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Fractal nature of fat crystal networks
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The quantification of microstructure in fat crystal networks is studied using the relationship of the shear
elastic modulus@’) to the volume fraction of solid faiP) via the mass fractal dimensidB) of the network.
Results from application of a scaling thedmwyeak-link regime theory developed for colloidal gels, to the
microstructure of fat crystal networks are presented and discussed. A method to measure mass fractal dimen-
sions and chemical length exponents or backbone fractal dimer(®jdinsm in situ polarized light microscope
(PLM) images of the microstructural network of fat crystals is developed and applied to the fat systems
studied. Fractal dimensions measured frionsitu PLM images of the various fat systems are in good agree-
ment with fractal dimensions measured using rheological measurements and the weak-link regime theory
(percent deviations range from 0.40% to 2.50%he crystallization behavior of the various fat systems is
studied using differential scanning calorimetry, and the potential for alt&ihdpy changing crystallization
conditions using the fractal dimension of the network as an indicator is discy&H163-651X99)00502-4

PACS numbds): 61.43~j, 61.41+e

I. INTRODUCTION butter are shown in Fig.)Land are therefore closer to the
macroscopic level than the structure of the triglyceride mol-

Some of the most important quality characteristics of fat-ecules or the crystalline units of particular polymorphs. No
containing food products depend on the macroscopic propefevel of structural “building blocks™ larger than the micro-
ties of the fat crystal network formed within the finished structural level has been observed in fat crystal networks,
product. Some of these characteristics include the spreadabflthough much evidence of the existence of “clusters™ or
ity of margarine, butter, and spreads, as well as the snap dpicrostructures of the order of 104m have been published,
chocolate. Predicting the macroscopic properties of fat crysinitially by a group at Unilever Research Laboratorium in
tal networks within these products is therefore important. The Netherland$5—7]. In order to develop our theory, it is

It has been previously established that the hardness of St necessary to introduce the various levels of structure of
fat, as determined by large-scale rheological analyses such as
cone penetrometry, is directly correlated to the hardness de-
termined by sensory analysj&—4] (in cone penetrometry
measurements, strain levels are of the order of 10%, hence
the large-scale classificatipriFurthermore, measurements in
our laboratory indicate that there exists a direct relationship
between the elastic modulgstorage shear modulusf a fat
and its hardness index, as determined by cone penetrometry
measurementémeasurement of shear storage modulus is a
small-scale rheological measurement with strain levels of the
order of 0.5%. Therefore, the elastic modulus of a fat crystal
network is an indicator of the macroscopic consistency of
that network.

This paper describes an attempt to utilize scaling theory to
derive a theoretical link between the elastic constant of fat
crystal networks and the structure of the network, using the
fractal dimension of the network as a mathematical indicator
of the structure. Many attempts have been made to relate the
macroscopic properties of fat crystal networks to the lipid
composition (triglycerides and the polymorphic nature of
the network, but these have not been successful. In this pa-
per, we approach the problem from a microstructural per-
spective. The level of structure of a fat crystal network which
most influences its macroscopic behavior is its microstruc-
ture, since it is this level of structure which is closest to the
macroscopic world. The individual microstructures in fat
crystal networks can vary from a diameter of @ to above FIG. 1. Gray-scale image of cocoa butter showing the existence
120 um, depending on the systefmicrostructures in cocoa of microstructures.
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important to the scaling behavior of the network, and there-

Macroscopic Properties fore to the elastic properties, lipid composition and the
polymorphic-polytypic nature of the network also play a ma-
T jor role. The microstructural level is important to the scaling
behavior of the network because the microstructures are
_ composed of elements that are arranged in a fractal geometry
Microstructure within each microstructure. Therefore, in any consideration
7~ of factors influencing the macroscopic properties of the fat

crystal network, there is a need to consider the microstruc-
tural effects. As can be appreciated, because of the complex,
random, nature of the aggregated structures, an extension of

: : Processin,
Polymorphism/Polytypism Conditions the van den Tempel model to this perspective of the fat crys-
tal network is not simple, although some attempts have been
made[15-17.

An exciting period in the analysis of polymer and colloi-
dal networks ensued after the introduction of the fractal con-
cept in 1987 18]. Since then, scaling theory has been used to
explain the elastic properties of polymer ggl9-22. Much

pprogress was made in the analysis of the microstructure of
colloidal aggregates, the verdict being that they are fractal
structures, which are quantifiable from rheological and opti-
cal measuremeni®3-31. Early development of a scaling
a fat crystal network. The flow diagram depicted in Fig. 2theory to explain the elastic properties of colloidal gels were
represents our perspective of the various levels of structurperformed by Brown and Ball24,26,29. Brown and Ball
and the manner in which they affect the macroscopic propsuggested that colloidal aggregates should behave as stochas-
erties of the network. tic mass fractals on a scale which is large compared to the
An early mechanical model of fat networks was devel-primary particle size, and formulated a power-law relation-
oped by van den Tempég8], and extended by various other ship of the elastic modulus to the solid volume fraction. This
researchergreviewed in deMan and Beerg9], which visu-  formulation was experimentally verified by various others,
alized the fat network as analogous to an assembly of chaing)cluding Sonntag and Rus4@7] and Buscalkt al.[28]. In
each chain consisting of a linear array of particles packed990, Shihet al.[30] outlined the development of a scaling
closely together. The particles making up the chains wouldheory to explain the elastic properties of colloidal gels by
interact with each other via van der Waal's forces. Attemptsagain considering the structure of a colloidal network as a
at making this model predictive were not very successfulcollection of fractal flocs, except that their paper defined two
partly because of the varied nature of the triglyceridesseparate regimes depending on the concentration of the col-
present in a typical natural fat crystal network. The calculaloidal gel. At low concentrations, the strong-link regime was
tion of the forces involved between the particles is nontrivial.appropriate, the formulation of which is identical to the for-
Additionally, the van den Tempel model suggested that thenulation of Brown[26]. At high concentrations, the weak-
shear elastic modulus of a particular fat crystal network delink regime is appropriate, which differs in formulation from
pends on the solid volume fraction of the network in a linearthe strong link regime and that suggested by Brown and Ball
manner, which has been shown to be untrue by various rd24,26,29.
searcher$10-13. In 1992, Vreekeet al.[13] presented an interpretation of
The growth of a fat crystal network can be visualizedrheological data for aggregated fat networks in the frame-
thusly: the triglycerides present in the sample crystallizework of fractal theories. These authors showed that the elas-
from the melt into particular polymorphic-polytypic states. tic modulus G') varied with particle concentratiof®) ac-
These crystals then aggregate via a mass- and heat-transfeprding to a power law, in keeping with the models for the
limited process into larger microstructures. The aggregatiomlasticity of colloidal gels proposed in Ref®4,26,29,30
process continues until a continuous three-dimensional neRecently, Marangoni and Roussda&2] applied Shiket al’s
work is formed by the collection of microstructures. At the weak-link formulation concept to higlb systems, from a
microstructural level, the solid network is an orthodox amor-rheological perspective. Using the argument of similar
phous solid, while the intramicrostructural level is fractal in particle-aggregation type systems, our view of fat micro-
nature. In this way, the formation of the fat crystal network isstructural networks as a mass- and heat-transfer-limited par-
mathematically very similar to a flocculating colloid, the ticle aggregation process lends itself well to the type of scal-
similarity having been noted as early as 1989 by Edward#ng behavior analysis exploited in the treatment of colloidal
and Oakeshotft14]. The macroscopic rheological properties gels. In our picture of the fat crystal network the average floc
of the network are influenced by all levels of structure de-size in a colloidal network is replaced by the average size of
fined during the formation of the network—i.e., the structurethe microstructures. As Shiét al. [30] considered the flocs
of the individual triglycerides, the structure of the individual in a colloidal gel as fractal objects, so do we consider the
crystalline units formed, or the polymorphic nature of thecollection of microstructural elements in a microstructure to
network, and particularly by the microstructural level. Al- be fractal in terms of the distribution of mass. The micro-
though the microstructural level of the structure is extremelystructural elements pack in a manner peculiar to the particu-

