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“The best way to keep really good chocolate tasting really nice is not to stash it away 

in a safe place, but to eat it up in one go” 
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Abstract 

Fat bloom is the leading shelf-life issue for chocolate products. In the literature, several types 

of fat bloom, each with a distinct appearance, have been reported. However, due to diverse 

formulations, processing, and storage conditions used, different bloom appearances were 

observed under similar experimental conditions; different theories were also used to explain 

the bloom formation, there being no consensus.  

The first aim of this thesis is to categorise different forms of fat bloom, relying mainly on 

techniques such as microscopic observation, colour analysis and polymorph identification. To 

that end, the following researches were carried out. 1) Surface evolution of untempered 

chocolate was studied, and the fat bloom was found highly associated with form IV-to-V 

polymorphic transformation, where the form V crystals grew at the expense of form IV 

crystals under liquid fat diffusion. 2) Whereas, fat bloom formation in well-tempered 

chocolate was highly storage temperature dependent. Well-tempered chocolate exhibited V-

to-VI polymorphic transformation, which was liquid-mediated over 22oC; but, lower than this 

temperature, it was via solid-state transformation. Chocolate was relatively stable when 

stored at 20oC (<22oC), partially melted when temperature cycled to 29 or 32oC, and fat 

bloom formation differed at a static 20oC and under cycling temperatures of 20-29oC or 20-

32oC. Solid extruded fat crystals formed under cycling temperatures of 20-29oC, but the 

crystals on the chocolate surface were not able to hold their structure at 32oC. Therefore, 

tempering degree and storage temperature are the two key parameters determining the 

development of fat bloom in chocolate.  

Secondly, this thesis aims to explain the effect of bloom-related microstructural factors on the 

changes in chocolate’s physical properties during storage. 1) The microstructure of well-
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tempered chocolate was characterised using image analysis, and it showed that a smaller 

particle size distribution (PSD) of non-fat solids resulted in higher particle packing density 

(PPD). Higher PPD increased the tortuosity and decreased the radius of inter-particle 

channels, which consequently led to a lower rate and extent of bloom formation. PSD had 

limited effect on the melting behaviour of chocolate. 2) In addition, the fracture properties of 

chocolate were evaluated during fat bloom formation using a three-point bend test. The 

Young’s modulus and fracture stress of chocolate increased with a reduction in fat ratio or an 

increase in PSD. After 60 days’ bloom induction, the Young’s modulus of bloomed chocolate 

increased due to a decrease in liquid fat content, but the fracture stress decreased as a result of 

growth of void space during fat bloom development. However, no significant (P<0.05) 

interactions between storage time and fat ratio (or PSD) were found. Therefore, the changes 

in fracture properties over time could be influenced by, but not solely due to, fat bloom 

formation itself. 

This project provides a fundamental understanding and reference for further studies on fat 

bloom in chocolate in terms of fat boom mechanisms, and the influence of fat bloom on 

chocolate properties. This knowledge could also contribute to better abating such bloom-

related quality deterioration in industrial applications.  

 

Keywords: Chocolate; Fat bloom; polymorphism; storage temperature effect; particle size 

effect; fracture properties 
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Chapter 1: Introduction 

 

Chocolate is popular. It is also increasingly touted as containing health-beneficial 

components; it is rich in flavonoids such as catechin, epicatechin and procyanidin [1]. It has 

been accepted (and widely published) that chocolate, particularly dark chocolate, benefits 

humans emotionally and physically, for example, reducing the risk of cardiovascular 

problems and heart disease [2-4]. 

The global confectionery market has achieved an annual sales growth rate of approximately 

25% in value since 2007, and in 2012, the market was valued at USD 190 billion, with the 

chocolate sector representing 55.3% (USD 105 billion) [5]. There is also an increase in 

consumer demand for healthier and higher-quality chocolate. 

However, fat bloom is one of the major quality defects in modern chocolate products. This 

physical phenomenon manifests itself as an undesirable white or dusty surface appearance, 

which makes chocolate unacceptable to consumers.  

Fat bloom in chocolate products has been studied for many decades, and different types of fat 

bloom have been described [6]. However, the problems still remain speculative as the actual 
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mechanisms of that form each type of bloom have not been thoroughly resolved, despite 

several hypotheses proposed. Therefore, further study of fat bloom phenomena is essential.  

A more thorough understanding of the question is extremely valuable for this multibillion 

dollar industry in terms of both protecting and designing chocolate products. The 

fundamental understanding on how fat bloom forms, and how it affects chocolate quality, 

will allow researchers and food manufacturers to optimise processing and storage conditions, 

and to select proper ingredients. 

 

Objectives:  

There are two main objectives for this project.  

1) The first objective is to gain a better understanding of the causes and mechanisms of 

different fat bloom formations in dark chocolate, as there is a lack of consensus in bloom 

identification literature.  

2) Investigation of the structure-property relationships of chocolate that is relevant to fat 

bloom formation.  

 

Outline of the thesis: 

Dark chocolate, as the most basic type of chocolate, mainly contains cocoa butter, sugar, 

cocoa liquor and minor additives. Due to its relatively simple and fundamental composition, 

the development of chocolate models in this project concentrated on formulations similar to 

dark chocolate, which are also referred to as plain chocolate in this thesis. To further narrow 

the scope, cocoa butter was the only fat used, meaning that cocoa butter alternatives or 

“foreign” fats were not involved.  
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Certain chapters of this thesis have been submitted to a journal, or have been accepted for 

publication. The thesis structure, related to the two objectives is outlined here with the journal 

article details; Figure 1-1 gives an overview of this thesis. 

 

 

Objective 1: bloom identification in two classes: poorly- and well-tempered chocolate 

 

[Chapter 4] - Investigate and identify fat bloom formation in poorly-tempered 

chocolate.  

This paper has been published by the Journal of Food Science  

Effects of both polymorphic transformation of fat, and particle size distribution (PSD) 

of non-fat solids, on fat bloom formation in untempered chocolate were studied, and the 

underlying mechanisms were determined. 

 

[Chapter 5] - Investigate and identify fat bloom formation in well-tempered chocolate.  

This paper has been submitted to Food Chemistry 

A study of fat bloom formation in well-tempered chocolate stored at different 

temperatures was carried out. Chocolate samples were stored at constant temperature of 

20oC or fluctuating temperatures of 20-29oC or 20-32oC; the corresponding fat bloom 

formation was studied, and the mechanisms were determined. 

 

 



Chapter 1: Introduction 

4 
 

Objective 2: structure-property relationships relevant to fat bloom 

 

[Chapter 6] - Investigate factors which can affect bloom formation - particle size 

effect.  

This paper has been published by the Journal of Food Engineering 

Sand-based model chocolates with differing non-fat particulate networks were created 

using sand particles with varying PSDs. Fat bloom development, along with the 

changes in melting temperatures during storage were studied, and the impact of PSD on 

the rate of bloom was explained. 

 

[Chapter 7] - Investigate changes in physical properties, such as fracture properties, 

during bloom formation.  

This paper has been published by LWT-Food Science and Technology 

Fracture is one of the important mechanical properties of chocolate, underpinning the 

critical quality indicator of “snap”. Influence of fat bloom formation on the fracture 

properties (i.e. Young’s modulus and fracture stress) was investigated and quantified. 
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Figure 1-1: A logical diagram showing the structure of this thesis.  
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Chapter 2: Literature review 

 

This chapter provides background information to the work of this thesis. To avoid duplication 

with the chapters submitted as journal articles, this chapter mainly focuses on essential 

background information, the composition and microstructure of chocolate, as well as 

introducing the fat bloom phenomena and relevant current theories about it. More detailed 

reviews regarding the specific research goals are included in the introductions of Chapters 4-

7. 

 

Section 2.1: Composition of chocolate systems 

Section 2.2: Key steps in chocolate manufacturing 

Section 2.3: Definitions and diverse causes of fat bloom 

Section 2.4: Factors which can affect bloom formation 

Section 2.5: Bloom-related chocolate properties 

Section 2.6: Conclusions 
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2.1: Chocolate systems 

2.1.1: Ingredients 

Chocolate normally contains approximately 65 to 75g/100g non-fat solids, including sugar, 

cocoa particles and milk solids, all dispersed as a suspension in cocoa butter [7]. There are 

three main types of chocolate, being dark, milk and white chocolate with variations in their 

compositions [8]. Dark chocolate primarily consists of sugar, cocoa butter and cocoa liquor 

(or cocoa mass), while milk chocolate contains additional milk solids; white chocolate is 

made of sugar, cocoa butter and milk solids. Minor amounts of emulsifiers, flavourings (e.g. 

vanilla), salt or spices are also added to aid the flow of molten chocolate during 

manufacturing or to alter the flavour of finished products [9]. More broadly,  manufacturers 

have expanded the diversity of chocolate products by incorporating other ingredients (e.g. 

nuts, fat-based fillings, or cereals) into the three principle chocolates [10]. 

2.1.1.1: Cocoa butter 

Cocoa butter plays the most important role in determining the rheological, mechanical and 

textural properties of chocolate [11]. It is responsible for the moulding-ability (contraction), 

the surface gloss, flavour release, and smoothness of the texture in the mouth [12]. Another 

important feature of chocolate derived from cocoa butter is that it remains solid at typical 

(Western) room temperature (20-25oC) but melts in mouth at around 37oC during 

consumption, lending a smooth feeling to the tongue [5].  

In addition to cocoa butter, vegetable fats can be added, replacing cocoa butter; but when the 

vegetable fats represent over around 5g/100g total fat, the products are defined as compound 

coatings [6]. The vegetable fats used in chocolate formulations are categorised into three 
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classes based on their compatibility with cocoa butter: cocoa butter substitutes, cocoa butter 

equivalents and cocoa butter replacers [11]. As cocoa butter is relatively expensive, these 

alternative fats are used in chocolate or chocolate products to reduce the cost of raw materials 

[13]. 

2.1.1.2: Cocoa liquor 

Cocoa liquor is a mixture of cocoa butter and cocoa particles produced by grinding cocoa 

beans [14]. Cocoa particles are chemically composed of proteins, polysaccharides and 

smaller saccharides [15]. These solid particles contribute the definition of the unique aroma, 

flavour and colour of chocolate. The shape of cocoa particles is irregular and porous; large 

cocoa particles can contain bound cocoa butter that is trapped within the microstructure [16].  

2.1.1.3: Sugar 

Crystalline sugar, chemically termed sucrose, is most commonly used at a ratio of 

approximately 40-50g/100g to give the chocolate its proper sweetness, rheological and 

textural properties [17]. Amorphous sugar, produced by spray drying [18], may also be used 

due to the positive effects on improving flavour properties and heat stability of chocolate [19]. 

In recent years, attention has been on sugar-free chocolate production through sucrose 

replacers (e.g. inulin and polydextrose) owing to the increasing health concerns around the 

high calorie levels of chocolates [20, 21]. 

2.1.1.4: Soy lecithin 

Soy lecithin is a traditional, and the most common, emulsifier used in chocolate to modify its 

flow properties. It is a surface-active ingredient which can lower the interfacial tension 
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between the continuous and dispersed phases of liquid chocolate [22]. Afoakwa et al. [23] 

found that the amount of soy lecithin significantly (P<0.001) affected the rheology and 

texture of dark chocolate. It is normally added with a weight ratio less than 0.5g/100g, as, 

beyond this level, the yield stress of chocolate will increase as a result of micelle formation, 

but the plastic viscosity (energy required for liquid motion) will decrease [11, 24]. At a level 

of 0.1 to 0.3g/100g, it not only enhances toleration of higher moisture levels during storage, 

but also extends the shelf-life of chocolate, covered further in Section 2.4.1 [6, 25-27]. 

However, consumers are increasingly concerned about potential health issues related to soy 

lecithin, such as soy allergies, chemicals used to produce it, and the possible genetically 

engineered origins of many soybeans. Consequently, alternative emulsifiers such as 

sunflower lecithin are starting to be used [28]. 

2.1.1.5: Milk solids 

Milk solids, containing lactose, milk fat, protein and minerals, exist in milk (or white) 

chocolate [29]. Milk fat is mainly in a liquid state at ambient temperature, with a liquid 

percentage of 80-85% [11], with the milk fat triglycerides (TAGs) exhibiting different sizes 

and shapes to those of cocoa butter. Therefore, crystallisation of milk chocolate during 

manufacturing depends on co-crystallisation of the cocoa butter-milk fat phase, which causes 

crystal lattice imperfections [30]. As a result, milk chocolate with a high level of anhydrous 

milk fat, is softer, has a lower melting point, and is lighter in colour compared to dark 

chocolate [11].  
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2.1.2: Chemical and physical properties of cocoa butter 

2.1.2.1: Fatty acids and triglycerides 

Fatty acids 

All fats, including cocoa butter, are mixtures of TAGs, and a TAG molecule is made up of 

three fatty acids (FAs) bonded to a glycerol molecule [31]. The FAs, therefore, exist in the 

form of TAGs in chocolate.  

Torres-Moreno et al. [32] reported different FA profiles of unroasted cocoa beans sourced 

from Ecuador and Ghana, as well as chocolate samples made from these two types of cocoa 

beans. However, they emphasised that four of the FAs, Palmitic acid (C16:0), Stearic acid 

(C18:0), Oleic acid (C18:1) and Linoleic acid (C18:2), were the most important in all their 

cocoa and chocolate samples. Beckett [33] also stated that the above-mentioned four types of 

FAs composed around 98.4% of the total FAs in cocoa butter from different geographical 

origins.  

The FA composition varies in cocoa butter from different sources. As shown in Table 2-1, the 

Brazil cocoa butter has the highest amount of unsaturated FAs, in regard to the C18:1 and 

C18:2 ratios. The differences in chemical compositions could be caused by the climatic 

variations such as temperature [34], rainfall [12] and sunlight [35] in cacao growing areas.  

Table 2-1: FA profiles of cocoa butter from different sources [33]. 

 C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C22:0 

Brazil 25.1 33.3 36.5 3.5 0.2 1.2 0.2 

Ivory Coast 25.8 36.9 32.9 2.8 0.2 1.2 0.2 

Malaysia 24.9 37.4 33.5 2.6 0.2 1.2 0.2 

   C18:3 Linolenic; C20:0 Arachidic acid; C22:0 Behenic acid 
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Triglycerides  

When three FAs, e.g. palmitic acid (P), stearic acid (St) and oleic acid (O), attach to a 

glycerol with the oleic acid in position 2, it is known as a POSt molecule [36]. The 

configuration of such a TAG molecule is shown diagrammatically in Figure 2-1 (a). An 

alternative way of representing a TAG molecule is through a chemical diagram such as the 

one shown in Figure 2-1 (b). 

 

Figure 2-1: (a) Structure of a POSt molecule [24]; (b) A chemical diagram of a 

saturated TAG molecule [37]. 

Although about 40 to 50 TAGs could co-exist in cocoa butter, three types of 

monounsaturated TAGs, including POSt, StOSt and POP, dominate, representing up to 80% 

of the total TAGs in cocoa butter [37]. The monounsaturated TAGs are also referred to as 

SOS (S: any saturated acid; O: oleic acid) TAGs. Other types, such as SSS TAGs with three 

saturated FAs and SOO (polyunsaturated) TAGs containing two oleic acid molecules, make 

up about 1-2% and 5-20% of FAs in cocoa butter [38]. The SOO molecules are in a liquid 

state at ambient temperature, whereas SSS molecules have a higher melting point than SOS 
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or SOO molecules [38]. Table 2-2 summarises the TAG compositions of cocoa butter from 

different geographical origins.  

Table 2-2: TAG compositions of cocoa butter form different geographical sources 

[6]. 

 Malaysia 
Ivory 
Coast 

Ghana Ecuador 
Dominican 
Republic 

Brazil 

                   g/100g 
PLO 0.4 0.7 1.0 0.5 0.7 0.9 

PLP 1.1 1.7 1.8 1.6 1.8 1.7 

OOO 0.1 0.4 0.8 0.7 0.6 0.7 

POO 11.0 1.8 2.0 2.7 3.8 5.8 

PLSt 2.6 3.7 3.6 3.1 4.2 3.9 

POP 12.6 15.0 14.5 14.1 14.6 13.9 

StOO 1.8 2.3 2.8 3.3 4.4 6.7 

StLSt 1.6 1.7 2.0 1.6 1.8 2.1 

POSt 46.9 46.3 42.8 45.4 42.8 40.2 

PPSt 0.7 0.7 0.8 0.8 0.7 0.6 

StOSt 29.8 24.0 26.3 24.8 22.8 21.7 

PStSt 0.4 0.5 0.6 0.4 0.5 0.5 

StOA 0.9 0.8 1.0 0.8 1.0 0.9 

StStSt 0.2 0.4 0.2 0.3 0.4 0.6 

L: linoleic; A: arachidonic 

2.1.2.2: Cocoa butter polymorphism 

TAG molecules, such as one illustrated in Figure 2-1 (a), can fit together in double or triple 

chain length arrangements, appearing to be “chair” structures or lamellas, see Figure 2-2 [39]; 

the way they fit is determined by the similarity of the three acid moieties [40]. Layers of 

lamellas stack together and form into domains, which further develop into crystallites (or 

crystals). The clusters made of crystallites eventually interact and create a 3-D fat 
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microstructure. The differences in lateral packing of the TAG chains and the longitudinal 

stacking of TAGs lead to different molecular packing arrangements, forming different cocoa 

butter polymorphs (Table 2-3) [6, 41].  

 

 

Figure 2-2: Schematic representation of the different levels of structure in 

crystallised fats. A single crystallite may have one or more domains in thickness, 

composed in turn of several lamellas of thickness d [42]. 

 

In the numbering of cocoa butter polymorphs, the Roman numeral system (I to VI) is 

typically used in the chocolate industry, whereas the Greek letters (α,  and ) are preferred 

by the oil and fats industry [8]. In the Roman numeral system, an increasing number, from I 

to VI, is used to denote the level of polymorphic stability (I is the least stable, VI is the most 

stable; form V is preferred for commercial chocolate) [43].  
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Table 2-3: Cocoa butter polymorphs and their relative stability. 

Polymorphic forms  Chain packing Stability 

[43] [33] [25] [44, 45]  [33] [33] 
I Sub-   or sub   Double Least stable 

II     Double Meta-stable 

III   
 range 

 Double Meta-stable 

IV    Double Meta-stable 

V   
 range 

 Triple Stable 

VI    Triple Most stable 

 

 

Figure 2-3: Crystal structures of the main polymorphic forms of cocoa butter [33, 

46]. 

The α,  and  polymorphs, in the order of increasing stability, are used when talking about 

the crystalline structure; they have sub-phases (e.g.  and ) with approximately the same 
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structure but differences in stability [39]. The side-on and end-on views of the crystal 

structures of the polymorphs are shown in Figure 2-3. The lamellas in form α polymorph 

stack straight-up and they have a hexagonal configuration from the end-on view. The fatty 

acid chains of the β′ range, however, have an angle to the end view, and the molecules have 

an orthorhombic arrangement. In terms of the β range, the fatty acid chains tilt further away 

from the end-plane slightly, and the molecule chains pack into a triclinic structure.  

 

Figure 2-4: XRD patterns of different cocoa butter polymorphs (wavelength 

1.5418Å) [37] 

The X-ray diffraction (XRD) technique has been used to characterise the polymorphism of 

cocoa butter, and Figure 2-4 shows typical XRD diffraction patterns of the main cocoa butter 

polymorphs. The thickness of the stacking layers is called "long spacings" (characterised by 

Small Angle X-Ray Diffraction at 0<scattering vector q<0.9Å-l), whereas "short spacings" 

(0.9<q<1.8Å-l) measure the lateral packing of the aliphatic chains [46]. Bragg’s Law 
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(Equation 1) is the most fundamental theory describing d-spacing (Angstroms, Å; d=1/q), 

diffraction angles ( ) and wavelength ( ). The wavelength of Cu-K radiation is 1.5405Å.  

2   Equation 1

The stability of the polymorphs is partially determined by the angle at which the TAGs pack 

together; some TAGs, such as SOS molecules, could pack into a triple chain length which is 

denser than double chain length packing [47]. When the structure becomes denser, the 

polymorph has lower energy, and will be more stable [48].  

2.1.2.3: Solid fat content  

The solid fat content (SFC) of cocoa butter is highly dependent on its TAG composition and 

the storage temperature. TAG composition of cocoa butter varies with the geographical 

origins, as mentioned in Section 2.1.2.1. Beckett [24] found that the liquid percentage of 

cocoa butter has an inverse relationship with the SOO/SOS TAG ratio. The author also 

reported that the Malaysian and Ghanaian cocoa butters both have a SFC value of 

approximately 80% at 20oC, while Brazil cocoa butter has around 65%. Generally, at the 

same temperature, Brazilian cocoa butter has the lowest SFC among the three types of cocoa 

butter.  

As well as compositional effect, Figure 2-5 shows the temperature dependence of the SFC of 

cocoa butter. As temperature increases, more solid fat melts. The SFC value indicates the 

hardness of cocoa butter under 25oC, while it characterises heat resistance between 25 and 

30oC. At temperatures above 27oC, solid cocoa butter melts intensively, and above 35oC, 

cocoa butter melts almost completely.  
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Figure 2-5: Temperature-dependence of cocoa butter solid fat content [49, 50]. 

2.2: Chocolate manufacturing 

2.2.1: Cocoa bean processing 

There are four types of cocoa trees, namely Criollo, Forastero, Trinitario and Nacional [51]. 

The special properties and flavour of chocolate are derived from cocoa butter, but more 

precisely, cocoa beans [52]. Thus, the first step is to harvest and process the cocoa beans for 

chocolate manufacturing.  

Briefly, when the cocoa beans are harvested from cocoa trees, they are fermented, dried, 

cleaned, roasted and cracked; the shell is then removed to provide clean cocoa nibs for further 

processing [5]. Of the above processes, fermentation and roasting are the two key steps which 

develop the unique flavour of chocolate products [24].  
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2.2.2: Chocolate manufacturing processes 

Industrial chocolate manufacturing generally involves mixing, refining, conching, tempering 

and moulding [25, 53]. Figure 2-6 shows an example of the industrial processes of dark 

chocolate manufacturing.  

 

 

Figure 2-6: Scheme of chocolate manufacturing processes [54]. 
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1) The mixing stage, assembling of sugar and cocoa liquor (or cocoa nibs), takes 

approximately 2min.  

2) This is followed by refining to achieve desirable PSD of non-fat solids.  

3) The conching process (heating and mixing) often takes over 12 hours to release 

volatiles and moisture.  

4) Tempering is the final step prior to moulding. Successful tempering is critical to 

produce high quality chocolate products with desirable properties and a long shelf-life.  

5) After proper tempering, the liquid chocolate is moulded and crystallised under 

controlled conditions. Upon crystallisation, the chocolate contracts and can be easily 

demoulded.  

2.2.2.1: Refining  

The refining process typically involves pre-refining using a two-roll refiner and further 

refining with a five-roll refiner [24]. Basically, there are two main purposes of refining: 

firstly, to reduce the particle size of non-fat solids in order to minimise their influence on the 

oral perception of grittiness during consumption [11]; secondly, to release cocoa butter from 

the cells, which increases the free fat ratio but reduces the viscosity of liquid chocolate. 

The amount of large particles (>35µm) and specific surface area of particles are two of the 

key parameters for chocolate manufacturing, as the former determines chocolate’s coarseness 

and textural characters, while the latter contributes to chocolate’s desirable flow properties, 

vital for processing [11]. On the other hand, if there is excess amount of extremely fine 

particles, the chocolate tastes “sticky”; this is because clusters can form when particles 

contact each other and a large proportion of free fat can be bound up [5]. Therefore, the PSD 

of non-fat solids in chocolate should be well-defined to ensure proper rheological properties 

during processing and also for pleasant a melting sensation during consumption.  
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The particle size of non-fat solids has been found to influence fat bloom formation in 

chocolate [36, 55], which will be introduced in detail in Chapter 4 & 6. 

2.2.2.2: Tempering 

Different cocoa butter polymorphs have different melting and crystallisation temperatures 

[56]. Therefore, control of temperature is critical to obtain the desired polymorphic type of 

cocoa butter when the molten chocolate crystallises during cooling. Crystallisation of cocoa 

butter generally involves the processes of nucleation, crystal growth and crystal ripening [57]. 

Unseeded nucleation is a relatively slow process which can be affected by ambient conditions. 

As a result, pre-crystallisation is often performed during chocolate manufacturing to ensure 

proper crystallisation. There are two main ways of pre-crystallisation: tempering and seeding. 

 

Figure 2-7: Tempering sequence during lipid crystallisation in chocolate [11]. 

Tempering is the conventional method used to pre-crystallise cocoa butter using mechanical 

and thermal treatments [58]. Good tempering is defined as: “at the end of the tempering, the 

chocolate must have the largest number of the smallest possible crystals, and those crystals 
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must have the right crystalline form” [6]. The purpose of tempering is thus to produce, by 

controlled melting and cooling, a population of seed crystals which will prevent 

heterogeneous crystallisation during cooling [59].  

An example temperature profile of the tempering process is shown in Figure 2-7. The solid 

chocolate is firstly melted to remove any pre-existing crystal history, and then, the liquid 

chocolate is cooled to initiate the formation of desired form V crystal nuclei; finally, it is 

reheated to around 30oC, just above the melting point of relatively unstable polymorphs, such 

as form IV, to melt out unwanted polymorphs. In addition to a proper temperature profile, 

successful tempering also relies on the performance of shear [60]. For example, the most 

traditional tempering method, hand tempering in a kitchen, subjects liquid chocolate to shear 

by spreading the liquor across a marble slab using a scraper [61]. 

An alternative technique for producing polymorphic form V crystals is by seeding, more 

precisely, by inoculating liquid chocolate with seed crystals (e.g. form V nuclei) [61]. 

Different seeding methods have been used in the literature, with variations in operating 

temperature, amount of seed crystals, and instruments used to provide shear. The seed 

crystals can be added either in a liquid or solid form [62], e.g. a cocoa butter crystal 

suspension [63]. Seed concentration from 0.1 to 1.15g/100g of cocoa butter mass is 

recommended for good crystallisation [64]. However, some researchers have suggested 

providing 0.027 [65] or 2-5g/100g [6] of cocoa butter mass. Von Drachenfels et al. [6] 

claimed that seed crystals with a smaller and more regular size would make chocolate more 

stable, glossier and bloom resistant. Furthermore, seeding could be a part of the tempering 

technique, where seed crystals are added during the cooling process of tempering. 

No matter which type of pre-crystallisation method is used, to produce well-tempered 

chocolate, formation (or addition) of form V nuclei (seed crystals) is necessary for liquid 
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cocoa butter to crystallise into the desired polymorphic form V [11]. Aside from the amount 

and quality of seed crystals formed (or added), the quality of finished products also depends 

on several other operating parameters, such as the ratio between the mass of non-fat particles 

and liquid chocolate, the PSD, initial temperature, temperature of the liquid chocolate at the 

time of inoculation, temperature of ambient air and temperature of the mould walls during 

cooling [61]. 

