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Abstract The rheological behavior such as yielding of fat
crystal networks are dictated by many variables. Among
these variables, the shape of the constituent fat cluster
is important yet relatively unexplored. In this work, we
describe the rheological investigations of a fat-oil system
which can be formulated to either contain bundles of nee-
dles or spherical clusters by controlling the cooling rate and
fat concentration. Fat-oil mixtures containing high-fat con-
centrations exhibited weak frequency dependence of storage
modulus (G”) and loss modulus (G”). The yielding behav-
ior of the mixtures were investigated by large amplitude
oscillatory shear (LAOS) rheology using strain and stress
controlled modes. Lissajous-Bowditch plots and orthogonal
set of Chebyshev polynomials were used to analyze the non-
linearities associated with the yielded fat-oil mixtures. For
a given fat concentration, the yield stress of fat networks
obtained at low cooling rates (bundles of needles) were sim-
ilar to that of networks obtained at high cooling rates (spher-
ical clusters). However, after yielding, Lissajous-Bowditch
plots suggested that the mixtures comprising of bundles of
needles exhibited viscous-like behavior while the spherical
clusters exhibited a plastic-like behavior. This was further
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supported by microscopy images of yielded fat-oil mixtures.
Overall, for a given fat concentration, the two different
shapes of fat clusters can give rise to networks of similar
yield stress values but different behaviors after yielding.
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Introduction

Many products in food and cosmetic industries such as
shortenings, mayonnaise, chocolates, and cold creams are
formulated to achieve desired properties to satisfy specific
consumer requirements (De Graef et al. 2011; Ma and
Barbosa-Céanovas 1995). Fats find application in cosmetic
products typically as oil phase thickeners. Few examples of
such materials include candelilla wax, bees wax, and syn-
crowax (Toro-Vazquez et al. 2007). The macroscopic phys-
ical properties such as the texture and sensorial attributes of
the fat-oil mixtures are related to their rheological behav-
ior such as yielding and thixotropy (Suzuki and Watanabe
1971; Macias-Rodriguez and Marangoni 2016). The rheo-
logical behavior of the fat-oil mixtures are in turn dictated
by the morphology of the constituent fat crystal network that
can be engineered by controlling the processing conditions,
in particular fat concentration and cooling rate (Narine and
Marangoni 1999b; Herrera and Hartel 2000a; Ramamirtham
et al. 2017). The processing conditions affect the kinetics
of crystallization as well as cluster formation thereby giving
rise to different crystal morphologies. Hence, understanding
the yielding behavior of different fat crystal morphologies
provides the necessary knowledge to formulate products
with specific properties (Narine and Marangoni 2002).
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Fat crystal network comprises structures of varying
length scales, namely, the triglyceride (TAG) chains, crys-
tal lamellae, single crystal, and crystal clusters (Marangoni
et al. 2012; Acevedo and Marangoni 2010). TAG chains
can also self-assemble in different ways leading to different
polymorphs. Overall, the cooling rate can be used to con-
trol the cluster formation thereby tuning the size and shape
of fat clusters. Moreover, the rheological responses of fat
crystal networks can be different due to the differences in
their underlying microstructures. Additionally, the morphol-
ogy of the fat crystal networks used in food industries has
been shown to evolve with time. Hence, the age of the sam-
ple is also expected to play a major role in the rheological
response (Chen and Terentjev 2009).

The rheological responses have been used to characterize
the morphology of fat crystal networks using fractal analy-
sis (Vreeker et al. 1993; Narine and Marangoni 1999a; Tang
and Marangoni 2006; Gao et al. 2006; da Silva and Coutinho
2004). At high-fat concentrations, the elastic strength of
inter-clustural links in the fat network prevail over the elas-
tic strength of individual clusters, and thus, the fat network
is believed to be in a weak-link regime (Shih et al. 1990).
It has been shown that the important rheological parameters
such as storage modulus (G”) and yield stress scales with the
fat concentration (¢) in a power law manner (Vreeker et al.
1993; Marangoni and Rogers 2003). Further, Herrera and
Hartel studied the effect of cooling rate on crystal size distri-
bution and their rheological properties (Herrera and Hartel
2000a). They showed that G’ values were higher for milk
fat containing bigger crystals (Herrera and Hartel 2000b).