Lipid Composition

FIG. 2. Schematic of factors influencing the macroscopic pro
erties of a fat crystal network.
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TABLE I. Summary of fat networks studied rheologically with were then compared to the values determined rheologically
corresponding fractal dimensions and valuesyof for similar fat systems. Very good agreement was found be-
tween the fractal dimensions determined rheologically and
Pre-exponential  py image analysis of the networks, as is shown in Table II.

Fat system Fractal dimensidh  factor y (MPa) Furthermore, analysis of the fat crystal network at the micro-
NIE milkfat 1 245 1.0¢10°3 structural level has yielded important insights into the nature
CIE milkfat 1 216 95103 ?nd influelnce of vkarious levels of physical structure within a

. 4 at crystal network.
E:E 2::‘;:::; 255’3 gg 18_ 4 The cr'ystalliz'ation' beha\{ior of the differen't fat systems
NIE milkfat 3 1.96 2 6¢10-1 was studied using dlffer_entlal scanning calor_lme(tEySC). _
. ' ' Results from these studies have helped clarify the relation-
(DMA analysig - ship between fractal dimension and structure. The fact that
NIE milkfat 4 2.01 2.X10 one can utilize temperature conditioning during crystalliza-
(DMA analysis tion to alter the fractal dimension of the network, and there-
NIE palm oil 2.82 1.x10°° fore the storage shear modulus, has also been explained via
CN::E |pa:3r|n oil ;gg ;; 1871 crystallization curves of the fat systems.
ar . .

CIE lard 2.84 6.?(10_10 Il. THEORY

Cocoa butter 1 2.37 5:3102

Cocoa butter 2 2.40 241072 Fractal systems are self-similar at all levels of magnifica-
(DMA analysig tion, and unlike Euclidean systems, which have integral di-
Salatrim™ 290 491010 mensions(d), have fractional dimensionéD). We recom-
Tallow 241 1.5¢10-2 mend the reviews by Jullien and Bofd2] and Meakin43]

on the subject of fractal aggregation. Aggregates scale in a
fractal manner in the range between the size of the individual

lar fat, and the microstructures themselves fill the volume ofarticles composing the clusters or flogsicrostructures

the sample as statistically repeating units of the fat crysta@nd the size of_ the microstructure. For colloidal aggregates
network. (and by extension fat crystal netwojkshe fractal concept

Interest in the microstructure of fat crystal networks in guantifies the way in which the mabof the microstructure
our laboratory arose during studies of factors affecting thdncreases with its radiu, according to the fractal dimen-
hardness and spreadability of chemically interesterifiedion D [13,31,42:
(CIE) and enzymatically interesterifieEIE) milkfat [32—

37]. The hardness of CIE and EIE milkfat at equivaldnt

values were lower than their noninteresterifi®dE) cou_n—TNI where the symbol- is taken to mean “approximately pro-
terparts[36-37. Palm oil, lard, cocoa butter, Salatim™ ., ional to.” It has been shown experimentally that the
[38—41, and tallow were also studied. The weak-link theory g|astic properties of fat crystal networks are dominated by

of Shih et al. was utilized in an attempt to explain these the fractal nature of the microstructui#3,32—41. For the
results. The analyses done on these systems were all rheQzstic shear modulus’

logical, but yielded, according to the theory outlined below,
fractal dimensions recorded in Table I. G'~dM )

The main focus of this paper is to attempt to verify the
scaling theory governing the calculation of fractal dimen-where® is the particle volume fraction of solid fat amd
sions obtained from rheological methods. Polarized light mi-depends on the fractal dimension.
croscopy was used as a method of imaging samples of fat Following is a description of a theory submitted by Shih
crystal networks at the microstructural level, and the imagest al.[30] on the scaling behavior of the elastic properties of
analyzed to yield fractal dimensions. The fractal dimensionsolloidal gels under two regimes. These regimes are depen-

M~RP, 1

TABLE II. Fractal dimension calculated via image analysis compared to fractal dimension calculated via
rheology using the weak link theory of Shét al. [30]. Errors inD are standard errors of 3 replicates.

