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Abstract
Chocolate mass is a cocoa butter-based suspension, which mainly consists of sugar and cocoa particles dispersed in a con-
tinuous lipid phase. During chocolate manufacturing, sugar particles have to be ground to sizes below 25–30 µm. Such a fine 
grinding is carried out either by five roll refiners or by ball mills. Despite obtaining similar particle size distributions at the 
end, the grinding procedures result in different chocolate mass properties. The reasons for that are not fully understood, so 
far. Therefore, changes in particle sizes and surface properties of sucrose particles as well as their interactions with surround-
ing cocoa butter during the different grinding processes were investigated including atomic force microscopy techniques to 
characterize local surface states. It was found that especially the alteration of surfaces during continued grinding differed. 
In the case of roller grinding, surface states became more inhomogeneous and different surfaces states at microscopic level 
existed in parallel. More homogenous surfaces but with a higher degree of amorphous states were formed during grinding 
in the ball mill. Variations in macroscopic behavior of the suspension can be explained by the differences in interaction of 
particles with each other and with the surrounding lipid phase.

Keywords  Sucrose grinding · Cocoa butter-based suspension · Surface properties · Amorphization · Atomic force 
microscopy AFM

Introduction

Molten plain chocolate, or chocolate mass, mainly consists 
of sugar and cocoa as the dispersed solid fraction and liquid 
cocoa butter as the continuous lipophilic phase [1]. While 
the cocoa fraction already possesses the required low particle 
size before added to the chocolate manufacturing process, 
sugar particles have to be ground to sizes below 25 to 30 µm 
to avoid a sandy mouthfeel [2, 3]. Therefore, sugar is the 
main component affected by a fine grinding, also mentioned 
as refining process during manufacturing of plain choco-
late. For manufacturing of high-quality chocolates, mainly 

5-roller refiners are used in central Europe together with a 
pre-roll refiner [2]. Besides roller grinding, fine grinding 
during chocolate manufacturing is performed using stirred 
media mills or ball mills, as well [2, 4].

Despite the limitations in maximum particle size, refin-
ing should result in a chocolate mass with low yield value 
and viscosity for a defined fat content [5]. Additionally to 
particle size distribution (PSD), surface properties of the 
particles are assumed to affect flow properties of chocolate 
masses due to their effect on interactions between the par-
ticles themselves as well as on interactions of particles and 
their surrounding liquid cocoa butter phase [6, 7].

It is well known that amorphous surfaces can be created 
due to the local mechanical energy input during breaking 
of the crystalline sucrose particles [8]. These amorphous 
surface areas play a distinct role in the distribution of flavor 
components and thus in chocolate sensory [9]. Gloria and 
Sievert [10] observed that all amorphous parts disappeared 
at the end of the grinding process. In contrast, Midden-
dorf et al. [6] showed that the two fine grinding techniques 
resulted in different amorphous structures, which could be 
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distinguished even after the grinding process had been fin-
ished. For this purpose, surfaces of the solid particles before 
and after grinding were characterized using atomic force 
microscopy (AFM) in combination with local thermal analy-
sis (LTA). The different viscosities and yield values meas-
ured in such type of suspensions after ball or roller grinding 
could be attributed to different amorphous structures at the 
end of the grinding process.

However, it is still unknown, whether such surfaces are 
completely modified or whether there is a certain distribu-
tion of crystalline and amorphous regions on the surfaces 
at microscopic level and, finally yet importantly, how they 
change during the entire grinding progress.

Therefore, samples obtained during the different grinding 
processes were analyzed with respect to kinetic of moisture 
sorption behavior to characterize amorphous surface prop-
erties [11, 12], immobilized fat content, and resulting flow 
properties. These macroscopic data were combined with 
results from AFM applied to determine local amorphous 
and/or crystalline surface areas on microscopic level by 
measuring local softening temperatures using LTA.

Materials and methods

Sample material

In all experiments, the same lot of sucrose of EU quality 
II (Südzucker AG, Germany, kindly provided by Bühler 
AG, Uzwil, Switzerland) was used. Sucrose was stored at 
about 22 °C and 50% r.h. ensuring that potential amorphous 
regions are completely recrystallized [13]. Cocoa butter 
was kindly provided by August Storck KG Halle, West-
falen, Germany. Besides sucrose, fructose, maltose (Merck, 
Darmstadt, Germany), and anhydrous glucose (AppliChem, 
Darmstadt, Germany) were used for calibration of the AFM-
LTA system.

