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ABSTRACT

In this study, we investigated the effect of overrun, fat destabilization degree and ice crystal size on viscoelastic
behavior, hardness and melting properties of ice cream by changing only one parameter at a time. To vary the
degree of fat destabilization, we changed the emulsifier type; to modify overrun and ice crystal size, we used
either a batch freezer or liquid nitrogen freezing upon whipping. Fat destabilization degree, overrun and ice
crystal size were measured to determine the structural differences between the studied samples. Furthermore,
viscoelastic behavior upon increasing strain and temperature were evaluated by oscillatory rheology. Hardness
and meltdown tests were performed to explore the role of different microstructural elements. Depending on the
composition of the ice cream, we identified two main types of structures: one dominated by the ice crystals, and
one dominated by a fat network. The results showed that the ice crystal-dominated structure contributed more
than the fat network to viscoelastic behavior and hardness, whereas the fat network had a larger effect on the
melting process. Only a limited effect of ice crystal size on the properties of the ice cream was seen, indepen-
dently of the kind of dominated structure. In both types of ice cream, overrun had a large effect on mechanical
properties, but only in ice crystal-dominated samples it also affected melting. This research provides a better
understanding of the role of multiple structural elements in ice cream, which can be used for its reformulation.

1. Introduction

Ice cream is generally described as having "a complex microstructure
consisting of air cells, ice crystals, and a network of coalesced fat
droplets entrapped in a thick continuous phase" (Scholten, 2014). The
structural elements in ice cream can be divided into four categories: (1)
fat phase (fat content and degree of fat destabilization), (2) air phase (air
cell size and overrun), (3) ice phase (ice crystal size and ice fraction),
and (4) unfrozen serum phase. Among these structural elements, fat
content and ice fraction can be easily controlled by adding different
amounts of fat and varying the ratio between sugar and water, which
also determines the final unfrozen serum phase. In addition, the con-
centration and the type of emulsifier influence the degree of fat desta-
bilization. The addition of emulsifiers helps to destabilize the emulsion,
as they are claimed to displace proteins from the interface, thereby
creating a thinner interface favoring coalescence. This increases the
extent of fat partial coalescence and also influences overrun (Warren &
Hartel, 2018). However, many factors in ice cream do not just depend on
the composition, but also on the production process. For example, the
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shear stresses exerted during the freezing process influence the size of
the air cells (Chang & Hartel, 2002), that of the ice crystals (Russell,
Cheney, & Wantling, 1999), and fat destabilization (Goff & Jordan,
1989). In addition, the rate of cooling leads to faster ice crystallization,
which also has an effect on the final ice crystal size. The microstructure
of ice cream depends therefore on both its composition and production
process.

The microstructure of ice cream is responsible for its viscoelastic
behavior, hardness and melting properties, which are important quality
parameters. For example, the fat network formed by fat aggregates has
been shown to greatly decrease the melting rate of ice cream and pro-
mote shape retention (Tharp, Forrest, Swan, Dunning, & Hilmoe, 1998;
Warren & Hartel, 2014). Also the overrun and the ice crystal size can
influence melting. The melting behavior is governed by the heat transfer
from the warmer environment to the ice cream. As air is a good insu-
lator, ice cream with low overrun has been found to melt quickly,
whereas ice creams with high overrun have a good melting resistance
(Warren et al., 2018). However, this contradicts the results found by
Muse and Hartel (2004), who showed that overrun did not appear to
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affect the melting rate. Heat transfer is also in part affected by the ice
crystals, but also in this case conflicting results can be found in litera-
ture. Muse et al. (2004) found that the melting rate increased as ice
crystal size increased, which was attributed to the less tortuous flow
path of the serum phase created by large ice crystals. However, no clear
correlation could be found between ice crystal size and melting rate in
the study of Amador, Hartel, and Rankin (2017). Even though many
studies have been performed, the contradictory indications reported in
literature show that there is still limited understanding of how the
microstructural factors of ice cream influence melting. This is often
related to the fact that in published studies many parameters are
changed at the same time, which makes it challenging to extract their
exact effects.

Besides melting, also hardness is an important quality parameter of
ice cream. The hardness of ice cream is affected by overrun, ice crystal
size and fat network. Also for hardness, contradictory results related to
air content have been reported (Muse et al., 2004; Prindiville, Marshall,
& Heymann, 1999). This was attributed to differences in secondary ef-
fects (ice crystal size, etc.), highlighting again that information on the
role of the individual microstructural features of ice cream is difficult to
obtain. Also in the case of ice crystal size, conflicting results were found
(Sakurai, 1996; Sofjan & Hartel, 2004). In some cases, larger ice crystals
have been shown to increase hardness, while in others they lead to a
decrease in hardness. Contradicting results have also been seen for the
effect of the degree of fat destabilization. Destabilized fat was found to
provide a network among the air cells in ice cream, thereby increasing
hardness (Muse et al., 2004). However, another research showed that no
significant correlation was found between destabilized fat and hardness.
This was again attributed to a secondary effect, as differences in ice
crystal size were also found (Amador et al., 2017). Overall, it is clear that
each structural element (overrun, fat destabilization degree and ice
crystal size), individually or in concomitance with others, affects
viscoelastic behavior, hardness and melting properties of ice cream.
However, it is difficult to gain insight into the relative importance of the
different structural elements on these properties. For a better under-
standing of the physics of ice cream, these elements have to be
controlled separately.

