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Networks of micronized fat crystals grown under
static conditions†

T. Nikolaeva, a,b R. den Adel, c E. Velichko, d W. G. Bouwman, d

D. Hermida-Merino,e H. Van As, a,b A. Voda *c and J. van Duynhoven a,c,b

Dispersing micronized fat crystals (MFCs) in oil is a novel route to largely decouple fat crystallisation and

network formation and thus to simplify the manufacture of fat-continuous food products. MFCs dispersed

in oil form a weak-interaction network organized by crystal aggregates in a continuous net of crystalline

nanoplatelets. The rough surface of MFC nanoplatelets hampers stacking into one-dimensional aggre-

gates, which explains the high mass fractal dimensions of the networks formed in MFC dispersions.

Applying shear does not have a significant effect on the fractal dimensions of MFC networks, and MFC

aggregates in the range of 5–10 μm remain intact. However, shear leads to a significant loss of storage

modulus and yield stress over a time frame of an hour. This can be attributed to irreversible disruption of

the continuous net of nanoplatelets. Rheo-SAXS revealed that shear releases nanoplatelets from the con-

tinuous net, which subsequently align in the shear field and undergo rapid recrystallisation. The release of

thin and metastable nanoplatelets from the weak-link network bears relevance for simplified and more

effective manufacturing of emulsified food products by effectively decoupling crystallisation, network for-

mation and emulsification.

1 Introduction

The shelf-life stability and sensorial quality of fat-based pro-
ducts are for a major part determined by the structure of fat
crystal networks.1,2 These typically adopt a multi-length scale
hierarchical organization, which can be manipulated by
chemical composition3–5 and processing routes based on
melting and cooling steps.6,7 During the cooling of a fat melt,
lamellar stacks of triacylglycerol (TAG) bilayers grow into crys-
talline nanoplatelets.8 They can aggregate to larger structures
that are plate-like, needle-like or spherulitic.9,10 These aggre-
gates form a fractal network, with weak-link interactions
between them.11 The viscoelastic and yield stress pro-
perties7,12,13 of networks formed from the melt strongly
depend on the processing conditions during cooling, like

temperature and shear.14–16 These determine an intricate
interplay between formation of fat crystals and their aggrega-
tion into larger structures.17,18 The strong coupling of these
two structure formation steps is adding significant complexity
to the industrial manufacturing of fat-based food products.
This is particularly the case for the industrial manufacturing
of fat-continuous food emulsions, where fat crystallisation and
network formation occur concomitantly with emulsifica-
tion.19,20 For the manufacturing of products with low levels of
saturated (solid) fat, current industrial processing routes have
reached their processing and formulation limits.21

A novel route to largely decouple fat crystallisation and
network formation is to disperse pre-crystallized fat nanoplate-
lets in oil.22 Such pre-crystallized fat nanoplatelets can be pro-
duced by supercritical melt micronisation (ScMM): saturating
a molten fat blend with supercritical CO2, which is sub-
sequently expanded through a nozzle. The resulting fine
powder of rapidly micronized fat crystal (MFC) nanoplatelets
can be readily dispersed in oil. By this process, fat crystallisa-
tion and network formation can be largely decoupled, which
offers opportunities for simplified and flexible manufacturing
of fat-continuous food products.22 However, no detailed investi-
gation on the obtained MFC networks has appeared so far.

In this study we investigated dispersions of micronized fat
crystals (MFCs) in oil that were allowed two weeks of network
formation. We hypothesized that within these dispersions
diffusion- or reaction-limited aggregation of MFCs would form
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fractal MFC aggregates which interact via weak links. A suite of
measurement techniques was used to investigate the multi-
scale structure of these networks and their viscoelastic and
yield stress properties. At the nanoscale, Wide and Small Angle
X-ray Scattering (WAXS, SAXS) were used for the assessment of
fat crystal polymorphs and the thickness of the nanoplatelets.
Their possible arrangement in stacked aggregates
(TAGwoods)23,24 was studied by means of Ultra Small Angle
X-ray Scattering (USAXS). Confocal Raman imaging was
deployed to obtain a micron scale view of the fat crystal net-
works. We used bulk rheology and Magnetic Resonance
Imaging (rheo-MRI) to assess viscoelastic and yield stress pro-
perties. The macroscopic mechanical properties were modelled
using the fractal theory of weak-link networks.7,11 The fractal
nature of the network was assessed by USAXS, confocal
Raman imaging and bulk rheology. In situ rheo-SAXS experi-
ments were conducted to assess shear-induced sub-micron
mesoscale structural rearrangements of MFC dispersions.