2.2.2.3: Conching 

During the conching process, the optimum textural, flavour, sensory and rheological 

properties are also developed [66]. Lecithin and extra cocoa butter may be added to alter the 

viscosity [53]. Additionally, the efficiency of fat coating on non-fat solid particles such as 

sugar during conching is influenced by the design of the conche and the amount of 

ingredients used [24].  

2.3: Bloom on chocolate 

High-quality chocolate produced through proper tempering is called well-tempered chocolate, 

has “good shape, colour, gloss, contraction from the mould, better weight control, stable 

(harder and more heat resistant) and longer shelf-life” [11]. Most of these properties are 

related to the formation of polymorphic form V cocoa butter, giving good moulding-ability, 

proper snap, and a desirable texture and finish (i.e. colour and gloss) [67].  

The general term “bloom” has been used to define the faulty surface appearances of finished 

chocolate products caused by a failure in either manufacturing or storage [68]. It has been 

identified as one of the major problems influencing chocolate shelf-life [69]; microbiological 

safety, loss of texture, and rancidity can also shorten the shelf-life of chocolate confectionery 
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[5]. Bloom formation on chocolate has caused a huge financial loss in the confectionery 

industry [70]. Bloom can take several forms depending on the type of finished chocolate 

product, processing conditions by which it is made, and the subsequent storage conditions [6].  

2.3.1: Sugar bloom 

Sugar bloom is generally due to recrystallisation of sugar on the chocolate surface [71]. 

Improper cooling temperature during manufacturing or storage temperature, for example too 

cold, may lead to condensation of moisture from the surrounding air onto the chocolate 

surface [6]. The condensed water dissolves sugar, and upon evaporation of the water, the 

sugar crystals recrystallise [72]. Deposition of sugar crystals on the chocolate surface results 

in a whitish appearance similar to fat bloom [8]. Sugar bloom is related to water/ethanol 

migration, and it can be prevented by controlling the cooling/storage temperatures, the 

moisture level of the environment, or reducing the moisture content of the chocolate products.  

2.3.2: Fat bloom and the causes 

Fat bloom is directly associated with the fat phase of chocolate, and has several different 

forms; it is not only a surface phenomenon, but occurs in the whole chocolate mass [69]. 

Although the mechanisms describing fat bloom formation are complex and often diverse, the 

causes of fat bloom in chocolate or chocolate products are generally allocated into the 

following five groups [73].  

1) Technological mistake 1  

Failure of pre-crystallisation (e.g. tempering) leads to insufficient formation of desirable 

polymorphic form V crystals, and, after crystallisation, the chocolate contains relatively 
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unstable polymorphic forms [74]. This type of chocolate is called untempered or under-

tempered chocolate.  

Untempered chocolate forms when tempering is not performed or when well-tempered 

chocolate melts completely at high temperatures followed by recrystallisation in the absence 

of form V crystal nuclei [75]. In both scenarios, form V nuclei are not present during cooling, 

and relatively unstable crystals forms are generated during the slow nucleation and 

crystallisation processes. However, it remains unclear what causes fat bloom in untempered 

chocolate, and this will be addressed in Section 2.3.3.1. 

Under-tempered chocolate forms when form V crystal nuclei are present, but the 

concentration is not high enough to ensure good crystallisation of liquid chocolate upon 

cooling [36]. The crystallisation process also takes time, during which unstable polymorphic 

cocoa butter appears.  

The un- (under-) tempered chocolate has a mouthfeel or texture that may be chewy (not 

hard), chalky and grainy; after a short period of storage, it is in the form of an unattractive, 

dull, brown mass due to fat bloom formation [61]. 

2) Technological mistake 2 

Over-tempered chocolate is also produced from unsuccessful tempering, when the 

concentration of form V crystal nuclei is too high [68]. This is possibly due to excessive 

tempering time or the amount of crystal nuclei added. The molten chocolate has poor flow 

properties during processing due to the high seed concentration, and the finished products 

have a lower liquid fat content (LFC) than well-tempered ones [6]. This results in a dull grey 

surface when demoulded, as over-tempered chocolate is not able to achieve desired mass 

contraction [76].  
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3) Natural aging  

Fat bloom on well-tempered chocolate products due to natural aging is the most frequently 

reported bloom form, and is sometimes called storage bloom. Visually it is a whitish haze 

that appears on the chocolate surface due to the growth of small fat crystals in shape of 

needles or flakes (>5µm) [6, 77]; surface microstructural changes caused by fat crystals 

smaller than 5µm would not be visually detected. Elevated, or fluctuating temperatures cause 

more rapid bloom [68]. 

4) Storage failure 

Fat bloom forms quickly at a relatively high temperature, which initiates the melting of cocoa 

butter. Hodge and Rousseau [78], using an atomic force microscope, found that the level of 

roughness on the surface of milk chocolate increased during temperature cycling. The authors 

cycled the chocolate between 20o and either 32o, 33o or 34oC every 24 hours, but the surface 

roughening did not cause visually detectable bloom under the cycling temperatures of 20-

32oC. However, Kinta and Hatta [79] reported extensive bloom formation on dark chocolate 

under similar temperature cycling. 

5) Incompatible fats or oil migration 

Fat bloom can be induced due to the presence of incompatible fats [6]. It can be categorised 

in two ways: 1) incompatible fats in compound coatings, and 2) oil migration in filled 

chocolate. 

Initial fat composition:  when an incompatible fat, used as a cocoa butter alternative, is mixed 

into cocoa butter, the fats tend to separate from each other which can lead to fat bloom 

formation on the chocolate surface [80]. Moreover, the LFC of the mixture will be higher 

than that of either individual fat [81].  
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Migration of an incompatible fat: this problem is also commonly found in chocolate products 

with composite structures, where a chocolate shell is in direct contact with nut pastes, peanut 

butter, truffles or inclusions, namely filled chocolate. In such food composites, “foreign” fats 

(i.e. incompatible fats) from the fillings migrate into the chocolate shell, and cocoa butter 

diffuses from the chocolate into the fillings. Such fat migration processes are accompanied by 

fat dissolution and changes in physical properties of the product, inducing undesirable 

softening of the chocolate shell and hardening of the fillings [82-85]. 

2.3.3: Mechanisms of fat bloom formation 

Five different causes of fat bloom were introduced in the above section; some of them may 

even co-exist in real world situations. Cocoa butter is sensitive to heat and chocolate products’ 

composition is highly complex. Consequently, characterisation of the fat bloom processes 

and understanding of the underlying mechanisms of each type of bloom is difficult. Indeed, 

the exact mechanisms of most fat bloom formations have not yet been fully understood, but 

have been described with the following prospective theories. 

2.3.3.1: Polymorphic transformation 

As with many organic crystals, cocoa butter exhibits polymorphism, and the crystals tend 

toward a state with lower Gibbs energy [86, 87]; thereby, polymorphic transformation of 

cocoa butter can be evidenced in finished chocolate with the growth of more stable 

polymorphs at the expense of less stable ones [88]. The concept of polymorphic 

transformation generally involves solid-state transformation and liquid- (solvent-) mediated 

transformation [89, 90].  
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A direct solid-state transformation occurs without liquefying. It requires higher activation 

energy compared to liquid mediation, and thus, is a relatively slow process [91]. Similar to 

the “ripening” of crystals, liquid-mediated transformation occurs via a solution phase, which 

allows less stable polymorphs to dissolve and the more stable ones to nucleate and grow [89]. 

Sato [91] detailed liquid-related transformation through the following three schemes: melt-

mediated, solution-mediated or interface-mediated transformation. The former two can take 

place in plain chocolate. Melt mediation occurs through melting of less stable polymorphs, 

while solution mediation is based on the difference in solubility between polymorphs. 

Fluctuating temperature can enhance these two processes. 

 Form IV to V  

Transition of form IV cocoa butter to form V is generally a liquid-mediated process, and it is 

often used to explain fat bloom formation in un- (under-) tempered chocolate [68, 74]. 

Afoakwa et al. [36] reported IV-to-V polymorphic transformation in under-tempered 

chocolate using thermal analysis. However, Kinta and Hatta [92] recently accounted for the 

development of bloom in untempered chocolate in the following ways: 1) the crystal history 

of cocoa butter was removed by increasing the temperature above its melting point; 2) during 

cooling or storage, very few relatively stable crystal nuclei, i.e. type V, were formed; 3) the 

surrounding liquid fat travelled through the spaces between static, non-fat solid particles and 

crystallised onto the crystal nuclei; 4) the crystals grew in size and incorporated non-fat solids 

into them, leading to a dark brown appearance; 5) the areas with lower fat content were 

lighter in colour. The authors concluded that the driving force for this type of bloom was 

crystal formation around relatively stable crystal nuclei, rather than the IV-to-V polymorphic 

transformation.  
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 Form V to VI  

Many researchers believe that it is the transition of cocoa butter from polymorphic form V to 

VI that causes fat bloom formation in well-tempered chocolate [77, 93, 94]. This theory is 

based on the fact that form VI cocoa butter was found in bloomed chocolate [43, 67], which 

suggest that fat bloom formation is highly associated with the polymorphic transformation. 

Form VI cocoa butter has a higher melting point, which yields the dry mouthfeel, and coarse 

structure experienced during consumption of bloomed chocolate [39]. 

As argued by other researchers [88, 95], however, it remains unclear whether V-to-VI 

polymorphic transformation is a direct cause of bloom formation, or just an aspect of 

recrystallistion of cocoa butter. The transformation must result in crystal growth (change in 

size) for surface bloom to appear visually [90]. Bricknell and Hartel [96] claimed that the 

polymorphic transformation itself may not lead to visual bloom, as they found V-to-VI 

conversion without visible fat bloom appearing on the chocolate surface.  

2.3.3.2: Capillary effect 

The capillary effect is important in lipid-based, multicomponent food materials as it often 

relates to transport phenomenon [97]. Chocolate is a porous material [97, 98], and the 

porosity, i.e. air bubbles, cavities or cracks, formed during chocolate manufacture allows 

transfer of liquid fat from one location to another [74, 96, 99]. Approximately 1 to 4% of total 

volume is void as has been determined in chocolate samples by mercury porosimetry [64] and 

surface porosity has been determined by microscopic techniques [100, 101]. Evidence of 

internal empty cracks has also been found using synchrotron X-ray microtomography [102, 

103]. Owing to the particulate nature of chocolate, capillary migration of liquid cocoa butter 
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can occur in all types of chocolate or chocolate products. The capillary pressure is 

compensated for by viscous drag and gravity [55]. 

Based on particulate theory [104, 105], the cocoa butter phase in chocolate could be assumed 

as occupying numerous parallel, equally-sized (equivalent radius: Re) tubes with ideal 

connections. Altimiras et al. [55] carried out a Matlab simulation of liquid cocoa butter flows 

in model chocolate with varying PSDs. In their simulation, the capillaries were assumed to be 

in contact with an infinite liquid reservoir. The Lucas-Washburn equation was used with 

assumptions on the values of the surface tension, density and viscosity of liquid cocoa butter, 

and the contact angle between contact surfaces used in the equation. The authors found that 

the increase in particle size of non-fat solids increased the Re values of the capillaries, 

through which the capillary flow was more rapid. However, in reality, passages in chocolate 

are more likely to be poorly connected or even closed voids filled with liquid cocoa butter 

[64]. Hence, it is worth introducing the concept of tortuosity of a porous material. Tortuosity 

is often referred to as a geometric parameter; it is also defined as one that is relevant to 

diffusive or hydraulic properties [106-108]. Hydraulic tortuosity is a tortuosity term that 

directly affects capillary flows; the torturous routes of liquid fat movements could result in 

extra resistance offered to capillary flow, which would retard bloom formation.  

2.3.3.3: Temperature cycling 

When well-tempered chocolate is stored under 18oC, the rate of polymorphic transformation 

and bloom formation are both low; the bloom process may take years to manifest itself [15, 

65]. However, fat bloom could be accelerated if chocolate is stored at elevated/cycled 

temperatures.  
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 Temperature-mediated density change 

The density of cocoa butter decreases from 0.96-0.99g/cm3 at 15oC to approximately 

0.915g/cm3 at 30oC [8, 55]. This is either due to a dilation effect or partial melting of the 

cocoa butter. Therefore, density change occurs when the surrounding ambient temperature 

fluctuates [55, 100, 109, 110]. Melting or recrystallisation of cocoa butter initiates volumetric 

change, which induces a pressure driven convective flow, as the driving force of liquid fat 

movement. This is also called “pumping” action [74]. As temperature increases, solid fat 

melts or dissolves into the liquid phase, causing volume expansion, which enables movement 

of the internal liquid fat to the surface. When the temperature decreases, the liquid fat 

partially crystallises on the surface, and some of the liquid fat may be drawn back into 

chocolate due to the contraction of the fat phase during cooling. 

 Temperature-mediated phase separation  

The phase separation theory is based on Adenier et al.’s [95] study that recrystallisation of 

high-melting (monounsaturated) TAGs on a chocolate surface was responsible for bloom 

formation. It was hypothesised that the migration of liquid fat to the surface was initiated by 

temperature fluctuations, as high-melting TAGs dissolved in low-melting (poly-unsaturated) 

TAGs, followed by hydrodynamic changes, including the “pumping” action and capillary 

effect as driving forces [6, 96, 111]. When the temperature decreased the solubility of higher-

melting TAGs in the migrated fat decreased and, as a result, fat recrystallised on the surface. 

This temperature-mediated density change could be part of the process. 
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2.3.3.4: Diffusion 

Diffusion in plain chocolate 

Diffusion was originally believed to be caused by a concentration difference in chocolate [94]. 

One may think that a concentration gradient was unlikely to occur in solid eating chocolate 

(e.g. dark chocolate) as a homogenous bulk; however, as mentioned in Section 2.3.3.1, liquid-

mediated polymorphic transformation involves a diffusion process between polymorphs. 

Afoakwa et al. [36] also mentioned that, in under-tempered dark chocolate, redistribution of 

fat could be initiated by capillary action and enhanced by diffusion. It has now been widely 

accepted that diffusion in chocolate results from localised concentration TAG gradients, 

causing TAG redistribution [90].  

Diffusion in filled chocolate 

The fat bloom formation in filled chocolate is chiefly due to migration of specific fats from 

the particular fillings or nut inclusions into the chocolate shell [83]. The diffusion 

phenomenon has been extensively investigated and discussed in filled chocolate. To date, 

ordinary diffusion [112] has been considered as the predominant mechanism in filled 

chocolate, due to the concentration gradients in TAGs [55, 64, 113].  

Fick’s law has been used to describe diffusion kinetics. The effective diffusivity coefficient 

(Deff) is a key parameter to calculate the overall diffusion coefficient, and is shown in 

Equation 2 [83, 90]. Deff is influenced by the liquid fat ratio of the fat phase, and the diffusive 

tortuosity caused by the particulate network.  

 
Equation 2

Where ∅  is the liquid fat ratio; D0 is the molecular diffusivity; τ is the diffusive tortuosity. 

0
l
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Foreign oil from fillings could act as a cocoa butter solvent when it diffuses through the 

chocolate shell, which will change the properties of chocolate as mentioned in Section 2.3.2. 

Additionally, interphase oil migration involves mass transfer mechanisms not existing in 

plain chocolate [90]. Therefore, the presence of migrating molecules in cocoa butter may 

cause phase or structural changes in chocolate, which could influence the diffusion rate of the 

fats through cocoa butter [114, 115].  

2.4: Factors influencing bloom formation 

The composition, microstructure and storage conditions of chocolate could affect fat bloom 

formation. 

2.4.1: Compositional effects - bloom inhibitors 

A few studies have been carried out on compositional factors which may delay bloom 

formation in chocolate [23, 116]. A common method is adding specific fats, for example a 

high-melting fraction of cocoa butter, specific TAGs or a specific fraction of vegetable fats 

[116]. Bloom formation is inhibited mainly due to the changes in LFC, melting point and 

polymorphic transformation of fat. Aside from adding additional components, traditional 

ingredients, such as soy lecithin and milk fats, also have anti-bloom effects.  

Soy lecithin, which coats the surface of sugar, can protect chocolate from moisture invasion 

[117]. It also acts as a crystal modifier which is able to influence fat crystallisation through 

either reducing the induction time of crystallisation, or acting as a nucleation site in the 

absence of seed crystals [27]. During storage, lecithin retards polymorphic transformation by 

controlling the mobility of the TAG molecules during the process of liquid-mediated 
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transformation [118]. Furthermore, as an emulsifier, soy lecithin moderates the movement of 

liquid fat during bloom formation, which changes the rate of bloom formation [117]. 

The anti-bloom effects of milk fats have long been known [11]. Similar to soy lecithin, their 

role in delaying fat bloom formation mainly relies on the following [6]: 1) promoting 

crystallisation and reducing crystal size; 2) decreasing the melting point; 3) impeding 

polymorphic transformation. In addition, milk chocolate has milk fats that make chocolate 

more bloom resistant owing to its eutectic effect with cocoa butter [29].  

2.4.2: Microstructural effect 

The microstructure of a food has a critical effect on its transport and textural properties, as 

well as rheological behaviours; the majority of dynamic changes taking place occur at a 

length-scale below the 100µm range [97]. Fat bloom in chocolate is one such phenomenon.  

 

Figure 2-8: Internal microstructure of dark chocolate captured by a cryogenic 

scanning electron microscope showing sugar and cocoa particles in a fat network 

[69]. 
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From a microstructural point of view, chocolate could be considered as a suspension of non-

fat solids embedded in a continuous cocoa butter matrix. Figure 2-8 shows an example of a 

fracture surface of dark chocolate. Researchers have emphasised the importance of coupling 

fat bloom development with chocolate microstructure [74, 83]. For example, the 

microstructure might influence resistance against liquid fat migration [74, 97, 119].  

2.4.2.1: Fat network 

The nature of a fat network is highly dependent on composition, processing history and 

storage conditions, all of which could influence bloom-related factors including LFC, cocoa 

butter crystal size and polymorphism [90].  

As fat migration occurs within the fat phase of chocolate, the LFC of fat lies at the heart of fat 

bloom formation; the initial LFC and the changes in LFC during temperature fluctuation are 

both important. Initial LFC was found to positively correlate with the level of bloom in plain 

chocolate [111], and Afoakwa et al. [36] also stated that, under the same temperature 

conditions, chocolate with a higher LFC had more pronounced bloom formation. The LFC is 

temperature dependent, as mentioned in Section 2.1.2.3. For example, Beckett [24] showed 

that an increase in temperature from 20°C to 29°C increased the LFC of cocoa butter  from 

around 20% to 35%.  

The nanostructure of the fat network has been shown to influence bloom formation in filled 

chocolate. Maleky and Marangoni [120] studied nanoscale effects on oil migration in 

chocolate, and found that when liquid TAGs from a “cream” layer diffused through a layer of 

cocoa butter at 20oC, oil diffusivity reduced in cocoa butter, with smaller fat nanoparticles. 
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2.4.2.2: Size and morphology of non-fat particles 

It was pointed out in Section 2.4.1 that the species of non-fat ingredients affect bloom 

formation. In addition to the compositional difference, the nature of non-fat solids including 

the size and morphology of particles also lies at the heart of defining bloom formation 

kinetics.  

Particle size 

The size range of non-fat particles in commercial chocolate is generally around 15 to 30µm 

[11]. Aguilera et al. [119] proposed two levels of capillaries for liquid fat movement in the 

chocolate matrix, being inter-particle channels and pathways between the fat crystals. The 

inter-particle channels which had less resistance to liquid fat movement probably played a 

dominant role in plain chocolate, while the pathways between the fat crystals at a nanoscale 

may have a limited role. The size of inter-particle channels is determined by the ratio and 

PSD of non-fat particles.  

Afoakwa et al. [121], using a high resolution polarised light microscope, observed the 

microstructure of molten dark chocolate on a pre-heated glass slide. Chocolate microstructure 

was more flocculated with smaller-sized particles, and there was a higher particle number as 

well as increased interaction of particles [121, 122]. Afoakwa et al. [36] also reported slower 

bloom rate in under-tempered dark chocolate with smaller-sized particles; however, Altimiras 

et al. [55] found the opposite, using a sand-based chocolate model. Therefore, the particle 

size effect on bloom formation remains unclear. 

Particle morphology 

Bricknell and Hartel [96] observed bloom formation on dark chocolate formulated with 

crystalline sugar, but not on the chocolate with amorphous sugar under the same storage 
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conditions. The authors explained that the differing bloom formation was either due to a 

different interaction between sugar and lecithin, or due to particle morphology difference; the 

amorphous sugar was round-shaped, which allowed denser packing than the crystalline sugar, 

and thus interfered with fat movement. Later, Liang and Hartel [116] investigated bloom 

formation in milk chocolates with differing milk ingredients, and found that milk chocolates 

with spray- or roller-dried whole milk powder showed lower bloom resistance to those 

formulated with a combination of spray-dried skimmed milk powder and anhydrous milk fat. 

The authors proposed that the nature of milk particles was highly associated with fat bloom 

formation, as they found that the effect of free milk fat level was minimal.  

2.4.3: Storage temperature 

Fat bloom will form during storage even if chocolate is properly tempered, and the bloom 

process is temperature and/or temperature fluctuation dependent. Some studies have been 

conducted using constant storage temperatures [123-127], whereas many others promoted 

bloom formation by cycling storage temperature [6, 55, 96, 128, 129].  

Three storage temperature ranges of chocolate have been classified by Lonchampt and Hartel 

[6]: below 18oC, 18-30oC and 32-34oC. Storing well-tempered chocolate at low temperature 

(below 18oC) could prevent bloom for months or years. In many studies, samples were stored 

at an elevated temperature, between 18 and 30oC, to promote the blooming process in fat 

bloom studies. The solid proportion of chocolate melts at a temperature between 32oC and 

34oC, and upon cooling, liquid fat crystallises in a manner similar to un- (or under-) tempered 

chocolate, as mentioned by the above authors. Furthermore, a higher storage temperature 

promotes bloom development because it increases LFC of the fat phase, which could change 

the rate of fat migration, related to capillary migration, polymorphic transformation or oil 

diffusion [80]. 
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Another method of accelerating bloom is by cycling the storage temperature between low and 

high, normally within the range of 16-38oC with a cycling frequency ranging from 3 to 24 

hours [6, 96, 111, 130]. A slight temperature variation (e.g. 3oC) influences the redistribution 

of structural elements on the chocolate surface [15]. A temperature fluctuation is highly 

correlated with the temperature-mediated density changes or phase separation as mentioned 

in Section 2.3.3.3, which can accelerate bloom formation.  

2.4.4: Post-process treatments 

Post-process treatments, including low-temperature treatment and warm treatment 

immediately after conventional processing, have been found to retard bloom formation in 

chocolate [6]. For instance, Depypere et al. [131] found that after a period of storage at -20 or 

4oC, fat migration was retarded when stored at 18oC thereafter. 

2.5: Bloom-related properties 

2.5.1: Appearance 

Fat bloom appears in a variety of ways depending on the type of chocolate and the causes of 

the bloom formation. It varies, from a uniform whitish haze caused by storage bloom, to a 

marbled aspect due to storage of chocolate at high temperature; it may also appear as mixed 

patches of light brown and dark brown areas on untempered chocolate [6]. 

2.5.2: Thermal properties  
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Chocolate has a broad melting range and the cocoa butter polymorphs have different melting 

points. Table 2-4 is a summary of nomenclature for cocoa butter polymorphs and their 

melting points, as reported in literature.  

Table 2-4: Melting points of cocoa butter polymorphs 

Forms  Melting points (°C) 

[43] [25]  [41, 132] [133] [45] [134] [135] 

I   17.3 14.9-16.1 -5 - 5 13  

II   23.3 17.0-23.2 17-22 20  

III   25.5 22.8-27.1 
20-27 

23  

IV   27.5 25.1-27.4 25 25.6 

V   33.8 31.3-33.2 
29-34 

30 30.8 

VI   36.3 33.8-36.0 33.5 32.3 

 

The melting point of cocoa butter differs depending not only on crystallisation behaviour but 

also on geographical origin. Typically, the solid proportion of cocoa butter in well-tempered 

chocolate melts at a temperature over 32oC [136]. As bloom formation has been commonly 

found accompanied by polymorphic transformation, determination of cocoa butter 

polymorphism lies at the centre of describing the thermal properties of chocolate.  

2.5.3: Mechanical properties 

Textural properties of solid foods can be approximated through force/deformation methods 

[137], and many studies have used both large- and small-deformation mechanical testing to 

evaluate the hardness of fats such as spreads, butter and milk fat [138]. Large deformations, 

which lead to an irreversible structural break-down of the food system, are related more to 

fracture mechanics [139]. The basic assumption of fracture mechanics is that imperfections, 
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such as defects/cracks are present in all materials [140]. When stress is imposed, it will be 

locally higher near the defects or cracks, and fracture of a material starts if the local stress 

exceeds the strength of bonds (e.g. adhesive/ cohesive forces) between the structural elements 

in that area [141]. Finally, strain energy is released as the specimen fractures [142].  

Chocolate of good quality has desirable fracture and hardness, which are two of its 

fundamental characteristics [24]. Chocolate is a viscoelastic material, which, under 

deformation tests, behaves in a viscous manner at low deformation speeds but shows 

elasticity at high deformation speeds [140]. Additionally, chocolate has a high solid ratio, and 

true fracture can occur at very fast deformation [139]. 

Instrumental methods, such as three-point bend [143], tensile [144], penetration [116], torsion 

[145] and compression [146] tests, have been commonly used to assess the mechanical 

properties of solid foods. To evaluate the hardness of chocolate, penetration tests have been 

adopted, using a thin probe which is driven into chocolate samples, and the maximum peak 

force of the force-distance curve was used to represent hardness [116, 121, 147]. It was found 

by Afoakwa et al., [148] that the particle size of non-fat solids, amount of lecithin, fat ratio 

and tempering methods were important in determining the hardness of chocolate.  

 

Figure 2-9: A diagram showing three point contact by teeth [149]. 

A piece of chocolate can bend like a beam during biting or chewing in the mouth, with the 

cuspal contact of teeth as shown in Figure 2-9. This beam bending best approximates the 

physical experience of breaking a piece of chocolate in the fingers. Thus, three-point bend 

tests are particularly useful to investigate the fracture properties of chocolate. This method is 
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related to failure of a material at the initiation of a crack, and it has been used to measure a 

material’s strength and stiffness, where strong means difficult to permanently deform and 

stiff means resistant to elastic strain [150]. Figure 2-10 (a) gives an example showing a 

chocolate bend test: a hard chocolate has a steep curve, while a soft chocolate has a less steep 

gradient [24]. As an alternative, three-point bend tests with a notch introduced (i.e. single-

edge notched bend tests) are also commonly applied in materials science to look at the 

propagation of cracks and to measure the toughness of a material. Toughness is defined as the 

“ability of a material to absorb energy and plastically deform before fracturing” [151].  

