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Hard particle dispersions are abundant in food as well as technical applications. In
particular, the production of many candies like fondants, crystalline sugars or
creamed honeys involves agitation of concentrated suspensions of microscopic
crystals in saturated solutions. However, the complex rheological behavior of
such non-colloidal suspensions with poly-disperse, irregular particles is not fully
understood. This work investigates different sucrose suspensions with a particle
volume fraction of about 50%. After detailed image analysis of the varying particle
size distributions and shapes, the flow properties are investigated by oscillatory
rheology. Amplitude sweeps, frequency sweeps and thixotropy tests show the
dependency of rheological behavior on the microstructure of the suspensions. In
particular, all samples show characteristic strain softening with subsequent strain
hardening that indicates jamming at large strains. This is observed irrespective of
specifics in the particle shape and material, suggesting universal behavior due to
the high particle volume fraction. They also show significant time-dependent
behavior. However, sedimentation rates are higher and structure rebuilding is
lower for larger particle sizes and dispersity. The observed strain softening and
structure rebuilding are explained by rearrangement of the crystals: Under
moderate strain amplitudes, friction and collisions are minimized, with a larger
optimization potential for larger dispersities. When oscillations are reduced again,
mainly small particles re-arrange in an arbitrary order over time, leading to an
increase in loss and storage modulus and thus thixotropic behavior. This time-
dependent process needs to be taken into account when measuring or
processing concentrated crystal suspensions. Our findings contribute to a
better understanding of concentrated suspensions simple in composition, but
complex in their flow properties. The observed behavior strongly depends on the
particle-particle interactions. Thus, our findings can be transferred to other areas
involving concentrated, non-Brownian frictional suspensions of compact hard
particles, as they are often found in food, technical applications or geology.
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1 Introduction

In sucrose production and confectionery, crystal-syrup suspensions are abundant.
While present in many applications like seeding slurries, crystalline honey or fondants, they
also present interesting model systems: Dispersions of pure sucrose and water are simple
and well-defined in composition, but can undergo complex thermodynamic and mechanic
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processes that resemble those in fondant production, slurry
processing, and other concentrated hard-particle suspensions.

These suspensions are capable of containing considerable
quantities of crystalline material. In poured fondant, a sugar
paste or glaze consisting of precipitated microscopic crystals
dispersed in saturated sucrose solution, the particle volume
fraction will typically be between 30% and 70%. This equals a
total mass fraction of only 20%–8% water in the whole system
(Hartel, 2001; Lees, 1965). For these products, the texture will range
from silky smooth to grainy depending on the crystal size, as well as
from viscous fluids to soft solids mainly depending on water content
and thus final crystal volume fraction.

The presence of high particle volume fractions exceeding 30%
makes such suspensions challenging yet fascinating systems to study
from a physical viewpoint. While analytical models mostly describe
suspensions of low particle concentrations (Einstein, 1906; Einstein,
1911), higher concentrations are usually described by semi-
empirical models like the Dougherty-Krieger model (Krieger and
Dougherty, 1959; Tadros, 2010; Coussot, 1997).

Here, typically the intrinsic viscosity or shape-dependent factors
like the maximum packing fraction have to be known in order to
predict viscosities. In experimental model studies, on the other hand,
usually suspensions with either polymers or symmetrical particles
like spheres, platelets or rodlets are considered, often with rather
homogeneous size distribution (Hyun et al., 2002; Toda and Furuse,
2006; Pal, 2015; Guazzelli and Pouliquen, 2018; Tanner, 2018;
Lemaire et al., 2023). In the case of commonly produced
crystalline sucrose suspensions though, particles are often far
from homogeneous in size and with close-to-cuboid or irregular
shape, making it difficult to predict their behavior by
common models.

Although products like fondants are widely used and similar
systems are found in other industrial crystallization processes,
literature on their fundamental rheological properties is lacking.
Two previous works provided insights into the crystallization
dynamics and complex flow properties during the preparation
process (Hartge et al., 2023; Hartge et al., 2024), but the final
suspensions after crystallization were not studied in detail.

Most work on rheological properties of sucrose dispersions
focuses on homogeneous sucrose solutions (see, for example,
Quintas et al., 2006; Telis et al., 2007). These are found to be
Newtonian liquids over a wide range of concentrations, with
even high amounts of supersaturation showing no significant
sign of deviation from this behavior. However, the presence of
significant amounts of particles changes the flow properties in a
suspension to that of a visco-elastic material (Tadros, 2010; Hartge
et al., 2024).

Rheological properties of crystalline sucrose suspensions are
studied in few publications (De Souza et al., 2010; Blanc et al., 2018;
Ozcan et al., 2019; Burke and Hartel, 2021), but these mainly focus
on viscosity or other limited aspects of rheology. For example, De
Souza et al. (2010) show the proposed dependency of viscosity on
differently sized crystals, with particle volume fractions up to 40%.
They describe the behavior observed via a propeller-type rheometer
as Newtonian, and confirm a good match with semi-empirical
models by Krieger and Dougherty (1959) as well as Mooney (1951).

However, simple propeller-type rotational mixing lacks
observation of rheological properties other than apparent

viscosity, so that no deeper insights into the microstructure and
dynamics can be gained. Instead, oscillatory measurements of a
similar sucrose suspension with a plate-plate rheometer showed
rheological behavior that was clearly non-Newtonian: In a prior
study (Hartge et al., 2024), we investigated the changes in rheological
properties during crystallization of a highly concentrated sucrose
dispersion containing 81% sucrose by weight, resembling
production of a coarse fluid fondant. While the system started as
a Newtonian liquid when no crystals were present, the sample
underwent major changes to a visco-elastic fluid during
crystallization. With increasing crystal volume fraction up to 36%
and decreasing solute concentration in the liquid phase, the storage
modulus went up and loss modulus went down. This finally lead to a
sample that showed prominent visco-elastic properties and
significant shear-thinning behavior at parallel shear, contradicting
the findings of De Souza et al.

With this work, we aim to fill the existing literature gap
concerning non-colloidal, concentrated and polydisperse crystal
suspensions. We thus present investigations on samples
resembling simple model fondants, all consisting of the same
crystal volume fraction close to 50% dispersed in a saturated
sucrose solution, but prepared at different temperatures so that
the final crystal size distribution differs. With mean crystal sizes
between 8 and 34 µm equivalent radius, one of four samples would
classify as a “good” fondant due to its particles’ diameters below
20 µm (Hartel, 2001). The samples containing larger crystals
represent grainy suspensions similar to coarse fondant or
crystallized honey, and were chosen in order to make differences
depending on particle size obvious.

In Section 3.1, we provide a thorough study on the differences in
size distribution and particle shapes depending on the preparation
temperature, which provides the basis for the rheological studies in
the subsequent sections. After discussing temporal stability of the
sample in the experimental setup in Section 3.2, we study the sample
response in oscillatory shear rheology over strain amplitude and
frequency in Sections 3.3 and 3.4. Lastly, we study thixotropic
properties of the samples in Section 3.5. Figure 1 highlights some
of the results by showing the microstructure of a studied sample and
its effect on a dynamic strain sweep measurement.

These observations allow a better understanding of not only
sucrose suspensions, but highly concentrated hard particle
suspensions of compact irregular shapes and significant dispersity
in general. A comparison with an amplitude sweep of a glass bead
suspension as well as two different sucrose particle suspensions
emphasizes the transferability of our observations to different systems.

2 Materials and methods

Sample preparation and image analysis follow the methods
described by Hartge et al. (2023) and Hartge et al. (2024)
previously, where more details can be found.

