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Mechanical and structural model of fractal networks of fat crystals at low deformations
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Fat-crystal networks demonstrate viscoelastic behavior at very small deformations. A structural model of
these networks is described and supported by polarized light and atomic-force microscopy. A mechanical
model is described which allows the shear elastic modut§ (of the system to be correlated with forces
acting within the network. The fractal arrangement of the network at certain length scales is taken into
consideration. It is assumed that the forces acting are due to van der Waals forces. The final expreSsion for
is related to the volume fraction of solid f&P) via the mass fractal dimensidiD) of the network, which
agrees with the experimental verification of the scaling behavior of fat-crystal netj#&r&s Narine and A. G.
Marangoni, Phys. Rev. B9, 1908(1999]. G’ was also found to be inversely proportional to the diameter of
the primary particleso~6 um) within the network(microstructural elemenkss well as to the diameter of the
microstructuregé~100 um) and inversely proportional to the cube of the intermicrostructural element dis-
tance (). This formulation of the elastic modulus agrees well with experimental observations.
[S1063-651%9914511-2

PACS numbes): 61.43—j, 61.41+e, 83.20.Bg, 83.50.Fc

[. INTRODUCTION value as related to cone penetrometry does not necessarily
relate to any fundamental properties of the crystal network,
Plastic fats demonstrate rheological properties such as since the large shearing forces involved in cone penetrom-
yield value and viscoelastic behavior as a result of a crystagtry measurements results in drastic damage to the network
network formed within such systems. The fat behaves like &tructure. Soon after, Davis suggested that linear viscoelastic
rigid solid until the deforming stress exceeds the yield valugesting or small-deformation measureme(stsch as the elas-
and the fat starts flowing like a viscous liquidl]. Further-  tic modulus of the netwopkperformed on the fat-crystal net-
more, many of the important quality characteristics of fat-work should yield more information on the intact structure of
containing food products depend on the macroscopic rhedhe network{14]. Furthermore, measurements in our labora-
logical properties of the fat-crystal network formed within tory indicate that there exists a direct relationship between
the finished product. Some of these characteristics includthe elastic modulugstorage shear modulusf a fat and its
the spreadability of margarine, butter and spreads, as well dsardness index, as determined by cone penetrometry mea-
the snap of chocolate. Predicting the macroscopic rheologsurements[15]. Therefore, the elastic modulus of a fat-
cal properties of fat-crystal networks within these products ixrystal network is an indicator of the macroscopic consis-
therefore important not only from a fundamental perspectivetency of that network which also allows one to observe
but from an industrial perspective as well. contributions from the undamaged network structure. In the
Structural models to predict the rheological nature of fat-model we propose, the rheological indicator of importance is
crystal networks and of model systems constructed to apthe elastic modulus.
proximate fat-crystal networks has been the focus of much The structure of fat-crystal networks is arranged in a hi-
endeavor since the early 19602-9]. However, most of erarchical fashion, with combinations of different levels be-
these models failed to adequately describe the fat-crystal neing implicated in varying degrees depending on the nature of
work quantitatively. In all cases, this was due to the failurethe rheological measurement. The growth of a fat-crystal net-
of the network models to describe the fractal nature of thevork can be visualized thus: the triglycerides present in the
network[10,11]. Until now there has been no incorporation sample crystallize from the melt into particular polymorphic-
of the fractal arrangement, at certain length scales, of thpolytypic states. These crystals grow into larger microstruc-
network into structural models. tural elementg~6 wm) which then aggregate via a mass-
Any attempt to quantitatively relate aspects of networkand heat-transfer limited process into larger microstructures
structure to rheological properties must necessarily examine~100 um). The aggregation process continues until a con-
the different levels of structure present in the network, andinuous three-dimensional network is formed by the collec-
the contribution of these levels of structure to various rheotion of microstructures. Trapped within this solid network
logical indicators, such as yield stress and storage modulustructure is the liquid phase of the fat. As shown by Narine
The fats industry has long accepted the yield value of thend Marangoni[11], the microstructural elements are ar-
network as a rheological indicator of the hardness of th@anged in a fractal manner within the microstructures.
network. Furthermore, methods developed as early as 1959 Since the quantification of the spatial distribution of the
by Haighton[12] related cone penetrometry measurements tanicrostructural elements within microstructures of fats was
the sensory hardness of fats, and established an empiricathieved early this year via fractal analylsi4], methods are
formula to determine yield value from such measurementsnow available to quantify all levels of structure in fat-crystal
However, Shama and Shermd8] pointed out that the yield networks. For the smallest scale of structure present, the tri-
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FIG. 1. Shear elastic modulug’(O-O) and loss modulus @ (%) ® (%)
G"(@-@) plotted against frequency for cocoa buttsolid fat con-
tent of sample is 75% and strain level is 06% FIG. 2. Shear elastic modul@’ plotted against volume frac-