The main aim of this study was to unveil the individual role of fat
network, overrun and ice crystal size in determining viscoelastic
behavior, hardness and melting properties of ice cream by changing only
one of these characteristics at a time, while keeping the others constant.
To manipulate the degree of fat destabilization and thus alter the fat
network, two different surfactants were chosen. Tween 80 served as the
emulsifier to induce fat aggregation or partial coalescence. On the other
hand, whey protein isolate (WPI) was used to strongly stabilize the fat
droplets, resulting in limited fat destabilization. Furthermore, two
freezing methods, a batch freezer or freezing with liquid nitrogen, were
used to manipulate overrun and ice crystal size. Fat content and viscosity
of the unfrozen serum phase were kept constant. In addition, sugar type
and ratio sugar: water were kept the same in all ice creams to guarantee
that all samples had the same ice fraction. Fat destabilization degree,
overrun and ice crystal size were measured separately to characterize
the microstructural differences between the studied samples. X-Ray
Tomography (XRT) was used to visualize the structural differences of ice
creams with different overrun levels. Furthermore, we applied strain
sweep and temperature sweep oscillatory rheology to identify the
structure changes during small deformation and melting. Hardness tests
were performed to explore the role of different microstructural elements
at large deformation. The meltdown properties of samples were also
determined to clarify the effect of different structural elements on
melting.
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2. Materials and methods
2.1. Materials

Anhydrous milk fat was kindly donated by FrieslandCampina
(Wageningen, Netherlands). Whey protein isolate (WPI, 88.8% protein
content) was purchased from Davisco (USA). Tween 80 (P4780) and
sucrose were both purchased from Signa-Aldrich (Netherlands). Kero-
sene was purchased from a local store (Action, Wageningen,
Netherlands). Liquid nitrogen was obtained from SOL GROUP (the
Netherlands). Ultrapure water, purified by a Millipore Milli-Q system
(Darmstadt, Germany), was used for the preparation of all samples.

2.2. Mix preparation

Two emulsions containing either Tween 80 or WPI as emulsifier were
prepared. For the Tween 80-stabilized emulsion, a stock emulsion of
12% AMF was prepared. AMF was melted at 65 °C and then added to a
0.3% (w/w) Tween 80 solution containing 16.55% sucrose. For the WPI
emulsion, WPI (4%) was added to water while stirring and was allowed
to hydrate for 1 h at room temperature. AMF was melted at 65 °C, and
was added at a concentration of 12% to the WPI solution containing
15.85% sucrose. Both emulsions were prepared by pre-homogenization
with an Ultra Turrax at a speed of 13,000 rpm for 2 min and then ho-
mogenized by a homogenizer (Delta Instruments LaboScope Homoge-
nizer HU-3.0, USA) at 13 MPa for one cycle and 11 MPa for 3 cycles. The
mixes were cooled to 25 °C and aged at 4 °C overnight.

2.3. Ice cream preparation

Ice cream samples were made with two freezing methods to vary the
overrun and ice crystal size. According to the first method, the ice cream
mix (1 L) was frozen in a batch freezer (Frigomat T4S-T5S, Italy) for 10
min to a drawing temperature of approximately —10 °C. The overrun
was measured after freezing and the obtained ice cream was collected
into 250 ml containers and hardened at —20 °C for 24 h. According to
the second method, the ice cream mix (1 L) was first whipped with a
milk frother (KitchenSpecials, Netherlands) with a fixed speed for 2 min,
after which the mix was poured into a Mixer (Bosch MFQ36460,
Netherlands). Liquid nitrogen was gradually added during shearing to
gradually decrease temperature. During the process, samples with a
constant volume were taken to determine the weight of the ice cream
and the corresponding overrun. Ice creams with varying overrun (30, 60
and 90%) were collected in plastic containers or rings of different sizes
to form solid ice cream cylinders for different measurements and were
hardened at —20 °C for 24 h. An overview of the studied ice cream
samples is shown in Table 1. The samples are coded according to the
process used (BF: batch freezer, LN: liquid nitrogen), overrun (30, 60 or
90%) and the emulsifier used (WPI or T80).

Table 1
Overview of the studied ice cream samples.
Series Sample code
WPI series Ice cream mix MIX-WPI
LN series LN-90-WPI
LN-60-WPI
LN-30-WPI
BF series BF-30-WPI
T80 series Ice cream mix MIX-T80
LN series LN-90-T80
LN-60-T80
LN-30-T80
BF series BF-30-T80
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2.4. Ice cream microstructure

2.4.1. Overrun

The overrun of ice cream pre-mix foam (whipped ice cream mix) and
frozen ice cream was determined by first weighing a fixed volume of the
aged pre-mix in a metal cup. Next, the same volume of either whipped
ice cream mix or ice cream was weighted in the cup directly after
whipping or ice cream preparation. The overrun was quantified as (Muse
et al., 2004):

Weight of mix — weight of ice cream

Overrun (%) = x 100 (€D)]

Weight of ice cream

2.4.2. Particle size distribution

The fat particle size distribution of the pre-mix and molten ice cream
was measured with static light scattering (Mastersizer 2000, Malvern
Instruments, Ltd, Malvern, Worcestershire, UK), using a refractive index
of 1.46 and 1.33 for the fat and the water, respectively. The initial fat
globule size was obtained from the peak of the pre-mix. From the
bimodal distribution of the molten ice cream, we extracted two addi-
tional parameters, according to our previous work (Liu, Sala, & Schol-
ten, 2022). The mean particle size of each individual peak (D43) was
determined separately, and the volume percentage of the second peak
was used to reflect the degree of fat destabilization as fat aggregate
percentage. Measurements were performed at room temperature and
repeated in triplicate.

2.4.3. Ice crystal size

The analysis of ice crystal size was modified according to the method
described by Velasquez-Cock et al. (2019). A light microscope with a hot
stage (Zeiss Axioskop 2 Plus, Germany) was used to observe the ice
crystals. The temperature of the hot stage was set at —20 °C, and all
tools, reagents and samples were kept at —20 °C before the samples were
prepared. Five mg of ice cream were taken from the core section of each
container with a sharp knife and deposited over a standard glass slide.
One or two drops of kerosene were applied to disperse the ice crystals
more evenly, and the glass slide was covered with a chilled cover slide.
The ice crystals were spread out gently by tapping the cover slide with
chilled tweezers. The whole sample preparation process was carried out
in a —20 °C storage room to prevent the melting of the ice crystals. The
radius of the ice crystals was determined from these images assuming
the ice crystals to have a spherical shape. A circle was placed around the
ice crystals manually, from which the area and radius of the circle were
determined by the software ZEN 2011. Ice crystal images were taken at
10x magnification to acquire at least 300 ice crystals to calculate the
mean ice crystal radius and standard deviation of the samples.