2.1 Chemicals

All samples were made with crystalline white sucrose (extra fine)
supplied by Südzucker AG (Mannheim, Germany). Water
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underwent filtration and de-ionization through a Milli-Q® water
purification system. Milled and sieved sucrose particles for
comparison in Section 3.3 were obtained from commercial pure
powdered sucrose purchased in a local supermarket (Südzucker AG,
Mannheim, Germany) and sieved manually (see below). Glass beads
used in the same section were acid washed 75 µm soda-lime glass
beads by Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

2.2 Preparation of model fondants

Samples of the same composition were prepared at different
temperatures to achieve different crystal size distributions with the
same particle volume fraction. For each sample, 399.54 g of sucrose
was combined with 99.80 g of de-ionized water in a pot and covered
with aluminum foil. The mixture was placed on a heating plate and
stirred at 100 rpm with a heating temperature of 300°C to ensure
complete and fast dissolution. As soon as no more crystals were
visible at about 110°C, the cover was removed and the water was
allowed to evaporate. The sample was repeatedly weighed until
enough water was evaporated to reach a concentration of 85%
sucrose by weight. This was ususally the case at a final sample
temperature of about 114.5°C.

The syrup was then poured into a metal dish to induce quick
cooling and thus avoid premature crystallization. As soon as the
sample showed a temperature of 5°C above the chosen preparation
temperature, it was transferred into the kneading cell of an IKAVISC
Measuring Kneader MKD 0,6 - H60 (IKA Werke GmbH and Co.
KG, Staufen, Germany) for high viscosity samples. The trough of the
kneader was tempered using a water circulation system. Kneading
was set to the maximum possible stirring speed of 62 rpm. Torque
data were collected via an in-house datalogger and own software. As

soon as the torque showed a characteristic peak (see Hartge et al.
(2023) for more details), tempering water was switched to room
temperature in order to induce homogeneous cooling during
agitation prior to further analysis.

Kneading duration was adjusted individually for each sample
such that total kneading time was ttot � 1.5 tp, with tp being the time
until the torque peak maximum was observed. The samples were
then stored in sealed sample cups of 30mL volume in a climate
chamber (Binder GmbH, Tuttlingen, Germany) at 25°C for
(24.5 ± 0.5) h before they were prepared for the first
measurement. All measurements were conducted within a
maximum of 6 h the next day.

2.3 Saturated sucrose solution

70 g of sucrose were combined with 30 g of distilled water in a
glass beaker to prepare saturated sucrose solution. The mixture was
covered with Parafilm® and agitated at 400 rpm overnight. The
dispersion was then centrifuged at 15,000 g for 30min at 25°C in
two tubes containing about 47 g each.

Only the saturated solution from the top was extracted with a
pipette for further applications. The sucrose sediment at the bottom
was retained in the tubes to maintain continuous saturation.

2.4 Preparation of comparative samples

For the sample containing milled sucrose particles of limited size
distribution discussed in Section 3.3, milled powdered sucrose was
sieved using Corning Sterile Cell Strainers purchased from Fisher
Scientific GmbH (Schwerte, Germany). After dry sieving through a

FIGURE 1
Graphical abstract of the present study, showing a microscopic image of a sample prepared at 25°C, its particle size distribution, roughly to-scale
sketches of the microstructure showing zero, moderate and large oscillatory strain, and the resulting modulus under a dynamic strain sweep.
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100 µm strainer, the smaller particles that successfully passed
through the sieve were collected. They were then wet sieved
through a 70 µm strainer by use of acetone until the filtrate was
clear. The wet residue containing sucrose particles mainly in the
range of 70–100 µm was then dried under vacuum over night
(Heraeus vacuum oven, Thermo Scientific, Langenselbold,
Germany). After drying, 5.39 g of sieved sucrose were mixed with
4.61 g of saturated sucrose solution for 90 s by hand with a flexible
spatula. The mass fraction was chosen to yield the same nominal
volume fraction of 49.4% as calculated for the precipitated
suspensions.

The mixture was then placed in a 30mL sample cup, directly
covered with plastic wrap, and the sample cup was sealed with a lid
and Parafilm. It was then stored in the climate chamber at 25°C for
30min to ensure equilibrium between solution saturation and
sucrose crystals.

For the glass bead suspension, the mass fraction was calculated
accordingly based on a density value of 2.5 g cm−3 of the glass beads.
3.24 g of glass beads were mixed with 1.76 g of saturated sucrose
solution andmixed with a spatula. Due to the insolubility of the glass
and the liquid nature of the suspension, this sample was placed in the
rheometer directly after mixing.

2.5 Microscopy and image analysis

After 1 day of rest, a small amount of sample was mixed with
saturated sucrose solution at a ratio of about 1:40 by weight with a
flexible spatula. Two drops of 15 µL were pipetted onto a microscope
slide and each carefully covered with a cover slip. The slide was then
placed in a Zeiss AxioScope.A1 (Carl Zeiss AG, Oberkochen,
Germany) in bright field transmission mode at 20x
magnification. Three typical images per sample were taken via
digital camera for further analysis.

Each image was analyzed with the help of Cellpose software
(Stringer et al., 2021). This open-source, deep learning-based
segmentation software allowed a combination of automated as
well as manual labeling. The Cellpose model “cyto2” was used
for automated pre-segmentation, and the labeled image then
corrected manually. Manual correction was necessary due to the
broad size distribution, irregular shapes, and inhomogeneous
shadings. In cases of very broad size distributions, small and
large particles were segmented individually and the resulting
masks later combined, similar in principle to the process
described by Krom et al. (2024). Fiji software (Schindelin et al.,
2012) with the plugin LabelsToROIs (Waisman et al., 2021) was then
used for further analysis of the labeled images and the results
processed via Python.

Each sample was prepared in triplicate using new batches each
time. Mean value and standard deviation of the plotted parameters
represent mean and standard deviation between three full
replications.

2.6 Rheological measurements

A Discovery HR-3 rheometer (TA Instruments, New Castle,
Delaware) was used for characterization of visco-elastic properties.

As the geometry, 25mm parallel plates were chosen. A medium-grit
(P100) waterproof silicon carbide sandpaper (Starcke GmbH and
Co. KG, Melle, Germany) was attached to the plates by use of
double-sided tape to achieve a rough surface.

In order to minimize disturbance of the highly concentrated
suspension during loading into the rheometer and to achieve a
homogeneous sample thickness, the lower plate was enclosed in a
PTFE mold greased with silicone oil yielding a height of 3mm above
the metal plate surface. The sample was stirred manually for about
15 s with a spatula before applying it onto the lower plate and into
the mold. The surface was smoothed and directly covered with
plastic wrap. The sample was then allowed to rest in a closed Petri
dish for 30min at 25°C in the climate chamber prior to loading to
the rheometer.

After 30min, the plastic wrap and PTFE mold were removed
and the plate with the sample was mounted to the rheometer. The
gap was adjusted manually such that the upper plate just had full
contact with the sample. In order to disturb the sample as little as
possible, limits of 0.5 N for axial force and 100 μms−1 for closure
velocity were set during lowering of the upper plate. After trimming
the sample with a spatula, the gap was lowered by an additional 5%
for optimal sample geometry and to ensure equal conditions prior to
the measurements. Additionally, a resting time of 60 s was set before
the measurements started for the amplitude sweeps, frequency
sweeps, and thixotropy tests.

In preliminary studies it was established that the effect of water
evaporation is significant in long term rheological experiments. This
is visible in Supplementary Figure S5. This is to be expected, since
the equilibrium relative humidity of saturated sucrose solution is
reported to be about 84% (Galmarini et al., 2008). Thus silicone oil
was carefully applied to the outside of the sample, and a cover with
attached wetted paper strips was used for all experiments to increase
air humidity and thus mitigate sample drying. Since evaporation
obviously occurs from the liquid solution, it is assumed that
evaporation effects are independent of the respective crystal size.

