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In this study, we investigated the effect of fat aggregate size and percentage on fat network formation and, ul
timately, on the melting properties of ice cream. To control fat destabilization degree and fat network formation,
we varied fat and emulsifier content, and blended coconut oil with milk fat, obtaining three different sample
series varying in: 1) fat content, 2) fat aggregate size, and 3) fat aggregate percentage. The degree of fat
destabilization in terms of aggregate size and the percentage was measured by light scattering techniques. The
distribution of the fat around the air cells and in the unfrozen serum phase was calculated based on the measured
overrun. Overall, a similar overrun was found in the three series of ice cream. The fat percentage in the
remaining phase was measured to verify how much fat and what type of fat aggregates were present in the fat
network. The results show that fat destabilization degree is relatively more important than fat content in
determining the melting behavior of ice cream with low overrun. Clear relations between different fat desta
bilization parameters and ice cream melting behavior were established, indicating that the melting behavior of
ice cream is related to specific properties of the fat network. Controlling fat destabilization in the unfrozen ice
cream phase may be used to alter the properties of ice cream, and could contribute as a fat reduction strategy in
ice cream.

1. Introduction
Ice creams typically contain 10–16 % of fat, making it an important
ingredient that affects product hardness, shape retention, and melting
resistance after hardening (Mahdian & Karazhian, 2013). So, it can be
stated that fat plays a key role in determining the texture of ice cream,
and thereby also its specific sensory characteristics. It has been shown
that as the fat content decreases, ice cream becomes less white, harder,
and melts more quickly (Roland, Phillips, & Boor, 1999). Reduction of
fat in ice cream can thus lead to textural defects such as iciness and
coarseness, brittle body and shrinkage (Mahdian & Karazhian, 2013).
During the whipping and freezing process, some of the fat in the mix is
converted into aggregates, and then a three-dimensional aggregated fat
network is formed, which provides structural integrity, a process known
as fat destabilization (Goff & Hartel, 2013). Fat aggregates are mainly
the result of three mechanisms: aggregation, partial coalescence and
coalescence. Aggregation refers to the fact that individual fat droplets
stick together during collisions caused by the shear forces in the dynamic
freezing step. As the droplets are partially crystalline, their integrity is

maintained, which limits the extent of true coalescence of the fat into
larger droplets (Pawar, Caggioni, Hartel, & Spicer, 2012). To obtain
coalescence, destabilization of the fat globules is required, which is often
accomplished by the addition of emulsifiers that compete with proteins
at the fat globule interface, leading to more emulsifier-rich domains.
This results in a decrease in the strength of the protein layer adsorbed at
the interface and a reduction of the steric repulsion among fat globules,
which favors partial coalescence. Emulsifiers also interact with fat and
influence the crystallization of emulsified fat by changing crystal
growth, morphology and stiffness of the crystallized fat (Cheng, Dudu,
Li, & Yan, 2020). For partial coalescence to occur, fat crystals protruding
from the interfacial membrane of fat globules need to penetrate into
other globules. The presence of these fat crystals is of course related to
the solid fat content (SFC) at a specific temperature (Sung & Goff, 2010).
Fat destabilization is necessary for the stabilization of the ice cream
structure, as partially coalesced fat is mainly responsible for stabilizing
the air cells and for the formation of a fat network in the unfrozen serum
phase separating the air cells. The fat aggregates at the air cell interface
and the fat network in the unfrozen serum phase also influence the
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melting behavior of ice cream (Koxholt, Eisenmann, & Hinrichs, 2001).
To date, limited research has clarified the effect of the degree of fat
destabilization and fat particle distribution on fat network formation
and its relationship with melting behavior.
Melting behavior is an important quality parameter for ice cream, as
it provides information on structural changes occurring during ice cream
consumption. A few studies focusing on the structure of ice cream in
relation to the melting properties have been conducted. The melting rate
is especially related to milk fat, which plays an important role in the
formation and stabilization of air cells. Research has shown that prop
erties such as fat globule size and particle size distribution are related to
melting rate, and when the size of fat agglomerates in the unfrozen
phase was above a critical diameter, they blocked the foam lamellae and
impeded the drainage, leading to significantly higher meltdown rate
(Kokubo, Sakurai, Hakamata, Tomita, & Yoshida, 1996; Kokubo,
Sakurai, Hattori, & Tomita, 1994; Kokubo, Sakurai, Iwaki, Tomita, &
Yoshida, 1998; Koxholt et al., 2001). In general, a lower degree of fat
destabilization (±30 %) results in faster melting and poor shape reten
tion compared to ice cream with a high degree of fat destabilization
(>50 %) (Muse & Hartel, 2004). Furthermore, it has been shown that ice
cream with a high overrun has a lower melting rate than ice cream with
a low overrun. Higher overrun is presumed to decrease the melting rate
as air cells decrease the thermal diffusivity of the ice cream (Sofjan &
Hartel, 2004).
Overall, fat destabilization and overrun have been identified as the
main two factors that can affect the melting behavior of ice cream (Wu,
Freire, & Hartel, 2019). However, the exact relation between the char
acteristics of the fat network and different melting parameters still re
mains unclear. To clarify the effect of specific structural features of ice
cream on the melting behavior, it would be required to vary only one
element at a time while keeping other variables constant. However, in
most studies, multiple parameters are changed simultaneously, which
makes it difficult to verify the effect of the individual structural features.
For example, a greater extent of fat destabilization has been shown to
reduce the melting rate, but in these studies the overrun also changed. It
is known that the degree of fat destabilization and the apparent viscosity
caused by dispersed fat or hydrocolloids can affect the overrun (Warren
& Hartel, 2014, 2018; Wu et al., 2019). As all parameters influence each
other, it is difficult to attribute the change in melting rate to either fat
destabilization or overrun. Therefore, our study aimed to understand the
individual contribution of different fat network properties on ice cream
melting properties, by separately varying fat destabilization degree and
network formation, while keeping the overrun similar.
We prepared three different series of simplified ice cream models
without addition of hydrocolloids to minimize the additional effect of
viscosity on the studied parameters. In one series, we varied the fat
content to change both the degree of fat destabilization and fat network
in the unfrozen serum phase. In the other two series, the total fat content
was kept similar, and the degree of fat destabilization was systematically
changed by varying the emulsifier concentration, or by changing the
total SFC by blending milk fat with coconut oil. Two different parame
ters were used to identify the level of fat destabilization: (i) fat aggregate
size, and (ii) fat aggregate percentage. The distribution of the fat par
ticles around the air cells and in the unfrozen serum phase was estimated
from theoretical calculations based on the measured overrun. The
presence of the fat droplets in the frozen ice cream was observed using
cryo-SEM. The melting behavior of the ice cream was determined by
measuring: (1) lag time, (2) melting rate, and (3) melted percentage. We
analyzed the fat percentages in molten ice cream (dripped phase) and
remaining phase after melting to identify how much fat and what type of
fat (individual fat droplets or aggregates) remained in the fat network.
This information was used to establish correlations between the
different fat destabilization parameters and ice cream melting behavior
characteristics. This knowledge can be used to control the melting
properties of ice cream, and to design fat reduction strategies while
keeping similar melting behavior.

