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Abstract 

Hydrogenated castor oil (HCO) crystals as a rheology modifier have been widely used in 

paints, cosmetics and household products. In this thesis, we are interested in the effect of 

crystal morphology on the suspension rheology of products. Three major types of micron-

sized crystal morphologies have been observed: fiber, rosette and irregular crystal. Fibers 

show a high aspect ratio with the length ranging from 5 to 33 µm and width around 1~3 

µm. The rosette (2~50 µm) is a three-dimensional spherulitic structure with nano-fibrous 

arms extruding from a heterogeneous central point. Irregular crystals with equivalent 

diameter ranging from 4 to 84 µm are hard solid and show irregular shapes. There is an 

additional fourth type of crystal morphology which is a nano-sized fibrous structure that 

is assumed to be broken down from arms of micron-sized rosettes and fibers. Due to the 

relatively small amount, the effects of nano-fibrous fragments on rheology were not 

considered separately in this work. 

 

The effect of temperature and shear history on the HCO crystal morphology has been 

studied. The energy barrier to nucleation for fibers is suggested to be higher than that of 

rosettes. Irregular crystals are thermodynamically less stable and tend to transform into 

stable polymorphs. A non-isothermal crystallization study showed that the formation of 

rosettes and fibers was favored by a slow cooling rate (1°C/min) while the formation of 

irregular crystals was favored by a fast cooling rate (5°C/min). Shear rates from zero to 

100 s
-1

 have been applied at cooling rates from 1°C/min to 5°C/min. Nucleation has been 

found to be promoted with the increase of shear rate. Morphological analysis indicated 

that the formation of fibers was favored by gentle shear (e.g., 1 s
-1

), but fibers can be 

broken with the increase of shear time.  

 

Kinetics of isothermal crystallization of hydrogenated castor oil in water emulsions 

exhibiting multiple crystal morphologies has been studied in the temperature range of 

55°C to 70°C. The induction time of nucleation increases with the increase of the 

isothermal temperature under which crystallization occurred. A linear increase in 



 v 

induction time with increased temperature was found for both fibers and rosettes. A 

modified Avrami model was developed by introducing the volume fraction of each type 

of morphology into three dimensional and one dimensional full Avrami models. It was 

found that the experimental trends for mixed crystal morphologies could be captured by 

the modified Avrami model.  

 

Due to the difficulty of obtaining samples with a single crystal morphology, rheological 

studies of suspensions containing mixtures of the three morphologies in a surfactant 

solution have been undertaken. The viscometry of dilute suspensions has shown that the 

magnitude of intrinsic viscosity is dominated by the fraction of a crystal morphology type, 

i.e. fiber > rosette > irregular crystal. A modified Farris model was fitted to the rheology 

data from mixtures of crystal morphology with interacting particles. A yield stress exists 

for concentrated suspensions followed by a shear thinning behavior with the increase of 

shear rate. A power-law relation has been found between yield stress and total particle 

volume fraction with a constant exponent of 1.5 regardless of crystal morphology.  
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Chapter 1 Introduction  

 

Rheology modifiers have been developed for decades and widely used in paints 

(Magauran 1994), cosmetics (Floyd et al.1982), ceramics (Pabst et al. 2006), food 

(Marangoni and Narine 2002) and household products. Rheology modifiers play the role 

of thickening agents and phase stabilizers. The microstructure of the rheology modifier, in 

its applicable matrix, plays the key role in determining the macro- physical and dynamic 

properties of products (Solomon and Spicer 2010). Therefore, the choice and manufacture 

of a suitable rheology modifier to structure the dispersing matrix becomes a key decision 

step for industrial applications.    

 

1.1 Background Review  

1.1.1 Hydrogenated Castor Oil (HCO) 

Hydrogenated castor oil, a triacylglycerol (TAG), also called castor wax or 

tri-12-hydroxylstearin, is a water-insoluble wax-like powder or flake. It is prepared from 

castor oil through hydrogenation in the presence of a nickel catalyst (Sreenivasan et al. 

1957). The detailed physical properties of HCO are shown in Table 1.1 and the molecular 

structure of pure tri-12-hydroxylstearin is shown in Figure 1.1. 
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Table 1.1 Physical properties of hydrogenated castor oil.  

Boiling 

range/point (°C) 

Melting point 

(°C) 

Flash point 

(°C) 

Solubility in 

water (kg/m
3
) 

Density at 

25°C (kg/m
3
) 

>300 82-87 310 insoluble 990 

 

HCO has many applications in paint, cosmetics and personal care products. Jones et al. 