Backbone
Fractal dimension  Fractal dimension from fractal

from image rheology(weak link Percent dimension

Fat system analysis regime deviation X
Cocoa butter 1 2.3t1.7% 2.37%4.0% 2.5 1.10
NIE milkfat 4 2.02+-1.2% 2.0%15.7% 15 1.00
(Analyzed using DMA

Palm oil 2.82£0.6% 2.82-0.6% 0.0 1.10
Lard 2.86-0.6% 2.88-0.5% 1.0 1.15

Tallow 2.42+1.2% 2.416.4% 0.4 1.10
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dent upon the strength of the links between the cludiais K ~@ld=2/d-D)] g’ (6)
crostructures in the fat crystal netwogrkf a colloidal gel
relative to the strength of the clusters themselves. Because Therefore, from this theoretical basis, for fats with a high
the similarities between colloidal gels and fat crystal net-yolume fraction of solids, the elastic modulus increases as a
works, this theory has been adapted for fat crystal networkSunction of ® in a power-law manner, with slopg(d
—2)/(d—D)], or[1/(d—D)] since the samples examined
A. Strong-link regime are three dimensional. Depending on the regime, the value of
For colloidal gels, at low particle concentrations, theM !N Eq. (2) can be calculated from Eqe3) or (6). Brer_ner,
strong-link regime is applicable. In this case, the individualVan Vliet, and Walstrg22] noted that Eq(2) can be written

clusters grow large, so that each acts like a weak spring‘a.ls
Therefore, the elastic constant of the system as a function of
particle concentration is dominated by the elastic constant of
the flocs. We did not consider the elastic constants of the

microstructures in our approach, since we assumed that, jﬁ/hereyls a constant independent of the volume fraction, but

fat crystal networks, the links between microstructures ar ependent on the size of the primary particles and on the

more likely to be stressed when the entire network ismteractions between them. This seems to suggest that the

stressed, rather than the microstructures themselves. A@Iue of y will depend on the polymorphic nature of the fat

shown by the results we obtain, it seems that this assumpti %rystal ne'twork,'whlch In turn will depend on the particular
is correct, since there is good agreement between fractal d'p'oI or triglyceride composition of the sample and on the

mension calculated rheologically and from image analysis oprocessing conditions used to crystaliize the sample from the

images obtained by microscopy. For the strong-link regimeg‘cﬂ}évgég?rig(r;aq% s;frféeggmp?gm doerp(t;:]c dir?tat(?r? Crggesbs?n
the following relationship is suggested by Stehal. [30]: pie, dep 9 P 9

conditions, as shown in the case of tripalmifi5]. This

G’ ~@ld+x/(d-D)] (3)  therefore makes a strong case for the study of the influence

of polymorphism ony, which is currently underway in our

wherex is the backbone fractal dimensigohemical length laboratory.
exponenk or tortuosity of the network: usually a number  From Eqg.(7), the macroscopic elastic constant of a net-
which is less than the fractal dimension of the network, butwork of particles is a function of both the spatial distribution
larger than unity in order to provide a connected path. Shilof aggregating particles, characterized by the fractal dimen-
et al. [30] found that, for the colloidal gels they studied, sion, and the mechanical properties of the particles which
was a value between 1 and 1.3. In this paper we presentraake up the network. Information on the elastic constant of

G'=yd™M, (7

method to calculate. the particles is contained in the parameteiKnowledge of
the fractal dimension of the network may be used to infer the
B. Weak-link regime mechanism by which the network was formédiffusion-

limited, reaction-limited, cluster-cluster aggregation, )etc.
The weak-link regime behavior is observed at high ParTa6_4g ggreg e

ticle concentrations. Here the intermicrostructural links are
weak compared to the intramicrostructural links and there-
fore the elastic constant of the system is dominated by the
elastic constant of the links between the microstructures. Thea. Relationship between hardness index and elastic modulus
macroscopic elastic constaktof a system of sizé can be
written in terms of the intermicrostructural links,

IIl. EXPERIMENTS

The method used to analyze samples for hardness index
was described in Ref4]. In brief, the average sensory im-
d-2 pression of hardness of NIE, CIE, and EIE milkfat and
r Kj~g @2, (4)  milkfat—canola oil blends made by 11 panelists was plotted

against the log, of the penetration depth, measured in units

whereK is the elastic constant of the systeiq,is the elastic  ©f 0-1 mm, of a cone penetrometer. It was found that sensory
constant of the intermicrostructural link, agids the average hardness is inversely proportional to the penetration depth.
microstructural size. If the fractal dimension of the micro- The hardness of fats is directly related to their yield value
structures i, the scaling relationship between the averagd-1l: @hd an instrument which adequately measures the yield
microstructural siz& and the solid volume fractiof can be ~ value of fats is the cone penetrometer, various types of which
found by approximating the solid volume fraction inside the@r€ described in the early literatufd9—51. Fats become

L
K~

microstructures as the overall solid volume fraction: softer when kneaded or deformed on a large scale, so there-
fore to reduce these deformations to a minimum, hardness is
£~ LD, (5) measured at low-velocity gradients. When a cone is used to

penetrate a fat sample, the velocity with which it moves
This relation is well known in semidilute polymer solutions through the fat is small, resulting in low-velocity gradients.
[19], and was shown by Dietleat al. [44] to be correct for The cone is usually made of metal, such as stainless steel or
colloidal silica gels as well. We make use of the relationshipaluminum, and is lowered into the sample for a fixed time.
for fat crystal networks because of their above-mentioned’he penetration depth is then measured, usually via a scale
similarity to colloidal gels. Combining Eqs4) and (5) that is attached to the cone itself. The scales are usually
yields graduated in 0.1 mm. As shown in Ré#], the penetration
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to which a cone of constant shape and weight reaches intowsas attached to both the sample attachment plate and the
particular sample is inversely correlated to the hardness irsurface of the Peltier plate, with Krazy Glue™. The sample
dex of the sample. Therefore, the units of hardness index angas then compressed to approximately 10% of its original
0.1 mm'}, since those of cone penetrometry measurementgickness, utilizing the software interface of the CarriMed,
are 0.1 mm. the compression force being applied in an exponentially in-
Values of storagedelastio modulus for samples of NIE creasing manner at a rate of %0n/s. The reason for this

milkfat, palm oil, and lard; CIE milkfat, palm oil, and lard; compression was to ensure that the sandpaper was thor-
and EIE milkfat were calculated according to the rheologicaloughly embedded into the sample, thereby preventing sur-
methods outlined below. Differenb values were also ob- face slippage. Except for cocoa butter, with which just Krazy
tained for each material by using canola oil as a diluent foilGlue™ was used, sandpaper was used with all of the fat
the milkfat and lard samples, soyabean oil was used as gystems studied to ensure no slippage.