2. Materials and methods
2.1. Materials
Anhydrous milk fat (AMF) was obtained from FrieslandCampina
(Wageningen, Netherlands). Coconut oil (CO) was purchased from
Holland & Barrett (Wageningen, Netherlands). Sucrose and one of the
emulsifiers, Tween 80, P4780, were purchased from Sigma-Aldrich
(Netherlands). The other emulsifier, whey protein isolate (WPI, 88.8%
protein content) was obtained from Davisco (USA). Ultrapure water,
purified by a Millipore Milli-Q system (Darmstadt, Germany), was used
for the preparation of all samples.
2.2. Sample preparation
2.2.1. Ice cream mix preparation
The simplified ice cream models optimized for the present study
contained only sugar, fat (AMF or mixtures of AMF and coconut oil) and
emulsifiers (Tween 80 or mixtures of Tween 80 and WPI). Three series of
ice cream mixes were made to vary the level of fat destabilization: (i) a
fat content series (FC), (ii) an emulsifier concentration series (EC), and
(iii) a coconut oil series (CO).
Stock emulsions with different emulsifiers were prepared. All
emulsions were prepared by pre-homogenization with an Ultra Turrax
(T25 basic, IKA, Staufen, Germany) at a speed of 13000 rpm for 2 min,
and then homogenized with a homogenizer (Delta Instruments Labo
Scope Homogenizer HU-3.0, USA) at 13 MPa for one cycle and 11 MPa
for 3 cycles.
2.2.2. Fat content series (FC)
For the series with varying fat content (Table 1), a 20 % AMF stock
emulsion was prepared with Tween 80 as an emulsifier. AMF was melted
at 65 ◦ C and then added to a 0.5 % (w/w) Tween 80 solution containing
15 % of sucrose and homogenized as described before. The Tween 80
stock emulsion was then diluted with a 23.3 % sugar solution to obtain
fat levels ranging between 4 % and 20 %. The sugar content in the water
phase was kept constant to guarantee that the ice creams had the same
freezing point depression and therefore the same ice fraction. The ice
cream mixes were stored at 4 ◦ C overnight.
2.2.3. Emulsifier concentration series (EC)
For the emulsifier series (Table 1), a stock solution of 12 % AMF was
prepared with WPI as an emulsifier. WPI (4 %) was added to water while
stirring and allowed to hydrate for 1 h at room temperature. AMF was
melted at 65 ◦ C and then added to the WPI solution containing a sucrose
content of 15 %. The emulsion was made as described before. After
homogenization, Tween 80 was added to achieve concentrations
ranging from 0 to 0.25 %. The ice cream mixes were stored at 4 ◦ C
overnight to allow the emulsifiers to replace part of the WPI and induce
aggregation and/or coalescence.
2.2.4. Coconut oil series (CO)
For the coconut oil series (Table 1), anhydrous milk fat and coconut
oil were first heated at 65 ◦ C and then mixed at percentages between
0 and 4.6 % coconut oil of the total fat content (12 %) to obtain fat with
varying SFC. A 0.5 % Tween 80 solution containing 15 % sucrose was
added to the heated oil mixtures, and the emulsions were prepared as
described above. The SFC values of the mixtures were calculated based
on the fat fractions in the mixtures and the SFC of the individual fats at
4 ◦ C: 90 % for coconut oil (Dhaygude, Soós, Zeke, & Somogyi, 2018),
and 55 % for milk fat (Lopez, Briard-Bion, Camier, & Gassi, 2006). In
these calculations, we neglected eutectic effects.
2.2.5. Ice cream preparation
After overnight aging at 4 ◦ C, 500 ml ice cream mix was transferred
into an ice cream machine (Nemox Gelatissimo, Italy) precooled to
2
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Table 1
Formulations of the three series of ice cream mixes.
Ingredients

