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ABSTRACT 
 
 
 

HETEROGENEOUS NUCLEATION OF 2-OLEODISTEARIN ON TRISTEARIN 
SURFACES 

 
 
 

Edmund Daniel Co     Advisor:  
University of Guelph, 2020    Professor Alejandro G. Marangoni 
 
 
 
 This thesis is an investigation of the phenomenon of heterogeneous nucleation 

during the crystallization of multicomponent fats, specifically a fat (a fraction of shea 

stearin) rich in 2-oleodistearin, a major constituent of cocoa butter. An hypothesis 

generated by a computer simulation showed that certain triglycerides exhibited an affinity 

for the surface of the tristearin crystal. Experimental work showed that the addition of 

small amounts (> 1 % wt/wt) of tristearin to the shea stearin fraction resulted in the 

fractional crystallization of tristearin. The presence of crystalline SSS during the 

crystallization of SOS resulted in an increase in the nucleation rate, relative to the 

nucleation rate of the homogeneous case. This is indicative of heterogeneous nucleation. 

Furthermore, the crystallization of the tristearin can be suppressed by raising the 

crystallization temperature such that the added tristearin does not crystallize. When the 

crystallization of tristearin was suppressed in this manner, the increase in the nucleation 

rate indicative of heterogeneous nucleation was not observed. Using the obtained 

nucleation kinetics data as well as the use of an epitaxial crystallization model, estimates 

for the surface free energy and the putative size of the nuclei under heterogeneous and 

homogeneous nucleation was obtained. 



 
 

The second portion of this thesis deals with the development of a conceptual tool 

for the analysis of the crystallization trajectory of fats, with an aim to utilizing this tool to 

study heterogeneous nucleation in future work (not included in this thesis). Patterned after 

a concept taken from the study of dynamical systems, this tool is called the “phase space 

of crystallization”. Traditional models that describe the crystallization trajectory of a fat, 

such as Rousset’s FEM-TTT model, almost always focus on the thermodynamic (i.e. 

supersaturation) aspects of crystallization in time, while neglecting the temporal variation 

of kinetic (i.e. mass transfer) aspects. In this work, a second dynamic variable, the 

diffusivity, was introduced to characterize the mass transfer conditions encountered by 

crystallizing triglycerides. Utilizing this tool, it was shown the mass transfer conditions 

experienced by the system at the moment when crystallization began, had a significant 

impact on the crystal size of crystallizing triglyceride.
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Chapter 1 - Introduction 

1.1.  Motivation 

Cocoa butter is a premium fat used in the manufacture of confectionery products such 

as chocolate bars and enrobed confectionery products (Beckett, 2008). The scientific 

consensus is that cocoa butter can crystallize into six different crystal forms, which are 

subtypes of the 3 polymorphic forms (α, β’ and β) into which fats commonly crystallize 

into (Wille and Lutton, 1966). Of the six forms, Form V is the most desirable 

polymorphic form as it results in optimal textural and visual characteristics for chocolate. 

To produce a chocolate worthy of the name, chocolate mix (containing cocoa butter) must 

be treated using a controlled temperature program (tempering) to achieve the desired 

polymorphic form. Achieving the desired polymorphic form can also be attained by 

seeding the chocolate mix. Seeding is the addition of pre-formed crystalline material 

(seeds) of the desired polymorphic form to facilitate crystallization into the same 

polymorphic form. It is commonly agreed that seeding facilitates crystallization through a 

process called “secondary nucleation” although an exact description of this phenomena 

remains elusive. The seed material is commonly cocoa butter although novel behenic-

containing fats have also been used. Seeding accelerates the crystallization of the fat in 

the chocolate mix. 

However, the mechanism of seeding --- the oft-cited “secondary” nucleation is not 

well described nor is the process by which seeding accelerates crystallization well-

understood. Nucleation is commonly understood to be the formation of a “daughter” 

phase (localized in space as a particle) from a supersaturated mother phase. Such 
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nucleation is also known as primary nucleation. Secondary nucleation is commonly 

understood to be the formation of these particles through means that do not involve a 

phase transition from the mother phase. For example, the addition of seeds is considered 

“secondary” nucleation in that new nuclei are formed not through a phase transition but 

through the “artificial” addition of alien nuclei. Likewise, the application of shear flow to 

a crystallizing fat also induces secondary nucleation by breaking up large nuclei into 

smaller nuclei. This is considered secondary nucleation because it does not involve a 

phase transition. This is the proposal author’s understanding of the concept of 

“secondary” nucleation. The method by which secondary nucleation accelerates 

crystallization is not a true nucleation in the sense of the word (since it does not involve a 

phase transition) as the addition of seeds does not really accelerate (or does it?) the rate of 

phase transitions. Rather the addition of seeds increases the amount of surface area onto 

which supersaturated material can be incorporated into. By definition, such phenomenon 

is considered crystal growth. This view of secondary nucleation is consistent as the 

addition of seeds (of a specific polymorphic form) promotes the crystallization of the 

supersaturated material into this form. Such a “templating effect” is consistent with 

crystal growth rather than nucleation since it is not immediately obvious how the addition 

of such pre-formed seeds can promote primary nucleation into the seed’s polymorphic 

form.  

An interesting area of seed crystal research is the utility of behenic acid triglycerides 

in cocoa butter tempering. Koyano and others (1990) reported that the addition of a 2-oleo 

behenic acid triglyceride (BOB) accelerated the crystallization of cocoa butter in addition 

to stabilizing the polymorphic form into the desired form (Form V). Tristearin (SSS) was 
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also found to accelerate the crystallization of cocoa butter, albeit not to the same extent as 

BOB and conventional cocoa butter seeds. Discussions of these results highlighted the 

structural difference between BOB, SSS and cocoa butter triglycerides, which consist 

predominantly of SOS, POP and POS. The chain length difference between cocoa butter 

triglycerides and BOB is between 4 to 6 carbons --- enough to make BOB incompatible 

with cocoa butter triglycerides as far as phase behavior of these mixtures are concerned. 

Likewise, the chain length structure formed by tristearin (2L) and cocoa butter 

triglycerides (3L) is sufficiently different. If cocoa butter triglycerides are not 

incorporated into the BOB or SSS crystal structure, what then explains the ability of BOB 

to accelerate cocoa butter crystallization as well as to stabilize the polymorphic form? 

The effect of tristearin on cocoa butter crystallization is an important topic of 

exploration due to the prevalence of tristearin in many cocoa butter equivalents (CBEs). 

This prevalence is due to the skyrocketing prices for cocoa butter. CBEs are fats intended 

to be as chemically similar to cocoa butter, as possible. These fats are made by blending 

shea stearin (as a source of SOS) and palm mid-fraction (as a source of POP). However, 

shea stearin is rich in SSS and the effect of SSS on the performance of CBEs is certainly 

an important point to consider. 

1.2.  Objectives of Research 

1.2.1.  Objectives  

The project aims to achieve a better understanding of the interaction between a 

specific cocoa butter triglyceride (2-oleodistearin, SOS) and a cocoa butter equivalent 

“impurity”, tristearin. The project is divided into two separate but complementary parts: 

(1) computer simulation studies of SOS nucleation and (2) experimental verification of 
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computer simulation results. Computer simulations are an important tool as they allow the 

exploration of phenomena well beyond the reach of instrumentation. More importantly, 

computer simulations can be used to study even hypothetical scenarios that, while not 

objectively feasible in the physical world, can yet lead to real-world insights and 

hypotheses. Experimental verification of the hypotheses generated by computer 

simulation is necessary to validate computer simulations.  

1.2.2.  Computer Simulation Studies of the Nucleation Thermodynamics 

1. Calculate the affinity of stearic acid triglycerides such as SOS, OSS, OSO and 

OOS for a methyl surface using Atomic-Scale Molecular Dynamics (ASMD). 

2. Simulate the nucleation process of stearic acid triglycerides in the presence 

and absence of a methyl surface using Atomic-Scale Molecular Dynamics 

(ASMD). 

3. Experimental studies of the nucleation kinetics of SOS (as a shea stearin) in 

the presence of SSS. 

1.2.3.  Experimental Determination of the Nucleation Kinetics 

1. Experimentally determine the induction time (used to calculate nucleation 

rate) of SOS (as a shea stearin) using Differential Scanning Calorimetry. 

2. Calculate the activation free energy of nucleation using the Fisher-Turnbull 

approach. 

1.2.4.  Development of a “Phase Space” Approach to Crystallization 

1. Develop an approach to charting the conditions (supersaturation and mass 

transfer environment) affecting the trajectory of crystallization. 
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2. Investigate the effect of the crystallization trajectory on the physical 

properties of fat materials, such as crystal size, polymorphic forms and 

polymorphic transformations. 

1.3.  Hypotheses  

1. Computer simulations studying the affinity of SOS in the presence of a 

methyl surface has shown SOS exhibits an affinity for SSS surfaces. An 

affinity for SSS surfaces should enhance the rate of nucleation of SOS. 

Simulating the nucleation of SOS in the presence of an SSS surface should 

show an increased incidence of aggregation (clustering) of SOS molecules in 

the vicinity of an SSS surface. 

2. The monotectic phase diagram of SOS and SSS shows that SOS can only take 

a very small amount (< 1 % and well below the resolution of the phase 

diagram) of SSS into solid solution. Significant quantities of SSS ( > 1-2 %) 

should crystallize separately from SOS. This is necessary to form a methyl 

surface on which heterogeneous nucleation can occur. 

3. The separate crystallization of SSS from SOS should lead to an enhancement 

in nucleation rate or a reduction in the induction time for crystallization. 

4. The activation free energy of nucleation in the presence of an SSS surface 

should decrease due to a decreased surface free energy penalty. 

5. Crystallization of a fat under favorable mass transfer conditions will lead to 

larger crystal sizes relative to the same fat crystallized under unfavorable 

mass transfer conditions.  

1.4.  References  

Beckett S. 2008. The Science of Chocolate. 2nd Ed. Cambridge, UK: The Royal Society 
of Chemistry. 240p. http://dx.doi.org/10.1039/9781847558053 

Koyano T, Hachiya I and Sato K. 1990. Fat Polymorphism and Crystal Seeding Effects 
on Fat Bloom Stability of Dark Chocolate. Food Structure 9(2):231-240. 

Wille RL and Lutton ES. 1966. Polymorphism of cocoa butter. Journal of the American 
Oil Chemists' Society 43(8):491-496. http://dx.doi.org/10.1007/bf02641273 
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Chapter 2 - Literature Review 

2.1.  Abstract 

The following work is a chapter written for the 7th Edition of Bailey’s Industrial 

Fats and Oils (in press). Many of the concepts and tools utilized in the Ph.D. thesis (such 

as that for heterogeneous nucleation) were developed in this work. The chapter itself is a 

comprehensive work that examines the conceptual framework of the crystal network of 

fat materials in the context of its many hierarchical levels, from the 

molecular/nanostructural (10-9 m) level all the way to the sub-millimeter (10-6 m) length 

scale. Included in this chapter is a discussion on thermal properties of triacylglycerols, 

phase behavior, crystallization thermodynamics, crystallization into single crystals 

(crystalline nanoplatelets), aggregation of single crystals, rheology and derivations of 

material properties based on the microstructure. Introductory concepts are provided and 

for more detailed scholarship, readers are referred to an ample list of specialist texts and 

papers on the subject. 

2.2.  Introduction 

The functionality and eating qualities of many food products, such as chocolate, 

butter and margarine, are a result of solid fat ingredients in these foods: cocoa butter, milk 

fat and palm oil, respectively. Solid fats structure these products and impart textural 

attributes, with the latter property being important to their functionality and eating 

quality. These fats are not wholly solid in the truest sense of the word and often 

containing substantial amounts of liquid-state component (oils). However, they behave 

rheologically as solids and this is due to the presence of a “colloidal” network of solid 
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triacylglycerol particle aggregates (with sizes larger than 1 μm), called a fat crystal 

network. Besides structuring the material, the fat crystal network is also responsible for 

retaining the liquid-state oil within the material and preventing its exudation, a property 

termed oil-binding1.  

Entire research careers have been devoted to the study of fat crystal networks. The 

aim of this chapter is to provide a comprehensive overview of the knowledge generated 

by this volume of research. This chapter is organized along lines of a structural hierarchy, 

where phenomena are discussed along a progressively larger length scale, starting from 

the molecular level all the way to the macroscopic level. This chapter will also include 

work done on the nanostructure of fat crystal networks, a relatively new subject of inquiry 

that was not explored in earlier editions of this work. 

As an encyclopedic chapter, this chapter will be unable to cover the material in 

great depth. For a more detailed discussion of fat crystal networks in general, readers are 

directed to Marangoni and Wesdorp’s Structure and Properties of Fat Crystal Networks, 

2nd Ed2. An earlier edition, Marangoni’s Fat Crystal Networks is also available3. For 

examples of the applications of the concepts discussed in this chapter, the reader is 

directed to Hartel, Narine and Widlak’s Crystallization and Solidification Properties of 

Lipids4 and Widlak’s Physical Properties of Fats, Oils and Emulsifiers5. 

2.3.  Structural Hierarchy of Fats 

The structure of a fat crystal network consists of several hierarchal levels6, starting 

with the constituent triacylglycerol molecules (in the picometer size range), which 

crystallize into nanometer-sized single-crystal lamellar platelets of triacylglycerols (called 
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crystalline nanoplatelets or CNPs). These CNPs aggregate to form higher-order structures 

such as micrometer-sized spherulitic particles or the cylindrical aggregates christened 

TAGwoods. These micrometer-sized spherulitic particles may then aggregate to form 

flocs, which are the basic mechanical elements of a fat crystal network. Beyond the fat 

crystal network is the macroscopic level, which is the level of structure that we are 

directly familiar with. The story of a fat crystal network is a story of each of these 

structural levels. 

The study of fat crystal networks borrows heavily from other external disciplines, 

so much so that the terminology is often very similar and interchangeable. The concepts 

borrowed from these external disciplines largely depend on the hierarchal structural level 

being discussed. For example, the discussion of the phase behavior of triacylglycerols 

borrows heavily from the study of metal phase behavior in the formation of alloys. The 

thermodynamic equations that describe the energetics of nucleation were originally 

obtained for the study of the condensation of vapors. The Avrami equation used to model 

isothermal crystallization of fats also had its origins in the study of metal crystallization. 

The fractal theory developed to describe the mechanics of the fat crystal network had its 

origins in the study of colloidal gels (and other soft matter), itself borrowing many 

concepts from polymer physics. As such, each level in the structural hierarchy is 

described by a different field of science that is appropriately equipped for its study. This 

diverse, inter-disciplinary background is precisely the reason that the study of fat crystal 

networks does not exhibit a unifying underlying principle (so to speak) unlike mature 

fields such as chemistry, modern physics and molecular biology.  
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2.4.  Composition 

Approximately 95 % of the molecular species in a fat are triacylglycerols (TAG). 

The remaining 5 % balance of the molecular species are minor components, which may 

include phospholipids, free fatty acids, monoacylglycerols, diacylglycerols, sterols and 

lipoproteins. These minor components may disproportionately influence triacylglycerol 

crystallization, even at the generally low levels in which these components are present7.  

Triacylglycerol molecules consist of a single glycerol backbone, which consists of 

three hydroxyl groups (denoted sn-1, sn-2 and sn-3), to which are attached a single fatty 

acid. The physical behavior of the triacylglycerol (such as melting point) is greatly 

influenced by the types of fatty acids attached to the glycerol backbone. In fats, a large 

assortment of fatty acids exist, which may vary in length (typically between 4 and 22 

carbons), degree of unsaturation (from saturated fatty acids such as stearic acid to 

polyunsaturated fatty acids such as docosahexanoic acid) and the isomeric form of the 

unsaturated double bonds (cis- or trans-). Bovine milk fat illustrates this variety well, 

having more than 400 different fatty acids. In contrast, a fat such as cocoa butter consists 

mainly of only 10 fatty acids. Readers interested in the compositional chemistry of fats 

are referred to Frank Gunstone’s The Chemistry of Oils and Fats: Sources, Composition, 

Properties and Uses8. For the industrial chemistry of fats, which include operations such 

as hydrogenation and interesterification, readers are referred to O’Brien’s Fats and Oils: 

Formulation and Processing for Applications9. 

The number of unique triacylglycerols that can be generated by varying the type 

and arrangement of fatty acids is enormous. If one considers the sn-1 and sn-3 positions 

to be distinct (as some stereochemical arguments on crystallization have made10), then the 
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number of unique triacylglycerols is the number of fatty acids cubed. In cocoa butter, this 

amounts to over 1000 possible unique triacylglycerols but for bovine milk fat, this 

number may well be over 64 million. The actual number in either case is lower due to the 

fact that only a few types of fatty acids are present in any significant quantities in these 

fats. This preponderance of certain fatty acids limits the diversity of unique 

triacylyglycerols. As well, sn-1 and sn-3 positions are typically considered to be identical 

and interchangeable, which further reduces the number of combinations possible. 

Nonetheless, the chemical diversity of triacylglycerols means that fats are very 

compositionally-complex materials. The triacylglycerol composition of a fat has a large 

effect on its physical behavior and as such, the material properties of a fat are 

fundamentally dependent on the chemical composition. The fat crystal network is the 

“link” between the chemical composition of a fat and its macroscopic material properties. 

The heterogeneous chemical composition of fats means that there is no single well-

defined melting point for fats, but rather a melting range. To add another level of 

complexity, the presence of various triacylglycerols will result in complex phase 

behavior, which may affect the melting characteristics of the fat. These two 

considerations (melting behavior and phase behavior) ultimately decide how 

triacylglycerols crystallize and assemble into a fat crystal network. 

2.5.  Thermal Properties 

Fats, as chemically heterogeneous materials, do not exhibit a sharp melting point. 

Rather, the melting of fats is better characterized by a melting range with this melting 

range becoming wider the more heterogeneous the chemical composition of the fat. Due 

to this, the “melting point” of a fat depends largely on the method used to measure it11. 
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The endset/upper/final melting point is the temperature where all of the solid material in a 

fat has melted into liquid. Traditionally, this was measured by sealing the fat sample 

inside a glass capillary tube and then heating the capillary tube to a temperature until the 

fat was “clear”, suggesting the absence of solid material. For this reason, the endset 

melting point is also known as the “clear point”. 

The onset/lower/initial melting point is the temperature where the solid material in 

a fat begins to melt into a liquid12. This is measured using an apparatus that suspends a 

disc of fat over a laser beam in a setup similar to a turbidometer. The disc of fat is heated. 

As the fat begins to melt, a drop of the liquid material drips out and interrupts the laser 

beam, which is registered as a signal in the instrument. The temperature at which this 

occurs is called the “dropping point” for obvious reasons. 

2.5.1.  Solid Fat Content 

Fats consist of a liquid phase entrained by a solid fat crystal network structure. As 

such, a fat is a semi-crystalline material, which is simultaneously solid and liquid. The 

solid fat content (SFC) is the amount of solid material in a fat on a mass basis and is 

determined via wide-line pulsed NMR (pNMR), which is the most commonly-used 

method for determining the quantity of solids in a fat13. The SFC is analogous to the solid 

volume fraction in colloid chemistry, except that the SFC is expressed on a mass basis. 

This method was pioneered in the 1970s by a research group working at the Unilever 

R&D Center in The Netherlands14,15. 

The physical basis of the SFC measurement by pNMR is the disparity in the NMR 

relaxation times of the hydrogen (1H) atoms in the solid and liquid phases, with the solid 



12 
 

phase relaxing much faster (i.e. short relaxation times) than the liquid phase. Analysis of 

the time-domain NMR signal allows for the calculation of relative proportions of the solid 

and liquid contents of a fat.  

A related but antiquated measure is the solid fat index (SFI)/solid content index 

(SCI), which is measured using dilatometry. Dilatometry is based on the density 

differences between the solid and liquid phases, with the liquid phase being less dense 

than the solid phase16. The SFI is particularly popular in the North American margarine 

industry, but is gradually being phased out (if not already) in favor of the SFC. Compared 

to the SFC, the SFI, as a measure, exhibits many shortcomings17, not the least of which is 

its time-consuming and labor-intensive nature. These limitations are particularly acute in 

fats with high-solids, such as confectionery fats. 

As the solid particles in a fat structure the system, the solid fat content of a fat 

material has an outsized bearing on the physical properties of the material. All other 

structural considerations being equal, a fat with a higher SFC will be much firmer than a 

fat with a lower SFC. It has been shown that firmness increases by approximately 10 % 

for every percent increase in SFC18. 

2.5.2.  Melting Profile 

An important property of a fat is its melting profile, which is a curve describing 

the solid fat content of the material at various temperatures19. The shape of this curve is 

commonly used as an indicator of a fat’s suitability for a given application. For example, 

confectionery fats typically exhibit a flat melting profile at temperatures below 33 °C 

(indicating no significant changes in the SFC at these temperatures) with a steep melting 
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transition at around 33 to 37 °C, with complete melting at body temperature (Figure 

2.1)20. Fats that do not melt completely at body temperature are not suitable for 

confectionery applications as these fats may introduce a waxy mouthfeel21. As well, the 

SFC of a confectionery fat at ambient temperatures is typically very high --- around 70 to 

80 %, which leads to a very hard fat, which contributes to the “snap” of chocolate 

products. This is also important for the handling properties of a confectionery fat --- 

imagine enrobing a confectionery product with a fat that has a low SFC at ambient 

temperatures. This fat will be flowable at ambient temperatures and will not coat the 

product properly. 

Fat spreads and shortenings typically exhibit a steadily-decreasing solid fat 

content between temperatures of 0 °C to 35 °C22. As well, the SFC of fat spreads and 

shortenings at ambient temperatures must be low --- approximately 35 to 40 %, to 

facilitate spreading (Figure 2.1). A fat with a high SFC will not be spreadable and a very 

common example of such is butter which has just been taken out of a refrigerator. 

The primary consideration affecting the SFC of a fat material at a given 

temperature is molecular composition, which includes the fatty acid composition of the 

fat, the distribution of these fatty acids (i.e. triacylglycerol composition) and the phase 

behavior of these triacylglycerols. In general, fats containing a higher proportion of long-

chain fatty acids will have higher melting points than a fat rich in short-chain fatty acids. 

As well, a fat that contains a higher proportion of unsaturated fatty acids will have a lower 

melting point. This trend is also dependent on the nature of the unsaturated fatty acids --- 

a fat consisting mainly of polyunsaturated fatty acids (unsaturated fatty acids with two or 

more double bonds, such as linoleic acid) will have a lower melting point than a similar 
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fat that contains predominantly mono-unsaturated fatty acids, such as oleic acid. As far as 

the fatty acid composition is concerned, a fat will have a lower melting point if it 

contains: (1) a low amount of long-chain fatty acids, (2) a high amount of unsaturated 

fatty acids and (3) a high amount of polyunsaturated fatty acids. The inverse of each of 

these three statements is also true with regards to a fat exhibiting a higher melting point. 

A second consideration affecting the SFC is the distribution of these fatty acids 

within a triacylglycerol. Consider cocoa butter, a vegetable “butter” frequently used as a 

premium confectionery fat. Cocoa butter is unique in that it exhibits melting behavior that 

is consistent with a pure material (sharp melting transition from solid to liquid at a narrow 

range of temperatures). This is due to a very specific and well-defined distribution of the 

fatty acids in cocoa butter TAGs. An examination of the triacylglycerol composition of 

cocoa butter reveals that approximately 87 to 90 % of the triacylglycerols in cocoa butter 

are triacylglycerols that contain oleic acid in the sn-2 position with saturated fatty acids 

occupying the sn-1 and sn-3 positions. Three such triacylglycerols --- POP, POS and 

SOS, make up the majority of the triacylglycerols in cocoa butter23,24. A mixture of these 

three TAGs (at the proportions found in cocoa butter) will crystallize into a single solid 

phase25, which melts as if it were a pure component. This melting behavior is lost when 

cocoa butter is interesterified26. Interesterification will randomize the distribution of the 

fatty acids within the TAG molecules, generating new TAG species. Because of the 

disparity of the chemical species, these TAGs may no longer crystallize into a single solid 

phase, but into multiple solid phases, each with its own melting point. This will result in a 

wider melting range characteristic of a material with a heterogeneous chemical 

composition. 



 

The third consideration affect

interaction between the TAG species in a fat. This will be discussed in more detail in the 

subsection devoted to phase behavior.

Figure 2.1. The Melting Profile of Cocoa Butter and Milk Fat. Adapted from: Stewart 

2.5.3.  Differential Scanning Calorimetry

The contemporary method for characterizing the thermal properties of a fat is 

Differential Scanning Calorimetry (DSC)

melting behavior of fats, is a calorimetric technique that is based on measuring 

differences in the absorption of the latent heat of fusion during melting. A DSC 

calorimeter measures the difference (hence, differential) in the heat flow r
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The third consideration affecting the melting profile of a fat material is the phase 

interaction between the TAG species in a fat. This will be discussed in more detail in the 

subsection devoted to phase behavior. 

g Profile of Cocoa Butter and Milk Fat. Adapted from: Stewart 
and Timms27. 

Differential Scanning Calorimetry 

The contemporary method for characterizing the thermal properties of a fat is 

Differential Scanning Calorimetry (DSC)28. DSC, utilized in the context of examining the 

melting behavior of fats, is a calorimetric technique that is based on measuring 

differences in the absorption of the latent heat of fusion during melting. A DSC 

calorimeter measures the difference (hence, differential) in the heat flow r

ing the melting profile of a fat material is the phase 

interaction between the TAG species in a fat. This will be discussed in more detail in the 

 

g Profile of Cocoa Butter and Milk Fat. Adapted from: Stewart 

The contemporary method for characterizing the thermal properties of a fat is 

of examining the 

melting behavior of fats, is a calorimetric technique that is based on measuring 

differences in the absorption of the latent heat of fusion during melting. A DSC 

calorimeter measures the difference (hence, differential) in the heat flow rate (in J/s) 
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necessary to maintain two materials (a test material and a reference material) at the same 

temperature. The test materials are typically enclosed in a crucible called a pan. In the 

absence of any transitions associated with a latent heat, the difference in the heat flow rate 

required to maintain both materials at the same temperature is calibrated as the baseline. 

To conduct the measurement, the temperature is varied or “scanned” over a 

specified range at a given rate (usually 5 °C/min). The melting of a fat is an endothermic 

first-order transition, which is accompanied by a latent heat of fusion. When the fat 

begins to melt, it requires additional heat to undergo the transition. The calorimeter needs 

to increase the heat flow rate to maintain the same temperature as a reference (typically a 

material, such as air, that does not undergo any first-order transitions within the range of 

temperatures scanned). The difference in the heat flow rate is registered as a deviation 

from the time-domain baseline signal. This deviation is in the form of a peak or a series of 

peaks, which can be converted to units of temperature if the heating rate is known. The 

measurement can also be conducted in reverse (i.e. cooling) to study the crystallization 

properties of fats. The principle remains the same but in reverse --- as the fat begins to 

crystallize into the solid state, it emits the latent heat of fusion. To compensate, the 

calorimeter must decrease the heat flow rate to maintain the sample at the same 

temperature as the reference. This decrease in the heat flow rate is registered as a signal. 