tion of solid fat® for (a) milkfat, (b) tallow, (c) palm oil, and(d)

glyceride molecules, methods to determine triglyceride andf'd (strain levels used are 0.2%
fatty acid composition as well as stereo-specific structural . . .
analysis are well establish¢tl6]. The different polymorphic work IS related.to th? solid f‘f’lt content of the network via the
and polytypic states formed by the crystallizing trigcheridesfono‘é‘"r‘g relationship at high solid fat contents-60—
have been quantified by powder x-ray-diffractide.g., 100 %:
[17,18)), Fourier transform infrared analysig.g.,[19,20) G’ = ydUd-D) 1)
and differential scanning calorimetry measuremef@sy., '
[21]). Furthermore, methods to quantify solid and/or liquid where G’ is the elastic modulusy is a constant which is
ratios of fat-crystal networks are also availaléeg.,[22—  dependent on the size of the primary particles and on the
25]). However, although all structural levels of the network interactions between therd is the particle volume fraction
can be quantified as well as the solid and/or liquid ratiosof solid fat, d is the Euclidean dimension of the network—
there is still no conclusive theory to relate triglyceride com-ysually 3—andD is the fractal dimension of the network,
position, crystal orientation, crystal size, crystal shape, Mimeasured at length scales bounded by the average size of the
crostructural characteristics, and solid fat content to the elasnicrostructural elements and the size of one microstructure.
tic modulus of the fat network. A quantitative network model The exact dependence of the Constami’] network proper-
incorporating the various levels of structure in the approprities has not been formulated: it is the motivation of the
ate degrees depending on the extent to which they affect th@odel outlined in this publication to formulate a relationship
elastic modulus of the network is therefore even more imyf , to fundamental characteristics of the fat network in a
portant than before, given that the different structural levelsnanner that would rendey quantifiable and therefore allow
can all be quantified. Eq. (1) to be used as a tool to predict the elastic modulus of
The elastic modulus of fat-crystal networks are virtually 3 particular fat-crystal network with a known solid fat con-
independent of frequency and in the linear viscoelastic retent. One of the reasons previous models of fat-crystal net-
gion demonstrate a very low value of dampif®)15]. An  works failed was that they predicted a linear relationship
example of the lack of variation of the elastic modulus withpetween the elastic modulus and the solid fat content of the
frequency is shown in Fig. lexperimental details are sum- petwork. As shown by Eq(1) and as verified by a host of
marized in Sec. Il beloy This suggests that the viscosity of researcherse.g.,[3—-6,10,11,36,3]f the elastic modulus of
the liquid (oil) portion of the network plays no essential part the network actually depends on the solid fat content in a
in the transmittance of forces; if this was the case, one woul%oWer law fashion. Figure 2 shows a plot®f vs & for four
expect increases of the loss modulus with increases in fregifferent systemslexperimental details are summarized in
quency{3]. The fact that fat-crystal networks do demonstratesec, || below. For Fig. 2a) the fat system demonstrated is
a measurable elastic modulus as well as a yield value sugnjikfat; the relationship is linear because the fractal dimen-

gests that the solid fat particles are the entities responsiblgonp of milkfat is 2.02[11], therefore, from Eq(1), the G’
for the elastic modulus and therefore these particles mugfependence ob is linear.

have strong mutual interactions.

The quantification of the spatial distribution of micro-
structural elements within the microstructures in fat-crystal
networks has been studied using the relationship of the shear At the microstructural level, the solid network is an ortho-
elastic modulusG') to the volume fraction of solid fat®) dox amorphous solid, while the intramicrostructural level is
via the mass fractal dimensidb) of the network{11]. This  fractal in naturg11]. In this way, the formation of the fat-
work closely paralleled advances in application of scalingcrystal network is mathematically very similar to a flocculat-
theory to explain the elastic properties of colloidal J&6—  ing colloid as noted by Edwards and OakesH&8]. The
35] developed after introduction of the fractal concept byarrangement of the microstructures can be imagined as an
Mandelbrot[36]. The elastic modulus of a fat-crystal net- assembly of chains, each chain consisting of a linear array of

II. THEORY
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microstructural element K = force constant between two
microstructures

FIG. 4. Schematic of idealized fat-crystal network under shear.

