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ABSTRACT:Model systems composed of tristearin in solid state and tricaprin in liquid state with different solid-fat content (SFC)
and storage time have been investigated by relaxation NMR and NMR diffusometry. The T2 relaxation of the tricaprin in the melt
exhibited a bimodal distribution as previously observed. The SFC had a major effect on the T2 relaxation. This effect was explained
according to the fast diffusive exchange model in porous media. According to this model the changes in T2 relaxation as a function of
the SFC and storage time were explained by the decrease of the surface-to-volume ratio of the crystal induced by Ostwald ripening.
The diffusion coefficientD of the tricaprin in the melt decreased for higher SFC. Since no significant variation ofDwas observed for
different diffusion time, D reflected the long-range connectivity and the tortuosity was calculated. During storage the diffusion
coefficient remained constant.
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’ INTRODUCTION

Triacylglycerols are very present in our food because they are
the main constituents of fat-containing products such as butter
and chocolate. The characteristics of the fat crystal network
created by triacylglycerols contribute to many of the physical
properties of food products, but also of pharmaceutical and
cosmetic compounds.1,2 It is thus of paramount importance for
the industry to monitor the properties of the fat crystal network,
which is known to evolve during storage. This instability of the
network leads to undesired modifications of the functional
properties of foods such as texture, morphology and taste. Thus,
knowledge of the physical properties is critically important for
improving the functionality of end products under processing
and storage. However, it is not so easy to monitor the behavior of
fats because different levels of organization have to be considered
for the solid phase and because the behavior of the liquid phase is
still poorly understood. At least three levels of organization have
been proposed for the solid phase, i.e. polymorphism on the
angstrom scale, crystal size on the micrometer scale and flocs on
the millimeter scale. Moreover, these parameters depend on the
method of crystallization and evolve over time. Indeed, there are
three main polymorphic forms for triacylglycerols: the R
(hexagonal subcell), β0 (orthorhombic perpendicular subcell)
and β (triclinic parallel subcell) forms, the latter being the most
stable; and thus triacylglycerols crystallized in the R and β0 forms
tend to evolve to the β form.3 Moreover, fat crystals continue to
grow upon crystallization because of the Ostwald ripening
phenomenon.4 The network can thus evolve for months before
reaching an equilibrium state.5 The liquid phase behavior is
equally not without significance. Two models are presently used
to describe the liquid phase, namely, the smectic model and the
nematic model. The former, proposed by Larsson6 and main-
tained by Sato et al.,7 assumes that melted triacylglycerols are in a
para-lamellar arrangement which provides long-term order in

X-ray diffraction 20-40 �C above the melting point. Conversely,
Cebula et al.8 suggested that there was no organization in the
liquid state and that triacylglycerols exist in disorder. Corkery
et al.9 recently proposed an intermediate between the smectic
and nematic models for triacylglycerols with a discotic model
which may explain the differences between Larsson and Cebula.
This model was strengthened by a study using Raman spectros-
copy.10 Finally, fats in natural resources are mixtures of different
types of triacylglycerols, which complicates the melting behavior,
crystallization, crystal morphology and aggregation in real fat
systems.11

As rheological, textural and functional properties of food are
related to the microstructure of the fat crystal network,12 many
attempts have been made to suggest a model for the network. A
mechanical model was originally developed by van den Temple13

in which van der Waals attraction held aggregated fat particles.
However, the network properties cannot be described quantita-
tively with this model. Introduction of the fractal dimension for
colloidal gels early in the 1990s opened up new prospects for the
characterization of fats. Vreeker et al. was the first to suggest that
fat crystal networks should be considered as a fractal structure.14

They used the fractal dimension to quantify the relationship
between the mass of a cluster and its size. Later, Marangoni et al.
developed the applications of the fractal model in two and then
three dimensions. They related the elastic modulus of colloidal
networks, especially fat crystal networks, to the volume fraction
of solids. They proposed a model in which fats are composed of
many parallel straight fat crystal cluster chains in a whole
homogeneous, space-filling and perfectly connected network.15
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Liang et al. confirmed this model and depicted the fat as a porous
interconnected medium filled with liquid oil.16 The fractal
dimension is currently determined by rheological measurements
and polarized light microscopy. However, there is a real need for
understanding of the microstructure of the fat crystal network.