The technique of large amplitude oscillatory shear
(LAOS) has been used to understand the yielding and
non-linearities of colloidal and polymer systems (Renou
et al. 2010; Khandavalli and Rothstein 2015). Renou
et al. (2010) suggested yielding mechanisms for colloidal
glass comprised of star-like polymer micelles using LAOS.
Recently, Macias-Rodriguez and Marangoni (2016) showed
the importance of understanding the non-linearities of fat
systems using LAOS. This study characterized the yielding
behavior of various commercial triglyceride shortenings of
different compositions. The authors remarked that despite
different compositions of the triglycerides, they exhibited
comparable G’ in linear viscoelastic region (LVR) and
yield stresses. However, they also showed that these triglyc-
erides exhibit prominent differences in their non-linear vis-
coelastic behavior through elastic Lissajous-Bowditch plots
after yielding. Since different triglycerides have different
morphologies, deriving the structure-rheology relationship
becomes difficult and complex. Hence, for better under-
standing of the structure-rheology relationship, a fat-oil
system of tunable microstructure which leads to different
rheological behavior is desirable.
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In this work, syncrowax-HRC, a TAG that is used as a
thickening agent in personal care products, was used along
with isopropyl myristate (oil) as a model system to under-
stand the effect of cluster shape on the thixotropic nature
and yielding behavior of fat-oil mixtures. It has been shown
in our previous study that the fat clusters of different shapes
such as spherical and bundles of needles can be engineered
by precise control of cooling rate (Ramamirtham et al.
2017). At sufficiently high-fat concentration, these clus-
ters held together by van der Waals forces give rise to a
space spanning interconnected 3D network which entraps
the oil phase. A schematic representation of the space span-
ning networks comprising spherical fat clusters and bundles
of needles is shown in Fig. 1 (Ramamirtham et al. 2017).
Firstly, the thixotropic nature of the fat-oil mixtures was
studied using shear rate sweeps. Subsequently, the linear
and non-linear viscoelastic rheological responses of the fat-
oil mixtures were captured using LAOS experiments per-
formed by stress- and strain-controlled modes. We present
the effect of cluster shape on the rheological response before
and after yielding using Lissajous-Bowditch plots and intra-
cycle non-linearities along with microscopy images.

Materials and methods
Materials

Tribehenin (2,3-di(docosanoyloxy)propyl docosanoate)
with a molecular formula of Cg9 H134 Og is a triglyceride of
glycerin and behenic acid, a naturally occurring long-chain
fatty acid. It is commonly used as an oil phase thickener.
Tribehenin commercially available as syncrowax-HRC
was obtained from Croda Chemicals (India). The purity of
tribehenin in syncrowax-HRC as provided by the supplier
is around >90 wt%. The melting point of syncrowax-HRC
measured from various DSC measurements is 332.6 K.
The oil phase isopropyl myristate (IPM) is an ester of
isopropanol and myristic acid. IPM (C17H340>) was

oil
Bundles of
needles

Spherical
clusters

Fig. 1 Schematic representation (2D) of fat crystal networks consti-
tuted by two different shapes of clusters
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purchased from Sigma-Aldrich (98% purity, CAS Number
110-27-0). The melting and boiling points of IPM are 276
and 588 K (at 760 mmHg) respectively (provided by the
supplier). The density of IPM at 298 K is 850 kg/m® and
density of tribehenin is 890 kg/m?.

Sample preparation

The fat-oil mixtures were prepared in clean, dry glass vials.
The total weight of each mixture was maintained at 10 g.
The mixtures were prepared at fat concentrations of 7.5,
10, 15, 20, and 25 wt%. The fat concentrations were con-
verted to volume% for fractal dimension calculations. These
mixtures were placed in an environmental chamber (Mem-
mert CTC256, Germany) maintained at 353 K for 1 h to
completely dissolve the fat in oil. After this, homogeneous
and transparent solutions of fat-oil mixtures were obtained.
These mixtures were then cooled to 293 K at cooling rates
of 0.1, 0.5, 1, and 2.0 K/min. The chamber is equipped
with platinum temperature sensors along with microproces-
sor temperature controller. The temperature controller has
an integrated timer which can be used to ramp temperatures
linearly in a given time thereby controlling the cooling rate.
Hence, for crystallizing the samples at 0.1 K/min, the tem-
perature was ramped down from 353 to 293 K in 600 min.
Similarly, the ramping down time was controlled to pre-
pare samples at different cooling rates. After cooling, the
samples were held at 293 K for 24 h. Since the cham-
ber could not be used to attain cooling rates higher than
2 K/min, higher cooling rates were attained by cooling the
fat-oil mixtures in a constant temperature water bath. For the
preparation of fat-oil mixtures at high cooling rates, water
bath maintained at 278 K was used. The cooling time for
these samples was 2 h. The cooling profile of these mixtures
was measured and the average cooling rate was calculated
to be 9 K/min (see Supplementary Information). All the
samples were prepared in duplicate to ensure consistency.
All the samples were characterized after an equilibration
time of 24 h. The samples were stored at 298 K. XRD and
DSC of 24 h and 3-month old samples (see Supplementary
Information) were used to verify that the samples reached
their equilibrium structure and there was no effect of