tween the microstructures are stressed, rather than the micro-

FIG. 3. (a) Microstructures of cocoa butteth) Microstructures _s(;ru?_turzsf themseIYes. F'gll(”e 3 IS ﬁ scheSmatlc depl(?tlng aT
of milkfat. (¢) Microstructure of the high melting fraction of milk- 'd€alized fat-crystal network under shear. Some experimenta
fat. (d) Microstructural element of the high melting fraction of €vidence of the weak-link theory is provided in a paper by

milkfat. (a) and (b) were imaged with a polarized light microscope Heertie[42]. This paper showed a fat network in an un-
and the fat was dispersed in 50%/w) canola oil,(c) and(d) were ~ Stressed and stressed state; in the stressed state, the micro-

imaged with an atomic-force microscope. structures are separated with respect to each other, but have
maintained their shape and size. This would seem to suggest

microstructures with an average small mutual distance aparthat the weakest link in the network occur at the link between
The chains are branched and interlinked to form a threemicrostructures. Further proof of the weak-link theory is of-
dimensional network with oil present in the void volume, fered in the publication by Narine and Marangdtil],
both within and without the microstructures. In this way the Where microscopic and rheological determinations of fractal
network is similar to the network as described by van derflimensions of a series of fat-crystal networks were seen to
Tempel[2]. However, van den Tempel did not consider thatgree within 2.5%, using the weak-link theory and EQ.

the particles forming the chains were clusters of smaller par-

ticles arranged in a fractal manner; the way the microstruc- B. Fractal network model

tures are cI_usters with microstructural elements _arranged Inalcmsam
within them in a fractal manner. In a later publication, van
den Tempel did consider that the network is formed via in-
teraction of clusters rather than primary partidléf but did
not consider the fractal arrangement of the “primary par- 4 |o
ticles” within the clusters. Evidence of the existence of or- b= §7T<§
dered microstructures is given by Heertje and co-workers

[40—42 as well as Narine and Marangail]. The fractal

ple containinfy, microstructures, wittN,
microstructural elements in each microstructure, the solid fat
content of the network is given by

3
NoNe, 2

where o is the diameter of a microstructural element as-

nature of the micros'tructures was demonstratgd by Naringumed to be spherical. This assumption is not a bad assump-
and Marangonj11]. Figures 8 and 3b) show microstruc- o for most natural fat systems at high solid fat contents as

tures of cocoa butter and milkfat, as seen under a polarizefle 5,thors have observed with polarized light microscopy.
light microscope. The fractal arrangement of microstructural he number of microstructural elements within a microstruc-

elements in fat crystals was demonstrated in REf). Fig- ture is qi : . i
X ; ure is given by the following equatidrg5,43:
ures 3c) and 3d) show a microstructure and microstructural g y g equaticr 3

element of the high melting fraction of milkfat seen under an £\P
atomic-force microscope operated in tapping moebeperi- NU~(—) (€]
mental details are summarized in Sec. Il below a
— D

A. Weak-link theory =N,=c(8)", (43

The relationship shown by E@l) was formulated by as- where¢ is the diameter of a microstructure ands propor-
suming the so called “weak-link theory” in which the elastic tionality constant. As explained by Narine and Marangoni
constant of the network is dependent on the nature of thgl1], the fractal dimension of a fat-crystal network may be
links between microstructures, as opposed to the strength @hlculated by utilizing Eq(4a in the following form:
the microstructures themselvgkl,34). This theory is only
applicable to fat-crystal networks at relatively high percent- N,=c(R)°, (4b)
ages of solid content~60-100%. The weak-link theory
suggests that when a deforming force is placed on the fatwherec<R=<¢. Taking logarithms
crystal network such that the resulting deformation is within
the linear viscoelastic region of the network, the links be- In(N,)=D In(R)+In(c). (5)
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Therefore, a plot of In{,) vs In(R) yields Inc) as the inter- It is difficult to take into consideration nonspherical
cept andD as the slope. Therefore, from E@), shapes in a calculation of van der Waals’ forces, although
this has been attempted bef¢#el]. Therefore, in the follow-
4 |o b ing development, the microstructural elements are assumed
P= 372 c(&)"N;. ®  tobe spherical, a reasonable assumption as explained above.
Below, we summarize a development of the calculation of
The number of microstructures in a sample of volume £ cmvan der Waals interaction between two microstructural ele-
may therefore be written as ments, developed by Nedervef3]. The Lennard-Jones po-
tential between two nonpolar atoms is formulated as

3

6P

— — _ -6 —-12
N§_cmr3§'3' (7 U=—Nr"%+ur 14 (108
— 6
If the mutual distance between neighboring microstructures N=2|Uq|ro, (10D
in a chain is small com%ar\;ed ) the total length of all the
chains present in the 1 cnsample is A
r=3 re, (100
NLée 6d¢ g
6= cmaiél” ® whereU is the potential energy of two molecules at a dis-

tancer. When the two molecules are at their equilibrium
We can safely assume that the total chain length is made ugistancer, apart, the potential energy id,. In order to
of straight chains oriented in three mutually perpendicularcalculate the attractive energy between two spheres consist-
directions in a cubic sample, given the regular manner iring of a large number of moleculgsay, q/m?), Eq. 10a)
which the microstructures have been observed to padk must be integrated over the volumes of both spheres:
42]. Therefore, when the network is stressed in a given di-
rection only one third of the total chain length represents the 5 s 1
number of chains supporting stress in that direction. In a U=q f dVlf dvo(—=Ar=>+pur 9. (11)
cube of volume 1 crl) a cross section of area 1 efl cm E "2

cuts through the following number of 1 cm chains: wheredy,, dv,, V;, andV, are volume elements and vol-