NMR has already been used for the study of triacylglycerols.
However, most of the results published have concerned the solid
phase. NMR has proved to be effective for the determination and
quantification of polymorphism,17-20 and different studies have
reported on the mobility of the triacylglycerol side chains in the
solid state. 21,22 A recent study proved the capacity of spin-
lattice relaxation time measurements of the solid phase to obtain
information about crystal size.4 In the opposite, the liquid phase
was less investigated by NMR. Spin-spin relaxation measure-
ments of the liquid phase have highlighted a biexponential
behavior for the liquid phase of milk and vegetable fat.23 As the
structural organization of the liquid phase remains unknown, it is
difficult to explain this behavior. However, the phenomenonmay
be explained by more rapid movement of the methyl group at the
end of the chain, as observed for stearic acid diluted in a solvent.24

In recent years, nuclear magnetic resonance (NMR) tech-
niques have been used for the study of porous media due to their
nondestructive and noninvasive properties. Although the behav-
ior of confined liquidmolecules at the pore wall interface has only
partially been characterized, this technique has been used
extensively in the study of microstructurally complex materials
such as rock, cements, biological cells, pharmaceutical com-
pounds and emulsions.25-27 The surface-to-volume ratio, char-
acteristic of the microstructure, the pore size distribution and the
tortuosity can be measured by NMR through either signal
relaxation or pulsed field gradient (PFG) NMR measurement
techniques.28,29 The only application of PFG-NMR for fats is the
determination of droplet size distribution in O/W emulsions.
The principle is based on the restricted diffusion (as for porous
media) of the molecules inside droplets.30

The aim of this study was to evaluate the sensitivity of the
NMR relaxation and diffusion parameters from the liquid fat
phase to the microstructure of the fat crystal network and to the
solid fat content. Based on the properties of restricted diffusion
and surface relaxation, NMR relaxation and diffusion measure-
ments for the liquid phase were investigated in order to evaluate
the potentials of this technique for the characterization of the fat
crystal network.

’EXPERIMENTAL PROCEDURES

Materials and Tempering Procedures. Tricaprin and tristear-
in were purchased commercially (Sigma, St. Louis, MO, USA; >98%
purity) and samples were used without any further purification.

To study the microstructure, tricaprin and tristearin were blended in
the melted state at ratios of 25/75, 40/60, 50/50, 60/40, 67/33 and 75/
25 (w/w). The mixtures were melted at 80 �C for 20 min and then
crystallized at 5 �C for 10 min in a cryocooler. Each sample was inserted
inside the spectrometer heated to 60 �C. At the latter temperatures,
tricaprin was in the liquid state and tristearin in the solid state. The
temperature of the sample was maintained at 60 �C in an oven or in the
spectrometer to avoid the recrystallization of the liquid phase, and
measurements were done on this liquid phase.
NMR Experimental Protocol. NMRmeasurements were carried

out with a 0.47 T NMR spectrometer (Minispec MQ20, Bruker SA,
Wissembourg, France) operating at 20 MHz for protons. The NMR
probe temperature was controlled with a dedicated device (BVT 3000,

Bruker SA, Wissembourg, France) with temperature measurement
accuracy of (0.15 �C. The instrument was equipped with a 10 mm
probehead.Magnetic field tuning, homogeneity of themagnet, detection
angles, receiver gain and pulse lengths were checked before each
measurement. A pulse attenuation of 8 dB was used for measurements
on the liquid phase.
Relaxometry. Different kinds of pulse sequences were used for

NMR measurements, i.e. free induction decay (FID) and
Carr-Purcell-Meiboon-Gill (CPMG) for relaxation time measure-
ments. The CPMG were recorded with 10000 points and a spacing of
200 μs between each echo. FIDs weremeasured for the determination of
solid fat content and second moments. Twelve scans and a recycling
delay (Rd) of 40 s were used for each measurement.

The CPMG signal was fitted by

sðtÞ ¼
Xn
i¼1

Ai e
-t=T2i ð1Þ

Solid fat content (SFC) and second moments M2 were determined
according to the model developed by Adam-Berret et al.:21

sðtÞ ¼A e-ða
2 t2Þ=2sin cðbtÞ þ B e-t=c ð2Þ

The second moment was determined by

M2 ¼a2 þ 1
3
b2 ð3Þ

SFC was estimated using the fitted parameters from eq 2: A
corresponds to the total intensity of the solid signal, and B to the
intensity of the liquid signal. SFC is thus determined by