(2002) used non-melting HCO powder as a component of a topical ointment to make it 

smoother in texture and more spreadable. HCO has also been embodied in laundering 

solutions as a fabric conditioning component (Brock, 1978). After laundering, the dried 

fabrics exhibited excellent softness and low static charge. However, the widest use of 

HCO is as a rheology modifier. Sommese (1995) applied HCO to stabilize the 

water-in-oil dispersion of water soluble vinyl polymer. The dispersion could be 

destabilized by shear but would recover soon after shear was removed. Magauran (1994) 

also incorporated HCO into paints as the rheological build component as well as 

enhancing the resistance of seeding. 

 

O

O

O

O

O

O O

O

O H

H
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Figure 1.1 Molecular structure of hydrogenated castor oil.  
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1.1.2 Crystal Morphology 

Crystallization of triacylglycerols has been extensively studied by Garti and Sato (2001), 

Hartel (2001), Marangoni and Narine (2002) and Windhab et al. (2009). Molecular 

structures of fats (Timms 1984, Grahame et al. 2011), phase of fats (i.e., melts, emulsions 

or microemulsions) (Dickinson et al. 1990, Kogan and Garti 2007), impurities 

(McClements et al. 1993, Kaneko et al. 1999) and processing conditions (Herrera and 

Hartel 2000) all affect the crystallization kinetics and observed crystal morphology, which 

then further affect the rheological (Thareja et al. 2011) and mechanical (Kloek 1998) 

properties of products. 

 

Thermodynamics and kinetics 

 

The difference in chemical potentials between liquid and solid phases is the 

thermodynamic driving force for the crystallization. This thermodynamic driving force 

can be modeled by either supersaturation or supercooling depending on the availability of 

parameters of materials (Narine 2002). Nucleation is the early stage of the formation of 

solid phases and then followed by the crystal growth. Gibbs free energy as the unit 

chemical potential of the material system (e.g. solutions or melts) is minimized during the 

nucleation, and a classic expression for Gibbs free energy of homogeneous nucleation is 

shown as 

 23

hom 4
3

4
rGrSGVGG VSV           (1.1) 

where V, S and r are the volume, surface and radius of molecular clusters;  is the 

surface free energy. Equation 1.1 describes the changes of Gibbs free energy caused by 
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the free energy per volume (or enthalpy of fusion) and the surface energy due to the 

surface tension. Gibbs free energy decreases until a critical nuclei size is reached, and 

then with growth the nuclei become increasingly stable. This critical value of free energy, 

the activation free energy ( *

homG ), of nucleation was calculated as a function of 

supersaturation or supercooling (Narine 2002). As it is generally assumed that the size 

distribution of nuclei clusters follow a Boltzmann distribution, the homogeneous 

nucleation rate considering both activation free energy and diffusion barrier ( *

diffG ) is 

expressed as 

)exp()exp(

**

hom

hom
kT

G

kT

G

h

kTN
J

diffA


                (1.2) 

where N is Avogadro number; k is Boltzmann constant, h is Planck constant; T is absolute 

temperature. However, in real processing heterogeneous nucleation happens as well due 

to the existence of impurities, such as dusts, surfactants (McClements et al. 1993), mono- 

or diglycerides (Wright et al. 2000), wall and impellers of the crystallizer and so on. The 

activation free energy for heterogeneous nucleation ( *

hetG ) is lower than that of 

homogeneous nucleation, and the two can be related as )(*

hom

* fGGhet   which is 

attributed to the contact angle ( ) of melt onto the solid heterogeneous phase.  

 

The induction time, τind, which is the time used for nuclei to reach their critical crystal 

sizes is another parameter used to reflect the nucleation rate (Myerson 2002). The 

induction time is inversely proportional to the nucleation rate. Therefore, the nucleation 

rate can be calculated by experimental obtaining the induction time (Toro-Vazquez et al. 
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2002). 

 

The growth rate of nuclei is controlled by mass and heat transfer from the environment to 

the growing surface and the attachment of growth unit onto the right crystal lattices 

(Mullin 2001). The latter, the surface attachment, is usually considered as the rate 

controlling step (Garti and Sato 2001). One can test it by comparing the melting rate 

(mass and heat transfer controlled) and the growth rate. If the melting rate is much faster 

than the growth rate, the surface attachment kinetics dominates and vice versa.  

 

The relative growth rate of every crystal surfaces decides the crystal morphology, and an 

equilibrium shape forms when the surface free energy of all faces is minimized. Fat 

crystal morphology could be different for different polymorphs (Garti and Sato 2001). It 

could be also different even for the same polymorph at different processing conditions 

(Kellens et al. 1992). The traditional theory of predicting the crystal morphology is 

Bravais-Friedel-Donnay-Harker (BFDH) theory (Mullin 2001), which assumes the 

growth rate of each crystal face is proportional to its surface energy. Another theory 

(Hartman-Perdok theory) especially used for modeling TAG systems was developed by 

Hartman and Bennema (1980, 1995) by employing attachment energy as the 

growth-controlling parameter. The attachment free energy equals the energy loss if cutting 

the crystal along its crystallographic orientation. The needle-like growth morphology of 

TAGs was well predicted by computer simulation method (Meekes et al. 2003) using the 

Hartman-Perdok (HP) theory. Thus, the growth rate of commonly seen spherulites which 

are considered as aggregate of radially growing crystalline needles can be predicted 

(Hollander et al. 2002). However, there is still much to understand to extend the crystal 
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growth theories into various and multi-component fat systems. 