2.4.4. Microstructure evaluation by X-Ray Tomography

To visualize differences in structure, two samples (LN-30-T80 and
LN-90-T80) were evaluated with X-Ray Tomography (XRT). A
cylindrically-shaped ice cream sample of 1.5-2 cm in height and 1 cm in
diameter was extracted by pressing plastic tubes into the frozen ice
cream. Samples were stored at —20 °C before measurements. An X-Ray
Tomograph (GE phoenix v[tome] x m 240, United States) fitted with a
nano-focus head and a 100 kV/10W transmission target was used to
observe the three-dimensional structure of the frozen ice cream samples.
A custom-made isolated sample holder equipped with an ice-filled
bucket was cooled to —20 °C to keep the ice cream samples in a
frozen state. The samples were loaded into the holder and scanned at 90
kV and 320 pA. Approximately 1800 projections were taken during a full
rotation of 360° and the exposure time of each projection was 333 ms,
with filtering turned off, and shift and auto scan optimizer enabled. The
collected images were reconstructed into a three-dimensional repre-
sentation using reconstruction software (GE Phoenix dataosx rec) with
1800 x 1800 x 1000 pixels. The mean size of the air cells and the
thickness of the non-air phase were analyzed by Avizo 2019.4 after
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further processing.
2.5. Viscoelastic behavior, hardness and melting properties of ice cream

2.5.1. Oscillatory rheology

The rheological evaluation of frozen ice cream was performed with a
Physica MCR 501 rheometer (Anton Paar, Germany), using a plate-plate
geometry (PP50/P2). A moveable hood covering the plate-plate geom-
etry was connected to the cooling system to control the temperature of
the plate. An air pump was also connected to the hood to prevent heat
exchange with the environment. Ice cream tablets (—20 °C) of 5 mm
height and 25 mm diameter were taken out of the metal rings using a
cylindrical cutting tool and were transferred to the plate (PP50)
immediately. The initial force was set at 5 N to guarantee that the upper
plate touched the sample tightly before starting the measurements. The
gap width between the plates was adjusted to a constant value of 3 mm,
which was small enough to keep contact between the probe and the
sample during the entire duration of the measurements. Strain sweeps
were carried out in a strain range from 0.0001 to 10%, at a frequency of
1.6 Hz (which was in the linear viscoelastic regime) and at a temperature
of —10 °C to keep the ice cream at the frozen state. Storage modulus (G")
and loss modulus (G") were measured and were plotted as a function of
strain.

Temperature sweeps were used to characterize the melting process of
studied ice cream with increasing temperature (—20 to 10 °C). Mea-
surements were performed at a constant deformation of 0.005% and a
frequency of 1.6 Hz with a plate-plate geometry (PP50/P2). Prior to the
measurement, the temperature of the plate was reduced to —20 °C. The
temperature was increased from —20 to 10 °C with a heating rate of
0.5 °C/min. Sixty measuring points were recorded with 1 min between
measuring points. At least two measurements for each ice cream sample
were carried out. G’ and G" were plotted as a function of temperature.

2.5.2. Hardness

The hardness of the samples was measured with a Texture Analyzer
(TA-TX plus, Stable Micro Systems, UK). Samples with the same volume
were prepared using plastic rings. The dimensions of the samples were
25 mm in height and 60 mm in diameter. The samples were stored in a
freezer at —20 °C for a minimum of 24 h. Prior to the measurement, a
climate chamber was connected to the Texture Analyzer to maintain a
temperature of —20 °C. The samples were taken out of the plastic rings
using a cylindrical cutting tool and transferred to the climate chamber
immediately. Then the samples were measured using an aluminum
cylinder probe (10 mm in diameter) attached to a 50 kg load cell and
were penetrated to a strain of 50% at a speed of 2 mm/s. Instrumental
hardness was defined as the maximum peak force during penetration of
each sample.

2.5.3. Melting test at room temperature

The melting properties of the samples were measured at room tem-
perature (20 °C). Samples with the same volume were prepared using
plastic rings with 25 mm height and 60 mm diameter. Prior to mea-
surements, the samples were stored overnight in a freezer at —20 °C.
Then the samples were taken out of the rings and placed on a 136 x 136
mm metal grid with 5 x 5 mm holes representing 44% of the total area of
the metal grid. The starting weight of each sample was measured and a
collection cup was placed on a measuring scale underneath the mesh.
The weight of the molten sample was measured every 10 s, at a tem-
perature of 20 °C, for a duration of 240 min. Three phases could be
identified during the whole melting process: (i) a lag phase, (ii) a fast-
melting phase, and (iii) a plateau phase. The lag phase corresponds to
the phase until the first droplet dripped, from which the lag time (min)
was obtained. The fast-melting phase corresponds to the phase between
the end of the lag phase and the beginning of plateau phase, from which
the melting rate (%/min) was determined from the slope. From the
plateau phase, representing the phase after complete melting, the



X. Liu et al.

melted percentage (%) was determined as the loss of total ice cream after
complete melting. The measurements were performed in duplicate.

2.5.4. Statistical analysis

The data were analyzed by SPSS software (Version 25.0, IBM Corp).
The means were compared using a Duncan’s test at a 5% level of sig-
nificance using the analysis of variance (ANOVA).

3. Results and discussion
3.1. Characteristics of the model ice cream samples

3.1.1. Variations in overrun

Variations in the overrun of the different samples were obtaining by
applying different ice cream making procedures. In samples made with a
batch freezer, the overrun increased within 3 min to around 30% (data
not shown) and then remained constant with increasing freezing time
(10 min). This method allowed to obtain ice cream with constant
overrun. On the other hand, the liquid nitrogen freezing process opti-
mized for our research allowed to obtain samples with varying overrun.
According to this process, liquid nitrogen was added into pre-whipped
ice cream mixes. The gradual addition led to a decrease in tempera-
ture from 4 to —4 °C with a much slower cooling rate, as a limited
amount of liquid nitrogen was added at a time (the ratio liquid nitrogen:
pre-mix was kept around 1:30). This process resulted in higher overrun
values, and with increasing processing time these values gradually
decreased. Specifically, the overrun decreased from 240 to 30% in the
WPI series (Fig. 1a), while a less pronounced decrease, from 110 to 30%,
was seen in the T80 series (Fig. 1b). The difference in the evolution of
the overrun can be attributed to the different stability of the air cells. In
the WPI series, the air cells were mainly stabilized by fat droplets and
whey protein, while in the T80 series the air cells were stabilized by fat
droplets, fat droplet aggregates and Tween 80. The higher ability of
whey protein to stabilize air cells resulted in a higher initial overrun in
the WPI series. As freezing proceeded, the air cells in the WPI series were
progressively more destabilized and the overrun decreased. Although
the initial overrun in the T80 series was lower, the aggregation of the fat
droplets provided more stability to the air bubbles, and therefore the
decrease in overrun was more limited. For both the WPI and T80 series,
we could collect samples with different overrun (approximately 30, 60
and 90%) by sampling at different times during processing, as indicated
in Fig. 1 with red circles. At the moment of collection, the ice content
was different, but after the hardening step, it was the same in all sam-
ples, as the ratio sugar: water was kept the same.