SFC ¼ A
A þ B

� 100 ð4Þ

For eq 1, two fitting methods were used: the distributions of
relaxation times were performed using the maximum entropy method
(MEM) algorithm,31 and discrete values of T2 were determined
using the Levenberg-Marquardt algorithm (Table Curve 5.01).The
fitting of eq 2 was only performed with the Levenberg-Marquardt
algorithm.
Relaxation in Porous Media. In porous media, the spin-lattice

relaxation time (T1) and the spin-spin relaxation time (T2) depend on
the interactions with the surface of the pores. Due to the surface
relaxation mechanism, the relaxation times are shorter in pores with a
high surface-to-volume ratio. The relaxation parameters are therefore
used to obtain information on pore geometry. The relationship between
the relaxation times and the surface to volume can be expressed by28,29

1
T1=2

¼ 1
T1 = 2bulk

þ F1=2
S
V

ð5Þ

where T1/2 bulk is the bulk relaxation time and F1/2 is the surface
relaxivity. S is the total surface accessible to the liquid phase, and V is
the open pore volume.26 In the fat crystal network, S corresponds to the
specific surface area developed by the crystals, and V depends on the
amount of liquid phase. The surface relaxivity is given by

F1=2 ¼
λ

T1=2surface
ð6Þ

where λ is the thickness of molecular layer interacting with the surface of
the pore. The relaxation times T1 and T2 on the surface are reduced by
dipole-dipole interaction, cross relaxation or chemical exchange. The
relaxivity is generally unknown, as is the case for triacylglycerols. The
model presented above is exact only when the system is in the fast
diffusive exchange limit, i.e. when molecules are mobile enough and the
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exchange by diffusion between the molecule in the pore and the mole-
cule at the surface is fast.
Diffusometry. For heterogeneous systems such as fluids in porous

media, displacement of the diffusing species depends on the structure of
the porous matrix and may be restricted by pore walls.25,32,33 Measuring
the self-diffusion coefficients for different observation times can reveal
information about pore size and pore connectivity (tortuosity). At very
short diffusion times, molecules do not have the time to interact with the
pore walls and the self-diffusion coefficient will equal the free diffusion
coefficient of the fluid D0. When observation times increase, molecules
can move in the whole pore and D0 is influenced by the surface to pore
volume ratio S/V. D levels off to an asymptotic value D¥ reflecting the
long-range connectivity of the porous medium, and the tortuosity can be
derived from this measurement. The tortuosity τ which characterizes
this connectivity is defined in eq 7:28

τ ¼ lim
Δf ¥

D0

DðΔÞ ð7Þ

with D the diffusion time.
The self-diffusion coefficient of fluid molecules is determined by

attenuation of the NMR spin echo signal as a function of an additionally
applied external pulsed field gradient. The intensity of the NMR sig-
nal will decrease following eq 8:34

S ¼S0 exp -γ2δ2g2D0 Δ-
δ

3

� � !
ð8Þ

where S is the signal intensity, S0 is the signal intensity without gradients,
γ is the gyromagnetic ratio (= 2.68 � 108 Hz 3T

-1 for 1H), g is the
intensity of the gradient, δ the duration of the pulse gradient andΔ is the
duration between the two gradient pulses. K is defined as

K ¼-γ2g2δ2 Δ-
δ

3

� �
ð9Þ

The decrease in signal intensity as a function of K for different Δ can
be seen in Figure 1. The principle for the determination ofD0 was to vary
g, the gradient intensity, and to fix the other parameters (Δ and δ).
Figure 1 presents the variations of g for differentΔ, the slope of the curve
being D0.

PFG-NMR diffusion measurements were performed with a stimu-
lated echo sequence (STE) for diffusometry for which 8 scans were
acquired with a Rd of 3 s. Typical gradient parameters were δ = 0.7 ms
and gmax up to 2.5 T 3m

-1 with 8 different values of g. The diffusion times
(Δ) varied in a range of 50 ms up to 250 ms, and the delay between the
first and the second 90� pulses was 1 ms.