 

A sigmoidal shaped curve for TAG crystallization kinetics is normally shown, which is 

the consequence of nucleation, growth and impingement. A deterministic model for 

overall crystallization kinetics was derived by Avrami (1939) first used in metal systems 

and then extended to other systems including TAGs. Due to the simple expression, the 

Avrami model is widely used to estimate the overall crystallization kinetics. The 

simplified Avrami equation is shown below: 

)exp(1 nktX                                       (1.3) 

where X is the degree of crystallization; k and n are fitting parameters. 

 

A variety of techniques are available for the measurements of kinetics, such as: 

differential scanning calorimetry (DSC) (Foubert et al. 2003, MacNaughtan et al. 2006), 

polarized light microscopy (PLM) (Wright et al. 2000), ultrasound (Povey 1995), 

turbidimetry (Wright et al. 2000), pulsed nuclear magnetic resonance (NMR) (Kloek et al. 

2000), x-ray diffraction (XRD) (Mazzanti et al. 2009) and viscometry (de Graef 2006, 

Thareja et al. 2011). However, no one technique works on all material systems. For 

example, polarized light microscopy (Martini and Herrera 2002) was reported to be the 

most sensitive to detect nucleation but it was limited by its resolution. Turbidimetry is 

often limited by the concentration of crystals suspended. 

 

Processing conditions 
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Cooling and shear are the two most important processing conditions for TAG 

crystallization. Narine and Marangoni (2002) investigated the effect of cooling rate (from 

0.1°C/min to 5°C/min) on nucleation and crystal morphology of milk fat and 

lard-in-water systems. The results showed that upon slow cooling, there were low solid 

fat content and crystal sizes were usually large but the polymorphism was always stable. 

When fast cooling is applied, higher values of the Avrami constant and lower exponential 

index were obtained, and the crystals were always smaller. Cooling rates over a larger 

range from 0.1 to 20°C/min were used and nucleation was investigated by Humphrey and 

Narine (2007). Differential scanning calorimetry (DSC) results showed that the onset of 

crystallization temperatures decreased with the increasing of cooling rate as well as 

induction time. The explanation for this phenomenon was that fast cooling increased the 

viscosity of emulsions and subsequently increased the resistance to heat transfer.  

 

Herrera et al. (1996) investigated the effects of crystallization temperature, and suggested 

that induction time is higher at higher crystallization temperature and higher cooling rate. 

Also, the addition of surfactants prolonged the induction time and delayed the nucleation. 

Hindle et al. (2000) employed the curve-fitting method (Kloek, 1998) to investigate the 

effect of crystallization temperature on the nucleation. It was found that the maximum 

solid fat content increased with the lowering of crystallization temperature, which showed 

more crystals at higher supercooling. 

 

Sonwai and Mackley (2006) did a systematic study on the effect of shear on the 

crystallization kinetics and crystal morphology of cocoa butter in the shear rate range of 

50 s
-1

 to 1500 s
-1

. Integrated x-ray intensity results, which represent the crystallized solid 
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content, showed that an increase in shear rate induced the transformation of 

polymorphism of cocoa butter from an unstable form to a preferred stable form and 

resulted in early nucleation. Sonwai and Mackley (2006) stated that without shear, 

spheroid crystals appeared. Under gentle shear, the crystal size increased attributed to two 

reasons (Grall and Hartel, 1992). First, the gentle collision between crystals may provide 

broken surfaces to make fat molecules much easier to pack into the crystals. Second, 

gentle shear can optimize the heat transfer on the crystal surface by efficiently removing 

heat released during crystal growth process. When the shear rate reached 100 s
-1

, the 

crystal size decreased and the number of crystals increased. This is because high shear 

rate produces more crystals, which induce secondary nucleation. Also, under high shear 

rate, crystals aggregated together to form a solid mass, because shear increased the 

probability of collision of particles and subsequent van der Waals attraction force effects. 