Cocoa butter is the most important ingredient in chocolate, and many publications describe 

the investigation of the mechanical properties of cocoa butter in isolation [42, 120, 152-154]. 

The mechanical properties can be affected by factors at both nano- and micro-structural 

levels, such as the ratio of liquid-solid fat, size of a single fat crystallite, size and shape of 

aggregates of crystallites, and polymorphism of solid fat [69, 155]. The “weak-link theory” 

and the fractal network model were used for microstructural analysis by Narine and 

Marangoni [156].  

In terms of chocolate, factors such as particle size, fat ratio, fat composition, storage 

conditions have been found to affect the texture of chocolate [157]. The influence of ratio and 

PSD of the non-fat solid particles is less well understood, but potentially the greatest 

contributor to the fracture properties of real chocolate due to the size of the particles in 

relation to the critical crack size of chocolate. It was seen in Figure 2-10 (b) that cracks can 

form as chocolate contracts during solidification, and air bubbles can also exist. Although it 

has not been numerically determined, the width of the cracks could be visually approximated 

to be less than 10µm, which is smaller than the majority of the non-fat solids (15- 30µm, 

Section 2.4.2.2).  More cracks present as the particle-to-fat ratio increases in chocolate [103]. 
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Figure 2-10: (a) Force vs. displacement curves for three-point bend tests; (b) 

Cross sectional cuts within standard industrially made dark chocolate with the 

presence of an air bubble, particles and cracks - images obtained using 

synchrotron X-Ray microtomography [102]. 

(a) 

(b) 

Crack 

15µm 

Sucrose particle 

Air bubble 

110µm 
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2.6: Conclusions from the literature 

Chocolate is a very complex food system with multiple components of varied composition 

over a wide spectrum, exhibiting polymorphism in the fat phase. Within the great variety of 

chocolate products, dark chocolate is the most simple and basic type. According to the above 

review, the quality of chocolate is mainly determined by its composition, processing history 

and storage. 

Fat bloom is a type of quality deterioration in chocolate products. It is the streaky, greyish 

coating or marbled appearance sometimes seen on chocolate, and is highly process and 

storage dependent. An understanding of fat bloom formation relies on the microstructure of 

chocolate, which is dominated by the continuous fat phase and non-fat solids. 

The bloom phenomenon has been studied for many decades. In recent years there has been a 

move towards classification of bloom formation in different situations, as several types of fat 

bloom, each with a distinct appearance, have been reported (Section 2.5.1). However, due to 

the diverse formulation, processing and storage conditions employed, the underlying 

mechanisms of most types of fat bloom are still conceptual, and are not yet clearly 

understood. Different theories have been used to explain a single fat bloom process. It would, 

therefore, make sense to further investigate fat bloom formation in plain chocolate to gain a 

better understanding of the following uncertainties in particular: 

- The role of polymorphic transformation in untempered chocolate (Section 2.3.3.1) 

- The bloom mechanisms in well-tempered chocolate stored under different 

temperatures (Sections 2.3.2) 

- The effect of particle size on bloom formation (Section 2.4.2.2) 
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Fat bloom formation can alter the texture of chocolate products, and therefore, the physical 

properties of chocolate can change accordingly. A better understanding of the leading factors 

contributing to bloom-related changes will help to eliminate or retard quality deterioration 

during storage, particularly, with the application of improved chocolate design with special 

ingredients or formulations.  
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Chapter 3: Materials and Methods 

 

This chapter will describe the rationale behind the models and techniques applied to the work 

of this thesis. To avoid unnecessary repetition, details specific to technical settings or 

parameters used are described in the “Materials and Methods” sections of each study in 

Chapters 4 to 7.  

 

This chapter is split into the following two sections: 

Section 3.1: Sample design and chocolate making methods 

Section 3.2: Instrumental methods for fat bloom assessment and chocolate property 

measurement 
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3.1: Development of chocolate samples 

3.1.1: Chocolate models and their materials 

Chocolate manufacturers supply consumers with an astonishing variety of chocolate products 

by using differing types and ratios of ingredients. However, as mentioned in Section 2.4.1, 

the amount and type of ingredients (e.g. lecithin) can influence the crystallisation behaviour 

of cocoa butter as well as the chocolate’s physical properties.  

This project, therefore, uses simple model chocolate systems to identify different fat bloom 

types and mechanisms, and to analyse the structure-property relationships of chocolate during 

bloom formation. Compared to commercial chocolate, with its high levels of complexity, the 

structure of model systems can be more easily controlled during processing; it also has the 

advantage of being able to have key elements of interest teased out.  

In this research, three types of model chocolate were produced using lab-scale facilities. 

These were cocoa mass (CM) chocolate, cocoa powder (CP) chocolate and sand chocolate. 

The advantages and disadvantages of each type of model are shown in Table 3-1.  

The materials of each model were prepared as illustrated in Figure 3-1. This is an overview 

and comparison of the sample making methods, and more detailed descriptions and specific 

settings of the apparatus used will be introduced in the relevant “Materials and Methods” 

sections in the following chapters. 

1) CM chocolate was made from cocoa nibs (Chocolate Brown, Warkworth, New 

Zealand), which were pre-ground using a coffee grinder, and then further ground in a 

stone melanger (Spectra 11 stone melanger, Coimbatore, India) for different lengths 

of time and at different speeds, to obtain cocoa mass of varying particle size 
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distributions (PSDs). The cocoa mass was then used to produce untempered or well-

tempered chocolate samples. 

2) CP chocolate was produced by mixing cocoa powder (Nestlé, UK) and cocoa butter 

(PureNature, Pure Ingredients Ltd, New Zealand). A mechanical stirrer (RW 20 

digital, IKA-works Inc. NC, USA) and a water bath (WB-11, WiseBath, South Korea) 

were used. 

3) Sand chocolate was a mixture of black sand particles and cocoa butter, produced 

using the above-mentioned mechanical stirrer and water bath. The black sand was 

collected from Bethells Beach (New Zealand) and was then washed and dried. The 

clean sand was ball milled to produce varying PSDs. Sand particles and spherical 

stainless-steel balls (diameter: 0.5cm) with a weight ratio of 1:5 were filled into a vial 

(diameter: 8cm; height: 20cm). The vial was placed onto a ball milling system 

(configurations and specifications in Appendix B) rotating at different speeds for 

varying amounts of time to obtain sand particles with varying PSDs.  
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Table 3-1: Differences in chocolate models used in this project.  

Models Merits Limitations 

CM chocolate 
(untempered) 

Chapter 4 

Vary in PSDs 
Free-to-bound fat ratio 
varies with cocoa 
particle size CM chocolate 

(well-tempered) 
Chapters 
5 & 7 

CP chocolate 
(well-tempered) 

Chapter 7 Varies in non-fat particle ratio 

Viscosity of chocolate 
reduced significantly, 
which limited the 
amount that could be 
added 

Sand chocolate 
(well-tempered) 

Chapter 6 

High contrast for image analysis;
Easier to identify microstructure; 
Similar surface morphology to 
sugar crystals 

Relatively higher 
density; 
A different tempering 
method used 
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Figure 3-1: A diagram demonstrating preparation of materials for each type of model chocolate: cocoa mass (CM) /cocoa 

powder (CP) /sand chocolate models.
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3.1.2: Sample making - tempering protocol 

Two tempering methods were used to produce well-tempered chocolate.  

3.1.2.1: Tempering Method 1 

A tempering machine (Revolation 2, ChocoVision, USA), which has default tempering 

profiles, was used to temper the CM chocolate and CP chocolate. The cocoa mass or mixture 

obtained from Section 3.1.1 was melted in a water bath set to 60oC for at least 1 hour to 

remove any pre-existing crystal history. Then, the molten liquor was poured into the 

tempering machine following the default tempering profile for dark chocolate, see Figure 3-2. 

Temperature was brought down from 42.2 to 32.2oC with the addition of cocoa butter seed 

crystals, promoting formation of polymorphic form V crystals during the cooling stage from 

32.2oC to 29.4oC. The cocoa butter seeds were cocoa butter powder (PureNature, Pure 

Ingredients Ltd, New Zealand) in polymorphic form VI, and the fraction passing through a 

100μm sieve was used. Finally the liquor was reheated to 31.5oC to melt unstable crystals 

before moulding in cylindrical moulds (Figure 3-3, diameter: 4.5cm; depth: 1.2cm). 

 

Figure 3-2: Temperature profile for Tempering Method 1.  
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Figure 3-3: Design of mould: the mould-side surface of a sample is the bottom 

circular surface which is in direct contact with the mould, whereas the non-

mould-side surface is the top circular surface not in contact with the mould. The 

mould-side surface was used for examinations. The letters D and H represent 

the diameter and the height of the sample, respectively. The mould is made 

from polymethyl methacrylate. 

3.1.2.2: Tempering Method 2 

The density of black sand particles was determined by the volumetric method, using a 

measuring cylinder, water and an electronic balance; the weight/volume of the sand was 

calculated as 3.24g/cm3. Cocoa powder has an approximate bulk density of 0.48g/cm3 [158], 

and the true density is close to 1g/cm3 as fine cocoa powder can suspend in water. Therefore, 

due to the relatively higher density of sand particles compared to that of cocoa ingredients, 

phase separation could occur during tempering of sand chocolate without proper mixing. As 

the tempering machine provided low-shear mixing, Tempering Method 1 was not applicable 

to temper sand chocolate.  

This was resolved by Tempering Method 2, following the temperature profile in Figure 3-4. 

The chocolate mixture was continuously cooled down to a low temperature of 24oC via high-

 D = 4.5cm 

H = 1.2cm 
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speed mixing (1200rpm) with the mechanical stirrer, which ensured a high viscosity as a 

large proportion of form V crystals developed. The viscous mixture was poured into moulds 

and cooled to 2oC to achieve quick crystallisation of the cocoa butter. Finally, the chocolate 

samples were stabilised at room temperature, 20±0.5oC, for 6 hours. Cocoa butter 

polymorphism was examined using differential scanning calorimetry (DSC, Section 3.2.1.2); 

the fat phase was found to be mainly polymorphic form V, confirming that the sand chocolate 

was well-tempered.  

 

Figure 3-4: Temperature profile for Tempering Method 2. 

 

3.2: Established methods 

This section introduces the most important techniques used in fat bloom studies with the 

principles described here. 

3.2.1: Chocolate properties 

3.2.1.1: Particle size distribution - Mastersizer 
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Particle size is the most commonly measured quality parameter, as it lies at the heart of 

defining chocolate properties, and can be perceived during chocolate consumption. Particle 

size measurements are carried out during chocolate manufacturing on raw ingredients as well 

on intermediate and finished products.  

A micrometer and laser diffractometry are commonly used in both laboratories and in the 

confectionery industry. Other methods like sieving and microscopy coupled with image 

analysis may be used as well [5]. The micrometer only indicates the size of the largest 

particles; thus, measurements of PSD by laser diffractometry are more useful.  

The laser diffraction technique depends on the fact that light is scattered by particles in all 

directions [159]. Laser diffraction instruments measure the light intensity scattered (diffracted) 

at each angle, and the scattering (diffraction) pattern is transformed to PSD, based on the Mie 

theory [160]. The size of particles influences the intensity and the angle of the light scattered, 

where larger-sized particles scatter light of a higher intensity at a smaller angle [161]; the 

shape of the particles is not often taken into account. The results are usually presented as the 

relative distribution of volume or number of particles per particle size class.  

In this project, a laser diffraction instrument (Mastersizer 2000, Malvern Instruments Ltd., 

Malvern, U.K.) was used due to its simple operation and the full range of results obtained. It 

was equipped with a Hydro SM dispersion unit where water was used as the dispersing 

medium. Alternatively, liquid chocolate could be dispersed in vegetable oil [147, 162] or 

isobutanol [163] or isopropanol [20, 164]. However, as an oil-based dispersing unit was not 

available, and numerous tests were required during grinding of cocoa mass to obtain the 

desirable PSDs, it was more practical to keep water as the dispersing medium. Therefore, 

when measuring PSD of non-fat solids in CP and CM chocolate, hexane extraction to remove 

cocoa butter was necessary prior to measurement. The fat removal method will be described 
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in Section 4.2.1.2. The refractive index values used in the following chapters were 

determined experimentally by checking the weighted residual values; if the weighted residual 

is less than or approximately 1%, it indicates good mathematical modelling.  

Different particle size parameters [165] were used to describe a size distribution.  

 D10, D50 or D90: 10%, 50% or 90% of the particles are less than the size; 10, 50 and 90 

percentiles of the cumulative volume distribution.  

 D32: the surface area moment mean, or the Sauter mean diameter 

 D43: the mass or volume moment mean, or the DeBroucker mean diameter 

The Sauter mean diameter defines the average particle diameter as “the diameter of a sphere 

that has the same volume-to-surface area ratio as a particle of interest”, and it has advantages 

when the same sample of particles is measured several times [166]. Meanwhile, the 

DeBroucker mean diameter is defined as “the diameter of a sphere whose surface area times 

the total number of particles equals the surface area per unit weight of the assemblage” [167]. 

In general, the Sauter mean diameter represents the fineness of particles in terms of the 

specific surface area, while the DeBroucker mean diameter is based on the volume or mass of 

particles [168]. 

3.2.1.2: Thermal analysis - Differential Scanning Calorimetry 

DSC examines the phase transition of a material by measuring heat capacity, as a function of 

temperature and time, in a controlled atmosphere. The thermograms provide information 

about chemical reactions or physical transitions that involve either endothermic 

(crystallisation) or exothermic (melting) processes [169]. DSC has been widely used to 

identify the thermal stability of crystalline fats, and gives information about crystallisation 
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temperature (time), melting points, solid fat content, specific heat capacity and polymorphism 

of fats [170].  

In chocolate studies, a standard DSC method is also frequently applied to investigate the 

melting behaviours of the fat phase. The scanning speed, or rate of temperature change, plays 

an important role in determining the peak height and position, as well as the resolution, of 

measurements [171]. A heating rate ranging from 1oC/min to 10oC/min is often used [172]. 

The onset temperature (Tonset) and endset temperature (Tendset) of a melting peak indicates the 

temperature at which a particular polymorphic form starts and ends melting. The peak 

temperature (Tpeak) corresponds to the crystalline state the fat presents. Hence, the peak 

temperature and enthalpies help to determine specific polymorphic forms of cocoa butter by 

comparing the experimental and reported values. However, it has to be noted that the DSC 

method is indirect and is an estimation of polymorphic forms of fats, which should be 

confirmed with an X-ray diffractometer (XRD) [173].  

3.2.1.3: Polymorphism - X-ray diffraction  

DSC-XRD coupled techniques are commonly used to identify physical properties of lipids in 

the fat industry [170]. XRD is a more direct and accurate technique to characterise crystalline 

structures of cocoa butter than DSC.  

Figure 2-4 (Section 2.1.2.2) presents XRD diffraction patterns of different cocoa butter 

polymorphs. The experimental values of characteristic peak locations can be compared with 

the reported values of different polymorphs of cocoa butter, as summarised in Table 3-2, to 

determine cocoa butter polymorphic states.  

In chocolate, the existence of sugar crystals complicates the XRD measurements as sugar 

diffraction peaks overlap with some phases of cocoa butter [174]. Two commonly used 
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methods to overcome this issue are: 1) removal of sugar prior to X-ray diffraction using 

repeated cold water rinsing, or 2) subtraction of the molten chocolate diffraction pattern from 

that of the solid chocolate [63, 174, 175]. For the current study, chocolate models were 

formulated without sugar to avoid this problem. 

Table 3-2: XRD characteristic peak locations (VS: very strong; S: strong; M: 

medium) of specific cocoa butter polymorphs [6, 43, 86, 174, 176]. 

Polymorphs 
Peak locations General descriptions 

d-spacing 
(Å) 

2  
 

I 
4.19 VS 21.19 a very strong peak at 4.18 
3.7 S 24.03 

II 4.24 VS 20.93 a very strong peak at 4.20 (or 4.15) 

III 
4.25 VS 20.88 Two strong peaks at 3.8 and 4.2 
3.86 S 23.02 

IV 

4.35 VS 20.40 two strong peaks at 4.13 and 4.32 
4.15 VS 21.39 
3.97 M 22.37 
3.81 M 23.33 

V 

4.58 VS 19.36 a very strong peak at 4.58 (or 4.6); Unique peak at 
3.98 3.98 S 22.32 

3.87 M 22.96 
3.75 M 23.71 

VI 

5.43 M 16.31 a very strong peak at 4.59 (or 4.6); Unique peak at 
3.7; lack of a mid-intensity 
peak at 3.75 compared with form V 

4.59 VS 19.32 
3.86 M 23.02 
3.7 S 24.03 

 

3.2.2: Bloom identification 

3.2.2.1: Surface whiteness measurement 

Fat bloom is related to a change in surface appearance, and there are two main approaches 

used for its assessment. The first approach is performed using panels of testers: chocolate 

samples are evaluated by people and scored using a whiteness “scale”. However, such semi-
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quantitative visual determination is rather subjective as results can vary due to a different 

“reference” level [177]. The second approach, measurement of surface whiteness, is more 

commonly used in chocolate studies [96, 111].  

The Whiteness index (WI) is a colour parameter based on the CIELAB colour space (L*a* 

b*); which is calculated using Equation 3. This system is widely used as it is independent of 

devices used for measurements [178]. The L* a* b* values represent a spherical colour space 

and define the axis of a coordinate system, where L* refers to lightness while a* and b* 

define colour directions. L* has a value from 0 (black) to 100 (white), and a* (green - red) 

and b* (blue - yellow) range from -120 to +120 [148].  

WI = 100 - [(100 - L*) 2 + (a*2) + (b* 2)] 0.5 Equation 3

In this project, a machine vision system [179] was used and its configuration is shown in 

Figure 3-5. It consisted of a digital camera (DFK 31 BF03, Imaging Source, Charlotte, NC, 

USA) and a lightbox in which front- or back-lighting can be applied. The upper light (front-

lighting) in the lightbox was covered with a polarising sheet. The digital camera equipped 

with a lens (Tamron, 12VM612), which was positioned in the lightbox, took pictures of the 

samples. The camera was connected to a laptop via an IEEE1394 cable and could be 

controlled externally. A polarising filter was attached to the camera lens to reduce reflection 

by turning 90° relative to the polarised light from the upper light source. A Gretag colour 

checker (X-Rite Inc., Grand Rapids, MI, USA)) was placed in the lightbox to allow colour 

calibration. To calculate the area of the sample, a black metal square with an area of 1.6cm2 

was placed next to the sample.  
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Figure 3-5: Schematic of the machine vision system showing (a) the inside of 

the system and (b) the side view [179]. 

The “two-image method” [180] was used to determine the WI of the samples, as it has the 

advantage of accurate background segmentation. For each measurement, two pictures were 
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taken, one with front-lighting and one with back-lighting. After processing the two images, 

the WI was automatically calculated and displayed using the software programme “LensEye” 

(Version 11.3.4) [181]. Colour and size calibration was carried out during image analysis. 

Table 3-3: Settings of the camera for front- and back-lighting image acquisition 

Camera 
settings 

Brightness Hue Saturation Exposure Gamma Contrast White 
balance 

Front- 0 168 118 2 10 410 52 
Back- 158 168 127 -4 10 592 52 

 

3.2.2.2: Microscopy 

Fat bloom is actually a human, visual perception of chocolate quality. However, as it is 

directly related to changes in surface microstructure, microscopy was used to identify 

corresponding changes. Visualisation techniques such as scanning electron microscopy (SEM) 

[77, 84, 182], atomic force microscopy [78, 100, 101], stereoscopic binocular microscopy [36] 

and light microscopy [68, 92] have been used in other studies to examine the changes in 

chocolate surface microstructure. The observations of fat bloom vary by type, and the 

microstructure of fat bloom is influenced by processing and storage conditions, as well as the 

composition of chocolate products.  

Light microscopy is a ubiquitous and versatile tool in food science as it magnifies images of 

very small samples, providing detail unavailable to the naked eye. A light microscope is easy 

to use and samples can be viewed under ambient conditions. In addition, it preserves full 

colour information which aids interpretation and visualisation of samples. Sometimes, stains 

are used to mark different substances. However, light microscopy has limitations, such as 

fixed magnification lenses in compound microscopes and limited depth of focus [183]. 

Stereomicroscopes and compound microscopes are the two principle classes of light 
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microscope used in food studies [183]. The stereomicroscope creates stereoscopic image 

information, and has low to moderate magnifications (5× to 200×).  Compound microscopes 

are able to achieve high resolution with magnifications between 10× and 1000×. However, 

the working distance of a compound microscope is shorter than that of a stereomicroscope. In 

this project, a Nikon AZ100 multizoom light microscope and a Nikon Eclipse 80i 

fluorescence microscope were used to examine the fat bloom on chocolate surfaces. 

An SEM uses an electron beam instead of light to create images of sample surfaces at high 

magnification. The electron column is under high vacuum (10-6Torr or lower) [184]. The 

electrons can penetrate the samples releasing energy, and some of the energy, in the form of 

ejected or scattered electrons, is collected by a detector. Therefore, an image can be generated 

using these signals to reveal the surface morphology. In this study, an environmental SEM 

(ESEM) and a cryogenic SEM (cryo-SEM) were used. The specimen chamber in a normal 

ESEM can be maintained under low vacuum (0.1-20Torr [185]) which allows samples with 

poor conductivity, like chocolate, to be imaged without coating through a conducting metal 

layer. This low vacuum makes ESEM suitable for food materials with high vapour pressure 

which would otherwise have to be treated prior to imaging. Hence, the ESEM has advantages 

for capturing images of foods in their native state. An ESEM was used to examine the 

morphology of chocolate surface and the shape of fat bloom. Cryo-SEM is also widely used 

in food research, as cryo-fixation, by liquid nitrogen, can maintain the structure of a hydrated 

sample. It has an advantage over ESEM for solid chocolate due to its higher resolution. 
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Chapter 4: Bloom identification & mechanisms              

– untempered chocolate 

Effects of fat polymorphic transformation and non-fat particle size distribution 

on the surface changes of untempered model chocolate, based on solid cocoa 

mass 1 

 

The results reported in this chapter can facilitate the understanding of fat bloom formation in 

untempered chocolate with respect to the changes in microstructure and surface appearances. 

It also contributes to show the details of IV-to-V polymorphic transformation in the fat phase 

as time went by. 

 

 

 

1 This chapter is written as the basis for a paper, which has been currently published by the Journal of 
Food Science. As such, there is some repetition in the “Introduction” and “Methods and Materials” 
sections, e.g. definitions of abbreviations and symbols, and description of some techniques, to ensure 
it can be read as a stand-alone paper.  
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4.1: Introduction 

Plain (dark) chocolate is primarily composed of cocoa butter and non-fat particles including 

sugar crystals and cocoa powder [11]. Manufacturing processes of commercial chocolate 

generally involve mixing, refining, tempering, and conching [53]. Since cocoa butter has six 

polymorphic forms, I to VI in order of increasing polymorphic stability [43], proper 

tempering is critical for liquid chocolate to crystallise into the right polymorph (form V) 

giving the products a long shelf-life of more than one year [11]. However, chocolate can 

experience a reduced shelf-life due to “fat bloom” caused by reasons such as long-term 

storage, a failure of tempering, and exposure to high temperatures [68].  

The most frequently reported fat bloom, sometimes called storage bloom, refers to the 

whitish appearance that forms on properly tempered chocolate during long-term storage due 

to the separation and deposition of small fat crystals on the chocolate surface [90, 92, 111, 

123]. However, bloom is a general term that describes a loss of initial surface gloss during 

storage and has varying definitions under different circumstances [68]. One important type of 

fat bloom forms on the surface of untempered/under-tempered chocolate which often 

contains a large proportion of form IV crystals [75]. These unstable form IV crystals are 

present due to a lack of form V nuclei during crystallisation or recrystallisation of molten 

chocolate which may occur during improper handling and storage [68].  Form IV crystals are 

soft, and spontaneously transform into form V crystals in a period of days at room 

temperature. This causes pronounced bloom leaving mixed patches of light and dark areas on 

the chocolate surface [24].  

Studies have characterised compositional differences on the surface of untempered/under-

tempered chocolate after blooming. Lonchampt and Hartel [68] reported that the lighter 

coloured areas appeared whitish and were essentially sugar and cocoa particles based on the 
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melting enthalpies of sugar and fat in samples collected from the light areas. This is 

supported by Kinta and Hatta [75] who used elemental analysis to determine that light areas 

had less fat than dark areas, but the light areas were not totally devoid of fat. However, based 

on microstructural observations of bloomed under-tempered chocolate, Afoakwa et al. [36] 

argued that the light areas were mixtures of fat and sugar crystals while the dark areas were 

primarily cocoa particles. They assigned the resultant whitish appearance to recrystallisation 

of the migrated fat on light areas.  

The driving force of bloom development on untempered chocolate has been proposed to be 

crystal formation around the form V crystals leading to the redistribution of fat content [44, 

92], and Afoakwa et al. [36] added that liquid fat movement to the chocolate surface was 

initiated by capillary action and continued by diffusion due to a concentration gradient of fat.  

Due to contradictions in the literature related to the identification and mechanism of bloom 

further studies are needed to clarify the surface structure of untempered chocolate. In 

particular, to understand the different observations found by Kinta and Hatta [75] and 

Lonchampt and Hartel [68] with the former reporting dark spots rich in fat surrounded by 

light areas on bloomed chocolate, and the latter observing white bloom spots in the fat-rich 

dark areas. Moreover, there is little information available on the relationships between 

polymorphic transformation and the changes in surface appearance during the blooming 

process. Therefore, the objective of this study was firstly to relate the polymorphic 

transformation of cocoa butter to the associated surface changes during bloom formation 

using a simple cocoa mass model. Then the microscopic surface morphology was 

characterised after blooming. Finally, the particle size effect on bloom formation was also 

studied.  
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4.2: Materials and Methods 

4.2.1: Sample preparation  

4.2.1.1: Materials 

Four model chocolates were prepared based on cocoa mass (CM) with differing particle size 

distributions. The CM chocolate was prepared by grinding roasted cocoa nibs (Chocolate 

Brown, Warkworth, NZ) in a chocolate melanger (Spectra 11 stone melanger, Coimbatore, 

India). For each of the four batches, 600g of cocoa nibs were pre-ground at 700rpm for 40min. 

The four different particle size distributions were obtained by further grinding the liquor at 

1200rpm for either 3, 5, 7, or 10 hours.  

4.2.1.2: Fat removal and particle size measurement 

Direct hexane extraction [186] was used for fat removal in CM chocolate. Approximately 5g 

of CM chocolate was dissolved in 20ml of n-hexane (>98.5%). Sample was left for 24 hours 

to allow the cocoa particles to settle at the bottom of the beaker. The upper hexane layer in 

which the cocoa butter was dissolved was carefully removed using a pipette. This procedure 

was repeated a total of three times using fresh n-hexane for each extraction. Then the cocoa 

particle layer was dried in a fume hood for 2 hours until all of the n-hexane had evaporated. 