’RESULTS AND DISCUSSION

Effects of SFC on the Behavior of the Liquid Phase. Figure 2
summarizes the effects of SFC on the spin-spin relaxation times of
tricaprin in the liquid state for two weeks after crystallization.
For pure tricaprin in themelt state a complex distribution from

MEM with broad peaks was obtained for the relaxation times T2.
This bimodal distribution may have different origins. The first
assumption was that bimodal distribution is the result of in-
homogeneous relaxation rates for the protons along the side
chains. Indeed, it has been proved that the methyl group of fatty
acids has a faster relaxation rate than the other carbons on the
chain.23,24 This could provide wide distributions of relaxation
times. However, the relaxation rates were determined on diluted
triacylglycerols in a solvent and the mobility is probably different
in a bulk system because of the liquid organization. The other
possibility was linked to inhomogeneous organization of the
triacylglycerols in the liquid with intermolecular interactions. In-
deed, the liquid triacylglycerol organization is unknown and differ-
ent types of organization could result in wide distributions.35,36

For lower SFC, a bimodal distribution was obtained as for the
pure tricaprin in the melt, whereas a triexponential model was
used to fit the CPMG signal for high SFC. The number of
components used for the fitting from the Levenberg-Marquardt
algorithm was provided by the relaxation time distributions
determined by MEM. Two features should be pointed out: a
change in the relative intensities of the relaxation time compo-
nents and a decrease in the relaxation time values according to
the SFC. The proportion of the component with a T2 of 400 ms
remained constant around 68% for all SFC, whereas the propor-
tions of the other two relaxation components (T2 around 50 ms
and T2 around 180 ms) evolved together. The intensity of the
component with a T2 around 180 ms increased whereas the
intensity of the component with a T2 around 50 ms decreased at
the same time that SFC decreased (data not shown).
Two mechanisms can be assumed to explain the changes in T2

value, an evolution of the composition of the liquid phase
because of the presence of cocrystals, or interactions between
the liquid and the fat crystal network as observed in porous
media. Indeed, there were cocrystals in the liquid phase and thus
a small amount of tristearin was dissolved in this phase.20 There
was an exchange between the solid and the liquid phase,37 with
recrystallization of tristearin on the surface which would decrease
the viscosity and then would increase the T2. However, the
exchange rate has been measured previously and was proved to
be slow.37,38 This phenomenon was therefore not taken into
account because of its only slight effects on the system during

Figure 1. Evolution of ln(I/I0) as a function of k as defined in eq 9 for 3
different diffusion times Δ.

Figure 2. T2 distribution of tricaprin for different SFC value at 60 �C.
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NMRmeasurements. The other possible mechanism is based on
the relaxation mechanism in porous media with fast diffusive
exchange between two fractions, a bulk fraction with aT2 equal to
that of the pure liquid phase and a surface fraction with a T2

shortened by dipole interactions. The fast diffusive exchange
limit is defined as39

2
ffiffiffi
2

p a2

πD

 !
1
T2s

-
1

T2bulk

� �
,1 ð10Þ

If we considered a mean T2 value for bulk, then 1/T2bulk is equal
to 1/0.420 = 2.38 s-1 (Figure 3). For 1/T2s we assumed that this
value was in the range of the shortest T2 measured for the largest
SFC; then 1/T2s = 1/0.020 = 50 s-1. The self-diffusion coeffi-
cient for pure tricaprin was 0.086 ( 0.008� 10-9 m2 s-1 .
Therefore, the fast diffusive exchange limit is validated for pore
size having a radius less than 1.42 μm. The fat crystal network
displays a structural hierarchy with individual fat crystals, crystal
clusters and crystal network. The size of the crystal is in the
micrometer range, and the size of the fat crystal clusters can vary
from several micrometers to more than 200 μm according to the
processing conditions and SFC.12 If we assumed that the surface-
to-volume ratio of the fat crystal involved in the clusters plays the
main effect on the relaxation rate, then the condition for fast
diffusive exchange limit is verified.
In previous results on porous media, the relaxation time of the

liquid phase was described by a monoexponential decay.26,28

Since the relaxation time distributions of the pure liquid were
broad, a mean relaxation time was determined from a weighted
average of the values provided by the Levenberg-Marquardt
algorithm. If we considered that the surface developed by the
crystal at a long storage time is the same whatever the amount of
fat crystal, then a linear relationship should be observed between
(1/T2meas- 1/T2bulk) and the fat crystal volume estimated from
the SFC according to eq 5. The evolution of (1/T2meas- 1/
T2bulk) as a function of the ratio between the amount of solid
phase and the amount of liquid phase at equilibrium is given in
Figure 4. A linear relationship between (1/T2meas- 1/T2bulk)
and the solid to liquid ratio was observed when the crystal
network reached an equilibrium state after 12 days. According to
the model presented in eq 5, the slope was proportional to the
surface relaxivity and the surface of the crystals. According to
eq 5, no constant should be added to the model. The constant
identified from our experimental data could be due to the
presence of tristearin in the liquid phase which affected the
viscosity and then the T2, and also explained why the T2 of the