The process described previously is the operating principle of power-

compensation DSCs. As the name suggests, a power compensation DSC varies the actual 

rate of heat supplied/removed from the test material when it detects a temperature 

differential between the test material and the reference, hence compensating for the 

temperature differential. This difference in heat flow rate is measured as the signal. A 
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more modern type of DSC is the heat flux DSC. A heat flux DSC does not vary the rate at 

which heat is supplied or removed. Rather, a heat flux DSC measures the temperature 

differential between the test sample and the reference and converts this temperature 

differential to a heat flow signal via an internal factory-set calibration within the DSC. 

For a fuller discussion of the subject of Differential Scanning Calorimetry, the reader is 

directed to Höhne’s, Hemminger’s and Flammersheim’s  Differential Scanning 

Calorimetry, 2nd Ed29. DSC is also used for many other food applications beyond fats. 

Interested readers are referred to the reference provided30. 

DSC, however modern, still cannot resolve the issue that a fat is a chemically 

heterogeneous material and will thus exhibit a melting range instead of a melting point. 

Since the melting behavior is manifested as a peak in the DSC signal, onset, endset and 

peak melting points can be obtained. The onset/endset temperatures are obtained by 

drawing tangents to the peak (itself a highly subjective undertaking if the peak shape is 

irregular) and finding the intersection of this tangent with the baseline signal. The peak 

melting temperature, as the name suggests, is the temperature at the apex of the melting 

peak. As with other methods for measuring the melting point of fats, care must be taken 

as DSC can exhibited significant variations depending on the scanning rate used. 

2.6.  Phase Behavior 

A phase is a spatial region of a thermodynamic system, such as a fat, where the 

physical and chemical properties are identical (i.e. homogeneous)31. A phase is separated 

from the rest of the system (which make up the other phases) by a distinct physical 

boundary. The phase that matter in a fat assumes can be defined by the pressure, 

temperature and chemical composition of the fat system, although pressure is often 
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neglected in the case of condensed phases such as liquids and solids. Most fats, at the 

very least, consist of two phases at ambient temperatures --- a solid phase and a liquid 

phase. Triacylglycerols in the liquid state are completely miscible so that there is always 

only one distinct liquid phase. However, there are multiple solid triglyceride phases due 

to polymorphism (discussed later) as well as due to partial or limited solubility. 

A binary phase diagram is a map which shows the equilibrium phases attained by 

a mixture of two pure components at a given combination of temperature and 

composition32. It is important to think of the diagram as a map circumscribing “regions of 

phase” much in the same way geographic maps circumscribe national territories. 

Confusion may arise if the diagram is understood as a plot showing a trend between an 

independent and dependent variable. In a phase diagram, it is customary to plot the 

higher-melting component of the mixture on the x-axis such that the melting point on the 

right y-axis is larger than the melting point on the left y-axis. 

The underlying thermodynamic relationships of the binary phase diagram are the 

composition and temperature dependence of the Gibbs free energy33. The composition 

dependence of a two component system comprised of A and B is given by the formulation 

of the Gibbs free energy of a mixture: 

∆��,� = (��)(∆��
���) + (��)(∆��

����) + (∆����) 

∆��,� = ���[(��)(ln ��) + (��)(ln ��)] + (∆����) 

where: 

nA and nB are the number of moles of the respective components 
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n is the total number of moles and is equivalent to nA + nB 

xA and xB are the respective molar fractions 

∆��
��� and ∆��

���� are the respective partial molar Gibbs free energy 

∆���� is the Gibbs free energy of mixing of A and B, which is zero for an ideal 

mixture 

The Gibbs free energy of mixing contains an enthalpy contribution (the enthalpy 

of mixing, ΔHmix, which may be zero or, more often, positive for mixtures that exhibit 

limited solubility) and an entropy contribution ΔSmix, which is always positive for mixing. 

The temperature dependence of the Gibbs free energy at constant pressure is given 

by the molar entropy S: 
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where cp is the heat capacity at constant pressure 

2.6.1.  Types of Phase Behavior 

In fats, there are five main types of binary phase behavior, each with its own 

distinctive phase diagram: monotectics (continuous solid solution), monotectics (partial 

solid solution), eutectics, peritectics and molecular compound formation34. Monotectic 

phase behavior refers to systems where the melting points of the mixtures (either as liquid 
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or solid solutions) are not lower than the melting points of either of the pure components. 

Eutectic phase behavior (from the Greek for “easily melted”) refers to a system where a 

mixture exhibits a lower melting point than either of the two pure components. Peritectic 

phase behavior is described by incongruent melting points and refers to systems where a 

given solid phase “melts” not into a liquid, but into another solid phase. Molecular 

compound formation refers to the formation by two pure triacylglycerols of a special 

mixture (the molecular compound) that behaves as if it were a completely different 

triacylglycerol. One of the most well-known systems that forms a molecular compound is 

SOS/SSO35. The phase diagrams of these phase behaviors all exhibit a distinctive motif. 

Numerous excellent references on the phase behavior of fats is available. Interested 

readers are referred to J.B. Rossell’s classic compilation of phase diagrams32, as well as 

Timm’s excellent review on the subject31. Rossell’s work is particularly interesting since 

it contains a wealth of unpublished private communications from other workers in the 

field that would otherwise have been lost had it not been compiled in his work. 

2.6.1.1. Monotectic, Continuous Solid Solution (CSS) or Unlimited Solid Phase 
Solubility 

Consider the simple case of two triacylglycerols that form a continuous solid 

solution with unlimited solubility such as SSS and ESS (Figure 2.2). Such a system is 

called an isomorphous system. Triacylglycerols that exhibit binary monotectic phase 

behavior (CSS) often have very similar physical properties such as melting points, 

molecular volume, molecular conformation and crystalline structure. Important examples 

include:  

(a) Tristearin (SSS) + 1-elaido-distearin (ESS) 
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(b) 1-palmito-2-oleomonostearin (POS) + 2-oleodistearin (SOS)36 

In this ideal phase behavior, the enthalpy of mixing for the solid solution is zero 

(ΔHmix = 0). From a molecular structure perspective, this implies that the molecules of the 

binary system are fully compatible to the point that one may substitute for the other as is 

the case for the gas phase. The provision ΔHmix = 0, is manifested in the phase diagram as 

the absence of a miscibility gap. The miscibility gap is a region in the phase diagram 

where two solid phases (whatever their composition may be) coexist. Where ΔHmix > 0, a 

miscibility gap develops. 

In isomorphous fat systems, the only phases that exist are the solitary liquid phase 

and a solitary solid phase at all compositions. For such a simple two-phase binary system, 

the phase regions are delineated by the liquidus and solidus curves. The liquidus curve is 

an upper bounding curve in the composition-temperature space37. Above the liquidus 

curve, the stable phase for the binary system at all compositions and temperatures is the 

SSS/ESS liquid phase. The liquidus curve is identical to the temperature-solubility curve, 

with the exception that temperature is plotted in the y-axis and the solubility is plotted in 

the x-axis. If the solution behavior is ideal, the temperature-solubulity relationship can be 

established using the Hildebrand solubility equation38: 

log � =
���
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where X is the solubility (given as the molar fraction of the solute or higher-melting 

component), ΔHf is the enthalpy of fusion of the solute (in J/mol), Tf is the melting point 

of the pure component (in K), T is the melting point of the solution (in K) and R is the 

universal gas constant (in J/mol•K). 
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Immediately below the liquidus curve is a region where the solid and liquid phases 

of SSS/ESS co-exist. This solid + liquid region is bounded at the bottom by the solidus 

curve37. Below the solidus curve, all matter in the system is organized into a single all-

solid phase, since the solid solution exhibits unlimited solubility. These lines represent 

phase coexistence --- the liquidus line describes the conditions for phase coexistence 

between the liquid phase and the solid + liquid phase. Likewise, the solidus line describes 

the coexistence between the solid + liquid phase and the solid phase(s).  

In theory, the solidus and liquidus curves are constructed by determining the 

compositions where the free energy is at a minimum for the respective phase being 

studied. For example, a point on the liquidus curve is the composition at that temperature 

where the free energy of the liquid phase as a function of composition is at a minimum. In 

practice, the liquidus and solidus lines of binary triacylglycerol mixtures are often plotted 

using, the initial and final melting points (the so-called thaw-melt method39), respectively. 

In this case, the temperatures on the liquidus curve correspond to the upper melting points 

(i.e. clear points) of the mixtures and the temperatures on the solidus curve correspond to 

the lower melting points (i.e. drop points). The region between the liquidus lines and the 

solidus lines therefore corresponds to the melting range over which the binary 

triacylglycerol mixture melts. 



 

Figure 2.2. Continuous Solid Solution Phase Diagram of SSS/ESS. Adapted 

2.6.1.2. Monotectic, Partial 

Consider the case of two 

solubility. In such a case, the two triacylglycerols have similar physical properties, 

although, not as similar as that

enthalpy of mixing, while small, is greater than zero (Δ

compatibility between the molecular structures. Examples of such systems include:

(a) Tristearin (SSS) + 2

(b) Tripalmitin (PPP) + 2

(c) Tripalmitin (PPP) + Trielaidin (EEE) 
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Continuous Solid Solution Phase Diagram of SSS/ESS. Adapted 
from: Rossell32. 

Monotectic, Partial Solid Solution (PSS) or Limited Solid Phase Solubility

Consider the case of two triacylglycerols that form a solid solution with limited 

solubility. In such a case, the two triacylglycerols have similar physical properties, 

although, not as similar as that found in the Continuous Solid Solution case. Thus, the 

enthalpy of mixing, while small, is greater than zero (ΔHmix > 0), indicating a mild lack of 

compatibility between the molecular structures. Examples of such systems include:

Tristearin (SSS) + 2-oleodistearin (SOS)40 

Tripalmitin (PPP) + 2-oleodipalmitin (POP)41,42,43 

Tripalmitin (PPP) + Trielaidin (EEE)  

 

Continuous Solid Solution Phase Diagram of SSS/ESS. Adapted 

Solid Solution (PSS) or Limited Solid Phase Solubility 

s that form a solid solution with limited 

solubility. In such a case, the two triacylglycerols have similar physical properties, 

found in the Continuous Solid Solution case. Thus, the 

> 0), indicating a mild lack of 

compatibility between the molecular structures. Examples of such systems include: 
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For Partial Solid Solution behavior, the triacylglycerols are not mutually soluble 

in each other. For example (Figure 2.3), SOS exhibits solubility in SSS up to a limit of 

about 50 %, while SSS is not at all soluble in SOS. At sufficiently high amounts of SOS, 

two solid phases are formed --- a solid solution of SOS and SSS and a pure SOS solid 

phase. This region where these two solid solutions co-exist is the miscibility gap. In such 

a diagram, two additional lines can be drawn --- a solindex curve and a solvus curve. The 

solindex curve separates and, describes the phase coexistence between the solid solution 

from the mixture of the solid solution phase and the liquid phase. The solindex curve is 

frequently regarded as being part of the solidus curve.  The solvus curve, which separates 

homogeneous solid solution phases from multiple solid solution phases, separates the 

solid solution from the mixture of the solid solution phase and the pure SOS phase44. 

Movement across the solvus line corresponds to a solid-state phase transformation, such 

as a polymorphic transformation. 



 

Figure 2.3. Partial Solid Solution Phase Diagram of SSS/SOS. Adapted from: 

2.6.1.3. Eutectic Phase Behavior

Two triacylglycerol

conformation, molecular volume and crystalline structure but do not vary greatly in 

melting point often exhibit eutectic phase behavior. In practice, eutectics are commonly 

encountered in confectionery fat blends, where an attempt is made to dilute a premium fat 

(such as cocoa butter) with a cheaper fat (such as the middle melting fraction 

milkfat) that exhibits similar melting points. Due to the molecular incompatibility 

between the triacylglycerols
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Partial Solid Solution Phase Diagram of SSS/SOS. Adapted from: 
Rossell32. 

Eutectic Phase Behavior 

triacylglycerols that vary greatly in physical properties such as molecular 

conformation, molecular volume and crystalline structure but do not vary greatly in 

lting point often exhibit eutectic phase behavior. In practice, eutectics are commonly 

encountered in confectionery fat blends, where an attempt is made to dilute a premium fat 

(such as cocoa butter) with a cheaper fat (such as the middle melting fraction 

milkfat) that exhibits similar melting points. Due to the molecular incompatibility 

triacylglycerols from these fat blends, a softening effect is exhibited due to 

 

Partial Solid Solution Phase Diagram of SSS/SOS. Adapted from: 

s that vary greatly in physical properties such as molecular 

conformation, molecular volume and crystalline structure but do not vary greatly in 

lting point often exhibit eutectic phase behavior. In practice, eutectics are commonly 

encountered in confectionery fat blends, where an attempt is made to dilute a premium fat 

(such as cocoa butter) with a cheaper fat (such as the middle melting fraction of bovine 

milkfat) that exhibits similar melting points. Due to the molecular incompatibility 

from these fat blends, a softening effect is exhibited due to 



26 
 

the depression of the melting points45. In this case, the enthalpy of mixing is greater than 

zero and is relatively large (ΔHmix >> 0). Prominent examples of such systems include: 

(a) Tristearin (SSS) + Tripalmitin (PPP)38,40,41,46,47 

(b) 2-oleodistearin (SOS) + 2-oleodipalmitin (POP)48,49 

(c) 1-palmito-2-oleomonostearin (POS) + 2-oleodipalmitin (POP)48 

In eutectic phase behavior, two solid solutions (traditionally denoted α and β, not 

to be confused with the α and β polymorphic forms), each enriched in either of the 

triacylglycerols in the mixture, are formed. Eutectic phase diagrams are characterized by 

a “butterfly” motif and exhibit two solindex and two solidus curves such as the diagram 

for SSS and PPP (Figure 2.4). The flat line that corresponds to the solidus curve is called 

the eutectic isotherm. Below the eutectic isotherm, the binary system exists as a mixture 

of two solid solutions. The point at 63.0 °C and 25 % SSS, where the “wings” join is the 

eutectic point. The eutectic point is the minimum point of the liquidus curve, which 

would suggest a depressed clear melting point. The word eutectic is from the Greek for 

“easily melted”. Three phases co-exist at the eutectic point: the liquid phase and the two 

solid solution phases. 



 

Figure 2.4. Eutectic Phase Diagram of SSS/PPP. Adapted from: Rossell

2.6.1.4. Peritectic Phase Behavior

Peritectic phase behavior is common in mixtures of mono

unsaturated triacylglycerol

Examples, for which data exist, include:

(a) 2-oleodistearin (SOS) + 1

(b) 2-oleodipalmitin (POP) 

Peritectic phase behavior is characterized by a “pocket” below the solidus line 

(Figure 2.5), which circumscribes a region cons

phase. The peritectic point, at 27.4 °C and 24 % SOS, is the point at which three phases 

(two solid phases and the liquid phase) coexist. At concentrations above the peritectic 
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Eutectic Phase Diagram of SSS/PPP. Adapted from: Rossell

Peritectic Phase Behavior 

se behavior is common in mixtures of mono-unsaturated and di

triacylglycerols. Such phase behavior is not generally widespread in fats. 

Examples, for which data exist, include: 

oleodistearin (SOS) + 1-monostearin (SOO) 
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point, when the liquid and β solid 

liquid phase but into a mixture of the liquid phase and another solid phase, the solid 

solution α. 

Figure 2.5. Peritectic Phase Diagram of SOS/SOO. 

2.6.1.5. Iso-Solid Diagrams

The discussion so far has centered on binary mixtures of two pure 

Fats are often a mixture of triacylglycerols and binary phase diagrams are of limited 

utility when studying the phase behavior of two fats, as opposed to two triacylglycerols. 

Iso-solid diagrams are an empirical approach to describing the phase behavior of two 

An iso-solid diagram is a topographical or contour map consisting of lines that have 
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solid diagrams are an empirical approach to describing the phase behavior of two fats. 

is a topographical or contour map consisting of lines that have 
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identical solid fat contents (hence, iso-solid) in a composition (as a mixture of two fats) 

and temperature space31. The iso-solid diagram is constructed by first determining the 

melting profile of a series of fat blends (Figure 2.6). The points in the melting profiles are 

fitted to a curve such as a spline. The fitted melting profiles of the series of fat blends and 

are then plotted together in the same plot. Horizontal lines at regular intervals (every 10 

% of SFC starting at 0 % SFC) of the solid fat content are drawn. The intersection of this 

horizontal line and the melting profile curves are used to determine the temperature at 

which a particular blend will exhibit the solid fat content specified by the horizontal line. 

This temperature is plotted against the composition in the iso-solid diagram. The points 

with the same solid fat content are connected by a line to trace the contour. 

 

 

Figure 2.6. The Construction of An Iso-Solid Diagram from a Melting Profile. 
Adapted from: Marangoni and Wesdorp2. 

2.6.1.6. Multiple Solid Phase Equilibria 

The central problem in studies of the phase behavior of fat mixtures is the 

prediction of the solid fat content of a fat at a given temperature from the composition of 

the fat. The compositional complexity of fats makes the prediction of the phase behavior 
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of all but the simplest fats very difficult. A relatively “simple” fat such as cocoa butter 

(neglecting the liquid phase and considering only the three main triacylglycerols --- SOS, 

POP and POS) can be described by three pairs of binary phase behavior, which may be 

eutectic (SOS/POP, POS/POP) or monotectic (POS/SOS). Fortunately, for such a simple 

system, the ternary phase diagram can be experimentally obtained relatively easily.  

For more compositionally-diverse fats such as milkfat, one can see how such an 

approach would quickly devolve into an exercise in futility. A more generalized approach 

is needed. Some approaches include multiple linear regression models31, the Excess 

Contribution method50, the TAGs Inductors de Crystallization (TGIC) method51 and the 

TAG Classification method. Multiple linear regression, as the name suggests, formulates 

the solid fat content of a mixture as a linear equation of the mixture components. The 

components are not necessarily triacylglycerols. The parameters of this multi-parameter 

linear equation is obtained via linear regression of experimentally-derived mixture solid 

fat contents with the mixture composition. The Excess Contribution method is an 

extension of the linear regression method, which includes an additional sum describing 

the interaction between any two components.  

The TAGs Inductors de Crystallization (TGIC) method assumes that the solid 

phases in a fat consist predominantly of a single TAG, called the TGIC. The solid phase 

may contain impurities that may modify its thermal behavior, but at its core, it consists of 

a single TAG. The fraction of the solid phase that has melted can be obtained by 

analyzing a DSC melting peak of the TGIC. The solid fat content of a mixture of TGICs 

can be obtained from the contributions of each TGIC. The TAG Classification method 

groups TAGs into classes that form different solid phases in a fat. Each class is described 



31 
 

by a melting point and an enthalpy of fusion. Using the Hildebrand equation, the fraction 

of each TAG class that has melted can be predicted. The solid fat content of a fat is the 

totality of the contributions of each TAG class. 

An attempt to improve on these methods was undertaken by Wesdorp in a Ph.D. 

thesis. All of the previously described methods contain weaknesses which are outlined in 

Wesdorp’s thesis. This work provided a general method for the prediction of the solid fat 

content and the melting range of a fat on the basis of the solid phases formed by its 

components as well as the polymorphic form of these solid phases. This was achieved 

through the solution of the equations describing the equilibrium between a single liquid 

phase and multiple solid phases. To achieve this solution, enthalpies of fusion and the 

melting points of pure TAGs were tabulated or predicted using regression models. The 

activity coefficients of the liquid and solid phases were also predicted. The exact details 

of this solution will not be covered in this work. A summary is provided here and 

interested readers are referred to Wesdorp’s thesis, Liquid-Multiple Solid Phase 

Equilibria in Fats – Theory and Experiments52, for more detail.  

The solution of the equilibria was achieved through “solid-flash” calculations, 

which is an adaptation of liquid-vapor flash calculations designed to deal with multiple 

solid phases as well as multiple polymorphic forms. This flash calculation is performed 

using numerical iterative methods with a stability check to determine convergence 

towards a global minimum. Wesdorp suggested the use of Michelsen’s Tangent Plane 

Criterion method as the stability test and Murray’s modification of Newton’s method for 

finding the Gibbs free energy minimum. 
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The activity coefficients of the liquid phases were experimentally determined 

using the GLC method (using gas chromatography) and compared to predictions 

generated by the UNIFAC group contribution method. The liquid phase was found to 

exhibit ideal solution behavior. The α solid phase was likewise found to exhibit ideal 

solution behavior. The β′ and β polymorphic forms were not considered to exhibit ideal 

solution behavior. To calculate the deviation from ideality, an excess Gibbs free energy 

method (the 3-suffix Margules equation) was used to obtain binary interaction parameters 

using phase diagrams from literature. However, due to the unreliability of literature data, 

an alternative method of obtaining the interaction parameters was developed using DSC 

data of binary mixtures dissolved in liquid oil. A predictive model correlating the 

Margules interaction parameters with structural features of the triacylglycerols was also 

developed. 

The developed method was used for a number of applications, such as predicting 

the melting ranges of fat blends, predicting the solid fat content of a fractionated fat and 

modeling recrystallization phenomena in fats. Applications to other hydrocarbon products 

such as alkanes, waxes and napthalenes were also explored. In most applications, the 

model provided very reliable predictions when verified by experimentation. 

2.7.  Triacylglycerol Crystallization 

Crystallization is the state transformation of a material from the liquid state to an 

ordered solid state, where the constituent molecules are arranged according to regular 

structural motifs. Crystallization is typically understood to be two separate processes: 

nucleation and crystal growth. Nucleation is the formation of an “initial” stable crystalline 

particle, called the nucleus, from a supersaturated liquid phase. Nucleation is considered 
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to be primarily a thermodynamic phenomenon, although kinetic aspects such as mass 

transfer may be an important consideration53. These considerations are particularly 

relevant in the nucleation of a solid phase from a supersaturated liquid phase. Crystal 

growth is the process of incorporating supersaturated crystallizable molecules onto the 

nucleus, enlarging the size of the crystal in the process. Although the incorporation of 

each molecule into the crystal nuclei is a thermodynamically-driven process, crystal 

growth is considered mainly to be a kinetic phenomenon, where the rate of the process is 

limited by mass transfer considerations of the supersaturated material to the site of 

crystallization. In particular, the molecule being incorporated onto the surface of the 

nuclei has to be in the correct conformation in order for it to be included into the crystal54. 

Readers interested in general aspects of the crystallization of fats are referred to 

Boistelle’s excellent introduction on the subject55. Readers are also referred to Garside56, 

Walstra57 and Blaurock’s58 writings on the subject. 

2.7.1.  Nucleation 

Nucleation requires the formation of a metastable supersaturated liquid phase, 

where the chemical potential of the liquid phase is higher than that of the solid phase. A 

supersaturated liquid may be a melt of the fat material or may be a solution of the 

crystallizing material dissolved in an organic solvent (such as in a solvent fractionation 

process) or edible oil (as found in dry fractionation processes). In almost all industrial 

crystallization processes involving fats, supersaturation is achieved via undercooling. 

Undercooling a supersaturated melt below the melting point of the solid phase will result 

in a higher chemical potential for the liquid phase relative to the solid phase. In a solution, 
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a supersaturated liquid phase is achieved when the solute concentration of the solution 

exceeds the solubility limit, which decreases as the temperature of the solution is 

lowered59. Given the dilution inherent in solution phases, a lower undercooling of a 

solution is required to achieve the same degree of supersaturation as a melt.  

Nucleation may be homogeneous (the stable nuclei spontaneously forms from the 

supersaturated liquid phase) or heterogeneous (the stable nuclei forms on the surface of a 

foreign solid “template” material)60. This foreign surface may be the surface of pre-

existing solid crystals (usually from minor components such as phospholipids and high-

melting trisaturated triacylglycerols) or impurities such as dirt particles or the solid walls 

of the crystallization chamber53. 

Thermodynamically speaking, the activation free energy for heterogeneous 

nucleation is lower than that of homogeneous nucleation due to the “catalytic” effect of 

the template material. This catalytic effect arises from the reduction of the surface free 

energy due to an affinity of the formed solid phase for the catalytic surface. As a result, 

the rate of heterogeneous nucleation is higher than that of homogeneous nucleation and 

consequently, the former process is the predominant avenue of nucleation in fat 

materials53. 

2.7.1.1. Primary Homogeneous Nucleation 

In a supersaturated solution, localized sections of the liquid phase are 

continuously forming ordered solid phases in a spontaneous manner due to thermal 

fluctuations in the system. During the transition to a solid phase, the chemical potential of 

the liquid phase is reduced, leading to a reduction in the free energy of the entire system. 

This reduction in the chemical potential of the liquid phase is the driving force of the 
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nucleation process. However, nucleation is not a foregone conclusion, as evidenced by the 

persistence of metastable supersaturated liquid phases. The solid phases formed may not 

be stable and may re-dissolve into the supersaturated liquid phase. This is due to a second 

surface thermodynamic contribution, which results in a higher free energy state. The 

formation of solid phase nuclei introduces an interface between solid nuclei particles and 

the surrounding liquid milieu, which results in an increase in the free energy of the 

system. The incidence of nucleation therefore becomes a competing balance between the 

reduction in the chemical potential of the liquid phase (due to transitions to the solid 

phase) and the increase in the interfacial free energy (due to the introduction of the solid-

liquid interface). The expression for the free energy of nucleation incorporates both terms: 

∆�� = ��� − �� �
∆�

��
� � 

where An is the surface area of the nucleus particle and δ is the interfacial free 

energy per unit area, both of which constitute the “surface term” of the free energy. Taken 

together, these two parameters yield the increase in free energy due to the formation of 

the interface. Vn is the volume of the solid nucleus, Δµ is the reduction in the chemical 

potential due to nucleation and Vm
s is the molar volume of the solid phase. Taken 

together, these three terms constitute the “bulk term” of the free energy, which gives the 

reduction of the free energy due to the formation of the nucleus.  

The free energy may be expressed in terms of the radius r of the nucleus, 

assuming a spherical nuclei shape: 
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At small radii, the surface term dominates due to a high surface area to volume 

ratio. At large radii, the bulk term predominates due to a low surface area to volume ratio. 

An examination of the above equation shows that the free energy-radius curve will exhibit 

a global maximum. At this maximum, the free energy for the entire system is at its 

highest due to an “optimal” surface area to volume ratio. This maximum free energy is 

the activation free energy ΔGn,a and the associated nucleus radius is the critical radius rc 

(Figure 2.7).  

In the region with radii below rc, the surface term dominates and any further 

increases in the radius incurs steeper free energy penalties. A reduction in r will result in 

free energy relief. Thus, in this region, the dissolution of nuclei is promoted as the free 

energy only decreases with decreasing nuclei size. Solid phase particles with a radius 

within this region are typically called crystal “embryos” to emphasize the fact that these 

solid phase particles are unstable and do not persist. 

In the region characterized by radii above rc, the bulk term dominates and further 

increases in r results in free energy reduction. Indeed, reducing r will result in an increase 

of the surface area relative to the volume and will thus incur a free energy penalty. Thus, 

in this region, enlargement of the nucleus is promoted as the free energy only decreases 

when the nucleus size increases. Solid phase particles with a size within this upper region 

are “true” nuclei in the sense that these particles are stable and go on to grow into 

crystals. 