To separate the particles, the cocoa particle layer was lightly crushed using a pestle and 

mortar. 

The particle size distribution of the cocoa particles obtained was measured using a laser 

diffractometer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, U.K.). Approximately 

0.1g of powdered sample was dispersed in water and ultrasound treated for 2min prior to 

measurements. The refractive index of the particles was set to 1.59 (as determined 
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experimentally in Appendix B) and a pump speed of 200/min was used. Each type of cocoa 

particle was measured in triplicate. Particle size parameters including D90 (90%<the size), D50 

(50%<the size), D32 (the Sauter mean diameter) and D43 (the DeBroukere mean diameter) 

were then obtained, among which the D90 values were used to represent the four batches of 

cocoa particles since it is commonly used in the chocolate industry to indicate the proportion 

of the large particles [8, 25].  

4.2.1.3: Sample production 

Each of the CM chocolates was melted in a 60oC water bath (WB-11, WiseBath, South 

Korea). The molten chocolate was continuously stirred for 1 hour at 200rpm using a 

mechanical stirrer (RW 20 digital, IKA-works Inc. NC, USA) to ensure that all crystal history 

was erased. Subsequently, the liquor was poured into cylindrical moulds (diameter: 4.5cm 

and depth: 1.2cm) and sealed in a container before cooling in a refrigerator (5±0.5oC) for 1 

hour. The containers were then removed from the refrigerator and stabilised at ambient 

temperature (20±0.5oC) for 2 hours. Afterwards, sample discs were demoulded and stored at 

ambient temperature with relative humidity never exceeding 50%. Each type of CM 

chocolates had five sample discs, which were run in parallel for different measurements over 

25 days of storage. 

4.2.2: Surface image acquisition and processing  

Every 24 hours, the same areas on sample surfaces were imaged using a light microscope 

(Nikon AZ100 multizoom microscopy). At least four locations on the surface of a sample 

disc were examined; three sample discs of each CM chocolate were used. The low 

magnification images obtained were adjusted in Adobe Photoshop CS6 (Adobe Systems Inc., 

San Jose, CA, USA) where the images were converted to grayscale, and optimum brightness 
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and contrast were selected. ImageJ software [187] was then used to calculate the area ratio of 

surface bloom on chocolates stored for 25 days, i.e. white/dark area ratio.  

4.2.3: Polymorphic transformation 

X-ray diffraction (XRD) is commonly used to examine the polymorphism of cocoa butter, but 

one issue that complicates the use of XRD of chocolate is that diffraction from sugar crystals 

obscures cocoa butter diffraction peaks [174]. However, the CM chocolate was formulated 

without sugar. Therefore, in this study, the polymorphic transformation of cocoa butter was 

examined directly using XRD (D2 Phaser, Bruker, Germany). A small piece with a flat 

surface was cut from each type of sample discs using a scalpel. It was scanned using Cu-Kα 

X-rays (goniometer step size = 0.02°, dwell time = 0.1s) and the diffraction pattern was 

recorded. 

4.2.4: Surface whiteness 

A machine vision system [179] was used to measure the changes in surface Whiteness Index 

(WI)  during bloom, and the “two images” method [180], which eliminates the influence of 

background colour, was employed. The images were analysed using LensEye software 

(Gainesville, FL, USA) and the WI values were automatically displayed. The WI values were 

based on L* a* b* (colour space) values by the software using Equation 3 (page 57) and 

normalised WI was calculated by Equation 4. 

0

0

Percentage normalised 100tWI WI
WI

WI

 
  
 

 Equation 4 

Where WIt = whiteness index at time t and WI0 = initial whiteness index. 
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4.2.5: Surface microstructure 

At the end of bloom formation, the surface microstructure of samples cut from the discs was 

imaged in its native state in low vacuum conditions using Environmental Scanning Electron 

Microscopy (ESEM) (Quanta 200 FEG SEM, FEI Company, Eindhoven, The Netherlands). 

The sample was cooled to a temperature of -5°C on a peltier-cooled stage to reduce thermal 

damage from the electron beam [182], and imaged in a nitrous oxide atmosphere at a pressure 

of 77.3Pa and an accelerating voltage of 20kV. Samples were also viewed using cryogenic 

SEM (cryo-SEM; XL30S FEG SEM, The Netherlands) equipped with an Alto 2500 cryo-

chamber (Gatan UK, Abingdon, UK). A piece of sample was plunge frozen in liquid nitrogen 

slush and sputter coated with gold prior to imaging. 

4.2.6: Fluorescence microscopy 

A thin piece of sample was cut from the surface of bloomed chocolate and mounted on a 

fluorescence microscope (Nikon Eclipse 80i) equipped with a DS-Fi1 (Nikon) digital camera. 

Images were then captured using DIC optics in dark field, using a FITC filter (excitation: 

465-495nm; dichroic mirror: 505nm; barrier filter: 515-555nm). The images were processed 

using Adobe Photoshop software (CS6, Adobe Systems Inc., San Jose, CA) to merge areas 

in-focus as there were areas out of focus due to uneven sample surface. Optimum brightness 

and contrast were also selected. 

4.2.7: Statistical analysis 

The values of size parameters and the particle size effect on the area ratio of surface bloom 

were both evaluated by one-way ANOVA with a Tukey post hoc test, at a significance level 

of 95% (IBM SPSS Statistics for Windows, version 21.0, IBM Corp., Armonk, NY, USA). 
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4.3: Results and Discussion 

4.3.1: Bloom formation during storage 

4.3.1.1: Evolution of surface appearance 

The four types of CM chocolates had D90 values of approximately 18, 25, 34 and 56µm, 

respectively. They showed similar surface changes when observed either visually or by the 

light microscope; hence, only the results of 18µm CM chocolate are shown in Figure 4-1 and 

Figure 4-2.  

 

Figure 4-1: Visual observation of the surface changes on cocoa mass chocolate 

(D90: 18µm) during bloom formation as fat bloom formed.  

When the chocolates were demoulded, the surface was brown and with a relatively 

homogeneous appearance (Figure 4-1, day 1). However, it was observed that within several 

hours after demoulding small spots developed, initially appearing light brown; afterwards, the 

number and area of the spots increased during the first 2 days of storage. As seen in Figure 

4-1, from day 3, the bloomed area which was the white periphery surrounding the spots 

started to appear. After approximately 6 days of storage, the peripheral area was more 

pronounced and had joined together making up the majority of the surface colour, while the 
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original brown colour had almost disappeared. From approximately 10 days of storage the 

surface stopped changing. 

 

Figure 4-2: Low magnification light microscopic images showing the evolution of 

surface appearance on cocoa mass chocolate (D90: 18µm). The letters S and P 

represent the area of spots and periphery. 

The process of bloom formation was also investigated using light microscopy by following 

the development of spot (S) and periphery (P) areas (Figure 4-2). During the first 3 days of 
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storage, the light brown spots appeared as small dark nuclei surrounded by a lighter “halo” 

and grew in size (S1 to S3). From days 3 to 6, these lighter coloured spots darkened (S3 to S6), 

and the white and sandy peripheral areas (P3 to P6) rapidly expanded into the surrounding 

area that appeared to be brown. Thereafter, changes in spot appearance were minimal but the 

peripheral areas surrounding the spots became whiter. From approximately 10 days of storage, 

the chocolate surface had a “honeycombed” appearance composed of irregular sub-units of 

dark spots. These findings are in agreement with the changes shown in Figure 4-1, which 

suggests that this type of bloom could be accurately identified using the naked eye. In 

addition, a similar “honeycombed” appearance after bloom formation was found by Kinta 

and Hatta [75] using untempered chocolate and Afoakwa et al. [36] using under-tempered 

chocolate.  

4.3.1.2: Polymorphic transformation 

The polymorphic transformation during the bloom process is shown in Figure 4-3. At the 

start of storage, the samples had a diffraction pattern indicating the presence of cocoa butter 

polymorphic form IV with two strong peaks at around 4.34Å and 4.15Å. These are in 

agreement with characteristic peak positions reported in literature [37, 43, 45, 86]. During the 

first 6 days of storage, the diffraction peaks of polymorphic form IV gradually disappeared, 

and the characteristic peaks of form V appeared: a very strong peak at 4.59Å, a distinctive 

weaker peak at around 3.99Å, and three other peaks at approximately 3.89Å, 3.77Å, and 

3.67Å. These are also similar to the peak positions reported for polymorphic form V in the 

above-mentioned literature. From day 6, the peak intensity of form V became stronger and 

the characteristic peaks sharpened as an indication of post-crystallisation processes such as 

“Ostwald ripening” (growth of large crystals at the expense of smaller crystals) [69].  
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This study revealed that the evolution of the chocolate surface and the polymorphic 

transformation of cocoa butter are related. Within 6 days of demoulding, the most significant 

changes on the chocolate surface occurred with the spots and sandy periphery rapidly 

developing (Figure 4-2). During the same period, most of the form IV cocoa butter 

transformed to form V (Figure 4-3). Therefore, although it has been generally accepted that 

unstable crystal formation causes fat bloom in untempered chocolate [74], this study suggests 

and provides evidence that the polymorphic transformation of form IV to V is responsible for 

this type of bloom. 

 

Figure 4-3: The changes in X-Ray diffraction patterns of cocoa mass chocolate 

(D90: 18µm) during bloom formation. Fat crystals were mainly in polymorphic 

form IV (peaks located at 4.15, 4.35Å) at day 1 and transformed into form V 

(peaks located at 4.59, 3.99, 3.89, 3.77 and 3.67Å) from day 25.  
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4.3.2: Microstructure of bloomed chocolate 

4.3.2.1: Characterisation of the microstructure 

Kinta and Hatta [92] observed that no fat crystals appeared on the surface of untempered 

chocolate after bloom formation. However, in the current study separated fat crystals were 

found in the dark spots after 25 days of storage in Figure 4-4 (Area b: b1 and b2). The 

superficial structure of fat crystals showed similarities to the fat bloom found on well-

tempered chocolate, i.e. needle- or flake-like crystals [15]. However, the X-ray diffraction 

pattern of untempered chocolate at day 25 (Figure 4-3) revealed that the cocoa butter was still 

mainly in form V rather than the most stable form VI often found in bloomed well-tempered 

chocolate [78]. This suggests that the formation of fat crystals on the dark spots is not due to 

V-to-VI polymorphic transformation of cocoa butter. It is also seen in Figure 4-4 (b1 and b2) 

that the fat crystals were densely packed on the surface of the chocolate. James and Smith 

[182] observed fewer fat crystals that were less densely packed on the surface of untempered 

chocolate. However, James and Smith [182] used both a different chocolate and sample 

preparation methods.  

When viewed using fluorescence microscopy, periphery areas that appear sandy with the 

naked eye appeared brighter relative to areas that appear as dark spots with the naked eye 

(Figure 4-4). The only component of the chocolate samples that can autofluoresce are the 

cocoa particles [188]. Therefore, these images indicate that the periphery areas (Area a) are 

mainly composed of cocoa particles. This conclusion is supported by the cryo-SEM images 

(Figure 4-4) which show individual cocoa particles (a2) and voids between particles (a3) on 

the sandy periphery. The spots were darker because of the coverage of cocoa butter on the 

cocoa particles. As a result, the dark areas were mainly fat-based while the light areas had a 

lack of fat, which is consistent with the literature [68, 75]. However, it is not in line with 
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Afoakwa et al. [36] who stated that the dark spots on under-tempered dark chocolate was 

mainly composed of cocoa particles (solids), while the periphery is mainly fat and sugar. 

Those statements were mainly based on observations using low magnification stereoscopic 

binocular microscope, which may not have provided sufficient resolution, nor can that 

technique identify the composition of components as fluorescence microscopy did in this 

current study. 

4.3.2.2: Formation of the microstructure 

Based on the above observations, it is clear that during bloom formation fat was redistributed 

from the peripheral areas towards the dark spots. Moreover, since the honeycomb-like 

structure was also found inside the samples as shown in Figure 4-5, it indicates that the 

continuous structural changes occurred uniformly throughout the entire sample, not only on 

the sample surface.  

The mechanism of bloom formation in untempered chocolate deduced by Kinta and Hatta [75] 

focused on nucleation and crystallisation of cocoa butter and proposed that polymorphic 

transformation was not involved during fat distribution. However, the polymorphic 

transformation from form IV to V played a major role in bloom formation in this study and 

was also reported in under-tempered dark chocolate by Afoakwa et al. [36]. Therefore, the 

following mechanism for bloom formation in untempered chocolate, including the important 

role of the cocoa butter polymorphic transformation, is proposed: 
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Figure 4-4: Observations of cocoa mass chocolate surface morphology (after 25 

days of storage) using multiple microscopy techniques. The microscopic images 

show the surface microstructure of bloomed cocoa mass chocolate (D90: 18µm) 

with the particles, voids and fat crystals indicated.  
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Figure 4-5: Low magnification light microscopic images of top surface (left) and 

fracture surface (right) of bloomed cocoa mass chocolate (D90: 18µm). 

 

Figure 4-6: Diagram illustrating microstructural changes within chocolates during 

bloom formation 1 and 10 days after demoulding. The surface appearance of 

cocoa mass chocolate (D90: 18µm) is shown using low magnification light 

microscopy images. 
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1) Initially, cocoa butter is mainly in form IV, a small proportion spontaneously 

transforms into the more stable form V nuclei under Gibbs energy difference [91] as 

shown in Figure 4-6 (a1).  

2) The transition between form IV and V crystals is a liquid-mediated process [90, 118] 

initiated by temperature fluctuations and continued due to the heat released from form 

IV crystals dissolving in the liquid fat phase. As the liquid cocoa butter forms, a 

concentration gradient of triglycerides drives its diffusion from nearby regions to the 

surface of form V nuclei. 

3) The small form V nuclei then grow at the expense of form IV crystals as illustrated in 

Figure 4-6 (a2) and eventually form large fat-based spots incorporating cocoa particles 

within the spots, see Figure 4-6 (b2).  

4) The areas depleted of fat leave voids with the remaining cocoa butter transforming 

into form V and the fat crystals forming when cocoa butter moves to the surface of the 

fat-based spots.  

It has to be noted that the capillary effect may play a role in fat movement towards form V 

nuclei through inter-particle channels since chocolate is a porous material [97], and the 

overall volume of fat phase decreased due to more stable fats being more dense [15].  

4.3.3: Particle size effect on surface changes 

As shown in Table 4-1, the D90 values of the four batches of CM chocolate were similar to 

those used by Afoakwa et al. [36, 121], and the D50, D32 and D43 values generally increased 

with D90 excluding the D32 of 18µm (D90) CM chocolate. The D32 values were not 

significantly (P>0.05) different while the D50, D90 or D43 values were (P<0.05). However, as 

expected the large particles broke down when the cocoa mass was ground longer in the 

chocolate melanger.  
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It was found by Briones and Aguilera  [189] that surface roughness reduced but surface 

whiteness increased when the particles on chocolate surface became smaller; thus, as bloom 

formed the varying sizes of individual particles in the periphery areas could lead to a 

difference in surface whiteness. In addition, the particulate network which was influenced by 

particle size distribution could affect liquid fat movement in the chocolate matrix [36], and 

may consequently affect fat crystal growth and the resultant surface whiteness. 

 

Figure 4-7: Percentage normalised whiteness index (WI) values of cocoa mass 

chocolate with varying D90 during storage. Points are means ± standard error 

(n=3). 

 

Table 4-1: Size parameters of cocoa particles in each batch of ground cocoa 

mass. Values are means ± standard error (n=4). 

Grinding time 
D90, µm 
(90%<) 

D43, µm 
(DeBroukere mean) 

D50, µm 
(50%<) 

D32, µm 
(Sauter mean) 

10 hours 18.33±0.19a 10.68±0.10a 7.30±0.01a 4.91±0.05a 

7 hours 25.23±0.54b 13.84±0.21b 7.79±0.04b 4.90±0.10a 

5 hours 34.32±0.60c 17.80±0.12c 8.31±0.05c 5.01±0.05a 

3 hours 56.47±0.60d 23.52±0.43d 9.14±0.05d 5.17±0.02a 

Note: different superscript letters in each column donate significant differences at P<0.05. 
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The initial WI values of the four CM chocolates varied; therefore, normalised values were 

used for analysis. As shown in Figure 4-7, surface whiteness had a dramatic increase after 3 

days’ induction time; from approximately 10 days’ storage, the surface whiteness remained 

constant and this is in good agreement with the results of surface changes and polymorphic 

transformation. It is interesting to find that the four types of CM chocolate had similar rate 

and extent of surface bloom formation as the surface whiteness had similar behaviours during 

storage in Figure 4-7, which indicates that the bloom formation was most likely independent 

of the particle size effect.  

Lonchampt and Hartel [68] found that surface whiteness was directly related to the area ratio 

of bloom. Thus white/dark (i.e. peripheral/spot) area ratios for the four CM chocolates were 

determined using image analysis (0.58±0.03, 0.67±0.14, 0.68±0.08, and 0.66±0.07 for 

chocolates with D90 of 18, 25, 34, and 56µm, respectively); these were found to not be 

significantly different. This indicates the bloom area formed was similar for all four CM 

chocolates. The WI values of the bloomed samples after 25 days of storage was also similar 

for the four CM chocolates suggesting that the area ratio of bloom played a more 

predominant role in determining surface whiteness than the particle size difference. 

Additionally, bloom formation resulted from the processes of nucleation and growth of form 

V crystals, where the number of crystal nuclei formed was mainly temperature-dependent and 

had an inverse relationship with crystal size [45, 92]. The similar area ratios of bloom found 

on the samples in this study could be explained by the same storage temperature used. 

However, Afoakwa et al. [36] attributed bloom to formation of fat crystals on the surface of 

under-tempered dark chocolates; the authors reported that more pronounced bloom formed on 

chocolates with larger-sized particles because they had bigger inter-particle passages in 

which liquid fat migration to surface was quicker under capillary action. In this study, it is 

clear that the fat-rich spots were close to each other (Figure 4-5) and the concentration 
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gradient of liquid fat was the dominant driving force. Accordingly, the resistance of fat 

movement caused by the particulate network was minimal in untempered chocolate, and as a 

result the samples in this study had similar changes in surface whiteness. 
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4.4: Conclusions 

The simplicity of a cocoa mass chocolate model without sugar enabled the investigation of 

cocoa butter polymorphism using X-ray diffraction. During storage, the process of surface 

evolution was observed, and the morphology of the bloomed surface was identified at a 

microstructural level. The evolution of the untempered chocolate surface showed strong links 

with the cocoa butter polymorphic transformation; the most significant changes occurred 

within a week. At the end of the bloom process, fat crystals were observed in the dark spots. 

The polymorphic transformation of cocoa butter from form IV to V was confirmed as being 

responsible for the fat redistribution with cocoa butter concentrating in dark spot areas 

leaving white and sandy peripheral areas with less cocoa butter. Additionally, particle size 

was found to play a limited role on surface whiteness changes as well as bloom formation in 

untempered CM chocolate. This work built foundations for future bloom studies on the 

effects of particle ratio and composition using commercial chocolates.  
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Chapter 5: Bloom identification & mechanisms 

– well-tempered chocolate 

Fat bloom formation on model chocolate stored under steady and cycling 

temperatures 2 

 

The results reported in this chapter can facilitate the understanding of fat bloom formation in 

well-tempered chocolate with respect to the changes in microstructure and surface 

appearances. It also contributes to show the details of V-to-VI polymorphic transformation in 

the fat phase as time went by. 

 

 

 

 

 

2 This chapter is written as the basis for a paper, which has been submitted to Food Chemistry. As 
such, there is some repetition in the “Introduction” and “Methods and Materials” sections, e.g. 
definitions of abbreviations and symbols, and description of some techniques, to ensure it may be read 
as a stand-alone paper.  
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5.1: Introduction 

The unique texture and quality of chocolate is primarily derived from cocoa butter, which 

exhibits brittleness below 20oC, begins softening at 30-32oC, and shows sharp and complete 

melting near body temperature, at approximately 37oC [24]. Cocoa butter has six 

polymorphic forms, frequently coded I to VI from least stable to most stable [43]. The form 

V polymorph is preferred for commercial chocolate as it is relatively stable and has a melting 

point range between 31-34oC [27], lower than body temperature. As the physical properties 

of cocoa butter show temperature dependence, storage temperature is one of the most 

important factors determining the post-processing quality of chocolate products, including 

their shelf-life [124].  

Fat bloom is a quality defect that reduces the shelf-life of chocolate products, appearing as a 

loss of the initial surface gloss [6]. In terms of dark/milk chocolate, phase separation and 

polymorphic transformation are the most common theories used to explain the underlying 

mechanisms of fat bloom formation [111]. The phase separation theory is based on Adenier 

et al.’s [95] study, that the recrystallisation of high-melting point triglycerides (TAGs) on the 

chocolate surface leads to fat bloom. Bricknell and Hartel [96] further hypothesised the 

following three steps of fat movement to the surface: 1) the high-melting point 

(monounsaturated) TAGs dissolve in low-melting point (polyunsaturated) TAGs as 

temperature increases; 2) the volume of the fat phase expands due to an increase in liquid fat 

content; 3) liquid fat is “pumped” to the surface where the high-melting point TAGs 

recrystallise when temperature decreases. Lonchamt and Hartel [6] added, that as volume 

contracts during cooling, some liquid fat would be reabsorbed back into the chocolate. In 

terms of polymorphic transformation, although cocoa butter has been commonly found 

transformed from form V to VI during fat bloom formation [43], whether it is a direct cause 
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of bloom formation is still under debate [96, 190]. The above two theories both indicate the 

influence of temperature [15], and, accordingly, the bloom process has been found highly 

temperature and/or temperature fluctuation dependent [111]. 

In the literature, the bulk of studies [6, 123, 126, 127], using constant temperatures or cycling 

temperatures, generally applied storage temperatures within three ranges: low (<20oC), 

medium (20-30oC) and high (>30oC). Controlled temperature cycling has been commonly 

used to deliberately promote the formation of fat bloom, either in dark/milk chocolate, or 

filled chocolate in such studies. As the testing methods for accelerated fat bloom have not 

been standardised [69], temperatures have been cycled down to -20oC [131] and up to 38oC 

[130], and the temperature difference has ranged from 3oC [128] to 38oC [131]. 

In addition, due to the inherent differences among different types of chocolate, the melting 

point of chocolate has also varied in these studies. As a result, the appearance of the bloomed 

surfaces of chocolate have been reported to have different structures, from a whitish haze to a 

marbled appearance, due to diverse cycling temperature, fluctuation frequency and types of 

chocolate used [116, 127, 191]. Rousseau [15] found extensive bloom formation on milk 

chocolate cycled between 20oC and 32-34oC; the author observed roughened surfaces with 

jutting crystals, attributing these to recrystallisation of migrated fat from the interior to the 

surface. However, Kinta [92] reported reduced fat content in the surface bloom on chocolate 

cycled between 20oC and 32oC, and they proposed that the liquid fat was drawn from the 

surface to the interior as the cocoa butter volume contracted during cooling.  

Therefore, due to the inconsistent findings of the above-cited articles and limited studies 

comparing different types of fat bloom in dark chocolate, it remains unclear what causes 

bloom formation when dark chocolate is temperature cycled to above 30oC, and what the 

difference is in the mechanisms when comparing stable with cycling temperatures. In this 
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study, the surface microstructure of model chocolate stored under different temperature 

conditions was identified to characterise each type of fat bloom, and to investigate the 

underlying mechanisms of bloom formation in each scenario. 

5.2: Materials and Methods 

5.2.1: Sample making 

The samples in this study are model chocolate produced solely from roasted cocoa nibs 

(Chocolate Brown, Warkworth, New Zealand), which had a fat ratio of 54g/100g (as 

provided by the supplier). The composition of the model chocolate, based on solid cocoa 

mass, is more controlled than real chocolate, and therefore easier to measure. The cocoa mass 

was firstly prepared by grinding cocoa nibs in a stone melanger (Spectra 11 stone melanger, 

Coimbatore, India) for approximately 7 hours at 1200rpm. The cocoa mass was then melted 

in a water bath at 60oC for 1 hour to remove pre-existing crystal history, after which it was 

transferred to a tempering machine (Revolation 2, ChocoVision, USA).  

Tempering was carried out under a default dark-chocolate tempering cycle (Tempering 

Method 1, Section 3.1.2.1). The hot liquor was cooled down from 42.2 to 32.2oC (5min). 

During the cooling stage, cocoa butter powder (PureNature, Pure Ingredients Ltd, New 

Zealand) in polymorphic form VI was used as nuclei to promote formation of form V crystals 

[63], and was added at a ratio of approximately 0.2g/100g. This was followed by further 

cooling down to 29.4oC (2.5min); after which the temperature was raised to 31.5oC in 2min. 

The well-tempered cocoa mass was finally cast into cylindrical moulds (diameter 4.5cm; 

depth 1.2cm). After crystallisation for 12 hours at room temperature (20±0.5°C), the disc-

shaped samples were demoulded. 
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5.2.2: Sample storage 

The samples were equally divided into three groups and stored under the following 

temperature conditions [6], with relative humidity at less than 50%. At least three samples 

from each group were prepared for each measurement technique.  

1) Control samples: constant temperature, 20±0.5oC,  

2) Cyc20-29 chocolate: daily cycling between 20±0.5oC (7 hours) and 29±0.5oC (17 

hours),  

3) Cyc20-32 chocolate: daily cycling between 20±0.5oC (7 hours) and 32±0.5oC (17 

hours).  

A refrigerator set to 20oC and dry incubators (Lab Armor Bead Bath 20L, Shel lab, Australia) 

set to 29oC or 32oC were used to maintain the temperatures for storage. The samples under 

temperature cycling were stored for 60 days, while the control samples were kept for 12 

months. 

5.2.3: XRD measurement 

The polymorphism of the cocoa butter phase was characterised using X-ray diffraction (XRD, 

D2 Phaser, Bruker, Germany) using Cu-Kα X-rays (goniometer step size = 0.02°, dwell time 

= 0.1s). The cocoa mass model had advantages over real chocolate in regard to conducting 

XRD measurements, as it was not formulated with sugar. At different times during storage, a 

piece of sample was cut from the surface of the model chocolate for XRD analysis. The 

diffraction pattern was recorded, and the d-spacing values were calculated using Bragg’s 

equation (Equation 1 on page 17) [192]. Therefore, different polymorphic forms of cocoa 

butter could be identified by comparing the experimental d values with the published d values 

[43] of each polymorph. 
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 Polymorph VI-to-V ratio determination 

Prior to storage, the model chocolate primarily contained form V cocoa butter, while after 60 

days of storage, the Cyc20-32 chocolate contained mainly form VI cocoa butter. Accordingly, 

the diffractograms of the Cyc20-32 chocolate measured before and after storage were used as 

standard V and VI patterns, for subsequent calculations, and each was assumed to comprise a 

single polymorph.  