N 2dgD umes of the 2 spheres 1 and 2 ani@d the distance between
65 — . (99 dv; anddv,. Hamaker[45] had before Nederveen carried
3 Cmo out the integration of the attractive term. By carrying out the

) . integration for the repulsive term as well, it is possible to
These are, therefore, the chains that transmit stress from oRg|cylate the stiffness of a van der Waals bond for small

part of the sample to the other. deviations from equilibrium, such as is the case when the
network is deformed during measurement of the elastic
C. Forces acting within the network modulus. Nederveen performed the integration for two

We assume that the attractive forces between microstrU(,Spheres with equal radR separated by a distandegmaking

tures consist of van der Waals interactions between microt-he distance between the centers of the two sphére2R

(12

6

(13

1(rg
60l d

structural elements that form nearest neighbors at the inter: d). The steps of the |n.tegra}t|on are cu'm'bersome and un-
face between two microstructures. One can imagine that ipecessary to restate at this p0|r1t._lt is sufﬁment to say j[hat for
the microstructures all are of the same size and shape, the?ie<R (see Ref[3]). Nederveen's Integration agreed with an
will be somem interactions due to nearest-neighbor interac-'ndependem check by the authors and yielded

tions between microstructural elements at the edge of two 6

neighboring microstructures. Therefore, as far as the elastic U= —AR 1— i(r_o)

modulus of the network constitutes a measure of the me- 12d 420\ d/ |

chanical strength of the network at small deformations, all of

the microstructural elements present do not contribute to theshere A= 72g?\ is the Hamaker’s constant. The attractive
mechanical strength. The relatively few microstructural eleforce between the two spheres is given by differentiation of
ments that link the microstructures together are moved withEq. (12) with respect tod:

respect to their nearest neighbors in a neighboring micro-

structure when the network is stressed, while the microstruc- U AR

tures themselves behave as rigid units. This view of the be- T od T 1202

havior of the network under a deforming stress is shared by

Papenhuijzeri6]. The assumption that van der Waals inter- £q,,ations(12) and (13) suggest that there is an equilibrium
actions are the interactions of importance with fqt particles igjistance where the potential energy between the two spheres
not new[2—4] and as Nederveef8] has stated, it may be i 5 minimum and the force between them becomes zero:
calculated that dipolar forces are about a factor ot°10

smaller than van der Waals forces, making these negligible

enough to ignore. Furthermore, the fat particles are nonpolar dO:r_Ol (14)

and the oil is a nonpolar medium. ¢/60
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be represented am identical springs of spring constaktin
parallel. If one assumes that the pairs of microstructural ele-
ments are all moved the same distance apart, then the total
force can be approximated by

m m
microstructural F= ; KnAx= ; fr=mf, (20)

element

wheref is the restoring force of one spring of force constant

k extended by a distance dfx. Therefore, if there aren

identical pairs of microstructural elements at the interface

FIG. 5. Schematic showing forces between two microstructures. between two microstructures, the force between the micro-
structures is given by

‘If the deformatione of all volume elements in the two

spheres is homogenous, themay be written as a function F:mAUZS ~1loe (21)
of the radius of the spheres: 4dy 2dy /)’
d=dy+2Re. (15  whereRin Eq.(16) has been replaced lay2 to represent the

. ) radius of the microstructural elements.
When Eqs(14) and(15) are substituted into Eq13):

ARZe 11Re D. Elastic modulus
d_g( _d_o)' (16) In a sample that is a cube of volume 1 tmvhich is
stressed in one direction, the number of chains carrying the

This equation is valid only when Rk/d, is small compared stress is given by Ed9). Therefore, the stresstransmitted

to unity. Therefore, for very small deformations, the forcethrough a 1 cnx 1 cm cross section is given §2,3,9)

between the two spheres varies linearly with the deforma- 5 1-D

tion. S:mAO' e 20¢ (1_ 110'8)
It is expected that as two microstructural elements move 4dg cmro® 2d,

apart due to a stress on the network, the resulting gap is filled

with the liquid oil present in these networks. Papenhuijzen —me

[6] has shown that by considering the microstructural ele- 2cmody

ments as spheres and using a corrected Stokes equation: ) ) )
The tensile modulus of the network is then given by