diluent for the palm oil samples, anbl measured for each. ~ After the sample was mounted in the manner described
Cone penetrometry measurements were performed on simabove, the rheometer was run through an oscillatory stress
larly prepared samples as well, and the hardness index cdtrogram, with applied stresses ranging from 1 to 31 800 Pa at
culated from the cone penetrometry measurements as the ia-frequency of 1 Hz. This stress program was performed in

verse of the penetration depth. Elastic modulus for each faqrder to determine the boundaries of the linear viscoelastic

system at the differenb values were then plotted as a func- '€9i0n(LVR). One has to exercise caution in the determina-
tion of hardness index. tion of the LVR since it is absolutely imperative that the

machine is being operated at strain levels that are above its
minimum detection limit. For the CarriMed C31500, a
strain of approximately 0.02% is the minimum detection
The rheological analysis of this theory was performed bylimit. On establishing the LVR, frequency sweeps of the ma-
plotting In(G’) of the macroscopic systems as a function ofterial can be carried out by applying either a constant stress
In(®). The slope of this plot gives the value f from Eq. or a constant strain. Generally, frequency sweeps were car-
(7). Systems studied rheologically in our laboratory wereried out over a frequency range of 0.1-10 Hz at a strain level
NIE, CIE, and EIE milkfat{32—37; NIE and CIE palm oil of 0.2—0.5%. Apparent storage and loss mod@li @ndG")
and lard 38—-40; cocoa butter; and Salatriid1] and tallow.  values were obtained from both the stress sweeps and the
The determination ofb was performed by pulsed nuclear frequency data.
magnetic resonanc@\MR) using a Bruker PC/20 series  Additionally, milkfat—canola oil mixtures and cocoa
NMR Analyzer(Bruker, Milton, ON, Canadaas outlined in  butter—canola oil mixtures were analyzed using dynamic me-
Ref. [32]. The melted fats were placed in NMR tubes, andchanical analysis. The sample preparation method was dif-
crystallized in a refrigerator according to different temperingferent from that used with the CarriMed. Milkfat—canola oil
conditions as outlined in Ref§32—41]; for tallow, from the  mixtures and cocoa butter—canola oil mixtufé80%, 90%,
melt, the fat was allowed to crystallize at 5 °C for 24 h. The85%, 80%, 75%, and 70% wjwere melted above 60 °C for
storage or shear elastic modul@s of the plastic fats was 30 minutes and poured into 1-cm-diameter plastic syringes.
determined as outlined in R€35]. The milkfat—canola oil samples were then placed in a refrig-
The following is a general description of the sampleerator and crystallized statically for 24 h at 5°C, and the
preparation and method used for the rheological measuresocoa butter—canola oil samples were allowed to crystallize
ments. Any minor deviations from this method when per-at 5°C for 1 h and then at 20 °C for 24 h.
forming the measurements on the various fat systems studied Dynamic mechanical analysis was performed with a Per-
[32—-41] are noted in the corresponding Ref32—-41, and  kin Elmer DMA 7 machine using parallel-plate geometry
the measurements for tallow were performed exactly as dg1-cm-diameter circular plate Milkfat and milkfat—canola
scribed here. All rheological measurements were made usingjl disks and cocoa butter and cocoa butter—canola oil disks
a CarriMed CSE 500 RheometefTA Instrument$ with a  were prepared by pushing the crystallized samples out of the
2-cm parallel plate attachment. One of the attachment platesyringe using the syringe plunger, and cutting 0.5-cm-
is a Peltier plate, which allows the samples to be analyzed dhickness disks. These disks were then quickly transferred
specific temperature °C for all samples excepting Salat- into the 5 and 20 °C temperature-controlled DMA cell. The
rim™ and cocoa butter, which were analyzed at 20 The  upper plate was lowered manually until contact with the
liquefied blends of the fat were poured into molds in order tosample was established. All compression measurements were
ensure uniform diameters and thickness for the samples. Theerformed under a static force of 5 kPa to ensure proper
diameter of the resulting samples is the same as the diametarechanical contact. On top of the static stress, a dynamic
of the attachment plates on the CarriMed machine. Thetress wave was applied at a frequency of 1 Hz, increasing
thickness of the sample is an important parameter, since toiwom 2.5 to 5 kPa at 1 kPa/min. A clear linear viscoelastic
thick a sample makes it impossible to attain a uniform strairregion was observed in this stress range, and compressive
field through the sample, while too thin a sample results irstorage £') and loss £”) moduli were derived. Strains were
interference due to particulates. We have used a sampla the range of 0.01%. Sinc€ is related very closely tG’,
thickness of 3.2 mm. The fats were allowed to crystallize inwe took measurements ef as independent checks &f .
the molds according to the different tempering conditions No irreversible structural changes seemed to have been
listed in the above-mentioned referend@2-41. To pre- introduced by the strains applied to the fat samples, either
vent slippage between the sample surface and the surface dfiring analysis by the DMA or by the CarriMed. This was
the sample-attachment of the CarriMed, 50 grit sandpapegstablished by doing repetitions of measurements; it was no-

B. Rheology



PRE 59 FRACTAL NATURE OF FAT CRYSTAL NETWORKS 1913

ticed that the measured values ®f ande’ remained the computer, but since each time we were able to judge the
same after previous measurements. Working in the LVR enthreshold value by eye within one or two points, human
sures that there is no irreversible structural changes to thigdgment of the threshold value was used in most of our
network. analysis. In some cases, this involved causing microstruc-
The In of the obtained values &’ and ® were plotted tural elements in focus to appear slightly larger than they
against each other, and the slope of the limewas deter- Were under the magnification used, in order to ensure that the
mined by linear regression. Assuming a weak-link regime,mlcrostructural elements out of focus were counted as par-

the slope of this line is related to the fractal dimension vialicl€s. In this way, it became obvious that any fractal analysis
Eq. (6). of the images was going to have to be performed by counting