2 Materials and methods
2.1 Materials

Micronized fat crystals (MFCs) were obtained by spraying fat
blends dissolved in supercritical CO2.

22 The TAG composition
of the studied MFCs is presented in Tables SI 1 and SI 2 in the
ESI.† The MFCs were dispersed in sunflower oil (SF) by intense
mixing under vacuum at a temperature of about 20 °C. The
concentration of MFC varied from 5% to 25% (weight). Melt-
cool (MC) dispersions were prepared by melting MFC disper-
sions at 80 °C to erase crystal memory and subsequent cooling
to 20 °C at a rate of 0.1 deg min−1 to induce fat crystallization.
The MFC and MC dispersions were stored at 20 °C for two
weeks to form a stable network.

2.2 Bulk rheology

Rheological measurements were performed with an Anton
Paar (MCR302 SN81236695) rheometer using a cone-plate (CP)
geometry (cone angle of 3.992°, cone diameter of 49.971 mm).
An oscillatory strain program was used to determine the
boundaries of the linear viscoelastic region (LVR) from which
apparent values of storage modulus G′ were obtained.20 The
rheometer was run through an oscillatory strain program
with applied strain ranging from 0.0001 to 100% at a frequency
of 1 Hz and at 20 °C. The weak-link theory25 provides the
relationship between the storage modulus G′ of a volume-
filling network and the volume fraction of particles:7,13,25

G′ ¼ λΦ
1

3�D

where G′ is the shear storage modulus, λ is a constant, Φ is the
volume fraction and D is the fractal dimension. The volume
fraction of fat crystalline nanoplatelets in the dispersions was
assumed to be proportional to the mass concentration, c.
Fractal dimension values of fat crystal dispersions were
obtained from the slopes of logG′ versus log c.20,25

Two rheological approaches were used to measure yield
stress properties of the material. In the first approach the
yield stress was defined as the stress value at the limit of line-
arity of a small deformation mechanical test.26 In the second
one, we determined yield stress values via bifurcation
measurements:27,28 a fixed stress was applied and the rate of
strain was then measured as a function of time. In each
experiment a fresh sample was used. To every sample, we
applied a required constant shear rate for 60 s before the
oscillatory strain and bifurcation programs. Shear rates varied
from 0.1 to 140 s−1. The same procedure of applying shear as
a pre-shear step was used for the characterization of MFC and
MC dispersions by Raman-imaging, WAXS, SAXS and USAXS
methods.

2.3 Rheo-MRI

Rheo-MRI velocity profiles were obtained using a Bruker
Avance III spectrometer at 7.0 T magnetic field strength (reso-
nance frequency 300 MHz for 1H) in combination with a
Bruker rheo-MRI accessory. As a shear cell, the Couette geome-
try was chosen with serrated walls, and inner and outer cylin-
der diameters of 17 and 22 mm, respectively, and hence a gap
size of 2.5 mm. The inner cylinder rotation speed ranged from
0.25 to 62.38 s−1. We measured 1D velocity profiles in 1 mm
slice thickness by the Spin Echo (SE) sequence29 (repetition
time TR = 1.5 s, echo time TE = 17 ms, Δ = 13.1 ms, δ = 1 ms).
Local velocities were measured with a field of view of 25 mm
and a spatial resolution of 48.8 μm. The time needed to obtain
a single velocity profile within the gap was of the order of 3 s.
The number of scans (NS) = 64 was chosen to improve the
signal-to-noise ratio. The temperature in the Couette geometry
was controlled at 20 °C. The stability of the NMR signal indi-
cates that no significant temperature variation occurred during
the experiments.

We constructed constitutive relations σðγ̇Þ by combining
local stress σ(r,ω) and local shear rate γ̇ðr;ωÞ,30,31 which were
collected at various positions r within the gap and various
angular velocities ω. Rheo-MRI velocity data ν gave the magni-
tude of the local shear rate γ̇ðr;ωÞ :32

γ̇ðrÞ ¼ r
@ðv=rÞ
@r

:

The local stress σ(r,ω) was obtained by performing applied
torque T measurements for each angular velocity. We used a
copy of the rheo-MRI Couette cell and a conventional rhe-
ometer Modular Compact Rheometer 301 (MCR301
SN80480600, Anton Paar). From torque data the shear stress
was estimated32 as

σðrÞ ¼ T
2πr2H

(σ(r) is the local stress as a function of the position, T is a
torque, r is the position within the gap and H is the fluid
height in the gap), which is valid for a homogeneously distrib-
uted material along the vertical direction within the Couette
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geometry. The local flow curve was constructed by plotting
both σ(r,ω) and γ̇ðr;ωÞ in a single σðγ̇Þ plot.