F=

Ad gD 1loe
e g

2d,

fr=377 Rua, a7

s  Adpg P ( 1108)
. (23a

wheref, is the force necessary to move a sphere with diam- E= s m 2cmods | T 2dg
eterR at speed to a flat platen, is the viscosity of the oil,
and « is a correction factor which depends on the distancayhen the deformation is small enough that one is in the

between the sphere and the plate, the corresponding hydriinear viscoelastic region and the following relationship

dynamic force can be expressed as holds:
_37777|_R2u 18) 11 0 01 23b
T gd > d_0< A, (23b)
As reported by Kamphuis and Jongsch@@p the elongation  Eq. (233 reduces to
rate between the two spheres is assumed to be very small:
E > —Aq)gl_D (24)
A B 2cmods”
< —— 0
u<< 7Rd’ (19

The storage shear modulus is given by
and therefore only the Lennard-Jones potential as described

above needs to be taken into account. These authors also G E_mA‘Dfl_D Cm AP gD (25
suggested that the inertial forces are negligible with respect 3 6cmody;  6emoédy

to the interactive forcef8]. This is assumed as well in our

treatment. If the fractal dimension within microstructuresl i.e., the

Figure 5 shows a schematic of two neighboring micro-spatial distribution of the microstructural elements within the
structures. The force between two neighboring microstrucmicrostructures is characterized By the scaling relation-
tural elements is given by Ed16). If the microstructural ship between the average microstructural gized the solid
elements are assumed to be identical, the interaction betweeonlume fractiond can be found by approximating the solid
neighboring microstructural elements can be represented byolume fraction inside the microstructures as the overall
a spring. Therefore, the forces between microstructures casolid volume fraction:
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E~@UDP-d), (26) program(applied stresses ranging from 1 to 31800 Pa at a
frequency of 1 Hx This stress program is initially per-
This relationship is well known in semidilute polymer solu- formed on one replicate of the sample in order to determine
tions[46] and was shown by Dietleat al.[47] to be correct  the linear viscoelastic regiofi.VR). On establishment of the
for colloidal silica gels as well. Furthermore, this relation- LVR, frequency sweeps of the data were carried out at con-
ship was seen to be supported for fat-crystal netwptls.  stant straing0.5% over a frequency range of 0.1-10 Hz.
From Eq.(26), Figure 1 shows such a frequency sweep for cocoa butter at
£2-0_[UD-)]2-D _ (2-D)I(D-a) 27 75% solid fat content. Additionally, measurements Gf
: were made in the LVR by applying a variable stress program
to replicates of the sample, and read@®g at strain levels of
0.2% (well within the LVR for these materials Figure 2
P2 P~ PP(2-D)(D—d)— g(d-2)/(d-D) (28)  shows values 06’ plotted against different values of solid
fat content for various fat systems.
From the above, The In of the obtained values &' and ® were plotted
against each other, and the slope of the line was determined
—m A P(d-2d-D)_ A P(Ud-D). by linear regression. This has been described in Reff}.
607ro-§d8 ecqmgdg Assuming a weak-link regime, the slope of this line is given
(29 by 1/(3—D), and therefore the fractal dimension of the par-

ticular fat system can be calculated based on the rheological
Equation(29) therefore reduces to a form equivalent to Eq. measurement.

Therefore,

G/

1):
B. Solid fat content
/ mA 1/(d-D) . . .
G NW@ : (30 Solid fat content was determined with a Bruker PC/20
0 series NMR Analyze(Bruker, Milton, ON, Canada Differ-

Comparing Eq(1) and Eq.(30), ent solid fat contents were achieved for each fat system using

canola oil as a diluent for milkfat, lard, cocoa butter, and
mA tallow samples, while soyabean oil was used as a diluent for

YNW- (31 palm oil samples. The blends were introduced into NMR

tubes, and allowed to crystallize using the same temperature

Throughout the above treatment, particle volume fractior] €9iMes under which the rheological samples were crystal-
’ ized.

and solid fat content®) has been used interchangeably. The 1z
relationship between these quantities is: particle volume

fraction=(density of network/density of microstructural ele- C. Polarized light microscopy
mentgP. Solid samples of milkfat, cocoa butter, and tallow were
prepared by dilution with 50% canola oil, and then heated to
ll. EXPERIMENTS 80 °C. A small droplet of the melted fat was then placed on a