 

Figure 5-1: The ratio of polymorphs in a sample was determined from fitting of 

the simulated and sample diffractograms. The fat crystals of the standards were 

found to be in form V (prior to storage) and form VI (60 days of storage) by 

comparing the peak locations with the literature values (Table 3-2). 

The calculation method adopted was from Smith et al. [193] with some modifications. The 

liquid proportion of fat was assumed as background in this study, as it did not show 

characteristic peaks. In addition, it was assumed that a change in liquid fat content during 
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storage would not cause a shift in the diffraction pattern. Therefore, the diffractogram of a 

sample with mixed form V and VI crystals could be regarded as the sum of individual XRD 

patterns of pure form V and VI (the standards). As a result, the ratio of polymorphic form V 

and VI could be estimated by fitting a simulated pattern to a sample diffractogram. For 

example, as illustrated in Figure 5-1, if a simulated pattern, obtained by summing 65% V and 

35% VI standards, was the best fit with the diffractogram of an unknown sample then, in that 

sample, form VI was expected to be 35% of the solid fat phase. In this way, the change in the 

ratio of form V to form VI during storage could be quantified. 

5.2.4: DSC measurement 

The melting properties of samples were analysed by Differential Scanning Calorimetry (DSC, 

Shimadzu DSC-60, Columbia, MD, USA). Each sample was a thin piece (approximately 

0.1cm in thickness), cut from model chocolate surface. Around 5.5mg mass was heated in an 

open aluminium pan from 10 to 40°C under a dry air stream. A heating rate of 2°C/min was 

used. The peak melting temperature, melting enthalpy (ΔH), and total energy consumed were 

obtained from the melting profiles, using a TA-60WS Thermal Analyser. All measurements 

were performed in triplicate. 

 Solid fat content determination 

DSC melting profiles have previously been used to calculate the solid fat content (SFC) of 

edible fats [194]. In this study it was known that only the fat phase (the cocoa butter) went 

through a phase change during heating, which allowed an estimation of the ratio of solid fat 

that had melted. As shown in Figure 5-2, the total area of a melting curve (Atotal) was 

enclosed by a straight baseline, the SFC was then estimated by partial integration of the 

melting curves [27, 195] using Equation 5 [194].  
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 Equation 5

Where T0, Ti and Tf denoted temperature at the start (20oC), selected point and end (38oC) of 

melting, respectively. ATi was associated with the integration between Ti and 38oC. H (J/g) 

was the melting enthalpy. 

It is worth noting that cocoa butter is actually a mixture of TAGs, with the polyunsaturated 

TAGs representing around 5-20% of the total which are generally in a liquid state at 20oC 

[24], and a liquid-fat ratio of approximately 20% (20oC) has been reported [113, 119]. Hence, 

in this study, the “as-processed” SFC refers to the ratio of solid fat remaining at Ti over the 

total amount of solid fat existing above 20oC, while the pre-existing liquid fat at 20oC was not 

taken into account.  

 

Figure 5-2: A DSC thermogram of chocolate prior to storage with cocoa butter in 

polymorphic form V. ATotal was associated with the integration between 20oC and 

38oC. 
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5.2.5: Whiteness index measurement 

Surface whiteness of samples was examined during storage. Images of the model chocolate 

surface were captured using a machine vision system [179] equipped with a digital camera 

(DFK 31 BF03, Imaging Soure, Charlotte, NC, USA), with a Tamron lens (Tamron, 

12VM612). For each measurement, a front-lighting and a back-lighting image were obtained 

at room temperature, approximately 20oC. The surface whiteness was then evaluated using 

the software, LensEye (Gainesville, FL, USA) based on the “two-image method” [180] 

(Section 3.2.2.1) to achieve accurate background segmentation. The Whiteness Index (WI) 

values were automatically calculated by the software using the L* a* b* colour space values 

according to Equation 3 (page 57). The normalised WI was obtained to minimise the 

variations caused by the initial WI (WI0) using Equation 4 (page 66). 

5.2.6: Microscopy 

The surface microstructure of samples was viewed at different stages of storage using 

environmental scanning electron microscopy (ESEM; Quanta 200 FEG SEM, FEI Company, 

Eindhoven, the Netherlands). A small piece of the sample surface was carefully cut from the 

model chocolate and mounted onto a peltier-cooled stage. Images were captured in a nitrous 

oxide atmosphere with a pressure of 77.3Pa and a temperature of -5°C, based on the method 

of James and Smith [182]. An accelerating voltage of 20kV was used. 

After storage, the bloomed chocolate was fractured through the centre. A thin piece of sample 

was cut from the fracture surface, and was viewed using a light microscope (Nikon AZ100 

multizoom microscope). Several low magnification images were captured at different 

locations. 
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5.3: Results and Discussion 

5.3.1: Polymorphic development 

The V to VI polymorphic transformation was investigated as a function of storage time and 

temperature, as form VI has been associated with the occurrence of fat bloom on chocolate 

[43]. The fat phase of Cyc20-29 and Cyc20-32 model chocolate samples exhibited 

polymorphic transformation from completely form V at the start of storage to completely 

form VI after 60 days of temperature cycling (Figure 5-3). It is widely accepted that cocoa 

butter in chocolate undergoes a solid-state transformation from form V to VI only at a storage 

temperature much below the melting point of polymorph V, around 34oC [100]. However, it 

is clearly seen in Figure 5-2, that cocoa butter started melting from approximately 22oC. 

Therefore, in this study, liquid-mediated transformation [190, 196] could occur in the liquid 

fat phase, when the storage temperature fluctuated between 20oC and 29oC (or 20oC and 

32oC). The process of liquid-mediated transformation involved melting or dissolution of the 

form V cocoa butter in the liquid fat phase when the temperature increased, and the liquid 

cocoa butter partially recrystallised into form VI during cooling. Additionally, this process 

could be enhanced by the heat released during polymorphic transformation [190]. As a result, 

the polymorphic transformation was more rapid in both the Cyc20-29 and Cyc20-32 samples, 

comparing to the control samples. 

The ratio of polymorph VI in Cyc20-32 chocolate showed a rapid increase (Figure 5-3) and 

achieved the maximum at approximately 14 days of storage; however, it took five times 

longer (60 days) for the Cyc20-29 samples to approach the end of transition. At the start of 

storage, the chocolate samples had SFC of 86.2% at 29oC, and 57.1% at 32oC, based on the 

DSC analysis. It has been mentioned by Sato [91], that the polymorphic transformation is 
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faster with a greater amount of liquid fat, which explained the higher polymorphic 

transformation rate when the chocolate temperature cycled to 32oC than that to 29oC.  

 

Figure 5-3: Increase in the percentage of polymorphic form VI in cocoa butter 

over time for samples stored under cycling temperatures. Points are means ± 

standard error (n=3). 

In terms of the control samples, there was no recognisable polymorphic transformation, with 

cocoa butter retaining form V for over one year. A storage temperature of 20oC was 

insufficient to initiate melting of cocoa butter (Figure 5-2). The solid-state transformation 

may cause bloom formation in the control if the process is accompanied by growth in crystal 

sizes [190]. However, the solid-state transformation has a large activation energy [91, 197], 

which is not overcome at a constant temperature of 20oC; therefore, the controls showed 

relative stability over a long period. These findings were in line with Wille and Lutton [43] 

who found that transformation of V to VI was extremely slow at 16oC, but much quicker at 

27oC as the conversion was observed  in several weeks. 
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5.3.2: Visual observations 

Prior to storage, it was observed visually that the samples were dark brown and the surface 

had glossy and shiny veins, see Figure 5-4 (a). After 60 days of storage, the Cyc20-29 model 

chocolate (Figure 5-4: b) had a whitish haze on the surface which resulted in a loss of initial 

gloss, whilst the veins could not be visually identified; this appearance is similar to the most 

commonly reported fat bloom, forming on well-tempered chocolate after long-term storage 

[74]. However, after the same period of temperature cycling, more recognisable changes 

occurred on the surface of the Cyc20-32 model chocolate, appearing light brown (Figure 5-4: 

c), which was in agreement with the observations by Kinta and Hatta [79]. Therefore, as 

chocolate experienced higher storage temperatures, there were more pronounced changes on 

the surface, shortening the shelf-life of the chocolate. As expected, no visible changes could 

be seen on the control samples.  

 

Figure 5-4: Images captured by the digital camera in the machine vision system: 

(a) chocolate prior to storage with veins indicated, (b) Cyc20-29 chocolate, (c) 

Cyc20-32 chocolate, and (d) Cyc20-32 chocolate captured immediately on 

removal from the 32oC incubator. 

It was interesting to find that during temperature cycling, the light-brown appearance of 

Cyc20-32 chocolate at 20oC (Figure 5-4: c) changed to dark brown at 32oC (Figure 5-4: d), 
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and it returned to light brown when moved back to 20oC. As the chocolate brown colour is 

derived from cocoa solids [5], the above-mentioned changes in colour suggested that cocoa 

butter on surface experienced liquefaction at 32oC, giving a smoother and more transparent 

surface, when the liquid fat re-solidified at 20oC, covering the cocoa solids and making the 

surface rougher, this could influence how it reflected visible light [79].  

5.3.3:  Changes in surface whiteness 

Similar to polymorphic transformation, surface whiteness changes on the control samples 

were minimal over one year, with the first 70 days shown in Figure 5-5; the surface whiteness 

even decreased slightly due to an accumulation of dust on the chocolate surface upon long-

term storage. However, the surface whiteness of the Cyc20-29 and Cyc20-32 model 

chocolate increased with fat bloom development during storage. The Cyc20-32 chocolate 

exhibited a similar trend in WI increase (Figure 5-5) as in V to VI polymorphic 

transformation (Figure 5-3); both increased markedly during the first 2-3 weeks and stopped 

changing afterwards. However, formation of the form VI polymorph in the Cyc20-29 

chocolate was gradual and approximately linear as shown in Figure 5-3, which proceeded 

over a longer time interval (60 days) than the changes in surface whiteness (Figure 5-5: 20 

days). Interestingly, despite continuous polymorphic transformation, increase in surface 

whiteness stopped after approximately 20 days. As a result, although the changes in surface 

whiteness and polymorphic transformation both showed their high time-temperature-

dependence, the changes in surface whiteness of Cyc20-32 chocolate were more closely 

correlated to the polymorphic transformation than those in Cyc20-29 chocolate. 

It was also noticeable, as seen in Figure 5-5, that the Cyc20-32 chocolate achieved a total 

increase in surface whiteness approximately sevenfold that of Cyc20-29 chocolate, although 

the difference in storage temperature was as little as 3oC. During temperature fluctuations, the 
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fat phase of both types of chocolate underwent repeated partial melting at 29 or 32oC and re-

solidification at 20oC. As cocoa butter melted, the volume of the fat phase expanded, leading 

to a pressure gradient between the centre and the surface, and therefore liquid fat was 

“pumped” to the surface. At the beginning of storage, a difference of 3oC resulted in a 

significant difference in SFC of 29.1% (86.2% at 29oC; 57.1% at 32oC); fat bloom formation 

was thus more pronounced due to a higher pressure gradient in the Cyc20-32 chocolate, as 

more solid fat melted. Furthermore, as mentioned by Aguilera et al. [119], the capillary effect 

could facilitate liquid fat migration to the surface through inter-particle channels. Similar to 

the pumping action, the capillary effect could promote more migration of fat to the surface of 

Cyc20-32 chocolate due to a higher liquid fat content. It would appear that lower cycling 

temperatures retarded liquid fat movement to the surface in the Cyc20-29 chocolate.  

 

Figure 5-5: Changes in surface whiteness of chocolate stored under different 

temperature conditions. Points are means ± standard error (n=3). 

As time went by, the SFC of the Cyc20-29 samples at 29oC increased from 86.2% (initial) to 

96.8% after 60 days’ cycling, while for the Cyc20-32 samples, the SFC increased from 57.1% 

to 71.2% at 32oC. Both groups of chocolate had an approximately 11-14% increase in SFC. 

Therefore, due to the V to VI polymorphic transformation, the amount of liquid fat reduced 

as the form VI polymorph has a higher melting point [43]. A reduced liquid fat content could 
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retard surface whiteness increase from approximately 12 days of storage for both Cyc20-29 

and Cyc20-32 chocolate (Figure 5-5), which is in line with Zhao et al. [198]. The 

mechanisms of fat migration were similar in the two groups of chocolates, but the surface 

appearance (Figure 5-4: b and c) were significantly different. This indicated that such a 

difference was more related to the way the migrated fat deposited on the surface of the 

chocolate.  

5.3.4: Changes in surface microstructure 

The colour of the model chocolate samples is caused by light scattering, related to surface 

topography [199]. As shown in Figure 5-6 (a), the surface of the model chocolate prior to 

storage was relatively smooth, with minimal variations in height; thus, the samples appeared 

glossy and shiny when demoulded (e.g., Figure 5-4: a). During storage, the Cyc20-29 

samples gradually formed flake- or needle-like fat crystals on the surface, the number and 

size of which increased over time as shown in Figure 5-6 (b-c). These fat crystals, performing 

as subsurface defects [200], influenced light diffraction or reflection, resulting in a whitish 

appearance on the bloomed Cyc20-29 samples, as shown in Figure 5-4 (b). It was assumed 

that the jutting fat crystals lager than 5µm [15], which was in solid state at 29oC (SFC of 96.8% 

after 60 days of storage), contributed to this type of bloom appearance. With respect to the 

Cyc20-32 samples as indicated in Figure 5-6 (d), jutting fat crystals were also observed after 

60 days of storage, but were not able to retain a flake- or needle-like shape; “molten” patterns 

appeared with a lumpy texture, formed either due to melting of the fat crystals (SFC of 71.2% 

at 32oC) or caused by deposition of migrated fat from the interior. The surface topography 

changed, giving a complex and rough texture. Furthermore, a thin bloom layer was identified, 

at the surface of Cyc20-32 model chocolate as shown in Figure 5-6 (e), suggesting 

accumulation of fats close to the surface upon fat migration, which formed a coarser texture. 
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These microstructural observations indicated that fat bloom on the Cyc20-29 chocolate was 

due to the formation of individual fat crystals, while on the Cyc20-32 chocolate, it was 

attributed to an overall rougher surface.  

The polymorphic transformation and surface observations indicated that the control samples 

remained bloom free after storage for one year at 20oC. Fat crystals smaller than 5µm, which 

do not lead to visual bloom [15], were not observed on the chocolate surface at a 

microstructural level either. Cebula and Ziegleder [127] mentioned that distinct signs of 

bloom formation on dark chocolate started to appear after 15 months’ storage at a constant 

23oC. Therefore, a storage period of 12 months was not long enough for both solid-state 

polymorphic transformation and fat bloom to manifest. 

It was also seen (Figure 5-6) that more fat crystals could be identified on the surface of 

Cyc20-29 chocolate when stored for 60 days than at 30 days. Therefore, crystal growth may 

continue, accompanied by polymorphic transformation (Figure 5-3), during 60 days’ 

temperature cycling, but surface whiteness (Figure 5-5) stopped increasing after 

approximately 20 days when there was a certain level of coverage of fat crystals. As one 

method of quantifying fat bloom [201], WI measurement is effective only until complete 

surface coverage has been achieved; fat may still be migrating to the surface but it will not 

change the chocolate’s visual appearance further.  
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Figure 5-6: ESEM images showing the surface topography of (a) the Cyc20-29 

chocolate prior to storage, (b) stored for 30 days, (c) stored for 60 days, and (d) 

the bloomed Cyc20-32 chocolate stored for 60 days; (e) a low magnification 

light microscopic image of the cross-sectional surface of bloomed Cyc20-32 

chocolate. The fat crystals, which are highlighted in red on the inverse images, 

were visually identified. 
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5.4: Conclusions 

The different underlying mechanisms driving fat bloom formation are different between the 

chocolate stored at a constant temperature of 20oC and the chocolate stored under cycling 

temperatures. The control samples stored at 20oC exhibited bloom resistance and solid-state 

polymorphic transformation did not occur within 12 months. However, V-to-VI polymorphic 

transformation occurred rapidly in samples stored under cycling temperatures, with liquid-

mediation being faster under cycling temperatures of 20-32oC than under 20-29oC due to a 

higher liquid fat content. The differing surface appearances of the Cyc20-29 and Cyc20-32 

samples were primarily due to a difference in surface microstructure. Under 20-29oC cycling, 

the whiteness index of chocolate increased as separated fat crystals formed on the chocolate 

surface, while under 20-32oC cycling, increase of surface whiteness was more significant due 

to surface roughening.  
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Chapter 6: Microstructural factors affecting fat 

bloom formation - PSD 

Influence of non-fat particulate network on fat bloom development in a model 

chocolate 3 

 

In this chapter, we present results based on a model chocolate (using sand and cocoa butter).  

This model was used to simplify the structural parameters, and therefore, tease apart the 

unique contribution of particle size distribution. We defined the microstructure of the system 

in terms of particle size distribution and hydraulic radius of inter-particle channels. We also 

investigated the role of polymorphic transformation of the cocoa butter phase, and propose a 

mechanism based on reducing liquid fat fraction for the decreasing rate of bloom observed 

during storage. 

 

 

 

 

 

3 This chapter is written as the basis for a paper, which has been currently published by the Journal of 
Food Engineering. As such, there is some repetition in the “Introduction” and “Methods and 
Materials” sections, e.g. definitions of abbreviations and symbols, and description of some techniques, 
to ensure it can be read as a stand-alone paper.  
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6.1: Introduction  

Plain (dark) chocolate is preferred by many consumers due to its flavour and, more recently, 

due to the perceived health benefits of antioxidants. It has a shelf-life of more than one year 

when stored at a temperature below 18°C [127, 202]. However, during storage fat bloom, a 

whitish haze on the surface, may render the chocolate unacceptable for consumption due to 

the unappealing appearance caused by the formation of flake- or needle-like fat crystals 

( 5µm) [6, 15, 77]. The process of bloom formation can be accelerated when chocolate or 

chocolate products are stored under elevated and/or cycled temperatures [15, 83, 124]. 

There are many factors influencing bloom formation in chocolate products: 1) tempering 

methods [6, 27, 195], 2) composition [116, 128, 203] storage temperature [111, 124, 204] and 

4) chocolate microstructure [69, 110]. However, during commercial production chocolate is 

normally properly tempered and is therefore relatively stable at optimum storage temperature 

of 12-18°C [11, 205]. The first two factors can be well controlled during production and the 

third during storage. Particle size and packing, as revealed by for example the D90 value of 

non-fat particles coupled with particle volume ratio and morphology [8, 69], is harder to 

control and less well understood. Therefore, a better understanding of the microstructure of 

chocolate, which is affected by particle size distribution (PSD), plays a very significant role 

in control of fat bloom formation in plain chocolate [96, 97, 101].  

In the last two decades, many studies in literature [97, 119, 121] have emphasised the 

importance of relating fat bloom development with the particulate network of chocolate. 

However, almost all of these studies have been carried out on the effect of PSD on bloom 

formation in filled chocolates, in which the plain or model chocolate is in direct contact with 

fat-based  substances, e.g. peanut butter [84, 94, 123] ); it has been shown that the PSD of 

non-fat solids in chocolate significantly affects the migration rate of triglycerides from the 
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fat-based substances into the chocolate [94, 123]. However, for plain chocolate in isolation 

from fillings, thus far and to the best of our knowledge, only two studies have been carried 

out to reveal the relationship between PSD and fat bloom. Altimiras et al. [55] showed that 

for sand-based chocolate, bloom formation rate was inversely correlated to the mean particle 

size (D50) ranging from 5 to 120µm, and the authors reasoned that when chocolate was 

partially melted Brownian displacement of small sand particles promoted cocoa butter 

movement. However, on the other hand, for under-tempered dark chocolate with D90 value 

between 18 and 50µm, Afoakwa et al. [36] reported contrary findings regarding the effect of 

particle size on fat bloom rate and they attributed the higher bloom rate in chocolate with 

larger particle size to the larger inter-particle pathways for capillary migration. 

Although for filled chocolate products there is ample evidence from literature that the PSD 

affects fat bloom formation, for plain chocolate, the number of studies in literature is scarce 

and furthermore results are contradictory. Therefore, for the particle size range mainly used 

in the confectionery industry a clear understanding of the particle size effect on bloom 

formation is crucial to develop more bloom-resistant plain chocolates. The objective of this 

study was thus to investigate the resistance offered by different particulate networks to bloom 

formation using a well-controlled model system. 

6.2: Materials and Methods 

6.2.1: Materials 

Model chocolate was made of 68g/100g black sand particles (Bethells Beach, New Zealand) 

and 32g/100g refined cocoa butter (PureNature, Pure Ingredients Ltd, New Zealand). The 
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black sand was used to model the non-fat solid particles in real chocolate since it offered high 

visual contrast with the fat phase, therefore enabling accurate image analysis. 

Black sand was firstly washed and dried in a convection oven at 120°C for 24 hours, and then 

was ground in a ball mill at different milling speeds and times to obtain sand particles of 

varying size distributions. In our Preliminary Experiment 1 (with details described in 

Appendix C), when using sand particles with D90 (90%<the size) of 107.8µm for sample 

preparation significant phase separation was observed prior to solidification, such that a 

cocoa butter layer was separated from the mixture and migrated to the top surface, whereas 

sand particles settled at the bottom. As a result, particles with smaller D90 values of 18.7, 29.3, 

41.4 and 51.1µm were prepared to minimise phase separation. The D90 was used to represent 

the size of sand particles in this study since it is a key parameter to describe non-fat particles 

in chocolate industry [8, 25]. 

6.2.2: Sample preparation 

The sample (sand-based chocolate) making method was adapted from Altimiras et al.’s [55] 

with some minor modifications. Cocoa butter was held at 60°C in a water bath (WB-11, 

WiseBath, South Korea) for 1 hour to completely melt it. Sand particles with the above-

mentioned D90 values were added and premixed by a mechanical stirrer (RW 20 digital, IKA-

works Inc. NC, USA) for 30min. The mixture was then continuously mixed in a tempering 

machine (Revolation 2, ChocoVision, USA) at 42.2°C for 30min to ensure sufficient coating 

of sand particles with the cocoa butter.  

Tempering Method 2 (Section 3.1.2.2) was used. The mixture was cooled down in 

approximately 10min to 24°C in a water bath at 21°C with continuous mixing, using a 

mechanical stirrer, to achieve a high viscosity prior to moulding. The mixture was cast and 
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solidified in shallow cylindrical moulds (diameter: 4.5cm, depth: 1.2cm) in a fridge at 2°C for 

15 hours; quick solidification at 2°C was used to avoid sedimentation of sand particles. After 

solidification, all disc-shaped samples were stabilised at ambient temperature (20±0.5°C, 

relative humidity <50%) for 6 hours. Each sample was then demoulded and placed mould 

side up (design of moulds in Section 3.1.2.1), as bloom formation on the mould-side surface 

was used for XRD, ESEM and whiteness index measurements. Several discs of each type of 

model chocolates were run in parallel for different measurements. 

6.2.3: Quantification of particle size distribution 

A laser diffractometer with a Hydro SM dispersion unit (Mastersizer 2000, Malvern 

Instruments Ltd., Malvern, U.K.) was used. Approximately 0.1g of sand particles was 

dispersed in water until achieving an obscuration of 20%. The refractive index of sand 

particles was 2.42 (as determined similar to that in Section 4.2.1.2). The mixing speed was set 

to 2500rpm and the dispersion was exposed to ultrasound treatment for 2min before each 

measurement. Particle volume diameter distribution and D90 values were obtained using the 

built-in software (Mastersizer 2000, version 5.54). 

6.2.4: Bloom induction  

An elevated storage temperature within the temperature range of 18 to 30oC was 

recommended by Lonchampt and Hartel [6] to accelerate the bloom process without 

overheating the samples. Therefore, after the initial measurements of DSC and surface 

whiteness, all disc samples were stored in a dry incubator (Lab Armor Bead Bath 20L, Shel 

Lab, Australia) at 29±0.5°C for approximately 17 hours. Each day, the discs were transferred 

from the incubator to ambient temperature (20±0.5°C) for 7 hours to cycle the temperature 
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[111]. Therefore, each day the discs experienced a temperature cycle of 20°C for 7 hours and 

29°C for 17 hours. 

6.2.5: Quantification of microstructure 

6.2.5.1: Image acquisition 

A piece of sample with a flat surface was cut from the mould side of sample disc using a 

scalpel. Images were obtained using an environmental pressure scanning electron microscope 

(ESEM) (Quanta 200 FEG SEM, FEI Company, Eindhoven, Holland). To avoid thermal 

damage, the sample was mounted on a peltier-cooled stage with the temperature set to -5°C 

[182], and nitrous oxide was used as an imaging gas with a pressure of 50.7Pa. The 

distribution of sand particles in each chocolate was imaged using a solid-state backscatter 

detector and an accelerating voltage of 20kV. 

6.2.5.2: Image processing 

ImageJ software [187] was employed to separate sand particles from the ESEM images. The 

same threshold value was used for all images. Sand particles with areas smaller than 0.02µm2 

were eliminated to remove redundant pixels due to haze at particle edges. The cross-sectional 

area and the perimeter of individual particles and the total number of particles were obtained. 

Thus, in a measured image area (A’), the total cross-sectional area of particles (Atotal’), 

particle area fraction (AA) which is the ratio of Atotal’ to A’, the total cross-sectional perimeter 

of particles (Ptotal) and the number of particles per unit image area (NA) were calculated to be 

able to accurately define the microstructure of the model chocolate. Moreover, since a porous 

medium could be considered as an assembly of many tiny capillaries [105], the void space in 
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between the sand particles, i.e. the space of fat matrix, could be assumed as equal-sized 

capillaries, whose hydraulic radius (RH) was calculated using Equation 6 [104].  

 
Equation 6

6.2.6: Colour analysis 

To determine the colour changes on the surface of the chocolate a machine vision system, 

developed by Luzuriaga et al. [179], and the “two image” method, developed by Alçiçek and 

Balaban [180], were used. Two images were taken using the front- and back-lighting methods 

for each measurement. The mould side surface of each disc was measured three times by 

horizontally rotating around 30º between measurements as suggested by Lonchampt and 

Hartel [68] to minimise errors caused by diffuse reflection of light due to uneven surface. The 

images were analysed using image analysis software (LensEye, Gainesville, FL, USA). L* a* 

b* values were determined, and WI values and the normalised values of WI were calculated 

using Equation 3 (page 57) and Equation 4 (page 66), respectively. 