Anhydrous milk fat (g)

Tween 80 (g)

Sucrose (g)

Water (g)

WPI (g)

Coconut oil (g)

FC-series

FC-4
FC-8
FC-12
FC-16
FC-20

4
8
12
16
20

0.1
0.2
0.3
0.4
0.5

18.09
17.32
16.55
15.78
15

77.81
74.48
71.15
67.82
64.5

0
0
0
0
0

0
0
0
0
0

EC-series

EC-0
EC-0.1
EC-0.15
EC-0.2
EC-0.25

12
12
12
12
12

0
0.1
0.15
0.2
0.25

15
15
15
15
15

69
69
69
69
69

4
4
4
4
4

0
0
0
0
0

CO-series

CO-55
CO-58
CO-62
CO-65
CO-68

12
10.9
9.7
8.6
7.4

0.5
0.5
0.5
0.5
0.5

15
15
15
15
15

72.5
72.5
72.5
72.5
72.5

0
0
0
0
0

0
1.1
2.3
3.4
4.6

− 15 ◦ C. The ice cream machine contained a barrel with a rotary scraper
removing the frozen ice cream from the wall of the machine. The
preparation of the ice cream lasted 15 min in total. The obtained ice
cream was collected into plastic containers or rings of different sizes to
form solid ice cream cylinders for different measurements and imme
diately hardened at − 18 ◦ C for 24 h.

aggregated fat droplets, were selected from the studied samples.
2.4. Melting behavior
For the determination of the melting properties, samples with the
same volume were prepared using plastic rings. The dimensions of these
rings were 20 mm in height and 30 mm in radius. Prior to the mea
surement, the samples were stored in a freezer at − 20 ◦ C for a minimum
of 12 h. The samples were then taken out of the rings and placed on a
136x136 mm metal grid with 5x5 mm openings with an area of 44 % of
the total area. The starting weight of each sample was measured, and the
samples were placed in a climate-controlled room with a constant
temperature of 20 ◦ C and 50 % air humidity. Underneath the mesh, a
collection cup was placed on a measuring scale connected to a computer,
which recorded the measured weight of the molten sample every 10 s,
for a duration of 240 min. The measurements were performed in
duplicate. From the recorded data, the following parameters were
extracted to describe the melting behavior of the samples: (i) the melting
rate (%/min), which corresponded to the slope of the curve representing
weight versus time, (ii) the lag time (min), which was the time at which
the first droplet hit the collection cup, and (iii) the melted percentage
(%), which was taken as the loss of the ice cream (dripped phase) in
percentage after complete melting.

2.3. Characterization of physical properties
2.3.1. Determination of overrun
The overrun of the ice cream was determined by first weighing a
fixed volume of the aged pre-mix in a metal cup. Next, the same volume
of ice cream was weighed in said cup directly after ice cream preparation
(freezing step). The overrun was quantified as follows (Muse & Hartel,
2004):
Overrun (%) =

Weight of mix − weight of ice cream
× 100
Weight of ice cream

(1)

2.3.2. Fat particle size distribution
The particle size distribution of the ice cream mix and molten ice
cream samples was determined by static light scattering (Mastersizer
2000, UK.). Deionized water (refractive index, RI = 1.33) was used to
dilute the samples. The refractive index of milk fat (RI = 1.46) was used
for the dispersed phase. Measurements were performed at ambient
temperature (20 ◦ C) and repeated in triplicate. The particle size distri
bution of the ice cream mixes presented one peak; that of molten ice
creams in which aggregation had occurred showed two peaks. The D4,3
of the second peak separated from the first at 10 μm was taken as the size
of the fat aggregates. The volume ratio between the two peaks was used
to calculate the fat aggregate percentage, reflecting the degree of
destabilization.

2.5. Fat content of the different phases obtained after melting
The fat content of the dripped phase of the samples after the melting
test was measured with a MilkoScan (MilkoScan FT120, type 71200,
Denmark). The instrument was calibrated before use against a range of
cow milk samples of known composition. Specimens of about 40 ml
were collected and preheated to 40 ◦ C in a water bath to melt the fat.
After melting, they were filtered through a 90 μm sieve to avoid the
presence of large solid particles. All samples were measured in duplicate
and a mean value for the duplicate measurements was calculated
automatically. The fat content in the dripped phase was measured for all
samples to obtain the fat percentage in the dripped phase based on the
original fat content in the ice cream. From this, the fat percentage in the
remaining phase was also calculated (100 % - fat percentage in the
dripped phase).