glass slide and smeared into a thin film by holding the slide
vertically. The fat was then allowed to crystallize at the de-
Rheological analysis of all the fat systems was performedaired temperature for 48 h and then imaged under a polarized
as detailed below. All rheological measurements were madight microscope(PLM) at low magnification. This allowed
using a CarriMed CSt.500 RheometefTA Instrumenty  the microstructures of the system to be seen. However, be-
with a 2-cm parallel plate attachment. Rheological analysiause of the large amount of dilution, resulting in low values
of cocoa butter was performed at 20 °C, and all other systemsf solid fat content, the microstructures themselves did not
were analyzed at 5 °C; to facilitate the variable and low temform a solid network, but in effect were “floated” away
peratures used, one of the attachment plates of the instrumeinbm each other in the oil. This facilitates the imaging of the
is a Peltier plate. Liquefied blends of the fats were pourednicrostructures, which in aim situ PLM image are difficult
into molds in order to ensure uniformity in thickness andto discern.
diameters—the diameter of the resulting samples are the Samples of milkfat-canola, cocoa butter-canola, lard-
same as the attachment plates on the CarriMed instrumenanonla. and tallow-canolén 85% w/w fat system-canola
and the thickness of the samples were 3.2 mm. The fats wel), palm oil-soyabean 0il85% w/w palm oil soyabean 9il
allowed to crystallize in the mold at 5 °C for 48(&xcept for  blends were analyzed using polarized light microscopy. The
cocoa butter, where the molds were cooled at 5°C for 1 lsamples were prepared by melting the prepared blends of the
and then incubated at 20 °C for 48. o prevent slippage fat systems at 80 °C, and using a Pasteur pipette to deposit a
between the sample surface and the surface of the attachmesmall droplet of fat onto a glass slide preheated to the tem-
plates on the CarriMed, 50 grit sandpaper was attached tperature of the melted fat. A similarly heated glass coverslip
both attachment plates with Krazy Glue(®r cocoa butter, was then dropped onto the surface of the droplet, ensuring
Krazy Glue™ was used to attach the sample to the attachthat the plane of the coverslip was parallel to the plane of the
ment plates without any sandpaper slide. This allowed the droplet to be smeared out into an
After the sample was mounted in the manner describe@xtremely thin rectangular block of fat of uniform thickness.
above, the rheometer was run through an oscillatory stresshe samples were then allowed to crystallize for 48 h at the

A. Rheology
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desired temperature. When imaged under a PLM at high

&
magnification, the microstructural elements of the network 44 A
can be visualized. This procedure is also described in Ref. Rt
[11], and images so taken are shown in this reference. s 0] .
In an alternate method, noninteresterified lard and chemi- B
cally interesterified lard were crystallized under identical 2
crystallization conditions and a small amount of fat was -4
placed on a glass slide. A drop of paraffin oil was then added 'g.uu 3 st0 275 400 425
as a dispersing aid. A cover slip was then firmly pressed on
the sample to remove air bubbles and excess liquid. This 50 In¢
process breaks the network in such a manner as to allow the 45 8
imaging of dispersed microstructural elements with a polar- ’
ized light microscope. This method was used as a way of in 40
determining effective diameters of microstructural elements £ 351 ./H/
of lard and chemically interesterified lard. 301 *
251
D. Fractal dimensions 2

0 T T T T T T
37 38 39 40 41 42 43 44

As described in Ref.11], mass fractal dimensions can be Ing

calculated from the images of the microstructural elements

of the different fat systems. It should be noted here that mass FIG. 6. InG’ vs In® for (a) palm oil and(b) cocoa butter.
fractal dimensions of samples of the same fat system at dif-

ferent values of high solid fat conte(80—100% were the IV. RESULTS

same. Mass fractal dimensions have been calculated in Ref.

[11], and the values so calculated may be then compared to Figure 1 shows a'plot of shear elastic moodulu.s and loss
the rheologically determined mass fractal dimension modulus plotted against frequency for_ a 75% solid fat con-
' tent sample of cocoa butter. The strain level used here was

) . 0.5%.
E. Measuring effective values ofor and £ Figure 2 shows the shear elastic modul@$ plotted

The diameters of the microstructural elements of the faggainst solid fat content for milkfat, tallow, palm oil, and
systems that can be measured usingheitu polarized light ~lard. The shear elastic modulus was measured at strain levels
microscope images of fat systems that have been diluted witf 0-2%. .
15% by weight canola oilsoyabean oil in the case of paim  Figures 3a and 3b) show microstructures of cocoa but-
are not necessarily an absolute measure of these diametel@’: and milkfat, respectively. The fats were first blended
However, PLM images of these entities does allow an “ef_wnh 50% w/w of canola oil, to facilitate the discernment of

fective” diameter to be measured, which may then be useéhe microstructures. The microstructures here are somewhat

to demonstrate the dependencezdfon these parameters. A d|sp|ace.d fr_om their regular packing arrangement, since the
. . : system is dilute enough so that the microstructures are dis-
PLM image of microstructural elements contains those ele: . P :
ersed in the oil. Figures(® and 3d) show atomic-force

ments both in focus as well as those elements out of focu mages of a microstructure and microstructural element, re-

