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ABSTRACT

Hypothesis: The rheology of milk fat, which is strongly related to its functionality, reflects multiscale
structural transitions in the colloidal network formed by crystallizing triacylglycerols. Experiments: To
relate rheology to structure, early stages of milk fat crystallization at 15-22 °C were studied combining
different techniques; XRD and microscopy to study structural changes, NMR to quantify the different
structures, and rheology to evaluate their effect on macroscopic properties. Findings: Network strength
increased with the synchronized formation of micro- and nanostructures. A rheological response was
only obtained when these structures became visibly connected on a microscale, and internal transitional
changes could be detected with rheology. On the nanoscale, transitions were linked to the formation of
specific crystal polymorphs. We quantified the formation of polymorphs commonly found in milk fat (o-2
and f;-2) and of two less commonly obtained polymorphs: -2 and g,-2. For the first time, the formation
of these polymorphs was quantified and related to the composition of fat. Besides providing insights into
the complex phase behavior of milk fat, this study shows that the structural transitions involved can be
characterized and quantified by combining XRD with NMR and be detected at an early stage using rhe-

ology and microscopy.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The rheological properties of milk fat (MF) are the result of a
multiscale structured network, which has a great impact on the
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functionality and sensory attributes of several products. In fat crys-
tal networks, there is a hierarchical arrangement that starts with
their composing triacylglycerols (TAGs) stacking on top of each
other and laterally packing into lamellae; lamellae then epitaxially
stack into nanoplatelets that aggregate forming crystallites; crys-
tallites further cluster to form microscopic polycrystalline particles
that, in turn, aggregate giving rise to a 3-dimensional network [1].
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The formation of such a complex network is affected by crystalliza-
tion conditions and composition. MF is composed of at least 3454
different TAG species that vary in molecular weight, degree of
unsaturation, and fatty acid (FA) composition [2]. Due to this
TAG diversity, liquid and multiple crystalline phases coexist in
MF over a wide temperature range (—40 °C to 40 °C) [3].

These crystalline phases in MF can be formed by different struc-
tures, referred to as polymorphs. TAG polymorphs can differ both
in lateral and longitudinal packing mode (i.e. subcell structure
and lamellar thickness, respectively). MF crystalline phases com-
monly display a lamellar thickness corresponding to the length
of two aliphatic chains (2L), and at low temperatures (below ~13
°C), thickness corresponding to three aliphatic chains (3L) can also
be observed [4-6].

The most common subcell structures are o, and B poly-
morphs, listed in increasing order of stability, density and melting
point [7]. A polymorphic phase can be designated by the type of
lateral and longitudinal packing (e.g. -2 for an o phase with lamel-
lar thickness of two aliphatic chains). MF commonly crystallizes
into a stable f'-2 phase. At temperatures below ~20 °C, a meta-
stable o phase forms first and subsequently transitions into a more
stable ' phase [8]. At temperatures between the clear points of o
and B (~20-35 °C), g directly forms from the melt and no « is
observed [8]. The occurrence of a § phase in MF has been some-
what controversial, as it has been intermittently reported in liter-
ature and its quantification based on wide angle X-ray diffraction
patterns (WAXD) has only recently been achieved [9]. While other
polymorphs may be formed, o and g’ are the most common and
abundant ones. The formation of these two polymorphic phases
has been linked to a stepwise crystallization process.

Herrera et al. [10] studied the crystallization of MF under
isothermal conditions. They reported a one-step crystallization at
temperatures above 25 °C, whereas a two-step process was
observed at lower temperatures [10]. In that study, the crystalliza-
tion processes were monitored trough changes in the solid fat con-
tent (SFC). However, this study did not provide information on the
development of the fat crystal network. The evolution of the crys-
tallization process can be further assessed by measuring the
changes in the rheological properties, which provides additional
information on the organization of the structuring elements within
the network.

Rheology has been used to study the kinetics of fat crystalliza-
tion together with complementary techniques [11-13], finding
good agreement between the transitions identified and the rheo-
logical changes observed. Specifically for MF, Wiking et al. [13]
studied the effect of different cooling rates using small amplitude
oscillatory shear (SAOS) tests in combination with other tech-
niques. They observed the development of the network in one or
two steps when cooled at 0.1 °C min~! or at 10 °C min~', respec-
tively [13]. Linked to those rheological changes, they recorded an
equivalent number of crystallization events using differential scan-
ning calorimetry (DSC) and similar evolutions in the SFC [13].
Using X-ray diffraction (XRD), they confirmed that the two-step
process was related to the formation of -2 polymorph and its
transition into -2, while the microscopy images revealed the for-
mation of two different microstructures for the different processes
[13]. Their study exemplifies the potential of SAOS in combination
with other techniques to monitor the formation of fat crystal net-
works and elucidate the structural changes involved.

Following a similar approach, we further explored the relation
between multiscale structural changes and the evolution of the
rheological properties of MF networks during crystallization, com-
bining SAOS, nuclear magnetic resonance (NMR), light microscopy
and XRD. We aimed to expand our knowledge on the effect of tem-
perature on the isothermal crystallization of MF, linking the

1051

Journal of Colloid and Interface Science 607 (2022) 1050-1060

macroscopic rheological properties of the network to the
microstructure and the composing crystalline phases. In contrast
to previous studies, we investigated the effect of temperature in
more detail and applied our recently published method [9] to
quantify the different polymorphic phases. With this approach,
we showed that structural transitions beyond the known one-
and two-step processes occur under specific conditions, and we
were able to study the formation of less common structures, such
as the p polymorph, in a quantitative manner.

2. Experimental section

Anhydrous milk fat (AMF) was kindly provided by Fries-
landCampina (The Netherlands). Detailed TAG and FA profiles of this
sample can be found elsewhere [14]. The isothermal crystallization
of AMF was studied by monitoring the evolution of rheological prop-
erties, solid fat content (SFC), polymorphism, and microstructure
morphology. Seven crystallization temperatures (15, 16, 17, 18, 19,
and 22 °C) were used to study the effect of temperature. A cooling
rate of 5 °C min~' was used for all the experiments. This rate was
suitable for all the experimental techniques used and was fast
enough to avoid crystallization during the cooling step.