2.3.3. Microstructure
The microstructure of the ice creams was visualized using a coldstage scanning electron microscope (SEM, FEI Magellan 400, USA).
Small ice cream samples (inner diameter of sampling tube: 1 mm) were
taken and rapidly frozen in liquid nitrogen. As the presence of fat ag
gregates could be covered by the ice crystals, the samples were further
prepared by vacuum-sublimation of water at the surface of the fractured
specimen to remove surface ice without damaging the ice cream struc
ture. Then the samples were sputter-coated with platinum to create a
thin conductive layer to improve the imaging. The ice cream samples
were then observed by SEM at 35000x magnification to visualize the fat
droplets and fat droplet aggregates. Two samples with different degrees
of fat destabilization, i.e. EC-0 with single fat droplets and FC-12 with

2.6. Statistical analysis
The data were analyzed with SPSS software (Version 25.0, IBM
Corp). The means were compared using a Tukey’s test at a 5 % level of
significance using an analysis of variance (ANOVA).
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3. Results and discussion

To estimate the degree of destabilization, we used the mean size and
volume percentage of the second peak to represent the fat aggregate size
and percentage of fat aggregates, respectively (Warren & Hartel, 2018).
For all three series, the size of fat aggregates and the percentage of fat
aggregates are given in Table 3. For the fat content series, the fat
aggregate size increased from 48.3 to 74.3 μm with increasing fat con
tent. In addition, the percentage of fat aggregates also increased from 39
to 97 %. This effect of fat content on fat destabilization in ice cream is in
good agreement with previous findings, in which ice creams were
formulated to contain 6–14 % fat, and for which the amount of fat
destabilization increased from 35 % to 78 % (Rolon, Bakke, Coupland,
Hayes, & Roberts, 2017). The larger degree of destabilization could be
attributed to the higher number of fat droplets in the ice cream mix,
providing a higher possibility of colliding with each other, resulting in
more destabilization.
In the emulsifier series, both the fat aggregate size (0–66 μm) and the
fat aggregate percentage (0–66 %) increased with increasing emulsifier
concentration. This was expected, as it is known that small molecular
weight emulsifiers provide less stability against aggregation compared
to proteins, which tend to form a thicker and more viscoelastic mem
brane at the oil/water interface (Fredrick, Walstra, & Dewettinck,
2010). In this series, WPI served as the emulsifier to stabilize the fat
droplets, and Tween 80 was added after the homogenization process.
Thus, competitive adsorption of the emulsifiers decreases the strength of
the adsorbed protein layer and induces fat particle destabilization
(Munk, Erichsen, & Andersen, 2014). Without emulsifiers, WPIstabilized emulsions were stable against aggregation and partial coa
lescence, as the fat particle size and fat aggregate percentage in EC0 were 2 μm and 0 %, respectively. The maximum fat aggregate size
(66.3 μm) and highest fat aggregate percentage (66 %) in this series were
lower than the highest values in the fat content series (FC-20), which
were 74 μm and 97 %, respectively. This means that the highest degree
of fat destabilization in the EC series was lower than in FC-20.
In the coconut oil series, the total SFC was changed to vary the degree
of partial coalescence. Compared with the other two series, the fat
aggregate percentage in this series was consistently high (approximately
98 %) due to the extensive destabilization of the fat droplets, as they
were stabilized by Tween 80 only and no proteins were present. We also
found that increasing the coconut oil content promoted an increase in fat
aggregate size (45–89 μm), which can be attributed to the increased SFC.
The increase in fat aggregate size with SFC has been described before
(Rønholt et al., 2014).
In conclusion, the degree of fat destabilization in ice cream could be
controlled by changing fat content and emulsifier concentration, or by
changing the SFC. Both fat aggregate size and fat aggregate percentage
increased with an increase in fat content and emulsifier concentration,
while only fat aggregate size increased with increasing coconut oil
content. Fat aggregate percentage was high and similar throughout the
coconut oil series.

