
rheological measurement.

The molten cocoa mass sample was directly transferred from a heating cabinet FED53 (Binder,
Tuttlingen, Germany) set to 40°C. The cocoa mass sample was contained in a 150 ml plastic
beaker with lid. The lid was removed shortly before the measurement and the respective cocoa
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mass sample was stirred thoroughly with a dry spatula for approximately 30 seconds to ensure
a homogenous sample. This is of particular importance due to the tendency of solid cocoa
particles to sediment. Approximately 3 ml of sample was transferred to the rheometer using a
Pasteur pipette. The tips of the Pasteur pipettes were cut to increase their diameter from
approximately 1.5 mm to approximately 3 mm. This was to reduce the risk of phase separation
and particle agglomeration in the pipette.

After lowering the upper measuring geometry to the measuring position, the sample was pre-
sheared for 2 min at a constant shear rate of 5 5™ enabling sample homogenization and a defined
sample history. Pre-shearing was followed by a 5 min waiting phase during which the shear
stress was set to 0 Pa. A logarithmic viscometry shear rate table, starting from 1 s up to 50 s°!
capturing 11 samples per decade was carried out. Immediately afterwards, the shear rate was
lowered from 50 s to 1s!'. Measurement points were recorded when the sample reached
equilibrium. This procedure was repeated three times using a new sample for each
measurement. Between the measurements, the measuring geometries were cleaned with dry
paper tissues in order to avoid any contact with water since even small quantities of water affect
the physical properties of confectionery masses!?.

Tribological measurements

Tribological measurements were undertaken on a Kinexus Prime ultra+ rotational rheometer
equipped with a Peltier-plate cartridge with active hood and a ball-on-three-pins tribology cell
(NETZSCH-Gerédtebau GmbH, Germany). The upper measuring geometry included a
borosilicate glass ball measuring 12.7 mm in diameter and SIL 30 silicone urethane elastomer
(Carbon Inc., USA) pins were used as lower specimen representing the soft oral tongue-palate
tribopair. The ball is pressed against the pins and the distance between the rotational axis and
the ball-pin contact is R. The pins are inclined at 45° relative to the horizontal. The shaft rotates
with a defined angular velocity that corresponds to the respective sliding speed at the
tribocontact (see Fig. 1 on the left). The torque required for this rotational movement is recorded
during the tribological measurement.

Glass ball
cocoa mass sample in shaft

Samiplc HREMERME with

FIGURE 1: Schematic of the measuring geometry and the tribocontact (left) and sample holder with
cocoa mass sample (middle) and upper geometry with glass ball (right)

The frictional force is calculated from the torque and the effective radius of the contact point of
the ball on the pins R

Fr=> (1

The normal force at the tribocontact is F; and the total normal force applied by the measuring
geometry shaft Fy where the following interrelationship applies:

FL:\/E.FN (2)
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The coefficient of friction u is calculated from the frictional force Fr and the normal force F;,
at the tribocontact F; .

H=— 3)

The sliding speed is calculated from the effective radius of the contact point of the ball on the
pins R and the angular velocity w

Vs =w-'R 4)
The specimen ball and pins were cleaned with acetone and paper tissues before placing them in
the upper measuring geometry shaft or in the lower sample holder respectively. The glass ball
was kept in the measuring geometry shaft during this study and was cleaned using dry paper
tissues between measurements. This was required to avoid any contact with water. New pins
were used for every measurement. The instrument was set to 40°C approximately 1 hour prior
to starting the measurements in order to heat the sample holder homogeneously. The zero gap
was determined before the first measurement. A normal force of 1 N was applied during the
measurement. Using relatively soft specimen results in low contact pressures that simulate the
soft contacts that occur during oral processing of food. The measurements were performed at
40°C which is close to body temperature and the common test temperature in confectionery
rheology at which the cocoa butter is molten.
Prior to each measurement, the molten cocoa mass sample was transferred using a Pasteur
pipette with an increased diameter as previously described. The sample volume was
approximately 0.5 ml in order to make sure that all pins were fully covered with sample (see
Fig. 1 in the middle) when the glass ball (see Fig. 1 on the right) is pressed against the pins.
After loading the sample, a normal force of 1 N is applied for 2 min.