The following oscillatory measurements were conducted:

• Time sweeps were performed with a strain amplitude of
γ � 10−3% and a frequency of ω � 10 rad s−1 applied
for 30min.

• Strain amplitude sweeps were performed with a strain
amplitude increasing from γ � 10−4% to 103% and a
frequency of ω � 10 rad s−1.

• Frequency sweeps were performed with a strain amplitude of
γ � 10−3% and a frequency decreasing from ω � 102 rad s−1

to 5 × 10−2 rad s−1.
• For thixotropy tests, three subsequent steps were performed,
all with a frequency of ω � 10 rad s−1:
1. Small amplitude shear was applied with γ � 10−3% for 60 s

as a reference.
2. For medium amplitude shear, the shear strain at which the

storage modulus showed a minimum in the amplitude
sweep was chosen (about 5%), and applied for 120 s.

3. Small amplitude shear was applied again with γ � 10−3%
for 900 s to observe potential relaxation processes.

All rheological measurements were conducted in triplicate and
at a temperature of 25°C. A new sample cup was used for each
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measurement, and a newly prepared batch was used for each
replication. Values represent geometric mean and geometric
standard deviation of three full replications.

In the case of the frequency sweeps, data points are only shown
for frequencies up to ω ≈ 20 rad s−1. For higher ω, instrument
inertia was calculated to significantly influence the measured values.
These limits were calculated according to Ewoldt et al. (2015) with
data given by the rheometer software.

2.7 Water content and solution saturation

To check the true final concentrations in the samples, sucrose
content was calculated from their respective refractive index. Two
measurements were performed:

First, the total sucrose concentration in the suspension was
measured. In order to yield a transparent fluid, (10.000 ± 0.005) g of
the crystallized sample were dissolved in (10.000 ± 0.005) g of distilled
water by mixing with a magnetic stirrer in a covered glass beaker at
400 rpm for 20min. This solution was pipetted onto an OPTi Duo
Digital Hand-Held Refractometer (Bellingham + Stanley Ltd., Kent,
United Kingdom). The resulting sucrose content was doubled to get the
sucrose content of the original sample.

Second, the sucrose content dissolved in the disperse liquid
phase was measured. Here, each sample was centrifuged at 15,000 g
for 30min at 25°C. Liquid from the supernatant was then pipetted
directly onto the refractometer and the sucrose calculated from the
refractive index accordingly.

Automatic calculation of sucrose content depending on the
refractive index was performed by data by the International
Commission for Uniform Methods of Sugar Analysis (2019). For
each solution, the measurement was conducted three times and the
mean calculated.

3 Results and discussion

3.1 Particle size distribution

For an in-depth analysis of the sample structures, particle sizes
and shapes were characterized using image analysis of microscopy
images. Figure 2 shows typical microscopy images of the
diluted samples.

All samples show crystals with a nearly rectangular shape that is
typical for sucrose crystals (VanHook, 1983; Faria et al., 2003;
Ferreira et al., 2011). Besides these more regularly shaped
particles, many conglomerates, poly-crystals, or fractured
particles are observed in all samples.

These irregularities are caused by different factors: First, high
supersaturation levels are known to promote formation of
conglomerates (Vaccari and Mantovani, 1995). With
supersaturation levels of 2.5 for the sample prepared at 70°C
to 5.5 for the sample prepared at 25°C (Hartge et al., 2023; Peres
and Macedo, 1996), formation of conglomerates is thus expected.
Second, the applied agitation and frequent collisions make
crystals grow together on the one hand, but also break apart

FIGURE 2
Typical microscopy images of samples (A) “r8”, crystallized at 25°C, (B) “r13”, crystallized at 40°C, (C) “r28”, crystallized at 55°C, and (D) “r34”,
crystallized at 70°C. All samples diluted 1:40 by weight with saturated sucrose solution to allow clear distinction of individual particles.
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or face attrition under the high shear forces on the other hand.
Third, secondary nucleation can be expected, meaning that nuclei
form on preexisting solid material (Mullin, 2001). All of these
processes lead to numerous irregularities in the crystal
morphologies of all samples.

However, differences in the mean particle sizes are obvious.
As expected, particles grow larger in samples that are agitated at
higher temperature T. This is explained by the fact that the
samples at these temperatures have much lower supersaturation
during main crystallization. This results in fewer crystals forming
initially (De Yoreo and Vekilov, 2018), but the existing crystals
will continue to grow when the samples are cooled down to room
temperature. The higher the preparation temperature, the larger
the crystals will be at the same total sucrose fraction in the end.

For preparing high-quality fondants, it is essential to control the
temperature and supersaturation to achieve a small crystal size of
less than 20 µm in diameter. This ensures that the fondant has a
smooth texture and a consistency that is free from any grainy or
unpleasant mouthfeel (Lees, 1965; Hartel, 2001). Thus, the
observations fit well to known principles in crystal growth and
candy manufacture, and demonstrate the importance of the
interplay of temperature and supersaturation in quality control.

However, more parameters are necessary to describe the size
distributions that might influence rheological properties, but are less
obvious to the eye. Several parameters from quantitative image
analysis are shown in Figure 3.

All mean values are calculated as volume weighted averages.
For this purpose, the equivalent radius of a particle is calculated as
the radius of a circle with the same area, re �

����

A/π
√

. The equivalent
particle volume is then approximated as the volume of a sphere
with the same projection area Ve � 4/3 πr3e . For the weights in
calculation of mean values, only those slices falling within the
depth of field of the image are considered. More details concerning

these issues can be found in Section 1 of the
Supplementary Material.

As discussed before qualitatively, the mean radius grows
significantly with increasing preparation temperature. Particle
size is considered to influence rheological properties of a sample
(Tadros, 2010), so re will be used to identify the samples in the
subsequent rheological measurements. The resulting assignment of
sample names for the subsequent discussion can be found in Table 1.

To account for changes not only in mean size, but also in the
width of size distribution (Luckham and Ukeje, 1999), dispersity D
was calculated as the ratio of the volume-weighted to the number-
weighted mean of particle volumes, D � �VV/ �Vn. While a large
standard deviation among three repetitions is found for samples
prepared at 55°C, a significant increase with rising preparation
temperature is found for the remaining samples. Thus samples
prepared at 25°C show a dispersity of D ≈ 3, while samples
prepared at 70°C show a dispersity of D ≈ 23, meaning an
increase by a factor of nearly 8.

It should be noted that samples prepared at higher temperatures
undergo significant crystallization when cooled to 25°C. This is
explained by the fact that after crystallization at higher temperatures,
the difference in sucrose solubility during agitation in comparison to

FIGURE 3
Values of (A) mean equivalent radius, (B) dispersity of particle sizes, (C) mean aspect ratio, (D) mean solidity of particles with re >3 μm, (E) mean
circularity of particles with re >3 μm, and (F) particle surface area per equivalent volume, each for the four samples crystallized at temperatures from 25°C
to 70°C. Means are weighted by approximated particle volume.

TABLE 1 Preparation temperature, resulting mean equivalent particle
radius, Dispersity, and sample name used in the subsequent sections.

T re D Name

25°C 8.5 µm 3 r8

40°C 13.3 µm 7 r13

55°C 28.5 µm 37 r28

70°C 33.8 µm 23 r34
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that at room temperature is much higher. The objective is to cool the
samples while they remain in motion in the kneader by reducing the
temperature of the cooling water after the peak in torque has been
reached. This process is employed to ensure a more uniform
temperature decrease and prevent crystals from growing together
during the cooling phase. However, the high supersaturation that is
imposed by the last cooling step leads to a high driving force to form
new crystals. This is more pronounced for the sample prepared at
70°C than for the sample at 40°C, and with practically no difference
in equilibrium saturation for the sample at 25°C which shows a low
dispersity.