3.1.2. XRT analysis for ice cream microstructure
To obtain information on the structural organization of the air cells
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and the non-air phase, we analyzed two representative ice cream sam-
ples with X-Ray Tomography. As this method relies on density differ-
ences between phases, we were only able to distinguish between the
dispersed air phase and the non-air phase, but no information on the fat
phase could be obtained. We selected a sample with 30% overrun and
one with 90% overrun from the T80 series. The results are shown in
Fig. 2. From the image reconstruction, the mean size of air cells and the
mean distance between air cells (thickness of non-air phase) were
quantified. The sample with low overrun was of course much denser,
with a mean air cell size of 34 pm, and a mean thickness of the non-air
(serum) phase between the air of 178 pm. For higher overrun (90%), the
structure was more open, with a mean air cell size of 165 pm, and a
much lower thickness of the non-air (serum) phase of 69 pm. Similar
indications were reported by Koxholt, Eisenmann, and Hinrichs (2001),
who showed that higher overrun leads to thinner lamellae between the
air cells.

3.1.3. Variations in fat destabilization

The degree of fat destabilization in the WPI and T80 series was
determined by measuring the fat particle size distribution of pre-mix and
molten ice cream. As shown in Fig. 3, a bimodal distribution was found
for both the WPI series (Fig. 3a) and the T80 series (Fig. 3b). The first
peak (0.01-10 pm) corresponded to the single fat droplets, and the
second peak to aggregated fat droplets with a size over 10 pm. From
these results, two parameters were used to quantify the fat destabiliza-
tion degree: (1) mean fat particle size (D4 3), and (2) fat aggregate per-
centage (determined from the second peak), which are summarized in
Table 2 for both series.

In the WPI series, limited fat destabilization took place, indepen-
dently of the freezing process, and samples with different overruns also
had similar particle size distribution (Fig. 3a). In the curves of Fig. 3, a
small shoulder/peak with a mean size around 0.2 pm could be observed,
which could be attributed to whey protein aggregates present in the
continuous phase. As shown in Table 2, the particle size ranged from 1.4
to 2.6 pm, and the fat aggregate percentage was less than 3.9%.
Comparatively, in the T80 series (Fig. 3b), a higher degree of fat
destabilization was found for both freezing processes. This was ex-
pected, as it is known that small molecular weight emulsifiers (T80)
provide less stability against aggregation compared to proteins, which
tend to form a thicker and more viscoelastic membrane at the oil/water
interface (Fredrick, Walstra, & Dewettinck, 2010). The mean fat particle
size of the T80 ice creams made with liquid nitrogen ranged between 44
and 107 pm, and the percentage of fat aggregates ranged between 72
and 100%. This can be explained by the increasing processing time, as it
has been found that the degree of fat destabilization in ice cream is
influenced by shear forces and freezing time (Chang et al., 2002).
Samples with higher overrun had a lower total freezing time, and
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Fig. 1. Overrun changes in (a) WPI and (b) T80 ice cream series during freezing in a batch freezer (BF) and with liquid nitrogen (LN). LN: black squares, BF: red dot.
The times of sample collection are highlighted with red circles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Low overrun (~30 %)

(a) Air cells (34 um)

High overrun (~90 %)

(c) Air cells (165 pm)

Food Hydrocolloids 138 (2023) 108466

Fig. 2. Images of the 3D microstructure of ice creams
with different overrun level from the T80 series. The
air and non-air phase were examined for the mean
size of the air cells, and the thickness of the (non-air)
serum phase. The dimensions of the cylinders were
4.5 mm in height and 4 mm in diameter. The warmer
(red) colors indicate higher values of air cell size or
serum phase thickness and colder (blue) colors indi-
cate lower values. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)

(d) Serum phase thickness (69 pm)
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Fig. 3. Fat particle size distribution of the (a) WPI and (b) T80 ice cream series (including mix and molten ice cream). MIX: black line; LN-90: dark grey; LN-60: grey;

LN-30: light grey; BF-30: black dotted line.

Table 2
Mean particle size and degree of fat destabilization of the WPI and T80 ice cream
series.

Ingredients Mean particle size, Fat aggregate percentage
Dy 3 (pm) (%)

WPI series Mix 1.2 +£0.1°¢ 0
LN-90-WPI 2.6 +0.2° 0
LN-60-WPI 1.7 £ 0.1¢ 3.1 +0.2°
LN-30-WPI 1.4 +0.1°¢ 3.9 +0.1°¢
BF-30-WPI 2.0+0.1° 2.4 + 0.3

T80 series Mix 1.5+ 0.1°¢ 0
LN-90-T80 44 £ 2¢ 72 +1¢
LN-60-T80 85+ 7° 84 + 2¢
LN-30-T80 107 £ 9% 100*
BF-30-T80 62 £1¢ 94 +1°

Values with a different letter within the same column are significantly different
(P < 0.05).

showed therefore a lower degree of fat destabilization. In addition, in
the T80 ice cream samples prepared with the batch freezer and low
overrun (BF-30-T80), the D4 3 and the percentage of fat aggregates were
62 pm and 94%, respectively. These values were relatively low
compared with those of the liquid nitrogen ice cream sample at the same
overrun level (LN-30-T80), which were 107 pm and 100%. This differ-
ence can also be attributed to the longer freezing time with the liquid
nitrogen freezing process. Thus, both the emulsifier type and freezing
time were used to control the degree of fat destabilization.

3.1.4. Ice crystal size

The ice crystal size of the samples was expected to mainly be influ-
enced by the freezing process. In fact, as shown in Table 3, for the WPI
series, the average crystal radius was 22 pm for samples made with the
batch freezer (BF-WPI), and approximately 41 pm for samples made
with liquid nitrogen (LN-WPI), regardless of the overrun. For the T80
series, the ice crystal radii of samples made with the batch freezer (BF-
T80) and liquid nitrogen (LN-T80) were 29 and 52 pm, respectively. For
both series, the liquid nitrogen freezing process resulted in larger ice
crystals than the batch freezer. These results were in contradiction with
a previous study, in which liquid nitrogen provided smaller ice crystals
(Goff & Hartel, 2013). These differences can be explained by the cooling
rate. Although liquid nitrogen can lead to fast ice crystal nucleation due

Table 3
Mean radius of the ice crystals in the T80 and WPI ice cream series.