2.1. Rheological properties

Small amplitude oscillatory shear (SAOS) experiments were
performed on a stress-controlled rheometer (MCR 502, Anton Paar)
using a concentric cylinder geometry (CC10 TI-SN3944, Anton
Paar). 1 ml of melted AMF was loaded in the cell and was kept at
65 °C for 1 h to clear the crystal memory. Then, the sample was
cooled at 5 °C min~! to one of the crystallization temperatures.
Once the target temperature was reached, the evolution in storage
modulus (G') was followed during 2 h of isothermal crystallization.
To ensure that the measurements were carried out within the lin-
ear viscoelastic region, low strain (0.01%) and frequency (1 Hz)
were selected. G’ values were recorded every 5 s to monitor the
network formation closely, while providing enough time for the
shear to develop in the entire shear gap. To avoid possible effects
of fat fractionation, no consecutive measurements were carried
out using the same aliquot. The experiments were conducted in
triplicate.

2.2. Solid fat content

A low-resolution nuclear magnetic resonance (NMR) spectrom-
eter (Minispec mq20, Bruker) was used to measure the SFC. The
SFC determination is based on the difference in magnetization
decay rate for hydrogen atoms in a liquid and in a solid phase, after
applying a pulsed magnetic field. The solid to liquid ratio can be
calculated from an NMR magnetization decay curve. SFC values
were determined according to the AOCS method Cd 16b-93 [15],
although the thermal treatment was different. An NMR tube was
filled with 2 ml of melted fat and was kept at 65 °C for 1 hour to
clear the crystal memory. Then, using external water baths, the
sample was cooled at 5 °C min~! to one of the crystallization tem-
peratures. Upon reaching the target temperature, the tube was
placed in the spectrometer and SFC values were recorded continu-
ously (every ~10 s) for 2 h, while the measuring cell was kept at
the crystallization temperature. Measurements were performed
in duplicate.

2.3. Polymorph formation

Changes in polymorphism were studied using wide angle X-ray
diffraction (WAXD) and small angle X-ray diffraction (SAXD).
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Diffraction patterns were collected using a powder X-ray diffrac-
tometer (D8 Advance, Bruker) with a Cu anode (Ko 2 0.15406
nm). The diffractometer was operated at 40.0 kV and 40.0 mA in
Bragg-Brentano geometry using a divergence slit of 0.6 mm and
a detector opening of 2.914°. In all the measurements, we used a
temperature control chamber (TTK600, Anton Paar) equipped with
a standard sample holder for powder XRD in reflection geometry.
The pretempered sample holder was filled with ~ 140 ul of melted
AMF and kept for 10 min at 65 °C to clear the crystal memory. The
sample was then cooled to one of the crystallization temperatures
at 5 °C min~'. Once the temperature was reached, continuous
scans were acquired for 2 h at constant temperature. WAXD scans
were recorded over a 15-30° 20 angle region (10.6-21.1 nm~! in
reciprocal lattice spacing q) in 0.02° steps, taking 0.1 s per step.
SAXD scans were recorded over a 0.8-8° 20 region (q 0.57-5.7
nm~!) in 0.02° steps, taking 0.3 s per step. For interpretation of
the results, 20 values were converted to q or d-spacings d
according to d = 2mq~' = ni(2sin6)”", where n is 1 and 4 is the
X-ray wavelength.

2.4. Quantitative phase analysis

The time-resolved diffraction patterns were qualitatively ana-
lyzed, identifying the different crystalline phases based on the
diffraction peaks observed. Phases with different lamellar thick-
ness were identified based on the d-spacings of the first order
diffraction peaks in the SAXD patterns. The different subcell struc-
tures were identified according to the long established classifica-
tion [16] using characteristic d-spacings reported for MF [17-19].
The relative contribution of the identified phases was quantified
using a method described by us previously [9]. This method was
originally proposed for WAXD data, and we extended its use for
SAXD data. In short, the WAXD and SAXD patterns, in terms of
intensities as a function of g, were decomposed following a “peak
by peak” approach. A model composed of Pearson VII functions
was fitted to each background subtracted pattern. According to
the phases identified in the qualitative analysis, a Pearson VII func-
tion was centered around the observed maximum of each peak,
using fitting parameters that define the shape, height and width.
In the case of the WAXD patterns, the broad liquid peak was also
fitted with a Pearson VII function. To quantify the area contribution
to the diffraction pattern of each phase (polymorph), the obtained
functions for the respective phases were integrated and added up.
The total diffraction area of each phase was related to its respective
mass fraction using a phase-specific response factor. A response
factor was experimentally derived for every crystalline phase and
for every WAXD and SAXD measurement. The use of these factors
accounts for structural differences among phases and for any
instrumental effect. These response factors were obtained using
the time-resolved SFC results, by nonlinear least-squares optimiza-
tion of an adaptation of the Hill and Howard relation as described
previously [9]. More details on the approach can be found in our
previous work [9].

2.5. Synchrotron X-ray scattering

We studied the crystallization of AMF at 17 °C in more detail,
and the consecutive melting of the crystalline phases during heat-
ing at 5 °C min~'. Synchrotron radiation wide-angle X-ray scatter-
ing (WAXS) and small-angle X-ray scattering (SAXS) analyses were
performed on the beamline BM26B at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France). WAXS and SAXS pat-
terns were simultaneously and continuously collected every 16.4 s
in the 10.6-21.1 nm~' and 0.5-4 nm™! q regions, respectively. After
being corrected for the detector response and normalized by the
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primary beam intensity, the 2-dimensional patterns were azimuth-
ally averaged. These patterns were further analyzed as previously
described for the XRD patterns.