To compare differences in surface and shape critical to
rheological properties (Lemaire et al., 2023), the aspect ratio and
solidity (as calculated by the Fiji software) was compared. The aspect
ratio is defined as the ratio of the major axis to the minor axis of a
fitted ellipse, and considered to influence hydrodynamic
interactions. The results displayed in Figure 3C confirm a rather
compact shape, but do not show significant differences between the
samples. Solidity is calculated as the ratio of the area of the convex
hull of a particle to its actual measured area A, S � Acon/A. An ideal
individual sucrose crystal without conglomeration or fracture would
be convex at all projection angles, with no indentations or holes,
resulting in a solidity of S � 1. Here, only particles with re > 3 μm
were considered due to resolution limits of the images.

With overlapping error bars and no obvious trend, no significant
relation between solidity and preparation temperature can be found,
as for the aspect ratio. This means that over all, crystals show a
similar amount of irregularity in particle shapes among all samples.
With a solidity value of roughly 0.928, all samples show some
amount of twinning, conglomeration, poly-crystallinity or
fracture, which all lead to shapes deviating from perfect
convexity. However, in all samples a high amount of particles do
show a shape resembling either an ideal individual sucrose crystal or
a crystal rounded by attrition, both leading to a high solidity value
close to one.

Circularity as calculated by the Fiji software is considered as an
additional shape descriptor. With Circularity being defined as
C � 4 πA/P2, it provides a measure for the relation between the
measured area of the particle A to its perimeter P, where a value of
C � 1 results from a perfect circle. Smaller values indicate an
elongated shape or a less smooth surface. The results show a
slight decrease in circularity with higher preparation temperature.
However, these data should be treated with caution: While on the
one hand the limited resolution could cause a visual rounding effect
at small particles and thus seemingly increase C, the stronger
influence of rectangular pixels on the calculated outline of small
particles could on the other hand lead to an underestimation.
Despite these caveats, the data are presented here for completeness.

Given the similar particle volume fraction and solidity, but
notable differences in size and dispersity, it is important to
ascertain the total particle surface area within the samples. As
drag and friction increase with larger contact area between
particle and fluid as well as between touching particles, this is a
crucial factor for rheological properties (Papadopoulou et al., 2020).
Thus for each particle, the surface area was approximated as an
equivalent surface area As,e of a sphere with the same perimeter,
resulting in As,e � 4 πr2surf with rsurf � P/(2π). Taking the ratio of

this equivalent surface area to the equivalent volume gives the
specific surface in µm−1.

Figure 3F shows a strong dependency of mean specific surface
area on preparation temperature, with a higher temperature leading
to a significantly lower total particle surface. As the same crystal
volume fraction is present in all samples, the mean surface area per
volume unit is directly proportional to the total particle area within
the sample. Thus, the sample prepared at 70°C shows only about
30% of the particle surface area as the sample prepared at 25°C, with
nearly linear decrease in between.

It is assumed that all samples will complete the crystallization
process of the excess sucrose within a 1-day resting period. This is
confirmed by measuring the sucrose concentration in the liquid
phase after centrifuging, which is found to be in the range of
67.7 ± 0.1% for all preparation temperatures. Thus a constant,
equilibrium volume fraction of (50.3±0.3)% is assumed
independent of preparation temperature and particle sizes.

3.2 Time sweeps

In order to study the temporal stability of the samples during
measurements, time sweeps were performed at a small strain of γ �
10−3% (see Section 3.3 for a discussion of the linear visco-elastic
region). The resulting logarithmic curves of storage modulus G′ and
loss modulus G″ in the time frame 60–1,100 s used for further
measurements are shown in Figure 4 (see Figure 3 and Table 1 for
identification of the samples).

Because of the high volume fraction of about 50% hard particles
dispersed in a Newtonian liquid, G′ and G″ are measured to be of
similar order of magnitude. At such a high volume fraction, many
particle contacts are to be expected even at low shear (Lemaire et al.,
2023; Pal, 2024). This is also seen in the video in the Supplementary
Material, where microscopic images of an undiluted sample show
the dense arbitrary packing of crystals (see also Figure 1 and the
discussion in Section 3.3). Each oscillation thus measures the elastic
response of crystal contacts, as well as the viscous drag of the liquid
they are dispersed in.

Both moduli show large standard deviations among three
repetitions. Large scatterment of rheological data has also been
found for other concentrated suspensions, for example by
Gadala-Maria and Acrivos (1980) or Heymann et al. (2002). This
can be explained by the fact that for such highly concentrated non-
Brownian suspensions, small-strain measurements are dependent
on the arrangement of the microstructure, which in turn is path-
dependent. Here, where no Brownian motion is present that would
ensure a state of equilibrium, the sample’s state depends on the
entire history. Additionally, the high particle concentration with
many contacts results in a significant dependence of small-strain
measurements on the arrangements of the crystals.

Over the course of 1,100 s, the graphs show no significant
changes, and no significant trend among the different samples
considering the large standard deviations. Thus, the sample
stability in the chosen setup was considered sufficient for the
subsequent measurements: A cover with wet paper strips for
humidity and a resting time of 60 s prior to any further
measurement were employed in all cases.
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However, if the moduli and the loss factor tan(δ) � G″/G′ are
plotted on linear scale over the full measured range, temporal
changes in the mean of three repetitions are observed. They are
visible in Figure 5, where the initial starting value of each sample is
marked as a horizontal line. Here, in the first seconds, a small
increase or peak is visible for the moduli of the samples, and except
for r34, all curves rise at varying slopes. The tan(δ) of all samples
decreases over time. Only r34 shows a negative peak in the first 200 s,
after which all samples show roughly parallel curves with higher
values for larger particles.

The observed initial peaks in G′ and tan(δ) are attributed to the
time necessary for the air to reach equilibrium humidity: When the
cover is initially closed and themeasurement is started, the humidity is
still low and the surface of the sample will dry slightly. This causes
both moduli to go up because of higher solute concentration and
growing crystals at the sample rim, while tan(δ) goes down because of
liquid loss at the surface. When the air humidity reaches higher levels,
the outer surface will retractmoisture due to the hygroscopic nature of
sucrose, and the effect is stopped or even reversed (Compare the
equilibrium relative humidity of saturated sucrose solution of about
84% (Galmarini et al., 2008), which explains this effect.).

Over longer periods of time, the system seems to approach an
equilibrium at higher moduli and lower loss factor. Long term
moisture loss was excluded as a cause by preliminary
experiments (see also Supplementary Figure S5).

One explanation might be agglomeration at rest. For sucrose
crystals in aqueous sucrose solution, the main attractive force that
could act between the particles is van der Waals force (Israelachvili,
2011). However, in the given case, the typical van der Waals forces
can be approximated to be in the order of 10−12 N or less
(Israelachvili, 2011) (see Section 2 in the Supplementary Material
for more details). In comparison, the imposed shear results in
average forces in the order of 10−11 N to 10−9 N for a typical
particle. Thus, even at the small strains given, the shear forces
would destroy any significant agglomerates with each oscillation,
and they can not explain a measured increase over time.