particles, since one could not perform a spatial dimension
measurement such as measurement of the Hausdorf Dimen-
sion [55-58. It was important to ensure that all the micro-
Samples of milkfat-canola, cocoa butter—canola,structural elements were represented, for essentially we were
Salatrim™-canola, palm oil-soya bean oil, lard-canola, angrojecting all of the microstructural elements onto the plane
tallow-canola blends were analyzed using polarized light miof focus of the image, so that the resulting fractal dimension
croscopy images of the intramicrostructural network of thecalculated would have been in a system vath3. When the
particular fat crystals. As early as the 1960s, polarized |ightmage was thresholded, the out-of-foddsie to the depth of
microscopes were used to analyze the birefringent solighe samplg particles were represented in the focal plane of
structures of fat crystal network$2]. Lately, birefringent  the image, and therefore could be counted as contributing to
properties of solid fat crystals have been used as a means gfe mass of the system. When calculating the mass fractal
diagnosis in the medical fielb3]. dimension of a system, as will be explained below, the num-
The samples were prepared by melting the preparegler of particles in a cube of a lenghthrough the sample is
blends of the fat systems at 80 °C, and using a Pasteur pipet¢®unted. Therefore, by “projecting” the out-of-focus micro-
to deposit a small droplet of fat onto a glass slide preheategtructural elements into the plane of the image so that they
to the temperature of the melted fat. A similarly heated glasgould be counted, one can count the number of particles that
coverslip was then dropped onto the surface of the dropleis present in the sample in a cube the length of which is
ensuring that the plane of the coverslip was parallel to thequivalent to the length of a square drawn in the plane of the
plane of the slide. This allowed the droplet to be smeared oyinage.
into an extremely thin rectangular block of fat of uniform

C. Polarized light microscopy

thickness. The samples were then allowed to crystallize in a E. Fractal dimension
refrigerator and/or at room temperature, care being taken to N
follow the tempering procedure used for the particular fat 1. Traditional methods

system during preparation of the sample for rheology. A po-  The method that was used in our determination of fractal
larized light microscopéPLM) was then used to investigate gimension from the PLM images differed somewhat from
the structure of the microstructural networks of the fat systraditional methods. There are several different concepts of
temsin situ. . _ the fractal dimension of a geometrical configuration. The
PLM images of milkfat—canola, palm—soya bean oil, lard-most famous method of calculating fractal dimensions in the
canola, and tallow-canola blends were photographed at 5 °Gatyral sciences in the so-called box counting dimension.
after being in the refrigerator at 5 °C for 24, 72, 24, and 24 hjjany excellent volumes have been written on the subject,
respectively. Cocoa butter—canola and Salatrim™ —canolgnq for a description of the traditional methods, we recom-

mixtures were photographed at room temperature after beingiend the books by Falcongs5], Crownover[56], and Man-
refrigerated at 5°C fol h and then allowed to sit at room ge|prot[18].

temperature for 24 h.
2. Particle-counting method

D. Image analysis The images of the fat networks that were acquired from

The photographs made of the images of the fat systemsur PLM were not suitable for analysis by the traditional
under the PLM were scanned into a Pentium 200-MHz IBM-methods of fractal dimension determination. The reason for
compatible computer using a Hewlett-Packard 6100C scarthis is because our images were subsets of two-dimensional
ner. In order to analyze the photographs of the polarizedpace, but represented a subset of a three-dimensional net-
micrographs taken of the fat systems, the images werwork. Furthermore, because of the need to utilize threshold-
thresholded. In order to do this, a particular threshold valueng methods to ensure the representation of all the micro-
has to be utilized, which allows all of the microstructural structural elements within the two-dimensional image, the
elements to be seen as white, and all of the background to ksze of the microstructural elements already in focus was
reduced to black. This is an especially difficult and crucialincreased, while those out of focus appeared smaller than the
task, since one has to take care to ensure that all of the soliagnification warranted. Therefore, the size of the individual
particles are represented in the resulting thresholded imagmicrostructural elements were not representative of the size
Algorithms exist to calculate threshold values; one suctof the fractal, at whatever magnification the picture was
method that was used in this study is the statistical correlataken.
tion method[54]. If we assume that the constituent particl@sicrostruc-

The statistical correlation method was used to calculatéural elements of a particular microstructure were of the
threshold values for some of the images scanned into theame average diametgrot a bad assumption, from examin-
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ing Figs. 5-7, then for calculation of the mass fractal di-

mension, it is sufficient to just count the particles, regardless (2) )
of whether some appear larger when the image is thresh- S — /
olded. Therefore, we count the number of particles present in { \

a three-dimensional portion of the sample by first represent-
ing all of the particles present in that portion of the sample in
the plane of the image. Of course, we miss those particles
that did not appear in the picture due to geometrical shadow-
ing, but the number of these can be rendered negligible by
making the thickness of the sample very small. Since we
were essentially restricted by the nature of our representation
of the fractal(fat crystal network to counting microstruc-
tural elements, we utilized E@l). This equation stems from
one of the principal characteristics of a particle-aggregation
fractal system, where the fractal dimensiBnrelates the :
number of particled to the linear size of the fract& and Plan in £ Microstructure in
the linear size of one particlenicrostructural element: ane 1 focus focal plane

1 .
/,'/ Microstructure

. projected pnto
focal plang

D
, N>1. (8

Here, the fractal object is a mass fractal microstructurg (b)
and o refers to the radius of the particles constituting the

fractal, whileR corresponds to the radius of the entire fractal

object. One can approximaketo be the length of a cube that

just covers the entire fractal object if the fractal is irda R
=3 system, the length of a square foda2 system and

length of a line for ad=1 system. Assuming a statistically 4 Microstructure
constant particle size, or in our case, a statistically constant
microstructural element size, 5

NocRP. 9 6
9 v

Taking logarithms, <€ Width of sample >

log;o N(R)=log;oc+ D logyo R, (10 FIG. 3. Schematic of a sample showing how the fractal dimen-

. . sion (D) and tortuosity(x) are calculated.
wherec is a constant greater than N(R) is the number of

particles in the fractal of lengtR, andR is the length of the  chains of these elements constituting a microstructure. It is
line segment, the length of a side of a square, or the length qfnderstood that these “chains” are arbitrary in terms of
a side of a cube which covers or envelopes the fractal. Thghich microstructural elements belong to which chains.
lower limit of this relationship then becomes the size of onétpese chains are of course irda 2 space, and therefore a

microstructural element, i.eR=a, and N(R)=1 is the \qjiation of Eq.(8) in a two-dimensional system is appli-
lower limit. Therefore, proceeding in like manner to the tra- .gp|e

ditional form of box countingN(R) for various values of

R>a is counted, and log(N(R)) plotted vs logy(R), the R\*

resulting slope of the line being equal ®. Since N(R) N~ (11)
determined this way is only an approximation, more points

in such a plot serves to decrease the error. whereR is the length of an area enveloping the fractal chain,