The nucleation process described above (spontaneous formations of solid phase 

nuclei in the absence of external surfaces) is primary homogeneous nucleation. 
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Homogeneous nucleation only typically occurs in high-purity materials and requires high 

supersaturations61. The nucleation is “primary” in that it occurs in the absence of pre-

exisiting solid crystalline phases62. Homogeneous nucleation serves as an extreme 

limiting case, i.e. nucleation will never be more energetically and kinetically difficult than 

the homogeneous case. The critical radius, which delineates the unstable and stable 

regions, is calculated like any optima: by taking the first derivative of the free energy 

expression, setting the resulting expression to zero and solving for r. Performing this 

yields the following expression for rc: 
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Substituting this for r in the expression for the free energy of nucleation gives an 

expression for the activation free energy: 
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Figure 2.7. The Free Energy of Nucleation Δ

2.7.1.2. The Nucleation Rate

The nucleation rate

a supersaturated system. It is typically given in units of the number of nuclei per unit of 

volume and time (1/(m3•s)). The stability of a meta

a matter of kinetics. The Fisher

activation free energy of nucleation Δ

different supersaturations, expressed as undercoolings Δ

rate can be obtained as the inverse
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The Free Energy of Nucleation ΔGn required to nucleate a nucleus with radius 
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nucleation rate, as the name suggests, is the rate at which nuclei is
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a matter of kinetics. The Fisher-Turnbull model63 allows for the calculation of the 
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time the supersaturated system achieves supersaturation (instantaneous if the 

crystallization is considered isothermal) to the time when the first nuclei appear.  

The Fisher-Turnbull equation is an expression for the steady-state nucleation rate J: 

� = � �
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where N is the total number of molecules of the un-nucleated parent phase, A is the 

interfacial free energy per unit area and is calculated as the interfacial free energy divided 

by the surface area of the nucleus, nc
2/3 is the number of particles in the surface of the 

critical nucleus, –ΔGd is the activation Gibbs free energy associated with the diffusion of 

a nucleating particle across the phase boundary and its deposition onto the nucleating 

phase and –ΔGn,a is the Gibbs free energy of nucleation. The term kBT/h is the vibration 

frequency of the un-nucleated parent phase.  

At temperatures corresponding to low supersaturations (or low undercooling), the 

–ΔGd is essentially constant and can be expressed as α: 
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As well, at low supersaturations (or low undercoolings), the dominant term that 

describes the rate of nucleation is the –ΔGn,a term. However, at high supersaturations, the 

–ΔGd term (diffusion being a thermally-activated process) becomes significant and exerts 

a considerable influence on the nucleation rate. 
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The derivation will not be shown but a plot of  − ln
�

�
     vs     

�

(�(��)�)
   will yield a 

straight line with a slope equivalent to: 
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where Vm
s
 is the molar volume of the solid phase (m3/mol), σ is the solid-liquid 

interfacial tension (J/m2), Tf is the melting point or temperature of fusion (K), ΔHf is the 

molar enthalpy of fusion (J/mol), ΔGn,a is the activation free energy of nucleation (J) and 

ΔT is the undercooling (K). Alternatively, a plot of       ln ��      vs         
�

(�(��)�)
     , where 

τ is the induction time in seconds, will also yield the same results. From the slope of the 

Fisher-Turnbull plot, the activation free energy of nucleation ΔGn,a at various 

supercoolings can be calculated: 
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Likewise, with good calorimetric data of the melting point Tf and the melting 

enthalpy ΔHf , the liquid-solid interfacial free energy per unit area σ can be calculated. 

2.7.1.3. Primary Heterogeneous Nucleation 

In a practical sense, most nucleation that occurs in industrial and everyday 

processes is of the heterogeneous type. Primary heterogeneous nucleation refers to the 

thermodynamically-preferable nucleation of the solid phase on an external surface, which 

usually consist of impurities and the container walls. In heterogeneous nucleation, the 

contribution of the surface term to the free energy is reduced when nucleation occurs on 

such a surface64. This is because the interfacial free energy per unit area between the solid 
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nucleus and external surface is less than the interfacial free energy per unit area between 

the solid nucleus and the supersaturated liquid phase. Heterogeneous nucleation implies 

an “affinity” of the solid nucleus for the surface, at least relative to the supersaturated 

liquid phase.  

Heterogeneous nucleation may also occur on pre-existing crystalline nuclei65. To 

distinguish this case from secondary nucleation, it is implied that heterogeneous 

nucleation forms a new crystalline domain on the surface of an existing crystalline 

domain. Crystallographically, this new crystalline domain may be of a completely 

different type than the domain on which it nucleated. In contrast, it is assumed that, in 

secondary nucleation, the molecules being incorporated into the nuclei are being 

incorporated into a pre-existing crystalline domain.  

2.7.1.4. Secondary Nucleation 

In the literature describing the use of seed crystals in the crystallization of fats 

such as cocoa butter, one commonly encounters the term “secondary nucleation”62. 

Secondary nucleation, as opposed to primary nucleation, is a “nucleation” process that is 

initiated due to the presence of pre-existing crystalline phases, called seeds. In secondary 

nucleation, molecules from the supersaturated liquid phase are incorporated into the pre-

existing seed. In the seeding of cocoa butter, the cocoa butter molecules match the 

crystalline structure of the seed, thus promoting the formation of desired polymorphic 

forms66,67,68. Considered in this sense, secondary nucleation is not a true nucleation in the 

sense of forming a new solid phase from a supersaturated liquid phase but rather more 

closely resembles the process of crystal growth, where molecules from the supersaturated 

liquid phase are incorporated into pre-existing solid phases. Secondary nucleation may be 
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promoted in situ through the application of shear during crystallization. Shear flow during 

crystallization may promote the breakage of nuclei, which may then go on to “seed” the 

supersaturated liquid phase. 

2.7.1.5. Isothermal and Non-Isothermal Crystallization 

The conventional thermodynamic treatment of crystallization is isothermal in 

nature --- it assumes that the supersaturated liquid phase crystallizes at a single 

temperature (i.e. the temperature of crystallization). In order to achieve supersaturation, a 

melt needs to be undercooled to this temperature of crystallization before any 

crystallization begins and the heat transfer rate must therefore be very high --- almost 

instantaneous. The chemical potential and supersaturation at the start of crystallization is 

therefore constant. This assumption is valid when the cooling rate is very high (typically 5 

°C/min to 10 °C/min) and that the supersaturated state is achieved before any 

crystallization occurs. As well, any changes in the chemical potential during 

crystallization are solely due to the crystallization of the liquid phase into the solid phase. 

Assumption of isothermal conditions is only valid for high cooling rates. At low 

cooling rates (typically < 5 °C/min), the crystallization is deemed to be non-isothermal. In 

this case, crystallization occurs even as the liquid is still being undercooled to a 

supersaturated state. As such, the liquid crystallizes before it reaches the crystallization 

temperature and the temperature is changing while crystallization is occuring. 

Crystallization thus occurs under variable supersaturations. This is a more complex case 

than isothermal crystallization since the chemical potential of the liquid is evolving from 

the simultaneous occurrence of undercooling and crystallization. 
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Theoretical treatments of non-isothermal crystallization are important as heat 

transfer is limited in most large-scale industrial crystallization processes. Thus, in most 

industrial settings, crystallization processes are more appropriately modeled as non-

isothermal processes. One such treatment69 is the expression of a “kinetic 

supersaturation” in the form of a dynamic supercooling-time exposure β: 
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where Tm is the melting point of the fat, Tn is the temperature at which nucleation 

occurs and ϕ is the cooling rate. The relationship between the nucleation rate J and the 

effective supercooling at nucleation �� is modeled as a random/probabilistic/stochastic 

process with a form identical to a Weibull probability density function: 
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2.7.1.6. Kinetics of Fat Crystallization 

The kinetics of fat crystallization can be described using the semi-empirical 

JMAK (Johnson-Mehl-Avrami-Kolmogorov) theory for isothermal crystallization. This 

model was originally derived by Soviet mathematician Andrey Kolmogorov and 

popularized by Melvin Avrami in a series of Journal of Chemical Physics papers on the 

crystallization of ferrous metals70,71,72. The result of this theory is the JMAK equation 

(also known as the Avrami equation), which, for fats, describes the evolution of the SFC 

as a function of time. Adapted for fats, this equation has the form: 

SFC

SFC���
= 1 − �����
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where SFC is the solid fat content at a given time, SFCmax is the maximum solid 

fat content achieved by the crystallization process, t is time, n is the dimensionless 

Avrami exponent and k is the Avrami crystallization rate constant with units of inverse 

time raised to the power of n.  

The model takes into consideration both nucleation and crystal growth processes 

and the Avrami constant k thus encapsulates both the nucleation and crystal growth rates. 

This constant k is dependent on the isothermal crystallization temperature via an 

Arrhenius-type relationship. The “half-life” of crystallization t0.5 (i.e. when crystallization 

is halfway complete) can be calculated using k and n in a manner similar to that for first-

order processes: 
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The Avrami exponent n reflects the crystallization mechanism and takes into 

account whether the nucleation is instantaneous (all nuclei appear within a short period of 

time before any crystal growth, which is characteristic of high supersaturations) or 

sporadic (nucleation continues throughout the entire crystallization process in conjunction 

with crystal growth, which is characteristic of low supersaturations). As well, the Avrami 

exponent is indicative of the crystal growth morphology, i.e. growth of crystals in one, 

two or three dimensions as rods, discs/plates or spheres, respectively. For the same 

morphology, the Avrami exponent for sporadic nucleation is always equivalent to the 

Avrami exponent for instantaneous nucleation plus one. In this, sporadic nucleation can 

be interpreted as an additional growth “dimension”. Table 2.1 gives the modes of 

crystallization and the corresponding Avrami exponent. 
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Table 2.1. Avrami Exponents and the Corresponding Growth and Nucleation 
Modes 

Nucleation and Growth Mode Avrami exponent (n) 
Instantaneous Nucleation and Rod-like Growth 1 + 0 = 1 
Sporadic Nucleation and Rod-like Growth 1 + 1 = 2 
Instantaneous Nucleation and Disc-like Growth 2 + 0 = 2 
Sporadic Nucleation and Disc-like Growth 2 + 1 = 3 
Instantaneous Nucleation and Sphere-like Growth 3 + 0 = 3 
Sporadic Nucleation and Sphere-like Growth 3 + 1 = 4 

 

The Avrami model can be applied experimentally by tracking the evolution of the 

solid fat content in time. This is achieved by crystallizing a fat in a cooling bath and 

conducting SFC measurements at pre-determined time intervals. A non-linear curve fit of 

the data to the Avrami equation should yield estimates of the parameters k and n such as 

for that of cocoa butter crystallized at different temperatures (Figure 2.8). 
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Figure 2.8. Avrami Growth Curves for Cocoa Butter Crystallized at 15, 24 and 26 
°C. Adapted from: Campos73. 

2.8.  Crystalline Structure and Polymorphism 

Crystalline materials are distinguished by the arrangement and packing of their 

molecular (or atomic) constituents into an orderly and regular pattern. The molecular or 

atomic constituent which comprises the mass of the crystal is known as the asymmetric 

unit. To describe the symmetrical arrangement of these asymmetric units, it is helpful to 

arrange them relative to some reference which serves as scaffolding. This scaffolding is 

the space lattice, which is an abstract array of points in 3-dimensional space. The crystal 

structure refers to the unique arrangement of the each of the asymmetric units relative to a 
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given lattice point. There are fourteen possible space lattices, known as the Bravais 

lattices that arise from the seven crystal systems. These 14 Bravais lattices can completely 

describe the translational symmetry of a crystal.  

The space lattice describes only one aspect of the symmetry of a crystal --- the 

translational symmetry, the other being type of symmetry being point symmetry. 

Symmetry can be defined in terms of the operations that produce a final state 

indistinguishable from an initial state, a condition known as invariance. In translational 

symmetry, a specific translational movement along the x, y and z axes starting at a locus, 

such as an atom, will end up in yet another atom that is indistinguishable from the initial 

atom. A two-dimensional analogy of translational symmetry is a wallpaper print. A 

specific translation along the x and y axes starting from a given locus will reproduce the 

motifs in the wallpaper print. Other analogies include soldiers standing in formation or an 

array of bowling pins. 

In addition to translational symmetry, crystals also exhibit point symmetry, which 

describes the operations a crystal may be subjected to without changing its appearance. 

There are a total of 32 point symmetries. In point symmetry, symmetry operations such as 

mirror reflection, inversion about a center of symmetry, inversion about an axis and 

rotation about an axis are considered. The geometrical object (such as the axis or the 

plane) around which the symmetry operation is conducted is known as a symmetry 

element. Point symmetry is particularly useful in studying the symmetry of the crystal 

faces in mineralogical crystals. For example, a cube may exhibit four-fold rotational 

symmetry as rotating a cube ¼ of a full rotation will leave it virtually indistinguishable 

from its initial configuration. These crystalline faces are indexed by the Miller indices.  
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The combination of 32 point symmetries and 14 translational symmetries gives 

rise to the 73 symmorphic space groups. However, the combination of point symmetries 

and translational symmetries gives rise to two new symmetry operations: screws and 

glides. Taking these new operations into account, there are a total of 230 space groups, 

which can comprehensively describe all crystal structure in 3 dimensions. 

The unit cell is the smallest unit which contains all of the structural information 

necessary to build the crystal. A crystal can be constructed from repeated “stackings” of 

the unit cell in all three dimensions. The unit cell consists of a number of asymmetric 

units arranged inside a parallelepiped, which is characterized by the six lattice parameters 

--- three lengths (a, b and c) and three angles (α, β and γ) or alternatively, by three vectors 

a, b and c. Unit cells can be classified into seven crystal systems depending on the 

symmetry of this parallelepiped. Unit cells are considered primitive, if it can be defined 

by a single lattice point, which is invariant with the 7 other lattice points at the corners of 

the unit cell. Non-primitive unit cells contain more than one lattice point, often within the 

unit cell or on the faces of the unit cell. 

For a brief overview of crystallography fundamentals, readers are directed to 

Glazer’s highly-accessible and affordable Crystallography: A Very Short Introduction74. 

For an introduction to the field of crystallography, Donald Sand’s Introduction to 

Crystallography75 is highly recommended. Much of the introductory material in the 

previous paragraphs is adapted from these works. 
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2.8.1.  Fats as Crystalline Materials 

Fats are not crystals in the purest sense of the word. Rather, fats are crystalline, or 

more specifically, polycrystalline, since fats consist of a large number of monocrystalline 

(single-crystal) particles distributed throughout the bulk of the material. In the jargon of 

crystallography, such a material is known as a “powder”. As well, fats are semi-

crystalline in that the material itself does not consist completely of crystalline material but 

contains an amorphous component (liquid oil). 

2.8.2.  Crystal Structure of Fats 

The fatty acid chains in a triacylglycerol have no defined structure when in the 

liquid state. When triacylglycerols crystallize, the conformation of the fatty acid chains 

are restricted and assume a more defined conformation. This conformation can be best 

described as a chair conformation where the carbon atoms adopt a straight zig-zag 

conformation as shown for the β polymorph of tristearin76 (Figure 2.9). In this 

conformation, the fatty acid chains attached to the sn-1 and the sn-3 position are parallel 

and are stretched to form the back and a leg of the chair. The ester group at the sn-2 

position is oriented such that the fatty acid chain attached at this position is oriented 

parallel to one of the fatty acid chains. By convention, the crystallographic c direction 

corresponds to the long axis (the width of which is the long spacing) in the unit cell and is 

correlated with the length of the fatty acid chains. However, this convention is arbitrary, 

as the crystallographic b direction is sometimes denoted as the long axis. Whatever the 

case may be, for triacylglycerols, there is typically one long axis and two much shorter 

axes, which correspond to the lateral dimensions of the unit cell. 



50 
 

 

Figure 2.9. The unit cell of β-tristearin, exhibiting a long axis tilted at 62.31°. Rendered 
from publicly-available data provided by: van Langevelde and others76. 

Triacylglycerols in these chair conformations can be stacked with the seats on top 

of one another (2L) or with the backs facing each other (3L). The former is known as the 

2L conformation where the long axis corresponds to approximately twice the length of the 

fatty acid chains. The latter is the 3L conformation, where the long axis is approximately 

thrice the length of the fatty acid chains (Figure 2.10). When these triacylglycerol chairs 

are stacked, they may be tilted, so that the long spacing is slightly less than the end-to-end 

length of the fatty acid chains. For more information, the reader is directed to Donald 

Small’s The Physical of Lipids: From Alkanes to Phospholipids77, part of a series entitled 
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densities and melting points. The polymorph formed by a given crystallization process is 

dictated by a variety of chemical, thermodynamic and kinetic factors such as 

triacylglycerol composition, crystallization temperature and cooling rate. Polymorphism 

in triacylglycerols was first observed by Duffy in 1853 in a variety of fats including 

tallow, mutton fat, bovine milkfat and human fat. Duffy noted the existence of different 

melting points for these fats depending on the crystallization conditions78. Since Duffy’s 

initial work, the phenomenon of fat polymorphism has been studied by numerous workers 

and reviewed by countless authors. Some well-cited reviews of this phenomenon include 

the reviews by Lutton79 (1950), Chapman80 (1962) and Sato81 (1996). An excellent, if 

somewhat dated book on this subject is Garti and Sato’s Crystallization and 

Polymorphism of Fats and Fatty Acids82.  

The seminal work on polymorphism was conducted by Clarkson and Malkin in 

193483. In this work, the authors collected melting data and X-ray photographs of a 

homologous series of trisaturated triacylglycerols and identified three polymorphic forms 

based on this data. A similar investigation was extended to other glycerides such as 

monoglycerides84 and diglycerides85 as well as mixed triacylglycerols86,87,88 and 

triacylglycerols containing unsaturated fatty acids89. While Clarkson and Malkin 

identified three polymorphic forms, they were not technically correct as they identified 

one of these polymorphic forms as “vitreous”. Triacylglycerols were later shown not to 

form glassy phases. Lutton corrected this in 1945 and introduced the nomenclature that is 

still in use today90.  

From a structural perspective, the different polymorphic forms in fats arise 

because the aliphatic moieties in these molecules may pack laterally into a number of 
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different conformations in a crystalline lattice. Several polymorphic forms exist and fat 

crystals may undergo solid-state polymorphic transformations from one polymorph to 

another. In solid-state transformations, the transformation of one polymorph to another is 

achieved via re-arrangements of the structural units in the crystalline lattice. These re-

arrangements typically decrease the size of the long spacing as chains tilt more in the 

more stable polymorphs. 

Polymorphic transformations in triacylglycerols are monotropic, that is, there 

exists only one thermodynamically-stable polymorph under all possible conditions of 

temperature, pressure and composition91. Polymorphic transformations in triacylglycerols 

are therefore irreversible in that polymorphic transformations inexorably move in a 

direction towards the most stable polymorphic form. The criterion for stability is often the 

melting point of the polymorphic form. Using this criterion, the melting points can be 

ordered as follows: β > β′ > α. 

In contrast, polymorphic transformations in other organic molecules, such as 

alkanes, are enantiotropic. In enantiotropic polymorphs, the most thermodynamically-

stable polymorph is determined by a set of conditions such as temperature, pressure and 

composition. Changes in these thermodynamic variables to a new set of conditions may 

result in another polymorphic form becoming the most thermodynamically-stable. 

Consequently, changes in these variables will result in the transformation of one 

polymorphic form to the stable polymorph as dictated by the conditions. This 

transformation may be reversed when the thermodynamic variables are restored to the 

previous conditions. So-called melt-mediated polymorphic transformations are not true 

polymorphic transformations. Melt-mediated transformations are nothing more than the 
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melting of the solid phase, followed by its re-crystallization into a different polymorphic 

form. 

In triacylglycerols, it is commonly agreed that three major polymorphic forms 

exist, in order of increasing stability: alpha (α), beta-prime (β′) and beta (β). These three 

polymorphs are distinguished by the crystal system into which ethylene sub-units of the 

triacylglycerol aliphatic chains pack into92. For the α polymorph, the packing is 

hexagonal; for the β′ polymorph, orthorhombic; for the β polymorph, triclinic. The β 

polymorph is the most stable polymorph but it is not uncommon for fat crystals to persist 

almost indefinitely in the β′ polymorph due to kinetic considerations.  

The polymorph preferred by a certain type of fat is largely determined by its 

chemical composition. β′-tending fats are typically very heterogeneous in terms of fatty 

acid composition and the positional distribution of these fatty acids within the 

triacylglycerol molecule are typically asymmetrical. Common examples of β′ tending fats 

include palm oil and milk fat. The relative lack of order in the fatty acid distributions 

makes it thermodynamically difficult to achieve a dense and orderly packing that is 

characteristic of the β polymorph. Fats that crystallize readily into the β polymorph 

almost always have homogeneous fatty acid compositions or are composed of fatty acids 

where the chain lengths are not too different (less than four carbons). As well, the 

positional distribution of the fatty acids within the triacylglycerols is symmetric as in the 

cases of tristearin/SSS (homogeneous fatty acid composition with a symmetric 

distribution) or 2-oleodistearin/SOS (heterogeneous fatty acid composition with a 

symmetric distribution). 
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Two other polymorphic sub-forms have been identified: the sub-α polymorph93,94 

and the γ (sub-β) polymorph95,96. These polymorphs exhibit X-ray short spacings 

characteristic of one of the three main polymorphs but exhibit melting behavior that is not 

consistent with the trends observed for the three polymorphs. For example, the sub-α 

polymorph of a triglyceride exhibits spacings characteristic of the β′ polymorph but melts 

at a temperature below the α polymorph. Likewise, the γ polymorph exhibits spacings 

somewhat similar to the β polymorph but actually melts at a temperature below the β′ 

polymorph. The γ polymorph is typically present in triglycerdes containing an unsaturated 

fatty acid in the sn-2 position, such as SOS, POS and POP as well as versions of these 

triacylglycerols containing linoleic acid in the sn-2 position97. 

2.8.3.1. The Alpha (α) Polymorph 

The α polymorph is the least stable polymorph. It is typically formed under 

cooling rates greater than 1 °C/min or high levels of undercooling (> 15 °C). This is 

because the activation free energy for the α polymorph is lower than that for the other 

polymorphs so that it is kinetically preferred over other polymorphs. Likewise, the β′ 

polymorph is kinetically favored over the β polymorph98. The α polymorph is 

characteristically unstable and readily transforms to more stable polymorphs within a 

short period of time99.  

In the α polymorph, the aliphatic chains of the triacylglycerols are packed into a 

hexagonal subcell100. This conformation has a relatively low density because of the loose 

packing. The α polymorph is identified by a characteristic X-ray peak corresponding to 

4.15 Å in the wide-angle/short-spacing region80. The loose packing allows for the co-

crystallization of chemically heterogeneous TAGs to form mixed crystals. The loose 
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packing also allows for a high degree of freedom for the movement of the aliphatic 

chains. This allows for transitions from the α polymorph to the β′ polymorph to occur 

readily101. 

2.8.3.2. The Beta Prime (β′) Polymorph 

The β′ polymorph is the next most stable polymorph after the α polymorph. In fats 

that consist predominantly of chemically heterogeneous triacylglycerols, the β′ 

polymorph is the most stable polymorph achieved by these triacylglycerols. This 

polymorph may form directly from the melt or through polymorphic transformations from 

the α polymorph. The aliphatic chains in the β′ polymorphic form are packed into a denser 

orthorhombic subcell structure100. This polymorph is characterized by X-ray peaks 

corresponding to 3.8 Å and 4.2 Å in the wide-angle/short-spacing region80. Given the 

denser packing (and thus spatial restrictions), the β′ polymorph is more limited in the 

variety of TAGs that can be incorporated into such a structure.  

2.8.3.3. The Beta (β) Polymorph 

The β polymorph is the most stable polymorph. In this polymorph, the TAGs 

achieved the highest packing density possible. The aliphatic chains within TAGs pack 

into a triclinic subcell arrangement100, with a characteristic spacing at 4.6 Å in the wide-

angle region80, as well as weaker peaks corresponding to 3.68 and 3.86 Å31. The β form is 

most common in chemically homogeneous and positionally symmetrical TAGs such as 

those found in cocoa butter and trisaturated triacylglycerols. This polymorph typically 

forms when the triacylglycerols are crystallized at low supersaturations or low cooling 

rates. 
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2.8.3.4. Notes on Nomenclature34 

Each of the three polymorph types (α, β′, β) may have multiple sub-forms. A 

common example of this is Form V and Form VI of cocoa butter, both of which are β 

polymorphs with 3L packing. To distinguish between these two types of polymorphs, a 

subscript is added so that Form V is known as β1 and Form VI is known as β2. This 

should not be confused with the identification of the chain length stacking of the 

triacylglycerols, which are denoted by the addition of -2 (for 2L packing) and -3 (for 3L 

packing). To use these two notational conventions, Form V and Form VI of cocoa butter 

can be denoted as β1-3 and β2-3, respectively. 

2.8.4.  X-Ray Diffraction 

The primary means of studying the crystalline structure of fats (and of most 

crystals) is X-ray Diffractometry (XRD), specifically powder XRD. Fats can be studied 

using single crystal techniques. However, in practice, this is not feasible due to the 

difficulty in growing a large-enough triacylglycerol single crystal. The physical basis of 

XRD, as the name suggests, is the diffraction of X-rays when they encounter atomic 

spacings with dimensions comparable to the wavelength of X-rays (10-11 to 10-8 m). The 

atoms in crystals can be envisioned as being arrayed in regularly-spaced, repeating 

planes. These spacings are analogous to slits in discussions of diffraction. When X-rays 

strike the electron clouds within the atoms in these planes, they are reflected elastically. 

As the atoms are regularly spaced, the reflection of X-rays by enough of these atoms 

generates an ordered array of reflected X-rays. In essence, the structural information in 

the crystal is “encoded” into the reflected X-rays.  
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Information about spacings in a crystal is recovered via diffraction. Through the 

use of a goniometer in the X-ray Diffraction apparatus, the angle at which the incident X-

rays encounter the crystalline planes can be controlled. The angle of reflection is 

equivalent to the angle of incidence. By scanning these incident angles, constructive 

interference may occurs when reflected X-rays are in phase. This results in an increase in 

the reflected X-ray intensity, which is detected by an X-ray detector. Constructive 

interference is achieved when the X-rays reflected from two adjacent planes satisfy the 

Bragg condition: 

�� = 2� sin � 

where n is an integer (n = 1, 2, …), λ is the wavelength of the incident/reflected X-rays, d 

is the spacing between two adjacent reflecting planes and θ is the angle of 

incidence/reflection. In order for constructive interference to occur, the Bragg condition 

requires that the difference in the distance travelled by two reflected X-rays (2d sin θ) is 

equivalent to an integer multiple of the X-ray wavelength. Since the wavelength λ is 

known and the angle of incidence/reflection θ at which constructive interference occurs 

can be measured, the spacing d can be calculated (Figure 2.11). 