2.4 Raman imaging

Full details of the experimental procedures can be found else-
where.33,34 In short, experiments were performed on a WITec
confocal Raman (Alpha 300R+) microscope equipped with a
Zeiss upright microscope with a 532 nm laser at 25.0 mW. The
sample was placed on a 19 °C water-cooled plate. The laser was
used with a 100×/1.4 NA oil objective. The Raman spectro-
meter was coupled to a cooled (−60 °C) EMCCD detector. The
obtained Raman spectra were in the range of 100–3800 cm−1.
An integration time of 0.01 s was used for imaging a 200 × 200
or 50 × 50 µm × µm area with a resolution of 0.23 µm. The raw
data were subjected to corrections and multivariate curve
resolution (MCR) performed in MATLAB (The MathWorks Inc.)
in order to obtain maps of solid fat content.

Fractal dimensions D were determined by the box-counting
method, which assessed fractality with better precision com-
pared to other approaches.33 An image is overlaid with boxes
of decreasing size, determining for each box size how many
boxes contain (part of) a self-similar object. The relationship
between the number of filled boxes (Nb) and the length of the
boxes (lb) provides the fractal dimension D:

D ¼ Δ log Nb

Δ log lb
� 1

Fractal dimensions were calculated using MATLAB (The
MathWorks Inc.).33

2.5 WAXS and SAXS

Wide and Small Angle X-ray diffraction (WAXS and SAXS) ana-
lyses were performed on a Bruker D8-Discover diffractometer
in a θ/θ configuration. The sample-to-detector distance was
32.5 cm. For both SAXS and WAXS measurements a modified
Linkam stage was used to adjust temperature. In the WAXS
configuration, the type of crystal polymorph of the fat blend
was identified. The angle of the incident X-ray beam and the
angle between the detector and the sample were 10°, allowing
collection of WAXS data in the range of 7° < 2θ < 55°. In the
SAXS mode, the long spacings (thickness of the repeating TAG
bi-layers) of the fat crystallites were measured. The average
crystal thickness (ACT) was determined by the Scherrer line
shape analysis of the first order diffraction peak:9

d ¼ Kλ
FWHMcos θ

where θ and λ are the Bragg angle and the X-ray wavelength,
respectively. FWHM is the line width at half of the maximum
peak height in radians corrected for instrumental broadening
and was calculated using the EVA software from Bruker AXS.
The instrumental line broadening is 2θ = 0.08°, which was
determined using the FWHM of the 111 Si reflection of NIST
standard reference material 640. K and λ are 0.9 and
0.15418 nm, respectively. The Scherrer equation indicates an
inverse relationship between crystallite thickness and peak

width: the broader the peak, the smaller the crystallites. The
crystal thickness distribution (CTD) was determined using the
Bertaut–Warren–Averbach (BWA)35 analysis of the same, first
order, diffraction peak.

2.6 Rheo-SAXS

The Rheo-SAXS measurements were carried out at the BM26
beamline at the European Synchrotron Radiation Source,
Grenoble, France36–39 A home-built horizontal Couette shear-
cell (Fig. 1) allowed the X-ray beam to be directed along the
vorticity direction of the flow at different positions across the
gap between the inner and outer cylinders. A gap of 1 mm
with 38 mm outer radius was used. A rotation speed was
applied to the inner cylinder of the Rheo-SAXS cell. MFC dis-
persions were measured under constant shear for 10 minutes,
after which another shear rate was imposed to the same
sample. Shear rates applied to the same sample were 0, 1, 5,
35, 70, 100, 140, 1, and 0 s−1. The beam cross-section at the
sample position was about 120 μm, which allowed us to
measure five different positions across the gap without
overlap. We used the Pilatus detector with a resolution of 981
× 1043 pixels and a pixel size of 172 × 172 microns square posi-
tioned at a distance of 1400 mm away from sample for the
SAXS measurements with a wavelength of λ = 1.033 Å. The
experimental setup allowed us to probe length scales of the
order of 4–210 nm. Standard corrections for sample absorp-
tion and background subtraction were applied. The data were
normalized to the intensity of the incident beam to correct for
primary beam intensity fluctuations and were corrected for
absorption and background scattering. AgBe has been used as
a calibration standard.