 

Summary 

 

The crystal morphology of TAGs is usually controlled and modified by controlling the 

material systems and processing conditions. Sometimes, a desired nucleation and 

polymorph can also be controlled by adding well characterized foreign nuclei (Takiguchi 

et al. 1998). Secondary nucleation (Mullin 2001) and granulation (Reynolds et al. 2005) 

are also useful for designing demanding shapes of crystals. Although a common 

phenomenon in TAGs, spherulitic growth is not well understood and studies on the roles 

of surface attachment control and transportation control are still continuing.  
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1.1.3 Rheology Modifier 

Braun and Rosen (2000) defined rheology modifier as “a material that alters the rheology 

of a fluid composition to which it is added”. The rheology modifier plays important roles 

in achieving desirable flow behaviour and microstructure of the products. Examples of 

products required rheological modification by additives are paints, food, cosmetics and 

pharmaceuticals. Many rheology modifiers are used, such as microcrystalline cellulose, 

biopolymers like gellan gum, silica, acrylic polymers, and organic clays and so on 

(Koleske 1995). In foods, rheology modifiers can be diary milk fiber powders dispersed 

into melt chocolate (Marti, 2004). In pharmaceuticals, silica is used in topical therapeutic 

cream. In personal care products, acrylic polymers are used as thickeners in toothpaste. 

Gellan gum is also attracting increasing interest due to its forming thermoreversible gels 

(Caggioni et al. 2007) utilized in miscellaneous household products. 

 

Many factors influence the choice of rheology modifier, such as shape, size, charge, 

medium and processing conditions and so on (Mewis and Wagner, 2009). Figure 1.3 

shows the viscosity profile of a typical architectural coating for different coating 

processes at varying shear rates. The modifier(s) must provide a relative higher viscosity 

to level the paint, but also a lower viscosity for brush coating (Koleske 1995). 
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Figure 1.3. A typical architectural coating viscosity profile with three important shear 

rate ranges for application purpose (Koleske 1995).  

 

The rheology modifier added could be a solid, liquid or gas. During the past decades, the 

rheology of suspensions has been studied systematically and reviews can refer to Mewis 

(1994), Mewis and Wagner (2009), Russel (1989) and Wierenga and Philipse (1998). 

Rheology of suspensions is usually influenced by microstructural changes caused by 

fluid/particle or particle/particle interactions or both. For dilute dispersions, 

hydrodynamic effects and Brownian forces at low shear will dominate the rheological 

behaviour.  However, with increasing concentration of particles, particulate interactions 
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become more important, such as colloidal forces (Russel 1989), steric effects, and van der 

Waals attraction. 

 

The concentration regime of particulate suspensions can be divided into dilute, 

semi-dilute, concentrated and nematic (Doi and Edwards 1986) as shown in Figure 1.4. In 

dilute solution, the particle volume concentration (v) is low enough that particles can 

rotate freely and the distances between particles are much larger than the length of 

particles. In a semi-dilute solution, particles are considered as mathematical lines without 

thickness but cannot translate or rotate easily. In concentrated solutions, the thickness of 

particles cannot be neglected. Therefore, the difference is that for semi-dilute solutions 

the interaction between particles can be neglected in the static properties such as 

thickness of the particles. But in concentrated situations, both static and dynamic 

properties (i.e. shear viscosity, shear modulus) cannot be neglected. In this research, we 

are interested in the dynamic properties of suspensions and also particle thickness (i.e., 

fibers) is very important, so the semi-dilute and concentrated regimes are studied together.  

At still higher concentrations, an anisotropic nematic state forms due to the excluded 

volume interaction as shown in Figure 1.4(d). 
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Figure 1.4 Concentration regimes of rodlike suspensions. (a) dilute; (b) semi-dilute; (c) 

concentrated; (d) nematic. (Doi and Edwards 1986). 

 

Dilute dispersions 

 

Theories of suspension rheology of dilute dispersions are well understood (Mewis and 

Macosko 1994). For dilute suspensions, the shear viscosity  of a material which is 

defined as the ratio of shear stress  and shear rate  can be expressed as follows: 

...)][][1( 22   Hk                             (1.4) 

where  is the viscosity of the media;   is the particulate volume fraction; Hk  is the 

Huggins coefficient which reflects the particle/particle interactions; ][ is the intrinsic 

viscosity which stands by the average contribution of particles to the shear viscosity and 

is expressed as: 











0
lim][

                                         (1.5) 



PhD Thesis – Dingzheng Yang     McMaster University – Chemical Engineering 

 13 

Einstein in 1911 suggested an intrinsic viscosity of 2.5 for hard spheres. Batchelor (1977) 

obtained a magnitude of 6.2 for the coefficient of the 
2 term at low shear limit and 

suggested that the intrinsic viscosity and Huggins coefficient will both increase for 

anisotropic particle suspensions. Jeffery (1922) calculated intrinsic viscosity for 

anisometric particles as a function of aspect ratio. Brenner (1974) published the most 

comprehensive and precise expression relating intrinsic viscosity to particle aspect ratio r 

and the Peclet number Pe. When loading shear on the dilute suspension, the motion of the 

particles are determined by the shear stress and Brownian motion, especially rotary 