The normal force of 1 N is kept constant throughout the entire measurement. A 10 min running-
in of the tribosystem was conducted at 15 rad-s™'. Subsequently to running-in, a holding phase
of 5 min was performed in order to provide the tribosystem time to relax from the exposed
stress. After the holding phase, the angular velocity is increased logarithmically from 5-10°
6 rad-s! to 100 rad-s™ with 15 measuring points per decade. This refers to a sliding speed of
2.25:-10%ms! and 4.5:10" m's!, respectively. This part of the measurement sequence is
referred to as an extended Stribeck curve measurement'®. Directly after the maximum angular
velocity of 100 rad-s! was reached, it was lowered to 5:10°° rad-s™!. This part of the measurement
sequence is referred to as a Stribeck curve measurement. The procedure of increasing and
decreasing the speed was repeated twice during each measurement, each repetition is called a
run.

RESULTS AND DISCUSSION

Particles and particle size distributions

An example microscopy image of the cocoa particles within the cocoa mass medium is shown
in Fig. 2. Particles with different size, color and shape can be observed in the sample. Results
from the particle size distribution measurements are shown in the form of volume density
distributions. The arithmetic mean of two measurement repetitions and the doo volume
equivalent diameter is 33 pm for the coarse cocoa mass sample, 26 um for the medium cocoa
mass sample and 20 um for the fine cocoa mass sample.
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FIGURE 2: Light microscopy picture of cocoa mass particles

Viscosity results and model fitting

Results from the rheological measurements are shown in the form of viscosity flow curves.
Fig. 3 shows the viscosity flow curves at increasing shear rates for all three samples. The points
in the diagram represent arithmetic mean values from triple determination, with error bars
indicating standard deviation. The discrete data points are connected by dotted lines for better
visualization.
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FIGURE 3: Viscosity curves of cocoa mass samples with different particles size distributions.

It can be seen that at higher shear rates (y > 3 s!), the shear viscosity is highest for the coarse
cocoa mass sample and lowest for the fine cocoa mass. At lower shear rates (y <3 s™), the shear
viscosity of the medium cocoa mass sample is higher than the shear viscosity of the coarse
cocoa mass sample. The decreasing shear viscosity at higher shear rates can be explained by the
release of free fat during grinding. This yields lower volume of liquid effectively bound to the
particles, and hence, a higher volume of liquid present, encouraging flow and subsequently
decreasing viscosity'4.

Viscosity flow curve measurements were fitted to the Herschel-Bulkley model which is
considered a suitable model for chocolate samples'>!®, therefore selected due to the structural
similarity between cocoa mass and chocolate.

T=1+Ky" (5)
Here, T represents the shear stress, 7, the yield stress, K the consistency index, y the shear rate
and n the flow behavior index. As one can expect for concentrated coarse suspensions, the flow
index n in the Herschel-Bulkley model is < 1, indicating shear-thinning behavior of the samples
(see Table 1). The fitted yield stress is lowest for the coarse particle cocoa mass and highest for
the medium cocoa mass. The increase in the fitted yield stress from coarse to medium cocoa
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mass can be explained by an increase in particle-particle interaction'’. The decrease in the fitted
yield stress comparing the medium and the fine cocoa mass cannot simply be explained by the
change in particle size. As for the decrease in K, the possible increase of free fat may explain
why the fitted yield stress decreases with further particle size reduction. This remains an
assumption and requires further measurements of the free fat in the cocoa mass.

TABLE 1: Herschel-Bulkley fit parameters

Sample 7o [Pa] K [Pas"] n

Coarse 2.55 2.36 0.951
Medium 3.88 1.85 0.969
Fine 3.30 1.55 0.960

Stribeck curves and extended Stribeck curves

Results from the second measurements are shown in the form of Stribeck curves and extended
Stribeck curves (see Fig. 4). The points in the diagrams represent arithmetic mean values from
triple determination with error bars indicating standard deviation. The discrete data points are
connected by dotted lines for better visualization.