3.1. Fat particle size and overrun measurements
The fat particle size in the ice cream mixes was determined as a
measure of the initial particle size before freezing. In these samples, only
one peak could be observed and the mean fat particle diameter was
around 1–1.6 μm for all three studied emulsions (Table 2). These
droplets corresponded to single fat droplets.
To investigate whether the differences in fat properties would in
fluence the final structure of the ice cream, we first focused on the
overrun. As shown in Table 2, this parameter did not differ significantly
among the series (P > 0.05), ranging from 16 to 19 % in the fat content
and emulsifier series, and from 18 % to 21 % in the coconut oil series. In
general, a positive correlation has been found between overrun and the
fat content or the degree of fat destabilization (Eisner, Wildmoser, &
Windhab, 2005; Segall & Goff, 2002; Warren & Hartel, 2018), but this
was not the case for our samples. This could be due to the fact that the ice
creams in our study were produced with a batch freezer, instead of a
continuous freezer, resulting in limited overrun development. This is
consistent with the previous research by Muse & Hartel., (2004), in
which it was shown that the use of a batch freezer did not allow for
sufficient differences in overrun. Another possible cause of the low
overrun could be the low viscosity of the mixes. As we did not add any
hydrocolloids to the model recipes, the mixes thus had a lower ability to
incorporate air cells during freezing. However, a limited variation in
overrun represented a benefit for our study, as this allowed us to relate
differences in melting properties to differences in the fat network.
3.2. Fat destabilization
The fat particle size in the molten ice creams was also determined as
a measure of fat destabilization caused by the studied variations in fat
properties. As shown in Fig. 1, we could only observe one peak
(approximately 1 µm) in the ice cream mix of all three series, indicating
that only single fat droplets were present in the ice cream mix. However,
in most of the molten ice creams, a bimodal distribution could be found:
one peak was present at 1–1.5 μm, referring to the single fat droplets,
and an additional peak was visible starting at 10 μm, representing
aggregated fat clusters, due to either aggregation or particle coalescence
(Daw & Hartel, 2015). So, even though the overrun of the samples did
not sensibly vary, the degree of fat destabilization and that of fat
network formation were different.
Table 2
Overview of initial fat droplet size and overrun of the three different series of ice
cream.
Ingredients

Initial droplet size (μm)

Overrun (%)

FC-4
FC-8
FC-12
FC-16
FC-20

1.06 ±
1.03 ±
1.03 ±
1.01 ±
1.04 ±

0.03bc
0.01bc
0.01bc
0.01c
0.02bc

15.6 ± 1.1a
17.2 ± 1.2a
18.0 ± 1.1a
18.3 ± 1.0a
19.0 ± 1.1a

EC-series

EC-0
EC-0.1
EC-0.15
EC-0.2
EC-0.25

1.53 ±
1.29 ±
1.59 ±
1.46 ±
1.57 ±

0.13a
0.21abc
0.19a
0.09ab
0.26a

17.2 ± 1.4a
15.4 ± 1.1a
17.8 ± 1.3a
17.3 ± 0.8a
16.4 ± 2.8a

CO-series

CO-55
CO-58
CO-62
CO-65
CO-68

0.99 ±
0.98 ±
0.90 ±
0.94 ±
0.96 ±

0.03c
0.04c
0.01c
0.06c
0.04c

19.1 ± 1.5a
18.4 ± 1.8a
20.5 ± 2.1a
20.0 ± 2.6a
18.9 ± 1.8a

FC-series

3.3. Fat particle distribution at the air cell interface and in the unfrozen
serum phase
Due to different degrees of fat destabilization, the distribution of the
fat particles within the frozen ice cream was expected to be different in
the different series. To estimate how these particles were distributed
within the system after the freezing process, the percentage of fat par
ticles present around the air cells and in the unfrozen serum was
calculated by taking the measured overrun and assuming complete
surface coverage of the air bubbles by the fat droplets. From these
values, the proportion of fat present in the unfrozen serum phase was
then derived. For these estimations, we made some assumptions: the air
cells were assumed to be stabilized only by single fat droplets, which
could completely cover the air cell surface. Although it has been re
ported that the air cell interface included both discrete fat globules and
clusters (Goff, Verespej, & Smith, 1999), it is hard to estimate the exact

Values with different letters within the same column are significantly different
(P < 0.05).
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Fig. 1. Particle size distribution of ice cream mixes (red lines) and molten ice creams (blue lines) in a) FC-series, the colors of the line from light to dark refer to the
fat content from 4 to 20 %, b) EC-series, the colors of the line from light to dark refer to the Tween 80 concentration from 0 to 0.25 %, and c) CO-series, the colors of
the line from light to dark refer to the coconut oil concentration from 0 to 4.6 %. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

As shown in Table 3, only single fat droplets (2 μm) were found in the
EC-0 sample. Even though no fat aggregates were present, also this
sample achieved an overrun similar to that of other samples containing
fat aggregates, suggesting that both single fat droplets and fat aggregates
could stabilize air cells. As mentioned above, the size of the fat droplets
was measured to be approximately 1 μm in all series. The overrun was
taken as 17 % in the fat content and emulsifier series, and 20 % in the
coconut oil series. This resulted in a fat content on the air cells of 3.6 %
in the FC and EC series, and 4.8 % fat around the air cells in the CO
series. These values were used to calculate the fat in the unfrozen serum
phase. As shown in Table 4, for the fat content series, more fat droplets
were present in the serum phase as the fat content increased. For
example, in the sample with the lowest fat content of 4 %, nearly 94 % of
fat droplets were adsorbed around the air cells, and only 6 % of fat
remained in the serum phase. However, this value increased from 6 to 81
% in the ice cream with a fat content of 20 %. In the EC-series, 31 % of fat
droplets were calculated to stabilize the air cells, and 69 % of fat was

