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ABSTRACT: The rheological properties of interesterified and 
noninteresterified butterfat-canola oil blends do not seem to be 
strongly related to either solid fat content (SFC) or crystal poly- 
morphic behavior, but rather to the microstructure of the fat 
crystal network. The microstructure of the fats was quantified 
by using fractal geometric relationships between the elastic 
moduli (G') of the fats and their SFC values using the approach 
of Shih, W.H., W.Y. Shih, S.I. Kim, J. Liu, and I.A. Aksay [Phys. 
Rev. A 42:4772--4779 (I 990)] for weak-link regimes. Chemical 
interesterification decreased the fractal dimension of the fat 
crystal network from 2.46 to 2.15. We propose that fat mi- 
crostructure, as quantified by a fractal dimensionality, could be 
modified to attain specific rheological properties. 
JAOCS 73, 991-994 (I 996). 
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The formation of a fat crystal network is of key importance 
in the manufacture of plastic fats because it provides firmness 
or solid-like properties (viscoelasticity) (1). This network can 
be visualized as being built from aggregates of fat particles 
(1) rather than straight chains of fat particles (2), and can be 
thought of as a colloidal aggregate, analogous to a protein gel. 
Each of the fat particles is, in turn, comprised of several ag- 
gregated fat crystals. The quantitative description of such a 
complex, aggregated "random" system is difficult. Recently, 
fractal geometry has proven extremely helpful in the charac- 
terization of these fractal objects (see Theoretical considera- 
tions section). 

Work by our group has recently concentrated on improv- 
ing the rheological properties of butterfat by blending with 
canola oil and chemical interesterification of these blends 
(3-5). Our aim was to improve the cold-temperature spread- 
ability of butter. To understand which parameters control the 
rheology of this plastic fat, a comprehensive study on the 
melting properties, microstructure, and mechanical character- 
istics of these blends was undertaken (3-5). 

During these studies, we noticed some interesting trends. 
First, chemical interesterification of butterfat or butterfat- 
canola oil blends did not substantially decrease the solid fat 
content (SFC) of butterfat or the blends--the maximum de- 
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crease being -5% (3). Second, melting characteristics, as de- 
termined by differential scanning calorimetry, were similar 
for interesterified and noninteresterified blends in the range 
of 60-100% (w/w) butterfat (3). 

However, when studying the rheologicai properties of the 
blends, we noticed that the hardness index, as determined by 
cone penetrometry, of the blends containing 90 and 80% 
(w/w) butterfat dropped by 63 and 59%, respectively, after in- 
teresterification, relative to their noninteresterified counter- 
parts (5). Hardness of the 100 and 70% butterfat blends 
dropped 21 and 30%, respectively (5). These drastic changes 
could not be correlated with their SFC values. Further rheo- 
logical studies showed that the storage modulus (G'), or elas- 
ticity, of the interesterified blends was lower relative to their 
noninteresterified counterparts (5). 

Light and scanning electron microscopy of the blends 
showed that the fat crystal morphology (size and shape) and 
crystal arrangement had changed drastically after interesterifi- 
cation (4). In general, both incorporation of canola oil and in- 
teresterification led to the creation of larger spherulitic parti- 
cles. X-ray diffraction studies of the blends confirmed that the 
predominant crystal form of butterfat and butterfat-canola oil 
blends was the 13" form. Even though small changes were ob- 
served in butterfat crystal polymorphism due to canola oil in- 
corporation and/or interesterification, no drastic changes in the 
polymorphic behavior of the fat crystals were observed (4). 

All of these results pointed toward the possibility that it is 
not the actual SFC and/or crystal polymorphic form that de- 
termines the mechanical properties of butterfat-canola oil 
blends, but rather the macroscopic structure of the network of 
fat crystals in liquid oil (see figures in Ref. 4). The problem 
remained how to describe the structure of a fat crystal net- 
work quantitatively. 

In this paper, we report on the use of fractal geometry to 
characterize the structure of the fat crystal network in butter- 
fat-canola oil blends to determine the effects of interesterifi- 
cation on the fractal nature (structure) of the plastic fat. We 
propose that the mechanical properties (elasticity) of plastic 
fats are linked to the geometry of the fat crystal network. 

Theoretical considerations. The purpose of this section is 
to briefly introduce the reader to the topic of fractal geometry 
and its application in the study of plastic fat structure. It is our 
experience that studies available in the literature fail to jus- 
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tify theoretically the use of expressions for the calculation of 
a fractal dimension. Of particular importance in this respect 
is the realization that there are weak-link regimes (low SFC 
fats) and strong-link regimes (high SFC fats) in colloidal sys- 
tems (see below). 