2.6. Microscopy

The microstructural changes during crystallization were stud-
ied using microscopy. Initially, polarized light microscopy was
used to confirm the presence of crystals, but could not be used to
visualize clear differences in the morphology. Instead, light micro-
scopy was used to visualize the morphology of the crystals. A light
microscope (Zeiss Axioskop 2 Plus, Carl Zeiss) equipped with a hot-
stage (T95, Linkam). A small aliquot (~2 ul) of melted fat was
deposited on a glass slide and covered with a glass cover slip, both
preheated at 65 °C. The sample was kept at 65 °C for 10 min before
cooling it to the crystallization temperature at 5 °C min~'. Images
were taken every 60 s for 2 h to follow the microstructural devel-
opment during crystallization. After the crystallization period,
micrographs were taken during heating at ~2 °C min~' at 1 °C
intervals. The experiments were conducted in duplicate, and repre-
sentative micrographs are reported.

3. Results and discussion

For this study, we selected an industrial sample of AMF. The
AMF used displayed the characteristic composition of MF obtained
in winter. In comparison with MFs collected in summer [20], this
AMF presented relatively high levels of saturated FA (71%), a high
level of low- and medium-molecular weight TAGs (23% TAGs
with carbon number [CN] of 26-36 and 55% CN38-CN48),
and a relatively low level of high-molecular weight TAGs
(22% CN50-54) [14].

3.1. Rheological assessment of the network formation

To study the network formation during isothermal crystalliza-
tion, we measured the changes in the viscoelastic properties at dif-
ferent temperatures ranging from 15 to 22 °C. As the elastic (solid-
like) portion of the viscoelastic behavior quickly dominated over
the viscous (liquid-like) response, we selected the storage modulus
(G’) to characterize the network formation and evolution during
crystallization. The network strength, here measured by G/,
evolved in a stepwise fashion. For clarity, we classified these steps
in four regions (I-IV) as shown in Fig. 1a. Fig. 1 also includes addi-
tional results to facilitate their comparison, which will be dis-
cussed at a later stage. Additional plots showing G’ and the loss
modulus (G”) can be found in the supplementary information
(Fig. S1).

During the first hour, at 19-22 °C, G’ increased in one step (re-
gion III) followed by a plateau. At lower temperatures, G’ increased
in three steps (regions I-IIl). Additionally, at 17 °C, G’ decreased
temporarily, between the G’ increments recorded in regions II
and III. At and below this temperature (15-17 °C), an additional
increase in G’ was observed in region IV, indicating a fourth step
in the crystallization process. As mentioned previously, the step-
wise crystallization of MF has been reported before, but only
one- and two-step processes have been described in literature
[10,12,13]. These results show that the crystallization process in
AMF is more complex than previously reported. To elucidate the
cause behind the diversity in the G’ evolutions we observed, we
further studied these crystallization processes.
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Fig. 1. Synchronized changes in milk fat crystallizing at different temperatures (15—
22 °C). Network formation measured as the storage modulus G’ (a), SFC evolution as
obtained by NMR (b), evolution of polymorphic phases displaying different subcell
structures (c) and different lamellar thickness (d), as quantified from WAXD and
SAXD time-resolved patterns, respectively. I-IV indicate different transition regions.
The x marks the point at which an additional p' peak appeared in the WAXD
patterns. One replicate is presented as little variation was observed between
replicates.

3.2. SFC evolution

To investigate if the changes observed in the G’ could be directly
explained by changes in the amount of matter forming the net-
work, we measured the SFC during the same time frame. Resem-
bling the G’ evolution, the SFC increased in multiple steps
(Fig. 1b), thus, we classified the SFC steps in an analogous way as
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we did for the G’ steps. During the first hour at the highest temper-
ature (22 °C), the SFC increased in one step (III), while it occurred in
two steps at all the other temperatures (I and III). As we did not
observe intermediate SFC changes between steps I and III, no step
II was assigned in Fig. 1b. During the second hour, an additional
SFC increment was observed at 15-17 °C and to a much smaller
extent for 18 °C (IV). By comparing the evolution in the rheological
behavior and the SFC, it is clear that the transitions are
synchronized.

The main network strengthening events (i.e. those occurring in
regions I, Il and IV) coincided with increments in the amount of
crystallized fat (SFC). In region III, increments in G’ and SFC coin-
cided at all temperatures. This was also observed for regions I
and IV, but with some exceptions at higher temperatures. At 19
and 20 °C in region I and at 18 °C in region IV, there were small
SFC increments (2-4%), but no changes in G’ were recorded. Aside
from these minor discrepancies, which will be further discussed in
terms of the network structure, SFC changes were reflected in G/
changes, verifying that both techniques can provide information
on the crystallization and network formation of MF.

Although, in general, G’ increments could be attributed to SFC
increments, this was not the case for all G’ changes. The occurrence
of multi-step G’ evolutions, more evident at 16-18 °C, could not be
explained by changes in SFC, which increased in only two steps
during the first hour. In particular, it is clear that the G’ decrease
recorded at 17 °C did not correspond to a reduction in the SFC. This
shows that rheological data provides additional information on the
fat network formation. As the rheological properties of a network
result from the interactions between the solid fat particles, G’ is
largely determined by the SFC, but additional structural parame-
ters also play a role. These additional changes in G’ thus reflect
structural changes within the crystal network. We studied these
structural changes by investigating the microstructure and the
underlying arrangement of TAGs in the crystalline structures.

3.3. Identification and characterization of the crystalline phases

To interpret the changes in the rheological properties, we stud-
ied the structural changes in the crystals forming the network. As
discussed, TAGs self-assemble in different crystalline structures
(polymorphs) that can be characterized with XRD. We used time-
resolved XRD to study the evolution of the crystalline phases, char-
acterizing the changes in the lateral packing of TAGs by WAXD and
in their longitudinal stacking into lamellae by SAXD.

To visualize the structural transitions, we used the time-
resolved patterns to produce heat maps where the color changes
show the intensity changes of the peaks at the different g ranges
over time. The heat maps in Fig. 2 reflect the changes in the WAXD
and SAXD patterns recorded at representative temperatures (15, 17
and 22 °C). For clarity, examples of individual patterns that were
used to create the heat maps were included. As can be seen in
Fig. 2, there was a synchronized appearance and disappearance
of WAXD and SAXD peaks, showing how the phase transitions
involved changes in both the lateral and the longitudinal arrange-
ment of TAGs. Thus, we identified the different polymorphs accord-
ing to the type of subcell and lamellar structure.