To investigate the orientation of fat crystalline nanoplate-
lets, which have a platelet morphology, two-dimensional (2D)
SAXS patterns were collected.40–42 The orientation distribution
was quantified using the integration of the low q region as a
function of the azimuthal angle (χ). The data were fitted using
a Gaussian function and the full width at half maximum, Δχ,

Fig. 1 A schematic depiction (front (A) and top (B) views) of the home-
built horizontal Couette shear-cell used to perform the Rheo-SAXS
experiments. The outer radius of the Couette ro was 38 mm and a gap
size of 1 mm was used. The inner and outer surfaces were serrated. The
rotation axis is shown by dot and dash-dot lines on the front and top
views, respectively. The beam cross-section was about 120 μm at the
sample position. The thickness of the sample d was 4 mm. The beam
and cell windows are indicated by yellow dots and light blue rectangles,
respectively.
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of the oriented portion and the preferential orientated azi-
muthal angle, χo, were estimated. A smaller Δχ indicates a
higher degree of orientation of the lamellar planes.

2.7 USAXS

The USAXS measurements were performed at the ID02 beam-
line43,44 at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France. This USAXS configuration allows for
a 30 m distance, which translates into the possibility to access
scatterer sizes up to ∼2.5 µm. The fractal dimensions were
determined from USAXS data by means of the Unified Fit (UF)
model.45 Data processing was conducted in Igor Pro 6.37 using
the Irena SAS 2.57 package. The USAXS signal of an oil sample
was subtracted from the data before data modelling. The
Unified Fit model provided two parameters for each structural
level i: the Porod slope, Pi, and the radius of gyration, Rgi.

IiðqÞ ¼ Bi

qPi
e

�q2Rgi�1
2

3

� �
erf

�qRgiffiffiffi
6

p
� �� �3Pi

where Bi is the Porod scale factor that contains specific surface
area information.45,46 The Porod slope, P, provides information
about the crystal surface and morphology and equals the
fractal dimension if the system is known to be fractal.18,47,48

For P smaller than 3 the fractal dimension equals P and relates
to a mass fractal. Otherwise, the fractal dimension can be cal-
culated as 6 − P and it indicates a surface fractal. The Guinier–
Porod (GP) model based on known P and Rg was used to esti-
mate the shape of scatterers from the parameter s:45–47 s = 0
indicates a spherically symmetric structure, s = 1 a long cylin-
der indicating the presence of TAGwoods, and s = 2 a thin 2D
structure:

IðqÞ ¼ G
qs

exp
�q2Rg

2

3� s

� �

where G is the Guinier factor.

3 Results and discussion
3.1 Nanoscale and mesoscale characterization

WAXS diffractograms showed that fat nanoplatelets in MFC
dispersions occur in the β polymorph (Fig. SI 1 in the ESI†).

This is in line with the β polymorph observed in dispersions
prepared by melting-cooling, hereafter referred to as MC dis-
persions. We note that in the MFC powder the fat nanoplate-
lets were in the β′ polymorph, but upon dispersion in sun
flower oil and storage under ambient conditions (∼20 °C)
rapid (hours) conversion to the β form occurred. The predomi-
nance of the β polymorph in aged MC and MFC dispersions
relates to high levels of saturated triglycerides that have a pre-
ference to crystallize in this stable form. The average fat crystal
thickness (ACT) in MFC and MC dispersions was obtained by
modelling the first order diffraction line recorded in SAXS by
means of the Scherrer equation 9 (Table 1). On increasing the
MFC concentration, the ACT decreases from 66 to 52 nm.
Comparison of the ACT in MC vs. MFC dispersions revealed
thinner crystalline nanoplatelets in the latter, which can be
attributed to more rapid crystallisation during micronisation.

We used the Guinier–Porod (GP) and the Unified Fit (UF)
models to retrieve mesoscale structural information23,46–48

from the USAXS curves (Fig. SI 2 in the ESI†). In the q range
0.02 < q < 0.1 nm−1, which was representative for the nano-
and mesoscale of fat crystal networks,47,48 we observed a Porod
slope P1 = 3.2 for 20% MFC dispersions. This indicated the
presence of nanoplatelets with a rough surface (surface fractal
dimension Ds = 2.8 ± 0.1, Rg1 = 62 ± 3 nm). For the 20% MC
dispersions the Porod slope was P1 = 3.6 (surface fractal dimen-
sion Ds = 2.4 ± 0.1, Rg1 = 114 ± 4 nm), which indicated the pres-
ence of nanoplatelets with a less rough surface.