Grinding procedures

Grinding in the ball mill (Wienerroto W-1-S, Wiener & Co., 
Amsterdam, Netherlands) was performed four times with 
450 g sucrose and 550 g molten cocoa butter in one batch 
at 45 °C using steel balls with a diameter of 5 mm (10 kg) 
and with a diameter of 6 mm (10 kg) Agitation speed was 
260 min−1. Samples of each set were taken after different 
grinding times and included in the analyses.

An industrial scale 5-roller refiner of company Bühler 
AG (Uzwil, Switzerland) was used for roller grinding as 
described by Khajehesamedini et al. [14]. It was combined 
with a pre-refiner to reduce particle size of crystalline 
sucrose so that the mass can be transferred to the 5-roller 
refiner. Diameters and speeds of the rolls as well as roll gap 

adjustment during grinding were the same as under indus-
trial conditions [14]. The initial fat content of the suspension 
for roller grinding was set to 23 g/100 g suspension. During 
the roller grinding process, sampling was possible after the 
mass had been passed the gaps between the different rolls. 
Therefore, samples yielded from roll #2 after passing the gap 
between rolls #1 and #2, from roll #3 (after gap between #2 
and #3), from roll #4 (after gap between #3 and #4) and from 
roll #5 after passing the last gap were available for analysis. 
Furthermore, samples were taken after the pre-refiner and 
from the crystalline sucrose before grinding. Grinding pro-
cedure at roller refiner was carried out three times with 20 
kg mass per set.

Immediately after roller grinding, fat content of the sus-
pensions was increased to 55 g/100 g (w/w) to obtain the 
same fat content as in the suspension ground in the ball mill. 
For this purpose, the required amount of liquid cocoa but-
ter was added to the ground mix. This blend was mixed at 
a temperature of 50 °C using a laboratory mixer (RW 20 
DZM, Janke + Kunkel, IKA-Werk, Germany) with a speed of 
300 rpm for 30 min. Homogeneity of the blend was checked 
visually with respect to the absence of solid agglomerates.

Grinding parameters for the roller refiner and the ball 
mill were chosen according to standard conditions in the 
chocolate industry and not varied. Ball mill grinding time 
was adapted to be consistent to the particle sizes obtained 
after roller grinding.

Determination of PSD

A laser diffraction spectrometer Mastersizer 2000 with 
dispersion unit Hydro 2000S (Malvern Instruments Ltd., 
Worcestershire, UK) was used to measure the PSD of the 
sucrose particles in the suspension according to ISO 13320-
1. Mineral oil (Shell Oil S. 4919, Shell GmbH, Hamburg, 
Germany) was applied as dispersion medium. PSD was 
described by the volume distribution and the specific par-
ticle surface area (SPSA) was calculated using the device 
software. The SPSA represents the sum of the surface areas 
of all particles related to the mass of all particles in the sus-
pension. Each volume distribution is a result of more than 10 
single measurements, which are automatically averaged by 
the instrument software. Obscuration during measurement 
was kept at 50% ± 10%, stating that particle concentrations 
were comparable for all determinations.

Sample preparation for individual sucrose particles

To obtain the individual ground sucrose particles, 250 g of 
the suspension were centrifuged in a Biofuge primo (Her-
aeus, Germany) at 45 °C and 5100 g for 10 min. A glove box 
was used for further processing of the samples after centrifu-
gation to avoid access of the solid surfaces to moisture from 
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air. This glovebox is a completely sealed box with integrated 
rubber gloves to handle the material inside in an atmosphere 
of dried nitrogen. Moisture in the gas was reduced using 
silica gel and controlled by a hygrometer.

The supernatant cocoa butter was decanted and cocoa 
butter residues on solids were washed off using n-hexane 
(A.R.TM 95%, LabScan, Gliwice, Poland). Afterwards, sin-
gle sucrose particles were glued onto freshly cleaved mica 
discs (V3 quality, preparation kit G3350A, Plano GmbH, 
Wetzlar, Germany). As demonstrated earlier, this sample 
preparation does not influence relevant surface properties 
of the sucrose particles [15].