Fractal objects. This section contains highlights from the 
review on fractal aggregates by Meakin (6). The aggregation 
of small particles to form larger structures is a process of con- 
siderable importance in many areas of science and technol- 
ogy. The resulting aggregates have a seemingly random struc- 
ture with low average density (6). The inherent difficulties in 
characterizing these random aggregates in a quantitative fash- 
ion have hampered efforts in the development of an under- 
standing of their properties. Recently, fractal geometry (7) has 
proven useful in the characterization of these aggregated 
structures, both in terms of overall structure and their mecha- 
nism of formation (6). 

The structure of a wide variety of objects (mountains, 
coastlines, rivers, vascular systems, gels, turbulence, crystal 
networks) cannot be readily described in terms of the con- 
cepts of Euclidean geometry. The recently developed "frac- 
tal" geometry allows us to describe and understand many of 
these structures and processes. Fractal geometry is concerned 
with the geometric scaling relationships and symmetries as- 
sociated with fractal objects. A characteristic of fractal ob- 
jects is their "self-similarity," or in other words, fractal ob- 
jects look the same under different magnifications, at least 
over a limited range of scales (6). 

However, it is difficult to apply these concepts directly to 
most structures found in nature for which we do not observe 
exact self-similarity, but rather an average or statistical 
self-similarity. For these statistically self-similar objects, 
geometric scaling relationships are valid for a limited range 
of scales (6). 

For colloidal aggregates, fat crystal networks, and other 
random fractals in real space, it is convenient to think of frac- 
tal dimensionality in terms of scaling relationships between 
mass (M) and radius of a particle or aggregate (r): 

M ~ r  D [l] 

where D is the fractal dimension of the structure (1,6). 
Many properties of fractal objects are different than those 

of typical Euclidean objects. In cases in which the fractal di- 
mension (D) is smaller than the Euclidean dimension (d), the 
density (p) of the fractal object increases as the aggregates 
decrease in size: 

p ~ r (D-d) [2] 

Therefore, because of their low density, fractal aggregates are 
usually mechanically weak structures. This limits the range 
of length scales over which scaling can be maintained. In the 
case of a colloidal aggregate, composed of particles of radius 
r o and aggregates of overall radius R o, scaling is usually en- 
countered in the range r o < r < R o (5). 

Scaling behavior of  the elastic properties of  colloidal gels. 
What follows are highlights of the theories used to character- 

ize the fractal nature of colloidal aggregates in terms of their 
mechanical properties taken from the paper by Shih et al. (8). 
The elastic constant of a colloidal aggregate (in our case the 
fat crystal network in liquid oil) as a function of particle con- 
centration (in our case, the SFC or volume fraction of crys- 
tals) is dictated by the fractal nature of the colloidal flocs. The 
colloidal aggregate is considered a collection of fractal flocs 
that are closely packed throughout the sample. Depending on 
the strength of the links between floes relative to that of the 
flocs themselves, we can have strong-link behavior or weak- 
link behavior. 

Strong-link regime. This behavior is observed at low parti- 
cle concentrations (low SFC or low crystal volume fraction). 
This regime can be achieved by allowing the individual flocs 
to grow very large, so that each floc is considered a weak 
spring. In this case, the links between floes have a higher elas- 
tic constant than the flocs themselves. Therefore, the elastic 
constant of the system as a whole (K) as a function of particle 
concentration (~p) is dominated by the elastic constant of the 
flocs. For this case: 

K - ~p[(d + x)l(d- D)] [3] 

where d is the Euclidean dimension (usually 3), D is the frac- 
tal dimension, and x is the backbone fractal dimension, usu- 
ally a constant between 1 and 1.3. In the case of Iow-SFC 
plastic fats, the elastic modulus of the fat crystal network in- 
creases as a function of the SFC in a power-law fashion with 
a slope [(d + x)/(d - D)]. 

Weak-link regime. This behavior is observed at high parti- 
cle concentrations (high SFC or high crystal volume fraction). 
Small flocs are stronger springs than large flocs, and there- 
fore the elastic constant of the system as a whole is dominated 
by the elastic constants of the interfloc links, rather than by 
the elastic constants of the flocs, as for the strong-link regime. 
For this case: 

K - cp [(d- 2)/(d- D)] [4] 

where d is the Euclidean dimension (usually 3), and D is the 
fractal dimension. 