Brownian motion. Rotary Peclet number is defined as the ratio between shear rate  and 

rotational diffusivity Dr which can be obtained everywhere (Brenner 1967 and 1974): 

rD
Pe




                                 (1.6) 

In comparison with hard spheres, an additional orientation effect exists for axisymmetric 

particles. In dilute dispersions, hydrodynamic forces tend to align particles in the flow 

direction, while Brownian motion tends to randomize the particulate orientation.  As 

Brownian motion is a decreasing function of particle size, if both shear forces and particle 

size are small, the rotary Peclet number will approach zero. Otherwise, high shear rate 

and large particle will give Pe . 

 

An orientation distribution function for dilute dispersions was well developed and applied 

to many types of axisymmetric particles by Goldsmith and Mason (1967), Hinch and Leal 

(1972), Brenner (1974) among others. Jeffery (1922) found the periodic rotation of 

non-Brownian axisymmetric particles under shear flow and the rotation was termed the 
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Jeffery orbit. Goldsmith and Mason (1967) used visualization methods to study the 

non-Brownian rodlike particulate dispersions and directly observed the periodic rotation 

of particles. The period is a function of shear rate and aspect ratio for rodlike particles. 

 

Concentrated dispersions 

 

When the concentration of particles is beyond the dilute regime, particles cannot move or 

rotate freely without being impeded by other particles. In the semi-dilute Brownian 

suspension, Doi and Edwards (1978) developed a cage model to predict the rotary 

diffusivity of rods. The cage model assumes rods mainly diffuse along their own contour, 

and when the rod leaves its tube-like confinement its orientation can only change by a 

little angle. Marrucci (1985) extended the Doi-Edwards theory into polydispersed rod 

suspensions, and found that long rods could escape from the “cage” more quickly when 

shorter rods moved to dissolve the “cage”. 

 

For semi-dilute non-Brownian suspension, hydrodynamic interactions between particles 

become dominant. Batchelor (1971) developed a hydrodynamic screening model to 

predict the viscous drag coefficient.  Shaqfeh and Fredrickson (1990) modified 

Batchelor’s model (1971) by considering multiparticle hydrodynamic interactions of 

slender bodies. Hinch and Leal (1973) and Stover et al. (1992) used simulation and 

experimental results respectively to explain the orientation distribution of fibers in 

semi-dilute dispersions under steady shear flow. As Brownian motion could be neglected, 

weak hydrodynamic interactions would be enough to imbalance the Jeffery orbit to create 

a steady state flow. 
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A critical concentration called maximum packing fraction ( max ) exists in the case where 

the suspension is too viscous to flow. Krieger (1972) developed a semi-empirical equation 

containing both maximum packing fraction and intrinsic viscosity as shown: 

max][

max

)1(





 

r

                                  (1.7)

 

The Krieger model was used widely for any aspect ratio (Wierenga, 1998). max  can be 

fitted from experimental data for equation 1.7 and has been reported to be a function of 

aspect ratio by Kitano et al. (1981).  

 

Dynamic modulus 

 

Linear viscoelasticity of particle dispersions has been extensively studied by Shikata and 

Pearson (1994) and de Kruif et al. (1989). Storage (G’) and loss (G”) modulus are 

considered as a function of reduced frequency: Ta .  aT is the shift factor used to 

collapse modulus data from different temperatures onto one curve.   is the frequency 

and  is the longest relaxation time. Relaxation time is inversely proportional to particle 

diffusivity and proportional to the volume fraction. This is because closely packed 

particles relax slowly back to their original interparticle spacing.  Shikata and Pearson 

(1994) investigated spherical silica particles with diameters of 60 nm and found viscous 

properties dominate elastic properties for a volume fraction between 0.30 and 0.55. With 

increased volume fraction, G’ and G” will shift to lower frequencies and higher moduli.  
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At high frequency, the particles move much faster between each other than relaxation by 

Brownian motion. A high frequency viscosity (   /"lim)( G  ) is used to 

characterize the viscoelastic behavior at high frequency, so )( is higher at higher 

volume fraction. The theoretical relationship between )( and 
 
was studied by 

Beenakker (1984) and then extended by Shikata and Pearson (1994). 

 

Summary 

 

Stable particulate suspensions exhibit diverse rheological behaviors depending on the 

particle size, shape, volume fraction, charge, as well as the property of medium. Shear 

thinning and shear thickening (Wagner and Brady 2009, Cheng et al. 2011) for dilute 

dispersions of hard spheres are well studied. However, investigations for suspensions 

with high concentrations are not completely understood in both experimental and 

simulation (Michailidou et al. 2009) aspects. Nonspherical particles, e.g. rods, show shear 

thinning even at infinite dilute dispersion due to the orientation effects of such particles. 