The next structural level observed by USAXS was in the
range of 0.002 < q < 0.02 nm−1, which covers crystal aggregates
up to 2 µm. At this structural level the GP model was used to
estimate the shape of scatterers from the parameter s.45–47

Here s = 0 indicates a spherically symmetric structure, s = 1 a
long cylinder or a fibrillar structure indicating the presence of
well-stacked nanoplatelets, and s = 2 a thin 2D structure. We
obtained values of s = 2.4 ± 0.1 and s = 1.8 ± 0.1 for MFC and
MC dispersions, respectively. The low value of s for MC disper-
sions indicated the presence of TAGwoods, which were likely
to form due to the significant amount of tripalmitin (PPP)
(Table SI 1 in the ESI†). Under slow crystallization conditions
PPP can form pure and smooth crystals, which are prone to
stack into TAGwoods.9,24,47,48 The higher s values for MFC dis-
persions can be explained by rapid crystallisation during

Table 1 Overview of structural parameters derived from 20% MFC and MC dispersions by means of WAXS, SAXS and USAXS using the Scherrer
equation (SE) to the first order diffraction line, the Unified Fit (UF) and Guinier–Porod (GP) models. The UF model covered two structural levels and
provided the Porod slope, P, and the radius of gyration, Rg for each of them. For fractal systems the Porod slope, P, equals a mass fractal dimension
(Dm) if P is smaller than 3.18,47,48 Otherwise, the fractal dimension can be calculated as 6 − P indicating a surface fractal (Ds)

q range [nm−1] MFC dispersions MC dispersions

WAXS Polymorph β β
SAXS SE* ACT [nm] 52 ± 0.3 82 ± 0.3
USAXS UF* 0.02 < q < 0.1 (level 1, i = 1) P1 3.2 ± 0.1 3.6 ± 0.1

Ds 2.8 ± 0.1 2.4 ± 0.1
Rg1 [nm] 62 ± 3 114 ± 4

0.002 < q < 0.02 (level 2, i = 2) P2 (Dm) 2.4 ± 0.1 1.8 ± 0.1
GP* 0.002 < q < 0.02 s 2.4 ± 0.1 1.8 ± 0.1
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supercritical melt micronisation (ScMM). This process induces
growth of mixed MFC nanoplatelets with rough surfaces,
which are less prone to stacking interactions and formation of
TAGwoods.

3.2 Micron-scale characterisation

We investigated the microstructure of MCF and MC disper-
sions by non-invasive confocal Raman imaging. Micron-scale
compositional maps of solid fat33,34 are shown in Fig. 2. The
MC dispersions were made up of aggregates of 15–20
micrometres, while in MFC dispersions, nanoplatelets were
clustered into aggregates with sizes in the range of 5–10
micrometres. These MFC aggregates appear to be randomly
distributed in space. The compositional maps33,34 showed that
the solid fat content (SFC) of the aggregates was of the order
of 30–33%, indicating a highly porous structure. The continu-
ous oil phase showed the presence of 13–18% SFC, although
no aggregates could be discerned there. The presence of solid
fat in the continuous phase suggested the existence of a weak-
link network between the randomly distributed aggregates in
the MFC dispersion.

3.3 Fractal network characterisation

Mass fractal dimensions (Dm) were determined by USAXS and
small deformation rheology. From USAXS measurements we
estimated Dm based on the Porod slope in the 0.002 < q <
0.02 nm−1 range using the UF model (Table 1). For MFC dis-
persions a value of Dm = 2.4 ± 0.1 was obtained, which was
independent of the MFC concentration (data not shown). The
mass fractal dimension of MFC networks is significantly
higher than that observed for MC dispersions where we
obtained Dm = 1.8 ± 0.1 (Table 1), which is in line with values
reported in the literature for dispersions prepared from the
melt.46,48 We also obtained mass fractal dimensions by model-
ling the dependency of the storage modulus on MFC level by
means of the weak-link formalism.13,25 Thus, for MFC disper-
sions Dm = 2.7 ± 0.14 was determined. Differences between the
mass fractal dimensions Dm obtained by USAXS and rheology
have been observed previously.18 These differences have been

attributed to differences in modelling approaches and under-
lying assumptions considered to determine the fractal dimen-
sion based on different experimental techniques. These
pertain to different length scales observed by USAXS and rheol-
ogy and the assumption of self-similarity of fat crystal net-
works and the weak-link scaling theory25 to describe small
deformations in rheology.

The lower fractal dimension for MC dispersions indicates
that cluster–cluster aggregation mechanisms such as Reaction
or Diffusion-Limited Cluster–Cluster Aggregation (RLCCA or
DLCCA) are at play.9,18,49–51 Such mechanisms are in line with
the previously observed stacking of nanoplatelets in
TAGwoods.24 The aggregation of TAGwoods will then form net-
works with a low fractal dimension (Dm < 2).47,48 The nano-
platelets that are dispersed in MFC dispersions have rough
surfaces, which will impede stacking interactions between
them. In this case, Reaction-Limited particle–cluster and
Cluster–Cluster Aggregation (RLA and RLCCA) are likely aggre-
gation mechanisms because many collisions between particles
or pairs of fat clusters are required before forming a larger
aggregate. This will lead to mass fractals of the order of 2.5–3,
which is close to the observed values by USAXS (Dm = 2.4 ± 0.1)
and rheology (Dm = 2.7 ± 0.14).