In the WAXD patterns, we identified three sub-cell structures;
we attributed apparent maxima at ~0.415 nm to «, ~0.42 nm
and ~0.38 nm to 8 and ~0.46 nm to p-polymorphs, as reported
in literature [17-19]. In addition to the crystalline peaks, a broad
~0.45 nm peak was attributed to a liquid phase. In the SAXD pat-
terns, we linked the position of the most intense peaks (first order
diffraction peaks Lgy;) to the thickness of the lamellae. We
observed peaks centered around two d-spacings: ~4.7 nm synced
with the o patterns and ~4.1 nm synced with g and g patterns.
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Fig. 2. Time-resolved WAXD and SAXD patterns of anhydrous milk fat crystallizing at representative temperatures. Examples of individual patterns recorded at 15 °C are
included with guides to their corresponding time points in the heatmap. The color scale corresponds to the intensity in arbitrary units (a. u.), normalized separately for WAXD

and SAXD experiments per temperature.

Both types of peaks correspond to lamellae with the length of two
aliphatic chains (2L). At all temperatures at which both g’ and g
phases formed, only one Lyy; SAXD peak was detected, as is com-
mon for MF [18,21]. Depending on the temperature, we identified
the formation of different polymorphs: -2 was observed at all
temperatures, -2 at 15-20 °C and -2 at 16-20 °C. Before dis-
cussing these results further and identifying specific polymorphic
transitions, we quantitatively analyzed the XRD data to be able
to relate their transitions to the rheological evolutions.

To characterize and later quantify the crystalline phases, we
decomposed the diffraction patterns to separate the contribution
of each phase at the different temperatures. As illustrated in
Fig. 3 for 16 °C and described in the methods section and in further
detail in our previous work [9], the background subtracted patterns
were decomposed fitting each peak with a Pearson VII function by
nonlinear least-squares optimization. Using the decomposition of
the SAXD patterns, we determined the lamellar thickness (long
spacings) with precision from the center of the Ly, peaks (Table 1).
In agreement with literature [ 18], there was a tendency for the for-
mation of thicker lamellae with increasing temperatures. For
example, for the «-2 phase, we observed a thickness of 4.550 +
0.049 nm at 15 °C and a greater thickness of 4.706 + 0.014 nm
at 20 °C. For the -2 and the -2 phases, the lamellar thickness

d-spacing [nm]
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Fig. 3. Decomposition of representative XRD patterns recorded at 16 °C. WAXD
patterns before the polymorphic transition (a), after the polymorphic transition (b)
and after an additional f' peak appeared at 0.376 nm (c). SAXD patterns before (d),
during (e) and after the polymorphic transition (f).
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Table 1
Lamellar thickness of the polymorphic phases formed at different crystallization
temperatures (T).

T[C] o 2L [nm] p and f 2L [nm]
15 4.550 + 0.049 4.063 + 0.016"
16 4.632 + 0.012 4.087 + 0.006
17 4.639 + 0.055 4.093 + 0.004
18 4,683 + 0.008 4.095 + 0.003
19 4.688 + 0.009 4.106 + 0.004
20 4.706 + 0.014 4.117 + 0.003
22 - 4,146 + 0.025

* The value at 15 °C corresponds to a ' 2L phase.

increased from 4.087 + 0.006 nm at 16 °C to 4.146 + 0.025 nm
at 22 °C. As suggested by Mazzanti et al. [18], this could be the
result of smaller TAGs being able to crystallize at lower tempera-
tures and forming thinner lamellae.

While the decomposition of the SAXD patterns provided more
information about the thickness of the lamellae, the decomposition
of the WAXD patterns allowed us to determine the short spacings
of the different polymorphs, which correspond to the distances
between the aliphatic chains in the lamellae (Table 2). In Fig. 3,
the decomposition of representative WAXD patterns is illustrated
for scans displaying crystalline contribution from o polymorph
only (a) and from g’ and 8 polymorphs (b). As is typically described
for MF [17-19], g’ polymorph was characterized by two apparent
maxima only (~0.42 nm and ~0.38 nm) (Fig. 2). However, as we
previously reported for AMF [9], four peaks (0.437, 0.425, 0.409,
0.384 nm) were required to consistently and accurately decompose
the patterns including f'. During the second hour at temperatures
below 18 °C, the WAXD pattern decomposition revealed the
appearance of an additional peak corresponding to a spacing of
0.376 nm (Fig. 3c). As the area of this peak increased simultane-
ously with the area of the four g/ WAXD peaks and the correspond-
ing 2L SAXD peak, we assigned this peak to a '-2 phase as well.

Table 2
d-spacings of the polymorphs formed in anhydrous milk fat.
o [nm] ' [nm] f [nm]
0.415 + 0.001 0.437 + 0.004 0.459 + 0.001
0.425 + 0.005
0.409 + 0.003
0.384 + 0.001
0.376 + 0.001*

* Associated with a second ' phase observed in the second hour of crystallization
at 15-17 °C.
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The nature of this second f'-2 phase is further discussed in Sec-
tion 3.5.2. In addition to the characterization of the crystalline
phases, the XRD pattern decomposition also allowed us to quantify
the different crystalline phases.

3.4. Quantitative phase analysis

To quantify the evolution of the different crystalline phases over
time, we used the pattern decomposition to identify the area con-
tribution of each phase to the diffraction pattern. We converted
these areas to their respective mass fractions using phase-
specific response factors derived from the SFC data, as described
in [9] and illustrated in Fig. 4. This allowed us to quantify the evo-
lution of crystalline phases with different lateral (Fig. 1c¢) and lon-
gitudinal packing modes (Fig. 1d) at all the studied temperatures.