aging.
Microscopy

The microstructures of the fat crystals were recorded using
an inverted optical microscope DMI3000 B from Leica,
Germany. Bright-field mode was used with objectives of
magnifications 10x and 63 x. Approximately 10 ul of fat-
oil mixture was placed on a glass slide at room temperature
and the crystals were viewed at different magnifications.

Since the samples were opaque at high-fat concentrations,
imaging was done by diluting the sample to approximately
5 wt% fat. The dilution was done only to improve the qual-
ity of optical microscopy images and did not affect the size
and morphology of the individual fat crystal clusters.

Rheology

A parallel plate geometry (rough) of diameter 25 mm was
used at a gap of 0.8 mm. The roughness of the geometry was
46.2 um. The shear rate sweeps were carried out in MCR
301 (Anton Paar, Austria). The small amplitude oscillatory
shear (SAOS) rheology and LAOS rheology experiments
were performed on MCR 301 and MCR 702 (Anton Paar,
Austria). The measurements were carried out on MCR 702
using a twin drive (single rotation and single transducer
mode). The roughened geometry was used to apply oscilla-
tory strain while a smooth parallel plate geometry of 25-mm
diameter was used as the transducer. All the experiments
were carried out at 298 K. Experiments at different gaps
using both smooth and rough geometry were used to rule
out any effect of wall slip as shown in Fig. 2. All the
measurements were done in triplicate.

Shear rate sweeps

Shear rate sweeps were performed to measure viscosity
by increasing the shear rate in a logarithmic manner from
0.001 to 500 s~! and subsequently decreasing it from 500
t0 0.001 s~!'. The measurement time for each data point was
fixed at 20 s.

0.6 mm Smooth =
1mm Smooth E
0.6mm Rough
1.0mm Rough
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Fig. 2 Forward and reverse shear rate sweeps performed at different
gaps for 15 wt% fat-oil mixtures cooled at 0.5 K/min using smooth and
rough geometry
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SAOS

Oscillatory stress sweeps (MCR 301) and strain sweeps
(MCR 702) were carried out at a fixed frequency. Fre-
quency sweeps were performed at 0.01% strain amplitude.
The G’ and G” are independent of frequency in the fre-
quency range of 1 to 100 rad/s. The strain and stress sweeps
were performed at constant frequency of 1, 5, and 10 rad/s.
The fat-oil mixtures were subjected to increasing oscillatory
shear stress from 0.01 to 1000 Pa in logarithmic manner
while the strain amplitude sweep was performed from 0.001
to 1000%. The measurement time for each data point was
fixed at 20 s. Henceforth, stress amplitude sweeps carried
out using MCR 301 are referred to as ‘“stress-controlled”
experiments. Similarly, strain amplitude sweeps carried
out using MCR 702 are referred to as ‘“strain-controlled”
experiments.

LAOS

Dynamic strain sweeps from strain amplitude of 0.001 to
1000% in a logarithmic manner were carried out at a fixed
frequency. The measurement time for each data point was
fixed at 20 s. Furthermore, the Lissajous-Bowditch plots
were obtained along with various non-linear measures from
the Physica software RheoCompass. These values were
verified by analyzing each oscillation data using MITlaos
software (Ewoldt et al. 2007). The qualitative nature of the
Lissajous-Bowditch plots were verified at different shear
histories by performing strain sweeps at different measure-
ment points/decades (data not shown). All the non-linear

Fig. 3 Microscopy pictures of
constituent clusters (a, b) and
their respective fat crystal
networks (¢, d). a shows
spherical clusters obtained after
dilution of the network (c)
formed by 15 wt% fat-oil
mixture crystallized at 2 K/min.
b shows bundles of needles
obtained after dilution of the
network (d) formed by 15 wt%
fat-oil mixture crystallized at
0.1 K/min. Size of scale bar is
100 um
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viscoelastic measures had a standard deviation of around
5-10% from three replicated measurements.