 The result of an X-ray diffraction experiment is an X-ray spectra or diffraction 

pattern. An X-ray diffractometer instrument produces the pattern shown in Figure 2.12, 

which is an X-ray scattering pattern of fully hydrogenated canola oil (predominantly SSS 

triacylglycerols) showing the three main triacylglycerol polymorphs. The spectra can be 

divided into two main regions. The small-angle X-ray scattering (SAXS) region, as the 

name suggests, corresponds to the signal obtained by the diffraction of X-rays incident on 
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the scattering planes at small angles. Since, the planes which give rise to these spacings 

are separated by relatively large distances, the spacings obtained from the reflections in 

long spacings. In triacylglycerol crystals, these spacings usually 

correspond to the height of the triacylglycerol lamella. Likewise, in the wide

(WAXS) region, the signal obtained is due to the diffraction of X

approaching the scattering planes at relatively large angles. The spacings that arise from 

short spacings. These spacings typically correspond to the spacings 

molecular entities, such as between the ethylene groups of the 

triacylglycerol hydrocarbon chains. The three main polymorphs are “fingerprinted” by 

their short spacings as shown in Figure 2.12. 

The geometry of the relationship between the angle of incidence and 
the interplanar spacings d. Reproduced from: Campos73.
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Figure 2.12. X-Ray Spectra of the α, β′ and β polymorphs with characteristic 
spacings (in Å). Adapted from: Marangoni and Wesdorp2. 
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2.8.5.  Studies on the Crystal Structure of Triacylglycerols 

Widely considered to be the seminal work in the study of the crystal structure of 

triacylglycerols is Vand and Bell’s (1951) near-solution of the crystal structure of the β 

form of trilaurin102, with the full structure being reported by Larsson in 1964103. Vand and 

Bell also introduced the concept of a subcell --- a smaller unit cell within the main 

triacylglycerol unit cell describing the packing of repeating sections of the aliphatic fatty 

acid chains. The next major work in the solution of the unit cell of a triglyceride was 

Jensen and Mabis’ solution of the crystal structure of the β polymorph of tricaprin in 

1966104,105. Yet another β form triglyceride whose structure was subsequently solved in 

1992 was 1,2-dipalmitoyl-3-acetyl-sn-glycerol106. The solution of β form triacylglycerols 

came first, due to the relative ease with which β crystals can be grown. The solution of the 

β′ forms of 1,3-dicapryl-2-lauryl-sn-glycerol107 and 1,2-dipalmitoyl-3-myristoyl-sn-

glycerol108 was achieved much later in 2000 and 2001, respectively.  

2.9.  Crystalline Nanoplatelets 

Recent work has revealed the existence of nanometer-sized single crystals (10 to 

100 nm), christened crystalline nanoplatelets or CNPs109 (Figure 2.13). In the structural 

hierarchy of fats, CNPs occupy the structural level between the molecular and the 

microstructural level, the latter being the structural level where fat spherulites are 

observed. These nanostructures were imaged using transmission electron microscopy and 

their size was characterized using small-angle X-ray scattering. That these CNPs should 

exist should come as no surprise. The fat “crystals”, with a size between 1 μm to 100 μm, 

that are observed when viewing a fat under a polarized light microscope are not true 
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crystals in the sense that they do not consist of a single crystalline domain. Rather, these 

spherulites are polycrystalline aggregates of multiple crystalline CNPs110.  

These CNPs were imaged by de-oiling and deconstructing fat materials111,112. The 

fat materials studied were blends of fully-hydrogenated canola oil FHCO (predominantly 

tristearin) and high-oleic sunflower oil HOSO (predominantly triolein). The crystalline 

material in this fat invariably crystallized into the β polymorphic form. De-oiling was 

achieved by immersing the fat material in cold (10 °C) isobutanol to avoid dissolution of 

solid crystalline material. The fat material was sonicated to induce de-aggregation of the 

crystalline nanoplatelets. The de-oiled fat material was then imaged using a transmission 

electron microscope.  

The structural features of these CNPs were characterized in much detail. The 

corners formed by the CNP edges were angled at approximately 60 °, which is in 

agreement with the crystallography of the β polymorph, where the triacylglycerol 

molecules were tilted at this angle. The length and width distributions of these single-

crystal CNPs were measured via image analysis of the TEM micrographs. These 

distributions were right-skewed. The dimensions of these CNPs were found to vary with 

the supersaturation experienced by the crystallizing melt. Supersaturation was controlled 

by varying the composition of the fat blend. Fats comprised only of pure FHCO exhibited 

smaller crystals --- average lengths and widths of 148 nm and 63 nm, respectively than 

blends crystallized at low supersaturations. The latter blends, consisting of approximately 

30 % FHCO dissolved in HOSO, exhibited larger crystals with average lengths and 

widths of 369 nm and 167 nm.  
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The crystallization into smaller crystals with increasing supersaturation is 

consistent with known crystallization behavior. A high supersaturation will result in a 

high nucleation rate, which would increase the number of nuclei. During crystal growth, 

supersaturated crystallizable material is distributed among a larger number of nuclei than 

would be the case if there were fewer nuclei. This leads to a reduction in size. In addition 

to experiencing a low supersaturation, a highly-diluted system will exhibit a lower 

viscosity (with HOSO oil being less viscous than a melt of FHCO). This low overall 

viscosity promotes enhanced mass transfer of supersaturated material in the material, 

leading to enhanced crystal growth. 

Due entirely to chance, a CNP would sometimes be oriented such that a lateral 

side view of the crystal was imaged. These images showed striations that were 

perpendicular to the height of the CNP. Using image analysis, the distance between two 

such striations was measured to be approximately 40 to 60 Å. These dimensions are 

consistent with the length of triacylglycerols in crystalline lamella. In pure FHCO, the 

spacing between two striations was measured to be approximately 42 Å, a result closely 

supported by the small-angle X-ray diffraction data, which showed a spacing 

corresponding to 45 Å. 

The scarcity of CNPs aligned by chance to expose a side view required other 

means of characterizing the third dimension of CNPs. Small-angle X-ray spectra of 

FHCO/HOSO blends were analyzed using Scherrer analysis, which is a method for 

determining the size of the crystalline domains corresponding to X-ray reflections using 

the peak widths of these X-ray reflections. The crystalline domain size showed the same 

trend with respect to supersaturation as the lengths and widths --- the crystalline domain 
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size decreased with increasing supersaturation and increased with reduced 

supersaturation. The average domain size of pure FHCO, as per Scherrer analysis, was 

313 Å, which agrees completely with the results (312 Å) from image analyses of the side 

views of CNPs, however few these may be. The height of the CNP was shown to be 

identical to the size of the crystalline domain, which reinforces the view that the CNP is 

the single-crystalline entity in a fat material  

 

Figure 2.13. Crystalline nanoplatelets showing lamellar striations. Magnification Bar = 
100 nm. Reproduced from: Acevedo and Marangoni109. 
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2.9.1.  Crystallization Conditions 

The influence on the morphology of these crystalline nanoplatelets of chemical 

modifications such as interesterification and emulsifier addition and of various 

crystallization parameters such as the cooling rate, crystallization temperature and the 

application of shear during crystallization was assiduously studied113. Interesterification 

of the FHCO/HOSO blends resulted in a fat with a lower SFC compared to the un-

interesterified blend. To account for this, non-interesterified FHCO/HOSO blends were 

formulated such that their SFC matched those of the interesterified blends and 

comparisons were only made between fats with identical solid fat contents. For the same 

SFC, the CNPs from the non-interesterified blends were much larger than the 

interesterfied fats. Interesterification results in the creation of triacylglycerols with mixed 

fatty acids, such as OOS and OSS, which amounts to a “dispersion” of stearic acid. This 

effectively increases the amount of crystallizable material, which would increase the 

nucleation rate, which, in turn, will reduce the crystal size. 

Fats that were crystallized under a high cooling rate (10 °C/min) exhibited smaller 

CNPs than those crystallized under a slow cooling rate (1 °C/min). This result is entirely 

consistent with nucleation theory. If isothermal crystallization can be assumed, a high 

cooling rate results in a higher supersaturation, which leads to a high nucleation rate and 

smaller crystal sizes. Presumably, for fats crystallized under the slow cooling regime, the 

crystallization is non-isothermal. If the CNPs crystallized before the final undercooling 

was achieved, the supersaturation experienced by the liquid phase is effectively lower 

than if the liquid phase was undercooled fully before the initiation of crystallization. A 

lower supersaturation would lead to a lower nucleation rate, which would result in larger 
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CNP sizes. Likewise, in fats that were crystallized under isothermal conditions, a high 

crystallization temperature (i.e. low undercooling) resulted in a larger CNP size than if the 

fat was crystallized at a low crystallization temperature (i.e. high undercooling). The same 

supersaturation-nucleation rate-crystal size argument applies in this case. In short, low 

crystallization temperatures and high cooling rates reduce crystal size by increasing the 

supersaturation, which increases the nucleation rate. 

The introduction of a high shear rate (300 s-1) during crystallization reduced the 

dimensions of the CNP crystal. The application of shear has been shown to increase the 

nucleation rate by improving heat and mass transfer conditions. As well, shear has been 

shown to initiate secondary nucleation. All three factors effectively increase the 

nucleation rate, which, as shown previously, reduced the CNP size.  

Further studies showed that at low shear rates (i.e. below a “critical shear rate of 

240 s-1), larger CNP sizes were observed114. The argument to explain this phenomenon 

was that, at this shear rate, mass transfer conditions were improved, which promoted 

increased crystal growth. However, at such low shear rates, nucleation was not improved 

considerably (i.e. no secondary nucleation) so that in a low shear rate regime, rate of 

crystal growth outpaces that of nucleation, leading to larger CNP sizes. The introduction 

of shear also increased the anisotropy of the CNPs, leading to crystals with a higher 

aspect ratio. In this case, longitudinal growth of the CNPs was enhanced. 

Emulsifier addition had a significant impact on the CNP size115. This effect was 

dependent on the emulsifier type. It was shown that the addition of sodium stearoyl 

lactylate (SSL) and sorbitan monopalmitate (SMP) reduced the CNP size. Using a 
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nucleation rate argument, one can surmise that the addition of these emulsifiers reduced 

the solid-liquid interfacial tension such that an increased rate of nucleation was achieved, 

leading to smaller crystal sizes.  

The addition of glyceryl monostearate (GMS), glyceryl monopalmitate (GMP) 

and polyethylene glycol sorbitan monostearate (PGMS) increased the CNP size. It would 

be spurious to suggest that these emulsifiers increase the solid-liquid interfacial tension 

via the crystal size-nucleation rate argument. It is more likely that these emulsifiers 

inhibit nucleation via structural considerations, which would lead to a lower nucleation 

rate and a larger CNP size. The use of unsaturated emulsifiers (monoacyglycerols of 

oleic, linoleic and linolenic acid) also enlarged the CNPs116. 

2.10.  Aggregated Crystalline Nanoplatelets 

Due to the inaccessibility of the nanostructure to experimental methods, there is an 

inherent difficulty in studying the dynamics of the nanostructure, that is, the aggregation 

of the crystalline nanoplatelets into higher-order structures. The previous study relied on 

disassembling the fat crystal network to characterize the crystalline nanoplatelets, an 

approach that is obviously not well-suited towards the study of CNP aggregation. Recent 

technological improvements as well as the proliferation of supercomputing have allowed 

for the use of modern methods such as (1) computer simulation and (2) ultra-small-angle 

X-ray scattering (USAXS) for the study of the dynamics of this level of structure. In these 

methods, it is often helpful (if not outright necessary) to employ theoretical models to 

describe the aggregation of the CNPs.  
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Based on X-ray measurements, fat crystal networks can be organized into 5 

structural levels117. The first level corresponds to the subcell packing of the ethylene 

groups in triglyceride crystals. The second level concerns the lamellar packing of the 

triacylglycerols in a crystalline nanoplatelet. The third structural level corresponds to the 

crystal habit (morphology and dimensions) of the crystalline nanoplatelet itself. The 

fourth structural level corresponds to the aggregation of the CNPs into higher-order 

structures while the fifth structural level corresponds to the aggregates of these higher-

order structures. Each of these structural levels is described by a characteristic length 

scale, all of which can be accessed by X-ray techniques. The first and second structural 

levels can be accessed by conventional X-ray diffraction techniques and correspond, 

respectively, to the wide-angle and small-angle regions of the X-ray spectra. The last 

three structural levels, however, can be accessed only through USAXS. Elucidation of the 

structures at these length scales had to wait for the advent of USAXS.  

2.10.1.  Computer Simulations 

The aggregation of CNPs as arrays of spherical units was modeled using coarse-

grained models and the Metropolis Monte Carlo algorithms118. The interactions between 

two CNPs were modeled as the pairwise van der Waals interactions between all of the 

spherical units from both CNPs. Three interaction regimes, corresponding to weak, 

intermediate and strong van der Waals forces were studied. 

 In the Metropolis Monte Carlo method, the CNPs were allowed to translate or 

rotate in an entirely random fashion (hence the “Monte Carlo” nature of this method). If 

the final position and orientation resulted in a minimization of the interaction free energy, 
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the random translation and rotation operations were “accepted”, while an increase in the 

interaction free energy led to the rejection of the final position and orientation and a 

reversion to the initial state. This operation was repeated until the interaction free energy 

of the entire system rested on a minimum. 

The fractal dimension of the resulting structure was calculated from a hypothetical 

X-ray spectra that would be generated if the resulting structure were subjected to X-ray 

scattering. The scattering intensity in an X-ray spectra is a result of a form function P(q) 

and a structure function S(q). The form function describes the scattering experienced as a 

result of the interaction between X-rays and the individual particles (crystalline 

nanoplatelets in this case). The structure function describes the scattering due to the 

spatial correlation between the individual particles (spacings between the crystalline 

nanoplatelets). At relatively low values of the scattering vector q, it can be assumed that 

P(q) is constant. Thus, the scattering intensity in the X-ray spectra is described entirely by 

the structure function S(q), which was computed from the structure. The fractal dimension 

D can be computed from the structure function as: 

�(�)~��� 

 No structures were formed in the case of “weak” van der Waals forces. In the 

“intermediate” case, cylindrical stacks of CNPs were observed. These structures were 

christened TAGwoods (since they resembled a multi-layered dagwood sandwich). 

Paradoxically, the inclusion of a higher number of CNPs in the simulation resulted in 

shorter TAGwoods, on average. The fractal dimension (2.0 to 2.1) obtained for the 

intermediate case suggested that the aggregation was reaction-limited. For the “strong” 
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interaction case, the fractal dimension of the resulting structure was found to be 1.75, 

which indicated diffusion-limited aggregation.  

The aggregation of TAGwoods (with intermediate strength van der Waals forces) 

was modeled with the TAGwoods being respresented by rigid columns of spheres. Two 

aggregation regimes were found: an initial aggregation regime and a long-time 

aggregation regime. In the initial aggregation regime, the TAGwoods aggregated via 

diffusion-limited cluster aggregation (DLCA) to form structures with a fractal dimension 

of 1.7. Relaxation of these initial structures comprised the long-time aggregation regime, 

where the initial structures relaxed to form a final structure characteristic of reaction-

limited cluster aggregation (RLCA). Shorter TAGwoods were also observed to relax 

much more quickly than longer TAGwoods.  

Using the same methodology, CNPs with modified surfaces were also 

modelled119. These CNPs may be wetted by liquid triacylglycerols, which would result in 

a diffuse surface with an uneven and indefinite boundary. The CNPs may also be coated 

with solid triacylglycerols, which would result in a rough surface with an uneven but 

definite boundary. It was postulated that the CNP faces parallel to the triglyceride axis 

were more likely to be coated due to a higher density of aliphatic groups along these faces 

(hence more van der Waals interactions). 

Three aggregation regimes were identified when CNPs were coated with 

triacylglycerols. In the thin-layer regime, where the coating of triglyceride on the CNP 

surface is thin enough, the CNPs can interact through the coating and stack to form 

TAGwoods as if the coating was not there. In the intermediate-layer regime, the coating is 
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thick enough to hamper the aggregation of the CNPs into TAGwoods, which results in a 

significant amount of non-aggregated CNPs existing side-by-side with TAGwoods. In the 

thick-layer regime, no TAGwoods are formed since the coating is thick enough to hamper 

aggregation.  

2.10.2.  USAXS Studies 

The first use of USAXS techniques with a synchrotron light source to study the in 

situ aggregation of tristearin CNPs in triolein was reported in 2013120. The obtained 

USAXS spectra were fitted to the Unified Fit Model (UFM) and the Guinier-Porod (GP) 

Model. In the UFM, scattering is assumed to come from only a single scatterer and that 

the scatterers are spherical. The UFM is a summation of a Guinier Law and a Porod 

scattering law. Fit parameters from the UFM, such as the radius of gyration Rg and the 

Porod exponent P can be used to deduce features about the scatterers. The radius of 

gyration is directly correlated with the size of the scatterer while the Porod exponent is 

indicative of the internal structure of the scatterer. Constraints were applied to the fit. The 

first level (corresponding to the CNPs) was constrained such that P = 4. This assumes that 

the surface of the CNP was smooth.  

The scatterers in the structural level corresponding to the CNPs were found to 

have a radius between 50 to 80 nm, which is consistent with the size of CNPs determined 

via TEM. The USAXS studies also found that as the concentration of tristearin was 

increased, the CNP size (as given by the radius of gyration) decreased. The size of the 

scatterers in the structural level corresponding to the TAGwoods (aggregates of CNPs) 

was found to be approximately 300 to 700 nm. For this level, P = 3, which indicated that 
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these scatterers were not fractal and were distributed evenly in space. This result indicated 

that these scatterers did not undergo further aggregation.  

The Guinier-Porod (GP) model is similar to the UFM model but does not restrict 

the number of radii of gyration in each structural level. Multiple scattering parameters are 

permitted as long as they arise from the same population of scatterers. The GP model also 

allows for scatterers with non-spherical geometries. The geometry of the scatterer is 

quantified in the model parameters s1 and s2. Fitting the USAXS data to GP model 

revealed a structural level with s1 between 1.0 and 1.3, which is characteristic of a 

cylinder. This is consistent with previous computer simulation work, which suggested the 

existence of a cylindrical aggregate. The length of the scatterers in this level was between 

650 nm and 950 nm. In agreement with previous simulation results, an increase in 

tristearin concentration reduced the length of the cylinder. The radius of the cylinder was 

determined to be between 60 to 100 nm, which is consistent with the size of a CNP. 

2.10.2.1. USAXRD Studies of Complex Mixtures of Triacylglycerols 

USAXS methods were also used to study more complex fats consisting of 

mixtures of triacylglycerols121. These mixtures included (1) tristearin dissolved in triolein 

and cottonseed oil, (2) tristearin and shea butter dissolved in high-oleic sunflower oil 

(HOSO) and (3) a mix of partially hydrogenated canola oil (PHCO) and triolein. The 

diversity of triacylglycerols in these mixtures were assumed to change the morphology of 

the CNP surfaces, which would require the CNP surfaces to be treated as “rough” 

surfaces instead of “smooth” surfaces. This “rough” surface could be a result of 

amorphous scattering by a layer of adsorbed oil on the surface of the CNP or may be 

caused by the crystallization of solid TAG particles on the surface of the CNP.  
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The USAXS pattern for PHCO + triolein showed the presence of rough 

crystallites on the surface of the CNPs that were formed when TAG species such as SOS 

crystallized on the surface of a CNP. The TAGwoods in this system was approximately 

twice as large as the TAGwoods in an equivalent system consisting of tristearin + triolein. 

The morphology of the TAGwoods, as given by the GP parameters, was also less 

cylindrical (lower aspect ratio) than the morphology of TAGwoods in the tristearin + 

triolein system. A similar analysis of the USAXS pattern of the tristearin and shea butter 

+ triolein and the tristearin and cottonseed oil + triolein mixture showed that the CNPs 

were coated with an amorphous layer of oil. This coating was uneven in that the two CNP 

faces perpendicular to the molecular axis were not coated as heavily as the other four 

CNP faces. This promoted the aggregation of TAGwoods into one-dimensional 

aggregates. 

2.10.2.2. USAXRD Studies of High-Solids Systems 

The aggregation regime in the previous studies can be characterized as “dilute” 

systems in that the solid fractions did not exceed 20 % wt/wt. USAXS and computer 

simulation techniques were also applied to study fats without an oil phase, i.e. pure 

tristearin or pure tripalmitin122. Computer simulation was also utilized to model the 

crystal growth of tristearin grains. This was achieved by calculating the radius of 

curvature of the growing crystal’s grain boundaries using structure functions S(q) of the 

grain boundaries. Analysis using the UFM model of the USAXS patterns from these fats 

showed the formation of nanometer-sized voids at the grain boundaries between two 

crystal grains. The size of these voids was approximately 370 nm for tristearin and 440 



 

nm for tripalmitin. The surface fractal dimensions for these nano

surfaces of these voids were rough. 

2.11.  Rheology 

Broadly defined, rheology is the study of the response of a material to an applied 

force. Central to this discipline is the concept of a 

normalized over some characteristic dimension of the test material. The response of the 

material to the applied stress is in the form of a 

over a feature over which the deformation develops. The measures of stress and strain are 

dependent on the mode of deformation, which is traditionally divided into three 

categories: elongative/tensile, shear and bulk/compressive deformation (

these three modes, the most relevant with regards to fats are elongative and shear 

deformations. 

Figure 2.14. Compressive, Shear and Bulk Deformations. Adapted from: Marangoni and 

Elongative/tensile deformation, as the name suggests, refers to the deformation of 

the material along a single dimension such that the dimension is extended/elongated. A 

compressive stress may also be applied to fats. However, as solids, fats are 
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incompressible materials and the application of a compressive stress will generally result 

in an elongation in another dimension. Poisson’s ratio describes the transverse change to 

the longitudinal change due to an applied tensile stress. This ratio is the ratio of the 

transverse contraction or expansion to the longitudinal extension or compression, 

respectively. The ratio is positive for extensive deformations and negative for 

compressive deformations. The elongative stress, termed the normal or tensile stress σ, is 

a normal force Fn applied over an area A that is perpendicular to the direction of the 

deformation, while is the normal strain ε is formulated as the length change ΔL 

normalized over the initial length L0 of the dimension over which deformation occurs: 
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The normal stress has units of Pascals, Pa (N/m2) while the strain is unitless.  

The elastic modulus, denoted E, also known as Young’s modulus, is the ratio of a 

given normal stress σ required to produce a given normal strain ε and is equivalent to the 

slope of the stress-strain curve: 

� =
�

�
=

��(��)

�(��)
 

A Hookean solid (described by Hooke’s Law) is a material that exhibits ideal 

solid behavior. In the ideal regime, the application of a force F along the axis of 

elongation results in a deformation ΔL that is described by the relationship below, which 
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has a constant of proportionality k, which is the stiffness or the “spring” constant 

(analogous to its behavior as a spring): 

� = �(��) 

Upon the removal of the force F, the deformed ideal solid recovers fully into its 

original dimensions and suffers no permanent deformation. This implies that all 

mechanical energy input into the material is stored during deformation and all of this 

energy is subsequently released upon removal of the deforming force. 

 Shear deformation refers to the dislocation of a parallel plane surface of a 

material (typically a surface) relative to a parallel plane in the material. The shear stress τ 

is a force Fp parallel to the direction of the deformation applied over the area of the face 

being dislocated, while the shear strain γ is the dislocation/displacement s of the sheared 

face over the distance d between the sheared and undisplaced face: 
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The shear strain γ is equivalent to the tangent of the angle ϕs formed between the 

sheared face and the undisplaced face. At very low deformations (which is the case for 

ideal solids), the angle ϕs is approximated as the shear strain via the small-angle 

approximation: 

�� ≈ � 
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The shear stress has units of Pascals (N/m2) while the shear strain is unitless. The 

shear modulus G, describes the shear stress τ required to produce a given shear strain γ: 

� =
�

�
=

��(�)

�(�)
 

Materials that flow and do not have fixed shapes are known as fluids (as opposed 

to a ‘solid’). Liquids are considered fluids according to this definition. The rheology of a 

fluid is distinctly different from that of a solid. Due to a fluid’s lack of a defined shape, 

deformation in the sense of a distended shape (as measured by the extent of deformation 

or strain) is essentially meaningless. The application of a shear stress τ on a fluid will 

result in deformation. However, what is relevant is not the extent of deformation 

(characterized by a shear strain γ) but rather, the rate of deformation as characterized by 

the shear strain rate �̇, or simply, the shear rate. The shear rate is formulated as the time-

dependent shear strain and has units of inverse time (s-1): 

� =
�̇

�
 

where t is the time duration over which the deformation γ develops. The 

relationship between the shear stress τ and the shear rate �̇ is given as: 

� = ��̇ 

where η is the coefficient of viscosity, which describes a fluid’s resistance to flow. 

The coefficient of viscosity has units of Pascal-seconds, Pa•s. 

A Newtonian fluid is a fluid that exhibits ideal behavior. Such a fluid exhibits a 

resistance to flow (i.e. viscosity) that is independent of the shear stress or the shear rate. 
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Therefore, the relationship between the shear stress and the shear rate is linear with the 

slope or constant of proportionality being η. In non-Newtonian fluids (which represents 

un-ideal fluid behavior), the coefficient of viscosity is dependent on the value of the shear 

rate and varies with the shear rate. The viscosity for a non-Newtonian fluid is referred to 

as apparent viscosity to distinguish it from the Newtonian case. 

Non-Newtonian fluids come in two varieties: (1) shear-thinning or pseudoplastic 

fluids and (2) shear-thickening or dilatant fluids. When the shear-thinning behavior of a 

pseudoplastic fluid is time-dependent (i.e. the apparent viscosity decreases as a function 

of the duration over which the shear is applied), the fluid is referred to as a thixotropic 

fluid. When the shear-thickening behavior is time-dependent, the fluid is known as a 

rheopectic fluid. Unlike Newtonian fluids, which are described by linear relationships, 

non-Newtonian fluids are described by non-linear power laws. Such “power-law fluids” 

are commonly fluids with an underlying microstructure --- such as polymer solutions, or, 

in the case of fats, dispersions of crystalline particulates in a milieu of liquid oil. 

In addition to the shear dependence of the apparent viscosity, another type of Non-

Newtonian behavior is plasticity. Plasticity refers to the initiation of flow when the 

applied stress exceeds a critical value (the yield stress). Below the yield stress, plastic 

materials behave rheologically as solids. Fats are plastic materials in that they flow when 

the yield stress is exceeded. As such, the yield stress at which this occurs is commonly 

used to characterize the hardness (spreadability) of fats. A common (and archaic) 

technique used to measure this parameter is cone penetrometry (a large deformation 

technique), which provides a hardness measurement based on how deeply a metal cone 

penetrates a fat sample within a specified time duration123. 
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2.11.1.  Small-Deformation Rheology 

Small-deformation rheology refers to the study of a material’s deformation within 

a regime that is reversible (i.e. described by Hooke’s Law). Reversibility, in this sense, 

refers to the recovery of the pre-deformation structure as the stress on the material is 

removed. The testing procedures employed in this subfield of rheology are such that no 

structural damage to the sample is caused by the deformation. The most versatile 

technique employed in the study of small-deformation properties of fats is Small-Angle 

Oscillatory Shear (SAOS) measurements, a subset of Dynamic Mechanical Analysis, 

which encompasses all measurements with an oscillatory character. An implicit 

assumption in such measurements is that the material is viscoelastic (simultaneously solid 

and liquid) in character, a reasonable assumption for complex semi-crystalline materials 

structured by a solid fat crystal network.  