Sorption properties

Defatted and solvent free sucrose particles (2–3 g) were 
weighed in borosilicate glass cups (46 mm Ø) at the dry 
environment (r.h. < 10%) of the glove box and the glass cups 
were sealed with parafilm afterwards. A precision balance 
AT 460 (Mettler Toledo Giessen, Germany) inside the glove 
box connected with a computer was used to follow the mass 
changes with three measurements per second. Constant envi-
ronmental conditions for sorption experiments in the glove 
box were 24 °C and 64% r.h. The glass cups were positioned 
on the balance and measurement procedure started after the 
parafilm was perforated by contactless overheating. Abso-
lute and relative, as related to the initial mass, changes in 
sample mass were calculated. The sorption behavior was 
described by the initial slope of the relative mass change 
in percent per min observed at the beginning of the storage 
at the humid conditions mentioned above. The steeper this 
initial mass increase is, the more hygroscopic is the particle 
surface. This measurement was carried out in triplicate for 
each grinding step.

Determination of adhesion forces and state 
of sucrose particle surfaces by AFM

An MFP 3D™ AFM (SA, Asylum Research, Santa Bar-
bara, USA) together with a standard silicon tip (OMCL-
AC-240TS-E3, Olympus Corporation, Tokyo, Japan) was 
applied under controlled atmosphere (r.h. < 10%, 22 °C) for 
determination of adhesion forces. At least 15 particles per 
suspension were characterized and the results were merged 
to obtain the final force distributions. 30 × 30 force-ver-
sus-distance-curves per force map on a surface of 4 µm2 
were measured in contact mode and adhesion forces were 
calculated. Eigenfrequency, quality factor, stiffness of the 
cantilever oscillation and cantilever's spring constant were 
determined from thermal noise by an analysis of the power 
spectral density of displacement fluctuations for each can-
tilever [16]. Contact trigger point was 1 V and scan veloc-
ity was 2 mm/s. Histograms of force maps were calculated 

based on 100 force classes. Forces classes containing less 
than 0.5% of total numbers of measurement points were 
neglected. Data analysis was performed using IGOR Pro 
Software and Microsoft Excel®. To compare adhesion 
forces, mean value, variance, and excess of the individual 
histograms of the adhesion forces on the particles were cal-
culated [17]. Parameters obtained from the individual his-
tograms were averaged and the standard deviation of the 
parameters mentioned above was calculated.

LTA was used to measure softening temperatures [18] 
and was carried out with an AN2-200 ThermaLever in an 
atmosphere of dried nitrogen (voltage ramp 1 V/s, trigger 
10 nm, set point 500 mV). Previous heating cycles were 
performed for tip cleaning before each measurement cycle. 
Standard deviation for all measurements was determined 
from the standard deviation of the resistance determined 
during sugar standard measurements and resulted to 7 K. 
Results were analyzed and amorphous regions were corre-
lated with a temperature range of 50–90 °C, a mixed surface 
state to a range of 90–155 °C and a crystalline surface state 
to 155–220 °C [6, 19, 20]. The resulting diagrams show the 
share of measurement points for a certain softening tempera-
ture range related to the total number of analyzed measure-
ment points, which was at least 75 points per grinding step.

Fat immobilization and flow properties 
of the suspension

The amount of immobilized fat can be determined by cen-
trifugation of the suspension followed by a quantification 
of the amount of supernatant [11, 21]. For this purpose, 
15 ± 0.01 g suspension heated to 45 °C were centrifuged for 
10 min at 5100 g (RC-5, Sorvall, Bad Nauheim, Germany). 
The supernatant was decanted and weighed. Based on this 
amount of removable or non-immobilized fat, the amount of 
immobilized fat in g fat per g sucrose was calculated con-
sidering the total fat content of the suspension and it was 
related to the SPSA obtained from the PSD (The section 
“Adhesion properties of particle surfaces”) to calculate the 
surface area-related fat immobilization. Measurements were 
carried out in triplicate.