But the observed large normal stress difference for non-Brownian rod dispersions has not 

been well understood. In addition to linear viscoelasticity effects of particle dispersions, 

recent suspension rheology studies on large amplitude oscillatory shear (LAOS) 

(McMullan and Wagner 2009) are of great interest to researchers. 

 

1.2 Thesis Objectives 

The overall objective of my work in this thesis is to understand the effects of HCO crystal 

morphology as the desired rheology modifier and the process conditions by which to 
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achieve the preferred crystal morphology. In this thesis, I am not going to target on a 

specific application but a general understanding of the crystal morphology on the function 

of the rheology modifier. Chapters 2-4 investigate crystallization process conditions and 

chapter 5 is about the rheological characterization of the HCO solution. The specific 

objectives of this research are: 

 

1. Effect of the temperature history on the crystal morphology.   A study how cooling 

as a function of time influences the proportion of the three observed crystal 

morphologies: fiber, rosette and irregular crystal.  

 

2. Effect of the shear history on the crystal morphology.   A study how the shear rate 

and time influence the proportion of fiber, rosette and irregular crystal.  

 

3. Kinetics of isothermal crystallization.   An investigation of the kinetics of 

isothermal crystallization and a modified Avrami model.  

 

4. Relationship between rheology and morphology.   An investigation of the effects of 

crystal morphology and microstructure on the rheology of HCO aqueous dispersions. 

 

1.3 Layout of the Thesis 

Chapter 1:   The research background of this thesis is summarized in this 

chapter, including the introduction of the material system, influencing factors of fat 

crystal morphology, and recent progress in rheology modifiers. The specific objectives 
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and an outline of the thesis are also presented here.  

 

Chapter 2:   This chapter describes the observation of HCO crystal 

morphology, and the variation of crystal morphology at isothermal and non-isothermal 

cooling histories. The thermodynamic parameters of rosettes and fibers are calculated and 

related to different nucleation mechanisms. 

 

Chapter 3:   This chapter states the effect of shear history on the 

emulsification of oil-in-water emulsion, nucleation and crystal morphology.  

 

Chapter 4:   This chapter describes the kinetics of isothermal crystallization, 

including nucleation, growth and overall crystallization rate. The overall crystallization 

rate was captured by both experiments and models. 

 

Chapter 5:   This chapter illustrates the rheology of HCO particulate 

suspensions affected by different crystal morphology. A correlation between the relative 

viscosity and morphology at dilute situation was developed. 

 

Chapter 6   This chapter summarizes the main conclusions and contributions 

of this project.  
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Chapter 2 Crystal Morphology of Hydrogenated Castor 

Oil in the Crystallization of Oil-in-Water Emulsion: 

Part 1. Effect of Temperature  

 

In this chapter, I performed all the experiments, characterization and manuscript 

preparation. Dr. Andrew Hrymak supervised this work and participated in the edits on the 

manuscript. The manuscript has been published in the journal Industrial & Engineering 

Chemistry Research.  
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ABSTRACT: Crystallization of hydrogenated castor oil-in-water emulsions has been studied by polarized light microscopy,
scanning electron microscopy, X-ray powder diffraction, and differential scanning calorimetry. Three types of crystal morphologies
have been observed: rosettes, fibers, and irregular crystals. The energy barrier to nucleation for fibers is suggested to be higher than
that of rosettes. Irregular crystals are thermodynamically less stable and tend to transform into stable polymorphs. Under isothermal
crystallization at a temperature of 70 �C, mainly rosettes are observed. With an increase of supercooling, by decreasing the
temperature to 55 �C, more fibers form due to a lower energy barrier to nucleation. If the crystallization temperature is set to 45 �C,
irregular crystals form first and then transform into rosettes. A nonisothermal crystallization study shows that at a cooling rate of
1 �C/min, more rosettes and fibers are produced compared to a higher cooling rate of 5 �C/min, which produces more irregular
crystals.

1. INTRODUCTION

Suspensions of hydrogenated castor oil (HCO) crystals are
encountered in industrial processing of intermediates to produce
rheological modifiers for a variety of products.1,2 Paint3 and
shampoos4 are examples of industrial applications of HCO
suspensions used as a rheological modifier. HCO modified
products show shear thinning and thixotropic behavior. Crystal
morphology is one of the most important factors that influence
the suspension rheology1 and significantly depends on the
nucleation and relative growth rate of the crystals in every
direction. The growth directions will follow the crystallographic
orientations most likely to grow depending on the thermody-
namic and kinetic factors.5,6 Polymorphism is a common phe-
nomenon for most substances7 and also appears in the HCO
system. However, HCO crystal morphology studies have been
rarely reported.8

Cooling history plays a key effect on the crystallization of oil-
in-water emulsions.9�11 It is generally suggested that less ther-
mally stable structures form under fast cooling and more stable
structures form under slow cooling.12 Lopez et al.13 studied the
crystallization of milk fat in water emulsions and concluded that
at a slow cooling rate (0.5 �C/min) more spherulitic crystals
were observed, while at a fast cooling rate (>1000 �C/min)
more needles were obtained. It is also suggested that the faster
the cooling rate the smaller the crystals and the less influence of
the interface on crystal morphology.