The small-deformation regime is often referred to as being “linear” as there is a 

linear relationship between the input stress and the resulting “output” strain. The region 

where the rheological behavior is linear is referred to as the Linear Viscoelastic Region 

(LVR) or the elastic region (Figure 2.15). This region is a range of stresses (or strains) 

where the linear relationship holds. The minimum point in the stress-strain curve where 

the linear relationship no longer holds is called the critical point or the limit of linearity or 

the elastic limit. When the applied stress exceeds the limit of linearity, a relaxation of the 

stress will not result in a return to the initial structure. Thus, the structure has been 

damaged, i.e. irreversibly modified by the applied stress. Rheological behavior outside the 

LVR is non-linear and is the domain of Large Deformation rheology, which is discussed 

later in this work. For most common materials, the strain at the limit of linearity is 
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typically 1.0 %. However, this strain is lower for fat materials and is approximately 0.1 

%124.  

 

 

Figure 2.15. The stress-strain relationship of an elastic material at: yield point 
(A), elastic limit (B), permanent deformation (C) and failure (D). 

The typical results from a SAOS measurement are the complex shear modulus 

(G*), the shear storage modulus (G′), the shear loss modulus (G″), and the tangent of the 

phase lag (tan δ). In SAOS measurements, a rheometer applies a controlled oscillatory 

stress or a controlled oscillatory strain and measures the corresponding oscillatory strain 

or stress output. The phase lag between the oscillatory input and the oscillatory output is 

determined as the phase lag (δ). A typical stress-strain sinusoidal relationship is shown in 

Figure 2.16.  

The measured modulus, the complex modulus, can be considered to be a vector in 

the complex plane. Decomposition of this vector into its constituents (Figure 2.17) gives 

the storage modulus G′ and the loss modulus G″, according to the relationships below: 
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The storage modulus G′ is the component of the applied input that is in phase with 

the output ( = 0°). It is a measure of the magnitude of the mechanical energy stored in 

the material, which is recoverable when the material relaxes. The loss modulus G″ is the 

component of the applied input that is out of phase with the output (δ = 90°). The loss 

modulus G″ is a measure of the mechanical energy that is lost due to viscous dissipation. 

The tangent of the phase lag δ is the ratio of the loss modulus to the storage modulus. As 

the phase lag approaches 0º (minimal response lag between stress and strain), the loss 

modulus tends towards zero, which implies that the material is becoming more like an 

ideal elastic material. Likewise, as the phase lag approaches 90°, the storage modulus 

tends towards zero, which implies that the material is more like an ideal fluid, which has 

no ability to store mechanical energy. At intermediate values of the phase lag are 

materials which have both the lossy nature of fluids and the elastic character of solids. 

These materials are viscoelastic materials. 

These rheological parameters have been successfully correlated to textural 

attributes such as hardness and spreadability125. The value of the storage modulus G′ is 

useful as a measure of the solidity (in a mechanical sense) of the fat material. Increases in 
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the value of G′ typically result in a harder and more “solid” fat. Alternatively, G″ can be 

used as a measure of the spreadability of the fat material.  

 

 

Figure 2.16. Applied sinusoidal stress wave and the corresponding sinusoidal 
strain wave in SAOS measurements. 
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Figure 2.17. Resolution of the Complex Modulus G* into the Storage Modulus G′ and 
Loss Modulus G″. 

 

2.11.2.  Large Deformation Rheology 

Large deformation rheology is the study of a material’s mechanical properties in a 

regime where the material is irreversibly deformed. Large deformation rheology also 

examines the failure characteristics of a fat material and as such, large deformation tests 

are destructive in character. Properties that are considered to be in the large deformation 

regime are usually very empirical in nature and often ill-defined when compared to those 

found in small-deformation regimes. Large deformation properties such as hardness, 

spreadability and cutting force are much more easily recognized than defined. Such 

properties are also highly dependent on the measurement method used and as such, 

should never taken outside the context of the measurement method used. Despite the 
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empirical nature of large-deformation measurements, such methods are important as they 

correlate very strongly with textural attributes126. 

A common method for measuring the hardness of fats is the compression method, 

where a piece of material with well-defined dimensions is compressed between two 

parallel plates. The amount of force necessary to crush the sample is the yield force, 

which can be used to calculate the yield stress, itself a measure of the hardness of a fat 127. 

A large-deformation method commonly used to measure chocolate snap is the three-point 

bending test. A slab of the test material is held at the edges and a moving beam is used to 

apply force on the geometric center of the slab. The force required to break the slab can 

be used to determine the Young’s modulus and the yield stress of the material128. 

Another common large-deformation measurement technique is cone penetrometry, 

which, although dated, is still in common use. The main innovations in this type of 

measurement are mathematical models that attempt to correlate the penetration depth 

measured to a textural or hardness attribute. Some examples of such models as applied to 

fats are provided129,130,131,132. Suffice to say, these models are empirical in nature and do 

not correspond to any fundamental characteristic of the material itself.  

2.12.  Fat Crystal Network Structure 

As previously discussed, triacylglycerols crystallize into platelet-like particles 

called crystalline nanoplatelets with dimensions in the nanometer size range. These 

crystalline nanoplatelets then aggregate into larger polycrystalline particles, which serves 

as the basic microstructural elements (also called flocs) of a fat crystal network. These 

microstructural elements may then further aggregate to form a space-filling three-
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dimensional network, which is the underlying microstructure of the fat material. This 

level of structure, called the microstructure, corresponds to lengths between 0.25 µm to 

200 µm. It is at this level of structure that is directly responsible for the mechanical 

properties of a fat material133. 

Early studies of this level of microstructure focused almost exclusively on the 

influence of the solid fat content on the rheological properties of the material. However, it 

was shown that two fats, despite having similar solid fat contents, can vary in hardness 

and the shear storage modulus G′. This indicated that the manner in which the crystalline 

mass is structured is also important134,135,136. The crystalline mass within this 

microstructure is distributed in an inhomogeneous fashion, which can be characterized 

using fractal scaling principles137. Fractal scaling principles are commonly utilized to 

describe the structures formed from the irreversible aggregation of particles. 

Fractals are abstract mathematical objects that are ill-described by conventional 

Euclidean geometry, with the latter describing the geometry of objects with unit 

dimensions, such as one-, two- and three-dimensional objects. Fractals do not have 

integer dimensions. Unlike traditional Euclidean objects, fractals are self-similar at all 

length scales, a property called scale invariance. Consider a Euclidean circle. As one 

“zooms” into an arc segment of this circle, the segment more closely resembles a line 

more than a curve. Unlike such objects, a fractal that is described as “dendritic” will still 

appear dendritic at progressively higher magnifications ( 

 Figure 2.18). 
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 Figure 2.18. The Fractality of Fat Crystal Networks at Different Magnifications. 
Reproduced from: Marangoni3. 

Natural objects that are modeled using fractals are obviously not self-similar at all 

length scales. However, one may restrict the requirement of self-similarity to a limited 

range of length scales, a condition called statistical self-similarity. An example of 

statistical self-similarity is that of a tree’s branch structure. The tree begins as a trunk, 

which is non-fractal. The trunk develops large branches, called boughs, which may form 

smaller branches called twigs. The geometry of the tree is said to be statistically self-

similar within the length scales of the boughs and twigs, but not the trunk.  

In particle networks, such as fat crystal networks, fractal scaling is usually 

encountered within the range of magnifications corresponding to the size of the 
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microstructural elements138. In such networks, the mass of a fractal object, M, is related to 

some measure of the size of the object or region of interest (R) in a power-law fashion: 

�~�� 

where D is the mass fractal dimension of the object, a measure of the distribution of mass 

within the fractal region of the network.  

As the microstructure of a fat is directly responsible for the mechanical properties 

of the material, mechanical properties such as the Young’s modulus, storage modulus and 

the yield stress can be described in terms of the spatial distribution of mass within this 

microstructure. The first model to do so was van den Tempel’s linear chain model, which 

proposed a network structure consisting of chains of fat particles that interact via 

irreversible and reversible non-covalent interactions133,139. This model, however, 

predicted a linear dependence of the shear modulus on the solid volume fraction, which 

was not the case140. Instead, the dependence was found to be exponential137,141.  

A fractal description of fat materials was initially developed for colloidal 

aggregate networks (gels)142,143,144, which was later adapted to fat crystal networks by 

Vreeker in 1992145,146. The present network model for fat crystal networks was developed 

by Marangoni147 by combining Vreeker’s model for aggregated networks with Shih’s 

weak-link regime (see below). Formulated for the elastic shear modulus G′, the basic 

scaling relationship between a rheological property and the amount of mass distributed 

within a material’s microstructure is a power-law expression of the form: 

��~�µ 
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where Φ is the solid particle volume fraction and µ is a scaling factor that is 

dependent on the mass fractal dimension of the microstructure. For a fat, Φ can be 

replaced by the solid fat content of the material, expressed as a fraction. 

The scaling behavior of the shear storage modulus may be described by two 

distinct regimes148, which depend on the relative strengths of the links within (intra-) the 

microstructural elements and the links between (inter-) the microstructural elements or 

flocs. These regimes are the strong-link regime and the weak-link regime. In this 

specific usage, “links” refer to the non-covalent interactions between the microstructural 

elements. 

The strong-link regime is typically the case for fats with a very low solid fat 

content (usually < 10 %). In this regime, the size of the flocs is relatively large. The links 

between flocs are stronger than the interactions within the flocs. One can imagine the 

inter-floc links to be relatively rigid compared to the intra-floc interactions. When stress 

is applied on a strong-link network, the elastic response is due to the intra-floc 

interactions as these are more likely to be deformed due to their relative weakness. The 

scaling relationship for the strong-link regime is: 

��~�
���
��� 

where d is the embedding Euclidean dimension (d = 3 for physical objects), x is the 

backbone fractal dimension and D is the fractal dimension of the microstructure 

characterized by the aggregation of flocs. The backbone fractal dimension describes the 

structure of the stress transmission “network” within a floc, given that it is at this level of 

the microstructure that is responsible for the elastic response149.  
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The weak-link regime is the predominant case for fats with high solid fat contents. 

In this case, the flocs are typically smaller than for the strong-link regime. In contrast to 

the strong-link regime, the intra-floc interactions in the weak-link regime are stronger 

than the inter-floc links between them. In this regime, the elastic response of the material 

is due to the elastic response of the links between flocs, and it is not dependent on the 

interactions within the flocs. The scaling relationship is thus dependent only on the fractal 

dimension D describing the structure of the aggregated flocs: 

��~�
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In the strong-link regime, the macroscopic elastic modulus K of a material along a 

dimension with length L is the sum of the elastic constants within the flocs kξ. Likewise, 

in a weak-link regime, K is the sum of the elastic constants between flocs (kL) in the 

direction of the applied stress for a one-dimensional treatment. In the weak-link regime, 

the elastic modulus can be written as: 

�~ �
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where ξ is the diameter of a microstructure (a floc for the weak-link regime). Floc size (ξ) 

scales with the volume fraction of solids (Φ) in a power-law fashion: 

 ~��
�

��� 

where d is the embedding Euclidean dimension (usually d = 3), and a is the size of a 

primary particle. After the appropriate substitutions, the following proportionality 

relationship is obtained: 
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Thus, the elastic modulus is directly proportional to the shear modulus. 

Introducing a constant of proportionality λ, an expression for the shear modulus is 

obtained:  

�� = ��
�

��� 

where λ is independent of the volume fraction, but dependent on several floc 

structural parameters as well as non-covalent interactions. 

Using fractal scaling concepts150, an expression for the constant of proportionality 

λ was obtained such that the scaling relationship is now: 

�� =
��

6������
�

�
��� 

where m is the number of neighboring microstructural elements at the interface between 

two microstructures, A is Hamaker’s constant (about 5 × 10−20 J for alkanes), c is a 

proportionality constant in the expression N ~ D
 (N is the number of primary particles in 

a cluster of diameter ), a is the diameter of a microstructural element or particle, and lo is 

the average equilibrium distance between microstructural elements. 

Using a thermodynamic modification of the model above151,152, an expression for 

the Young’s modulus E of a fat as it relates to the structure of the material was derived 

using the van der Waals forces approach and semi-classical approach, respectively: 

� =
�

2�����
�

�
�

��� =
6�

��
�

�
��� 
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where δ is the crystal-melt interfacial tension (about 0.01 J/m2 for TAGs and ε is the 

extensional/compressional strain at the limit of linearity. The stress at the limit of linearity 

(σ*) can be obtained by multiplying E with ε. This would allow for the yield stress to be 

approximated from structural parameters: 

�∗ =
6�

�
�

�
��� 

 The shear modulus G can be calculated from E if the Poisson ratio of the material 

is known. A material that undergoes no volume changes during compression or extension 

is characterized by a Poisson ratio of 0.5. For such a material, G = E/3.  

2.12.1.  Determination of the Fractal Dimension 

The use of fractal geometry as a means of characterizing microstructure has been 

extensive. Various applications have included investigating the structure of protein 

gels153, depicting the irregular nature of solid adsorbents such as zeolites154, and 

predicting optical responses of colloid-adsorbate films155. Work by Kim and Berg156 has 

focused on the use of fractal scaling as a link between aggregation kinetics and structure 

that result from both diffusion and reaction-limited cluster aggregation processes of 

colloidal materials. For a more detailed overview of the processes that lead to fractal 

structures, the reader is directed to Tomas Viczek’s Fractal Growth Phenomena157. For 

image analysis and processing techniques, readers are referred to John Russ’ 

comprehensive The Image Processing Handbook158. 

The distribution of mass within a fat crystal network, as measured by the fractal 

dimension, is usually determined using two methods: (1) small-deformation rheology and 
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(2) image analysis. In both cases, the scaling relationship between a measured variable 

and an independent variable is used to determine the fractal dimension. In the rheological 

method, the scaling exponent between the storage modulus G′ and the solid fat content 

according to a relationship given previously is used to determine the fractal dimension. In 

the image analysis method, the scaling exponent between a feature of the image and an 

observation length of the image is determined through analysis of the image. 

2.12.1.1. The Physical Fractal Dimension by Rheology 

Measurement of the fractal dimension of a fat Dr by the rheological method is 

accomplished by measuring the G′ of several fats with diluted solid fat contents. The 

variation in solid fat content is achieved by diluting a solid fat with oil. The 

triacylglycerols from both the fat and the oil should not mix or otherwise modify the 

behavior of the material. The fat is crystallized and then its solid fat content is measured 

via NMR while the storage modulus G′ is measured using SAOS rheology. The solid 

volume fraction Φ is calculated as the solid fat content expressed as a fraction. A log-log 

plot of the storage modulus G′ as a function of the solid volume fraction should yield a 

line with a slope equivalent to μ, from which Dr can be calculated. The pre-exponential 

term can be determined by extrapolating the line to the point where Φ = 1.0, where G′ = 

λ. An example of this method is the dilution of milk fat with canola oil. 

2.12.1.2. Fractal Dimension by Image Analysis 

The fractal geometry of a material’s microstructure can be determined from 

images of the microstructure. Imaging may be conducted using brightfield, confocal laser 

scanning microscopy and electron microscopy. In the case of polycrystalline materials 

such as fats, the imaging method of choice is polarized light microscopy as fat crystals are 
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birefringent and appear as bright features against a dark background when imaged under 

crossed polarizers. 

To determine the fractal dimension from a polarized light micrograph, the image 

is first converted from a 256-color grayscale image to a binary image via “thresholding” 

to isolate features of the microstructure. As the name suggests, this procedure converts 

pixels with an intensity value above the threshold into black pixels while pixels with an 

intensity value less than the threshold is converted into white pixels. Auto-thresholding 

algorithms exist that can automatically determine the threshold value based on the pixel 

intensity distribution throughout the image. 

Some common methods for determining the fractal dimension from an image 

include the box-counting, particle-counting and Fourier-Transform methods. These 

methods are based on the fractal scaling of a property of the image with the observation 

length scale. In the case of the box-counting method, multiple grids with variable side 

lengths Lb are overlaid on the thresholded image. The number of “occupied” boxes N(Lb) 

containing crystalline material is counted for each grid side length used. If the image is 

fractal, a log-log plot of N(Lb) vs 1/Lb should yield a straight line with a negative slope. 

The slope of this line is the box-counting fractal dimension Db.  

If the image contains well-defined microstructural elements, the particle-counting 

method can be used. In this method, the number of particles in progressively-smaller 

sections of the image is counted. To accomplish this, progressively-larger boxes centered 

on the image are drawn. These boxes enclose a region of interest (ROI) within the image. 

The number of particles N(Lp) in the ROI is counted and is plotted against the side length 
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Lp of the ROI. If the image is fractal, a log-log plot of N(Lp) vs Lp will be linear. The slope 

of this line is the particle-counting fractal dimension Df. 

A third method utilizes a Discrete Fourier Transform to convert an image to a 

power spectrum. Essentially, the coordinates of the pixels are converted from the spatial 

domain to a frequency domain with the pixel intensities being converted to a power. The 

coordinates in the frequency domain now represent the frequencies (analogous to the 

length scale) at which the fractal features are repeated while the power corresponds to the 

number of microstructural elements at each frequency. If the object is fractal, a log-log 

plot of the magnitude (square root of the power) vs the frequencies will display a linear 

relationship with a given slope. From the slope, the Fourier-Transform fractal dimension 

DFT can be calculated. 
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3.1.  Abstract 

The following work investigates the heterogeneous nucleation of 2-oleodistearin 

(SOS) triacylglycerols on surfaces formed by crystals of tristearin triglyceride (SSS). The 

work shows, through computer simulations and nucleation kinetics that SOS may 

heterogeneously nucleate on SSS surfaces. Atomic-scale molecular dynamics showed that 

SOS molecules exhibited an affinity to a simulated SSS surface. Nucleation kinetics using 

differential scanning calorimetry showed that the inclusion of minor amounts of SSS 

(from 1 % to 4 %) in a SOS melt resulted in an increase in the isothermal nucleation rate 

of crystallizing SOS. Using a model based on the Fisher-Turnbull approach, estimates of 

the surface free energy, activation free energy and the critical radius were calculated from 

the nucleation rates. The estimated parameters demonstrate the heterogeneous nucleation 

of SOS on SSS surfaces: reduced surface free energies, activation free energies and 

critical radii with the inclusion of SSS in an SOS melt. This may point to strategies to 

enhance the nucleation of one of the three major triglycerides present in cocoa butter, and 

the one that crystallizes first from the melt for better control of the chocolate tempering 

process.                  



106 
 

3.2.  Introduction 

Cocoa butter is a premium fat used in the manufacture of confectionery products 

such as chocolate bars and enrobed confectionery products1. It consists predominantly of 

three triglycerides: 2-oleodistearin (SOS), 2-oleodipalmitin (POP) and 1-palmito-2-oleo-

stearin (POS). These 2-oleo-triglycerides collectively account for about 90 % of the 

triglycerides in cocoa butter2. It is generally agreed that cocoa butter can crystallize into 

six different crystal forms (Form I to Form VI), which are subtypes of the 3 polymorphic 

forms (α, β’ and β) into which fats commonly crystallize into3. Of the six forms, Form V 

is the most desirable polymorphic form as it results in optimal textural and visual 

characteristics for chocolate.  

To achieve the desired polymorphic form, chocolate mass must be processed 

using a controlled temperature protocol known as tempering. Achieving the desired 

polymorphic form can also be attained by seeding the chocolate mix. Seeding is the 

addition of pre-formed crystalline material (called seeds) of the desired polymorphic form 

to facilitate crystallization into the same polymorphic form as well as to accelerate 

crystallization. It is commonly agreed that seeding facilitates crystallization through a 

process called “secondary nucleation” although an exact description of this phenomena 

remains elusive4. The seed material is commonly cocoa butter although novel fats 

chemically dissimilar to cocoa butter have also been used5.  

Cocoa butter is an expensive fat. Due to a combination of environmental, 

economic and political factors, the price of cocoa (from which cocoa butter is derived) 

has surged considerably between the years 2013 to 2016, from approximately US 

$2.15/kg (March 2013) to $3.12/kg (June 2016). The price has since decreased to $2/kg 
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(September 2017) but has risen to $2.66/kg as of May 20186. The volatility in cocoa 

prices as well as the vulnerability of its supply has spurred the development of cocoa 

butter equivalents (CBEs), fats that are chemically similar to cocoa butter. CBEs are 

considered superior to cocoa butter replacers (fats with similar functionality as cocoa 

butter but dissimilar chemical compositions such as palm kernel oil) in that they can be 

blended with cocoa butter. In theory, cocoa butter equivalents can be formulated by 

blending purified shea stearin (rich in SOS) with purified palm mid-fraction (rich in 

POP). Other CBEs can be formulated from single-cell sources such as algal butters7.  

An important consideration in the formulation and use of CBEs is the inevitable 

inclusion of minor components in the fat. Total removal of these impurities would reduce 

or eliminate the economic incentive to use CBEs. One such component is the trisaturated 

triglyceride tristearin (SSS). Tristearin is naturally present in extracted cocoa butter at 

mass percentages between 0.2 to 1.0 % wt/wt, with the total amount of trisaturated 

triglycerides typically between 2.0 % to 4.0 %8,9. The impact of tristearin on the 

performance and functionality of CBEs (as well as cocoa butter) is an important 

consideration, which has merited considerable research attention. 

Trisaturated triglycerides such as SSS have higher melting points than their 

corresponding sn-2-oleic acid triglycerides such as SOS. The phase behavior of a simple 

binary mixture of SSS and SOS was shown to be monotectic in that a single solid phase 

(with a melting point intermediate between the two binary components) was formed10,11. 

In the analogous palmitic acid system (PPP/POP), the same monotectic behavior was 

observed11,12. In the solid phase formed by a mixture of SSS/SOS, the 2-oleodistearin was 

shown to be more soluble in the tristearin, with a tristearin-majority phase being able to 
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take in up to about 50 % SOS. SSS is not at all soluble in SOS --- the amount of SSS 

being taken into the solid solution by the SOS-majority solid phase was very small, well 

below the resolution of the phase diagram. Similar behavior was observed for the 

PPP/POP system. Therefore, in an SSS/SOS mixture with a significant amount (> 1-2 %) 

of SSS, SSS can be expected to crystallize into a solid phase separate from the SOS solid 

phase, prior to the crystallization of SOS. This is evidenced as a clouding of cocoa butter 

at the start of cocoa butter crystallization. 

The impact of the crystallization of the SSS fraction on the crystallization of SOS 

is the subject of a long-running debate. Because SSS crystallizes prior to the rest of the 

cocoa butter, there is considerable interest in whether or not SSS can act as an indigenous 

seeding material in cocoa butter. According to Talbot13, the significance of SSS in the 

crystallization of cocoa butter is not in its ability to seed the crystallizing material but in 

its ability to increase the viscosity of the crystallizing cocoa butter and thus create an 

impediment during processing such as in mold-filling and enrobing.  

Furthermore, according to Smith14, trisaturated triglycerides cannot act as seeds 

for the subsequent crystallization of sn-2-oleic acid triglycerides (such as SOS) as the 

crystalline structure of trisaturated triglycerides (2L) is different from that of the sn-2-

oleic acid triglycerides (3L). Triglycerides crystallize by stacking in layers called lamella. 

The thickness of these lamella is dependent on the triglycerides that make up these 

lamella. Trisaturated triglycerides stack in crystalline lamella with thicknesses that are 

twice the chain-lengths of the constituent fatty acids (hence 2L) as saturated fatty acid 

chains are generally complementary to other fatty acid chains provided the chain length 

difference is not too great (more than 4 carbons). However, sn-2-oleic acid triglycerides, 
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because of the kink introduced by double bond of the sn-2-oleic acid group, stack in 

crystalline lamella that are three times the length of the fatty acid chains. This minimizes 

the disruption of the crystal structure introduced by the kink by effectively segregating the 

oleic acid chains away from the saturated fatty acids attached at the sn-1 and sn-3 

positions. 

Hachiya and others studied the effect of cocoa butter (in various polymorphs), 

SOS (in various polymorphs), BOB (2-oleyl dibehenin, in various polymorphs) and SSS 

(β polymorph) and their ability to temper a mass of cocoa butter and dark chocolate15. 

The efficacy of tempering was evaluated by how well the seed material reduced the 

crystallization time, the time required to reach a certain viscosity (evaluated as the torque 

in a model scraped-surface heat exchanger). The efficacy of tempering was found to be 

strongly dependent on the chemical species and the polymorph. The mechanism of 

tempering was postulated to be secondary nucleation, whereby the seed material (and 

fragments thereof) acted as nuclei for subsequent crystal growth. SSS (in the β 

polymorph) was shown to reduce the crystallization time but only by 10 % to 20 %, 

depending on the amount of seed material added. 

Wühnelt, Meusel and Tülsner added various diglycerides and tripalmitin to cocoa 

butter and found that the addition of tripalmitin (albeit at a concentration of 10 %) 

reduced the onset time for crystallization16. Loisel and others studied the addition of 0.3 

%, 1.0 % and 1.6 % SSS to a dark chocolate (naturally containing 3.0 % trisaturated 

triglycerides) crystallized dynamically using a scraped-surface heat exchanger17. The 

dynamics of chocolate crystallization were characterized by the torque changes necessary 

to maintain a steady rate of rotation of the SSHE shaft. It was observed that the addition 
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of SSS reduced the time between the first and second torque jumps (indicative of the 

acceleration of the crystallization of SSS). As well, the addition of SSS increased the 

magnitude of the second torque jump. Furthermore, the authors estimated the amount of 

SSS that had crystallized and remained in solution. Of the 3 % trisaturated triglycerides 

present in cocoa butter, the authors estimated that, at 28.2 °C (chosen to promote the 

crystallization of only the β form of SOS), approximately 66 % (that is, 2 %) of the 

trisaturated triglycerides remain in solution while 33 % (that is, 1 %) crystallize out of 

solution.  

Campos and others (2009) studied the effect of adding SSS at various levels to 

cocoa butter. The addition of SSS increased the onset temperature of crystallization from 

17.08 to 22.23 °C and reduced the induction time of crystallization from 36 minutes to 22 

minutes. This was attributed to the assumed co-crystallization of the SSS with the higher-

melting fraction of the cocoa butter. The co-crystallization of the SSS with cocoa butter 

TAGs was shown to reduce the thickness of the crystalline TAG particles. The addition of 

SSS also reduced the rate of transformation from the β’ polymorph to the β polymorph. 

The addition of SSS also induced a softening effect (reduction in the elastic bending 

modulus) in the solidified cocoa butter. This was attributed to the reduction of the crystal-

melt interfacial energy (or surface energy) brought about by the introduction of increased 

disorder due to the co-crystallization of SSS with cocoa butter triglycerides18. 