Ingredients Ice crystal radius (pm)
WPI series LN-90-WPI 39 + 6%¢

LN-60-WPI 41 £ 93¢

LN-30-WPI 42 + 6%

BF-30-WPI 22+ 6°
T80 series LN-90-T80 47 +£12%

LN-60-T80 52 + 62

LN-30-T80 57 +13%

BF-30-T80 29 + 7%

Values with a different letter within the same column are significantly different
(P < 0.05).
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to its very low temperature, the cooling rate is actually determined by
the ratio between pre-mix and liquid nitrogen. As we only added a very
limited amount of liquid nitrogen at a time, the cooling rate was much
lower than that in the batch freezer. A lower cooling rate thus resulted in
larger ice crystals. In addition, the longer freezing time could be another
reason for the inconsistency between our results and those of Goff and
Hartel (2013), as a longer processing time has been shown to produce ice
creams with larger ice crystals due to the greater extent of recrystalli-
zation (Drewett & Hartel, 2007; Russell et al., 1999).

Some differences in ice crystal size could also be found between the
T80 and the WPI series. Ice cream of the latter series (Fig. 4a) showed
small ice crystals, whereas the T80 series contained slightly larger ice
crystals (Fig. 4b). As the ice faction was the same in all studied samples,
the number of ice crystals was higher in samples with smaller ice crys-
tals. This most probably led to a higher ice connectivity in the WPI
samples. As in the T80 series a fat network was formed by destabilized
fat aggregates, we could also speculate that the contact frequency
among ice crystals was reduced, resulting in lower ice connectivity and
larger ice crystals. Therefore, samples with WPI had smaller ice crystals
with higher ice connectivity, whereas T80 samples had large ice crystals
with low ice connectivity. These results showed that in our samples, next
to overrun and fat destabilization degree, also ice crystal size could in
fact be controlled.

3.1.5. Dominating structure in the two series

To get insights in the dominating structures present in the studied
samples, we examined their shape retention after melting for 3 h, which
is related to the formation of a fat network remaining behind at the end
of the melting process (Liu et al., 2022). As shown in Fig. 5, a significant
difference in shape retention could be found between the two series. The
samples of the WPI series presented a low ability to retain their structure
due to a limited degree of fat destabilization, while the samples of the
T80 series showed strong shape retention after melting. As both series
had the same fat content, we can conclude that the main reason leading
to the different shape retention was the different degree of fat destabi-
lization, which resulted in a significantly different microstructure in the
two series.

Based on the results presented above, in Fig. 6 we propose a sche-
matic representation of the microstructure of the WPI and T80 ice
creams. In the case of the WPI series, the dominant structure was formed
by the ice crystals due to the limited degree of fat destabilization. The ice
crystal structure was formed by the smaller ice crystals and a higher ice
connectivity between the smaller crystals (Fig. 6a). In comparison, in the
case of the T80 series, a high degree of fat destabilization resulted in a fat
network-dominated structure, in which ice crystals and air cells acted as
fillers (Fig. 6b). Thus, at the same fat content and ice fraction, ice creams
with two significant different microstructures were identified, by which
we could clarify the separate contribution of fat network, overrun and
ice crystal size.

a. WPI series
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3.2. Viscoelastic behavior, hardness and melting properties of the two
model ice cream series

3.2.1. Effect of structure on viscoelastic behavior

Using different ingredients and freezing processes, we were able to
control the different microstructural elements of our samples. To unveil
how their intrinsic arrangement and the interactions among them
affected the viscoelastic behavior of the ice cream, we measured G’ and
G" as a function of the applied strain (Fig. 7). To gain insights in the role
of the fat network, we compared BF-30-WPI (black circles) and BF-30-
T80 (grey circles), which had a similar ice crystal size (P > 0.05) and
the same overrun (30%), but a different fat destabilization degree
(Fig. 7a). BF-30-WPI, the sample with a lower degree of fat destabili-
zation, showed a longer linear viscoelastic regime (LVR) than BF-30-
T80. In addition, although the G’ and G" were similar at low strain
(lower than 0.002%), they decreased less with increasing strain for BF-
30-WPI than for BF-30-T80. The difference can be explained by the
difference in the dominating contribution. The sample with a higher
contribution of the ice crystal structure and the weaker fat network (BF-
30-WPI) presented the most solid like properties (higher G’) upon
increasing deformation.

To clarify the effect of ice crystal size on the viscoelastic behavior of
the WPI series, we compared the moduli of LN-30-WPI (black squares)
and BF-30-WPI (black circles), which had similar limited degree of fat
destabilization and overrun (30%), but a different ice crystal size (42
and 22 pm). As shown in Fig. 7b, within the whole strain range, similar
G’ and G" could be found for both samples. The solid-like properties
were thus more determined by the total ice content, and the ice crystal
size or connectivity had limited effect. A similar trend could also be
found in the T80 series (Fig. S1a in supplementary material): the sample
LN-30-T80 with larger ice crystal size and a higher degree of fat desta-
bilization showed similar G’ and G" as BF-30-T80 within the whole strain
range. The fat aggregates could reduce the connectivity of the ice crys-
tals even further, but the differences between the samples were limited.