In this work, the mechanism of the formation of the HCO
crystal morphologies will be studied, and the variation of crystal
morphology dependence on the cooling history (isothermal and
nonisothermal) will be elucidated.

2. MATERIALS AND METHODS

2.1. Materials. Hydrogenated castor oil (BP Chemicals Ltd.)
has as its major component tri-12-hydroxystearin. HCO as used
is supplied in a white flake form. The surfactant, linear alkylbenzene

sulfonate acid (HLAS) was diluted by distilled water and
neutralized with sodium hydroxide solution to pH = 7.5 ( 0.5
to form sodium linear alkylbenzene sulfonate (NaLAS). The
concentration of NaLAS is 16.7 wt %. The method of preparing
the surfactant is similar to that used in industrial applications.4

2.2. Preparation of Oil-in-Water Emulsions. HCO-in-water
emulsions were prepared as follows: (i) 4 wt % HCO was added
into 96 wt % NaLAS solution; (ii) the above mixture was melted
in a 250mL round-bottom flask at 92 �C4,8 in an oil bath and then
stirred with a mechanical stirrer at 300 rpm to disperse the oil
phase into water by mediation of surfactant; (iii) after holding
5 min to remove the crystal memory, the emulsion was cooled in
the oil bath under 300 rpm mechanical agitation until the
temperature of the final crystal suspension reached room tem-
perature. The crystal suspension was stored at room temperature
and remained stable for more than a month. The HCO suspen-
sion can be easily withdrawn with a pipet and remelted to form
emulsions. On the basis of microscopic observation, flocculation
might happen before crystallization but coalescence rarely
occurred.
2.3. Polarized Light Microscopy (PLM). A polarized light

microscope (Olympus, Japan) with reflected cross polarized light
was used for crystal morphology observation under a 20� objective
lens using a Linkam Hot Stage TM94 (Linkam Scientific, Surrey,
U.K.) to quantify the effects on crystallization due to heating and
cooling of oil-in-water emulsions. The two polarizers were not
perpendicular in order to obtain more surrounding information,
which is beneficial for the analysis of morphology and size.
Differential interference contrast (DIC) was used to increase the
contrast between the crystals and the background. A sealed
sample cell comprised of a round cover glass with a thickness
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of 0.17 mm and diameter of 18 mm (Fisher Scientific, Canada), a
silicon wafer (University Wafer), and a stainless supporting ring
with a height of 0.5 mm used as spacer created a sample cell to
load emulsions. The sample cell was sealed using high vacuum
silicon grease (Dow Corning) avoiding contact between the
emulsion samples and the grease. A digital camera was used to
take pictures during the crystallization process. ImageJ (NIH)
was used for image analysis. Crystal number and sizes were
measured manually. Three experiments were performed, and the
average and standard deviation of the measured variable were
calculated for statistical purposes.
2.4. Scanning Electron Microscopy (SEM). A field emission

scanning electron microscope (JEOL JSM-7000F, JEOL) was
used to obtain the crystal morphology. A drop of HCO crystal
suspension was loaded on an aluminum sample holder and dried
before introduction into the microscope chamber. A lower
voltage of 2.0 kV was used to avoid destruction of the crystals.
2.5. X-ray Powder Diffraction (XRD). X-ray powder diffrac-

tion measurements were performed using a Rigaku RU-200 Cu
(wavelength of radiation source λ = 1.5498 Å�) generator, a
Bruker 2-circle D8 goniometer, and a two-dimensional Bruker
SMART 6000 CCD detector positioned 30 cm from the sample.
Emulsified samples (prior to crystallization) were sandwiched
between two Mylar polyester films (DuPont) with a stainless
steel ring supporting the two films. Silicon grease was used for
sealing. The emulsified samples were introduced into the Linkam
Hot Stage TM94 (Linkam Scientific, Surrey, U.K.) to complete
the crystallization under a given isothermal temperature and then
transferred immediately into the X-ray facility, where a 300 s
scanning time was used for each sample. Because of the short
transfer time, changes in crystal structure were considered negli-
gible; the 2θ angle varied from 1� to 24�. Preferred orientation
effects were neglected assuming that orientations of aqueous
suspended HCO particles were randomly distributed. A sample
with the surfactant sandwiched by two Mylar sheets was used to
create the background signal. The powder XRD patterns were
obtained by background signal subtraction.
2.6. Differential Scanning Calorimetry (DSC). A TA Q200