Flow properties of the suspension were determined at 
40 °C using a rheometer (AR 2000, TA Instruments, New 
Castle, DE; USA) in the strain-controlled mode with con-
centric cylinders. Inner and outer diameters were 28 mm 
and 30 mm, respectively, and bob height was 42 mm. Sam-
ple preparation and measuring temperature were according 
to the IOCCC Method 46–2000 [22]. However, a broader 
shear rate range from 0.1 to 200 s−1 was applied including 
a pre-shearing at 20 s−1. Measuring cycle itself started 
with a ramp with logarithmically increasing shear rates 
from 0.1 to 200 s−1 followed by a downward ramp back to 
0.1 s−1. Data of the downward ramp were used to calculate 



	 European Food Research and Technology

the rheological parameters equilibrium viscosity and yield 
value according to a simplified rheological model pro-
posed for molten chocolate mass by Tscheuschner [23] as 
shown in the equation below

with τ as shear stress, τ0 as yield value, η∞ as equilibrium 
viscosity, 𝛾̇ as shear rate, ηstr, as structure-depended viscos-
ity, and n as flow index. Measurements of the flow curves 
were performed in triplicate.

(1)𝜏 = 𝜏
0
+ 𝜂

∞
⋅ 𝛾̇ + 𝜂

str
⋅ 𝛾̇1−n

Results and discussion

Particle size distribution (PSD)

The initial PSD of the crystalline sucrose as well as the PSD 
after the different grinding steps and processes are summa-
rized in Fig. 1 as cumulative volume distributions. Figure 1a 
shows the PSD after roller grinding and Fig. 1b those after 
ball mill grinding. The distribution parameters are listed in 
Tables 1 and 2, respectively.

Both grinding techniques sufficiently reduce the sizes of 
the sucrose particles with respect to the production of high-
quality chocolate as indicated by the shift of the distribution 
curves to the left-hand side. It becomes also very clear that 
the main reduction in particle size can be attributed to the 
beginning of the grinding process, e.g., after roller #2 or 
after a short grinding time in the ball mill. This agrees with 
typical size reduction kinetics [14, 24]. However, the shift 
from this intermediate PSD to the final size distribution is 
less pronounced but does substantially contribute to reach 
the desired maximum particle size and the favorable PSD 
required to comply with the sensory demands [25].

After passing all gaps of the roller refiner, × 50 and × 10 
of the PSD are similar whereas × 90 after roller grinding was 
slightly higher (cf. Table 1). Similar results were reported in 
previous studies [5, 6].

Water sorption properties of sucrose particles

Because the particle size is continuously reduced, lots of 
new surfaces are generated during grinding. It is already 
known that the mechanical impact on the particles dur-
ing grinding is connected to changes from crystalline to 

Fig. 1   Cumulative volume distribution of the sucrose particle sizes 
before and after different grinding steps during a roller grinding and 
b ball mill grinding

Table 1   Cumulative volume 
distribution parameters of the 
sucrose particles before and 
after different grinding steps 
during roller refining

Before grinding Pre-refiner Roll #2 Roll#3 Roll #4 Roll #5

 × 10 228 ± 40 1.20 ± 0.03 1.08 ± 0.01 1.01 ± 0.01 0.96 ± 0.01 0.94 ± 0.01
 × 50 490 ± 4 12.5 ± 0.1 10.3 ± 0.1 8.04 ± 0.05 6.99 ± 0.06 5.38 ± 0.01
 × 90 847 ± 28 84.1 ± 9.3 58.6 ± 0.1 48.0 ± 0.2 32.1 ± 0.5 28.1 ± 0.2
Span 1.27 6.51 5.59 5.84 4.46 5.05

Table 2   Cumulative volume distribution parameters of the sucrose 
particles before and after different grinding steps during ball milling

Before 
grinding

5 min 10 min 15 min 20 min

 × 10 228 ± 40 1.73 ± 0.02 1.26 ± 0.05 1.22 ± 0.01 1.06 ± 0.03
 × 50 490 ± 4 40.9 ± 0.8 9.70 ± 0.11 9.26 ± 0.13 6.95 ± 0.03
 × 90 847 ± 28 489 ± 2 33.0 ± 0.9 28.7 ± 0.1 23.0 ± 0.5
Span 1.27 11.91 3.27 2.97 2.99
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amorphous surface states. Water sorption properties, which 
can be described by the relative mass change during storage 
at ambient humidity and at temperature conditions where a 
re-crystallization of amorphous parts is expected, can deliver 
an indication about the bulk properties of the particle’s sur-
face state as mentioned before. In this study, we used the 
initial slope of the increase in relative mass change directly 
after exposing the sucrose surfaces to the humid ambient, 
because this parameter of the sorption behavior was best 
suited to characterize differences in sorption behavior. Other 
possible parameters for moisture adsorption behavior like 
equilibrium moisture content were difficult to reach and their 
determination would be too time consuming.