Table 3
Overview of the parameters describing the degree of fat destabilization of the
three studied series of ice cream.
Ingredients

Fat aggregate size (μm)

Fat aggregate percentage (%)

FC-series

FC-4
FC-8
FC-12
FC-16
FC-20

48.3 ± 2.3 fg
52.0 ± 1.5def
55.2 ± 2.6d
62.4 ± 1.6c
74.3 ± 2.2b

39.2 ± 3.1f
74.1 ± 3.3c
89.2 ± 2.5b
96.4 ± 2.6a
97.4 ± 1.9a

EC-series

EC-0
EC-0.1
EC-0.15
EC-0.2
EC-0.25

1.6 ± 0.8j
7.8 ± 1.8i
36.4 ± 1.4 h
48.8 ± 1.4efg
66.3 ± 1.3c

0
8.2 ± 1.6 g
36.4 ± 1.4f
49.3 ± 2.3e
66.1 ± 0.2d

CO-series

CO-55
CO-58
CO-62
CO-65
CO-68

45.0 ± 0.3 g
46.2 ± 0.5 fg
54.4 ± 0.1de
75.9 ± 0.6b
89.2 ± 1.2a

98.2 ± 0.1a
98.1 ± 0.9a
98.2 ± 0.3a
98.5 ± 1.2a
96.8 ± 0.8a

Table 4
Distribution of the fat particles around the air cells and in the serum phase for
the three series of ice cream.

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

Fat distribution

percentage of fat around the air cell interface. In this study, we use a
more ideal situation in our estimations. The mean cell size was assumed
to be 20 μm. This estimate is based on several studies, which have re
ported mean air cell sizes ranging from 12 to 30 μm (Muse & Hartel,
2004; Sofjan & Hartel, 2004; Warren & Hartel, 2018; Wu et al., 2019).

Around the air cells
(%)
In the unfrozen serum
phase (%)

5

FC-series

ECseries

COseries

4
%

8
%

12
%

16
%

20
%

94

47

31

23

19

31

40

6

53

69

77

81

69

60
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present in the serum phase. This was similar to the sample with 12% of
the FC series. In the CO series with 12% fat, a slightly higher overrun
(approximately 20 %) was observed, and therefore more fat droplets (40
%) were needed to stabilize the air cells.
3.4. Observation of fat particles in the frozen ice cream (Cryo-SEM)
From the data obtained from the characterization of fat destabiliza
tion and our estimates of the distribution of fat within the ice cream, we
found that fat droplets were mainly present as aggregated droplets,
except for sample EC-0, which contained only single fat droplets.
Therefore, EC-0 and FC-12 were selected to be further characterized by
Cryo-SEM to visualize the difference between them, and to verify the
presence of the aggregated fat droplets. Fig. 2a confirmed that the fat
droplets in EC-0 did not aggregate and were only present as single
particles. These results were consistent with the data from the fat
aggregate size measurements. The fat structures in FC-12 fat are shown
in Fig. 2b: in this ice cream, in which Tween 80 was the only emulsifier,
the droplets were present in aggregated form. These aggregates were
observed both at the air cell interface and within the unfrozen serum
phase, in agreement with the result of others (Goff et al., 1999).
Although some merging of the oil droplets could be seen, we could not
verify whether the fat droplets were connected because of partial coa
lescence or by aggregation only.
Based on the presented insights, in Fig. 3 we propose a schematic
representation of the structures of the studied ice creams. In the case of
WPI-stabilized emulsions (EC-0), single fat droplets were present around
the air cells (31 %) and in the unfrozen serum phase (69 %). In the
unfrozen serum phase of these samples, the single fat droplets without
fat destabilization could not form a 3D fat network. For the sample with
a higher degree of fat destabilization (FC-12), the higher amount of fat
aggregates in the serum phase (around 69 %) allowed the formation of a
3D network in the unfrozen serum phase. We assume that the aggregates
were also interacting with the fat droplets attached to the interface. The
air cells were therefore expected to be integrated within the network of
the aggregated fat droplets.

Fig. 3. Schematic representation of the fat destabilization in ice creams with
the same fat content, containing single fat droplets (EC-0) and aggregated fat
droplets (FC-12).

and more fat droplets in the unfrozen serum phase, which resulted in the
formation of a stronger fat network able to resist ice cream melting,
which affected all three melting parameters. The results were consistent
with previous studies in which it was shown that the melting rate was
usually higher in low-fat ice cream (Akalın, Karagözlü, & Ünal, 2008;
Akbari, Eskandari, Niakosari, & Bedeltavana, 2016; Sofjan & Hartel,
2004). In the other series, we kept the fat content constant (12%) and
changed the degree of fat destabilization.
As shown in Fig. 5, with increasing emulsifier concentration (EC),
both the melting rate and melting percentage decreased from 1.8 to 1.0
%/min and from 97 to 65 %, respectively. This shows that with
increasing fat destabilization, the melting behavior changed even when
the fat content was constant. These results indicate that degree of fat
destabilization is more important than fat content in determining
melting rate and melted percentage. However, the degree of fat desta
bilization displayed no apparent effect on lag time. This is inconsistent
with previous findings, which showed that increasing fat destabilization
increased the lag time (Wu et al., 2019). This discrepancy is probably
due to the fact that the fat destabilization degrees were relatively low in
our EC-series, resulting in a relatively weak fat network compared with
other series used in the literature. The weak network was probably not
able to retard the initial loss of the serum phase. In addition, previous
studies showed that in ice cream with a high overrun, melting was
slower compared to low overrun samples, indicating that overrun is
another factor affecting melting behavior (Warren & Hartel, 2018; Wu
et al., 2019). The overrun in our samples was relatively low, and this