An attempt was made to select those microstructural eleépectively, of the high melting fraction of milkfat.

ments that are obviously in focus to be measured for values' aq have been shown in Rdfl 1], Eq. (1) accurately de-

of o. For measurement of the diameter of microstructuresg.ripes the behavior of fat-crystal hetworks. Equat®d) is
attempts were made to measure only those elements with & the same form as Eq1), with Eq. (31) showing that the
obviously repeatin_g size, i.e., effort was made to ignore thosﬁre-exponential terms in Eq1) may be represented by the
clusters of fat which seemed to be composed of more thagonstanty. The In of measured values @' and ® were
one microstructure. plotted against each other for different fat systems. Figures

6(a) and Gb) show InG’ vs In® for palm oil and cocoa
F. Atomic-force microscopy

Samples of the high melting fraction of milkfat were im- ~ TABLE I. Fractal dimension calculated via image analysis com-
aged using an atomic-force microscope. Samples of the fa@ared to fractal dimension calculated via rheology using the weak-
were melted at 80 °C and then a small droplet was droppeEﬁk theory of Shihet al. [34]. Errors inD are standard errors of
onto a polished silico111) surface, which was rotating at a three replicates.
speed of 4000 rpm. The droplet was thus spin-coated on the
silicon for 90 s. The resulting thin coating of fat on the
silicon wafer was then incubated at 20 °C for 24 h. The re-

Fractal dimension
Fractal dimension from rheology

sulting fat surface was then imaged using a Nanoscope llla from 'mage (Wea.k'"nk percent
. . . . Fat system analysis regime deviation

atomic-force microscopéDigital Instrument$ operated in

tapping mode with the cantilever being driven at 250 kHz.cocoa butter 1 2.311.7% 2.374.0% 2.5

The cantilever used in this case had a force constant in theaim oil 2.82¢0.6% 2.82-0.6% 0.0

range 40—85 N/m.
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butter, respectively. From the slope of such lines, the fractal 40

dimension may be determined, as is explained in the experi- -

mental section above. The fractal dimension of the different &

fat systems may also be determined by analysis of the PLM Dé

images of the microstructural elements of the fat systems, as &

is explained in Ref[11]. Table | show a comparison be- =

tween fractal dimensions determined for palm oil and cocoa v

butter from rheology and from image analyflisis compari- ¢ 101

son was also reported in Ré¢fL1] together with three other

fat systemgs 0
Figure 7 shows a plot of values &' vs 1o, whereo is

a measure of effective diameters of microstructural elements 10"2 /et

for five different fat systems. Figure 8 shows a plot of values

of G" vs 1k for three different fat systems. Values of the  FiG. 8. Plot of values oG’ vs lka¢ for three different fat

constanty were calculated from the intercept of theGhvs  systems. Symbols with error bars represent average values of rheo-

In® plots of the rheological data collected for each of thelogical measurements and their standard deviations.

five fat systems. Values d&’ used in Figs. 7 and 8 were

calculated using the rheologically determined valuesypf pears in the denominator of E1). However, according to

the mass fractal dimension, E@.) and a common value for Eq. (26), ¢ is related to the solid volume fraction. It is im-

the solid fat content®=70%). A common value for the portant to realize that Eq$l), (30), and(31) are only valid

solid fat content was used in order to effectively normalizeat high solid fat contents. It has been experimentally proven

the value of G’ with respect to solid fat content, thereby that at high solid fat contents-60—100 %, the constany is

allowing a better comparison to other parameters suaf, as independent of the solid fat content; plots of {96’ vs

c, andé. log;o® of some eight different fat systems were statistically
Figures 9a) and 9b), respectively, show polarized light good straight lines with a measurable intercept correspond-

microscope images of 70% w/w samples of noninteresteriing to log,oy [11]. This, therefore, would suggest thaas it

fied lard/canola oil and chemically interesterified lard/canolaappears in the denominator of Eq80) and (31) does not

oil. These samples were imaged using the method of dispechange significantly over the applicable range of solid fat

sion with paraffin oil described in the experimental section.content. Furthermore, the authors have observed no measur-

The shear elastic moduli corresponding to these samples aable change in the diameter of microstructures of cocoa but-

1.25x10*Pa and 3.3%10° Pa, respectively. As is evi- ter observed in its natural state at 20 °C and at dilutions of 5,

denced by the sizes of the microstructural elements repret0O, 15, 20, 25, and 30 % w/w with canola oil. The canola oil

sented in the pictures, the fat with the smaller microstructural

elements(chemically interesterified lard/canola oihas a

larger value of shear elastic modulus.