6.2.7: DSC measurements  

The melting behaviour of model chocolate discs was analysed using Differential Scanning 

Calorimetry (Shimadzu DSC-60, Columbia, MD, USA). Three samples, each about 5mg, 

were cut from the mould side surface of each disc, which was kept for a total of 50 days for 

measurements at different time intervals. The sample was put in an aluminium pan and then 

was heated from 10 to 40°C at a rate of 2°C/min in a helium stream. The melting curve and 

the peak (Tpeak), onset (Tonset) and final melting temperature (Tendset) values were obtained 

(TA-60WS Thermal Analyser).  
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6.2.8: Statistical analysis 

The effect of storage time and sand particle size (D90) on melting temperatures were analysed 

by two-way ANOVA at a significance level of 95% using SPSS (IBM SPSS Statistics for 

Windows, version 21.0, IBM Corp., Armonk, NY, USA). One-way ANOVA with a Tukey 

post-hoc test (α=0.05) was used to examine the effect of particle size (D90) on AA, NA and RH 

values using the SPSS software. 

6.3: Results and Discussion 

6.3.1: Particle size distribution 

The D90 values of the four batches of sand particles used in this study, 18.7, 29.3, 41.4 and 

51.1µm, are in line with Afoakwa et al. [36] who used a particle size range of around 18 to 

50µm (D90) for non-fat particles in dark chocolate. As expected, and shown in Figure 6-1, as 

the D90 value increased the ratio of large particles and the range of the distribution increased. 

It is also seen that the PSD curves of all sand particles were generally unimodal. However, 

Afoakwa et al. [36] not only observed unimodal distributions but also bimodal and 

multimodal distributions as different ingredients and chocolate refining method were used. 

The modality of the distribution gives a significant insight into the microstructure of 

chocolate, because the proportions of different particle sizes could have a significant effect on 

fat bloom, since the percolation of fat through the inter-particle channels, which are 

correlated with particle size, will be different. Therefore, when making comparisons between 

different D90 values, working with unimodal curves could yield more accurate results in terms 

of bloom formation. 
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Figure 6-1: Particle size distributions of sand particles with D90 of (a) 18.7µm, (b) 

29.3µm, (c) 41.4µm and (d) 51.1µm. 

 

 

Figure 6-2: Histograms of particle area distributions for individual sand particles 

on the mould- and non-mould-side surfaces of the sample with a D90 value of 

51.1µm.  

PSD of non-fat particles in the range of 0.3 to 100µm is commonly found in conventional 

chocolates [23, 206]. As mentioned in Section 6.2.1, the PSD of 107.8µm (D90) sand particles, 

wherein the percentage of particles larger than 100µm was 21.7%, caused significant phase 

separation. However, in this study the PSD of the 51.1µm (D90) sand particles contained 3.8% 

particles larger than 100µm (Figure 6-1). Therefore, due to the considerably smaller 
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percentage of particles larger than 100µm, it is reasonable to assume that phase separation 

caused by large particles will be negligible. Furthermore, it is clearly seen from Figure 6-2 

that the two histograms of sand particles on mould and non-mould sides of the 51.1µm 

samples almost overlapped, which therefore indicates that a similar PSD existed on both sides 

of the chocolate surface. As a result, it could be safely assumed that sand particles were 

homogenously distributed within the samples, with no gravity driven separation, and the 

quantification of microstructure represented all locations in the samples accurately. 

6.3.2: Effect of microstructure on bloom formation 

Particle packing ability has been found to affect the resistance against liquid movement in a 

particulate network [104, 105] and is also an important factor influencing fat migration in 

chocolate [119]. Thus, using image processing, we have characterised particle packing 

density (PPD 4) using parameters such as NA, AA and RH, which are presented in Table 6-1. It 

is seen from Table 6-1 that as the D90 values increased, RH values increased significantly 

(P<0.05) whereas the NA and AA values decreased significantly (P<0.05), except the 

difference of AA values between 18.7 and 29.3µm, which suggested a decrease in PPD. The 

decrease in PPD can also be visually observed from processed ESEM images, which 

illustrates sand particle spatial distributions, as shown in Figure 6-3 (B2, C2 and D2). This 

finding is consistent with Afoakwa et al.’s [121] observations of the sugar network in molten 

dark chocolate, where chocolate containing larger-sized sugar particles had a lower PPD. A 

lower PPD could increase the possibility of fat bloom formation since there will be 

significantly larger void spaces, the significant (P<0.05) increase in RH, between sand 

particles for the flow of liquid fat which will eventually result in a higher bloom rate. 

 

4 PPD indicates spatial distribution of sand particles (particle interactions) in sand chocolates 
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Figure 6-3: Original (ESEM) and processed images of mould-side surfaces for 

samples (prior to storage) with D90 of (A) 18.7µm, (B) 29.3µm, (C) 41.4µm and 

(D) 51.1µm. 

 

Table 6-1: Characteristic parameters of particulate network determined by the 

image analysis for samples (prior to storage) with varying D90 values. 

D90  
(µm) 

Particle number count 
NA (/1000µm2) 

Particle area fraction,  
AA (-) 

Hydraulic radius 
RH (µm) 

18.7 199 3 a 25.7 0.5% a 1.21 0.01 a 

29.3 150 2 b 26.0 0.4% a 1.35 0.03 b 

41.4 142 1 b 24.1 0.3% b 1.46 0.01 c 

51.1 116 3 c 21.6 0.5% c 1.86 0.05 d 

Values are means ± standard error (n=3); Values in each row with different superscript 
letters are significantly (P < 0.05) different. 

 

It has to be mentioned that, according to Russ [207] if the volume of particles per unit volume 

of sample is the same among different samples, the area fractions (AA) of particles in cross-

sectional images of the samples will be the same. However, the AA values were different in 

Table 6-1 despite the same sand particle ratio of 68g/100g for all sand chocolates. This 

suggests limitations of using surface images to represent the whole sand chocolates, because 

the penetration depth of ESEM with a solid-state backscatter detector was limited; therefore, 
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only a small part of a large particle close to the surface can be detected, which caused errors. 

As a result, the AA values were more underestimated for samples with larger D90, while the 

18.7 and 29.3µm samples had similar AA values. Confocal laser scanning electron 

microscopy could be an alternative. According to Equation 6 (page 105), a difference in AA 

values can change the RH values; however, it will not change the fact that with smaller D90 or 

finer particles, the total cross-sectional perimeter of particles will be larger, and therefore, 

giving smaller RH values. 

It should also be noted that since the shape of sand particles was irregular, similar to that of 

sugar crystals (grains of crystal-like shapes) in conventional chocolates, but different from 

cocoa particles or milk powders which are porous and have more complex surface structures, 

the projected areas of sand particles varied considerably based on orientation. However, since 

more than 13000 randomly orientated sand particles were taken into account for the 

calculations, it can be expected that the results presented in Table 6-1 are reliably 

representative. 

6.3.3: The changes of melting temperatures during bloom formation 

The Tonset, Tpeak and Tendset values, which represent different points of melting of the fat in 

model chocolates, significantly (P<0.05) increased with the storage time, but did not 

significantly (P>0.05) change with the particle size (D90); in addition, the effect of interaction 

of storage time and particle size on the melting temperatures was not significant (P>0.05). 

This suggests that the melting temperatures were primarily storage time-dependent, and thus 

Figure 6-4 only presents DSC thermograms of the 18.7µm (D90) samples during 50 days of 

storage.  
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Figure 6-4: DSC transitional thermograms of samples (D90: 18.7µm) during 50 

days of storage. The Tpeak values were indicated. 

The shift of Tpeak values to higher temperatures suggests the formation of relatively more 

stable fat crystals. Cocoa butter has six polymorphic forms, I to VI, where I has the lowest 

and VI has the highest melting point [43]. It was reported by Huyghebaert and Hendrickx 

[133] that the polymorphic form V and VI of cocoa butter have Tpeak values in the ranges of 

31.3-33.2°C and 33.8-36.0°C, respectively, and in our samples, the increase of Tpeak from 

31.5 to 35.7oC indicates the transformation of cocoa butter from form V to VI during the 

storage period. This type of transformation along with the formation of storage bloom on 

well-tempered chocolates was also reported by Lonchampt and Hartel [6].  

The Tonset value gives information on amount of cocoa butter in the liquid state when the 

samples were stored at 29°C. Hence, as the Tonset values increased during storage, the samples 

became more heat resistant in terms of melting of the cocoa butter and consequently the ratio 

of liquid-solid fat reduced. Since fat migration occurs in the liquid fat portion, a reduction in 
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liquid-solid fat ratio can considerably retard bloom formation, which can be seen in Figure 

6-5, after approximately 9 days of storage the rate of increase in surface whiteness noticeably 

decreased. 

6.3.4: The changes of surface whiteness during bloom formation 

Prior to storage, the samples had surface whiteness values (WI0) of approximately 14.5, 15.5, 

15.9 and 17.0 for D90 of 18.7 28.3, 41.1 and 51.1µm, respectively, which is in line with the 

findings of Afoakwa et al. [36]. Therefore, in order to make concrete comparison of the 

changes of WI values between different D90 values, we have used percentage normalised 

values of WI to eliminate the initial minor differences of surface whiteness among the 

samples.  

The surface whiteness of all samples increased with time during storage as seen in Figure 6-5, 

which indicates the formation of fat bloom when liquid fat migrated and recrystallised onto 

surface. As we have shown in Figure 6-3 (A2-D2) and quantified using image processing, the 

existence of numerous micro-channels filled with fat can be assumed where this assumption 

is in line with literature [64, 119]. Since in our experiments the samples were exposed to a 

temperature cycle of 20 to 29°C, above the Tonset temperature the cocoa butter partially 

melted, and therefore the volume expanded; however, below the Tonset temperature it 

recrystallised, and hence the volume contracted. Due to above-mentioned expansion and 

contraction cycles a pressure gradient is formed which drives liquid fat from the internal 

volume to the surface [96]. Therefore, the retardation of the change of surface whiteness after 

approximately 9 days of cycling, shown in Figure 6-5, could be explained by the shift of 

Tonset values to higher temperatures during the whole period of storage since a higher Tonset 

value indicates the presence of a lower liquid-solid fat ratio, which consequently lowers the 

rate of fat bloom formation. 
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Figure 6-5: The percentage normalised values of Whiteness Index (WI) for 

samples with varying D90 values during 21 days of storage. Points are means ± 

standard error (n=3). 

It can also be observed from Figure 6-5 that during the first 9 days of storage, when the fat 

phase was rich in the liquid state, as the D90 values increased the values for normalised 

surface WI also increased, which indicated a faster rate of bloom formation. It is also seen 

from Figure 6-5 that after 9 days of storage the slope of the curves for all D90 values 

significantly decreased and became almost flat after 21 days of storage, which revealed that 

no further bloom was occurring. At the end of 21 days of storage the samples with larger D90 

values had higher normalised WI values, which could be due to the fact that as the D90 values 

increased, the micro-channels, wherein liquid fat moved, had larger RH values as presented in 

Table 6-1. This is in line with findings of Altimiras et al. [55] who, by using Lucas-

Washburn equation, showed that under capillary effect, which could promote liquid fat 

movement in plain chocolates [119], migration of liquid cocoa butter was quicker in 

pathways with larger diameter. Furthermore, it is also worth emphasising that the samples 

with larger D90 had lower PPD (as shown in Table 6-1) ; therefore, the length of the tortuous 

pathways were shorter for fat migration and thus offered less resistance to fat movement. As 
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a result, a combination effect of larger radius and lower tortuosity (page 30) of fat migration 

pathways led to more rapid and more pronounced bloom formation on the samples with 

larger D90 values. 

6.4: Conclusions  

The sand-based chocolate system was chosen to simplify the microstructure of 

multicomponent real chocolate since the sand-based network was easy to be identified. Sand 

particles with D90 smaller than 51.1µm were recommended to create relatively homogeneous 

chocolate systems. During storage, the polymorphic transformation of cocoa butter increased 

the melting temperatures and thus led to the reduction in liquid fat content which retarded 

bloom formation after 9 days of storage. The particle size effect influenced the changes of 

surface whiteness but had limited impacts on cocoa butter melting temperatures. Variations in 

particle size distributions affected the PPD of model chocolates and a higher PPD was found 

in samples with smaller D90 values. It was also shown that model chocolates with larger D90 

values had more pronounced bloom formation because of lower PPD. As the PPD reduced, 

the inter-particle channels became larger and less torturous, and as a result, more liquid fat 

migrated to surface showing higher rate and extent of bloom. 

Overall it is clear that microstructure of the non-fat solid particulate network contributes to 

bloom rate by altering the ease with which fat can migrate through inter-particle channels. 

The microstructure of the solid network has no direct effect on the melting behaviour of the 

fat phase. 
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Chapter 7: Bloom-related chocolate properties 

 

Structure - fracture relationships in chocolate systems 5  

 

 

Fracture-ability, as an important facet of mechanical properties, is one of the key sensory 

attributes of chocolate. A three-point bend test was used to assess fracture stress and strain of 

both model and real chocolate.  Effects of non-fat particle size, fat ratio and storage time (fat 

bloom) on the fracture properties were investigated. 

 

 

 

5 This chapter is written as the basis for a paper, which has been published by LWT-Food Science and 
Technology. As such, there is some repetition in the “Introduction” and “Methods and Materials” 
sections, e.g. definitions of abbreviations and symbols, and description of some techniques, to ensure 
it may be read as a stand-alone paper.  
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7.1: Introduction 

New product development in the chocolate industry frequently involves replacing traditional 

ingredients, or adding novel flavours and nutritious ingredients, whilst retaining chocolate’s 

desirable texture and functionality. However, tailored chocolate design can encounter 

rheological and mechanical property problems if the microstructure of chocolate is altered 

[17, 20, 164] during these product changes. It is important for chocolate manufacturers to 

produce consistent, high-quality products with the correct sensory attributes (such as 

desirable “snap”, and oral processing properties) to meet consumer expectations [137]. 

Therefore, a fundamental understanding of the mechanical (e.g. fracture) properties of 

chocolate becomes vital to produce high quality chocolate with well-defined physical 

properties.  

The fundamental fracture properties of solid foods, including modulus, and fracture stress and 

strain, have been found to be highly correlated to the textural attributes perceived by humans 

either through snapping in the fingers or during mastication [146, 208]. For chocolate, good 

snap and hardness are key mechanical features that influence a consumer’s perception of 

quality and, therefore, choice [24]. Rousseau [15] stated that microstructure is linked to 

macroscopic properties of a food such as chocolate, and thereby, the microstructure of 

chocolate lies at the heart of defining its fracture properties. However, a comprehensive 

model relating microstructural elements to chocolate fracture properties is still lacking. 

Dark chocolate has the simplest microstructure of the different chocolate varieties, and it is 

characterised by a weakly aggregated particulate network composed of cocoa butter and non-

fat solids such as sugar and cocoa particles [11, 209]. Cocoa butter forms a semi-crystalline 

fat network with the liquid portion trapped within; the liquid fat content is highly 

composition- and temperature-dependent, e.g. around 20% of Ghanaian origin cocoa butter is 
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in the liquid state at 20°C [24]. Narine and Marangoni [156] mention that van der Waal’s 

forces contribute to the formation of fat crystal-fat crystal interactions in cocoa butter. As 

there are non-fat solid particles suspended in the fat network, the mechanical properties of 

chocolate are also determined by particle-particle and/or particle-fat crystal interactions and 

hydrogen bonds between polar particles [69, 155], which could be affected by the number 

and size of the particles.  

Fundamental methods such as penetration [30, 148] and compression tests [210] have been 

used to investigate the mechanical properties of chocolate. Afoakwa et al. [121] found 

inverse correlations between the hardness of dark chocolate and fat ratio, or the particle size 

of non-fat solids, and Tscheuschner and Markov [211, 212] reported decreased compression 

strength as fat ratio increased. Therefore, fat ratio and particle size distribution (PSD) of non-

fat solids could also potentially play a key role in determining chocolate fracture properties. 

Furthermore, during storage, the texture of chocolate changes as a result of fat bloom 

formation, during which surface- and/or internal-structural evolution can take place and the 

nature of the fat phase (e.g. polymorphs and liquid fat content) can change [67]. Svanberg et 

al. [213] reported a reduction in the tensile stress of dark chocolate based on tensile tests 

during 60 days of storage at 20oC, and Andrae-Nightingale et al. [157] also found changes in 

the texture attributes of dark chocolate, such as hardness, cohesiveness and adhesiveness 

during storage. Accordingly, the fracture properties of chocolate could change with time due 

to fat bloom formation.  

Despite ample research on the mechanical properties of chocolate, limited studies have 

provided insights into the key compositional/microstructural variables determining 

chocolate’s fracture-ability. In addition, the effect of fat bloom formation on chocolate 

fracture properties is unclear. Therefore, the current study aims to investigate which aspects 

of structure determine the fracture properties of chocolate, using a three-point bend test to 
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assess fracture stress and strain [214, 215]. The roles of fat ratio, PSD of non-fat solids, and 

storage time were also studied. 

7.2: Materials and Methods 

7.2.1: Sample preparation 

7.2.1.1: Chocolate systems 

Three types of chocolate were used in this study. Model cocoa powder (CP) chocolate with a 

simplified microstructure, and a commercial (Lindt Excellence, LE) chocolate with a more 

complex composition were used to investigate the effect of fat ratio on chocolate’s fracture-

ability, and to validate whether a model system is equally applicable to a real chocolate 

system. Additionally, a model cocoa mass (CM) chocolate with varying PSDs was used to 

examine the role of non-fat particle size in chocolate fracture properties. Moreover, the three 

types of chocolate were all used to study the storage-time effect on chocolate fracture 

behaviour. 

CP chocolate: Cocoa butter (PureNature, Pure Ingredients Ltd, New Zealand) and standard 

defatted cocoa powder (Nestlé, UK) containing 11g/100g fat were mixed to produce CP 

chocolate with varying total fat ratios (47, 50.5 and 54g/100g fat, Table 7-1, within the range 

of fat content in common dark chocolates on market). An electronic balance (MS204S, 

Mettler Toledo, Switzerland) was used to weigh the ingredients, and all measurements were 

performed in triplicate. Cocoa butter was melted at 60°C in a water bath (WB-11, WiseBath, 

South Korea) for 30min. Cocoa powder was then gradually added at a low agitation speed of 

200rpm using a mechanical stirrer (RW 20 digital, IKA-works Inc. NC, USA), after which 

the liquor was mixed at 1400rpm for 30min before tempering.  



Chapter 7: Fracture properties 

119 
 

LE chocolate: Three Lindt chocolates (Lindt and Sprüngli, Switzerland; Excellence series: 70, 

85 and 90g/100g cocoa) were selected from a local store with varying fat ratios (41, 46 and 

53.4g/100g fat, respectively, Table 7-1). In terms of non-fat solids, the three LE chocolates 

had differing protein ratios of 9.5, 12.5 and 10.8g/100g, respectively, and total carbohydrate 

(e.g. sugar) ratios of 34, 19 and 12.5g/100g, respectively.  

CM chocolate: Roasted cocoa nibs (Chocolate Brown, Warkworth, New Zealand) were used 

to make CM chocolate without additional ingredients. The nibs were ground in a stone 

melanger (Spectra 11 stone melanger, Coimbatore, India) at a milling speed of 1400rpm and 

milling time of 3, 5, 7 and 10 hours to obtain four batches of CM chocolate with D90 of 56, 34, 

25 and 18µm, respectively (Table 7-1). 

Table 7-1: Composition of each type of chocolate investigated in this study 

(ingredient ratios are either provided by the supplier or calculated). 

Types of chocolate 
Fat 
(g/100g) 

Raw materials 
D90 

(µm) 
D32 
(µm) 

D43 
(µm) 

CP-Choc bars 
47.0 

Cocoa powder, 
cocoa butter 

23.26 5.40 12.79 50.5 
54.0 

LE-Choc 
bars 

70g/100g cocoa  41.0 Cocoa butter, cocoa 
solids, sugar, 

protein, lecithin etc. 
- - - 85g/100g cocoa 46.0 

90g/100g cocoa  53.4 

 
CM-Choc 
bars 

18µm 

54.0 Cocoa nibs 

18.33 4.91 10.68 
25µm 25.23 4.90 13.84 
34µm 34.32 5.01 17.80 
56µm 56.47 5.17 23.52 

Note: D90 - 90% smaller than the size; D32 - the Sauter mean diameter; D43 - the De Broukere 
mean diameter.  

7.2.1.2: Tempering 

Tempering Method 1 (as described in Section 3.1.2.1) was used. The chocolate was heated in 

a water bath set to 60°C for 1 hour, and the liquor was then poured into a tempering machine 

(Revolation 2, ChocoVision, USA) using an automatic dark chocolate tempering cycle. It was 
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cooled down from 42.2oC to 32.5oC over 5min, during which around 0.2g/100g seeding 

cocoa butter in polymorphic form VI was added into each type of chocolate, as it has been 

found to promote formation of form V crystals [63]. The temperature was further cooled to 

29.4oC over 2.5min, and then raised to 31.5oC over 2min. The mixture was immediately 

poured into shallow rectangular moulds (depth 0.6cm, width 1cm and length 7cm) with 

overflow chocolate scraped off with a scraper. The chocolate finally solidified at ambient 

temperature (20±0.5°C) for 12 hours, and the chocolate bars were then demoulded. Each type 

of chocolate was tempered using this method. 

7.2.1.3: Bloom induction 

The chocolate bars for the storage-time study were stored for a total of 60 days. Every day, 

the chocolate bars were temperature cycled between an ambient temperature (20±0.5°C) for 7 

hours and 29°C for 17 hours in a dry incubator (Lab Armor Bead Bath 20L, Shel lab, 

Australia). This cycling was used to promote bloom formation.  

7.2.2: Measurements 

7.2.2.1: Quantification of particle size distribution 

Nestlé cocoa powder (11g/100g fat) and CM chocolates were defatted by hexane extraction 

and the PSD of the cocoa particles were then measured using a laser diffractometer 

(Mastersizer 2000, Malvern Instruments Ltd., Malvern, U.K.). Approximately 5g of each 

sample was dissolved in 20mL hexane (>98.5mL/100mL) and left overnight for natural 

sedimentation. Subsequently, the upper layer of hexane, carrying cocoa butter, was carefully 

removed by a pipette. This extraction process was repeated three times. The remaining 
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hexane in the powder layer was evaporated in a fume hood. Finally, the remaining cake was 

crushed gently in a mortar to separate any agglomerates.  

About 0.1g of defatted cocoa particles was dispersed in water until achievement of 

obscuration of 20 in the Mastersizer 2000. The mixing speed was set to 2500rpm and 

particles were exposed to ultrasound treatment for 2min for homogenisation before 

measurement. A refractive index value of 1.59 was used for cocoa particles (Appendix B). 

Each type of powder sample was measured in triplicate. The particle size distribution curves 

and size parameters including D90, D32 and D43 were obtained from the software (Mastersizer 

2000, v5.54). 

7.2.2.2: Density measurement  

The weight of the solid chocolate bars was measured using the MS204S electronic balance, 

and their volume of bars was calculated using the length, width and height of the bars 

according to the dimensions of the moulds. From this, the density of the chocolate was 

calculated as weight/volume.  

7.2.2.3: XRD 

X-ray diffraction (XRD) (D2 Phaser, Bruker, Germany) was used to examine cocoa butter 

polymorphism during the bloom induction period. Every 15 days, a small piece with a flat 

surface was cut from a chocolate bar using a scalpel. The sample was scanned using Cu-K 

X-Rays with a goniometer step size of 0.02°, and a dwell time of 0.1s. XRD patterns were 

collected from the samples and compared. 
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7.2.2.4: Three-point bend test 

Fracture stress and strain of the chocolate bars were evaluated using a three-point bend test 

(Universal Testing Machine, model 5543, Instron, Norwood, MA, USA) fitted with a 1kN 

load cell. Every batch of chocolate yielded 16 bars for fracture tests, half of which were 

fractured prior to storage with the remaining bars tested after 60 days of bloom induction. 

Each chocolate bar was placed on two parallel supporting beams (10cm long), where the 

mould-side surface, which was relatively smooth, was facing upwards. A probe (10cm long) 

parallel to the supports descended on the centre of the bar. Both the supports and probe had 

cylindrical surfaces (0.5cm in diameter), and the distance between the centres of the two 

support beams was 4.5cm.  

To most closely mimic a consumer fracturing a piece of chocolate with their fingers, it was 

critical that the fracture tests were conducted in the linear elastic region, as chocolate is a 

viscoelastic material. To this end an appropriate deformation speed of 2mm/s was determined 

in Preliminary Experiment 2 (Appendix D) using the 54g/100g fat CP-Choc bars. All other 

bars were then fractured using this speed. The force versus distance graph data of every 

chocolate bar was collected at 20±0.5°C. 

7.2.3: Data analysis 

7.2.3.1: Determination of fracture properties 

The stress-strain graphs were obtained based on Equation 7 and Equation 8 [216]. The 

fracture stress ( ) and fracture strain ( ) were both at the point of maximum load, and the 

value of Young’s modulus (Eapp) was calculated based on the slope of the stress-strain curve 

in the linear elastic region, see Figure 7-1.  
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3
2

 Equation 7

Where  = stress (N/m2); P = load (N); L = span length (mm); d = thickness of bars (mm); b = width 

of bars (mm). 

6
 Equation 8 

Where  = strain (-); D = deflection (mm). 

 

  

Figure 7-1: Typical stress-strain curve under a deformation speed of 2mm/s. 

Red solid line is the gradient; red dashed lines indicate the maximum strain and 

stress at fracture point. 

7.2.3.2: ANOVA 

Analyse of variance was performed using SPSS (IBM SPSS Statistics for Windows, version 

21.0, IBM Corp., Armonk, NY, USA) to evaluate the effect of fat ratio, particle size and 

storage time, as well as their interactions, on the Young’s modulus and fracture stress values. 

As three different types of chocolate were used, a 3 × 2 (fat ratio vs. storage time) two-way 

ANOVA at a significance level of 95% was performed for CP-Choc and LE-Choc bars, while 

a 4 × 2 (particle size vs. storage time) two-way ANOVA was used for CM-Choc bars, 

followed by post hoc Tukey tests.  
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7.3: Results and Discussion 

7.3.1: Effect of fat ratio  

7.3.1.1: Model chocolate systems  

As shown in Figure 7-2 and Figure 7-3, the CP-Choc bars prior to storage treatment had an 

inverse relationship between fat ratio and fracture properties; the Young’s modulus and 

fracture stress both increased significantly (P<0.01,Table 7-2) with decreased cocoa butter 

ratio. CP-Choc bars with less cocoa butter were more resistant to deformation, i.e. stiffer, and 

required higher forces to be fractured, i.e. stronger. However, the post hoc tests suggested 

that, prior to storage, only the Young’s modulus and fracture stress values of the CP-Choc 

bars with 47g/100g fat were significantly (P<0.05) different from the bars with 50.5 and 

54g/100g fat; this indicated a non-liner relationship between fracture properties and fat ratio 

in CP chocolate, i.e. the fat ratio had a greater impact on fracture properties in chocolate with 

less fat. 