In the case of high-SFC plastic fats, the elastic modulus of 
the fat crystal network increases as a function of the SFC in a 
power-law fashion with a slope [(d - 2)/(d - D)]. The elastic 
constant K for the weak-link regime increases more slowly as 
a function of particle concentration than for the strong-link 
regime. 

MATERIALS AND METHODS 

Butterfat--canola oil blends were prepared and interesterified 
as outlined in Rousseau et al. (3). The determination of SFC 
was performed by pulsed nuclear magnetic resonance (NMR) 
as outlined in Rousseau et al. (3). The melted fats were placed 
in NMR tubes and crystallized in a refrigerator (5~ for 24 h. 
The storage (or elastic) modulus (G') of the plastic fat was de- 
termined as outlined in Rousseau et al. (5). Values of G' used 
in this study were obtained from the midpoint of the G' vs. 
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frequency sweep spectra of  the plastic fats, at 1 Hz. The strain 
was kept constant at 0.1 mrad deformation. 

The natural logarithm of the obtained values of  G '  and 
SFC were plotted against each other: 

log G' = m. log SFC [5] 

and the slope of  the line (m) was derived by linear regression. 
The slope of  this line is related to the fractal dimension of 

the crystal network, assuming a weak-link regime, by: 

m = ( d -  2)/(d - D) [6] 

where d is the Euclidean dimension (i.e., 3) and D is the frac- 
tal dimension. 

RESULTS A N D  D I S C U S S I O N  

Figure I shows that the slope of  the log G' vs. log SFC line 
for noninteresterified and interesterified butterfat-canola oil 
blends decreases due to chemical interesterification. The frac- 
tal dimension for the noninteresterified butterfat-canola oil 
blends was calculated as 2.46, while the fractal dimension for 
the interesterified butterfat-canola oil blends was 2.15. This 
is a substantial decrease in the fractal dimension of  a colloidal 
aggregate, in our case, the fat crystal network. We propose 
that this large change in the "structure" of  the fat crystal ag- 
gregate network is responsible for the drastic decrease in 
hardness observed by cone penetrometry (5). 

Pioneering work in the application of  the principles of  
fractal geometry to the study of  fat crystal networks (1) 
showed how the fractal dimension of  tristearin crystal aggre- 
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FIG. 1. Relationship between the elastic moduli (E7) of noninteresteri- 
fled (0) and interesterified (0) butteffat-canola oil blends and their solid 
fat content (SFC). The slope of the lines (m) and the correlation coeffi- 
cient (r) are indicated. 

gates in olive oil could be determined from light-scattering 
measurements. These authors also determined the fractal di- 
mension of  tristearin crystals in paraffin oil using small am- 
plitude oscillatory shear measurements and yield stress mea- 
surements from literature values. These authors reported good 
agreement among all techniques used and determined the 
fractal dimension (D) of  tristearin in olive oil to be about 
1.7-1.8. This value increased upon aging of  the fat to D = 2. 
Low fractal dimensions are indicative of  low density, open 
structures. Upon aging, the crystallization, aggregation, and 
network formation processes continue, creating a more dense, 
compact, more tightly packed structure with a higher fractal 
dimension. Aggregates with low fractal dimensions are prone 
to restructuring. 

Theoretical work (computer simulations)on fractal struc- 
tures (6) has indicated that fractal objects with low fractal di- 
mensions (D - 1.8) are created via a diffusion-limited mecha- 
nism (6). Structures with higher fractal dimensions (D --- 2.08) 
are characteristic of  structures formed via reaction-limited 
mechanisms (6). There are several other possible mechanisms 
responsible for the formation of  fractal aggregates as well. 
These have been reviewed by Meakin (6). One point to be 
made is that it is dangerous to extrapolate this relationship of 
the fractal dimension of a particular object to the mechanism 
by which it was created. In real systems, rearrangements occur 
readily, and it is possible for the fractal dimension of  a struc- 
ture to change from 1.8 to 2.18 after only three rearrangements 
(6). Care must be exercised when attempting to relate the frac- 
tal dimensionality to an aggregation mechanism. 

In summary, fractal geometry can be used to characterize 
the structure of  plastic fats. Interesterification changed 
the structure of  triglycerides. This, in turn, led to a change in 
the kinetics of  crystal formation and therefore of  the resulting 
fat crystal network responsible for the macroscopic structure 
of  the plastic fat. The fractal dimension is a better parameter 
for predicting rheological behavior of  plastic fats than the 
SFC and appears to have great potential for targeting specific 
rheological properties of  plastic fats, e.g., spreadability. 
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