liquid tricaprin was not the same as the T2 measured for the pure
liquid tricaprin.
Figure 1 shows the evolution of the intensity of the PFG-NMR

signal as a function of the gradient intensity for differentΔ on the
50-50 blend. The attenuation was linear whatever theΔ, and no
dependence ofD onΔwas observed. This behavior was the same
for all the mixtures (data not shown). When D is independent of
Δ, it is possible to determine the tortuosity according to eq 7. For
the determination of D0, the existence of the cocrystals which
involved the presence of tristearin in the liquid phase was taken
into account. A newD0 was established by adding 3% (in weight)
of tristearin dissolved in liquid tricaprin (D0 = 7.7 � 10-11

m2
3 s
-1). The tortuosity at 60 �C as a function of SFC is shown

in Figure 5. The tortuosity decreased with decreasing SFC. It
dropped from 2.3 for 75% SFC to 1.3 for 15% SFC. Such values
are comparable to those found for polymers and silica.40,41

Effects of Storage Time onNMR Parameters andDiffusion
Coefficient of the Liquid Phase. The evolution of relaxation
times over timewas followed at 60 �C for different SFC. The SFC
remained almost constant for the 2 weeks of measurements, and
there was only a small decrease over time (data not shown). This
decrease in SFC may have been related to the dissolution of
tristearin in the liquid phase or attributable to the limitations of
the Rd used during the measurements. Indeed, 12 accumulations
were recorded for the SFC measurements with a Rd of 40 s,
which was the maximum Rd for our apparatus. However, the T1

of the crystalline phase was longer than 8 s and continued to
increase over time.4 An error was thus generated in the intensity
of the solid signal over accumulations because the solid phase had

Figure 3. Evolution of the three components and themeanT2 value as a
function of SFC at 60 �C. Figure 4. Evolution of (1/T2meas - 1/T2bulk) as a function of the solid

to liquid ratio at different times at 60 �C.

Figure 5. Evolution of tortuosity in the tricaprin-tristearin mixture as a
function of SFC at 60 �C.
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not the time to relax completely between two accumulations.
Consequently the SFC was underestimated, and as the T1

continued to increase over time, the underestimation became
greater, leading to a decrease in the SFC. At the same time,
second moments (M2) were determined in order to investigate
any modifications of the polymorphism of the solid phase during
the experiments.M2 remained constant at around 1.05� 1010 s-2.
This value corresponded to the β polymorphic form of tristearin,
and thus no polymorphic transformation of tristearin occurred
over time.
The evolution of the distribution of the T2 of the liquid phase

was measured over time at 60 �C in order to follow the con-
sequences of such crystal growth on the liquid phase (Figure 6).
The 50-50 (w/w) mixture was chosen because of its inter-
mediate behavior. It was first possible to see that the mixtures
tended to the behavior of pure tricaprin. Indeed, after 14 days, the
distribution of the blend was close to the distribution of pure
tricaprin, with two broad peaks and a shoulder on the first peak,
whereas the distributions were different after just 1 h. This meant
that, after 14 days, tricaprin in the mixture behaved as pure
tricaprin, and thus that the effect of the specific surface was weak
and had little influence on the relaxation time. All the distribu-
tions were trimodal over time, but the peak intensity and the
relaxation time values evolved differently according to the mix-
tures under consideration. During storage, the surface of the first
peak decreased and the T2 value associated with this peak
increased from 26 to 75 ms. The surface of the second peak
increased through broadening of the peak, and the peak re-
mained centered on the same T2 value around 170 ms. The third
peak was similarly broadened over time, but the surface of the
peak remained constant. The main effect on this peak was an
increase in theT2 value from 400 to 480ms, almost theT2 of pure
tricaprin (490 ms). The same evolution was observed for
the other mixtures, except at 75% SFC where the relaxation time
distribution after 14 days was still far from the distribution of pure
tricaprin (data not shown).The evolution of the T2 values over
time meant that the relaxation in the pore was different because
of the modifications of the specific surface area developed by the
crystals. In order to verify this hypothesis, a mean discrete value
of T2 was determined with the Levenberg-Marquardt algorithm
for all the SFC and its evolution was followed over time
(Figure 7). It was possible to see that there was a rapid increase
during the first days and a slower increase subsequently. How-
ever the increase was more limited when the SFC was lower. The

T2 of the liquid phase were fitted by a power law model as for the
T1 of the crystalline phase.