Statistics

For a given fat concentration, regression analysis was per-
formed to find the correlation between cooling rate and
yield stress values using a level of significance of 0.05. Sta-
tistical analysis was performed by Microsoft Excel 2007
data analysis tool pack. Curve fittings were done using Ori-
gin 8.5 software. A linear fit y = a + bx was used to derive
the fractal dimension from the yield stress vs fat concentra-
tion data. For all the fits, Pearson’s r values are in the range
of 0.95-0.99.

Results

A detailed phase behavior of tribehenin in IPM has been
reported in our earlier work (Ramamirtham et al. 2017).
In here, we consider tribehenin-IPM gels at sufficiently
high-fat concentrations (>7 wt%). In particular, the fat crys-
tal networks comprising clusters of two distinct shapes,
namely, bundles of needles and spherical clusters as shown
in Fig. 3, were investigated. The rheological investigations
were conducted for the mixtures in uniform gel phase which
did not flow when the sample vial containing them was
tilted. Unlike many fat-oil mixtures used in food industry,
the fat-oil system used in this study does not exhibit consid-
erable morphological evolution with aging and is stable for
up to 3 months (see Supplementary Information).
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Shear rate sweeps

Fat-oil mixtures at various concentrations prepared at dif-
ferent cooling rates were studied by measuring viscosity
values through a shear rate sweep with 20 s measurement
time for each data point. For a given fat concentration, the
viscosity value for a mixture cooled at 0.1 K/min is high-
est followed by 9 K/min. The shear rate sweeps of 15 wt%
fat-oil mixtures crystallized at different cooling rates are
shown in Fig. 4. The viscosity values of all fat-oil mixtures
decrease with increase in shear rate signifying their shear
thinning behavior. Furthermore, it can be seen from Fig. 4
that all the fat-oil mixtures exhibit thixotropy and hystere-
sis as there is a difference in viscosity values obtained by
forward (filled symbols) and reverse (open symbols) shear
rate sweeps. Fat crystal networks comprising of bundles of
needles crystallized at 0.1 and 0.5 K/min exhibit a drop in
viscosity by 2-3 orders of magnitude during reverse shear
rate sweep while the networks comprising of spherical clus-
ters crystallized at 2 and 9 K/min exhibit a drop in viscosity
by about an order of magnitude. This observation is consis-
tent for all the fat concentrations that were studied (data not
shown). The higher drop in magnitude of viscosity suggests
a higher degree of breakdown of fat crystal network made of
bundles of needles as compared to networks made of spheri-
cal clusters. Furthermore, the rebuilding time scale of all the
fat-oil mixtures studied in this manuscript was much more
than the measurement time scale. This was verified by per-
forming successive forward and reverse shear rate sweeps as
shown in Fig. 5. It can be seen from Fig. 5 that the viscos-
ity values did not rebuild even after three shear rate cycles.

,p, [Pa.S]
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Fig. 4 Forward and reverse shear rate sweeps of 15 wt% fat-oil mix-
tures crystallized at different cooling rates. Filled symbols show the
viscosity values obtained by increasing the shear rate from 0.001 to
500 s~! while open symbols show the viscosity values obtained by
decreasing the shear rate from 500 to 0.001 s~
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Fig. 5 Successive forward and reverse shear rate sweeps of 20 wt%
fat-oil mixtures crystallized at 2.0 K/min

Hence, aging of the fat-oil mixtures did not play a significant
role during the rheological measurements. The above result
was further validated by performing successive forward and
reverse strain sweeps in oscillatory mode (data not shown).