In addition, by comparing the viscoelastic behavior of LN-30-WPI
(black squares) and LN-90-WPI (light grey squares), which had a
similar ice crystal size (approximately 40 pm) and degree of fat desta-
bilization, but a different overrun of 30 and 90%, respectively, the effect
of overrun on the viscoelastic properties could be identified. As can be
seen from Fig. 7c, within the whole strain range, LN-30-WPI showed
higher values of G’ and G" than LN-90-WPI. The higher moduli for
samples with lower overrun could be attributed to the formation of a
more connected ice crystal structure in the LN-30-WPI sample. Ice cream
with a lower overrun was expected to have a thicker serum phase, which
would lead to more contacts among ice crystals. Similarly, LN-30-T80,
with lower overrun but higher degree of fat destabilization, also
showed higher values of G’ and G" than LN-90-T80 within the whole
strain range, but the differences between these two samples decreased
with increasing strain (Fig. S1b supplementary material). The smaller

Fig. 4. Images of ice crystals in the (a) WPI and (b) T80 ice cream series. Top left: samples prepared with a batch freezer (BF). Top right: samples made with liquid
nitrogen (LN) with an overrun of 30%. Bottom: samples made with LN with 60% (left) and 90% (right) overrun.
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Fig. 5. Shape retention of the (a) WPI and (b) T80 ice cream series after 3 h melting at 20 °C. From left to right: samples prepared with the batch freezer (BF) with
30% overrun, and samples prepared with liquid nitrogen (LN) with 30%, 60% and 90% overrun.
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Fig. 6. Schematic representation of the (a) ice crystal-dominated structure (WPI series) and (b) fat network-dominated structure (T80 series). This figure is not drawn

to scale.

difference between G* and G" can be explained by the effect of the fat
network on the ice crystal-dominated structure. The sample with a
higher overrun had a lower degree of fat destabilization and thus a
weaker fat network, which had a lower influence on ice crystal con-
nectivity. Therefore, the difference in the connectivity between the ice
crystals between low and high overrun samples was smaller. As dis-
cussed above, the viscoelastic properties of ice cream were dominated
by the ice crystal structure, and, therefore, a smaller difference between
G’ and G" was expected between LN-30-T80 and LN-90-T80 (Fig. S1b
supplementary material), as both samples have a fat-dominated
network. The effect of rheological and structural components (mix vis-
cosity, overrun and fat destabilization) on the viscoelastic properties of
ice cream was also reported by Freire, Wu, and Hartel (2020). In this
article, G’_15-c was used to characterize the viscoelastic properties of the
ice cream. In this paper, G’.15°¢c was strongly correlated with mix vis-
cosity, but did not appear to significantly relate to overrun and fat
destabilization. An inverse correlation was found between mix viscosity
and G’.i5°c, and the authors attributed this to a loss in connectivity
among ice crystals as a result of the presence of a serum phase in which
the polysaccharides were highly entangled (as result of freeze concen-
tration of the serum phase). Due to the high viscosity of their samples,
they did not see any effects of overrun and fat destabilization. However,
when the effect of viscosity is reduced, which is the case in our study, a
clear inverse correlation can be observed between overrun and G’ in
both the ice crystal-dominated and fat network-dominated series. As
discussed above, this can be explained by a loss in connectivity among
ice crystals due to high overrun values. In addition, although no clear

effect of fat destabilization on G’ and G" could be found within the LVR,
we could observe that fat destabilization had a negative effect on the G’
and G" with increasing strain, clarifying that fat destabilization mainly
plays a role upon large deformation.

In conclusion, the viscoelastic properties of ice cream were mainly
determined by the ice crystal structure. The effect of ice crystal size on
the viscoelastic behavior of both series was limited. However, the
overrun had a larger effect on the viscoelastic moduli of samples with an
ice crystal-dominated structure, due to a secondary effect of the influ-
ence of the fat network on the connectivity between ice crystals.
Increasing overrun weakened the structure of ice crystals and thus led to
lower viscoelastic moduli. Although oscillatory rheology has not been
extensively used in ice cream research, our results showed that this
technique can provide valuable information on the structural organi-
zation of this food.

3.2.2. Hardness

As evidenced with oscillatory shear experiments, the different
structural elements of the samples affected the strength of the structure
and the resistance against collapse after melting of the ice fraction. The
ice crystal-dominated structure was shown to contribute the most to the
solid-like behavior, and was thus expected to strongly influence also the
hardness of the ice cream. The hardness of both the WPI and the T80
series was determined by performing penetration tests. As shown in
Fig. 8, in both series, samples with smaller ice crystals (BF samples, dark
grey) had hardness similar (P > 0.05) to that of samples with the same
overrun but larger ice crystals (LN-30, black), indicating that ice crystal
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T80

size did not affect hardness. The connectivity among ice crystals,
therefore, does not seem to affect ice cream structure at large
deformation.

A clear effect of overrun was observed in Fig. 8. For both the WPI and
T80 series, the lowest hardness was observed in high overrun ice creams
(90%, light grey bars), and its value increased when the overrun
decreased (30%, black bars). This relationship has been reported by
many researchers (Biasutti, Venir, Marino, Maifreni, & Innocente, 2013;
das Gracas Pereira, de Resende, de Abreu, de Oliveira Giarola, & Per-
rone, 2011; Syed, Anwar, Shukat, & Zahoor, 2018). Limited differences
were observed between the WPI and T80 series, indicating that the type

" " " "
10+ 102 102 10" 10° 10"

L
107" 10° 10'

of dominated structure had a negligible effect on hardness. In both ice
crystal-dominated and fat network-dominated structures, the effect of
overrun on hardness was similar, by limiting the formation of either
structure. In spite of this, we did see some effect of fat destabilization on
hardness. Samples with a higher fat destabilization degree (T80 sam-
ples) and with similar overruns had a slightly lower hardness than
samples without fat destabilization (WPI series). This could be attrib-
uted to the fact that the fat network (T80 samples) was less solid
compared with the ice crystal-dominated structure. In addition, a higher
degree of fat destabilization could limit the formation of an ice
crystal-dominated structure even further. The lower connectivity be-
tween ice crystals in T80 samples thus led to reduced hardness. This
finding is consistent with the results found with oscillatory shear ex-
periments, in which higher moduli were found with increasing strain in
samples with a more extended ice crystal-dominated structure (WPI
samples). Therefore, it can be concluded that the ice crystal-dominated
structure plays a major role in determining hardness.

3.2.3. Structure changes during melting

The results discussed above show that in our samples the ice crystal
structure had the largest effect on hardness. The effect of the micro-
structure during melting was also evaluated by measuring G’ and G" as a
function of temperature. Fig. 9 shows the structural changes of ice
creams with either an ice crystal-dominated (BF-30-WPI) or a fat
network-dominated (BF-30-T80) structure. All measurements were
carried out within the LVR, and in the obtained curves three zones can
be identified; (1) zone I, from —20 to —3 °C: in this temperature range
the solid behavior of the sample dominates the rheological properties as
the ice cream is still in its frozen state; (2) zone II, between —3 and 4 °C:
in this region, the moduli show a steep decrease, which indicates the
fast-melting state of the ice cream; (3) zone III, from 4 to 10 °C: within
this zone, the rheological behavior of ice cream is dominated by the
microstructure of the molten ice cream (Eisner, Wildmoser, & Windhab,
2005).