The main method for measuring the nucleation rate in crystallizing fats, 

turbidometry, is inadequate in situations where other suspended particles are present 

(such as chocolate mass) and in situations where there is more than one crystallizing 

species (fractional crystallization). This work presents studies on the measurement of 
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nucleation rates in the crystallization of SOS (a cocoa butter TAG) in the presence of 

SSS. This work employs computer simulations (ASMD) and differential scanning 

calorimetry (DSC) to advance the following thesis: SSS can facilitate heterogeneous 

nucleation of cocoa butter triglycerides such as SOS. The crystallization of SSS creates 

planar methyl surfaces to which other TAGs can adsorb. This TAG surface adsorption 

increases the nucleation rate by reducing the surface energy penalty of the activation free 

energy of nucleation. 

3.3.  Materials and Methods 

3.3.1.  Atomic-Scale Molecular Dynamics 

The simulations conducted in this work are largely based on the methods of 

MacDougall and others, who utilized atomic-scale molecular dynamics (ASMD) to 

examine the ability of certain elaidic triglycerides to bind to SSS and trilaurin (LLL) 

surfaces. This study was conducted with a view to examining the oil-binding ability of 

certain triglycerides on planar triglyceride surfaces19. The force field used in the cited 

work was developed by Berger and others for modeling phospholipid membranes 20.  

In the present work, the binding of stearic acid triglycerides (SOS, OOS, OSS and 

OSO) to a planar crystalline TAG surface was studied with a view to elucidating how oil-

binding to an SSS surface can possibly lead to heterogeneous nucleation. The free and 

open-source molecule modelling package GROMACS 4.0 was used to conduct ASMD. 

The simulation workflow consisted of three major steps: 

1. Energy Minimization 

2. Compression 
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3. Equilibration 

A GROMACS trajectory file (*.gro) was first constructed by constructing an 

arbitrarily-large simulation box and then populating it with the particles/molecules to be 

studied. This involved populating 40 molecules of the TAG to be studied in a milieu of 

triolein (OOO) particles at a ratio of 1:4 TAG:OOO. The trajectory file contains 

information on the positions and particle velocities of the molecules being studied. The 

molecules are separated from other molecules by relatively large distances to avoid 

overlap that may lead to spuriously high energies. Since the bonding information is not 

stored in the .gro file, two atoms may be introduced in a manner such that the position of 

the atoms correspond to a high energy state --- a stretched double bond or two atoms 

overlapping in their repulsive shells. Such spuriously high energy states may introduce 

artefacts. Energy Minimization is conducted on a trajectory file to impose the structural 

and energetic constraints (the topology) found in the .top file on the simulated particles. 

An Energy Minimization algorithm is then run to ensure that the entire system achieves a 

minimum free energy state prior to the actual “production run” simulation. A 

Compression run is then conducted to fix the parameters of the system prior to the 

“production run” as well as to initialize the velocities of the molecules being simulated. In 

this case, this involved compressing the system to a fixed volume and temperature. In a 

Compression run, the dimensions of the simulation box are slowly “compressed” to the 

final simulation box parameters. This is done slowly to avoid spuriously high energies. 

The final Equilibration run is the true production run that simulates the 

phenomenon being studied. This run generates the trajectory files used in the final 

analysis. ASMD works on the basis of numerically integrating Newton’s Laws of Motion 
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over a large number of very “fine” time steps. In this work, the time step used was 1 

femtosecond (10-15 s). The simulation was run for 10,000,000 steps, corresponding to a 

total simulation time of 10 nanoseconds. The simulation temperature was 52 °C or 325 K. 

At this temperature, the studied triglycerides (in the physical world) are in a molten state. 

A leapfrog integrator was used. A “heat bath” in the form of velocity rescaling was used 

to control temperature drift due to the imprecision introduced by dropping digits. 

The simulation was carried out under the canonical NVT ensemble using 

GROMACS. The total energy U was calculated every 500 frames of the simulation and 

reported to an .edr file. The Helmholtz free energy (applicable to an NVT ensemble) was 

calculated using the GROMACS utility g_energy_d. The calculated free energies were 

averaged over the last 5, 4, 3, 2 and 1 ns of the simulation to ascertain the trend of the free 

energies. By the time the simulation is half-completed, the free energies would have 

settled on to an equilibrium value. GROMACS calculates the Helmholtz free energy ΔA 

against an ideal gas initial state: 

�� = �(�, �, �) − �(�, �, �)��� = �� ln �
����

��     (Equation 3.1) 

where k is Boltzmann’s constant, T is the system temperature and Upot is the potential 

energy term of the total internal energy. The averaged free energy was divided by the 

total number of molecules (N = 200) to calculate the free energy per molecule. 

To determine the binding of the studied triglycerides to an SSS surface, the free 

energy per molecule of systems with different distributions of the studied triglyceride was 

studied. The triglyceride was modelled in two types of configurations: layered and mixed. 

In the layered configuration, the particles corresponding to the triglycerides were all 
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placed close to the SSS surface as a molecular layer during the construction of the .gro 

file. This corresponds to a case where the triglycerides are bound to the SSS surface. In 

the mixed case, the triglycerides are dispersed through the simulation box, which 

represents a case where the triglycerides are not bound to the SSS surface. The free 

energy per molecule of the layered and mixed distributions were calculated.  

The free energy per molecule of a reference state consisting only of 200 triolein 

molecules was subtracted from the free energies of the layered and mixed distributions. 

The difference in the free energy per molecule between the studied state and the triolein 

reference state was approximately 1-2 kJ/mol. The root-mean-square fluctuations around 

the average was plotted as the error of the averages. In cases where the error bars overlap, 

the chemical potentials of the two distributions are not considered to be different with the 

conclusion being that there are no free energy differences between the layered and mixed 

states. Where the error bars do not overlap, the two states are considered to have a free 

energy difference, which can be interpreted as a preference for one configuration (i.e. 

layered or mixed) relative to the other.  

3.3.2.  Nucleation Kinetics 

3.3.2.1. Experimental Materials 

Experimental work was conducted to test the hypothesis generated by the 

simulations that the presence of an SSS surface in a supersaturated melt will accelerate 

the nucleation of SOS via heterogeneous nucleation. 

The work utilizes a purified shea stearin material dubbed Shea Stearin 1. Shea 

Stearin 1 was obtained from unpurified shea stearin supplied by the Fuji Oil Company 
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(Savannah, Georgia, U.S.A.). Purification was effected via a three-stage solvent 

fractionation process. Acetone was used as the fractionating solvent. At each step, the 

feedstock shea stearin was dissolved in acetone at mass ratios of 1:4. The dissolved fat 

was held at the fractionation temperature overnight to crystallize the SOS. Fractionation 

was initially conducted at a temperature of 16 °C to concentrate the SOS in the crystalline 

phase. The crystallized mass was then filtered and dried. Subsequent purification of this 

material was conducted by repeating this process at a temperature of 22 °C and then 25 

°C. The latter two steps removed lower-melting TAGs, which further increased the 

concentration of SOS in the material. 

The triglyceride composition (Table 3.1), in % w/w, of Shea Stearin 1 was 

characterized using isocratic reversed-phase HPLC (Alliance Model 2690 Separation 

Module, Waters Corporation, MA, USA) utilizing a C18 column (XBridge C18, 5 µm 

pore size, 4.6 x 250 mm, Waters Corporation, MA, USA) and a refractive index detector 

(Waters model 2410 RID, Waters Corporation, MA, USA). The fractionated shea stearin 

was dissolved in 0.6 mL of chloroform and 1 mL of the mobile phase (60:40 

Acetone/Acetonitrile). The tristearin (SSS, 99+ % purity) utilized in this work was 

sourced from Sigma-Aldrich. 

Table 3.1. Triglyceride Composition of Shea Stearin Materials used in this study. 

 Triglyceride Content (% w/w) 
Material POP SOO POS SOS SSS Unidentified 
Shea Stearin 1 1.5 6.1 4.8 79.8 0.20 7.6 
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3.3.3.  Measurement of Nucleation Rates Using Differential Scanning Calorimetry 

The steady-state nucleation rate JSS of a crystallizing fat system can be estimated 

experimentally by measuring the induction time for the appearance of the first crystalline 

material in a fat melt. The nucleation rate JSS can be formulated as the inverse of the 

induction time τ: 

���~
�

�
       (Equation 3.2) 

Traditionally, the induction time is measured using a Phase Transition Analyzer 

(PTA), which utilizes a laser turbidometer to detect the appearance of crystalline nuclei 

invisible to the naked eye. The induction time is taken as the time at which the baseline 

signal increases by an arbitrary percentage (usually 5-10 %). However, this method is not 

well-suited towards the study of fractional crystallization in fats, as is the case of SSS in 

cocoa butter or SOS. This limitation is due to the inability of the PTA to resolve the 

separate fractional crystallization events. As determined using the PTA, the induction 

time will invariably be attributed to the crystallization of the first component, which will 

be the SSS component in the mixture while the interest in this study is in measuring the 

nucleation rate of SOS, which crystallizes as the second later fraction.  

To distinguish between these separate crystallization events, Differential Scanning 

Calorimetry (DSC) was used. If the SSS is present at a high-enough concentration (>= 1 

% SSS), the two triglyceride species can usually be distinguished as two distinct peaks in 

the crystallization exotherm with a smaller SSS peak crystallizing before SOS does, 

whereas in the absence of SSS, only one peak is observed. 
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The induction times of the various fats are measured using the following time-

temperature program:  

1. Heating at 30 °C/min to 80 °C. 

2. Isothermal hold at 80 °C for 5 minutes to ensure complete melting. 

3. Cooling to temperature of crystallization using variable cooling rates to ensure 

that this cooling step is consistently 2 minutes for each of the various 

crystallization. 

4. Isothermal hold at the crystallization temperature. 

5. Heating at 5 °C/min to 80 °C to obtain the melting trace. 

3.3.4.  Fisher-Turnbull Determination of the Activation Free Energy of Nucleation 

The Fisher-Turnbull model21 allows for the calculation of the activation free 

energy of nucleation ΔGn given estimates of the nucleation rate (as the inverse of the 

induction time) at several different supersaturations/supercoolings ΔT (Tf − T). The 

Fisher-Turnbull equation is an expression for the steady-state nucleation rate JSS: 
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    (Equation 3.3) 

where N is the total number of molecules of the un-nucleated parent phase, A is the 

interfacial free energy per unit area and is calculated as the interfacial free energy divided 

by the surface area of the nucleus, nc
2/3 is the number of particles on the surface of the 

critical nucleus, ΔGd is the activation Gibbs free energy associated with the diffusion of a 

nucleating particle across the phase boundary and its deposition onto the nucleating phase 

and ΔGc is the Gibbs free energy of nucleation. The term kBT/h is the vibration frequency 

of the un-nucleated parent phase.  
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At temperatures corresponding to low supersaturations (or low undercooling), the 

–ΔGd term is essentially constant and can be expressed as the pre-exponential α: 
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   (Equation 3.4) 

At low supersaturations (or low undercoolings), the dominant term that describes 

the rate of nucleation is therefore the ΔGc term. However, at high supersaturations, the 

ΔGd term (diffusion being a thermally-activated process) becomes significant and exerts a 

considerable influence on the nucleation rate. 

A plot of  − ln
���

�
     vs     

�

(�(��)�)
   will yield a straight line with a slope 

equivalent to: 
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��
    (Equation 3.5) 

where VM  is the molar volume of the solid phase (m3/mol), γs-l is the solid-liquid 

interfacial tension (J/m2), Tf is the melting point or temperature of fusion (K), ΔHm is the 

molar enthalpy of fusion (J/mol), ΔGc is the activation free energy of nucleation (J) and 

ΔT is the undercooling (K), equivalent to the difference between the melting point Tf and 

the experimental temperature of nucleation T, Tf – T. 

Alternatively, a plot of       ln ��      vs         
�

(�(��)�)
     , where τ is the induction 

time in seconds, will also yield the same results. From the slope of the Fisher-Turnbull 

plot, the activation free energy of nucleation ΔGc at various supercoolings can be 

calculated: 

��� =
���

(��)�      (Equation 3.6) 
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With good calorimetric data of the melting point Tf and the melting enthalpy ΔHm 

as well as with estimates of the molar volume VM, the liquid-solid interfacial free energy 

per unit area γs-l can be calculated according to the following calculation: 

���� = �
����(∆��)�

���(��)�����
��

�

�
     (Equation 3.7) 

Performing this calculation for materials containing SSS would allow for the 

calculation of an “effective system-wide” interfacial free energy per unit area which 

would exhibit a reduction if heterogeneous nucleation were to occur. The effective 

interfacial free energy per unit area is assumed to be a weighted average of the interfacial 

free energy of homogeneous nucleation and heterogeneous nucleation. As such, the extent 

of the decrease in this effective interfacial energy is reflective of the prevalence of 

heterogeneous nucleation.    

3.3.5.  Estimation of the Critical Radius 

With an estimate of the interfacial energy, the size of the critical nuclei for 

heterogeneous nucleation can be calculated according to the method presented by Ramel 

and others22. This model assumes that TAG molecules nucleate on a surface as a 

cylindrical “island” (Figure 3.1). The height of this cylinder is equivalent to the lamellar 

height of the nucleating species, which is the length of the molecular axis of the particular 

polymorph the nucleating species crystallizes into. Using the model provided, an 

expression for the critical radius of this cylindrical island can be derived: 

�� =
����(��)(��)�

(���)(��)������(��)(��)
    (Equation 3.8) 
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For the homogeneous nucleation of a cylinder in the absence of a surface, the 

expression for the critical radius is: 

�� =
����(��)(��)�

(���)(��)���(����)(��)(��)
   (Equation 3.9) 

For this work, the values used are given in Table 3.2. 

Table 3.2. Parameters used in the calculation of nucleation characteristics. 

Parameter Value 
Tf 34.76 ± 0.13 °C or 307.91 ± 0.13 K (n = 4) 

ΔHm 99.99 ± 2.49 J/g or 88.939 ± 2.214 kJ/mol (n = 4) 
VM 9.02 m3/mol 
h 70 Å 

 

The melting point Tf and melting enthalpy ΔHm were obtained from the DSC 

melting trace (scanned at 5 K/min) of the Shea Stearin 1 crystallized into the β’ 

polymorph. The molar volume VM was calculated from density data of the β’ polymorph 

provided in the work by Arishima and others23. 

The lamellar height h was calculated from the (003) reflections of the powder X-

ray spectra of Shea Stearin 1 crystallized into the β’ polymorph. The X-ray spectra was 

obtained using a Multiflex Powder XRD spectrometer (Rigaku, Tokyo, Japan) with a 

copper X-ray source (wavelength of 1.54 Å) operated at 40 kV and 44 mA. The 

measurement scan rate was set at 0.1°/minute between the range 2θ = 1°−30° at 20 °C. 

Peak positions were determined using MDI Jade 9 (MDI, Livermore, CA, USA) software. 

The obtained value was found to be in agreement with literature values24. 
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3.4.  Results and Discussion  

3.4.1.  Atomic-Scale Molecular Dynamics 

The ASMD results show that in the case of the triglycerides SOS and OOS, the 

layered state exhibits a lower free energy per molecule than the mixed state (Figure 3.2). 

In the case of OSS and OSO, the error bars (root-mean-square) overlap, indicating no free 

energy difference between the layered and mixed states. These results suggest that SOS 

and OOS will exhibit an affinity for an SSS surface, given that the free energy of the 

layered configuration of these TAGs is lower than that of the corresponding mixed 

configurations. 

The affinity of SOS for the SSS surface supports the hypothesis that SOS may 

heterogeneously nucleate on the SSS surface. An affinity of SOS for the SSS surface 

implies a “wetting” of the surface by SOS, which would reduce the activation free energy 

for nucleation. The free energy for the homogeneous nucleation of a cylindrical nucleus 

from the melt is the sum of two contributions, a bulk term and a surface term: 

∆�� = ∆�������� − ∆�����     (Equation 3.10) 

∆��,�� = (2��� + 2��ℎ)���� − (���ℎ)
�����

��
   (Equation 3.11) 

 

where γs-l is the interfacial free energy per unit area, r is the radius of the cylinder, h is the 

height of the cylinder, VM is the molar volume of the solid, μl and μs are the chemical 

potentials of the liquid and solid phases, respectively. The chemical potential difference is 

achieved via the supersaturation of the liquid phase. 
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Consider the heterogeneous nucleation of a solid cylindrical SOS nucleus on a 

surface, typically called the condensation nuclei or CN, in homage to its origins in 

atmospheric phenomena. One face of the cylindrical nucleus (with area πrh) would be in 

contact with the CN surface. The surface term can be split into two terms and the free 

energy of heterogeneous nucleation written as: 

∆��,�� = (���)����� + (��� + 2��ℎ)���� + (���ℎ)
�����

��
  (Equation 3.12) 

where γs-CN is the interfacial free energy between the SOS cylinder face and the CN. If the 

γs-CN is less than γs-l or even zero, then the heterogeneous free energy of nucleation is 

effectively less than the homogeneous free energy of nucleation of the same cylinder. 

Heterogeneous nucleation is, in essence, the minimization of the surface between the 

solid-phase nuclei and the liquid-phase melt by “shielding” some of that surface via 

nucleation on a foreign surface, the CN. For as long as γs-CN is lower than γs-l, 

heterogeneous nucleation is always energetically more favorable than homogeneous 

nucleation. As such, heterogeneous nucleation exhibits a higher nucleation rate than 

homogeneous nucleation. 

The simulation results can be interpreted as a γs-CN that is lower than γs-l. Indeed, 

since γs-CN is the interfacial free energy between two solid phases, it can be assumed to be 

effectively zero. The simulation shows that SOS and OOS, but not OSS or OSO, exhibit 

an affinity for the SSS surface as shown by the lower free energy for the layered state for 

SOS and OOS than for the mixed bulk state for SOS and OOS. The affinity for the 

surface implies that SOS and OOS will bind to the SSS surface, resulting in a lower 

surface free energy that will lead to heterogeneous nucleation. An additional argument is 
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that the affinity of the SOS and OOS to the SSS surface “concentrates” these triglycerides 

on the surface such that the collision frequency necessary for nucleation is increased. As 

will be shown in the next section, the affinity of SOS triglycerides to the SSS surface is 

manifested as an increase in the nucleation rate of SOS in the presence of an SSS surface. 

3.4.2.  Nucleation Kinetics Results 

3.4.2.1. Induction Time Measurements 

The exothermal trace obtained from the isothermal step (Step #4) of the 

temperature program shows a well-defined Gaussian peak (Figure 3.3). This peak is 

generated when the material in the pan starts to crystallize.  The peak shapes become 

more asymmetric the lower the supersaturation (i.e. higher isothermal temperature). At 

sufficiently high temperatures (~ 28 °C), multiple peaks may sometimes be detected 

(Figure 3.4). This is assumed to be due to the crystallization of various polymorphic 

forms. Due to the additional complexity introduced by polymorphic transformations, the 

28 °C temperature point was not included in later free energy calculations via the Fisher-

Turnbull method. 

For fractionated shea stearin containing approximately 80 % SOS by peak area 

(Shea Stearin 1), the optimal temperatures for measuring well-spaced induction times are 

between 23 °C to 28 °C. The optimal temperature range for obtaining good induction time 

data is dependent on the amount of crystallizable SOS in a material preparation. This is 

not unexpected since a preparation containing more SOS achieves the same 

supersaturation at a higher temperature than a preparation containing less SOS. 
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Determination of the induction time is subjective. Given that the peak shapes are 

symmetric Gaussian peaks, a natural measure of the induction time is the onset time, 

which is the time at the point of intersection between the first tangent to the peak and the 

baseline of the peak. 

Table 3.3. Onset Induction Times for the Nucleation of Shea Stearin 1 in the Absence and 
Presence of Tristearin. 

Material 
Induction Time at Temperature (s) 

23 °C 24 °C 25 °C 26 °C 28 °C 
Shea Stearin 1 352 482 641 892 2275 
Shea Stearin 1 + 1 % SSS 298 322 450 627 2111 
Shea Stearin 1 + 2 % SSS 240 292 386 506 714 
Shea Stearin 1 + 3 % SSS 225 266 330 395 575 
Shea Stearin 1 + 4 % SSS 251 301 379 432 570 

 

Table 3.3 tabulates the onset induction time measured for materials with various 

amounts of tristearin. Several trends can be noted in this data set. First and most obvious 

is the reduction in the induction time (indicative of a higher nucleation rate) with 

increasing undercooling, i.e. nucleation at lower isothermal temperatures. Only one set of 

three experimental replicates (n = 3) is shown in Table 3.3. The results were not averaged 

due to the variability between each set of experimental replicates. However, the trends 

within each set of experimental replicates are similar. Each set of replicates was used to 

derive nucleation parameters. These parameters are averaged and reported as such. 

 Second, for the same nucleation temperature, the data shows that the addition of 

increasing amounts of tristearin reduces the induction time for nucleation. To illustrate 

this, contrast Figure 3.5 and Figure 3.6. This effect is particularly pronounced for the 

high temperature (28 °C) although at the lowest temperature (23 °C), a reduction in the 

induction time can still be observed. This trend supports the hypothesis that the addition 
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of SSS to a preparation of SOS results in fractional crystallization of SSS prior to the 

crystallization of SOS. The availability of SSS surfaces and the affinity of SOS for this 

surface results in heterogeneous nucleation, which is manifested as an increase in the 

nucleation rate (reduction in the induction time), relative to a case where SSS is absent. 

It must be noted that the reduction in the induction time appears to exhibit a 

minimum at a concentration of 3 % SSS across all temperatures. This trend must be 

interpreted with caution. The differences are minimal and may likely not be significant in 

a statistical sense, particularly since the measurement of the induction time can be 

variable between different DSC pans of the same material. Indeed, repeated 

measurements of the induction time of new preparations of the material can show large 

variability (~ 60 seconds). 

The data for Shea Stearin 1 + 1 % SSS at 28 °C shows that at sufficiently high 

temperatures and low amounts of SSS, the induction time is either comparable to that of 

the material with no added SSS. An explanation for this phenomenon in Shea Stearin 1 

may be that, at such low concentrations of SSS, and at such a high nucleation 

temperature, SSS is not supersaturated (if at all) to the extent that it crystallizes 

fractionally before SOS nucleates. This is evident via the absence of a small 

crystallization peak in the isothermal measurement step (Figure 3.7) for Shea Stearin 1 + 

1 % SSS at 28 °C. As such, even though tristearin is compositionally present in the 

material, no surfaces are formed that would promote heterogeneous nucleation and thus, 

no reduction in the induction time is observed. This observation further supports the case 

for heterogeneous nucleation since the absence of surfaces (crystallization of SSS) does 

not lead to a reduction in the induction time. 
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3.4.2.2. Fisher-Turnbull Results 

Table 3.4. The Regressed Slopes m, Calculated interfacial free energies γs-l and the 
Calculated Activation Free Energies of Nucleation ΔGc at Tnucleation. Values are reported 

as the Average ± Standard Deviation of n = 3 repetitions. 

Material 

Slopes m (K3), Interfacial Free Energies γs-l (mJ/m2) and Activation Free 
Energies (J/mol) at Tnucleation 

m γs-l 23 °C 24 °C 25 °C 26 °C 28 °C 

Shea Stearin 1 
52785 ± 

4757 
1.64 ± 
0.05 

3173 ± 286 3791 ± 342 4607 ± 415 5719 ± 515 9604 ± 865 

Shea Stearin 1 + 1 % 
SSS 

40352 ± 
2016 

1.50 ± 
0.03 

2426 ± 121 2898 ± 145 3522 ± 176 4372 ± 218 7341 ± 367 

Shea Stearin 1 + 2 % 
SSS 

38702 ± 918 
1.48 ± 
0.01 

2327 ± 55 2779 ± 66 3378 ± 80 4193 ± 99 7041 ± 167 

Shea Stearin 1 + 3 % 
SSS 

32905 ± 
2894 

1.41 ± 
0.04 

1978 ± 174 2363 ± 208 2872 ± 253 3565 ± 314 5987 ± 527 

Shea Stearin 1 + 4 % 
SSS 

33571 ± 
4535 

1.41 ± 
0.06 

2306 ± 570 2755 ± 681 3348 ± 828 
4156 ± 
1027 

6979 ± 
1725 

 

Table 3.4 shows the slopes m determined via linear regression of the ln 

(τ•Tnucleation) vs 1/(Tnucleation•(ΔT)2) as per the Fisher-Turnbull model. A melting point Tf 

for SOS of 34.76 ± 0.13 ºC (n = 4) and a melting enthalpy of 99.99 ± 2.49 J/g (n = 4) was 

used. This melting point was determined from the peak temperature of melting traces of 

the nucleated SOS (Figure 3.8), which were typically between 35 °C to 36 °C. This 

temperature is roughly the melting point of the β’-3 polymorph (Form IV) of SOS, which 

was determined to be 36.5 °C25. This suggests that the SOS crystallizes into the β’-3 

polymorph directly from the melt. Over time (> 2 weeks), the SOS undergoes a 

polymorphic transformation to the β1-3 polymorph (Form VI), which is manifested as a 

higher peak melting temperature (Figure 3.9). The melting point of the β1-3 polymorph 

was determined to be approximately 43.0 °C25. 
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The Fisher-Turnbull data shows that as the amount of SSS is increased, the slope 

m decreases. The slope m can be interpreted as the constant of proportionality of the 

inverse relationship between ΔGc and (ΔT)2. That is, in the case of a lower slope, the 

concomitant change in the activation free energy ΔGc is smaller for each unit of change in 

the supercooling ΔT. This suggests that as the amount of SSS is increased, the change in 

ΔGc becomes less supercooling-dependent. The relationship between ΔGc and ΔT is not 

linear but rather parabolic due to the squaring of the supercooling term.  

The calculated interfacial free energy values γs-l are relatively low (by 

approximately one order of magnitude) when compared to the γs-l values determined by 

Phipps26 for trisaturated triglycerides using the Fisher-Turnbull equation. The values 

determined by Phipps were on the order of ~ 10 mJ/m2. However, values determined by 

Ahmadi27 and others using the same methodology ranged from approximately 0.1 mJ/m2 

to 5.0 mJ/m2.  

The data in Table 3.4 suggests that there are three regimes (as separated into three 

sections in the table) of nucleation behavior. In the first region corresponding to 0 % SSS, 

the slope attains a relatively high value, which indicates that the nucleation rate in the 

absence of SSS is very temperature-dependent. This consequently results in relatively 

high activation free energies at the given crystallization temperature. In the second region 

encompassing SSS concentrations between 1 % and 2 %, the slope m decreases. This 

suggests that the addition of SSS reduces the supercooling dependence of the nucleation 

event. Consequently, the activation free energies and interfacial free energies at a given 

supercooling are lower than that of the material with no SSS added. In the region 
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corresponding to SSS concentrations between 3 % and 4%, the slope m further decreases, 

which results in a reduction in the activation free energy of nucleation. 

This is reflected in the induction time data in Table 3.3, which shows that the 

induction times for the concentrations between 3 % and 4 % are essentially identical. 