3.4 Impact of shear on storage modulus and yield stress

To understand the effect of shear on the MFC network struc-
ture we assessed its impact on elastic and yield stress pro-
perties. Rheology measurements by oscillation sweep experi-
ments were conducted on aged MCF dispersions in a cone-
plate configuration. These dispersions were subjected to pre-
shear treatment, with shear rates ranging from 0.1 to 140 s−1.
The storage modulus G′ was obtained in the linear viscoelastic
region (LVR) as a function of the pre-shear rate (Fig. 3A).

We observed that the pre-shear treatment leads to a signifi-
cant decrease of the storage modulus G′ for all the studied
MFC concentrations (5, 10, 15 and 20 wt%). We also measured
the yield stress as a stress value at the limit of linearity of
shear storage modulus G′ 26 (Fig. 3B). The yield stress of the
MFC dispersions significantly decreased after pre-shear. We
also performed velocity bifurcation measurements to investi-
gate the yield stress properties of MFC dispersions after apply-
ing different shear rates27,52 (Fig. SI 3 in ESI†) and a similar
result was obtained.

We used rheo-MRI velocimetry to provide a non-invasive
view of the shear strength and time-dependence of the loss of
yield stress properties in MFC dispersions. For this purpose, we
monitored 10% MFC dispersions in a Couette geometry with a
1 mm gap for an hour at fixed shear rates, which were varied
from 0.25 to 62.38 s−1. Velocity profiles were collected as a func-
tion of position in a 1 mm thick slice of the material. MRI-vel-
ocity profiles as a function of shear rate can be found in the ESI
(Fig. SI4†). Fig. 4A shows the changes of velocity over the gap at
an applied shear rate of 6.24 s−1 as a function of time. Over
time, all the obtained velocity profiles showed a flowing and a
static region. We attributed this shear banding behaviour to a
combination of heterogeneity of stress over the gap and the

Fig. 2 The spatial distribution of solid fat of 20% dispersions of (A) MCF
and (B) MC in oil as obtained by MCR on confocal Raman images (200 ×
200 µm, 843 × 843 spectra). The bar on the right-side indicates the
amount of solid fat in percentage.
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presence of a yield stress fluid. The yield stress can be estimated
from the constitutive relation σðγ̇Þ, also known as the local flow
curve.53,54 Fig. 4B shows how local flow curves changed over
1 hour under a constant shear of 6.24 s−1. We used the
Herschel–Bulkley model55,56 to fit the local flow curves and to
estimate the apparent yield stress of the MFC dispersion.
Structure degradation was apparent as a shift of the local flow
curves towards lower stress values. The fits of the Herschel–
Bulkley model indicated that this was largely due to a decrease
of the yield stress in the flowing band. Note that in the local
flow curve only the flowing part of the velocity profile is rep-
resented; throughout the measurements the static band slowly
decreased in width. A continuous disruption of the crystal
network at the applied shear rate of 6.24 s−1 occurred over a
time frame of an hour. This continuous disruption was also
observed at higher shear rates (data not shown).

The rheology and rheo-MRI experiments demonstrated that
shear leads to a significant and continuous disruption of MFC
networks at a time scale of an hour. In the next section the
underlying microstructural changes are investigated.

3.5 Impact of shear on network fractal dimension

To further understand the effect of shear on the MFC network
structure we assessed the impact on fractal dimensions.

Monitored by rheology, Raman imaging and USAXS, the
changes of the fractal dimensions upon shear are small and
within standard experimental error for every applied technique
(Fig. 5). The data indicated a weak trend towards an increased
fractal dimension upon the application of low shear,
suggesting that the distribution of the structural elements
became more random. Overall, the data showed that the
fractal dimensions D of the MFC network were not sensitive to
mild shear (<140 s−1) and stayed invariant. Average fractal
dimensions obtained by the confocal Raman imaging, rheol-
ogy or USAXS were statistically different, in line with previous
observations that these techniques probe fractality at different
length scales.18

Next, we assessed whether the sizes of MFC aggregates were
affected by shear. Raman imaging showed that these MFC
aggregates were between 5 and 10 µm, which were invariant to
shear. USAXS showed no changes in scattering (Fig. SI 5 in
ESI†) in a wide length scale (0.005–2.5 µm). No fat crystal
stacks or aggregates with radius of gyration Rg below 2.5 µm
could be identified. This is either the effect of ageing, in
which case the clusters have grown larger, or due to hetero-
geneous size distribution, such that statistically the scattering

Fig. 3 (A) Shear storage modulus G’ as function of the pre-shear rate
(0.1–140 s−1) for MFC dispersions with solid fat concentrations of 5 (□),
10 (°), 15 (∇) and 20 (◊) %. (B) Effect of pre-shear (0, 2.5, and 50 s−1) on
yield stress as a function of MFC concentration (solids fraction). A con-
stant shear rate was applied to the sample for 60 seconds before the
measurement of shear storage modulus G’ and yield stress. The lines
connecting the data points are given for eye guidance.