The quantitative phase analysis (QPA) revealed clear similarities
between the transitions in the subcell structure and lamellar thick-
ness, and the changes in G’ and SFC (Fig. 1). The regions identified
for the SFC increments and the main G’ increments (I, III and IV)
coincided with the formation of different crystalline phases. At
22 °C, no o-2 formation was observed, but only g and B phases.
At temperatures below 22 °C, first an «-2 phase was formed in
region I at the beginning of the isothermal period. In step III, g’
and p phases were formed at 16-22°C, while only p formation
was observed at 15 °C. As only one 2L peak was recorded, we
assume that both g and g’ phases had a similar lamellar thickness.

Thus, we were able to unequivocally link the one-step SFC for-
mation at 22 °C to the direct crystallization of liquid TAGs into
stable crystalline phases (f'-2 and $-2), and the two-step SFC for-
mations at lower temperatures to the formation of -2 and -2
phases, mediated by the initial formation of a metastable o«-2
phase. This is in agreement with the study of [8], who reported
for AMF the formation of g directly from the melt at 20 °C but
mediated by o at lower temperatures. In our study, we could also
quantify these different polymorphs. As expected, lower tempera-
tures resulted in more abundant «-2 and f'-2 phases, as more TAG
species reach a supercooled state. Interestingly, the amount of -2
polymorph was not affected in the same way by temperature.

At 17-22 °C, a constant amount (~1%) of a p-2 formed at the
same time as the f'-2 phase (~1000 s). In contrast, at 16 °C, -2
formed 772 s later than -2 and reached a slightly lower level
(0.6%). At a lower temperature of 15 °C, no -2 could be detected.
Thus, a p-2 phase formed only at lower extent of supercooling,
i.e. slower crystallization. Several studies have suggested that a
considerable amount of liquid fat is required for the formation of
B polymorphs in milk fat [3,22-24]. The need for an abundant lig-
uid phase for g crystals to form is in agreement with our results, as
the formation of -2 was inhibited at lower temperatures. At low
temperatures, the SFC levels were already high from the beginning
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of the isothermal period, which would increase the viscosity and
thus present a kinetic constraint for -2 crystals to form. Although
the formation of -2 was expected, a more unexpected effect was
the simultaneous formation of -2 and -2 at 17-22 °C. As TAGs
crystallize faster into less stable polymorphs (« < ' <g in increasing
order of stability and Gibbs free energy) [22], the -2 phase would
be expected to consistently form after the '-2 formation, in a sim-
ilar way that g'-2 forms after the initial -2 formation.

Another interesting observation was the appearance and
growth of the additional (0.376 nm) peak during the second hour
at temperatures below 18 °C (marked by an x in Fig. 1c¢), linked
to SFC and G’ increments (IV). This change was clearly reflected
in the phase quantification based on WAXD patterns, while the
quantification based on SAXD patterns only showed a minor incre-
ment. As already discussed, we attributed this peak to a -2 phase,
but we could not determine whether it was the result of a new
crystalline phase or the growth of the original -2 phase, as both
events could produce an additional apparent maximum. The QPA
results support the idea of a new f'-2 phase, as it clearly links
the growth of the (0.376 nm) peak to a separate crystallization
event.

Although the quantitative analysis provided a clearer picture of
certain crystallization events, it could not provide a full explana-
tion regarding the formation of -2 together with the -2 phase,
and the appearance of an additional f’ peak. Moreover, it also did
not explain all the rheological changes recorded at intermediate
temperatures. In the region in which an additional G’ increment
was recorded (II), we only observed a plateauing of the «-2 phase,
and therefore we could not attribute the rheological changes to
transitions in either the lateral or the longitudinal packing mode
of the TAGs, nor specific changes in the amount of the crystalline
phases. Furthermore, the decline in G’ observed at 17 °C could
not be attributed to a decrease in SFC or a polymorphic transition.
Acknowledging the limitations of a lab-scale diffractometer, we
further investigated these observations using synchrotron
radiation.

3.5. Synchrotron XRD

We repeated one of the lab-scale XRD experiments using syn-
chrotron radiation to verify and study in detail our previous find-
ings. We selected 17 °C to study the formation of all the
polymorphs previously observed and the rheological events in
regions Il and IIl. To follow the delayed formation of the additional
B’ peak more closely, we extended the isothermal period to 3 h. In
addition, we studied the melting behavior of the different phases
formed.

The synchrotron WAXS and SAXS patterns of AMF at 17 °C
(Fig. 5), recorded simultaneously, displayed the same transitions

25 b ,,!,II'"HM a
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Fig. 4. Quantitative phase analysis of anhydrous milk fat crystallizing at 16 °C. Area contribution to the WAXD patterns of each crystalline phase and SFC by NMR (a), used to
calculate the mass fraction of the different phases over time (b). The error bars correspond to the 95% confidence interval. As the error margins are small, they become
nonvisible in most cases. The x marks the point at which an additional g’ peak appeared in the patterns.
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Fig. 5. Synchrotron WAXS (a and c) and SAXS patterns (b and d) of anhydrous milk
fat recorded during the polymorphic transition at 17 °C (a and b) and during
melting of the formed crystals (c and d). The * marks an additional peak observed
during the second hour, attributed to f,-2 polymorph. The arows point to the
characteristic peaks per polymorph recorded at the highest temperature at which
they could be clearly distinguished.

as our lab-scale results. These results confirm 1) the formation of
the o-2 phase from the melt in region I, 2) the simultaneous forma-
tion of the -2 and -2 phases and disappearance of a-2 in region
III, and 3) the appearance of a 0.376 nm peak alongside the growth
of the other f'-2 peaks in region IV. The patterns recorded in region
IV, and until the end of the crystallization time (patterns in Fig. 5¢
and d), displayed peaks corresponding to the formation of a g
phase and possibly to two different ' phases, but only one 2L long
spacing. To gain more information about these crystalline phases,
we studied their melting behavior.