 

Table 7-2: Significance levels of Young’s modulus (Eapp) and fracture stress (σF) 

from ANOVA: the P values. 

Note: - not significant, ** P<0.01 and *** P<0.001. 

 CP-Choc bars LE-Choc bars  CM-Choc bars 

 Eapp  Eapp   Eapp  

Fat % 0.000*** 0.003** 0.000*** 0.002*** Particle size 0.000*** 0.000*** 

Storage time 0.004** 0.127- 0.000*** 0.447- Storage time 0.187- 0.000*** 

Interaction 0.772- 0.883- 0.147- 0.476- Interaction 0.381- 0.457- 
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Figure 7-2: Influence of fat ratio and storage time on Young’s modulus (Eapp) of 

cocoa powder chocolate bars (in red) and Lindt chocolate bars (in blue). Values 

(means ± standard error, n=8) with the different superscript letters differing 

significantly at P<0.05. NS, *, ** and *** indicate a significant level of none, 

0.05, 0.01 and 0.001, respectively. t0: prior to storage; t1: 60 days of storage. 

   

Figure 7-3: Influence of fat ratio and storage time on fracture stress (σF) of 

cocoa powder chocolate bars (in red) and Lindt chocolate bars (in blue). Values 

(means ± standard error, n=8) with the different superscript letters differing 

significantly at P<0.05. NS indicates the values are not significant. t0: prior to 

storage; t1: 60 days of storage. 
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The CP chocolates were, in essence, cocoa particles suspended in a fat matrix. As a type of 

solid food composite, the fat-ratio dependent nature of Young’s modulus and fracture stress is 

in line with that of common particulate-reinforced composite materials, where the stiffness 

and strength of a ductile matrix increase with the addition of hard and stiff particles in the 

size range of 1-50µm [217, 218]. In CP-Choc bars the majority of defatted Nestlé cocoa 

particles were within the size range between 1 and 50µm (Figure 7-4); therefore, the cocoa 

particles can perform as physically “active” filler particles in the fat matrix, which could 

hydrostatically restrain movement of the fat matrix under external forces.  

Afoakwa et al. [121] also found that the hardness of dark chocolate increased with a decrease 

in fat ratio, and the authors attributed such changes to increasing particle-particle interactions, 

which were stronger than fat crystal-fat crystal links. Similarly, with a lower fat ratio, the CP-

Choc bars had a higher amount of particles relative to cocoa butter, which increased particle-

particle and/or particle-fat crystal interactions and made the bars stiffer and stronger. 

7.3.1.2: Real chocolate systems  

The LE-Choc bars had lower fat ratios (41-53.4g/100g) than the CP-Choc bars (47-54g/100g). 

As a limitation, the CP model chocolate systems were formulated without emulsifiers such as 

lecithin; hence, if the fat ratio was less than 47g/100g, the CP chocolate had high viscosity 

and reduced the ease of processability during sample preparation. It can be seen that the 

Young’s modulus (Figure 7-2) and fracture stress (Figure 7-3) values of the LE-Choc bars 

with 46g/100g fat, prior to storage, were much lower than those of the 47g/100g fat CP-Choc 

bars, although the chocolate samples had a relatively similar fat ratio. This difference could 

be caused by the lecithin in the LE-Choc bars. As lecithin coats the hydrophilic particles such 

as sugar, it could weaken the bars either by decreasing sugar-sugar interactions [219] or 

reducing intra-particle friction [220], facilitating the fracture.  
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It can also be seen from Figure 7-2 and Figure 7-3 that, prior to storage, the Young’s modulus 

and fracture stress of LE-Choc bars increased significantly (P<0.01, Table 7-2) against 

reduced fat ratio, which was consistent with the results of the CP-Choc bars. Therefore, 

although the composition of non-fat solids in LE chocolates had a higher level of complexity 

than that of the CP-Choc bars, mutual corroboration of the results from the model and the real 

chocolate systems revealed that the fat ratio played a significant role in determining the 

fracture properties, regardless of the compositional difference of the non-fat solid phase.  

 

Figure 7-4: Particle size distribution of cocoa particles in cocoa mass chocolate 

bars with varying D90 values and cocoa powder (CP) chocolate bars formulated 

with defatted Nestlé cocoa powder.   

7.3.2: Effect of particle size 

7.3.2.1: Particle size distribution (PSD) 

The PSD of defatted cocoa particles from CM-Choc bars was represented by D90 values, 

which is common practice in chocolate studies [8, 25]. As shown in Figure 7-4 the particle 

size distribution curves with larger D90 values had wider size ranges, and all the distribution 

curves were unimodal; however, Afoakwa et al. [221] reported bimodal and multi-modal 

PSD curves, as they used dark chocolate containing more than 40g/100g sugar. It was shown 
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in Table 7-1 that the D90, D32 and D43 values decreased when the cocoa mass was ground 

longer in the chocolate melanger. The D90 and D43 values varied between 18-56µm and 11-

24µm, respectively, while the D32 values of the four batches of CM chocolate were around 

5µm. A reduction in the size of cocoa particles means an increase in the number and specific 

surface area of particles [121], which provide more opportunities for particle-particle or 

particle-fat crystal interaction. The PSD of cocoa particles could also affect the free/bound fat 

(cocoa butter) ratio, as evidence of trapped fat within cocoa particles has been found [16, 

136]; as such longer grinding contributed to both a smaller particle size and a higher free fat 

ratio. 

  

Figure 7-5: Young’s modulus (Eapp) of cocoa mass chocolate bars fractured prior 

to and after bloom. Values (means ± standard error, n=8) with the different 

superscript letters differing significantly at P<0.05. NS and * indicate a 

significant level of none and 0.05, respectively. t0: prior to storage; t1: 60 days 

of storage. 

 



Chapter 7: Fracture properties 

129 
 

 

Figure 7-6: Fracture stress (σF) of cocoa mass chocolate bars fractured prior to 

and after bloom. Values (means ± standard error, n=8) with the different 

superscript letters differing significantly at P<0.05. NS, * and ** indicate a 

significant level of none, 0.05 and 0.01, respectively. t0: prior to storage; t1: 60 

days of storage. 

 

7.3.2.2: Fracture properties 

It can be observed that, prior to storage, the Young’s modulus (Figure 7-5) and fracture stress 

(Figure 7-6) of CM-Choc bars both significantly (P<0.001, Table 7-2) increased with 

increasing D90 values, although the values of 25µm CM-Choc bars were not significantly 

(P>0.05, post-hoc test) different to the 18 or 34µm CM-Choc bars. Thus, the CM-Choc bars 

with smaller PSD had lower stiffness and strength, which cannot be explained by the 

increasing participation of non-fat particles. As a result, other mechanisms must be coupling 

with the differing PSDs to obscure the effect of particle size.  

Since a smaller D90 value indicated a higher free fat ratio, the CM-Choc bars with smaller D90 

values had a larger amount of free cocoa butter participating “actively”, forming fat crystal-



Chapter 7: Fracture properties 

130 
 

fat crystal or fat- particle links, and less bound cocoa butter residing inside the cocoa particles. 

Consequently, the Young’s modulus and fracture stress values were smaller, as previously 

discussed. In addition, the authors also noted a density difference among the CM-Choc bars; 

those with larger D90 values (18, 25, 34 and 56µm) had higher density (1027±6.6, 1042±4.6, 

1070±4.8 and 1107±7.8kg/m3, respectively). Since the CM-Choc bars were produced purely 

using cocoa nibs, incorporation of air into the cocoa mass could lead to lower density as more 

air was trapped in the mass over the longer grinding period. Voids, such as air bubbles and 

cavities [64, 102, 113] embedded in the chocolate matrix, acted as “inactive” filler [217, 218], 

without showing mechanical links with the other components, resulting in local stress 

concentration at the tip of the voids. However, there is a lack of easily accessible techniques 

to accurately quantify chocolate porosity at the sub-micron level [69] as chocolate is sensitive 

to heat (X-ray microtomography, μCT, was used, but it was not a successful tool, as 

described in Appendix E). As such, density may be used as a proxy for void ratio, where a 

lower density indicates a higher ratio of void space. Therefore, the combined effect of higher 

free fat ratio and void ratio resulted in lower Young’s modulus and fracture stress in CM-

Choc bars with smaller D90 values. 

7.3.3: Effect of storage time 

7.3.3.1: Polymorphic transformation 

The polymorphic transformation of cocoa butter from form V to VI has frequently been 

reported during bloom development in well-tempered chocolate, and the fat phase of 

bloomed chocolate has been found in polymorphic form VI [6, 69]. Therefore, the V-to-VI 

polymorphic transformation can be used as an indication of the extent of bloom formation. In 

addition, form VI cocoa butter crystals are relatively more stable and have a higher melting 
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point than form V crystals [43], which influences the liquid fat content of chocolate. In this 

study, the XRD patterns of CP-Choc and CM-Choc bars were easy to identify because of the 

absence of sugar crystals, while the LE-Choc bars with sugar were not investigated for this 

same reason. Since polymorphic transformation among the same type of bars was found to be 

similar during 60 days of storage, only representative XRD patterns of CM- and CP-Choc 

bars are shown in Figure 7-7.  

 

 

Figure 7-7: Changes of X-Ray diffraction patterns of (A) cocoa powder bars and 

(B) cocoa mass chocolate bars during storage. The dashed lines indicate the 

locations of four characteristic peaks of form V crystals and three characteristic 

peaks of form VI crystals. 

 

The dashed lines in Figure 7-7 indicate the characteristic XRD peak locations of cocoa butter 

polymorphs reported in literature [96]. On the first day of storage, both CM- and CP-Choc 

bars contained mainly polymorphic form V crystals, which gradually transformed to a typical 

three-peak pattern of the polymorphic form VI by the end of 60 days’ storage. However, after 
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being stored for approximately 30 days, the CP-Choc bars (Figure 7-7: A) were rich in form 

VI crystals, while the CM-Choc bars (Figure 7-7: B) had more form V crystals remaining, as 

suggested by the locations and intensity of the peaks. Such a difference in the rates of 

polymorphic transformation are due to the fact that the raw materials used were from 

different sources, as such, the cocoa butter had different chemical composition (This has been 

reported to influence crystallisation and polymorphic transformation of cocoa butter [69]). 

However, although the polymorphic transformation rates varied, the fat phase of both types 

of chocolate was mainly in polymorphic form VI after storage, which suggested substantial 

fat bloom formation.  

7.3.3.2: Changes in fracture properties  

It is seen in Figure 7-2 that the Young’s modulus values of all the CP- and LE-Choc bars 

increased significantly (P<0.01, Table 7-2) with the storage time (60 days), but the increase 

was not significant (P>0.05) for the CM-Choc bars in Figure 7-5. In contrast, the fracture 

stress of CM-Choc bars had decreased significantly (P<0.001) during storage (Figure 7-6), 

while the decrease was not significant (P>0.05) for CP- and LE-Choc bars (Figure 7-3). 

However, storage time did not show statistically significant (P>0.05) interactions with either 

particle size or fat ratio in all chocolate bars, which revealed that the changes of Young’s 

modulus and fracture stress during storage were independent of particle size or fat ratio. 

Among the three types of chocolate, the difference in the significance levels of decreasing 

fracture stress and increasing Young’s modulus over time was mainly because of their 

compositional differences, for example, the presence of lecithin in Lindt chocolates may have 

influenced the results. Overall, the stored chocolate bars had increased Young’s modulus but 

decreased fracture stress. 
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Due to the continuous transformation of form V cocoa butter to form VI as time went by, the 

fat network became more stable, and the melting point of the bars increased accordingly. 

Rousseau and Sonwai [110] determined a slight increase of 3% in solid fat content in 

chocolate samples after 4 weeks’ storage at 25oC. Therefore, the solid fat ratio of stored 

chocolate bars was expected to be higher than the bars prior to storage at the same 

temperature. The increase in solid fat ratio could strengthen fat crystal-fat crystal or particle-

fat crystal interactions, but reduce the lubricating effect of liquid fat, and consequently, the 

bars were more resistant to deformation, and the Young’s modulus increased.  

As the storage temperature cycled, the fat phase partially melted at 29oC and recrystallised at 

20oC. During the high-low temperature cycles, liquid fat migrated and deposited onto the 

surface due to a “pumping” action accompanied by a capillary effect [96], which caused 

microstructural and textural changes in the chocolate. An increase in void ratio during storage 

can be assumed, based on the fact that internal fat moved to the chocolate surface, appearing 

as extruded fat crystals or a fat-rich layer close to the surface (Chapter 5), although such 

increase could not been quantitatively determined to date [69] due to a lack of  appropriate 

technology. The development of voids can promote fracture of chocolate bars and result in a 

decrease in fracture stress. Therefore, it was concluded that the stored chocolate bars had 

higher Young’s modulus but lower fracture stress than the bars prior to storage, because of an 

increase in solid fat ratio and growth of voids during storage. 
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7.4: Conclusions 

Chocolate with a higher fat ratio had lower fracture stress and Young’s modulus due to less 

particle-particle or particle-fat crystal interaction. A decrease in non-fat particle size also 

reduced the fracture stress and Young’s modulus, which could be explained by a higher level 

of void spaces and free fat ratio as this chocolate was refined longer. The fracture properties 

also changed during storage, which, however, was independent of the differences in the fat 

ratio and particle size. Fracture stress decreased with time, while the Young’s modulus 

increased; the former could be explained by a decreasing liquid fat content due to 

polymorphic transformation of the fat phase, and the latter was caused by bloom formation 

during which there was an increase in void space in the chocolate matrix. This study will not 

only help in the application of defining the microstructure of new chocolate products, but also 

improve current understanding of quality deterioration of chocolate during storage. 
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Chapter 8: General discussion 

 

This chapter firstly discusses the applicability of the different testing methods used. Secondly, 

it links together the previous studies to classify the different types of fat bloom, based on both 

the appearance of the bloomed chocolate, and the underlying mechanisms of fat bloom. 

Thirdly, the relationship between microstructure, fat bloom and physical properties of 

chocolate are discussed to show the implications this project has for future bloom-related 

studies and chocolate product design.  

 

The links between the previous chapters are illustrated in Figure 1-1 (page 5), and Figure 8-1 

is a diagram showing the structure of this chapter. 
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Figure 8-1: A logical diagram showing the structure of this chapter. 
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8.1: Applicability of Testing Methods 

8.1.1: Bloom characterisation 

Three techniques were used to assess fat bloom formation in this project, having different 

applications in the chapters of this thesis, and this has direct relevance to how they might be 

applied in industry or further chocolate research. 

8.1.1.1: Visual inspection and Whiteness Index (WI) measurement 

Fat bloom is essentially a human, visual quality assessment of chocolate, where a surface 

difference can be distinguished by the naked eye. In this project, the method of visual 

inspection was accompanied by image acquisition using a digital camera with controlled 

lighting conditions. This was used to observe 1) surface changes on untempered chocolate 

during storage (Chapter 4), and 2) the surface differences of bloomed chocolate stored at 

cycling temperatures of 20-32oC in Chapter 5.  

This method, often used as the first step of bloom identification in industry, was simple, 

straightforward, and time- and cost-effective. It was easy to identify extensive fat bloom 

formation, with its evident changes. However, it became a less effective technique to show 

the initiation of fat bloom where only small fat crystals grew, for example, on the surface of 

well-tempered chocolate stored at cycling temperatures of 20-29oC. This latter point is why 

the addition of controlled lighting and quantification using image analysis is essential if there 

is to be any repeatable application of visual inspection in a commercial or industrial context. 

WI measurement, a method of colour analysis, is quantitative and has been most commonly 

used to indicate fat bloom development on chocolate [68, 111]. In this work image analysis 
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enabled the successful quantification of the changes on the chocolate surfaces due to the 

growth of small fat crystals on well-tempered sand/CM chocolate.  

One limitation of visual inspection comes as fat crystals fully cover the chocolate surface.  In 

this case further growth of fat crystals, between the pre-existing crystals (>5µm), did not lead 

to surface colour changes (as presented in Chapter 5).  

8.1.1.2: Microscopy 

Low magnification light microscopy was also used to examine the surface changes of the 

chocolate with relatively extensive bloom. It is a non-destructive technique which is easy to 

use. Bloom formation at the same point of an untempered chocolate surface was monitored 

and recorded over time (Figure 4-2 in Section 4.3.1.1), and clearly presented the whole bloom 

formation process.  

Scanning Electron Microscopy, however, was a destructive technique, as small samples had 

to be cut from larger samples of the chocolate. Although the SEMs were less time- and cost-

effective, the images obtained had higher resolution, giving detailed microstructural 

information about the chocolate surface. The morphology of bloomed chocolate surface and 

the shape of elements on it indicated existing components and also revealed how fat bloom 

formed (Chapters 4 & 5). The applicability of SEM to a commercial or industrial 

manufacturer of chocolate would have been very limited (due to cost) until this decade when 

bench-top, low vacuum SEM’s started to become available at a fraction of the price of 

traditional instruments. 
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8.1.2: Chocolate properties 

8.1.2.1: Polymorphism identification 

The polymorphism of cocoa butter was determined through two methods, XRD and DSC, 

depending on the composition of the chocolate used. XRD was easier to operate, and the 

results were more exact and repeatable than the DSC method. Hence, XRD was used to 

determine the polymorphism of CM and CP chocolate (Chapters 4, 5 & 7). However, XRD is 

less applicable when crystals in addition to cocoa butter crystals exist. As a result, in Chapter 

6, DSC was used to measure the melting temperature (e.g. Tpeak) of sand chocolate, which 

was then used to estimate the polymorphism of cocoa butter by comparing the measured 

values with the reported values. A novel approach to quantifying the extent of form V to form 

VI cocoa butter transformation was developed and is presented in Section 5.2.3 where 

standards were used to quantify the V:VI ratio.  This may be applicable in future studies of 

bloom. 

8.1.2.2: Measurement of solid fat content (SFC) 

The SFC of well-tempered CM chocolate was determined using DSC by performing the 

partial integration of the thermograms obtained (Section 5.2.4). This novel approach had two 

advantages. Firstly, the melting curve of chocolate included the entire melting temperature 

range and could be obtained by one single measurement [194, 222]. Secondly, DSC measured 

the original samples cut from chocolate without re-tempering. However, the limitation in the 

approach as applied here was that the initial liquid fat content, corresponding to the low-

melting-point TAGs existing as liquid at 20oC, was not taken into account as mentioned in 

Section 5.2.4, as this liquid portion did not cause changes in melting enthalpy.  
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An alternative technique, which is also frequently used, is (pulsed) nuclear magnetic 

resonance (NMR) spectroscopy [49, 223]. In an industrial context, NMRs are becoming more 

accessible, though access to a DSC is still more likely. 

Although complete SFC information, including the initial liquid percentage at room 

temperature, could be obtained, the NMR technique could be extremely involved in regard to 

sample preparation and measurement if “laboratory-tempered” technique is used. Chocolate 

samples would have to be re-tempered in the testing tubes, which takes approximately 42 

hours as mentioned in AOCS official methods (Cd 16-81 or Cd 16b-93) [224]. This would 

negate its application in storage studies, where storage history would be deleted by the re-

tempering process during sample preparation.  

In Section 5.3.3, it requires that the SFC of samples prior to and after temperature treatments 

had to be measured, which means the “laboratory-tempered” technique is not applicable. 

However, benchtop NMRs can examine chocolate samples directly without re-tempering if 

temperature is properly controlled during measurements. It often requires the pre-heating of 

each sample at each chosen measuring temperature, and precise temperature control during 

measurement is essential as the samples can also be heated during measurement (e.g. by 

spinning of the tubes). 

8.1.2.3: Fracture tests 

Two types of three-point bend tests are frequently used to study the fracture properties of a 

material: three-point bend and single edge notched beam (SENB) tests. The SENB  test is 

useful to investigate the notch-sensitivity of the material tested and the propagation of cracks 

during bending [141], from this the fracture toughness of the material can be determined. 

However, artificially made notches, are extremely difficult to make accurately on solid 
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chocolate, causing errors due to uneven or non-equally sized notches. Internal flaws, such as 

porosity, may also be present that are above the critical crack size.   The simple three-point 

bend test is sufficient to determine Young’s modulus and fracture stress of a chocolate 

sample, and both these properties have been reported as highly correlated to the textural 

properties of food, such as crispness and firmness [225]. Hence, in this work, three-point 

bend tests, using regularly moulded specimens were carried out (Chapter 7), owing to the 

ease of specimen preparation and the relevance to sensorial attributes. The same factors 

would apply in an industrial setting, though many food manufacturers have been persuaded to 

use the double compression test due to the on-going influence of the work of Szczesniak [226] 

in the 60s. A three-point bend test results in the quantification of more fundamental, less 

imitative, material properties. 
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8.2: Fat bloom classification 

Compound coatings or filled chocolates containing fats other than cocoa butter were not 

studied in this project. Dark chocolate is the most basic type, and classification of fat bloom 

in dark chocolate mainly falls into the following two categories (Figure 1-1) 

Category 1 (manufacturing/technological): Poorly-tempered chocolate resulting from 

technological mistakes.  

Category 2 (storage): In well-tempered chocolate, fat bloom formation varied with storage 

temperature. 

8.2.1: Fat bloom due to technological mistakes 

Although researchers have long acknowledged the existence of fat bloom caused by 

technological mistakes during chocolate manufacturing, the theoretical understanding of the 

mechanisms of bloom formation have not been thoroughly elucidated. There are some 

contradictory findings for untempered chocolate in particular, as mentioned in Section 4.1.  

8.2.1.1: Untempered / under-tempered chocolate (technological mistake 1) 

Untempered or under-tempered chocolate is created during manufacture if insufficient crystal 

nuclei form during the cooling stage of tempering; untempered chocolate is the most extreme 

version of under-tempered chocolate [92]. The exact mechanisms and kinetics of the fat 

bloom process are not well-understood. While it has been hypothesised that it is due to the 

recrystallisation of unstable fat crystals or polymorphic transformation during storage [44, 68, 

74], Kinta and Hatta [75, 92] recently proposed that fat bloom took place during solidification 

of liquid chocolate. 
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The work presented in Chapter 4 clearly showed that fat bloom in the untempered CM model 

chocolate was caused by IV-to-V polymorphic transformation over approximately two weeks’ 

storage. When demoulded, the fat phase of untempered CM chocolate was solely in form IV 

(unstable crystals); the chocolate surface initially appeared to be the same as well-tempered 

chocolate, without surface defects. However, fat bloom was induced quickly during storage at 

a low temperature of 20oC as a result of the polymorphic transformation. This study provided 

evidence and support to the literature that fat bloom formation in untempered chocolate was 

caused by IV-to-V polymorphic transformation. 

8.2.1.2: Over-tempered chocolate (technological mistake 2) 

Over-tempered chocolate is produced with an over-concentration of seed nuclei during 

solidification (Section 2.3.2). An unsatisfactory surface appearance forms when the molten 

chocolate solidifies. As such, unlike other types of fat bloom formed during storage, over-

tempered chocolate has the appearance of bloom at the time of demoulding. An example of 

the surface appearance of over-tempered chocolate is shown in Figure F (Appendix F). 

8.2.2: Fat bloom due to storage temperature 

8.2.2.1: Temperature ranges  

As mentioned in Section 2.4.3, Lonchampt and Hartel [6] were the first to classify three 

temperature ranges of chocolate storage according to different bloom propensity: <18oC, 18-

30oC and 32-34oC. However, there is a lack of research on the underlying mechanisms that 

explain what causes the different bloom formations at those temperatures.  
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The fat bloom study presented in Chapter 5 applied three storage temperatures (static at 20°C, 

temperature cycling between 20-29°C and temperature cycling between 20-32°C) chosen 

from temperature ranges in accordance with the above-mentioned authors.  

8.2.2.2: Fat bloom in well-tempered chocolate 

Low temperature 

The DSC thermogram of well-tempered CM chocolate showed that partial melting started 

from 22°C (Figure 5-2 in Section 5.2.4). Therefore, below this temperature, i.e. a constant 

storage temperature of 20°C (Chapter 5), the CM chocolate samples were relatively stable, 

showing no signs of bloom formation after 12 months’ storage.  

We have proposed in Section 5.3 that fat bloom formation at 20°C was caused by solid-state 

transformation of cocoa butter from form V to VI. Van Mechelen et al. [227-229] found a 

difference in neighbouring “three-packs” (elements of a lamella, Section 2.1.2.2) of SOS 

molecules between form V and VI crystals; they showed V-to-VI transformation requires half 

of the “three-packs” to flip over. This occurs with more difficulty in the solid state but is 

easier during melting [190]. Thus, the rate of solid-state transformation observed in the 

current study was, as expected, extremely low at 20°C. 

Cycling temperature: 20-29°C 

Fat bloom developed quickly when the CM chocolate was stored under fluctuating 

temperatures between 20°C and 29°C. The visual bloom was attributed to the formation of 

separated fat crystals on the chocolate surface. The Cyc20-29 chocolate experienced elevated 

temperatures lower than 30oC, and the fat phase had a high solid fat content of 96.8% (at 

29oC) after 60 days’ cycling (at the start of storage, the solid fat content was 86.2% at 29oC, 
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Section 5.3.4); therefore, the separated fat crystals on the chocolate surface were solid-like 

and could hold their shape at 29°C (Figure 5-6: b-c). 

The Cyc20-29 chocolate partially liquefied at 29°C which increased the LFC, compared to 

that at 20°C. This could enhance capillary migration of liquid cocoa butter. As the 

temperature fluctuated between 20°C and 29°C, bloom formation was accelerated by 

continuous density changes, promoting fat migration to the surface. Notably, the polymorphic 

transformation ended after approximately 60 days, which was more rapid than the solid-state 

transformation since melt-mediation occurred as discussed in Section 5.3.1.  

Cycling temperature: 20-32°C 

Lonchampt and Hartel [6] mentioned that, if chocolate were stored at 32 to 34°C, upon 

subsequent cooling, fat bloom formation would be similar to that in un- or under- tempered 

chocolate as unstable crystals (i.e. form IV) formed. However, according to Chapter 5, under 

temperatures fluctuating between 20°C and 32°C, the fat phase of Cyc20-32 chocolate 

remained in form V or VI, or their combination, during storage, in the absence of form IV 

crystals. This evidence indicates that the liquid proportion did not crystallise uncontrollably 

into form IV, which was due to the presence of the remaining solid cocoa butter polymorphs 

in form V or VI. A greater amount of solid cocoa butter can melt at a higher temperature, as 

32°C is not sufficiently high enough to completely melt the solid fat phase. 