These trends are likewise reflected in the interfacial free energies, which decrease as the 

amount of SSS is increased. Since the calculated interfacial free energies can be assumed 

to be a weighted sum of the interfacial free energies for homogeneous and heterogeneous 

nucleation, a decrease in the interfacial energy with increasing SSS contents indicates a 

greater preponderance of heterogeneous nucleation (increased weight to heterogeneous 

nucleation). The data can therefore be interpreted in the following manner: At 

concentrations of 1 – 2 % SSS, the amount of SSS surface formed is relatively low 

compared to the material with 3 – 4 % SSS. As such, the amount of available surface for 

heterogeneous nucleation is much lower in the material with 1 – 2 % SSS than the 

material with 3 – 4 % SSS. The amount of material that can be heterogeneously nucleated 

in the material with 1 – 2 % SSS is thus lower and this is reflected in the lower interfacial 

free energies. 

3.4.2.3. Estimation of the Critical Radius 

Table 3.5 tabulates the heterogeneous critical radius (assuming a cylindrical 

geometry) of an SOS island nucleating on an SSS surface (for materials with 1-4 % SSS), 

assuming an effective γs-l provided in Table 3.4. The critical radius decreases with 

decreasing nucleation temperatures (higher supersaturations) and increasing SSS contents. 

The first result is expected from nucleation theory: As the supersaturation increases, the 

critical radius decreases. This results in a faster nucleation rate since the size of stable 
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nuclei that grow on to become crystals is now smaller. The second result explains the 

increase in the nucleation rate upon addition of SSS. In the presence of SSS surfaces, the 

surface free energy penalty is lowered via a reduction of the crystal-melt area due to the 

SSS surface. This results in an overall reduction in the activation free energy as well as a 

decrease in the size of the critical nuclei, both of which contribute to an increase in the 

nucleation rate. 

Table 3.5.  Calculated Critical Radii of Nuclei at various temperatures and SSS additions. 

Material 
Critical Radius of Cylindrical Nuclei (Å) 

23 °C 24 °C 25 °C 26 °C 28 °C 

Shea Stearin 1 
(Homogeneous) 

4.99 ± 0.17 5.53 ± 0.19 6.20 ± 0.22 7.05 ± 0.25 9.71 ± 0.37 

Shea Stearin 1 + 1 % SSS 4.24 ± 0.08 4.66 ± 0.08 5.17 ± 0.09 5.81 ± 0.11 7.72 ± 0.14 

Shea Stearin 1 + 2 % SSS 4.18 ± 0.03 4.59 ± 0.04 5.10 ± 0.04 5.72 ± 0.05 7.60 ± 0.07 

Shea Stearin 1 + 3 % SSS 3.94 ± 0.12 4.33 ± 0.14 4.81 ± 0.15 5.40 ± 0.17 7.16 ± 0.23 

Shea Stearin 1 + 4 % SSS 3.97 ± 0.19 4.36 ± 0.21 4.84 ± 0.23 5.43 ± 0.26 7.20 ± 0.36 

 

Assuming that the lateral unit cell parameters28 of a similar triglyceride in the β’ 

polymorph (2-oleodilaurin, LaOLa) can be applied to SOS, the number of molecules in a 

cylindrical island of SOS can be estimated. The unit cell of the β’-3 polymorph of 2-

oleodilaurin (comprised of 2 LaOLa molecules) has lateral dimensions of 5.450 Å x 7.736 

Å with a cross-sectional area of 42.16 Å2. The smallest critical nuclei (Shea Stearin 1 + 3 

% SSS at 23 °C) has a cross-sectional area of 48.74 Å2. This area corresponds 

approximately to the cross-sectional area of a single unit cell. Thus, a critical nucleus in 

this scenario would contain approximately 2 to 4 SOS molecules. At the other extreme, 

the largest critical nuclei (Shea Stearin 1 at 28 °C) would have a cross-sectional area of 
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296.05 Å2, which is equivalent to roughly 5 unit cells. This would correspond to 

approximately 10 to 12 SOS molecules. 

  



 

3.5.  Chapter 3 Figures

Figure 3.1. A schematic showing the proposed epitaxial nucleation of a

Figure 3.2. The Helmholtz free energy difference ΔA between the studied triglyceride in 
the specified state Q and the triolein reference state Q’.
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Figures 

 

A schematic showing the proposed epitaxial nucleation of a cylindrical island 
of SOS triglycerides on a SSS surface. 

The Helmholtz free energy difference ΔA between the studied triglyceride in 
the specified state Q and the triolein reference state Q’. 

cylindrical island 

 

The Helmholtz free energy difference ΔA between the studied triglyceride in 
 



 

Figure 3.3. The induction time of 

Figure 3.4. The induction time of S
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The induction time of Shea Stearin 1 nucleated at 23 °C.

The induction time of Shea Stearin 1 nucleated at 28 °C.

 

nucleated at 23 °C. 

 

nucleated at 28 °C. 



 

Figure 3.5. The nucleation peaks and determined induction times for 

Figure 3.6. The nucleation peaks and determined induction times for 
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The nucleation peaks and determined induction times for Shea Stearin 1

 

The nucleation peaks and determined induction times for Shea Stearin 1 + 3 
% SSS. 

 

Shea Stearin 1. 

 

Shea Stearin 1 + 3 



 

Figure 3.7. The absence of the fractional SSS peak in Shea Stearin 1 + 1 % SSS 
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The absence of the fractional SSS peak in Shea Stearin 1 + 1 % SSS 
nucleated at 28 °C. 

 

The absence of the fractional SSS peak in Shea Stearin 1 + 1 % SSS 

 



 

Figure 3.8. Melting trace of Shea Stearin 1 + 1 % 
trace was obtained immediately after crystallization.

Figure 3.9. Melting trace of Shea Stearin 1 + 1 % SSS crystallized at 23 °C. The melting 
trace was obtained after
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Melting trace of Shea Stearin 1 + 1 % SSS crystallized at 23 °C. The melting 
trace was obtained immediately after crystallization. 

Melting trace of Shea Stearin 1 + 1 % SSS crystallized at 23 °C. The melting 
trace was obtained after > 2 weeks of storage at ambient temperatures.

SSS crystallized at 23 °C. The melting 

 

Melting trace of Shea Stearin 1 + 1 % SSS crystallized at 23 °C. The melting 
> 2 weeks of storage at ambient temperatures. 
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3.6.  Conclusions 

The hypothesis formulated using computer simulations was demonstrated via 

nucleation kinetics studies of SOS and SSS mixtures. Differential scanning calorimetry 

showed that the addition of SSS to SOS preparations resulted in an increased nucleation 

rate of the bulk of the SOS. Higher amounts of added SSS led to greater reductions in the 

induction time, which can be interpreted as an increase in the amount of surface on which 

heterogeneous nucleation may occur. Estimation of the surface free energy showed that 

the surface free energy was reduced via the addition of SSS, which supports the 

hypothesis of the heterogeneous nucleation of SOS. The reduction of the surface free 

energy in heterogeneous nucleation also led to a decrease in the activation free energy and 

consequently, the critical nuclei radius. These would contribute to the increase in the 

nucleation rate.  

The heterogeneous nucleation of SOS in the presence of SSS has significant 

implications for the processing and crystallization of fats in confectionery products. For 

example, it is commonly known that the activation free energy of the α and β’ 

polymorphs is lower than that of the desired β (Form V) polymorph29. The presence of 

SSS and its promotion of heterogeneous nucleation, which implies a lowered activation 

free energy, may have an unintended effect on the nucleation of undesirable α and β’ 

polymorphs during cocoa butter tempering. A lowered activation free energy implies that 

a higher rate of nucleation can be sustained with lower supersaturations. Bearing this in 

mind, the presence of SSS crystals may promote the re-nucleation of these undesirable 

polymorphs as the tempered cocoa butter mass is inevitably cooled in the final stages of 

processing. Furthermore, the high-melting point of SSS will lend persistence to these 
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effects since the SSS crystals are not melted during the melting phase of the tempering 

procedure. The impact of SSS crystals on the processing of chocolate is worth further 

investigation. 
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Chapter 4 - The Phase Space of Crystallization: Modeling Fat 

Crystallization Using Thermodynamic and Mass-Transfer Variables 

4.1.  Abstract 

The following work describes the application of a conceptual tool, the “phase 

space”, to describe the trajectory of crystallization in a space defined by thermodynamic 

and mass transfer variables. Three materials and two crystallization conditions were 

studied: a fast cooling condition and a slow cooling condition. The phase space 

trajectories showed that the higher the viscosity at the start of crystallization (i.e. lower 

crystallization temperature), the smaller the resulting crystal size, due to limited crystal 

growth as a result impeded mass transfer. Likewise, a lower viscosity at the start of 

crystallization resulted in larger crystal sizes. Charting the trajectory of crystallization for 

two polycrystalline triglyceride fats in a triglyceride oil, namely fully hydrogenated 

soybean oil (FHSO) in soybean oil and FHSO in high oleic sunflower oil, also showed 

that the material exhibited a “crystallization overshoot” in that the initial crystallization 

created more solid material than was predicted from chemical potential considerations of 

the most stable polymorph. Subsequently, the solid content decreased over time in 

storage. DSC and X-ray diffractometry were used to characterize the material during 

crystallization and after storage, respectively. Collectively, these showed that the apparent 

chemical potential overshoot detected in the phase trajectories was attributable to a 

polymorphic transformation. 
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4.2.  Introduction 

Fats are materials that consist of a mixture of lipid components, consisting of 95 

% or more triacylglycerols. The solidification of fats from a liquid melt or solution into a 

semi-solid is a process of scientific and technological interest. The solidification of a fat 

begins when a fat is undercooled. A fat becomes undercooled when a liquid fat melt or 

solution is cooled to a temperature below the melting point of the highest-melting 

triacylglycerol in the mixture, resulting in the development of a supersaturation in the 

system. In the supersaturated state, the chemical potential of the liquid melt is higher than 

the chemical potential of the corresponding solid phase. To reduce the free energy of the 

system, the supersaturated triglyceride species crystallizes into a solid phase1.  

Crystallization is typically divided into a two-stage process: the initial stage, 

nucleation, describes the phase transition of localized supersaturated “blobs” of melt into 

solid phase particles called  nuclei, purely via thermal fluctuations2. Nuclei are presumed 

stable if they persist and do not re-dissolve into the liquid melt. The second stage of the 

crystallization process is crystal growth, where the existing nuclei grow via the 

incorporation of triacylglycerol molecules from the supersaturated liquid melt. There are 

many theories that describe the crystal growth process. However, in this paper, the 

perspective of the diffusion theory of crystal growth will be adopted3,4. In this theory, 

crystal growth rate is controlled primarily by two kinetic considerations, which are the 

rate of transport of the crystallizing species to the crystal surface and rate of incorporation 

of the crystallizing species into the growing crystal. 

In this paper, we propose treating crystallization as a dynamic, time-dependent 

process. Central to the study of an evolving dynamic system is the concept of a phase 
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space. A phase space is a multidimensional mathematical space that defines every 

possible state of a system5. A parameter, the dynamic variable, that defines the state of a 

system is represented as an axis of the phase space. Each possible state of the system is 

represented as a point within the space. The evolution of the system over time is 

represented as a phase space trajectory, which is a path of individual points within the 

phase space. An analysis of the geometry of this trajectory is a very powerful tool for 

describing the qualitative behavior of these systems. While this concept arose originally 

out of the study of celestial mechanics, the principles involved are sufficiently flexible to 

be adapted for use in chemical systems6.  

A previous attempt to model the nonisothermal crystallization of triglycerides was 

attempted by Rousset in his time-temperature-transformation diagrams7 (TTT), which 

involved the use of finite element analysis (FEM). Rousset’s treatment, abbreviated FEM-

TTT, allowed for the calculation of induction times and the tracing of the evolution of the 

solid volume fractions in time. However, the treatment neglected to consider mass 

transfer considerations and assumed that the ratio of the growth rate to the nucleation rate 

is constant throughout the crystallization. 

In this paper, we propose an empirical model that improves on Rousset’s ideas by 

describing the crystallization of a fat using two dynamic variables: a thermodynamic 

variable (the chemical potential) and a kinetic variable (the diffusivity), each of which 

affects the stages of the crystallization process. To be practical, these variables were 

chosen such that they could be experimentally determined. The difference in chemical 

potential was chosen to be the thermodynamic variable while the viscosity divided by the 
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absolute temperature (the inverse of which is correlated to the molecular diffusivity) was 

chosen to be the kinetic variable. 

4.2.1.  The Thermodynamic Axis: The Driving Force of Crystallization 

The driving force for crystallization is the difference in the chemical potentials 

between the liquid and solid phases. The chemical potential for a given phase is the 

marginal increase in the free energy of the phase for each additional unit (mole or 

molecule) added to the respective phase. The chemical potential difference for 

crystallization is developed when the liquid phase becomes supersaturated. In a 

supersaturated solution, the concentration of the crystallizing species in the liquid phase 

exceeds the solubility limit of the liquid phase. In other words, the “carrying capacity” of 

the phase is exceeded8. 

The chemical potential difference Δµ (in molar quantities) can be written in terms 

of the supersaturation β as: 

∆� = �� ln �  

where R is the ideal gas constant, T is the system temperature of the system (i.e., the 

crystallization temperature) and β is the supersaturation/coefficient of solubility, which 

can be written as a ratio of the concentration C of the crystallizing species remaining in 

solution to the solubility limit C*: 

� =
�

�∗  
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For a reversible melt-to-solid transformation where the pressure is constant, the 

chemical potential can be written as: 

Δ� =
Δ��

��
(�� − �) 

An equivalent expression for the supersaturation in terms of the chemical potential 

can be written as: 

� = �
��
��  

4.2.2.  The Kinetic Axis: Mass Transfer Conditions 

After the initial nucleation process, the crystal nuclei grow via the incorporation of 

the crystallizing species into the crystal lattice. The diffusion-reaction theory of crystal 

growth models this as a two-step process: (1) the mass transport via diffusion of the 

crystallizing species to the surface of the crystal and (2) a first-order “reaction” whereby 

the crystallizing species (solute) is incorporated into the growing crystal face9. The 

applicable differential equations that describe these two processes, respectively, are: 

1

�

d�

d�
= ��(� − ��) 

1

�

d�

d�
= ��(�� − �∗) 

where c is the bulk solute concentration, ci is the solute concentration at the solid-

liquid interface and c* is the solute saturation concentration. The first equation is 
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essentially an analog of Fick’s law, where kd is the diffusivity. The equation for the 

overall crystal growth process can then be written as: 

1

�

d�

d�
= ��(� − �∗)� 

where n is the order of the crystal growth process and kg is a term combining both 

the diffusion and incorporation rate constants: 

1

��
=

1

��
+

1

��
 

For triglycerides with a simple chemical structure that can be incorporated into the 

growing crystal readily, we can assume that the rate-limiting step is the mass transport of 

the crystallizing species to the surface of the crystal (kg = kd). As well, since diffusion is 

strictly a linear process, n = 1. The rate constant kd is analogous to the diffusion constant 

D, which, to use the Stokes-Einstein formulation, is: 

� =
���

6���
 

where kB is Boltzmann’s constant, T is the absolute temperature, η is the viscosity 

and r is the size of the diffusing particle. The “resistance” to diffusion can be taken to be 

the inverse of the diffusion constant, which is proportional to the viscosity and the 

temperature in the following manner: 

1

�
~

�

�
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In this formulation, the radius of the diffusing particle (a triglyceride molecule) is 

ignored since the size of all triglyceride molecules in the liquid state can be assumed to be 

roughly similar, as they are all triglycerides consisting of either 16 (PS-SO) or 18 carbons 

(FHSO-SO, FHSO-HOSFO). In the event that the molecular sizes for systems being 

studied are not within a few carbons of each other, the size of the diffusing molecule, as 

represented by the radius of gyration, can be included in the formulation: 

1

�
~

��

�
 

Typically, the radius of gyration of liquid state triglycerides consisting of fatty 

acids with 16 to 18 carbons is between 9 to 12 Å10. 

4.3.  Materials and Methods 

Three materials, consisting of a solid triacylglycerol dissolved in an oil “solvent” 

(states defined per room temperature behavior) were studied in this work:  

A. 40 % palm stearin (PS) in 60 % soybean oil (SO) 
B. 20 % fully hydrogenated soybean oil (FHSO) in 80 % soybean oil 
C. 20 % fully hydrogenated soybean oil (FHSO) in 80 % high oleic sunflower oil 

(HOSFO)  

4.3.1.  Solid Fat Content (SFC) Measurements 

The solid fat content was determined using a 20 MHz (0.47 T) mq20 series bench-

top NMR spectrometer (Bruker Corp., Milton, ON, Canada). Samples of the three 

materials were melted at 80 °C and held for 15 minutes. Approximately 3.0 g of each 

material was introduced into a glass NMR tube. Each material was sampled and measured 

in triplicate. 
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A fast cooling rate (~ΔT=30°C/min) was achieved by immersing the NMR tubes 

in a water bath with water as the cooling medium. A slow cooling rate (~ΔT=5°C/min) 

was achieved by storing the NMR tubes in an incubator. The temperature of both the 

waterbath and the incubator were set at a fixed temperature, which served as the 

crystallization temperature for each fat material: 20 °C for PS/SO; 30 °C for FHSO/SO; 

and 40 °C for FHSO /HOSFO. The solid fat content (SFC) of each mixture was 

determined every 40 seconds for the first hour, every 5 minutes during the second hour 

and every 12 hours for the next 3 days. The sample mixtures were returned to the 

temperature control device after each measurement. 

The profile of temperature decrease for each sample in either the incubator or 

waterbath was collected using a logging thermometer immersed in a reference samples of 

each of the mixtures studied. Direct measurement of the temperature is unfortunately not 

possible due to the nature of the NMR measurement, so the rate of temperature decrease 

must be imputed from a reference sample. 

4.3.2.  The Supersaturation in Fat Systems: An Approximation Using Solid Fat 

Content  

For fat systems, the concentration and solubility limit can be approximated using 

the solid fat content (SFC). This is subject to assumptions of ideal solution behavior 

between the solid and liquid phases and a chemically-homogeneous crystallizing species. 

The supersaturation at a particular temperature and time point can be approximated as the 

ratio of the concentration of the crystallisable species CT,t  to the solubility limit: 
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��,� =
��,�

���∗  

For a simple solution of a 100 % solid component in an oil exhibiting ideal 

solubility, the SFC solubility limit SFC* can be approximated by: 

���∗ = � − ����� 

where x is a constant representing the mass percentage of the neat crystalline 

triglyceride  (assumed to be 100 % solid) in solution in the liquid oil, and SFCeq is the 

solid fat content of the mixture at equilibrium, taking into account that, at equilibrium, a 

small amount of the hardstock remains dissolved in the oil. Should the hardstock not 

prove to be 100 % solid, x can be corrected by multiplying by the SFC of the neat 

hardstock SFCneat to obtain: 

���∗ = � ∙ ������� − ���
��

 

Likewise, the concentration of the crystallizing species CT,t remaining in solution 

(i.e., yet to crystallize) at a given time and temperature can be approximated using the 

SFC: 

��,� = � − ����,� 

where SFCT,t is the amount of material that has crystallized by time t since the 

amount of crystallizing species in solution should be equal to the difference between the 

amount of crystallizing species added and the amount that has already crystallized. The 

same correction used in the formulation for SFC* can be applied should the hardstock not 

be 100 % solid: 
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��,� = � ∙ ������� − ����,� 

In terms of SFC, the supersaturation can thus be expressed as: 

��,� =
� − ����,�

� − �����  

The supersaturation was transformed into the difference in chemical potential via the 

following relation: 

∆� = �� ln ��,�  

where the ideal gas constant R = 8.314 J/(K·mol). 

4.3.3.  Viscosity Measurements 

The viscosity of oils increases when the temperature decreases. The viscosities at 

each temperature point was determined using an Anton Paar MCR302 rheometer (Anton 

Paar, Saint Laurent, QC) equipped with a temperature control unit and a concentric 

cylinder geometry (CC17/T200/AL). The temperature-viscosity curve was determined for 

both oils (SO and HOSFO) as well as for mixtures consisting of 13 % PS in SO, 8.7 % 

FHSO in HOSFO and 5 % FHSO in SO. These concentrations correspond to the 

solubility limit of the respective mixture at the chosen crystallization temperature. At 

these concentrations, the SFC is approximately 0%, suggesting that this concentration is 

the saturation concentration. At this concentration, any further increases in 

supersaturation through the addition of additional hardstock material will lead to 

crystallization. This concentration, therefore, is the concentration “just before” the system 

becomes supersaturated and crystallizes. These concentrations were measured in order to 
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ascertain whether or not the temperature-viscosity profile of the pure oil (SO or HOSFO) 

was similar to an oil containing dissolved hardstock. This oil+hardstock effectively serve 

as the solvent of the system at equilibrium (i.e. no further crystallization). 

The viscosity of each material was measured in 5 °C intervals starting at 80 °C. 

The material was then cooled to the next temperature of measurement at a cooling rate of 

0.5 °C/min. After reaching the measurement temperature, each sample was allowed to 

equilibrate for 10 min prior to the actual measurement. The viscosity was measured at a 

shear rate of 100 s-1. 

The viscosity value at each temperature of measurement was used to create a 

viscosity “standard curve” using an empirical spline curve that shows the relationship 

between the temperature and viscosity of the medium. The viscosity of each material 

studied in this work was determined via interpolation of the measured temperature in this 

standard curve. 

4.3.4.  Thermal Properties 

The thermal properties of each mixture were characterized using a Mettler DSC1 

differential scanning calorimeter (Mettler Toledo, Mississauga, ON). Approximately 5 to 

10 mg of each sample was weighed and sealed into an aluminum pan. The DSC cell was 

purged with a 20 mL/min flow rate of nitrogen. The melting trace was first collected by 

heating the sample to 80 °C at a rate of 5 °C/min. The crystallization trace was then 

obtained by cooling the molten sample from 80 °C to -10 °C at a rate of 5 °C/min. The 

peak and onset temperatures of both the melting and crystallization traces were obtained 

using the accompanying StarE software from Mettler Toledo. Since the melting trace is 
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collected immediately after the crystallization trace, the melting endotherm can be used to 

deduce the polymorph formed during crystallization. This is by no means the equilibrium 

polymorphic form but is the polymorph formed during crystallization. 

4.3.5.  Microstructure 

The crystallization of the fat samples was imaged using polarised light microscopy 

(PLM) to determine the structure of the fat crystal network. The samples were first melted 

by holding in an incubator at 80 °C for 15 minutes. A drop of molten sample 

(approximately 10 µL) was deposited onto a pre-heated microscopy slide and then 

covered with a cover slip. The sample was then crystallized in a temperature profile 

identical to that obtained for the SFC measurements. This crystallization was conducted 

in a temperature-controlled microscopy stage (Linkam TPP93 Temperature Programmer 

LTS-350, LinkamScientific Instruments Ltd. Surrey, England) and imaged using a Leica 

microscope (CTR DM RXA2 with a Hammamatsu digital camera C11440 Running 

Velocity software,Germany). Images were captured every 5 minutes in bright-field mode. 

After 2 hours, the slides containing the samples were stored in incubators set to the 

appropriate crystallization temperature (i.e. 20 °C, 30 °C or 40 °C). Images in dark-field 

mode were captured one week after the initial crystallization. 

4.3.6.  Mass Fractal Dimension (Box-Counting) 

The 2-D fractal dimension of the fat crystal network imaged using PLM was 

determined by using the box-counting method developed by Narine and Marangoni11. 

This particle counting procedure is based on counting the number of pixels Ni above a 

certain threshold (typically 128 in greyscale images) in a series of progressively-larger 
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square boxes with side length Ri. If the distribution of mass in the network is fractal, than 

the relationship between log Ni and log Ri should yield a straight line with a slope 

equivalent to the box-counting fractal dimension Db. The software package Benoit 1.3 

(Truesoft Int’l, St. Petersburg, FL, USA, www.trusoft-international.com) was used to 

determine the box counting fractal dimension while Adobe Photoshop X.0 (Adobe 

System Incorporated) was used to threshold and equilibrate the images. The threshold 

level was determined automatically by Adobe Photoshop X.0 using the default 

optimization algorithm. 

4.3.7.  Polymorphic Forms 

The X-ray diffraction spectra of the samples were collected in triplicate using a 

Rigaku Multiflex X-ray powder diffractometer (Rigaku, Japan). After one week of 

storage, the sample used for determining the SFC-time profile was spread on a sample 

holder held at the crystallization temperature (20 °C for PS-SO, 30 °C for FHSO-SO and 

40 °C for FHSO-HOSFO). The sample holder was then transferred to a temperature-

controlled plate inside the diffractometer that maintained the chosen crystallization 

temperature while the data collection was performed. An α polymorph is identified via a 

single peak at 4.16, a β’ polymorph is identified by two peaks corresponding to spacings 

of 4.2 and 3.8 Å, while a β polymorph is identified by a single peak at 4.6 Å12. The X-ray 

spectra reveals the final polymorphic form attained by the fat mixture after several days 

of storage at the chosen temperature. 
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4.4.  Results and Discussion 

4.4.1.  Thermal Properties 

The thermal characteristics, as determined by DSC, of each of the three blends are 

reported in Table 4.1. These were obtained from the melting and crystallization traces 

shown in Figure 4.1 . The results show that the FHSO-SO and FHSO-HOSFO mixtures 

exhibited similar crystallization and melting temperature points. However, the FHSO-

HOSFO mixture exhibited three melting peaks, as opposed to the FHSO-SO mixture. The 

three melting peaks in the FHSO/HOSFO is indicative of a polymorphic transformation 

from the α to the β’ polymorph13. 

Palm stearin consists primarily of tripalmitin (PPP) and oleodipalmitin (POP, 

PPO), both of which crystallize into separate fractions14. A DSC melting endotherm of 

neat palm stearin shows three peaks, a single peak at 3 °C corresponding to an α 

polymorph, a broad peak between 8 °C and 37 °C corresponding to a β’ polymorph and a 

peak at 53 °C corresponding to a β polymorph (presumably due to the PPP)15.The DSC 

peak at 50.59 °C of the PS-SO mixture, thus corresponds to the β polymorph of palm 

stearin. 

Tristearin (which we can assume to be the main component of FHSO) exhibits 

melting points of 54.9 °C, 65.3 °C and 72.4 °C for the α, β’ and β polymorphs, 

respectively16. Thus, the DSC trace indicates that the solid fraction of the FHSO-SO 

mixture crystallized into the β’ polymorph. The corresponding solid fraction in the 

FHSO-HOSFO mixture crystallized into both the α and β’ polymorphs, although it is 
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difficult to ascertain whether or not the β’ peak in the DSC trace is a result of a 

polymorphic transformation by the α polymorph during melting.  