Fig. 4 MRI-velocity profiles (A) and local flow curves (B) for a dispersion
of 10% MFC in oil under a shear rate of 6.24 s−1 as a function of time.
For every experiment, a new sample was taken and monitored for 1 hour
at a fixed applied shear rate. Rheo-MRI velocity profiles (coexistence of a
flowing and a static region) and local flow curves demonstrate yield
stress behaviour of MFC dispersions over 1 hour. Dotted green lines in
(B) are fits of the Herschel–Bulkley model to the local flow curves. The
arrow schematically indicates the loss of yield stress of the MFC
network.
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function is smeared by a multitude of scatters of different
sizes. However, Raman imaging and USAXS data demonstrated
that applying shear does not lead to significant destruction of
structure in the range of 1–10 micrometres.

3.6 Impact of shear on the sub-micron fat crystal network

In order to investigate whether shear has an impact on submi-
cron structures we pursued our investigations by Rheo-SAXS.
2D SAXS patterns were collected in the initial unperturbed
state and under the application of shear. We did not notice
effects of applied shear on the transmission coefficient s
(Fig. SI 7 in ESI†), indicating that the effects of melting or dis-
solution were negligible. The selected 2D patterns shown in
Fig. 6 were taken from an oil dispersion containing 20% of
MFC under the starting conditions (A) and at shear rates of
5 s−1 (B) and 70 s−1(C). For further discussions we focused on
the first order diffraction peak at q = 1.5994 nm−1, which is
indicated in Fig. 6. q-Dependencies of the scattered intensity
can be founded in the ESI (Fig. SI 6†). The first SAXS pattern
for MFC dispersions under the starting static conditions
(Fig. 6A) clearly showed an isotropic diffraction peak character-
istic of randomly, non-oriented material. Under imposed shear
we obtained 2D SAXS patterns that revealed structural an-

isotropy (Fig. 6B and C), indicating that scattering structures
were oriented along a preferred direction during the appli-
cation of shear. The observed alignment under the shear rate
was in line with Peclet number estimates14,40 of Pe > 10 for
MFC nanoplatelets with length/widths of 200–400 nm at shear
rates in the 1–102 s−1 range. Considering that MFC aggregates
up to 2.5 µm were not affected by shear, the scattering struc-
tures that align must be MFC platelets that were not part of an
aggregate.

We took the radial integral of the 2D patterns at q =
1.5994 nm−1 to estimate the amount of oriented crystal nano-
platelets. Fig. 7A shows the integration of 2D SAXS patterns of a
20% MFC dispersion obtained under shear rates in the range
between 1 and 140 s−1. Here we monitored the number of
oriented MFC nanoplatelets as a function of azimuthal angle χ

extension. Two peaks with a separation of 180° (Fig. 7A) rep-
resented the oriented nanoparticles along the flow direction.
Under the starting static conditions (0 s−1) already some align-
ment can be observed, likely due to manipulation of the sample
into the shear cell. On increasing the shear rate the intensity of
anisotropic peaks on χ extension increased, which was reflected
in a decrease of Δχ (Fig. 7B). This can be explained by shear-

Fig. 5 Fractal dimensions (D) of aged MFC dispersions as a function of
pre-shear rates. Black squares represent the D values obtained by rheol-
ogy using the colloidal gel fractal theory; red circles and green triangles,
respectively, describe D values obtained by Raman imaging and USAXS
for a 10% MFC dispersion. Empty green triangles show the D values
obtained by USAXS for a 10% MC fat crystal dispersion.

Fig. 6 Selected 2D SAXS patterns for a 20% MFC dispersion in oil at
shear rates of 0 (A), 5 (B) and 70 (C) s−1, respectively. The black spot in
the center of the image is the beam stop to protect the detector from
direct X-ray exposure and the black stripes correspond to the physical
gaps of the detector.