SAOS

For all the the fat-oil mixtures studied, G’ is at least an
order of magnitude higher than G” and both remain almost
independent of the frequency as shown in Fig. 6. For the
frequency sweeps, a fixed strain of 0.01% was used which
is well within the linear viscoelastic region (LVR) for all
the fat-oil mixtures. The modulus values and yield strain
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Fig. 6 Frequency sweeps showing G’ (filled) and G” (open) values
for fat-oil mixtures having 25 wt% fat concentration cooled at 0.5 and
2.0 K/min along with 7.5 wt% fat concentration cooled at 0.5 and
2.0 K/min
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Fig. 7 Modulus values from strain-controlled and stress-controlled
modes of 25 wt% fat-oil mixture cooled at 0.1 K/min at 10 rad/s

(crossover strain) for different cooling rates were obtained
by both strain-controlled and stress-controlled modes. As
an example, data obtained for 25 wt% fat-oil mixtures con-
stituting different shaped fat clusters using both modes are
shown in Figs. 7 and 8. The two modes of measurements
carried out at 10 rad/s show similar qualitative features,
though there are quantitative differences in modulus values.
It is also worth noting that, in the stress-controlled measure-
ments shown in Fig. 7, the network of bundles of needles
(0.1 K/min) exhibits a steep decrease in modulus values and
a steep increase in strain amplitude when the applied stress
increased beyond the yield point (around 0.5% strain). This
suggests a rapid breakdown of the structure beyond the yield
point and correspondingly a jump in strain amplitude from
0.5 to about 1000% was observed. On the other hand, the
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Fig. 8 Modulus values from strain-controlled and stress-controlled
modes of 25 wt% fat-oil mixture cooled at 9 K/min at 10 rad/s
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Fig. 9 Stress amplitude sweeps at 10 rad/s of fat-oil mixtures at
various fat concentrations cooled at 0.5 K/min

network made of spherical clusters as shown in Fig. 8 shows
arelatively gradual increase in strain after yielding, suggest-
ing the breakdown of structure is not as rapid as the case of
bundles of needles. Further, in the reverse strain amplitude
sweep, the networks made of bundles of needles exhibit a
bigger drop in modulus values as compared to the networks
made of spherical clusters (data not shown). This behavior
is in agreement with the shear rate sweep measurements.
G’ values from oscillatory stress sweeps on different fat-
oil mixtures performed at 10 rad/s using a stress-controlled
mode are shown in the Figs. 9 and 10. The stress sweeps
exhibit a LVR wherein the G’ values nearly remain constant
implying there is no breakdown of the structure. Beyond a
critical value of stress, structural breakdown occurs causing
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Fig. 10 Stress amplitude sweeps at 10 rad/s of fat-oil mixtures at
various fat concentrations cooled at 2.0 K/min
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Table 1 Yield stress (Pa)
values at 10 rad/s for fat-oil Cooling rate (K/min) 7.5 wt% 10 wt% 15 wt% 20 wt% 25 wt%
mixtures at various initial fat
concentrations and Coo]ing 0.1 * * 225 £ 25 627 £ 33 1125 + 125
rates 0.5 3+£2 10£1 85 £25 127.5 £34.5 500 £ 10
1.0 1.5+0.5 T£2 390+£5 97 £ 13 300 + 15
2.0 04+£05 22+15 326+ 124 173.3 £26.6 618 L5
9 * 325425 155+ 10 405 £ 35 950 £ 50

* Yield stress values were not reported since samples were not uniform gels

the material to flow and this critical stress can be taken as
the yield stress of the material. The breakdown of the struc-
ture is marked by a decrease in G’ value. The stress value at
which the G’ and G” cross over was taken as the yield stress
of the material (Renou et al. 2010). The yield stress values
of the fat-oil mixtures are shown in Table 1. There is no sig-
nificant (P > 0.05) correlation between the cooling rate and
yield stress values. For a given fat concentration, the yield
stress values of networks made of bundles of needles at 0.1
and 0.5 K/min were comparable to that of networks made of
spherical clusters at 9 and 2 K/min, respectively. The fractal
dimensions of the networks were calculated from the yield
stress values using the scaling theory for weak-link regime
(Shih et al. 1990):

o ~ ¢l1/37P] (1

where oq is the yield stress, ¢ is the particle concentra-
tion in the gel, and D is the fractal dimension. In the
weak-link regime, the strength of links between fat clus-
ters dominate over the strength of clusters themselves. This
was further validated through microscopy images of fat-oil
mixtures after yielding where the clusters remained intact
(Ramamirtham et al. 2017). The power law relationship of

=
a4 4
2
9
»
o 24 2
.°_>J\ = 0.1 K/min
= i e 0.5K/min
- ¢ 1.0 K/min

0+ A 20K/min | 70

& v 9 K/min

2 -—F—1 -2
1.8 2.0 22 24 2.6 2.8 3.0 3.2
In(fat concentration) [vol%]

Fig. 11 Yield stress values (symbols) and power law fit (line) of fat-oil
mixtures cooled at various cooling rates

yield stress values with fat concentration was verified as
shown in Fig. 11 and apparent fractal dimensions (D, ) are
shown in Table 2. These fractal dimensions were in agree-
ment with the ones derived from power law relationship of
G’ in our previous study (Ramamirtham et al. 2017).