4 Table 1 summarizes the parameters
from the power law fitting for the different SFC. It has already
been proved that the specific surface area of tristearin crystals in
paraffin oil decreases over time,42 as does the average crystal
size.4 This evolution inT2 could thus be related to the decrease in
the specific surface during storage, and the fact that the evolution
according to a power law model was similar for the solid and the
liquid phases confirmed this. Indeed, when crystals grew, the
specific surface decreased and thus led to an increase in T2

because the volume remained constant. The possibility that this
increase could be due to the melting of cocrystals which would
raise viscosity was considered. However, in this case, the T2

would have been equal for all the SFC at equilibrium because the
liquid phases would have the same composition, which was not
the case.
Different behaviors were observed according to SFC. At 15%

SFC, the T2 rapidly reached the T2 of pure tricaprin, meaning
that the effect of the surface on relaxation became negligible. It
was thus not possible to study the evolution of the specific surface
area subsequently. However, at 75% SFC the first values were low
because of a large specific surface area which could be increased
by the presence of many small crystals dispersed in the liquid
phase and not participating in the network. These small crystals
were melted by Ostwald ripening over time, leading to a decrease
in the specific surface area.
In order to obtain information regarding tortuosity, the

evolution of the diffusion coefficient at a long diffusion time,
between 5 and 10 μm, was followed over time for the 6 different
SFC at 60 �C (Figure 8). The diffusion coefficient remained
constant over time for SFC > 23%, meaning that the tortuosity in

Figure 6. Evolution of the T2 distributions of the 50-50 (w/w)
tricaprin-tristearin mixture over time at 60 �C.

Figure 7. Evolution of mean T2 of tricaprin over time at different SFC.

Table 1. Parameters Obtained from the Power Law (T2 = cte
tK) Fitting of the Mean T2 of Tricaprin over Time at Different
SFCa

SFC (%) cte K R2

75 177.1( 1.3 0.111( 0.004 0.98

57 292.4( 0.8 0.064( 0.002 0.98

48 318.9( 0.6 0.042( 0.001 0.98

35 342.5( 0.7 0.026 ( 0.001 0.94

25 357.6( 0.9 0.027( 0.001 0.91

15 370.3( 1.0 0.017( 0.001 0.8
a See Figure 7.
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the fat crystal network was constant over time. The distance
probed during diffusion measurements provided information on
the average pore size, as the triacylglycerol molecules needed to
probe at least this distance to report the effect of the surface on
the diffusion coefficient. The pores investigated in this studywere
thus smaller than 5 μm. It should be noted that there was a very
small increase in diffusion coefficient over time for SFC < 23%,
which could be related to the decrease in tortuosity. Nevertheless,
the dominating effect for diffusion in the fat crystal network
remained the SFC, which increased the diffusion path. The
combination of the measurements of the diffusion coefficient and
T2 relaxation time showed the evolution of the fat crystal network
over time, since the specific surface area decreased but the tortuosity
remained constant. The decrease in the specific surface areawas thus
due to melting of the small crystals. They would contribute to the
thickness of the crystals, leading to a smaller surface. This hypothesis
is supported by the X-ray diffraction and T1 measurements pre-
viously performedon the samemixtureswhich proved an increase in
the thickness of the crystals.4

Conclusion. The relaxation and the diffusion of the liquid
phase in the fat crystal network were investigated. Two different
effects were investigated: the SFC and storage time. The spin-
spin relaxation time T2 was proved to be sensitive to the effect of
the specific surface area developed by the crystalline phase. There
were two different changes in the specific surface area. First, the
specific surface area was decreased over time by the melting of
the small crystals because of Ostwald ripening. The small crystals
recrystallized on the surface of the larger crystals, leading to an
increase in the thickness of the crystals. This effect on the relaxation
time of the liquid phase was greater when the SFC was higher, i.e.
when there was less liquid and there were smaller crystals. Diffusion
coefficient measurements provided information on the pore con-
nectivity of the system. A linear relationship was observed between
the tortuosity and the SFC. The fat crystal networkwas less tortuous
at low SFC. However, the diffusion coefficient remained constant
over time, meaning that the tortuosity did not change.
To conclude, NMR measurements can provide new param-

eters to characterize the microstructure of fat crystal networks.
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