A second explanation is diffusion driven structure rebuilding
(Martone et al., 2020) by reorientation of crystals after initial
compression between the plates and subsequent oscillations. Such
a process is expected to be dependent on size distribution. While
the sample preparation in molds with a fixed height and
appropriate relaxation times were chosen to mitigate effects of
squeeze flow during closing of the measurement geometry
(Heymann et al., 2002), effects of compression could not be
fully avoided. Time or oscillation-cycle dependent relaxation
after mechanic deformation is confirmed for these samples and
discussed in more detail for the thixotropy tests in Section 3.5,
which also show the expected dependency on size distribution. At
the same time no significant change in the normal force was
observed during the time sweeps, indicating that compression

FIGURE 4
Time sweeps of samples containing (50.3±0.3)% (V/V) sucrose crystals with different particle size distributions, shown for the time range relevant for
subsequent measurements. (A) Storage modulus G′, (B) loss modulus G″.

FIGURE 5
Time sweeps of samples containing (50.3±0.3)% (V/V) sucrose crystals with different particle size distributions. (A) Storage modulus G′, (B)
tan(δ) � G″/G′. Horizontal lines marking initial values of each curve. Error bars in (A) not shown for better visibility, see Figure 4 for values of standard
deviations.
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was already relaxed and changes in the moduli result from small
reorientation of the crystals.

These effects have to be kept in mind when interpreting the
results in the following sections, and will be discussed accordingly.

3.3 Amplitude sweeps

Amplitude sweeps of the different sucrose suspensions were
performed. Because storage modulus G′ and loss modulus G″ are
close for all samples, only G′ is depicted in Figure 6A for better
visibility. Figure 6B shows the loss factor tan(δ) � G″/G′ of these
measurements.

An examination of the progression of the G′ curves reveals that
all samples exhibit a similar qualitative behavior over the measured
strain range. After a linear visco-elastic (LVE) plateau until roughly
γ � 10−2%, the storage modulus decreases by nearly two orders of
magnitude until about γ � 5%, indicating strain softening behavior
in this range.

This effect can be attributed to a rearrangement of the
crystals: At very small oscillation strains, the particles can
vibrate at their respective location, without significant
translational or rotational displacement. This leads to a
constant value of the moduli, with the sample response to
shear resulting from the hard particle contacts as well as the
surrounding liquid phase. With a particle volume fraction of
about 50%, the viscous response slightly dominates over the
elastic part, which results in a tan(δ) close to, but above 1.

When oscillation amplitudes become larger than about 10−2%
(see Figure 6), the irregular particles will increasingly be shifted or
rotated. As has been demonstrated before (Pine et al., 2005), particle
trajectories become irreversible under oscillatory strains with
increasing amplitudes for concentrated suspensions. By slight
changes in orientation and arrangement, friction and particle
contacts are minimized, leading to smaller values of both moduli.
Since small displacements of the particles will then increasingly take
place in the surrounding liquid with diminishing inter-particle
interaction, the contribution of the solid-solid interactions to the
measured response decreases slightly stronger than the contribution
of energy dissipation. This is also seen in the increase of tan(δ)
between γ � 10−2% and 5 × 100%.

Once the minimum value of G′ has been reached, the oscillation
strain reaches a level at which constant friction and collisions
become inevitable. The particles that oscillated within a cage
before are now subject to shear and contact forces as a result of
their proximity to one another. This effectively eliminates the ability
of the surrounding liquid phase to buffer the friction and collisions.

This becomes clear when the inter-particle distance is estimated.
Liu et al. (1999) and Liu et al. (2001) derived an expression that
allows to estimate the expected surface-to-surface distance for poly-
disperse particles that follow a log-normal size distribution. Fitting
the unweighted particle sizes of r8 to a log-normal distribution gives
an expected particle distance of 2.3 µm, which is only about 27% of
the mean particle radius. Thus for mean particles in different shear
bands, where the shear bands are about one re � 8 μm apart in
height, a strain of ≈ 30% is necessary to make the upper particle
touch the lower one. This approximation can only be rough because
the particle size distribution does not follow a strict log-normal
function and the particles are not spherical, so a comparison
between the different samples does not yield meaningful results.
However, the approximation fits well to the measuredmoduli, which
show the steepest increase at a strain between γ � 15% and 50%.
This development is visualized in Figure 7.

Ultimately, shear jamming (Liu and Nagel, 2010; Morris, 2023)
is to be expected and its beginning indicated by the prominent
increase of the storage modulus with simultaneous decrease of
tan(δ). However, at γ ≈ 102%, the internal shear forces become
too strong, and sample starts to leave the gap between the rheometer
plates due to the open setup. The inter-particle structure collapses
and the measured sample response is smaller due to reduced sample
volume, which results in a sharp decrease of G′. Because in this
process energy is dissipated within the sample, G″ decreases less
steeply. The inner rupture and loss of the sample is thus also shown
by the sharp corner point of tan(δ) at about γ ≈ 102%, after which it
steeply increases.

Strain softening or strain thinning, as observed in the first part, is
said to be common among many complex fluids, like polymer melts
and suspensions. This is attributed to alignment of the micro-
structure (Hyun et al., 2002). However, the local minimum and
maximum in the curve do not match any one of the four archetypes
of behavior that were proposed by Hyun et al. (2002) for large
amplitude oscillatory shear (LAOS) measurements on complex

FIGURE 6
Amplitude sweeps of samples containing (50.3±0.3)% (V/V) sucrose crystals with different particle size distributions. (A) Storage modulus G′, (B)
tan(δ) � G″/G′.
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fluids. These archetypes were based on extensive literature review,
but mainly included polymer melts, solutions, emulsions, or
colloidal suspensions. Instead, the curves measured here for non-
colloidal, concentrated crystal suspensions seem to resemble a
combination of strain thinning and strain overshoot.

Similar behavior was also observed before in different systems.
Among these are suspensions of 40–55 vol% PMMA spheres in
PDMS (Heymann et al., 2002), aqueous PEO-PPO-PEO triblock
copolymer solutions of 20wt% in an intermediate soft gel state
(Hyun et al., 2006), suspensions of 47 vol% PVC in PB (Carreau
et al., 1999), suspensions of 1mgmL−1 epidermal keratin
intermediate filaments (Ma et al., 1999), silty clay of broad size
distribution and concentrations between 50 and 60wt% (Wang
et al., 2023), and other mud sediments (Shakeel et al., 2020).

While Heymann et al. (2002) and Hyun et al. (2006) both
attribute the minimum to a change of the particle network into a
flow-optimized structure, Hyun et al. (2006) explain the maximum
by polymer clusters that first aggregate and then break apart with
increasing shear. Carreau et al. (1999) suggest either crowding or
steric effects as the cause of the strain hardening in PVC/PB
suspensions. Shakeel et al. (2020) mainly point to a two-stress
yielding caused by the flocculated micro-structure of mud that
contains organic matter, and mention the possibility of jamming
in a sidenote.

Our measurements, however, show that the described behavior
is also observed for hard particles that do not form agglomerates and
show now steric effects (see also Section 3.5 and the comparative
measurements below). It is thus concluded to mainly stem from the
high particle concentration present in the suspension, independent
of material or details in shape. The proposed jamming behavior is
also in agreement with previous research on strain thickening in
concentrated suspension (Lemaire et al., 2023).

For example, shear reversal experiments on faceted sugar
particles in oil were used to deduct their jamming packing
fraction. Depending on the exerted shear stress, it was calculated
to be in the range of 43%–50% (Blanc et al., 2018). As the
suspensions in our study contain about 50% particles, this
strengthens our argument of jamming behavior. Similarly, Hafid
et al. (2016) measured the jamming packing fraction for suspensions
of rough sand particles with an aspect ratio of 1.5 to be of the order of
45%. Again, both aspect ratio and jamming particle fraction are close
to the samples of the present study.