From the WAXS patterns recorded during heating, we deter-
mined the melting ranges for the different peaks, considering the
temperatures at which the peaks started to shrink and the temper-
atures at which they could not be clearly distinguished anymore.
We recorded three melting ranges for the different WAXS peaks
(Fig. 5¢): 20-24 °C for the 0.376 nm ' peak, 24-29 °C for the p peak
and 20-36 °C for the other four ' peaks. At the same time, the
SAXS peak continuously declined, but its apparent maximum
shifted slightly towards longer spacings at temperatures above
29 °C (Fig. 5d). The separate melting ranges confirm the formation
of three separate stable crystalline phases with similar lamellar
thickness: a typical f'-2 phase that forms together with a lower
melting -2 phase, and a low melting -2 that forms during the
second hour. The two -2 phases can be considered as two sepa-
rate -2 polymorphs with different origins. Combining these
observations with the quantification of the different polymorphs,
we can now elaborate on the formation of the less commonly
observed polymorphic phases.

3.5.1. Simultaneous formation of f'-2 and a lower melting -2 phase

Within the first 2000 s at 17-22 °C, ~1% of a -2 phase formed
at the same time as the predominant §'-2 phase. This -2 phase
completely melted at a lower temperature (29 °C) than the p'-2
phase (36 °C). These observations can be explained only if these
two phases are formed by different TAG groups. If the same group
of TAGs would form both polymorphs, their crystallization would
first lead to the formation of the less stable polymorph (f'-2) and
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later to the formation of the more stable polymorph ($-2), given
the monotropic nature of TAGs. As this was not observed, it is unli-
kely that the two phases originate from the same TAG species. Our
results provide evidence that a g polymorph is formed in MF by a
specific group of TAGs, different from the ones crystallizing into f'.
This has been suggested in previous studies based on the simulta-
neous appearance of g and p according to lab-scale XRD data
[9,23], but could now also be confirmed with the excellent time-
resolution of the synchrotron data.

We propose that the g polymorph in AMF can readily form only
within a narrow temperature range due to a combination of ther-
modynamic and kinetic constraints. At temperatures above that
range, the g-tending TAGs would remain in the liquid phase as they
would not be sufficiently supercooled. At temperatures below that
range, although the g-tending TAGs would be in a supercooled
state, their crystallization would be impaired by a higher viscosity,
as other TAGs would quickly arrange into o crystals, thereby
increasing viscosity. This temperature range would be affected by
composition and cooling rate.

Mazzanti et al. [18] reported that g polymorph formation in
AMF is induced by fast cooling (3 °C min~') or low crystallization
temperatures (17.5 and 20 °C). In their study, they only observed
the formation of g when o was formed first, and therefore they sug-
gested that g formation was dependent on the previous amount of
o formed. Our results contradict this hypothesis, as we recorded
the formation of -2 at 22 °C without an initial formation of «-2.
In addition, at the other temperatures, the amount of -2 formed
was unrelated to the amount of -2 formed, again indicating that
the crystallization of these polymorphs can be independent. Never-
theless, the results of Mazzanti et al. [ 18] strengthen our hypothe-
sis that a combination of thermodynamic and kinetic constraints is
responsible for limiting g formation. In their study, the crystalliza-
tion onset was delayed by faster cooling rates. As a result, there
was a longer period in which p-tending TAGs were sufficiently
supercooled and the SFC had not reached levels high enough to
impair their movement, allowing g crystals to form. Moreover, they
did not observe g formation at higher temperatures (22.5 °C and 25
°C), which can be explained by an insufficient degree of supercool-
ing of the g-tending TAGs.

Our quantitative analysis suggests that the concentration of -
tending TAGs present in MF is low, as the p-2 phase quickly
reached the same plateau value (~1%) for all temperatures above
16 °C. A low content of p-tending TAGs, combined with the narrow
temperature range in which g can readily form, would explain why
the B polymorph is either absent in other studies [8,17], or only
present at very low levels [4,18].

Regarding the nature of the p-tending TAGs, one could presume
that they contained either shorter or more unsaturated FAs than
the main TAG groups composing the -2 phase, as our results
showed that -2 had a lower clear point than -2 (29 °C vs 36
°C). However, this is not necessarily true, as a  phase coexisting
with an abundant g’ phase can melt at lower temperatures than
the p’ phase [7]. Tzompa-Sosa et al. [23] observed that the forma-
tion of g polymorph was related to high levels of CN52-54 TAGs.
Based on studies with pure TAGs, Timms [7] reported three groups
of TAGs that are stable as -2 polymorph: (1) monoacid TAGs, (2)
TAGs in which the FAs differ by 4 or 2 carbon atoms and (3) TAGs
containing C18:1 trans. Thus, it is likely that the g-tending TAGs in
milk fat have a high molecular weight, correspond to one or more
of the groups identified by Timms, and are present in a low concen-
tration but that at least account for 1% of the TAGs. Still, according
to the latest survey of MF TAGs [2], there is an unknown, but cer-
tainly high number of components in milk fat that fulfill these
requirements. Although our results demonstrate that specific
TAG groups are responsible for the formation of a g polymorph,
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further investigation is still needed to determine the nature of
those TAGs and if the g polymorph can also form through a poly-
morphic transition from the o polymorph.

3.5.2. Formation of an additional p'-2 phase

During the second crystallization hour at temperatures below
18 °C, additional G’ and SFC increments were recorded, coinciding
with the growth of the p'-2 diffraction peaks and the appearance of
an additional g’ peak (0.376 nm). These changes were greater and
occurred earlier at lower temperature. During heating, this addi-
tional g’ peak was the first to completely melt (at ~24 °C). As we
clearly observed all these changes as separate crystallization and
melting events, we attribute them to a separate f'-2 phase rather
than to the growth of the first -2 phase formed.

To the extent of our knowledge, there are limited studies
reporting a similar crystalline phase in MF. Lopez and coauthors
[4,5] also reported the formation of different ' phases, as they
obtained four apparent maxima (0.378, 0.383, 0.425 and 0.437
nm) for AMF when crystallized at 4 °C for more than 100 h. They
assigned the four peaks to two separate f' phases: 0.383 and
0.425 nm peaks to 8] and 0.378 nm and 0.437 nm peaks to f;. They
also reported similar clearing points as the ones we obtained; 37 °C
for g and 23.5 °C for f, [5], which confirms the presence of differ-
ent ' phases. Based on our results and those published by Lopez
et al. [4,5], it is clear that two ' phases can coexist in MF. We thus
adopted the same nomenclature. We refer to the second #' phase,
formed in region IV at 15-17 °C, and with a clear point of 24 °C
as f,. Both polymorphs show the same four short spacings
(Table 2), but g, shows a distinct additional short spacing at
0.376 nm.