Therefore, formation of form IV can only occur upon subsequent cooling when chocolate 

completely melts at above 35°C based on the DSC measurements (Figure 5-2 in Section 

5.2.4), at which point the crystal history will be erased, and unstable crystal form IV can 

appear upon cooling.  
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The transport phenomena (capillary effect and “pumping” action) which occurred in the 

Cyc20-29 chocolate also took place in the Cyc20-32 CM chocolate, and these phenomena 

were accelerated due to a higher LFC at 32°C than at 29°C. The extensive bloom appearance 

of the Cyc20-32 chocolate was due to the surface roughening when more liquid fat migrated 

to surface. This is different from the bloom on the Cyc20-29 chocolate, as fat crystals were 

less solid-like and could not hold their shape at 32°C (Figure 5-6: d): the solid fat content was 

71.2% at 29oC after 60 days’ cycling (Section 5.3.4).  
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8.3: The relationships between microstructure, fat bloom 

and physical property  

Chocolate products purchased by consumers are normally properly tempered. Such products 

are likely to experience storage temperatures lower than 30°C in most countries, excepting 

tropical countries. Therefore, for the study of the effect of bloom on physical properties, the 

temperature was cycled between 20 and 29°C. This was used to deliberately accelerate bloom 

formation for the studies on the effect of particle size effect (Chapter 6) and fracture 

properties (Chapter 7). 

8.3.1: Chocolate microstructure and fat bloom 

The microstructure of chocolate was characterised using different microscopies. The surface 

microstructure relating to the chocolate’s appearance was important for to identify different 

types of fat bloom; ESEM and/or cryo-SEM were used to examine the surface morphology of 

untempered and well-tempered CM chocolate (Chapter 4 & Chapter 5). The internal 

microstructure of sand chocolate was studied based on the ESEM together with image 

analysis (Chapter 6).  

Two chocolate models were used for particle size studies: CM chocolate and sand chocolate. 

The former was used to produce a model of untempered chocolate (D90: 18, 25, 34 or 56µm; 

Chapter 4), while the latter was used to create a model of well-tempered chocolate (D90: 18.7, 

29.3, 41.4 and 51.1μm; Chapter 6). 
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 Untempered chocolate 

The non-fat solids in CM chocolate were exclusively cocoa particles, and the difference in 

the PSD of non-fat solids played a limited role in fat bloom formation in untempered 

chocolate. This was explained by the fact that bloom formation in untempered chocolate was 

driven by recrystallisation of unstable fat crystals (IV-to-V polymorphic transformation) such 

that liquid fat diffused from the surface of form IV to form V crystals. Since movement of 

TAG molecules under the concentration gradient was rapid in liquid cocoa butter, the 

resistance of fat redistribution, caused by the differing particulate network, was negligible. 

 Well-tempered chocolate 

The CM model chocolate was also used to produce well-tempered chocolate samples with 

varying PSDs following Tempering Method 1 (Section 3.1.2.1) in our Preliminary 

Experiment 3, see Appendix G. The samples were stored for 60 days under fluctuating 

temperatures between 20°C and 29oC. Changes in surface whiteness (WI) were measured; 

however, as the WI trendlines of the CM chocolates with varying PSDs almost overlapped, it 

suggested that the CM chocolates had similar fat bloom formation. There were probably two 

reasons for this.  

 Firstly, fat migration through cocoa particles is possible [98]. The liquid fat moved from 

the bulk to the chocolate surface during bloom formation, and cocoa particles acted as 

obstacles along the route. The morphology and shape of the irregular cocoa particles 

could influence fat migration remarkably; cocoa particles are porous, and may have large 

open pathways within them as indicated by the ESEM images of cocoa particles 

(Appendix H). Therefore, the surface morphology and shape of cocoa particles may 

affect fat bloom formation.  
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 Secondly, as mentioned in Section 7.3.2, the free/bound fat ratio could differ in the CM

chocolate samples, which may influence the particle size effect as well, resulting in

similar bloom formation among the samples.

Although the CM chocolate was composed of the basic ingredients used in commercial 

chocolate, this model showed its limitations in the study of particle size effect. The 

Preliminary Experiment 3, with well-tempered CM chocolate detailed in Appendix G, 

suggested some difficulty of interpretation related to free and bound fat. In order to simplify 

the study of PSD in well-tempered chocolate, sand chocolate models were used. 

The sand chocolates with varying PSDs had advantages in the study of bloom formation 

(Chapter 6). The sand particles have crystal-like shapes (ESEM images shown in Appendix 

H), which are similar to the crystalline sugar used in commercial chocolate. Fat migration 

through the sand or sugar particles is unlikely to occur. Moreover, as previously mentioned in 

Section 3.1.1 the sand chocolate model also has merits for characterisation of internal 

microstructure using the ESEM images. Therefore, despite challenges in tempering 

techniques, sand chocolate was used in the particle size study. 

8.3.2: Fracture properties and fat bloom 

Fracture properties are important mechanical properties of chocolate. Three factors, non-fat 

solid PSD, fat ratio and storage time, were found to affect the Young’s modulus and fracture 

stress values of the well-tempered CM model chocolate samples, which were stored under a 

cycling temperature range of 20-29oC.  

According to the statistical analysis in Chapter 7, no interaction effects were found between 

storage time and particle size (or fat ratio) on the fracture properties. Hence, fat bloom 

formation, or the redistribution of the fat phase throughout the chocolate is one, but not the 
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only, factor which could influence changes in fracture properties during storage. 

Recrystallisation of fat crystals (V-to-VI polymorphic transformation) and changes in LFC 

during storage can also influence fracture properties. The relationships are illustrated in 

Figure 8-2.  

Figure 8-2: A diagram showing the relationships between the factors (PSD, fat 

ratio and storage time) influencing the fracture properties of chocolate. 
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Chapter 9: Concluding remarks 

In this chapter conclusions are drawn from the research work presented in this thesis, and 

recommendations are made on future work.  
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Conclusions of the key results: 

(1) Bloom formation in poorly- and well-tempered chocolate 

In terms of untempered chocolate, the chocolate surface gradually became honeycombed in 

appearance with dark spots surrounded by white sandy bloom areas during storage. The IV-

to-V polymorphic transformation of cocoa butter led to redistribution of fat and caused the 

observed surface changes with the most significant changes occurring within a week. As 

bloom developed, the surface whiteness of chocolate increased, but the PSD of non-fat 

particles played a limited role in retarding liquid fat migration in the untempered chocolate.  

In terms of well-tempered chocolate, fat bloom formation differed in chocolate samples 

stored under varying temperature conditions: a constant 20oC, 20-29oC and 20-32oC. The 

control samples exhibited solid-state polymorphic transformation at 20oC, and 12 months’ 

storage was not long enough to induce fat bloom. However, melt-mediated polymorphic 

transformation occurred under cycling temperatures of 20-29oC or 20-32oC; separated fat 

crystals formed under 20-29oC, while surface roughening took place under 20-32oC, leading 

to differences in bloom appearance.  

(2) PSD effect on bloom formation and bloom-related properties 

Well-tempered (sand-based systems) chocolate with varying PSDs was stored under cycling 

temperatures of 20-29°C. The key finding is that fat bloom rate is slower in a system with a 

smaller particle size as a result of higher particle packing density and a decreased radius of 

inter-particle spaces. As the melting temperature of chocolate increased during storage, the 

liquid fat content decreased, altering bloom kinetics. Overall, the chocolate with a smaller 

particle size was more resistant to fat migration and presented fewer changes to surface 

whiteness.  
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The fracture properties of well-tempered chocolate were also investigated, using three-point 

bend tests. Three factors, non-fat solid PSD, fat ratio and storage time, were found to affect 

the fracture properties of the chocolate bars, which were stored under a cycling temperature 

range of 20-29oC; however, the storage time is an independent variable without interaction 

with the particle size or fat ratio that affected the fracture properties. 

Main contributions: 

As the underlying mechanisms of fat bloom formation in chocolate have not been fully 

understood [6] this PhD project primarily provides a deeper understanding of the causes and 

mechnisms of bloom formation. In addition, it presents some effects of bloom formation on 

chocolate’s physical properties.  

Characterisation of fat bloom formation is mainly based on two catergries in this project, 

technological issues during chocolate manufacture, and storage issues after processing. 

Recrystallisation or polymorphic transformation of the cocoa butter crystals plays a 

significant role in the fat bloom process. In addition, storage temperature can affect the 

stablity of the fat phase, and also influence liquid fat behavior, i.e. fat migration. Due to the 

various causes, migrated fat behaved (untempered chocoalte) or deposited (well-temepred 

chocolate) differently on the chocolate surface.  

The role of PSD in bloom formation was investigated due to its importance in defining 

chocolate microstructure and our limited understanding of it, particlarly in well-tempered 

chocolate. Liquid fat migration in the particulated network with varying PSDs has been found 

highly associated with the melting behaviour of the fat phase or the liquid fat content. The 

size of particles in chocolate can change the size of liquid channels, which, in return, controls 
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the bloom rate. Since our results help to make it easier to understand some contradictory 

findings about the effects of particle size on bloom previously published in the literature (for 

plain chocolate), they are likely to be of great interest to researchers working on chocolate or 

edible fat products. 

In addition to the melting properties of chocolate, fracture is also an important facet of the 

mechanical properties of chocolate, and the key compositional/microstructural variables 

determining chocolate’s fracture-ability has been studied. A better understanding of the 

leading factors contributing to determining chocolate’s fracture properties will help in the 

application of new product design for chocolate with special ingredients or formulations. 

Furthermore, a better understanding on bloom-related changes in chocolate during storage 

can benefit in eliminating or retarding quality deterioration of chocolate products during 

storage, particularly in summer or in tropical countries. 

This work provides a clear classification of different types of fat bloom, and it will also 

contribute to future work on exploring methods to retard fat bloom and to minimise the 

changes in chocolate properties. For example, a deliberate manipulation of PSD could be 

pursued by manufacturers wishing to alter the rate of fat bloom, in particular, when designing 

new chocolate formulations. A clear understanding of the temperature-bloom relationship 

may contribute to determine the most economic storage conditions for chocolate. In addition, 

the understanding of polymorphic transformation in the fat phase of chocolate might 

ultimately allow manufacturers to “temper in place” with controlled growth of form V, 

optimising the chocolate manufacturing process. 
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Future work: 

In the context of this thesis, there are still many questions left to be answered regarding the 

fat bloom phenomena for future endeavour. 

(1) Model vs. real chocolate 

 “All models are wrong, but some are useful” [230]. The CM and CP chcolate models

as well as the sand-based chocolate system were used in this project as successful first

estimation models to simplify real chocolate systems, despite their advantages and

disadvantages (Chapter 3). However, due to the objectivity and simplicity, the fat

migration process and the corresponding changes on the model chocolates could be

more rapid or significant than what may happen in real chocolate systems. Therefore,

although the models are ideal for probing highly controlled aspects for an

experimental study, the model has limited industrial application, and hence fat bloom

formation in real chocolate systems needs to be investigated based on this work.

 Sand chcolate volume fraction is low despite sand chocolate was formulated with

68g/100g sand. A chocolate model with  a higher non-fat solid volume fraction could

be designed in future.

(2) Fat bloom mechanisms  

 The particle size effect on bloom formation in untempered chocolate has been

investigated (Chapter 4). However, the role of particle ratio on bloom formation is

still not clear. The next goal is to investigate the particle ratio effect on bloom

formation in untempered chocolate, using commercial chocolates (for example the

70%, 85% and 90% cocoa in the Lindt “Excellence” series).
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 Despite much effort in this thesis, there is still a lack of direct observation or evidence 

of the role of V-to-VI polymorphic transformation in fat bloom formation in well-

tempered chocolate. Whether it promotes fat bloom development (e.g. changes in 

crystal size) requires further investigation. 

 The particle size study in this work was based on plain chocolate (Chapter 6). In filled 

chocolate, fat bloom involves diffusion of “foreign” fats, and the particle size effect 

on fat bloom formation has not been well-understood either. Researchers reported 

different results: larger PSD, faster bloom formation [94], or the opposite [123]. This 

also requires further investigation. 

 

(3) Bloom-related research 

 As mentioned in Section 7.3.2.2 the density of chocolate was used as a proxy for void 

ratio, due to a lack of approachable technologies to accurately quantify the inter-

crystalline cavity or pores at a sub-micron level. Our work using an X-ray 

microtomography (μCT) system was not a success (Appendix E) because of thermal 

damage. However, due to the development of technology, a cooling stage is going to 

be installed in μCT systems to protect samples from thermal damage, and therefore, 

the void ratio of chocolate may be measured using μCT in the future.  

 New chocolate design: based on the understanding of fat bloom in the basic types of 

chocolate (e.g. dark chocolate), more research could be carried out on improving the 

quality (e.g. melting and fracture properties), and extending the shelf-life of chocolate 

formulated with special flavoring or nutritious ingredients.   
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Appendix A 
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Appendix B 

This appendix provides details on three key instruments used for sample preparation and 

determination of refractive index values used in Mastersizer 2000.  

 

(1) Instruments: 

Chocolate melanger 

The chocolate melanger (Figure B-1: a) was used to grind cocoa nibs. It is composed of two 

parts: a grinder and a speed controller. The grinder has two granite stone rollers driven by a 

motor, sitting in a basin drum, and the speed controller is used to set the rotation speed of 

rollers. 

Tempering machine 

The tempering machine used for chocolate tempering is shown in Figure B-1 (b). It is 

composed of a control panel, a rotating bowl, a temperature sensor and a baffle. The control 

panel has default settings for temperature (Tempering Method 1, Section 3.1.2.1) and rotation 

speeds of the bowl to temper different types of chocolate: dark, milk or white chocolate. 

Ball milling system 

The ball milling system (Figure B-1: c) was designed by the Department of Chemical and 

Materials Engineering, University of Auckland. Stainless steel balls with a diameter of 5mm 

were filled into a plastic bottle (vial) with a ball-to-powder ratio of 5:1. Powders were 

blended and ground with uniform distribution in the system along with the rational proportion 

of balls. Such a system is often called mechanical milling (ball milling) [231]; the efficiency 
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of mechanical milling is determined by parameters such as milling vial, speed and time of 

milling, ball-to-powder weight ratio and grinding medium [232, 233].  

It has to be noted that we used a “trial and error” method to obtain the desired sand particle 

size; any other milling systems can be used as long as the particle size range could be 

achieved. Hence, we did not provide details of speeds and times used. 

Design of moulds 

Figure B-2 illustrates a set of chocolate moulds, which is composed of multi-layers. A layer 

of aluminium foil is placed between the bottom plate and the upper layers for the ease of 

moulding. 

 

 

Figure B-1: Illustrations of the (a) chocolate melanger, (b) tempering machine 

and (c) ball milling system. 
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Figure B-2: Design of moulds.  
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(2) Refractive index: 

The refractive index (RI) value, e.g. 1.59 for cocoa particles in Section 4.2.1.2 & 7.2.2.1, was 

determined experimentally, based on the following steps: 

1. In Mastersizer, the optical properties (refractive index/absorption) are only used for 

mathematical modelling undertaken after actual physical measurement. 

2. We started with some values and measured the powder sample. The weighted residual 

in the output file was checked, which is the best way to identify the right RI to use: a 

weighted residual of less than 1% indicates a good measurement. 

3. If the refractive index 1.59 was used, most of the samples had a weighted residual 

value between 1.1-1.3%, which means the fit is good. 

  



Appendices 

162 
 

Appendix C 

1. Preliminary Experiment 1: phase separation 

 

Figure C-1:  Visual observation of chocolate surfaces for D90 of 107.8µm. Phase 

separation was observed on the non-mould-side surface. 

 

 

2. Fat bloom on sand chocolate 

In Chapter 6 the fat bloom that formed on the surface of sand chocolate was needle-, flake- or 

spike-like fat crystals (Figure C-2), which was characterised as typical storage bloom [6], 

although a low temperature (2oC) was used for crystallisation during sample making. The 

change of surface colour was thus ascribed to the growth of small fat crystals. 
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Figure C-2: An ESEM image showing fat crystals on the surface of sand chocolate with D90 

of 18.7µm after 50 days’ storage. 

 

3. Matlab simulation of capillary rise in sand chocolate 

In Section 6.2.5, hydraulic radius (RH) was determined as 1.21, 1.35, 1.46 and 1.86µm for the 

sand chocolate model with D90 of 18.7, 29.3, 41.4 and 51.1µm, respectively. Matlab 

simulation was performed in Matlab R2013b (Mathworks, Natick, MA, USA) based on 

Altimiras et al. [55] using the Lucas-Washburn equation. According to Figure C-3, the result 

was the same as described in Section 6.3.4: liquid fat migration was quicker in capillaries 

with a larger radius. 

Main matlab code: 

[t8,h8]=ode45(@afunc,[0 100],1*10^-10); 
plot(t8,h8, ':') 
hold on; 
[t5,h5]=ode45(@bfunc,[0 100],1*10^-10); 
plot(t5,h5,'--') 
hold on;  
[t6,h6]=ode45(@cfunc,[0 100],1*10^-10); 
plot(t6,h6) 
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hold on; 
 [t7,h7]=ode45(@dfunc,[0 100],1*10^-10); 
plot(t7,h7, '-.') 
hold on; 
xlabel('Time (s)') 
ylabel('Height(m)') 
legend('1.207µm radius capillaries', '1.350µm radius capillaries', '1.464µm radius 
capillaries', '1.862µm radius capillaries', 4) 

 

Functions: 

function f8=afunc(t8,h8) 
f4=0.08*10^-6/h4-2.33*10^-8; 
function f5=bfunc(t5,h5) 
f5=0.124*10^-6/h5-5.55*10^-8; 
function f6=cfunc(t6,h6) 
f6=0.037*10^-6/h6-5*10^-9; 
function f7=dfunc(t7,h7) 
f7=0.0033*10^-6/h7-4*10^-11; 
function f9=efunc(t9,h9) 
f9=1.997*10^-10/h7-1.443*10^-13; 
 

 

Figure C-3: Exact solution of the Lucas-Washburn equation for cocoa butter rise. 
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Appendix D 

Determining deformation speed for fracture test 

- Preliminary Experiment 2 

Chocolate, as a viscoelastic material, exhibits yielding at a high temperature and fractures on 

deformation when it is more solid-like at ambient temperature [140]. Apart from ambient 

conditions, the viscoelastic behaviour of such a food is also commonly influenced by the 

deformation speeds.  

In chocolate bend tests, Figure D-1 (a) represents a typical stress-strain curve, showing a non-

linear response at a low deformation speed of 0.05mm/s. However, the stress-strain curve at a 

higher speed of 2mm/s (Figure D-1, b) indicates approximate linear elastic response. The 

starting region is an artefact, and it is followed by an almost linear increase, which is called 

the Hookean region [216]. The above difference is due to a more viscous behaviour at a 

lower deformation rate.  

Figure D-2 illustrates that the fracture stress of the chocolate bars is more rate dependent, 

with deformation speeds below or around 1mm/s. However, the rate-dependent manner 

becomes less critical at a high speed, and could be ignored. At high deformation speeds, less 

deformation energy was dissipated as heat or available to stress relaxation. A deformation 

speed of 2mm/s was finally decided on for the following bend tests, as it is considered high 

enough to correspond to “snap” by human agency.  
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Figure D-1: Stress-strain curves with deformation speeds of (a) 0.05mm/s and 

(b) 2mm/s. (Solid line in red is the gradient) 

 

 

 

Figure D-2: Effects of deformation speeds (0.01, 0.05, 0.5, 1, 2 and 5mm/s) on 

fracture stress, based on 53g/100g fat cocoa powder chocolate bars. Points are 

means ± standard error (n=8). 
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Appendix E 

X-ray microtomography (μCT) has be widely applied in the studies of cellular food products 

to obtain quantitative information on the cellular foam structure, for example the number and 

size of bubbles present [234]. Frisullo et al. [235] studied the microstructure of aerated 

chocolate using this technique. In terms of dark chocolate, which has fewer voids than 

aerated chocolate, Reinke  et al. [102]  used Synchrotron X-Ray microtomography. 

Measurement of the void ratio in CM chocolate was attempted using a Skyscan 1272 high-

resolution desktop μCT system (Skyscan, Belgium).   

 

Sample preparation:  

CM chocolate was tempered following Tempering Method 1, and the tempered chocolate 

liquor was cast into plastic straws with a diameter of 6mm. 

 

Scanning:  

The chocolate sample was scanned by the μCT system using the settings as shown in Table E. 

CTAn (Skyscan) was used to create 3-D reconstructions. 

Table E: Settings used for the X-ray microtomography system  

 Settings   Settings 

Camera type XIMEA xiRAY16  Source voltage  56kV 
Camera pixel size  7.4230m  Source current 170uA 
Number of rows 1640  Rotation step 0.2 
Number of columns 2452  Filter No filter 
Image rotation 0.17    
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Results:  

As shown in Figure E, cracks and air bubbles could be identified. However, density change or 

volume expansion was noticed when comparing the 2D images at the start and the end of 

scanning. This could have resulted from heat from by the energy source during scanning, and 

it caused a significant artefact during the 3D reconstruction. Therefore, this technique was not 

used in this study as the results could have significant errors due to the effect of heating. 

 

Figure E: µCT images of cocoa mass chocolate (D90: 18µm) showing cracks and air bubbles. 
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Appendix F 

 

Surface microstructure of over-tempered chocolate 

 

CM chocolate with D90 of 18µm was tempered in the tempering machine under a defaulted 

tempering cycle for dark chocolate, following Tempering Method 1. Seeding cocoa butter 

was added with a weight ratio of 2% during the tempering process. Surface imperfections 

were observed at the time of demoulding (Figure F: a). Thus, it was identified as over-

tempered chocolate. The surface microstructure was viewed using ESEM as shown in Figure 

F (b). 

 

Figure F: Image showing surface morphology of over-tempered cocoa mass 

chocolate. (a) A picture captured by digital camera; (b) an ESEM image showing 

the microstructure of bloom. 
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Appendix G 

 

Particle size study using well-tempered CM chocolate  

- Preliminary Experiment 3 

 

Sample preparation 

CM chocoalate with varying PSDs (D90 of 18, 25, 34 and 56µm) were properly tempered 

using the tempering machine. Tempering Method 1 was used. Disc-shaped samples with a 

diameter of 4.5cm and a depth of 1.2cm were produced. 

 

Bloom induction 

The chocolate samples were stored under fluctating temperatures between 20±0.5°C (7 hours) 

and 29±0.5oC (17 hours) following the method of bloom induction in Section 5.2.2.  These 

samples were stored for a total of 60 days. 

 

Surface whiteness 

The surface whiteness index of the four types of chocolate increased with time, following the 

method described in Section 5.2.5. However, the samples showed a similar rate of change as 
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shown in Figure G as the trendlines almost overlapped. This revealed that the four types of 

chocolate had similar bloom formation during storage. 

 

 

Figure G: Changes in surface whiteness of cocoa mass chocolate samples with 

varying D90 values over 60 days of storage.  
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Appendix H 

Microstructure of particles  

 

Figure H-1 (a): black sand particles used in sand chocolate with D90 of 18.7µm.  

Figure H-1 (b): hexane defatted non-fat particles from a type of commercial dark chocolate 

(72% Dark Ghana, Whittakers, New Zealand). Hexane extraction was performed following 

the procedures described in Section 4.2.1.2. 

Figure H-2: SEM images showing the microstructure of cocoa nibs and defatted cocoa 

particles. This experiment was carried out with Ashley K. Young. 

 

 

 

Figure H-1: ESEM images showing surface microstructure of (a) sand particles 

and (b) non-fat ingredients in Dark Ghana with sugar crystal indicated. 
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Figure H-2: ESEM or cryo-SEM images showing surface microstructure of cocoa 

nibs and cocoa particles.  
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Appendix I 

 

Partial melting of chocolate  

- Microstructural observations by CLSM  

 

Sample preparation 

Around 0.03g/100g Nile red dye (Sigma, St. Louis, Mo. USA) was pre-mixed in cocoa butter 

(PureNature, Pure Ingredients Ltd, New Zealand) during melting at 60oC. A batch of sand 

chocolate with D90 of 18.7µm was prepared following Tempering Method 2 (Section 3.1.2.2). 

The mixture was moulded in a small plastic slide with a rectangular groove in the centre 

(length 50mm, width 2mm and depth 2mm). A coverslip was placed on top prior to 

solidification. The sample was stabilised for 24 hours prior to measurements. 

Confocal laser scanning microscope (CLSM) 

The slide was viewed using the Leica TCS SP5 confocal laser scanning microscope (CLSM; 

Leica Microsystems CMS GmbH, Wetzlar, Germany). When chocolate was exposed to the 

scanning beam, it absorbed energy and was heated. Partial melting of the chocolate sample 

was observed and imaged at different time intervals as shown in Figure I-1.  

It can be seen in Figure I-1 that during exposure to the light source solid chocolate was 

heated, and the fat phase continuously melted over time. The liquid fat proportion was 

initially enclosed within the solid fat network, but as more fat melted the area of liquid fat 

phase expanded and connected, inter-particulate channels formed. The liquid fat in the 
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channels could contain small sand particles and free fat crystals, as suggested by Aguilera et 

al. [119]. This observation supplemented evidences of formation of inter-particulate channels 

in which liquid fat moves, which could also have happened when chocolate partially melted 

at elevated temperatures, e.g. 29 or 32oC in Chapter 5. A capillary effect and a “pumping” 

action took place in these inter-particulate channels. 

The CLSM micrographs illustrated the microstructure of chocolate at elevated temperature, 

and the potential inter-particle pathways for liquid fat movement as illustrated by Figure I-2.  

 

 

Figure I-1: CLSM images showing partial melting of cocoa butter in sand 

chocolate stained with Nile red: exposure to beam for (a) 20 seconds and (b) 40 

seconds. Colours in the original CLSM images: lighter red area - liquid fat phase; 

darker red area - solid fat phase; black area - sand particles. 
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Figure I-2: Potential fat migration routes in models of porous mediums: high 

(left) and low (right) particle packing density. 
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Appendix J 

Changes in DSC melting profiles  

The melting behaviours of untempered and well-tempered CM chocolate were measured 

using DSC with a heating rate of 2oC/min. The method was the same as described in Section 

5.2.4. 

Untempered CM chocolate: 

It is seen in Figure J that the untempered chocolate had a range of relatively low melting 

temperature range, at the start of storage, with the peak temperature allocated at 

approximately 29oC. As IV-to-V polymorphic transformation occurred during 25 days’ 

storage at ambient temperature, the melting temperatures increased, with the peak 

temperature allocated at approximately 33.5oC. 

Well-tempered CM chocolate: 

The well-tempered CM chocoalate was stored under fluctating temperatures between 20 and 

29oC following the method for bloom induction in Section 5.2.2. The V-to-VI polymorphic 

transformation took place during 60 days of storage, together with the increase of melting 

temperatures as shown in Figure J. The bloomed untempered chocolate and well-tempered 

chocolate prior to storage had similar DSC melting profiles, because the fat phase of both 

type of chocolate exhibited form V. 
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Figure J: DSC thermograms of untempered and well-tempered cocoa mass 

chocolate (D90: 18µm) prior to and after storage. 
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Appendix K  

Research publication abstracts 
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1st Annual PhD Research Symposium, Department of Chemical & Materials Engineering 
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