More generally, the oscillatory strain sweeps presented here
show similarities to results from various studies on shear rate-
dependent viscosity of concentrated non-Brownian suspensions
(Pal, 2024). These are known to display shear thinning with
subsequent shear thickening under rotational shear. Recent
studies showed that this behavior is explained by the transition
from a lubricated to a friction-dominated state that increases
significantly with increasing friction coefficient and particle
irregularity (Lemaire et al., 2023; Pal, 2024). While such
monotonic rotational shear induces considerably different
processes than oscillatory shear (Blanc et al., 2018; Martone
et al., 2020), together they allow a clearer picture of the
processes at hand.

Although significant deviations among repetitions are observed
for each sample and thus error bars overlap throughout the
measurements, some trends among the mean values are visible. It
is striking that there is no significant difference in G′ at low strains
despite the large differences in particle size, dispersity, and specific
surface, which is shown in Figure 8A. All samples show storage
moduli of G0.001′ ≈ 2000 Pa to 3000 Pa at γ � 10−3%. This implies
that loss and storage moduli are mainly determined by the
particle volume fraction and, presumably, friction for these
crystals at low strain, and depend less on the size distribution
or total particle surface. However, the standard deviation among
repetitions rises almost linearly with particle dispersity: A wider
size distribution leads to more possible particle arrangements
and thus more microstates compared to a monodisperse system.
Because measurements at small strains are highly dependent on
the initial microstructure of the densely packed samples,
reproducibility of the measurements is lowered with higher
polydispersity.

The limit of the linear visco-elastic region is often conventionally
defined as the strain where a deviation in G′ by 5% of the starting
value is measured (Mezger, 2014). However, due to instrumental
limits at strains between 10−4% and 10−3%, data for G′ and G″ show
fluctuations in this domain. Furthermore, some measurements
indicated slight increases in the critical region as also observed
for the time sweeps, which resulted in inconsistent outcomes when
the conventional 5% deviation was employed. Instead, it was chosen
to calculate the value γ0.85 at which each curve deviated by 15% from
a linear line fitted to the data points between γ � 10−3.5% and
γ � 10−2.5%. While γ0.85 is larger than the limit of the LVE

FIGURE 7
Sketches of the microstructure of a sample at three different oscillatory strain amplitudes. Particle shapes taken from microscopy of a diluted r8
sample, with roughly to-scale inter-particle distances. Shown for (A) γ≤0.001%, (B) γ ≈ 5%, and (C) γ≥ 30%.
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region, it provides a more representative measure for the different
decays of the moduli.

Figure 8B shows the mean values of γ0.85 with respect to mean
equivalent particle radius. Except for the sample with re � 28 μm
which shows large standard deviations, γ0.85 decreases significantly
with rising re. This can be related to a combination of larger mean
size and dispersity: A higher dispersity leads to a higher maximum
packing fraction, and thus more potential for reducing inter-particle
contacts at a given particle volume fraction. At the same time,
surface-to-surface distance also increases with increasing re (Liu
et al., 2001), leading to a combination of both effects. As stated, the
sample r28 shows a large standard deviation, which also corresponds
to the large standard deviation observed for the dispersity of this
sample shown in Figure 3B. This strengthens the argument that γ0.85
is in part depending on the dispersity.

Given the lack of precision in determining the LVE region, a
strain of γ � 10−3% was selected for subsequent measurements, with
the objective of minimizing any potential disturbance to the sample.
This was deemed to be the lowest possible value at which reliable
data could be obtained, and it appeared to fall within the linear
region upon visual inspection.

The strain at which G′ shows a local minimum can be directly
related to the samples’ dispersity, as shown in Figure 9A. Even though
the differences are not large compared to the standard deviations, the
trend is clearly visible and corresponds to the expectation: Higher
dispersity leads to a higher maximum packing fraction and a larger
mean surface-to-surface distance, which in turn increases the strain
necessary to facilitate optimal arrangement.

At its local minimum, the value of G′ seems to decrease slightly
with increasing re. Again, the differences are small compared to the
standard deviations. The ratio of Gmin′ /G0.001′ shows a clear trend
nonetheless, which is shown in Figure 9B. As argued before, the
potential for minimizing friction and collisions is higher not only for
samples with higher dispersity, but also for smaller total particle
surface, which here correlates with re. As a result, the difference
between G0.001′ , where particles are randomly aligned, and Gmin′ ,
where oscillations allow for optimal rearrangements, is larger for
these samples.

To better understand the influence of particle shapes vs sizes,
additional amplitude sweeps were performed using different
suspensions for comparison: First, glass beads with a mean
radius of 45 µm were used. Second, milled sucrose was wet-sieved
to achieve a low dispersity with particle radii ranging from 35 to

50 µm. Both were mixed with saturated sucrose solution at the same
volume fraction of about 50% as calculated for the samples prepared
by crystallization. Third, data from a former publication by Hartge
et al. (2024) are compared, where a similar amplitude sweep was
performed with a crystallized suspension containing a calculated
particle volume fraction of 36.2% (see the Supporting Information of
the publication, where the measurement was performed with
serrated plates). The latter particles are calculated to have a mean
radius of about 25 µm.

Microscopy images as well as results of the image analysis of
these suspension are shown in Section 3 of the Supplementary
Material. There, the results are plotted next to values of samples
r28 and r34 for comparability. The results of the amplitude sweeps
are shown in Figure 10.

As can be readily observed, all curves exhibit the same local
minimum and maximum in both the storage modulus and loss
factor as for the sucrose suspensions discussed above. This is despite
the fact that the glass beads in particular exhibit significant differences in
terms of their size distribution, shape, and material composition. This
confirms the universality of this behavior for hard particle suspensions
of rather compact particle shapes and volume fractions between 30%
and 50% in a Newtonian solution under oscillatory shear. Nevertheless,
at comparable volume fraction and size, the glass bead suspension
exhibits a storage modulus that is two orders of magnitude smaller than
that of the fondant samples. In contrast, the loss factor is markedly
larger for the glass bead suspension, with the milled sucrose suspension
exhibiting a value intermediate to the two.

Both differences can be explained by the rounded shape of the
milled sucrose and nearly ideal spherical shape of the glass beads.
The smoother spherical surface of these particles results in reduced
friction (Lemaire et al., 2023) and also prevents them from becoming
trapped in the interstitial spaces of other particles with irregular
shapes and rough surfaces. Spherical particles were thus also shown
to require larger packing fractions for jamming (Hafid et al., 2016),
corresponding to the shift of the minimum to higher strain values.
Furthermore, at an equivalent particle volume fraction, a lesser
volume of liquid is “lost” within the cavities, and the surface area for
smooth, spherical particles is reduced. All together, these points lead
to much smaller resistance to shear forces by the suspension and
smaller storage and loss moduli. Additionally, because of reduced
inter-particle interaction, the loss factor tan(δ) � G″/G′ is higher for
the rounder particles, since here the fluid behavior dominates over
elastic behavior more prominently.

FIGURE 8
Analysis of the amplitude sweeps, showing (A) the value of G′ at
γ � 0.001%, and (B) the strain at which G′ deviates by 15% from the
initial linear fit for all samples.

FIGURE 9
Analysis of the amplitude sweeps, showing (A) the value of γ
where G′ shows a local minimum, and (B) the ratio of G′ at its local
minimum to the value of G′ at γ � 10−3% for all samples.
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These observations suggest that surface roughness has a greater
influence on the resulting moduli than either total surface area or
mean particle size alone. This is also consistent with previous
research. Lemaire et al. (2023) show in their recent compilation
of experimental and numerical results on concentrated, non-
Brownian suspensions that viscosity, shear thinning, and shear
thickening are dependent on the contact forces and friction
coefficient of suspended particles. It was also found by a
numerical study that inter-particle contact contributions were
dominant over hydrodynamic contributions for particle volume
fractions higher than 40% if frictional particles were considered,
but for volume fractions exceeding 50% if particles were frictionless
(Lemaire et al., 2023; Gallier et al., 2018).