After yielding, the networks made up of bundles of nee-
dles exhibit a steep decrease in G’ values for a very small
increase in stress as shown in Fig. 9 suggesting a rapid
breakdown of the network. Similar behavior was observed
at all fat concentrations for cooling rates 0.1 and 0.5 K/min
(data not shown). For networks comprising of spherical
clusters at 2 and 9 K/min, a more gradual yielding is
observed as shown in Fig. 10. The above observations sug-
gest that cluster morphology also dictates the breakdown
mechanism of the fat crystal network upon yielding. To fur-
ther probe this difference in behavior of fat networks after
yielding, it is important to study their behavior at large strain
amplitudes.

LAOS analysis

The G’ and G” values from the strain amplitude sweeps
for 25 wt% fat-oil mixtures comprising of two different
cluster shapes are shown in Fig. 12a. Corresponding torque
amplitude values at different cooling rates are shown in the
Fig. 12b. Similar to the observations from stress sweeps,
the effect of cluster shape on the rheological behavior after
yielding is clearly evident. In case of the networks compris-
ing of bundles of needles obtained by cooling at 0.1 and
0.5 K/min, the torque begins to drop after yielding indicat-
ing breakdown of the structure. On the other hand, upon
yielding of networks formed at 2 and 9 K/min, there is an

Table 2 Apparent fractal dimensions (D)) derived from yield stress
values for various cooling rates

Cooling rate(K/min) Dgpp
0.1 2.72
0.5 2.77
1.0 2.77
2.0 2.83
9 2.72
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Fig. 12 a Modulus values from strain amplitude sweeps of 25 wt%
fat-oil mixture cooled at 0.1 and 9 K/min at 10 rad/s. b Torque values
obtained from dynamic strain sweeps at 10 rad/s for 25 wt% fat-oil
mixtures cooled at various cooling rates. The boxed values indicate the
point of yielding

increase in torque amplitude. This behavior is consistent
for all fat concentrations for a given cooling rate (data not
shown). The elastic Lissajous-Bowditch plots correspond-
ing to the data points indicated with arrows in Fig. 12a are
shown in Fig. 13. At low strain amplitudes of 0.01585%
which is in the LVR region, both networks show viscoelastic
signatures. At intermediate strain amplitudes of 1.585 and
15.85% (after yield), the Lissajous-Bowditch plots show
almost a constant stress over a wide range of strain ampli-
tudes suggesting a plastic-like response. Further, at a strain
amplitude of 158.5%, the network comprising of bundles
of needles exhibits viscous-like behavior while the network
comprising of spherical needles remains plastic-like. Sim-
ilar signatures were seen for fat crystal networks obtained
at other cooling rates with similar cluster shapes (data not
shown). This was also confirmed by microscopy images of
the samples after yielding as shown in Fig. 14. Both the mix-
tures were paste-like materials before yielding while after
yielding, the mixture with bundles of needles breaks down
to a viscous dispersion. This dispersion contains individual
fat clusters floating in a sea of oil (the brighter regions in
Fig. 14a is oil). On the other hand, the mixture made up of
spherical clusters remains in a paste-like form with the con-
stituent clusters closely held together as shown in Fig. 14b.
This is also evident in the Pipkin diagrams shown in the
Fig. 15. Interestingly, at low frequencies of 1 and 5 rad/s,
the Lissajous-Bowditch plots at high strain amplitudes of
15.85 and 158.5% for networks made of spherical clusters
(Fig. 15b) show typical stress overshoots that are usually
associated with cage breaking and reformation in polymer
and colloidal systems (Renou et al. 2010). On the other
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Fig. 13 Evolution of elastic Lissajous-Bowditch plots for different
strain amplitude at a frequency of 10 rad/s for 25 wt% fat-oil mixtures
comprising of different shaped fat clusters

hand, the bundles of needles (Fig. 15a) show no such behav-
ior. This suggests that the plastic-like response of networks
comprising of spherical clusters at high strain amplitudes
could be due to cluster rearrangements which is explained
further in the discussion section.