3.5. Melting behavior
The effect of fat distribution and fat destabilization on the melting
behavior of ice cream was clarified by analyzing the various parameters
obtained during the melting test (melting rate, lag time, and melted
percentage of the sample) for the different studied samples. In the fat
content series (Fig. 4), a lower melting rate (from 1.7 to 0.6 %/min in
Fig. 4a), a higher lag time (from 4 to 50 min in Fig. 4b), and a lower
melted percentage (from 94 to 20 % in Fig. 4c) were observed with
increasing fat content and degree of fat destabilization. These results
were attributed to the formation of a stronger fat network within the ice
cream. Increasing fat content led to a higher degree of fat destabilization

Fig. 2. SEM pictures of (a) EC-0 and (b) FC-12, in which both individual fat droplets and droplets at the surface of air cells are visible. Fat droplets (F), air cells (A)
and unfrozen serum phase (U).
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Fig. 4. Melting behavior as a function of fat content for the FC-series with a) melting rate (%/min), b) lag time (min), and c) melted percentage (%).

Fig. 5. Melting behavior as a function of tween concentration for the EC-series with a) melting rate (%/min), b) lag time (min), and c) melted percentage (%).

may explain the fact that the lag time was similar for all samples.
However, the overrun of the FC series was similar, but higher lag times
were found, indicating that also for samples with low overruns, the fat
network still had a significant effect on melting.
The melting behavior of the coconut oil (CO) series is shown in Fig. 6.
As the fat content was the same in all samples (12 %), we expected the
amount of fat aggregates present in the unfrozen serum phase (Table 4)
to be similar to that of the EC series. However, a clear difference was
found between the results of the EC series and those of the CO series. In
the CO series, with increasing coconut oil content (i.e. increasing SFC)
an increase in lag time, ranging from 33 to 48 min, was observed
(Fig. 6b), whereas this was not observed in the EC-series. For the other
two parameters, melting rate (Fig. 6a) and melting percentage (Fig. 6c),
we did not observe an effect of the total SFC, which was also in contrast
with the findings of the EC series. These results indicate that the amount
of fat present in the unfrozen serum phase determines not only the
melting properties, but also the specific characteristics of the fat ag
gregates and the network. As mentioned above, although the fat
aggregate size increased from 45 to 89 μm in the CO-series, the fat
aggregate percentage was very high and similar for all the samples of

this series (approximately 98 %). We therefore expected that similar fat
networks were formed in this series, resulting in similar melting rates
and melted percentages. In this case, the percentage of aggregates seems
to be more important than the size of the aggregates in the formation of a
3D network. As these samples changed only in size of fat aggregates, but
not in aggregate percentage, the lag time was mainly affected by the fat
aggregate size. This would indicate that also the start of the melting
depends on the fat network. Apparently, a larger aggregate size leads to
a stronger initial network at the same level of aggregate percentage. This
may be related to the SFC in the system. A higher SFC content could
provide stronger interactions between the individual particles and the
aggregates. In addition, the relation between fat aggregate size and lag
time could also be attributed to the fact that the fat aggregate size also
influences the ice crystal connectivity. In this case, the flow path of the
serum phase as the ice melts would be more tortuous, as the fluid must
travel around more obstacles (the numerous fat aggregates and ice
crystals). This has been discussed to slow down the melting rate (Muse &
Hartel, 2004).
By comparing the different results, we distinguished which features
used to describe fat destabilization were the most dominant for a specific

Fig. 6. Melting behavior as a function of SFC for the CO-series with a) melting rate (%/min), b) lag time (min), and c) melted percentage (%).
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melting characteristic. An overview of these results is shown in Fig. 7.
Taken together, both the degree of fat destabilization and the fat content
appear to influence the melting behavior of the ice cream. From our
results, we can conclude that the degree of fat destabilization or the fat
network formed by the aggregated fat droplets seems to be more
important than the fat content in affecting melting behavior. The lag
time seems mostly related to the fat aggregate size, whereas melting rate
and melted percentage seem more related to fat aggregate percentage.