The Stribeck curves and extended Stribeck curves, indicate that friction in the hydrodynamic
regime is highest for the coarse cocoa mass sample and lowest for the fine cocoa mass sample.
The transition from the mixed friction regime to the hydrodynamic regime occurs at lower
sliding speeds when the coarse cocoa mass sample is measured, and at highest sliding speeds
when measuring the low cocoa mass sample. This result is to be expected due to the shear
viscosities of the samples at higher shear rates.

In both the mixed friction regime and the transition from the mixed friction regime to boundary
friction, an inversed result in the friction is observed. This cannot be explained by the shear
viscosities of the samples. A local maximum in friction for the fine cocoa mass sample can be
seen, whereas for the coarse cocoa mass sample, this is not the case.

In the Stribeck curves, with further decreasing sliding speeds there is no clear difference visible
between the three samples.
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FIGURE 4: Stribeck curves (left) and extended Stribeck curves (right) for the tested cocoa mass
samples with different particle size distributions
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The increase in friction at the lowest sliding speed in the extended Stribeck curve measurement
is due to deformation of the soft specimen. The curves for all three samples overlap, indicating
that this behavior is predominately due to the bulk properties of the soft specimen.

The limiting friction is highest for the fine cocoa mass sample. For the coarse cocoa mass sample
it is lowest. For the medium cocoa mass sample, there is no difference visible in limiting friction
compared to the coarse cocoa mass sample. For the coarse cocoa mass sample, a distinct drop
in the friction can be seen once the limiting friction has been overcome.

The lubrication mechanisms shown in Fig. 5 are possible explanations for the observed
frictional behavior that cannot be explained by differences in the shear viscosity of the cocoa
mass.
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FIGURE 5: Schematics of possible lubrication mechanism for coarse particles (left) and smaller
particles (right)

Coarse particles act as rollers (a) yielding lower friction!8. This can be a possible explanation to
the drop in friction after exceeding the limiting friction. Coarse particles are too big to enter the
tribocontact (b), and hence lower viscosity of the sample at the tribocontact (lowered solid
volume fraction) yields lower friction. Coarse and non-spherical particles are sterically hindered
from entering the tribocontact (c) and therefore lower viscosity of the sample at the tribocontact
(lowered solid volume fraction) yields lower friction.

Small particles sticking to the soft specimen surfaces (d) effectively increase surface roughness.
The embedding of particles to soft surfaces has already been proposed by Lee et al.’. Higher
numbers of small particles cause high numbers of interactions and interlocking of particles (e)
consequently increasing friction. Small particles do not separate the specimen surfaces
effectively (f) and hence, increased surface area results in higher friction.

CONCLUSION AND OUTLOOK

In order to understand the lubricating mechanism in the mixed and boundary friction regime,
further studies are required. Such studies may include testing of simplified model systems with
defined particle size and shape.

To assist and gain insight into food manufacturing, the interrelationship between frictional
behavior and the sensory perception of food could be studied. Such studies are not limited to
cocoa mass, and may include more complex confectionery products such as filling masses or
chocolate. Here, the role of saliva or artificial saliva may also be an influencing factor®!?.
Furthermore, tribological approaches in food processing are not just relevant with regard to
mouthfeel, they are also applicable in operations such as pumping or grinding. The interaction
between the product (such as cocoa mass in this research) and the equipment, can be
investigated, e.g. to study wear mechanisms of components such as pump stators, rotors or
grinding media.
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Considering food structure from a sensory perception point of view but also from the
perspective of process engineering, may serve as key to optimizing processes from a global
perspective. This includes machinery and process parameters being optimized to manufacture
ideal food that matches consumers’ high expectations but also design and operate conditions in
a more sustainable procedure through wear reduction or energy-saving processing.
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