Similar observations as discussed before can be made for the
sample containing a smaller volume fraction of sucrose crystals, but
for different reasons. With irregular shapes, high dispersity, and
high surface area per particle volume similar to r28 and r34, a
reduced modulus and higher loss factor is expected simply because
of the higher liquid fraction and less particle contacts. Similarly, the
shift of the strain softening to higher stains is expected due to the
concentration dependency of the critical strain amplitude for
irreversible particle reorganization (Pine et al., 2005).

The decreasing value ofG′ right from the beginning that is seen
for both the milled sucrose and the glass beads are the result of
slight sedimentation. This arises due to different factors: First, the
rounded particle shape that bears less resistance to flow compared
to the irregularly shaped crystals. Second, both samples have a
much lower specific surface area due to their larger size and low
dispersity, which reduces friction. Third, the glass beads have a
much higher density than sucrose, so the large beads face a
stronger sedimentation force by gravity even at the same
particle size and shape. However, while this sedimentation
slightly affects the measured values of G′, it is not relevant to
the qualitative observations concerning the local minimum and
maximum discussed in this section.

3.4 Frequency sweeps

In order to get a better picture of the interactions on different
time scales, frequency sweeps were performed. Storage moduli G′ as
well as tan(δ) of these measurements are shown in Figure 11.

The curves of G′ clearly show that the modulus increases with
frequency for all samples, with nearly parallel linear increase. This is
true for both the storage and the loss modulus, and is in agreement
with the expectation for frequency sweeps of particle suspensions
(Mezger, 2014). A slight decrease of the slope in the moduli and
significant increase in tan(δ) is observed for higher frequencies.
However, as discussed in Section 2.6, instrument inertia effects
become significant at higher frequencies, so this might be a result
of measurement artifacts.

Nevertheless, it is also observed that the mean moduli are lower
and the loss factor is higher for larger particle size and dispersity,
with an increasing discrepancy at low frequencies. This follows the
expectation that there is an effect of particle size on time scale
dependent dynamics. Such effects are often associated with
sedimentation processes in suspensions: If the fluid behavior
dominates over the solid interactions for frequencies approaching
equilibrium state, sedimentation can occur. Given that tan(δ) is
larger than one for all samples, this condition is applicable, with a
larger value corresponding to larger particles.

Simple sedimentation experiments were therefore carried out for
comparison. 10mL of each sample were placed in sealed scaled test
tubes and kept in a climate chamber at 25°C for 1month. The
photographs of these tubes can be found in Section 4 of the
Supplementary Material. They show that by eyesight, none of the
samples sedimented after 1 day, which confirms stability over the
course of the rheological measurements. While the two samples with
the smallest particles, r8 and r13, remained stable even after 1 week,
the two samples with the largest particles and dispersity, r28 and r34,
show varying degrees of phase separation within 3 days. After
1month, all samples showed a significant liquid fraction on top
and a clearly stronger sedimentation for larger particles. The rather
slow sedimentation with significant dependency on the particle size
distribution thus confirms the observations from the
frequency sweeps.

Following the observations from the time sweeps in Section 3.2,
the interpretation above was validated by correcting for the
measured changes over time. This was done in two ways to
account for both possible moisture loss and relaxation effects:
First, it was assumed the sample is least affected by the
measurement at t � 0s after loading, where effects like drying are
not yet significant. Thus the relative change in the moduli from their
initial value was calculated at each point in the time sweep, and then

FIGURE 10
Amplitude sweeps of samples containing (50.3±0.3)% (V/V) of sucrose crystals with large dispersity (“r34”), 49.4% (V/V) milled sucrose with low
dispersity, 49.4% (V/V) glass beads with low dispersity, and a sample containing 36.2% (V/V) sucrose crystals with large dispersity (“36%”). (A) Storage
modulus G′, (B) tan(δ) � G″/G′.
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removed from the corresponding data point in the frequency
sweep (see the Section 5 of the Supplementary Material for
more details). Second, it was instead assumed that the sample
was disturbed by loading and relaxed over time. Here, the changes
over time were calculated with respect to the last measured value
after t � 30min and then removed from the frequency sweep as
before. As discussed in Section 3.2, the second interpretation is
more likely.

The plotted results can be found in the Supplementary Figure S6.
Corrections with respect to the starting value at t � 0s show only
small differences and are considered insignificant to the
observations discussed above. Corrections for the value at
t � 30min, though, strongly emphasize the described differences
among the samples, with larger particle sizes leading to smaller
moduli and a larger loss factor. As discussed before, both follows the
expectations for suspensions with larger mean particle sizes and
larger dispersities.

3.5 Thixotropy tests

Thixotropy tests were conducted with the objective of acquiring
a more profound comprehension of the structural formation,
reversibility, and relaxation times of the samples. The results are
shown in Figure 12.

The tests were performed by three consecutive steps: First, small
amplitude oscillations at γ � 10−3% were applied for 60 s as
reference. Second, medium amplitude shear was applied for 120 s,
with the strain at which the storage modulus showed a minimum in
the amplitude sweep as discussed in Section 3.3. The chosen strain
values are plotted in Figure 13. And third, small amplitude shear was
applied again at γ � 10−3% for 900 s.

All of the studied suspensions show clear thixotropic behavior,
with a pronounced drop in both moduli in step two at larger strain,
and significant structure rebuilding in step three at close-to static
conditions. In accordance with the amplitude sweeps, the samples
show a minimum in G′ depending on the particle size distribution,
with differences in G′ reflecting the differences in Gmin′ discussed
in Section 3.3.

The destruction and rebuilding of aggregates is sometimes
discussed as a possible cause of thixotropic behavior in

suspensions (Mewis and Wagner, 2012; Shakeel et al., 2020). As
already discussed in Section 3.2 though, the attractive inter-particle
forces are too weak to withstand the shear forces even at the low
strains of 10−3% (see Section 2 of the Supplementary Material for a
more detailed discussion). Additionally, Blanc et al. (2018) used
shear reversal experiments of sucrose particles in oil to argue that a
significant amount of strain thinning must be attributed to the
rearrangement of particles at high volume fractions and irregular
shapes, and adhesive forces might only play a reinforcing role, if
any at all.

Here, the minimum is the result of collision-induced self-
organization also found in concentrated suspensions of hard
spheres (Corté et al., 2008; Metzger and Butler, 2012). It is also
observed that the slope of the curve becomes steeper with larger
particle size and dispersity, and it takes longer for these samples until
an equilibrium is reached. That is because smaller particles are much
faster aligned in a friction minimizing way at the same strain
amplitude, while optimal arrangement of the larger particles
takes more oscillations and thus longer.

For a better picture of what the dynamics in this step might look
like, an in situ video on a similar sample provided with an earlier
study (Hartge et al., 2024) might be instructive. The video shows
oscillations in a crystallizing sample with γ � 50%. The full crystal
volume fraction of 36.2% andmaximum sizes are found at the end of
the video. This is the same sample as described in Section 3.3 and
Supplementary Section S3 as a comparison.

In the third step, when the strain is set back to γ � 10−3%, G′
rises again significantly for all samples. After 900 s, the moduli seem
close to reaching an equilibrium, and the curves show parallel
increase with a clear trend in relation to particle size distribution.
Here, the small oscillation amplitudes induce perturbations in the
previously self-organized system, which leads to diffusive particle
migration and chaotic collisions. Crystals then slightly re-orientate
with each oscillation and re-arrange in a statistical matter, until a
random arrangement is reached again (Corté et al., 2008).