Table 4.1. Thermal Properties of the PS-SO, FHSO-SO and FHSO-HOSFO Fat Mixtures 

 
Onset Melting 
Temperature 

(°C) 

Onset 
Crystallization 
Temperature 

(°C) 

Peak Melting 
Temperature 

(°C) 

Peak 
Crystallization 
Temperature 

(°C) 
PS/SO  
(40/60) 

44.76 ± 6.38 19.63 ± 0.3 50.59 ± 0.07 18.41 ± 0.06 

FHSO/SO  
(20/80) 

54.78 ± 3.49 39.13 ± 0.2 60.89 ± 0.59 37.09 ± 0.59 

FHSO/HOSFO 
(20/80) 

54.16 ± 2.22 37.39 ± 0.1 
53.65 ± 0.39 
55.77 ± 0.18 
63.37 ± 0.45 

36.45 ± 0.07 

 

The thermal characteristics collected from the DSC traces were used to select the 

appropriate crystallization temperature for each system so that the undercooling for each 

system is roughly identical. For the PS-SO system, selecting a crystallization temperature 

of 20 °C gives an undercooling of roughly 30 °C (50.59 °C – 20 °C). Likewise, selecting 

a crystallization temperature of 30 °C gives an undercooling of roughly 30 °C (60.89 °C – 

30 °C). Since the highest peak melting temperature of the FHSO-HOSFO trace was very 

similar with that of FHSO-SO, a different crystallization temperature of 40 °C for the 

FHSO-HOSFO was chosen.  
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Figure 4.1. DSC crystallization exotherms (A) and melting endotherms (B) for PS-SO, 
FHSO-SO and FHSO-HOSFO. 

4.4.2.  Polymorphic Form 

 

Figure 4.2. X-Ray spectra of PS-SO (A, B), FHSO-SO (C, D) and FHSO-HOSFO (E, F) 
crystallized in an incubator (A, C, E, ---) and waterbath (B, D, F, —). 
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The X-ray spectra of the crystallized materials after 7 days of storage are shown in 

Figure 4.2. The PS-SO mixture exhibited a β polymorph for both samples crystallized in 

the incubator and the waterbath. The formation of a β form is not inconsistent with the 

chemical composition of palm stearin, which contains PPP and POP. The β polymorph 

can be attributed mainly to the PPP component, since this triacylglycerol is known for 

readily adopting this polymorph. POP can also form a β polymorph, albeit not as readily 

as PPP. However, after 7 days of storage, POP will presumably attain the β polymorph, 

even if it crystallizes initially into the β’ polymorph.  

Both the FHSO-SO and FHSO-HOSFO mixtures attained a β polymorph after 7 

days of storage. This is also consistent with the chemical composition of FHSO, 

consisting primarily of tristearin, which adopts the β polymorph as its most stable form. 

For both mixtures, the β polymorph was attained regardless of the cooling rate used 

during crystallization. The results from all three mixtures show that the trajectory of the 

crystallization is irrelevant to the final polymorphic form attained; indicating that, for 

these three systems at least, the polymorphic form is not determined by the mass transfer 

conditions during which crystallization occurs. 

4.4.3.  SFC and Chemical Potential in Time 

The characteristic evolution of the SFC for each material under slow and fast 

cooling conditions is shown in Figure 4.3. For (A) and (B), the data was fit to the Avrami 

equation in order to obtain the crystallization rate constants k and the growth exponent n 

and the equilibrium (or final) solid mass fraction SFCmax, which provide information on 

the kinetics of the crystallization process as well as the growth mode of the crystals17,18,19. 
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A cursory examination of these graphs (Figure 4.4) show that the materials crystallized in 

a waterbath exhibited a shorter (or non-existent) lag time and a steeper increase in the 

SFC during the main crystallization event. These features suggest that the crystallization 

in the waterbath is more rapid than for the crystallization of the same material in an 

incubator. 

The shape of the FHSO/HOSFO SFC-time curve is irregular and is characterized 

by a crystallization “overshoot” where the SFC initially exceeds the equilibrium SFC and 

later decreases. The Avrami model does not account for such behavior and consequently, 

the data cannot be fit to this model.  

For both the PS-SO and FHSO-SO mixture, crystallization in the waterbath leads 

to a faster crystallization as can be seen in the larger values for the rate constant, 

compared to the same material crystallized in the incubator (Table 4.2). With regards to 

the growth mode given by n, the PS-SO mixture crystallized in the waterbath exhibits 2-

dimensional growth with instantaneous nucleation (n = 2 + 0). One-dimensional growth 

with sporadic nucleation (n = 1 + 1) is not considered. Comparatively, the PS-SO mixture 

crystallized in the incubator shows 2-dimensional growth with sporadic nucleation (n = 2 

+ 1). Three-dimensional growth with instantaneous nucleation (n = 3+ 0) is not 

considered. Two-dimensional growth of triglycerides is a reasonable assumption since 

triglycerides typically crystallize into 2-dimensional platelets with nanometer dimensions. 

The platelets may grow longitudinally via the formation of new layers, but only very 

slowly. 
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Figure 4.3. The evolution of the SFC and the difference in chemical potential Δµ in time 
for (A) 40/60 PS/SO crystallized at 20 °C (B) 20/80 FHSO/SO crystallized at 30 °C (C) 

20/80 FHSO/HOSFO crystallized at 40 °C. The initial velocity V0 is the slope of the solid 
blue line parallel to the linear region. 

 

The values obtained for the FHSO-SO mixture shows that the growth mode is 3-

dimensional with sporadic nucleation (n = 3 + 1) when crystallized slowly in an 

incubator. A faster crystallization in a waterbath leads to 2-dimensional growth with 
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instantaneous nucleation (n = 2 + 0). The results suggest that, as expected, crystallization 

is slower in an incubator than in a waterbath. The three dimensional growth of the FHSO-

SO mixture crystallized slowly in an incubator may suggest that aggregation of the 

primary crystallites into larger-dimensional structures. 

 

Figure 4.4. Fits of the Avrami Equation to the SFC-time data for PS-SO (A, B) and 
FHSO (C, D) crystallized in a waterbath (A, C) and an incubator (B, D). 

Table 4.2. Estimates for the rate constant k, Avrami exponent n and equilibrium 
solid fat content SFCmax for the PS-SO and FHSO-SO fat mixtures. 

Material 
(Crystallization Apparatus) 

k (min-n) n SFCmax (% SFC) 

40/60 PS/SO 
(Incubator) 

1.91 ± 0.13 (10-5) 2.98 ± 0.0757 8.82 ± 0.02 

40/60 PS/SO 
(Waterbath) 

6.12 ± 5.99 (10-2) 1.54 ± 0.441 11.79 ± 0.54 

20/80 FHSO/SO 
(Incubator) 

1.70 ± 1.18 (10-4) 4.03 ± 0.115 17.39 ± 0.18 

20/80 FHSO/SO 
(Waterbath) 

3.13 ± 0.623 (10-1) 2.19 ± 0.139 18.71 ± 0.04 
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Table 4.3. The solid fat content of the neat hardstock (PS and FHSO) and the equilibrium 
solid fat content attained after two days of storage for the PS-SO, FHSO-SO and FHSO-

HOSFO fat mixtures. 

Material SFCneat (% SFC) 
SFCeq (% SFC) 

Waterbath Incubator 
PS-SO 24.35 10.01 12.58 

FHSO-SO 19.84 15.36 16.44 
FHSO-HOSFO 19.84 11.36 10.98 

 

Using the parameters listed in Table 4.3, the evolution of the chemical potential in 

time was calculated from the SFC-time curves using the methodology described 

previously. The evolution of the chemical potential is shown in the right panels of Figure 

4.3. The plots show that the curves describing the decrease of the difference in chemical 

potential are linear in the initial portion of the plot as marked by the parallel solid blue 

line. The bulk of the crystallization (decrease in supersaturation) occurs in this linear 

“initial velocity” region. The slope V0 of this “initial velocity” region can therefore be 

used as a measure of the overall crystallization rate. After the initial crystallization, the 

curves describing the decrease in the chemical potential approaches a plateau. 

The initial velocity V0 can be expressed in terms of the supersaturation: 

�� =
�(∆�)

��
= −��

� ln � 

��
 

and the rate of the reaction in terms of the rate of change in the supersaturation is given 

by: 

� ln � 

��
= −

1

��

�(∆�)

��
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This quantity has units of reciprocal time, which are the units of a first order rate 

constant.  Thus, by dividing V0 by the molar gas constant and the temperature of 

crystallization, a rate constant-like value 
� �� � 

��
 with units of reciprocal time can be 

obtained. This allows for the easy comparison of crystallization rates across systems, a 

task that is difficult using the rate constants of the Avrami equation since the 

dimensionality of these rate constants is dependent on the growth mode. 

Moreover, if the previous equation is integrated between the initial time (to) and 

the final time (t) for the initial supersaturation β, and the final supersaturation β=1, 

� � ln � 

�

�

= −�� � ��

�

��

 

a simple kinetic expression for the change in supersaturation as a function of time 

for a crystallizing fat can be obtained: 

ln � = ��(� − ��) 

where �� =
�

��

�(∆�)

��
.  

From this relation, it would seem that the time dependence of ln � during 

crystallization is a simple linear function of time. This approach was used in the 

quantification of the kinetic data presented in Figure 4.3. Table 4.4 shows both the 

estimates of �� and  
�(∆�)

��
.  
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Table 4.4. The initial velocity V0 and the rate constant kβ of crystallization of the linear 
region of the Δµ vs time curve displayed in the right panels of Figure 4.3. 

Material Waterbath Incubator 

PS-PO 
-V0 (kJ/(mol·min)) 0.1285 0.030 
k (min-1) 5.28 x 10-2 1.23 x 10-2 

FHSO-SO 
-V0 (kJ/(mol·min)) 2.779 0.6938 
k (min-1) 1.10 0.275 

FHSO-HOSFO 
-V0 (kJ/(mol·min)) 0.5147 0.3365 
k (min-1) 0.198 0.129 

  

The slope of the evolution of the difference in chemical potential in time of the 

samples crystallized in the waterbath is much steeper than the same rate for the samples 

crystallized in the incubator. This is not unexpected as the samples that were crystallized 

in the waterbath can be expected to undergo a higher crystallization rate. The data is in 

agreement with the crystallization rate constants obtained via the Avrami fits, which show 

that the materials crystallized in the waterbath have a higher k than the same material 

crystallized in the incubator. This higher rate of crystallization, however, does not 

indicate which of the two crystallization events (nucleation or crystal growth) is 

dominant. In general, a faster crystallization results in more nucleation. However, with 

the addition of a kinetic axis, a case can be made, that the incidence of nucleation is 

higher in the fast-cooled sample crystallized in the waterbath. Likewise, the incidence of 

nucleation can be shown to be lower in the slow-cooled sample crystallized in the 

incubator.  

The curves also show that the difference in the chemical potential between the 

liquid and solid phases is negative for the FHSO-SO and FHSO-HOSFO at the plateau 

portion of the curve. What this indicates is that the free energy of the solid phase is higher 

than the free energy of the liquid phase, which suggests an “overcrystallization”. The 
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higher free energy of the solid means that the system will tend towards dissolution of the 

crystallized material. This is indeed the case for the FHSO-SO and FHSO-HOSFO 

systems, which exhibited a decline in the solid fat content after storage at the 

crystallization temperature for two days.  

This behavior can be explained by the crystallization of the solid fraction into a 

metastable polymorphic form such as the α or β’ polymorph. This is supported by the 

DSC results for the FHSO-SO and FHSO-HOSFO mixtures, which show the presence of 

metastable polymorphs for the crystallized material. In the case of FHSO-HOSFO, both α 

and β’ polymorphs were present in the system after crystallization, whereas for the 

FHSO-SO mixture, the solid fraction crystallized directly into the β’ polymorph. 

However, X-ray characterization of both the FHSO-SO and FHSO-HOSFO mixtures after 

one week of storage (long enough for polymorphic transformations to the β’ polymorph 

to occur) shows the presence of a β polymorph.  

The overshoot is not evident in SFC-time curve for the FHSO-SO system. This 

implies an absence of a polymorphic transformation during crystallization, suggesting the 

solid fraction crystallized directly into the β’ polymorph (as suggested by the DSC 

melting traces). However, a polymorphic transformation into the β polymorph still 

occurred, as shown by the X-ray results. The transformation into the β polymorph can 

explain the decrease in the solid content over a few days of storage, especially for the 

FHSO-SO mixture crystallized in the waterbath. Since the chemical potential is calculated 

against the equilibrium SFC after 2 days of storage (15.36 %) rather than the equilibrium 

SFC attained during crystallization (18.71 %, as given by the Avrami fits), the chemical 

potential vs time curve will show a substantial overshoot for the sample crystallized in the 
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waterbath. This overshoot is not evident for the FHSO-SO sample crystallized in the 

incubator since the deviation of the SFC attained during crystallization (17.39 %) from 

the equilibrium SFC (16.44 %) is not as great as the deviation for the same FHSO-SO 

mixture crystallized in the waterbath. 

The narrative of a polymorphic transformation as the cause of the overshoot is 

also consistent with the results for the PS-SO system not exhibiting any crystallization 

overshoot. This material crystallized readily into the stable β polymorph, as can be seen in 

both the DSC traces and the X-ray spectra. Since this is the most stable polymorph, no 

further polymorphic transformations are possible. Thus, the SFC did not change with time 

in storage. 

4.4.4.  Viscosity 

The viscosity-temperature profile of each oil “solvent” is shown in and is 

superimposed with the viscosity-temperature profile of the oil at the saturation 

concentration of the solute (Figure 4.5). The graphs show, that for all systems, the curves 

describing the viscosity of the oil at each temperature is identical to the curves describing 

the viscosity of the oil containing the solute at the saturation concentration. The sole 

exception would be the curves for the FHSO-SO system, where an abrupt increase in the 

viscosity of the oil containing the solute at the saturation concentration is observed. This 

can be attributed to the crystallization of the solute at the crystallization temperature of 30 

°C. However, for this system, the curve at all points above 30 °C is identical to the curve 

describing the oil. 
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The graphs show that the viscosity of the oil and the viscosity of the oil with the 

solute at the saturation concentration are identical and that one can be substituted for the 

other. For this reason, the viscosity of the oil was used in the construction of the phase 

plots. It should be noted that the viscosity of the oil consisting of 5 % FHSO in SO 

showed an increase in the viscosity at 30 °C but this was attributed to the crystallization 

of minute amounts of the dissolved FHSO. 
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Figure 4.5. Viscosity-Temperature Profiles of SO (A and B, ▼) and HOSFO (C, ▼) and 
mixtures at the solubility limit at the crystallization for PS-SO (A, ▲), FHSO-SO (B, ▲) 

and FHSO-HOSFO (C, ▲). 

4.4.5.  Crystallization Trajectory in a 2-Dimensional Phase Space 

Since the temperature of the crystallized sample at each point of time is known via 

measurement, the viscosity at each point of crystallization can also be calculated via the 

viscosity-temperature standard curve. Knowing this, a 2-dimensional plot describing the 
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evolution of a thermodynamic chemical potential axis with a kinetic mass transfer axis 

can be constructed. Such a plot is equivalent to the phase trajectory of a dynamic system 

in a 2-dimensional phase space consisting of a thermodynamic variable and a mass 

transfer variable. For each of the three systems studied in this work, the phase trajectories 

are shown in Figure 4.6. 

The phase trajectories show that, for samples crystallized in a waterbath, i.e. fast 

cooling conditions, the initial decrease of the chemical potential (i.e. start of 

crystallization) occurs under relatively unfavorable mass transfer conditions (high 

viscosity/temperature ratio). Comparatively, the initial crystallization of the materials 

crystallized slowly in an incubator occurs under conditions of more favorable mass 

transfer conditions (lower viscosity/temperature ratio). This trajectory suggests that 

processes such as crystal growth, which is limited by mass transfer, would be attenuated 

in the samples crystallized in a waterbath, whereas the crystal growth would be less 

attenuated in the sample crystallized in an incubator. The “critical” viscosity-temperature 

ratio, �
�

�
�

∗

, at which crystallization occurs is tabulated in Table 4.5. 

The trajectory of the FHSO-SO and FHSO-HOSFO materials in the waterbath 

also shows a steeper decline in the chemical potential with respect to the 

viscosity/temperature axis relative to the same material crystallized in the incubator, as 

indicated by the parallel solid blue line. This is not evident in the PS-SO material, where 

the steepness of the curve prevents the fitting of a line. However, this is evident in the 

FHSO-SO and FHSO-HOSFO materials.  
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In the FHSO-SO system crystallized in an incubator, the difference in chemical 

potential decreases over a wide range of η/T values, corresponding roughly to a non-

isothermal process. This suggests that the crystallization process experiences a range of 

mass transfer conditions during crystallization. Initially, the crystallization occurs under 

favorable mass transfer conditions. As the crystallization proceeds, the mass transfer 

conditions become unfavorable, primarily due to an increase in the viscosity associated 

with lower temperatures. Supposing that this is the case, the crystals grow at the 

beginning of the crystallization process. However, before the process is complete, the 

mass transfer conditions become unfavorable, favoring nucleation. Therefore, the 

remaining free energy of the system is reduced through the creation of new nuclei, rather 

than growth of existing nuclei. This is compatible with the results from the Avrami fits, 

which show that the FHSO-SO material crystallized in an incubator shows sporadic 

nucleation (n = 4). By the same token, the crystal size distribution of the FHSO-SO 

material crystallized in an incubator should be less homogeneous. The same line of 

reasoning can be applied to the FHSO-HOSFO mixture crystallized in the incubator, 

however, Avrami fit parameters are not available for comparison.  

Table 4.5. Slope of the linear portion of the phase trajectory 
d�

d
�

�

  and the critical 

viscosity/temperature value �
�

�
�

∗

at which crystallization begins. 

Material 
Waterbath Incubator 

d�

d
�

�

 �
kJ∙K

mol∙mPa∙s
� �

�

�
�

∗
 �

mPa∙s

K
� 

d�

d
�

�

 �
kJ∙K

mol∙mPa∙s
� �

�

�
�

∗
 �

mPa∙s

K
� 

PS-SO 
(40/60) 

∞ 0.204 ∞ 0.178 

FHSO-SO 
(20/80) 

-359 0.144 -55.71 0.100 

FHSO-HOSFO 
(20/80) 

-1023 0.108 -226 0.091 
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An overshoot can also be noted for the FHSO-SO and FHSO-HOSFO crystallized 

samples for both the incubator and the waterbath. As already noted, this is most likely due 

to the complex metastable nucleation and recrystallization taking place in these materials. 

4.4.6.  Microstructure 

Polarized light micrographs of the three mixtures crystallized in an incubator or 

waterbath are shown in Figure 4.7. For each of the three materials, the micrograph for the 

material crystallized in an incubator shows qualitatively larger crystals than the same 

material crystallized in a waterbath. This shows that crystal growth is more prevalent in 

the incubator-crystallized samples than in the waterbath-crystallized samples, where 

nucleation is the predominant mode by which the chemical potential decreases. 

The results can be explained in the context of the phase trajectories. For the 

samples crystallized in the incubator, the start of crystallization occurs at a lower 

viscosity/temperature ratio. The “resistance” to mass transfer is thus lower for these 

samples when they begin crystallizing. The low resistance to mass transfer results in 

improved crystal growth, which is manifest as larger crystal sizes. Conversely, the 

viscosity/temperature ratio at the start of crystallization is higher for the materials 

crystallized in the waterbath. This implies a higher resistance to mass transfer. The poor 

mass transfer environment thus results in smaller crystal sizes. A higher incidence of 

nucleation is the main mechanism by which the chemical potential is reduced whereas for 

the samples crystallized in the incubator, the addition of supersaturated material to the 

initial nuclei is the mechanism by which the chemical potential is reduced. The results are 

consistent with USAXS findings by Peyronel and others20, which showed that tristearin 
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and tripalmitin crystallized at a slow cooling rate exhibited larger crystal sizes (almost 

double) than the same materials crystallized at a fast cooling rate. 

 

Figure 4.6. The phase trajectory of the PS-SO (A), FHSO-SO (B) and FHSO-HOSFO 
(C) systems crystallized in and incubator (•) and waterbath (■). The solid blue line 

parallel to the linear region describes the rate of change of the difference in chemical 
potential with respect to η/T. 
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The fractal dimensions of the obtained micrographs are reported in Table 4.6. A 

lower Db corresponds to a “looser” (i.e. less than 2-dimensional) packing of the solid 

volume fraction in the material21. Consequently, a lower Db also suggests larger crystal 

aggregates and an uneven distribution of the solid mass with a higher proportion of 

interstitial spaces filled with non-solid oil. Conversely, a higher Db suggests a more 

homogeneous distribution of mass due to smaller aggregate sizes. A smaller aggregate 

size may be due to lower mass transfer rates, an increased incidence of nucleation, or 

both. 

The fractal dimensions for the PS-SO mixture crystallized in both the waterbath 

and the incubator do not appear to exhibit any differences at both magnifications. 

However, for the FHSO-SO and FHSO-HOSFO mixtures, the fractal dimensions for the 

sample crystallized in the waterbath were higher than the fractal dimension of the 

corresponding sample crystallized in the incubator. This is consistent with the discussion 

in previous sections: the sample crystallized in the waterbath exhibited an increased in 

incidence of nucleation and a smaller crystal aggregate size due to less favorable mass 

transfer conditions at the start of crystallization, compared with the corresponding sample 

crystallized in the incubator. The sample crystallized in the incubator experiences more 

favorable mass transfer conditions and consequently the crystal aggregate size is larger 

due to improved mass transfer conditions. 
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Table 4.6. Mass Fractal Dimensions Db from the analysis of 40x and 20x images of the 
PS-SO, FHSO-SO and FHSO-HOSFO mixtures crystallized in a waterbath and incubator. 

 40 x Magnification 20 x Magnification 
 Waterbath Incubator Waterbath Incubator 

PS-SO 
(40/60) 

1.79 ± 0.06 1.82 ± 0.02 1.72 ± 0.13 1.77 ± 0.04 

FHSO-SO 
(20/80) 

1.90 ± 0.03 1.73 ± 0.01 1.84 ± 0.05 1.76 ± 0.04 

FHSO-HOSFO 
(20/80) 

1.69 ± 0.05 1.57 ± 0.05 1.77 ± 0.02 1.66 ± 0.04 

 

  

 



 
 

 

Figure 4.7. Polarized Light Microscopy images for PS
(C, D) and FHSO-SO (
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Polarized Light Microscopy images for PS-SO (A, B), FHSO
SO (E, F) crystallized in a waterbath (left panels: A

incubator (right panels: B, D, F). 

 

), FHSO-HOSFO 
A, C, E) and an 
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4.5.  Conclusions 

We have demonstrated in this paper that the often-overlooked putative mass 

transfer conditions experienced by a crystallizing system are important to characterizing 

the crystallization process of a fat. Traditionally, a high supersaturation meant a higher 

incidence of nucleation, which was assumed to result in a smaller crystal size since the 

supersaturation of the system is distributed across multiple nuclei. In this treatment, we 

show that a higher supersaturation indeed resulted in a smaller crystal size but ascribe this 

development to the unfavorable mass transfer conditions typically encountered by highly 

supersaturated systems. Highly supersaturated systems tend to crystallize at a much lower 

temperature than less-supersaturated systems since in highly-supersaturated systems, the 

system attains a lower temperature before crystallization occurs. The unfavorable mass 

transfer conditions this imposes results in smaller crystal sizes due to an inhibition of 

crystal growth. 
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4.8.  Graphical Abstract 

 

The Phase Space of Crystallization: Modeling Fat Crystallization Using Thermodynamic 

and Mass-Transfer Variables 

Edmund D. Co and Alejandro G. Marangoni 

 

A dynamic approach to the crystallization of fats using a 2-dimensional phase 

space was developed. The thermodynamic and mass transfer changes during 

crystallization are characterized as a trajectory in the 2-dimensional phase space. In this 

work, it is shown that the mass transfer conditions at the moment of crystallization is an 

important consideration during crystallization. The mass transfer conditions do not affect 

the polymorphic form of the fat crystal but affects the crystal size and distribution. 

Polymorphic transformations during crystallization are also reflected as an “overshoot” in 

the crystallization trajectory.
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Chapter 5 - Conclusions and Recommendations 

The following work has demonstrated a new take on two observed phenomena in 

fats, namely: the acceleration of crystallization in fats with small amounts of tristearin 

and the small crystal sizes formed by highly supersaturated fats. For the first 

phenomenon, an unexplored perspective, that of heterogeneous nucleation, was employed 

to explain the phenomenon. The initial computer simulations showed that SOS exhibited 

an affinity to a simulated tristearin surface. Differential scanning calorimetry showed that 

the addition of SSS to SOS preparations resulted in an increased nucleation rate of the 

bulk of the SOS. Higher amounts of added SSS led to greater reductions in the induction 

time, which can be interpreted as an increase in the amount of surface on which 

heterogeneous nucleation may occur. The hypothesis of heterogeneous nucleation was 

further supported by the absence of this acceleration when tristearin was added at levels 

not sufficiently concentrated to result in the formation of the tristearin surface. 

The heterogeneous nucleation of SOS in the presence of SSS has significant 

implications for the processing and crystallization of fats in confectionery products. For 

example, it is commonly known that the activation free energy of the α and β’ 

polymorphs is lower than that of the desired β (Form V) polymorph. The presence of SSS 

and its promotion of heterogeneous nucleation, which implies a lowered activation free 

energy, may have an unintended effect on the nucleation of undesirable α and β’ 

polymorphs during cocoa butter tempering. A lowered activation free energy implies that 

a higher rate of nucleation can be sustained with lower supersaturations. Bearing this in 

mind, the presence of SSS crystals may promote the re-nucleation of these undesirable 
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polymorphs as the tempered cocoa butter mass is inevitably cooled in the final stages of 

processing. Furthermore, the high-melting point of SSS will lend persistence to these 

effects since the SSS crystals are not melted during the melting phase of the tempering 

procedure. The impact of SSS crystals on the processing of chocolate is worth further 

investigation. 

For the second phenomenon, it was shown that the often-overlooked mass transfer 

conditions experienced by a crystallizing system, can explain the crystal growth patterns 

of a growing fat crystal. Traditionally, a high supersaturation meant a higher incidence of 

nucleation, which was assumed to result in a smaller crystal size since the supersaturation 

of the system is “distributed” across multiple smaller nuclei instead of being 

“concentrated” into a few large crystals. In this treatment, we show that a higher 

supersaturation indeed resulted in a smaller crystal size but ascribe this development to 

the unfavorable mass transfer conditions typically encountered by highly supersaturated 

systems. Highly supersaturated systems tend to crystallize at a much lower temperature 

than less-supersaturated systems since in highly-supersaturated systems, the system 

attains a lower temperature before crystallization occurs. The unfavorable mass transfer 

conditions this imposes results in smaller crystal sizes due to an inhibition of crystal 

growth. 

The trajectory of crystallization in a phase space of chemical potential and mass 

transfer is an important tool for the study of crystallizing fat systems. The preliminary 

application of this tool, for example, to the SOS+SSS system (data not included in thesis) 

has shown interesting crystallization patterns such as the evolution of a significant 

amount of heat during the crystallization of the bulk, which may impact the mass transfer 
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conditions in the SOS+SSS system. Furthermore, the concept is also being used to 

investigate anomalous phenomenon (data not included in thesis) observed in the 

SOS+SSS system, namely that of an inhibition of crystallization when SSS is added to a 

system but does not crystallize due to insufficient supersaturation. The utility of the phase 

phase concept and its use in uncovering such patterns merits further investigation. 