(a) Fractal dimension DIn order to calculate the value of and x is the backbone fractal dimension, chemical length
D (with d=3), we count the number of microstructural ele- exponent, or tortuosity. The thresholded images of our fat
ments N(R) projected onto a square area of the side ofcrystal networks represent all the particles in the3 net-
length R, drawn in the focal plane of the image. This countwork projected onto the plane of the image. Therefore, a
represents the number of particles present in a cube of lengifertical straight line drawn on the thresholded image will
R through the fractal. Figure(8 shows a schematic of the intersect all of the particles that belong to a particular chain
projection of microstructural elements onto the area of sidehat lies in the plane perpendicular to the plane of the image
R. Values of logo(N(R)) were plotted against lgg(R) for  and which intersects the vertical line. FiguréoBrepresents
varying values oR. The resulting slope of the line was taken a cross-sectional view of the sample, showing the projection
as being equal t®. of the various microstructural elements onto the plane of the

(b) Fractal backbone dimension Xhe fractal backbone photograph or image. Therefore, by measuring various
dimension of the network may be thought of as an indicatotengths of the vertical line, one is in effect measuring various
of the spatial distribution of the microstructural elements inlengths of the area that envelops particles in the plane that
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intersects the vertical line, and is perpendicular to the plan 15
of the image. Therefore, to calculatewe counted the num-  (4)
ber of particlesN(R) that intersects a vertical line drawn in .
the plane of the image for different values Rf A plot of & 109
log;o(N(R)) against log(R) then yieldsx as its slope. 2
O 05-
F. Crystallization behavior 2 '
Samples of milkfat, cocoa butter, palm oil, lard, and tal- 2 0.0 .
low were melted to above 60°C and immediately placec %
inside sealed aluminium pans. A Dupont Model 2090 differ- % 05
ential scanning calorimeter was used to monitor changes i 0 00 01 02 03 o4 05 o6

heat flow during crystallization of the samples. Similar,
empty pans were used as standards. The machine was op Hardness Index (0.1 mm™)
ated at a rate of 5°C per minute. Samples of tallow, coco:
butter, and palm oil were cooled at this rate down-t20 °C,

while lard was cooled down to-30°C and milkfat to (b)

—40°C. 3.5
IV. RESULTS .
= 3.0
A proportional relationship was seen to exist betweer E
elastic modulus and hardness index for each of the sample g
studied, the 2 values of the resulting straight lines of plots of (g 254
G’ vs hardness index ranging from 0.87 to 0.99. An example -
of a plot of elastic modulus vs hardness index is shown ir
Fig. 4@ (in this case, the plot is for NIE lard—canola oil
mixtures. 2'% e ' ' ‘
A typical graph of InG’ vs In® (or Ing’ vs In® for DMA ’ 4'01(:1 D (%) 4.25 4.80

analysis for samples analyzed using the CarriMed rheomete
is shown in Fig. 4b) (this graph was for talloyvand for
cocoa butter—canola oil samples analyzed using the DMA i:(c) 40
shown in Fig. 4c). Figure 4b) supports the power law rela-
tionship G’ = y®™; the resulting straight lines of plots of
In G’ vs In®d for all the fat systems studied are characterizec 3.5+
by highr? values. As is demonstrated by Figct rheologi-
cal analysis by the DMA is equally as supportive of (Bé
=y®™ relationship. Additionally, analysis of this type al-
lows a value to be calculated for the pre-exponential tgrm
Values ofy are recorded in Table I, together with values of 2.5
fractal dimensiorD calculated using the weak link theory of
Shih et al. [30] for the various fat systems that have been 50 -
studied rheologically. 350 375 400 425 450 475
Figures %a), 5(c), 6(a), 6(c), 7(a), and 7c) show gray- In @ (%)
scale photographs of lard, palm, cocoa butter, milkfat, tal-
low, and Salatrim™, respectively. The entire solid mass of FiG. 4. (a) G’ as a function of hardness index for a sample of
the thin samples is represented in the pictures, although somgd. (b) In(G’) as a function of Inp) for a sample of tallow(c)
of the microstructural elements are out of focus due to thén(s’) as a function of Inp) for cocoa butter. The solid lines in all
depth of the samples. The thresholded images for all thehe graphs represent the best fit line through the points, calculated
systems studied are shown in Figgb)s 5(d), 6(b), 6(d), by linear regression.
7(b), and 7d).
Fractal dimensions calculated for the various fat systemsplots of heat flow vs temperature for lard, palm, cocoa butter,
studied are summarized in Table Il. For each particular familkfat, and tallow.
system, three samples of different valuesdofwere ana- While the rheological analysis worked well with the
lyzed, and the average of the resulting fractal dimension resamples studied, it is unsuitable for softer fats. In addition,
ported in Table Il, together with the standard error. An ex-rheological analysis leading to the calculation of a fractal
ample of a plot of logy(N(R)) vs log,o(R) is shown in Fig. dimension does not provide any insight into the parameters
8(a) (for an 85% wi/w blend of milkfat and canola pil that affect the value ob, since it is based on macroscopic
Values ofx calculated for the various fat systems studiedmeasurements. However, the fact that a fractal dimension,
are summarized in Table 1. An example of a plot of which is distinctly different for different fat networks, can be
log(N(R)) vs logR) to calculatex is shown in Fig. &) (for  calculated using this method allows one to analyze the effect
an 85% w/w blend of milkfat and canola piFigure 9 shows of fractal dimension changes on elastic constants of the fat

3.0

In &' (MPa)
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(©) (d) (0) (d)

FIG. 5. (a) Gray-scale image of a sample of lait) Thresh- 3 . i
olded image of(a). (c) Gray-scale image of a sample of palm oil. ol dgnlelmz (:)Ocj(;;? ﬁ;cglélrli%?eoi;zs:n;?f s;:]aulg(/?f ;grlgsﬁlzm
(d) Thresholded image df). The horizontal length of the inset bar 9 - y ag P .
represents 0.005 mm (d) Thresholded image df). The horizontal length of the inset bar

P ’ ' represents 0.005 mm.

crystal networks. Since what we are primarily interested in is

how the fractal dimension affects the elastic constant, a plot

of the elastic constant of the network normalized with re-

spect to the pre-exponential terpragainst the rheologically @ 4

&
)
S
2 T T T T
1.50 1.75 2.00 2.25 2.50 2.75
log,, (R)
(b) 2
3
Z
o 14
< r? =0.96
i ' 0 ‘ : : .
(c) (d) 000 025 050 075 100 125
log,, (R)

FIG. 6. (a) Gray-scale image of a sample of cocoa buttby.
Thresholded image ofa). (c) Gray-scale image of a sample of FIG. 8. Determination oD andx — log;¢(N(R)) vs log,o(R)
milkfat. (d) Thresholded image af). The horizontal length of the for a sample of milkfat. The solid line is a best fit calculated by

inset bar represents 0.005 mm. linear regression.
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peaks in the figure represents the energy released.

sents the theoretical normalized elastic constant as a function
of fractal dimension, and the equation of this line is

!