Fig. 7 (A) Azimuthal angle χ extension patterns from radial intensity
averaging of 2D SAXS patterns at q = 1.5994 nm−1. The χ extension pat-
terns show intensity changes for a 20% MFC dispersion at shear rates of
0, 1, 5, 35, 70, 100, 140, 1, and 0 s−1, which were applied for 10 min one
after the other. The variation of shear rates was indicated by different
colors. The missing points correspond to the physical gaps of the detec-
tor. In (B) the full width at half maximum Δχ is shown as a function of
shear rate (0–140 s−1) for MFC dispersions with solid fat contents of
5 (□), 10 (○), 15 (∇) and 20% (◊).
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induced disruption of the weak MFC network in the continuous
phase and subsequent orientation of the released platelets
along the shear field. The degree of orientation (alignment) of
the MFC nanoplatelets slightly changed at different shear rates
(Fig. 7A). Fits of the χ extension patterns by a Gaussian function
provided estimates of the preferential orientated azimuthal
angle χo (Fig. SI 8 in ESI†). The degree of alignment of MFC
nanoplatelets depended on the strength of applied shear and
showed the same trend for all the studied concentrations of
MFC dispersions. On the variation of shear rate from 1–140 s−1

the degree of alignment changed to approximately 150°. We
attribute this small deviation from full alignment of platelets
with the flow direction at low shear rates to a small degree of
platelet stacking.57 On increasing the shear rate the MFC nano-
platelets fully aligned to the flow direction, indicating loss of
the residual stacking interactions.

3.7 Shear-induced recrystallisation in MFC networks

Fig. 8A shows that the ACTs increased for all the studied dis-
persions when shear was applied (1–140 s−1). At the minute

time scale of the rheo-SAXS experiment the increase of ACTs
occurred immediately. After the application of shear and
returning to the static conditions, the ACTs remained the
same. To verify whether the ACT values originated from a
unimodal distribution, we assessed the impact of shear on the
crystal thickness distribution (CTD). Fig. 8B shows CTDs for a
15% MFC dispersion under static conditions and at shear
rates of 35 and 140 s−1. In all cases we observed unimodal dis-
tributions and a tendency of the CTD to shift towards larger
crystal thicknesses with increasing shear. This is in line with
rapid Ostwald ripening, where the thinner MFC nanoplatelets
dissolve and recrystallize on the existing nanoplatelets from
the weak-link net preferably and likely also on top of the outer
nanoplatelets of MFC aggregates (Fig. 9).

In the networks grown under static conditions, the thin
platelets are kinetically trapped in a metastable state, until
their release by mild shear. This offers opportunities for stabi-
lizing water-droplet interfaces during the manufacturing of fat-
continuous food emulsions, and thus more effective use of
solid fat crystals. Hence, besides process simplification by
decoupling fat crystallization, network formation and emulsifi-
cation, also lower fat levels may be achieved.

4 Conclusions

Under static conditions, MFC dispersions form a weak-link
network organized by aggregates connected by a continuous
net of dispersed nanoplatelets. During network formation the
rough MFC surfaces impede stacking interactions and the for-
mation of TAGwoods. The MFC network fractal dimension
(D = 2.4, USAXS) is higher than that for networks formed from
the melt (D = 1.8–2.2, USAXS), indicating that the particle–
cluster mechanism of aggregation is dominant. Rheo-MRI
measurements show that under shear yield stress is slowly
lost. The application of shear does not affect the size of the
MFC aggregates, but does induce the release of nanoplatelets
from the weak-link continuous net and subsequent alignment
along the flow direction. The network grown under static con-

Fig. 8 (A) Average Crystal Thickness (ACT) as a function of shear rates
0, 1, 5, 35, 70, 100, 140, 1, and 0 s−1, which were applied to 5 (□), 10 (○),
15 (∇) and 20% (◊) MFC dispersions for 10 minutes one after the other.
Empty symbols show the ACT values for the last two steps 1 and 0 s−1 of
the shear protocol. (B) Crystal Thickness Distribution (CTD) of fat nano-
platelets obtained after preshear (0, 35 and 140 s−1) of a 20% MFC dis-
persion for 1 minute.

Fig. 9 Schematic drawing of MFC networks under static and shear con-
ditions. The networks consist of aggregates and a continuous weak-link
net of crystalline nanoplatelets. Thin nanoplatelets are indicated in red.
Applying shear leads to Ostwald ripening and an alignment of nano-
platelets from the weak-link net along the flow direction. Ostwald ripen-
ing is depicted as recrystallisation of thin (red) nanoplatelets onto
thicker ones.
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ditions is metastable; under shear, rapid recrystallisation of
the thinner nanoplatelets occurs. The presence of thin plate-
lets in a metastable network grown under static conditions
offers opportunities for simplified formulation and processing
routes for the manufacturing of low-fat food products.
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