We concluded that the f,-2 phase formed from the melt, from a
group of TAGs different than those in the -2 and -2 phases. We
inferred this from the separate SFC increment in region IV and the
fact that the -2 and p;-2 diffraction peaks did not decline with the
growth of the additional ,-2 peak. Thus, it is likely that a separate
type of TAGs crystallized into f,-2 polymorph in region IV, once
their concentration reached supersaturation levels in the liquid
phase as the amount of liquid fat decreased considerably in region
IIl. As mixed saturated/unsaturated asymmetrical TAGs are typi-
cally g stable [7], it is expected for the two f'-2 phases to be
formed by two groups of asymmetrical TAGs that differ in config-
uration, chain length or unsaturation level. The lower clearing
point of the f,-2 phase (~24 °C vs 36 °C for f;-2) could be due
to smaller or more unsaturated TAGs forming it. However, as for
the case of the p-2 polymorph, more research is needed to deter-
mine the exact nature of the TAGs forming the f,-2 polymorph
in MF.

3.6. Visualization of the microstructure

Even with the additional analysis using synchrotron radiation,
we could not link the intermediate G’ increment (II) or the G’
decline at 17 °C with a crystallization event or a polymorphic tran-
sition. As the changes in G’ were likely to be related to changes in
the microstructure of the crystal network, we followed the isother-
mal crystallization for 2 h at different temperatures using micro-
scopy. Although we observed a variety of microstructures
forming and disappearing over time, we could distinguish patterns
in the microstructural changes. These changes can be seen in the
representative pictures taken at different temperatures during
crystallization (Fig. 6). Videos recorded during crystallization can
be found in the supplementary information.

At 15-17 °C, we observed the formation of a dense network.
Although we could not distinguish the individual elements in these
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networks, the images suggest the presence of spherulites (Fig. 6 for
17 °C, region I). At 18-22 °C, we observed the formation of spher-
ulites that at some point became numerous and large enough to
form a network (Fig. 6 for 19 and 22 °C). In general, with decreasing
temperature, we observed denser networks with fewer voids and
smaller spherulites. These microstructures evolved differently
depending on the temperature, aligned with the changes in G’
and SFC, and with the formation of different polymorphs.

The microstructural evolutions can be summarized in four
changes that coincide with the three crystallization events (I, II
and IV) and the intermediate rheological change (II). As can be seen
in Fig. 6 we observed the appearance of new elements in three
regions: the first elements appeared in region I at 15-20 °C (indi-
cated by green circles), new elements appeared in region II at all
temperatures (indicated by blue arrows) and a different type of
small elements appeared on the edges of the existing structures
in region IV at 15-18 °C (indicated by pink circles). In region III,
no new elements appeared, despite being the period in which
the polymorphic transition took place according to the XRD results.
Instead, region Il was characterized by the steep growth of the ele-
ments formed in region II (arrows in Fig. 6), and by the disappear-
ance of the elements formed in region I (indicated by green circles
in Fig. 6). As will be discussed in the following section, the visual-
ization of the microstructural evolution provided the last piece of
information needed to explain all the changes in the rheological
properties, i.e. G/, and to relate the transitions observed to events
at different length scales.

3.7. Multiscale transitions behind stepwise network formations

Combining our results, we elucidated the events behind the G’/
evolutions, as is schematically depicted in Fig. 7. At 15-20 °C, coin-
ciding with the SFC increment in region I, liquid TAGs crystallized
into o-2 polymorph, forming an initial type of microscopic ele-
ment. At 15-18 °C, these microscopic elements formed a network,
which explains the G’ increments observed. In contrast, at 19 °C
and 20 °C, the o-2 crystallites formed individual spherulites with-
out forming a 3D network, which explains why the SFC increased
but no G’ increments were observed in that period. At 22 °C, above
the clear point of « polymorph, no changes in G’, SFC, micro- and
nanostructure were observed.

In region II, at all temperatures, we observed the formation of
new microscopic elements. The morphology of these elements
clearly differentiated them from the elements formed by the o-2
polymorph in region I. Because of this clear difference with the
«-2 elements, we expected that the appearance of the new ele-
ments would match the initial detection of ;-2 and -2 poly-
morphs by XRD. However, ;-2 and -2 polymorphs were not yet
detected in region Il with XRD, but were consistently detected later
(region III). This apparent discrepancy between the detection of the
initial structural transitions on the microscale and the nanoscale
can be explained by the capacity of the different techniques used
to detect changes at an early stage. From the results at 22 °C, where
only p-2 and -2 phases are formed and there is no «-2 formation,
we can confirm that microscopy allows an earlier detection of a
structural transition than XRD and NMR. At 22 °C, we visualized
the formation of individual elements in the microscopy images
already in region II, but we only detected changes in the nanostruc-
ture (XRD), G’ and SFC in region IIl. We thus concluded that a
paired microscale and nanoscale transition was detected at an ear-
lier stage using microscopy than using XRD.

The rheological changes in regions Il and III correspond to two
stages of the same multiscale transition, which can be detected
when it starts (region II) with microscopy and when it accelerates
(region III) with XRD and NMR. In region II, at all temperatures, ;-
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Il (late)

Fig. 6. Changes in the microstructure observed at representative temperatures in four time regions (I-IV). At the beginning of the crystallization (I), the first elements (green
circles) form. Prior to the detection of a polymorphic transition by XRD, a new type of element (blue arrows) forms (II). At the beginning of the polymorphic transition, those
new elements grow (III early). After the polymorphic transition, the first elements have disappeared as indicated by the green circles (III late). At 17 °C, a third type of element
(pink circles) appears in region IV. At 22 °C, only one type of element (blue arrows) forms (II) and grows (III early).
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Fig. 7. Changes in the storage modulus (G’) and the solid fat content (SFC) in
crystallizing milk fat are linked by synchronized structural transitions in different
length scales. The transitions observed depend on the crystallization temperature
and occurred in four time regions (I-IV). The microscopic elements that appear in
region II are presumably formed by f;-2 and -2, although these polymorphs are
first detected in region III. The time scale was altered for illustration purposes.