G
~ =0.7/3"D) (12)

V. DISCUSSION

A direct proportionality relationship exists between the
shear elastic modulus of fat crystal networks and the hard-
ness index of the network, as is demonstrated in Fig). 4
Therefore, this establishes the storage or elastic modsilus
as a good indicator of the macroscopic consistency of fat
crystal networks, and justifies our use of it as such.

As shown by Fig. 10, the theoretical curve of EG2)
predicts that the normalized elastic constant should decrease
with increasing fractal dimension. The standard error bars
represent the extent to which the fat systems studied rheo-
logically deviate from this trend. As shown by Fig. 10, tak-
ing the error bars into consideration, the general trend of the
theoretical curve is closely followed. A one way analysis of
variance performed on this plot usiGgRAPHPAD (San Diego,

CA) suggests that the normalized elastic constant strongly
depends on the fractal dimensioR<0.0001). The ramifi-
cations of this plot are important. It suggests that if one can
influence the fractal dimension of a particular fat by process-
ing conditions, one can manufacture model fats, i.e., alter
processing conditions to make softer or harder fats, using
fractal dimension as an indicator of level of hardness. One
must realize here that this presupposes that the pre-
exponential termy remains constant. We believe that this
term is a function of the lipid composition and the crystal
habit present in the network. However, it is conceivable that
one can constrain the polymorphic nature of the network to
remain constant while one manipulates processing conditions
to affect changes in fractal dimension. The fact that under
these circumstances the measured fractal dimension acts as
an indicator of hardness is invaluable to the food chemist or
food engineer, whose job it is to develop fat crystal networks
with specific hardness index requirements. Before this work,
no such indicator existed. One can argue that the process of
measuring the fractal dimension via rheological analysis ne-
gates the need to use the fractal dimension as an indicator,
since one is in fact measuring elastic constants directly. This
is true, but the real power of this analysis lies in the fact that
image analysis of pictures of the microstructure of the fat
crystal networks provide highly accurate measurements of
fractal dimension, as shown in Table Il. This means that one
can perform product development without the need to pur-
chase highly expensive and specialized equipment such as
the CarriMed rheometer or a DMA. Additionally, this opens
the door to analysis of the elastic properties of softer fat
crystal networks, since these are unsuitable for analysis by
the rheological means currently available. The operation of
rheometers of the type used in this study is also highly spe-

calculated fractal dimension using the weak-link theory ofcialized, and requires some amount of skill. Fractal dimen-
Shih et al. [30] was made, as shown in Fig. 10. The vertical sions calculated from image analysis of the fat crystal net-
error bars reflect the uncertainty in the rheologically calcuwork can be automated by the use of an easily written

lated value of elastic constant and the expomanAll of the

software program for an ordinary IBM personal computer.

normalized elastic constants for the various fats were calcuAdditionally, most laboratories possess a PLM and some

lated for a 70%® value(i.e., ®=0.7). The solid line repre-

means to capture images from it. For the food chemist or
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FIG. 10. G'/y as a function oD. The solid line represents E(L2), symbols with error bars represent average values of rheological
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2.+, tallow. (I, NIE milkfat 2. @, EIE milkfat 1. +, NIE milkfat 1. VV, NIE palm oil. O, CIE lard. ¢, NIE lard. H, Salatrim™,