12 =0.98
2 3

o
-

V. DISCUSSION

It is important to note that the power-law relationship be-
tweenG’ and® of Egs.(1) and(30) is only valid for defor-
mations of the fat network small enough such that b
holds. Additionally, Eq(30) has been manipulated to repre-
sent the same functional form as Hg). As a result, the
average diameter of the microstructures in the netwécaik-

40
g
g 20
=
£ 20 i
> '
I
i 10
2
r°=0.68
0 .

0 25 50 75 100 125

1o (108 m™y o . :
FIG. 9. Polarized light microscope images @) 70% w/w

FIG. 7. Plot of G’ vs 1/ for five different fat systems. Symbols samples of noninteresterified lard/canola oil éhdchemically in-
with error bars represent average values of rheological measuré¢eresterified lard/canola oil. These samples were imaged using the
ments and their standard deviations. method of dispersion with paraffin oil.
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in this case was used purely as a diluent to vary the solid fagtructural element size has on the shear elastic modulus, Fig.
content. 9 shows marked decrease in particle size from the sample of
The dependence of the hardness of fats on the solid fatoninteresterified lard and/or canola oil to the sample of
content has been studied by a variety of researctes, chemically interesterified lard and/or canola oil. There is a
[1,3,10,11,37,38,48,49 In all cases hardness depended oncorresponding increase in the shear elastic modulus as well,
the solid fat content in a power-law fashion. This is sup-the shear elastic modulus increases from %.26'Pa to
ported by Eq.(30). Furthermore, as is demonstrated by Fig.3.34x 10° Pa, as would be expected from the decrease in the
6, a plot of ING’ vs In® yields a straight line, verifying the diameter of the microstructural elements shown dispersed in
power-law dependence @' on ®. Additionally, as have the images.
already been shown in Refl1], Table | shows that rheo- The morphology of the microstructural elements also af-
logically calculated values of fractal dimension agree wellfects the mechanical strength of the netwelg.,[57-59).
with fractal dimensions calculated from image analysis. ThisSince the interactions between the microstructural elements
suggests that both Eqggl) and (30) are correct in their de- in this model were developed for spherical microstructural
scription of fat-crystal networks, as far as variation @f elements, obviously morphological changes of these ele-
with @ andD is described by the model. ments would vary the form of EQq(30). Additionally,
Particle size has been shown experimentally to be an imehanges in morphology would probably cause changes in the
portant parameter in the hardness of fat-crystal network$lamaker’s constant as well. Morphology and size of crystals
(e.g.,[1,3,13,49-59 but previous network models except are affected by the particular polymorphism of the fat crys-
for Refs.[2,7], failed to show a dependence on particle sizetals formed[17,59. The triglyceride composition also influ-
in the final expression for the shear elastic modulusences the size and rigidity of the crystflg. Therefore, it is
[3-6,8,9. Overwhelming experimental evidence has beernimportant to establish a relationship between Hamaker's con-
submitted by other researchd&0—56§ which demonstrates stant and triglyceride composition and polymorphism.
that the hardness of fat-crystal networks is inversely propor-
tional to the particle sizémicrostructural element sizeThis
is also supported by Eq30). Equation(30) demonstrates a VI CONCLUSION
dependence on both the size of the microstructures and the While Eq. (30) does not provide an absolute formulation
size of the microstructural elements. As is demonstrated bjor yin Eq. (1), it does identify key network parameters that
Fig. 7, a plot ofG’ vs 1/o yields a proportional relationship, are important in determining the shear elastic modulus of
as is predicted by Eq930) and (31), and as have been fat-crystal networks. Furthermore, it agrees well with experi-
shown before by a host of other researciéfs-5¢. The fit  mental observations and with E@.), which has been shown
to a straight line yields an? value of 0.68. The fit is signifi- [11] to be valid for fat-crystal networks. The equation pro-
cantly improved wherG’ is plotted versus tioé as is seen  vides impetus for the development of phenomenological in-
in Fig. 8, ther? value here being 0.98. This relationship is vestigations of relationships between triglyceride composi-
again predicted by Eg930) and (31). The fact that the tion and polymorphism and values of Hamaker’s constants
straight line fit to the plot ofG’ versus 1¢o¢ is better and size of microstructural elements. Insight on the changes
than the plot of G’ vs 1/o is important to note, since it in mechanical strength of fat networks whose characteristics,
seems that changes in are followed by changes in both such as size of microstructural elements, size of microstruc-
c and & It is not surprising that these parameters are cotures, and distances between microstructures, have been al-
variants, since from Eqg3) and (4a), the parametec is  tered through processing conditions, is also provided.
a measure of how many microstructural elements of a par-

t!cular di_ametero are contained_in a microsyructure of a par- ACKNOWLEDGMENTS
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