2 crystallites appear and form new microscopic elements. At tem-
peratures where a crystalline network was already formed in
region I, the structural change in region II is also reflected as a G/
increment. This was especially clear at 18 °C, for which the G
increment was most pronounced. The weak network formed in
region [ at 18 °C was considerably reinforced with new contact
points that were obtained due to the microstructural change. At
lower temperatures, the structural change had a limited effect on
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G/, as the preexisting network was already strong due to a higher
SFC. For higher temperatures, i.e. 19-22 °C, no effects were
observed in G’ in region II, as the limited SFC prevented the forma-
tion of a network, even after the formation of the new structural
elements. The beginning of the multiscale transition was thus
detected with rheology only when a network had already formed
in region I.

In region III, synchronized with SFC and G’ increments and the
detection and growth of the -2 polymorph, we observed the fast
growth of the microscopic elements that were formed in region II
At 16-22 °C, ~1% of p-2 polymorph formed together with the pre-
dominant f'-2 phase, but no separate microscopic elements could
be attributed to it. At 15-20 °C, we also observed the disappear-
ance of the -2 microstructures that were formed in region I. Thus,
region III corresponds to the accelerated growth of §'-2, at the
expense of the «-2 structures and the liquid. At temperatures at
which limited or no «-2 structures were present (19-22 °C), the
growth of the f'-2 structures finally resulted in the formation of
a 3D crystal network, explaining the 1-step G’ increment observed.
At lower temperatures, where the network of the «-2 structures
was already sufficient to provide a G’ increase, the growth of the
B'-2 structures densified the existing network, which was reflected
as G’ increments at 15 °C and 16 °C. At 17 °C and 18 °C, this densi-
fication also produced steep G’ increments, but prior to that, we
observed a temporary decline in G’ at 17 °C and a plateau at 18
°C, even though the SFC increased. This decline can thus not be
explained by the volume fraction of the crystallites making up
the network, but by the densification of the crystallites. At 17 °C
and 18 °C, we indeed observed the fastest densification (Fig. 1c
and d), as the lamellar thickness decreased from ~4.7 nm lamellae
to ~4.1 nm, when the «-2 polymorphs transitioned to the -2 and
B-2 polymorphs. Such quick densification of the crystallites led to a
decrease in the crystal volume fraction, while still increasing the
SFC, which resulted in a temporary loss of inter- and intra-
particle links within the network. Once the volume fraction of crys-
talline matter increased again due to crystal growth, the network
was restored, and G’ increased again. Thus, densification would
only visibly decrease G’ at temperatures at which the transition
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is so fast that its effect cannot immediately be compensated by
crystal growth.

In region IV, coinciding with the SFC increments at tempera-
tures below 19 °C, a third type of microscopic element formed on
the edges of the crystal networks. As indicated by XRD patterns,
these elements were composed of a second -2 phase (f,-2), as
both structures appeared at the same time. At 18 °C, we observed
fewer and smaller elements forming in this period, which would
explain why we did not detect them in the rheogram or the XRD
patterns. Overall, we see that the used techniques are complemen-
tary, and provide a clear picture of how initial crystal growth at dif-
ferent temperatures can be related to specific polymorphic
transitions, microstructural development, and final macroscopic
properties of the system.

4. Conclusions

Our aim was to study the effect of temperature on the isother-
mal crystallization of MF, linking the network formation to
changes in multiscale structures, with a special focus on polymor-
phism. We hypothesized that rheology could be used to monitor
those multiscale transitions, as the network strength would
increase due to changes in the microstructure, paired with changes
in the lateral and the longitudinal arrangement of TAGs. Although
XRD and NMR were needed to quantify the phase transitions,
microscopy proved to be better in identifying the beginning of such
transitions. Rheology was also found to be an effective technique to
monitor the whole crystallization process, as the G’ reflected the
changes observed with the other techniques, including the begin-
ning of the multiscale transition observed with microscopy. How-
ever, it is important to bear in mind that rheological changes were
only observed in the presence of a 3D crystal network, as changes
in individual particles did not affect the G'. The fact that rheology
and microscopy could reflect the structural transitions earlier than
XRD and NMR also shows that, in crystallization studies, differ-
ences in sample size and heat transfer have a minor effect in com-
parison with the detection limits of the different techniques.

Although the formation of f;-2 is often reported in literature
[8,10,13], our study advances the current knowledge by quantify-
ing the simultaneous formation of $;-2, and the delayed formation
of the low-melting f,-2 polymorph. $,-2 could only be quantified
using WAXD, displaying the advantage of the new approach we
previously proposed [9]. The formation of a ;-2 polymorph in
MF has rarely been reported and has only been observed after long
storage periods at a much lower temperature (4 °C) [4,5]. For the
first time, we have observed and quantified the formation of the
B5-2 polymorph in MF at an early crystallization stage.

We propose two hypotheses that explain the limited -2 forma-
tion and its erratic observation in MF studies: (1) there is a small
amount (~1%) of B-tending TAGs in MF and (2) 8 can only form
at an early crystallization stage in a specific temperature range in
which there is a balance between a low kinetic constraint (low vis-
cosity) and a sufficient degree of supercooling for the p-tending
TAGs. These hypotheses are supported by our results and those
presented in previous studies [9,18,23]. We recommend further
research to verify our novel findings: the crystallization of specific
p-tending TAGs within a narrow temperature range, the delayed
crystallization of a second -2 phase (f,-2) and the ability to
detect polymorphic transitions at an earlier stage using rheology
and microscopy.
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