As shown in Fig. 9, in zone [, similar G* and G" were observed for the
ice creams with different degrees of fat destabilization, indicating that
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Fig. 9. Storage modulus (G’) and loss modulus (G") as a function of tempera-
ture for samples with two different structures as a result of different fat
destabilization degree. Ice crystal-dominated structure: BF-30-WPI (black cir-
cles); fat network-dominated structure, BF-30-T80 (grey circles). G’ is provided
as solid symbols, and G" as empty symbols.

ice crystals and a fat network had a similar contribution to the visco-
elastic properties at small deformation. This result was consistent with
the data from the strain sweep within the LVR (Fig. 7a). Although in the
frozen state the effect of microstructure was limited, larger effects were
seen in the fast-melting state (zone II). A fast and early decrease of both
G’ and G" was seen for the sample dominated by an ice crystal structure
(black symbols). However, for samples dominated by a fat network, the
decrease in G’ and G" occurred mainly at higher temperature, which
corresponded to a slower melting. This result indicated that the forma-
tion of a fat network had a significant influence on the melting process.
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In addition, the fat network was also able to entrap the serum phase,
which was reflected by the relatively lower melting rate and melted
percentage (Fig. 5). As a matter of fact, when fat droplets are present as a
3D network, drainage of the serum phase is prevented. This result is in
agreement with studies by other authors (Warren et al., 2014; 2018). In
zone III, all samples melted completely. Due to the 3D network of fat
particles, G’ and G" were still high in samples with a fat network
dominated structure, whereas samples with an ice crystal-dominated
structure showed much lower G’ and G", as limited fat destabilization
was present.

To clarify the effect of ice crystal size on structure changes during
melting, we compared samples of both the WPI (Fig. 10a) and T80 series
(Fig. 10b) with a low overrun of 30%, prepared with either a batch
freezer (BF) or liquid nitrogen (LN), and thus with different ice crystal
size. As shown in Fig. 10a, for WPI samples, similar G’ and G" were
observed in ice creams with different ice crystal size in all three zones.
These results showed that ice crystal size did not have a significant in-
fluence on the melting process. As also concluded from the results of the
oscillatory shear experiments, the structure of the ice crystals was
dominated by ice content, and ice crystal size had limited influence. Also
for the T80 samples (Fig. 10b), where the fat network was more prom-
inent, similar G’ and G" were found. However, at higher temperatures,
differences in G and G" started to appear, especially in zone III. Higher
values were found for samples with larger ice crystals. This could be
attributed to the fact that the fat aggregate percentage was also higher in
the sample with a larger ice crystal size. As the ice crystals melted, the
3D fat network slowed down the melting process. Due to the disap-
pearance of the ice crystals and their connectivity, the contribution of
the fat network became more relevant.

The effect of overrun could be clarified by comparing samples with
different overrun (30% and 90%) in both the ice crystal- and fat
network-dominated series. As shown in Fig. 10c, for WPI samples with
higher overrun (triangles), lower values for G’ and G" were observed in
zone I. As discussed in section 3.1.4, the overrun significantly influenced
the thickness of the lamellae between air cells: a higher overrun corre-
sponded to larger air cell size, leading to thinner lamellae. This

Fig. 10. Storage modulus (G’) and loss modulus (G")
as a function of temperature for samples with
different structural elements. Samples with varying
ice crystal size; (a) WPI series: LN-30-WPI (black
squares) and BF-30-WPI (black circles) and (b) T80
series: LN-30-T80 (grey squares) and BF-30-T80 (grey
circles). Sample with varying overrun; (c) WPI series:
LN-30-WPI (black squares), and LN-90-WPI (black
triangles), and (d) T80 series: LN-30-T80 (grey
squares) and LN-90-T80 (grey triangles). G’ is pro-
vided as solid symbols, and G" as empty symbols.
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negatively affected the connectivity among ice crystals, which explained
the lower values of the moduli. Due to the lower connectivity between
the ice crystals, the moduli also started to decrease at a lower temper-
ature, i.e. melting started earlier. However, at higher temperature, the
melting slowed down, and therefore, two different melting regimes (fast-
melting and slow-melting regime) were seen in zone II for the sample
with high overrun. The low overrun sample (squares) showed only one
fast-melting regime, but the melting started later (higher temperature).
Although many results in literature claim that air is a good insulator and
slows down the rate of heat transfer to the ice cream (Sofjan et al., 2004;
Wu, Freire, & Hartel, 2019), our results clarified that the structure ob-
tained by the ice crystals seems to be more important for initial melting
than the overrun, and that the overrun mainly slows down melting at a
later stage. The differences between our results and those of other au-
thors concerning the effect of overrun on melting may be explained by
differences in serum phase viscosity. In studies of other authors, poly-
saccharides were often added to the recipe and thus led to a high serum
phase viscosity, which could stabilize the air cells during the melting
process. However, in our study, no polysaccharides were used. The
lower serum phase viscosity provided lower stability to the air cells,
leading to a faster escape once the structure determined by the ice
crystals collapsed. In the T80 series with a fat network-dominated
structure, only one melting regime was found in zone II (Fig. 10d) and
the melting was much slower. This again shows that the fat network had
a strong influence on the melting rate. In these samples, overrun had a
larger effect. The sample with higher overrun (triangles) started to melt
at lower temperature and faster (higher slope of moduli curves). The
faster melting is consistent with the samples of the WPI series, and
contradicts the findings by others. For example, Warren et al. (2018)
showed that ice creams with high overrun had a good melting resistance,
due to the good insulating properties of air. These results show that not
only the overrun is important, but that the network or structure in which
the air is incorporated plays a larger role. In the study of Warren, the
sample with higher overrun also corresponded with a higher level of fat
partial coalescence. However, in our case, a lower degree of fat desta-
bilization was found in the high overrun sample. As shown in Fig. 2, the
thickness of the lamellae between air cells was 178 pm for the low
overrun sample, and 69 pm for the high overrun sample, and the fat
aggregate size was 107 and 44 pm, respectively (Table 2). These results
show that the stronger fat network in the thicker serum phase had a
higher ability to resist melting, even though these samples have a lower
overrun. The effect of air is thus very much dependent on the specific
structure of the sample. In zone III, higher values of G’ and G" were
found for the high overrun WPI sample, indicating the air cells were able
to provide some structural integrity when molten. However, higher
values were found for the T80 samples with lower overrun, as it had a
stronger fat network.