foam lamellae between the air cells, which impeded drainage, leading to
a significantly lower meltdown rate. The critical size of fat aggregates
found in our work indicates that fat aggregate formation depends on
other characteristics of the ice cream structure and might be related to
the thickness of the unfrozen serum phase, which can in turn be influ
enced by overrun and composition of the unfrozen serum phase. In the
research of Koxholt et. al., the overrun was 80 %, which resulted in thin
lamellae between the air cells. Therefore, the critical size was small. In
our study, the overrun of the samples was much lower (approximately
20 %), which led to thicker lamellae. Therefore, larger aggregates were
needed and resulted in a thicker network. Compared to our systems, the
samples of Koxholt et. al. contained also other ingredients, such as nonfat milk solids, hydrocolloids and calcium. These additional ingredients
may have also influenced the melting properties, and therefore a smaller
critical size was already sufficient to provide a more stable structure. As
we can see from Fig. 8b, a more linear relationship was found between
fat aggregate percentage and the fat percentage in the remaining phases,
indicating that a stronger fat network was formed when more fat
droplets could aggregate. The amount of fat remaining in the network
after melting was thus determined by the amount of fat that is initially
present in aggregates.
In conclusion, fat distribution after melting depended on the fat
destabilization degree, especially the fat aggregate percentage in the
serum phase. Most of the single fat droplets dripped during melting, and
the fat network mainly consisted of aggregated fat droplets. The per
centage of fat aggregates was most likely related to the formation of a
stronger fat network. In addition, the incorporation of the aggregates
into the fat network seemed to be related to a certain critical fat
aggregate size.

3.6. Fat distribution in the remaining phase
Our results show that the final amount of molten ice cream is
inversely related to the extent of fat destabilization and network for
mation. Previous research has shown that the percentage of fat in the
dripped portion during melting is a reliable indicator of the extent of
destabilization (Goff & Spagnuolo, 2001). To identify how much fat and
what type of fat particles (individual droplets or aggregates) were pre
sent in the fat network, we measured the percentage of fat in the dripped
and remaining phases. In addition, at the end of the melting process, the
size distribution of particles in the dripped phase was measured to
identify which types of fat droplets were transferred during melting to
the serum phase. In all studied samples, most of the particles were
smaller than 1 μm (data not shown), indicating that during melting only
single fat droplets dripped with the serum, whereas fat aggregates
remained in the network.
To check a possible effect of the studied fat properties, we plotted for
all three series the fat percentage in the remaining phase as a function of
fat aggregate size and fat aggregate percentage (Fig. 8): with an increase
in fat aggregate size, the percentage of fat in the remaining phase
increased from 1 to 96 %. This confirms that larger aggregates are able
to form a 3D network more easily. However, we also observed that an
increase in fat aggregate size was not always necessary to incorporate
more fat into the network. For example, with an increase in fat content
from 4 to 12% in the FC series, the fat aggregate size increased only
slightly, from 48 to 55 μm, whereas the fat percentage increased to a
much larger extent, from 39 to 90 %. Oppositely, in the CO series, a fat
percentage in the network of 98 % could be obtained already with a
smaller fat aggregate size of 45 μm. So, a similar fat aggregate size did
not lead to the same fat percentage in the remaining network. Inter
estingly, Fig. 8a shows that the fat percentage in the remaining phase
was constant when the fat aggregates reached a certain critical size
(approximately 45 μm). This indicates that a 3D fat network can be
formed when the aggregates reach a specific size and are able to connect
together. A critical size of fat aggregates of 1.15 μm was reported by
Koxholt et al. (2001) to affect the melting properties to large extent. The
authors attributed this to the ability of the fat aggregates to block the

4. Conclusion
In this study, we controlled the fat destabilization degree and fat
network formation of model ice cream by changing fat content (FC),
emulsifier concentration (EC) and coconut oil content (CO). These fac
tors were shown to have a significant influence on the melting behavior
of ice cream. In all series, the overrun was similar, independently of the
type of fat particles or fat network, indicating that both single fat
droplets and fat aggregates can stabilize air cells. By investigating the
effect of different fat particle characteristics, such as fat aggregate size
and fat aggregate percentage on the microstructure and melting
behavior, we showed the relative importance of fat destabilization and
fat content on the melting properties of ice cream. Different fat desta
bilization parameters appeared to determine the melting behavior: the
fat aggregate size was found to be the more dominant factor influencing
the lag time, whereas the percentage of fat aggregates influenced the

Fig. 7. Overview of the parameters describing the features used to characterize fat destabilization and their effect on the melting behavior of the three series of ice
cream samples.
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Fig. 8. Fat percentage in the remaining phase (FC-series (■), EC-series (●), CO-series (▴)): as a function of (a) fat aggregate size and (b) fat aggregate percentage.

melting rate and melted percentage. The determination of the fat dis
tribution in the remaining phase showed that with an increase in fat
aggregate size and aggregate percentage a stronger fat network was
formed, and that the stability of the fat network was mainly determined
by the percentage of fat aggregates. In addition, we found a critical size
of the fat aggregates to form a 3D network, which is most likely related
to the lamellae thickness between the air cells. The lamellae thickness
depends on both the overrun and composition of ice cream. These results
provide important insights into the role of fat on melting behavior, and
can be used to design strategies for fat reduction in ice cream.
Furthermore, to understand the effect of other structural features, also
the effect of high overrun level, air cell distribution, and viscosity on the
formation of the fat network should be investigated.
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