food engineer, therefore, calculation of fractal dimensiondHowever, it is conceivable that this network may be ana-
from images of the network would provide a fast and easilylyzed using our methods if the image of the network was of
performed method of determining the relative hardness o& higher resolution.
experimental products. Additionally, it is conceivable that The parameters influencing the fractal dimension of a net-
the fractal dimension can be incorporated into quality controlwork may be inferred from an observation of the images
considerations of products that have already been designegkpresenting the microstructural elements of the network and
Because of the ease of calculation, regular checks of ththe corresponding DSC plot of heat flow as a function of
fractal dimension of a particular fat crystal network beingtemperature. From the imagésgs. 5—7, it can be seen that
manufactured would provide a good indication if the fat ismilkfat and cocoa butter represent the most disordered,
maintaining its consistency requirements. amorphous structures. The order in the packing of the micro-
It is an interesting fact that the fractal dimensions reportedstructural elements and the definition of the microstructural
in Table Il that were calculated from an image analysis of theelements themselves increases in going from tallow to lard to
microstructure of the fat networks, represent averages gbalm oil. The fractal dimension of the systems increases in
fractal dimensions calculated from samples of different valthe order, milkfat, cocoa butter, tallow, palm oil, and lard.
ues of® of the same fat. This is interesting because it sug-The seeming discrepancy in the order of the palm oil and
gests that the spatial distribution of the fat network remaindard systems could be due to the fact that these two systems
the same, regardless of the amount of solid within the nethave fractal dimensions that are very close to each other:
work. This supports the theory that the fractal dimension is 2.82 for palm and 2.86 for lard. From this qualitative obser-
function of the heat and mass transfer characteristics of theation, it seems that the fractal dimension increases for sys-
network. It also nominates the fractal dimension of a fattems with increasingly defined microstructural elements,
crystal network as a fundamental constant of that networkwhich pack in an increasingly ordered manner. This would
and therefore underlines the difference of fat network strucseem to indicate then that those systems with a sharp nucle-
ture from crystal structure, which is characterized by latticeation step, i.e., those systems that undergo most of their
constants. nucleation in a narrow temperature range as the sample crys-
At this point, Salatrim™ must be singled out as an ex-tallizes from the melt, will have higher fractal dimensions.
ample of a system that defied our calculation of a fractalSamples with instantaneous nucleation characteristics will
dimension via image analysis. The reason for this is thahave nucleation sites that are more ordered due to heat trans-
there was no clear indication of microstructural elementder considerations. This is so because the heat released from
within our image. The structure of Salatrim™ is very inter- the nucleation events would have to be dissipated throughout
esting and may warrant further investigation, but it is verythe network, and the most effective way of heat transfer
different from the structure of a natural fat system, Salatwould be an ordered array of sites. The subsequent growth of
rim™ being a synthetic randomly structured fat. Because ofhe network via a mass- and heat-transfer-limited process
this, we have not calculated a fractal dimension for Salatwill also influence the fractal dimension. If the nucleation
rm™ via image analysis. It is included here purely for in- sites serve as templates for the growth of microstructural
terest, and as an example of a system for which our determelements, there seems to be more order, whereas if the
nation of fractal dimension via image analysis failed.growth of the network is not restricted to the nucleation cen-
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ters, the structure becomes more amorphous. The mass- aagstallized from the melt, one can render the peaks of any
heat-transfer effects are of course governed by the processipgrticular fraction sharper, thereby introducing more order.
conditions, i.e., temperature history, of the crystallizationAdditionally, one can constrain the temperature at which the
procedure, and, therefore, fractal dimension is strongly influfat is crystallized, thereby eliminating entirely unwanted
enced by processing conditions. fractions that may introduce disorder. Alternatively, the con-
The various fractions within the particular fat crystal net- verse is also true, where one can slow the rate of cooling if a
work and the temperatures at which and the size of the tenpmaller fractal dimension, and therefore a harder fat, is re-
perature range over which they crystallize will therefore fun-qUifed; _ _
damentally affect the fractal dimension. Referring to the While the value of the fractal dimension of the fat net-
DSC curve shown in Fig.(®), lard has a fraction that crys- Work as an indicator of hardness cannot be denied, it must be
tallizes at 20 °C and one in the vicinity of 12 °C. Since ourunderstood that the value of the pre-exponential teris
lard samples were crystallized at 5 °C, the fractior-a6°C ~ @ls0 equally as important. For example, from Table I, al-
would not have been present in our sample. Both the peaks §10ugh the fractal dimensions of NIE lard and palm oil are
20 and 12 °C are sharp in that the full width at half maximumVery close, the corresponding valuespére five orders of
(FWHM) values are very small, the smaller peak at 20 oCm_agnltUQe different. This means that_ these fats would have
most probably setting the nucleation template for the formaWidely different hardness indices, which they do. Therefore,
tion of the microstructural elements. The crystallizationit iS @lso of utmost importance to characterize factors that
curve for palm oil, shown in Fig. ®), shows an extremely influencey, _and wor_k in our laboratory is underway to study
sharp peak at 20 °C, with an even smaller FWHM than demthe factors influencing this term.
onstrated by the lard peaks, which sets the nucleation tem- Finally, it should be pointed out that we have only con-
plate. The peak however trails off from 20 to 5 °C, therebySidered the weak link regime of Shét al. One of the main
probably leading to some gradual crystallization which may€asons for this is due to some early work published by
have contributed to some disorder in the packing of the miHieertie and co-worker$,7] where it was shown that, under
crostructural elements. The peak below 5°C is not consigstress, the mlcrostructure_s presentin alfat crystal network are
ered in our analysis, because that fraction would not havéeParated by a greater distance than in the unstressed state,
crystallized in our sample, since it was held at 5 °C. How-bPut the nature of the microstructures themselves remains in-
ever, the lard and palm oil curves both indicate the formatiorf@Ct: This seems to indicate that the links between micro-
of very ordered systems, which is supported by the images gitructures are stressed rather tha_n the links be_tween the mi-
the microstructural network of these systems, shown in FigCrostructural - elements composing each ~microstructure.
5, and by extremely high fractal dimensions. The crystallizaAdditionally, our measurements of fractal dimensions from
tion curve for cocoa butter shown in Fig(cd has a peak in OUr images agree extr(_amely well with fractall dimensions cgl—
the vicinity of 10 °C that has a higher FWHM than the peaksculated using rheological data and assuming the weak-link
in palm oil and lard, and this peak also trails off gradually, "€9ime. Fractal (_1|menS|ons calculate(_j using the _strong_—llnk
leading to more disorder in the system. The subsequent dé€9ime assumption do not agree with fractal dimensions
crease in fractal dimension is also noted. Figuid) Shows a Mmeasured from image analysis.
DSC curve for milkfat, with a peak at approximately 10 °C.
This peak has a larger FWHM than the peak in cocoa butter,
and trails off indefinitely, leading to no clearly defined nucle-
ation template. Crystallization occurs continuously, and this VI. CONCLUSIONS

will lead to @ more amorphous system, which is supported by e fractal dimension of the microstructural network of a
the image of milkfat shown in Fig.(6). The DSC curve for ¢4 crystal network is an important indicator of the elastic

tallow, shown in Fig. %), has an extremely sharp peak in .,nstant of the network, and therefore an indicator of the

the vicinity of 28 °C, with a FWHM value approximately the hargness of the fat crystal network. Furthermore, the fractal
same as the peak at 20°C in the DSC curve of palm il gimension, as well as the fractal backbone dimension or

However, there is another very broad peak in the vicinity ofcpemical length exponent, may be accurately calculated from

10°C which would have contributed crystallization speciesp| \j images of the network, taken at the microstructural
to the formation of the microstructural network. The pres-|oye| of structure.

ence of this peak would almost certainly have destroyed the
order of the nucleation template set by the fraction that crys-
tallizes in the vicinity of 20°C. This is supported by the
image of tallow shown in Fig. (8), for although it is much
more ordered than both milkfat and cocoa bultter, it is much
less ordered than both palm and lard. The value of the fractal The authors thank Professor Alan J. Slavin, Rekha
dimension for tallow also reflects this order: 2.42, as opposedlarine, and Laurette McCormick for proofreading the manu-
to 2.31 for cocoa butter and 2.82 for palm oil. script. The help of Professor Robert Lencki is also acknowl-

Having outlined how the presence of different fractionsedged for his discussions of the theory. Dr. M. L. Herrera
and the temperature ranges over which they crystallize affe@nd Professor Richard Hartel are acknowledged for their help
the fractal dimension, it is important to discuss how we carwith the DMA analysis and Stephan Jampen for help with
exploit knowledge of the different fractions within a fat to the CarriMed analysis. The financial support of the Natural
alter the fractal dimension and therefore elastic propertiesSciences and Engineering Research Council of Canada
By increasing the rate of cooling of the particular fat being(NSERQ is gratefully acknowledged.
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