The results of the sorption measurements as the initial 
slope in mass increase of the particles are shown in Fig. 2a 
and b. As can be observed from the data in both diagrams, 
grinding in the ball mill resulted in steeper slopes of water 
sorption compared to roller grinding. This indicates that 
the particles after this type of grinding were more hygro-
scopic than the particles ground in the roller refiner. At the 
beginning of the grinding process, after pre-refiner or after 
the first 5 min in the ball mill, the sorption properties are 
quite similar. During progressing grinding, differences in 

sucrose’s hygroscopicity ground by either roller of ball mill 
slightly increased.

The first finding confirms that amorphous surfaces pos-
sessing a high hygroscopicity were generated due to the 
mechanical impacts in both types of grinding. An expla-
nation for the lower degree of hygroscopicity after roller 
grinding might be related to a denser structure of the amor-
phous parts in the sucrose particles. They were formed dur-
ing grinding between the rollers due to the relatively long 
impact of pressure and shear compared to grinding in a ball 
mill. Such dense parts can be expected to have a poorer 
accessibility for water molecules. Therefore, adsorption of 
water in these structures takes more time leading to smaller 
initial slopes.

Adhesion properties of particle surfaces

Despite the conclusive results obtained from the sorption 
measurements, this method is not able to reveal any informa-
tion about surface area properties on microscopic scale, e.g. 
distribution of different surfaces states or their interaction 
with the local environment.

Therefore, histograms of AFM adhesion forces were used 
to characterize local surface areas after grinding as previ-
ously performed by Middendorf et al. [6]. The results are 
summarized in Fig. 3.

The mean value of the surface adhesion forces during 
roller grinding (Fig. 3a) is highest in the beginning of the 
grinding process after passing the first gap of the 5-roller 
refiner (roll #2) and decreases after passing the following 
gaps (rolls #3 to #5). Due to the pulses acting on the particle 
during grinding, the former highly ordered crystalline struc-
ture becomes unstructured, meaning that parts of the surface 
are amorphized. Therefore, the forces acting between the 
surface and the AFM probe increased in these parts due to 
larger contact areas. In parallel, due to a more inhomogene-
ous surface consisting of both amorphous and crystalline 
parts, deviation of local forces is increased, too. This is rep-
resented by the higher variance of the distribution (Fig. 3b), 
as this parameter describes the uniformity of adhesion forces 
measured on the surface and can be regarded as a measure 
of how much crystalline and amorphous surfaces are mixed. 
The lower the variance is, the more uniform the particle sur-
face is. Accordingly, a low variance at the beginning of the 
roller grinding process (after roll #2) can be observed, which 
increases during the following grinding steps. A uniform 
particle surface with high adhesion forces means that large 
areas of the particle surface are in the amorphous state or 
at least showing a surface state where the upper molecular 
layers of sucrose molecules are not in the highly ordered 
crystalline state anymore.

During the continuing grinding process (rolls #3 to #5), 
the change in particle size per gap passage is lower (cf. 

Fig. 2   Initial slope of the relative mass change during water vapor 
sorption of sucrose particles after different grinding steps during a 
roller grinding and b ball mill grinding
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Fig. 1). This indicates that less new surfaces are formed 
during each passage. The slight decrease in the average 
values indicates that adhesiveness became lower, whereas 
the variance increased. From the molecular point of view, it 
can be stated that the surface became less uniform indicat-
ing that structured and more or less unstructured surfaces 
existed together on particle surfaces. This trend continued 
during the following grinding steps showing a rising vari-
ability of surface states. Furthermore, the parallel increase 
in the skewness parameter of the adhesion force distributions 
supports this finding indicating a higher degree of non-uni-
formity of the adhesion forces with a broader range of single 
forces above the average force (positive skewness).