Apart from the difference in the elastic Lissajous-
Bowditch plots at very high strain amplitudes, fat networks
made of different shaped fat clusters exhibit differences
at strain amplitudes around the point of yielding (around
0.5%) as shown in Fig. 16. It can be observed from the
elastic Lissajous-Bowditch plots that network made of bun-
dles of needles (0.1 K/min) exhibits small yet distinct stress
upturns at large strains as compared to network made of
spherical clusters (2 K/min). This indicates a higher degree
of strain hardening in case of bundles of needles, which
gradually fades away after yielding at a strain amplitude
of 1%. Although such stress overshoots and upturns have
been shown in fat crystal networks (Macias-Rodriguez and
Marangoni 2016), the above results suggest that such non-
linearities could be related to shape of the constituent fat
clusters.

From the Lissajous-Bowditch curves, the dynamic mod-
ulus at minimum strain (G';)and dynamic modulus at large
strain (G, ) (Ewoldt et al. 2008) were obtained. From these
variables, the stiffening ratio (S) was calculated.

, do G, -Gy,

e s=2L_ M
M=, G, ()

(o2

14

. / —_—
y=0; G =
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Fig. 14 Pictures of 25 wt%

fat-oil mixtures comprising of
different shaped fat clusters
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[ strain = 1000 %

before and after yielding. a and

b shows the bright-field T

microscopic images of these ‘€

fat-oil mixtures after yielding =
-
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£
£
o
x
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Similarly, the dynamic viscosity at minimum strain rate
(1y,) and dynamic viscosity at large strain rate (1} ) were
derived. The thickening ratio (7) was also calculated
according to the following formula:

do

A
nM_d))

y==%0 n,

e g
y=0,1L v
The abovementioned parameters help in understanding the
behavior of the material in non-linear regime and in differ-
entiating the yield behaviors of the networks comprising of
two different shaped clusters. G, and G, for both types
of clusters are shown in the Fig. 17 for a fat concentration
of 25 wt%. For both mixtures, G, and G, were of simi-
lar values in the linear regime as well as during the initial
stage of non-linear regime till the point of yielding (~ 0.5%
strain), which is designated as region 1. After yielding, the
fall in G, is steeper than the drop in G’; in both the cases.

»

Before yielding

ta ™ /7 ™
1.585x102 \«\,_,/ v v
[ o |
1.585x10! / ‘ /
/ n! ; /
g rt 0] ( ,'
2 1.585 i i l i i
1.585x10°1 ﬁ ﬁ ﬂ
7
1.585x102 '
1 rad/sec 5 rad/sec 10 rad/sec >

After yielding

This suggests that after yielding, the elastic non-linearity is
dominated by strain-rate softening. This is also reflected in
the increase in stiffening ratio to about 1 as shown in region
IT of Fig. 18. While this trend persists for spherical clusters
throughout, the decrease in G, becomes more pronounced
than decrease in G';; around a strain of 100% for the case of
bundles of needles. This implies that the material shifts from
a strain-rate softening behavior to strain softening behav-
ior which could possibly be due to complete breakdown of
fat network. This is again reflected in the stiffening ratio in
region III where the ratio remains around one for spherical
clusters, while it decreases for bundles of needles.
Similarly, the corresponding viscous non-linearity mea-
sures were further analyzed. Figure 19 is a plot of n, (filled)
and 1, (open) as a function of strain amplitude for 25 wt%
fat-oil mixtures cooled at 0.1 and 9 K/min. From the onset
of non-linear regime till the point of yielding, the decrease

1.585x10? i l } \ ’
o890t A ,’ D D
9 { ,
2 1.585 { j
—
1.585x10°Y
W \{#
75
1.585x102 ":“;"‘
i»‘
1 rad/sec 5 rad/sec 10 rad/sec -