3.3. Melting properties

We also measured the melting properties of the different ice creams
using a common test carried out at room temperature during which
three melting parameters were determined: melting rate, lag time, and
melted percentage of ice cream. The results are summarized in Table 4.

Ice crystal-dominated samples (WPI series) exhibited a significantly
different melting behavior than fat network-dominated samples (T80
series). As shown in Table 4, for the fat network-dominated series,
longer lag time, lower melting rate and lower melted percentage were
found compared to the samples in which ice crystals were more domi-
nant (P < 0.05). These results were consistent with the melting behavior
obtained from temperature sweep measurements, where samples of the
T80 series showed a higher initial temperature and a lower melting rate.
This confirmed that in our sample a fat network played a larger role in
affecting the melting process than the structure obtained by the ice
crystals.

In the WPI series, dominated by the structure of ice crystals, ice
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Table 4
Overview of melting parameters of ice creams in WPI and T80 series.
Samples Lag time Melting rate Melted
(min) (%/min) percentage (%)
WPI series LN-90-WPI 12.2 + 1.7¢ 2.3 +0.3% 97.6 &+ 2.0%
LN-60-WPI 12.8 + 2.1¢ 2.3 +0.1° 98.4 + 0.9*
LN-30-WPI 16.2 + 0.7¢ 2.2 +0.1% 99.2 + 0.6°
BF-30-WPI 17.9 £ 1.8° 2.1 +£0.1°% 98.0 &+ 0.4*
T80 series LN-90-T80 18.0 £ 0.2¢ 1.2 +0.2° 40.6 &+ 1.0°¢
LN-60-T80 23.2+09°  1.0+0.1" 41.2 +1.8°
LN-30-T80 29.4 4+ 1.3% 0.7 +£0.1¢ 44.8 £ 0.5"
BF-30-T80 209 +0.8  1.1+0.1° 46.7 +1.2°

Values with a different letter within the same column are significantly different
(P < 0.05).

crystal size (comparing LN-30-WPI and BF-30-WPI) did not appear to
have a significant effect on melting rate, lag time and melted percentage
(P > 0.05). These results were consistent with the observations in zone II
in Fig. 10a, and contradict those obtained by Muse et al. (2004), who
reported that the melting rate increased as ice crystal size increased.
However, in their study, these samples varied also in degree of fat
destabilization and overrun, making it difficult to draw firm conclusions
on the role of ice crystal size. In our samples, only ice crystal size varied,
and therefore, a direct link with the melting behavior could be made.
Our results show that ice crystal size itself has limited influence, and that
the structure obtained by the ice crystals or fat network plays a more
important role. The limited influence of ice crystal size was also seen in
the T80 series, where lag time and melting percentage (P > 0.05) for
sample LN-30-T80 and BF-30-T80 were similar. However, a small effect
of ice crystal size on melting rate was observed. We propose that this was
an indirect effect of difference in the fat network.

The overrun had a larger effect on the melting properties. In ice
crystal-dominated systems, by comparing LN-90-WPI and LN-30-WPL, it
could be concluded that increasing overrun decreased the lag time from
16.2 to 12.2 min. This result was in line with the findings in zone II in
Fig. 10c. As discussed before, the lower lag time could be attributed to a
lower connectivity between ice crystals. These results thus confirmed
that in our samples the ice crystal-dominated structure was more
important than the overrun for the start of the melting process, even
though overrun has always been claimed to slow down melting. How-
ever, samples with different overrun showed similar melting rate and
melted percentage, which seemed to be inconsistent with the observa-
tions in Fig. 10c. This was probably due to the different conditions
during the melting process. When ice cream melts on a mesh screen, air
cells can easily escape due to the collapse of the structure obtained by
connecting ice crystals. However, during rheology measurements, the
structure is more confined, leading to a slow-melting regime in Fig. 10c.
For fat network-dominated systems, the effect of overrun was more
pronounced. For samples with higher overrun (LN-90-T80), lag time
decreased and melting rate increased. These results were consistent with
the observations in Fig. 10d. A stronger fat network formed in the
sample with a lower overrun (LN-30-T80) significantly delayed the
melting process, which confirmed that the fat network is more important
than overrun in resisting the melting.

By combining data obtained on a mesh screen with those derived
from temperature sweeps, we could conclude that the presence of a fat
network played a dominant role in determining the melting behavior.
For fat network-dominated ice cream, all melting parameters were
determined by the degree of fat destabilization, and overrun played a
limited role. For ice crystal-dominated ice cream, the ice crystal struc-
ture was also more important than the overrun, but only at an early
melting stage. At later stages when the structure of connecting ice
crystals disappeared, the overrun could slow down the melting if air
cells were well stabilized.
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4. Conclusion

In this study, the role of fat destabilization degree, overrun and ice
crystal size in determining the viscoelastic behavior, hardness and
melting properties of ice cream was investigated. The structural factors
were altered independently, which allowed us to extract the role of the
individual factors. Due to differences in fat destabilization, ice creams
with two significantly different microstructures were identified: an ice
crystal-dominated structure and a fat network-dominated structure. For
the ice crystal-dominated ice cream, changing ice crystal size had
limited influence on viscoelastic moduli, hardness and melting behavior.
Increasing overrun induced a loss of connectivity between ice crystals
and thus led to lower viscoelastic moduli and hardness. The lower
connectivity between ice crystals also caused earlier melting of the ice
cream in the initial melting stage. At later stages of melting, higher
overrun was able to slow down the melting process, leading to a two-
step melting process. The ice crystal-dominated structure was shown
to contribute more than the fat network to the solid-like properties of ice
cream. For fat network-dominated structures, ice crystal size had limited
effect. Overrun did affect hardness, but to a lesser extent than for the ice
crystal-dominated samples. However, the fat network played a more
dominant role in the melting properties. As a higher overrun disrupted
the fat network, higher values of this parameter led to faster melting,
even though overrun is generally assumed to slow down melting. These
results revealed that the effect of the fat network on the melting
behavior was more prominent than the effect of overrun.
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