A different picture is obtained after evaluating these 
parameters for the ball mill grinding process (Fig. 3c and 
d). In this case, a slight increase in the average value for the 
adhesion force can be observed. This indicates not only that 
the newly generated surfaces are in the amorphous state, 
but also that this surface state is very stable. In addition, 
this assumption is supported by the fact that the variance at 
the end of the grinding process (Fig. 3d, 15 and 20 min) is 
much smaller compared to the first part of the grinding pro-
cess (5 and 10 min). This means that the longer the grinding 
time was, the more breakage events occurred, and the more 
amorphous parts were generated. Therefore, less remain-
ing crystalline parts are present because recrystallization is 

prevented. Compared to the grinding process in the roller 
refiner, less particles are affected at the same time. There-
fore, the average value of adhesion forces at the beginning 
is low, whereas the variance is higher, because amorphous 
surfaces are much broader distributed among the particles. 
During the grinding progress, an increasing portion of par-
ticles is impacted. This results not only in an increase of 
amorphous particle surfaces, but also in a more uniform 
distribution of these surface states, which is indicated by a 
decrease in variance of adhesive force distribution.

Local thermal analysis of surface states

Softening temperatures can be attributed to the begin-
ning of e.g. melting of the sucrose crystals or reaching 
glass transition temperatures of amorphous structures. 
The portions of each state on the total number of tested 
points in the classes are shown in Fig. 4. For roller grind-
ing, a huge increase in the extent of amorphous surfaces 
was detected after the passage of the first roller gap (roll 
#2). However, after the last passage (roll #5) the portion 
of amorphous surface regions decreased (Fig. 4a). Addi-
tionally, a certain number of points with a mixed surface 
state was detected. These structures have already been 
described by Middendorf et al. [6]. They found that the 
surface state of sucrose particles after roller grinding is 

Fig. 3   Development of surface adhesiveness distribution parameter average value and skewness (a and c) as well as variance (b and d) during 
grinding by roller refiner (a and b) and during grinding in a ball mill (c and d)
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predominantly characterized by such mixed surface states. 
A very different behavior was found for grinding in a ball 
mill (Fig. 4b) where a steady increase in the portion of 
amorphous surfaces with grinding time was found. These 
results are in good agreement with the results obtained 
from evaluation of adhesion force measurements.

Immobilized fat content and flow behavior 
of the suspensions

It has to be mentioned that the amount of immobilized fat, 
which cannot be separated from the suspension by centrifu-
gation did not only depend on fat immobilization on particle 
surfaces but it was also influenced by capillary effects in 
the tightly packed sediment. Since all measurements were 
carried out in the same way, the data obtained from these 
measurements should enable a comparison of the interac-
tions between particle surfaces and fat phase [11]. Espe-
cially, a higher amount of immobilized fat is closely related 
to a higher viscosity of the suspension [7].

Middendorf et al. [6] already found that immobilized fat 
content on the surface of sucrose particles after grinding 
is lower for roller grinding compared to ball mill grinding. 
This finding is supported by the results of this study. Addi-
tionally, there are also distinct differences in the amount 
of immobilized fat after different grinding steps or times, 
respectively (Fig. 5).

As already described, the particle surface became less 
uniform after roller grinding, which was described as a 
mixed state and cannot be differentiated or described in 
detail, yet. A different picture is obtained after ball mill 
grinding. As described above, number of highly stable amor-
phous parts increased with grinding time and a more uni-
form distribution of amorphous areas was formed. It can be 
expected that this uniform distribution of amorphous areas 
possessed a high affinity to the surrounding fat phase result-
ing in a higher degree of fat immobilization.

The flow behavior of the suspensions changed due to the 
progressing degree of particle destruction during grinding. 
New surfaces are created within the suspension leading to 
an increasing number of contacts between the particles, 
which can strengthen internal structures related to resistance 

Fig. 4   Results of the AFM-LTA measurement of softening tempera-
tures at sucrose particle surfaces before and after different grinding 
steps during a roller grinding and b ball mill grinding

Fig. 5   Immobilized fat content 
after roller (left) and ball mill 
grinding (right) calculated in 
g fat per square meter specific 
particle surface area (SPSA)
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against shear [5, 7]. Therefore, the flow property parameters 
measured after each grinding step or time were related to 
the SPSA obtained from the PSD as represented in Fig. 6 
to distinguish between the effects of increasing total surface 
area in the suspension and differences in surface properties 
of the particles.