Fig. 15 Pipkin diagrams of of 25 wt% fat-oil mixtures crystallized at 0.1 K/min (a) made of bundles of needles and 2 K/min (b) made of spherical

clusters
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Fig. 16 Evolution of elastic Lissajous-Bowditch plots for different
strain amplitude just before and after yielding at a frequency of 10 rad/s
for 25 wt% fat-oil at 0.1 and 2 K/min

in ), was stronger than 7 for both types of clusters as
seen in region I. This suggests the behavior is predomi-
nantly strain thinning. This is also reflected in the thickening
ratio (7) in Fig. 20 which increases from 7'~ —0.5to T
~ 0.5 in region 1. After the yield point, both clusters show
a decrease in n/L which is stronger than the decrease in n;v[.
This suggests the behavior to be predominantly strain-rate
thinning in this region. This is again evident in the thicken-
ing ratio which starts to decrease from 7'~ 0.5 to T < 0. The
strain-rate thinning is more pronounced in case of bundles
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Fig. 17 Elastic non-linear measures G’L (filled) and G;w (open) as a
function of strain amplitude for 25 wt% fat-oil mixtures cooled at 0.1
and 9 K/min
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Fig. 18 Stiffening ratio (S) as a function of strain amplitude at 10 rad/s
for 25 wt% fat-oil mixtures cooled at 0.1, 0.5, 2, and 9 K/min. Solid
line is drawn to guide the eye only

of needles and 7 value decreases to ~ —1.5. At a strain of
around 100%, the spherical clusters show persistent strain-
rate thinning behavior while for bundles of needles, there is
again a shift to predominant strain thinning behavior which
is reflected in 7T increasing from 7' < 0 to T ~ 0. This again
could be due to the complete breakdown of the network
made up of bundles of needles while the network made of
spherical clusters do not completely breakdown.

To summarize, the following results clearly demonstrate
complete breakdown of fat networks made of bundles of
needles after yielding:
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Fig. 19 Viscous non-linear measures r]’L (filled) and ’7;14 (open) as a
function of strain amplitude for 25 wt% fat-oil mixtures cooled at 0.1
and 9 K/min
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Fig. 21 Schematic

Decrease in the viscosity values by 2-3 orders
of magnitude during the reverse shear rate sweep
measurements

Steep decrease in G’ values and steep increase in strain
amplitude values in stress amplitude sweep

Viscous signatures after yielding in Lissajous-Bowditch
plots of LAOS data

Microstructural breakdown as observed from microscopy
Non-linear signatures exhibiting predominant strain
softening and strain thinning behavior at high strain
amplitudes.

Bundles of

Discussion

The results of this study are summarized through a 2D
schematic diagram in Fig. 21, which can be used to under-
stand the microstructural evolution of the fat networks
comprising clusters of different shapes under shear.

(a) When the strain amplitude is in the range of 0.001-
0.01% (LVR), the clusters remain in an interconnected
network encapsulating the oil.

(b) The onset of non-linear regime is observed at a strain
amplitude of 0.01% and beyond a critical strain of
about 0.5% (yield point), the continuous intercon-
nected network breaks into large aggregates of clusters
and few individual clusters. This initiates the release of
encapsulated oil from the fat crystal network.

(c) With further increase in strain amplitude from 0.5 to
100%, the large aggregates of bundles of needles break
down into smaller aggregates and individual clusters.
However, in case of spherical clusters, the degree of
breakdown is lesser and the most of the bigger aggre-
gates still remain intact. This could possibly be due to
the asymmetry of the cluster shape, i.e., the orienta-
tion of the clusters will dictate the strength of van der
Waals forces and hence may limit further breakdown
of clusters.

(d) At strain amplitudes larger than 100%, the network
made of bundles of needles breaks down into indi-
vidual clusters and becomes a dispersion. In case of
spherical clusters, the degree of breakdown is much
lesser and the clusters are big enough to form an inter-
connected network that still holds most of the oil in the

pores.
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Conclusion

The yielding behavior of fat-oil mixtures made of fat clus-
ters of different shapes, namely, bundles of needles crystal-
lized at low cooling rates (0.1 K/min, 0.5 K/min) and spher-
ical clusters crystallized at high cooling rates (2.0 K/min,
9 K/min), were studied using shear rate sweeps, SAOS,
and LAOS measurements. For a given fat concentration, the
yield stress values of networks obtained at 0.1 and 0.5 K/min
were similar to that of networks obtained at 9 and 2.0 K/min,
respectively. However, after yielding, the network made of
bundles of needles breaks down to a viscous dispersion
while the networks made of spherical clusters did not com-
pletely break down and exhibited plastic-like behavior even
at high strain amplitudes. This study shows that for a given
fat concentration, different cluster shapes can lead to fat net-
works of similar yield stress values but different behaviors
after yielding. Hence, by changing the shape of the con-
stituent cluster in a fat network, desired yield stress and post
yield behavior can be engineered for different applications.
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