However, with γ � 10−3%, the oscillation amplitudes are only a
small fraction with respect to the particles’ sizes, so only small
statistical changes are encountered with each oscillation cycle. This
explains why the sample r34 only reaches a smaller fraction of its
initial value even after 900 s: Larger particles exhibit greater inertia
and therefore require more energy to significantly change their

FIGURE 11
Frequency sweeps of samples containing (50.3±0.3)% (V/V) sucrose crystals with different particle size distributions. (A) Storage modulus G′, (B)
tan(δ) � G″/G′.
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position and orientation away from their optimal arrangement,
practically reducing the degrees of freedom in the system. So
while the sample r8 with the smallest particles seems to gain
values of G′ close to its initial values at the end of the
measurement, the sample with the largest ones remains
well below them.

Again, the described dynamics might be illustrated by a video
found in the Supplementary Material to this article. Here, a freshly
prepared r28 sample was placed under the microscope and recorded
at static conditions over night. This video clearly shows how small
particles rearrange over time even without imposed shear, while
larger ones remain unchanged.

In all, the thixotropy tests confirm clear thixotropy of all
samples, with a significant dependency on size distribution.
Even if the changes observed in the time sweeps of Section 3.2
are taken into account (see Section 5 of the Supplementary
Material), these relations do not change, proving that they are
distinct processes.

However, these findings explain the changes that were observed
in the time sweeps. There, before the start of the measurement, the
samples were compressed. While this imposes different forces
within the sample than parallel shear, it can be expected to have
a similar effect on the particle arrangement considering the chosen
parameters: The samples were compressed by 5% in height prior to
the measurements, which by coincidence is of a similar value as the
strain amplitudes for which the minimum in the moduli occurs at
parallel oscillations. The observed increase in the time sweeps are
thus expected to result from similar random rearrangements of the

crystals as in the thixotropy tests. However, the effect is much
smaller in the time sweep. This is because the compression is only a
one-time displacement, while the thixotropy tests clearly show
stronger moduli decrease with more oscillations.

This particular form of thixotropy is also observed in other
concentrated suspensions, such as clay (Boswell, 1951). While for
clay, electrolytes may contribute to the phenomenon, the particle
shape and mechanical reorganization is believed to play a significant
role in the time dependency of the observed shear thinning and
relaxation.

4 Complementary remarks

The investigation of concentrated, hard-particle, non-colloidal
suspensions provides interesting results but challenging non-
equilibrium conditions. Because the particle sizes are of the order
of ten micro meters, Brownian motion and thermal relaxation
mechanisms are negligible. Additionally, with a particle volume
fraction of about 50%, these suspensions show properties similar to
both soft matter and granular materials. Specifically, the systems are
highly path-dependent, and each state of the system is a result of the
previous history.

It can be concluded that the results observed in the
aforementioned measurements are contingent upon the selected
sample preparation and experimental methodology. While
interesting conclusions can be drawn from the observations
which help understand the complex kinetics in such suspensions,
it is important to keep in mind that the exact experimental results
are context dependent.

The strain accumulation in the system that comes with the
oscillatory measurements will thus lead to different results
depending on the chosen procedure. This is especially visible in
the presented thixotropy tests and, to a lesser extent, in the
time sweeps.

Thus during all rheological measurements, time and oscillation-
cycle dependent effects have to be taken into account. While the
chosen geometry of parallel plates allows detailed studies even at the
given large viscosities and particle sizes, the sample is slightly
compressed when loaded between the plates, resulting in
thixotropic relaxation processes. Additionally, the open set-up
can lead to artifacts resulting from hygroscopy at high air

FIGURE 12
Thixotropy tests of samples containing (50.3±0.3)% (V/V) particles with different size distributions. (A) Storage modulus G′, (B) tan(δ) � G″/G′.
Overshoot in tan(δ) cut off for better visibility.

FIGURE 13
Strain at which G′ showed a local minimum in the amplitude
sweeps, chosen for step 2 in the thixotropy tests.
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humidity or drying processes at low air humidity. This combination
presents challenges when interpreting measurements of
model fondants.

However, it is shown that by working with conditioned air
(increased humidity), drying effects are substantially reduced. The
remaining temporal changes observed in our study are concluded to
mainly result from relaxation after compression, where accumulated
oscillation cycles lead to arbitrary reorientation. Since these effects
are small compared to the strain amplitude or frequency dependent
changes, they do not affect the conclusions drawn from the
respective measurements. However, such processes must be
carefully considered when choosing setup and measurement
times, and the effects have to be included in the interpretation of
results depending on the selected geometry.

5 Summary

The formation of highly concentrated suspensions of sucrose
crystals in a saturated sucrose solution bears resemblance to a
number of products that are widely used in both the
confectionery industry and sugar production, including fondants
and slurries. Furthermore, they present a simple yet fascinating
model system of concentrated hard particle suspensions with
irregular particles distributed in a Newtonian liquid for
fundamental research.

This work presents a study of rheological properties of such
suspensions in combination with a thorough analysis of size and
shape characteristics of the contained particles. We were able to
show that at particle volume fractions of about 50%, all suspensions
show a characteristic course of storage and loss moduli in the
amplitude sweep. The occurrence of a local minimum and
subsequent local maximum in both moduli are independent of
the exact concentration, width of size distribution, mean size,
and shape.

This investigation thus complements previous research on
systems like polymer bead suspension or mud, indicating a
universal behavior of such concentrated suspensions. At the same
particle volume fraction, differences in rheological properties
depend mainly on width of the size distribution and shape next
to particle size. Even though mean particle radii ranged from about
8 μm to 34 µm and dispersity varies from 3 to 37, storage and loss
modulus do not show significant differences at small strains.

However, strain softening starts earlier for samples with larger
mean size and larger dispersity, and the local minimum is more
pronounced. Similar observations are made in thixotropy tests,
where samples with larger size and dispersity reach their
minimum in G′ faster at medium strains. This is attributed to
the higher potential to minimize friction and collisions with a
wider size distribution, which corresponds to a higher maximum
packing fraction at higher dispersities. Thus more possibilities exist
for particles at the same volume fraction to reach an optimal
arrangement by rotational or translational displacement.

Frequency sweeps showed parallel, nearly linear courses of the
moduli, with no crossing-point of G′ and G″ and values of the loss
factor between 1 and 2. Here, the samples containing larger particles
with a broader size distribution showed a slightly stronger
dependency on frequency, with a higher loss factor for smaller

frequencies. This corresponds to sedimentation tests, which showed
stability of all samples within 1 day, but significant sedimentation
after 1month with faster sedimentation for larger particles and
wider size distribution, as expected.

These samples also showed less build-up of storage and loss
modulus after moderate shear in the thixotropy tests. This is
explained by lower degrees of freedom for these samples at small
oscillations, since large particles are moved less due to their bigger
inertia. Consequently, the microstructure of samples with larger
particles is changed less at small strains. Thus the new state of
equilibrium (which depends on the strain amplitude) is closer to the
previous optimized state, and this equilibrium is reached more
quickly compared to samples with smaller particles. However,
thixotropy is observed for all suspensions under study.

With these results, we provide deeper insights into the rheology
of concentrated suspensions of irregular hard particles that are often
encountered in crystal production, confectionery industry, or
similar applications. In combination with image analysis, we were
able to draw relations betweenmicroscopic properties of the samples
to macroscopic, rheological behavior.

The chosen samples also present model systems simple in
composition that allow the results to be transferred to other
areas, like processing of mineral slurries and pastes. Our findings
even demonstrate universality in the visco-elastic behavior of
concentrated suspensions containing hard particles with
compact shapes.
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