As mentioned in the method section, flow curves of the 
chocolate masses were fitted with the rheological model 
according to Tscheuschner (Eq. 1). This model gave a very 
good fit over the whole shear rate range from 0.1 to 200 s−1 
as indicated by the R2 values between 0.9965 and 0.9992. 
From this model, yield value τ0 and equilibrium viscosity 
η∞ were used below to discuss the flow behavior, because 
these parameters can be easily related to material proper-
ties of the molten chocolate and they describe most of the 
flow characteristics of molten chocolate mass. The other two 
parameters, structure-dependent viscosity ηstr and flow index 
n, were not considered in the discussion below, because they 
are more like fitting parameters and they cannot be directly 
related to physical material properties.

Both yield value and equilibrium viscosity calculated 
with this model showed a dependency on SPSA. The 
higher the SPSA, the higher was the relevant parameter. 

This confirms the assumptions given above and agrees 
with previous work [26, 27]. However, there were differ-
ences between the milling techniques. At similar SPSA, 
equilibrium viscosities of the suspensions ground in the 
roller refiner were much lower compared to those after 
grinding in a ball mill (Fig. 6a). This difference can be 
considered as a very strong indication that not only the 
amount of surface area but also the interactions between 
particle surface and surrounding fat environment influ-
ence the flow behavior. The equilibrium viscosity char-
acterizes the flow behavior at very high shear rates where 
structures between particles are more or less disintegrated. 
Therefore, the influence of particle–particle-interactions 
is negligible under these conditions and only the hydro-
dynamic resistance of the single particles in the flow is of 
relevance [7]. Considering this, a higher viscosity indi-
cates a stronger interaction of the particle surface with 
the surrounding fat, because more fat is immobilized on 
the surfaces increasing the hydrodynamic cross-sectional 
area. Comparing this behavior with the data from adhe-
sivity measurements (Fig. 3), it seems that the decreasing 
average adhesion forces during progressing roller grind-
ing results in a less strong interaction with the surround-
ing cocoa butter enabling lower equilibrium viscosities. 
Vice versa, the increasing adhesion forces measured on 
particle surfaces during grinding in a ball mill seemed to 
immobilize more fat around the particles leading to higher 
viscosity at the higher shear rates. The effect increased 
with smaller particles, because a higher amount of surface 
area for immobilizing the fat is available. This explana-
tion is confirmed by the results for immobilized fat con-
tent (Fig. 5), since grinding in the ball mill gave a higher 
amount of immobilized fat related to the particle surface 
area compared to grinding in the roller mill.

Similar to the equilibrium viscosity, yield values were 
also lower after roller grinding compared to ball mill 
grinding at the same SPSA (Fig. 6b). The flow param-
eter yield value is related to particle–particle interaction 
before shearing or at very low shear rates where internal 
structures between particles still exists [7, 28]. It can be 
assumed that particle–particle-interactions are also deter-
mined by the particle's surface properties. The higher 
adhesion forces measured at the surfaces of the particles 
after a longer grinding in the ball mill seemed to enforce 
the interactions between particles, too, leading to stronger 
networks in the non-sheared suspensions as indicated by 
the higher yield value to overcome these structures. Over-
all, the results with respect to flow behavior indicate that 
higher adhesive forces measured on particle surfaces dur-
ing grinding lead to stronger particle-to-particle interac-
tions as well as to more fat immobilization.

Fig. 6   Equilibrium viscosity a) and yield value b) of the cocoa butter-
sucrose-suspensions versus the specific particle surface area (SPSA) 
of the sugar particles for the different grinding procedures
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Conclusions

It can be concluded that grinding of sucrose particles via 
ball mill or roller mill can deliver comparable final PSD 
at the end of the grinding process. The results demonstrate 
that the particles´ surface properties are very similar at 
the beginning of the two grinding processes but develop 
in different directions during further progress in grinding. 
These differences in the change of particles ‘surface states 
could be confirmed by different methods applied. The data 
enable a better understanding of the effect of the different 
grinding mechanism in the roller gap and in the ball mill. 
However, further research seems advisable to investigate 
the assumed differences in the structure of the amorphous 
surface state of the sucrose particles after the grinding 
processes.

Especially the results for roller mill grinding can be 
considered as highly relevant for the chocolate industry 
because breaking kinetics are fully comparable to those in 
industrial installations due to the same roller geometry and 
grinding kinetics. Furthermore, results can be extended to 
other grinding processes where crystalline particles are 
broken within a non-polar environment.
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