differential scanning calorimeter (TA Instrument, NewCastle, DE)
was used to characterize the thermal behavior during the crystal-
lization of emulsions and melting of HCO crystals. Prior to use,
indium (Ton = 155 �C) and n-hexatriacontane (Ton = 76.1 �C)
were used for temperature calibration. The heat flow due to
phase changes was calibrated by pure indium. An empty herme-
tical aluminum pan covered with a lid was used for baseline
calibration. Approximately 5�10 mg samples were introduced
into the DSC hermetically sealed aluminum pans. The samples
were first heated to 92 �C4,8 at the rate of 10 �C/min and held for
5 min to erase the crystal memory before cooling. After applica-
tion of different temperature time profiles (shown in section 2.7),
the crystals were heated to 92 �C again at the rate of 10 �C/min
to obtain the melting curves of crystals formed under various
cooling histories.
The onset temperature of crystallization, Ton, was obtained by

DSC14 from the tangent point of the exothermic peak and
baseline and microscopy observation of the appearance of the
first HCO crystal. The difference between the two methods was
less than 2 �C. The induction time (τ) of isothermal crystal-
lization was the time period between the onset of crystallization
and the time to reach the target isothermal temperature. The
induction time of nonisothermal crystallization was the differ-
ence in time from the start of crystallization to the time to reach

the melting point from the initial holding temperature (normally
above the melting point).15 The melting points for the observed
polymorphs are different as shown by DSC data in section 3.3.1.
However, the difference in melting points among different poly-
morphs is relatively small (<4 �C), thus amixture of polymorphs is
normally obtained. Therefore, the highestmelting point of 84 �C is
used to simplify the estimation of the induction time.
2.7. Temperature�time Profiles for Crystallization. The

HCO-in-water emulsionswere cooled to a specified target temper-
ature Tc (i.e., 70, 55, 45 �C) and held for 80 min. The cooling
rates used to reach the isothermal temperatures Tc were 40, 10,
and 1 �C/min. Only the 40 �C/min cooling rate was fast enough
to reach the isothermal temperature before any significant
change in the sample, which was considered as nearly isothermal
crystallization.
Three constant cooling rates (1, 2, and 5 �C/min) were used

to cool HCO-in-water emulsions from 92 to 20 �C. For each
cooling rate, stepwise cooling with two different temperature
step sizes (10 and 5 �C) was applied for emulsion crystallization.
Temperature time profiles were steps composed of a sharp
temperature drop and isothermal hold as shown in Figure 1. In
order to make a better comparison between constant rate cooling
and stepwise cooling, the temperature time profile of the former
always goes through the center points of both a sharp tempera-
ture drop and isothermal hold of the profile of stepwise cooling.

3. RESULTS AND DISCUSSION

3.1. Crystal Morphologies of Hydrogenated Castor Oil.
Three types of HCO crystal morphologies have been observed:
rosette, fiber, and irregular crystal. Micrographs of the three
morphologies are shown in Figure 2. HCO is composed of
triacylglycerols (TAGs), which can crystallize in a spherulitic
pattern depending on the processing conditions.16 Rosettes,
which have a similar structure as spherulites, are composed of
a core and radially grown fibers from the surface of the core.
Winderlich17 suggested the formation of polymer spherulites
need a heterogeneously nucleated core, which may be have been
due to the impurities of the system. Hollander et al.18 implied
that many needlelike single crystals grow out radially after a
three-dimensional nucleation from a central point to form
spherulites. The morphology of β-n,n,n TAG spherulitic crystal

Figure 1. Temperature�time profiles for 1 �C/min constant cooling
(dashed line) and 10 �C stepwise cooling (solid line) from 92 to 20 �C.
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has also been proved experimentally and theoretically using
Monte Carlo simulation by Hollander et al.,19 indicating that
the top face has a smaller edge free energy than the basal and side
faces resulting in fastest growth rate.20�22 Kellens et al.23 also
reported different branching components in forming a spheru-
litic structure. On the basis of isothermal crystallization tempera-
ture, grainy, fibrous, feathery, and lamellar microstructures were
observed. However, TAGs do not always form spherulitic struc-
tures. Depending on the cooling history, they can form individual
needles, which are the primary elements of spherulites.9 In this
work, HCO rosettes are a unique, differentiating crystal structure
compared with that of the spherulites. In HCO-in-water emul-
sions, the oil-in-water interface is mediated by the surfactant. The
process of crystal growth is controlled by both arrangement of
HCOmolecules onto the nuclei and diffusion of oil droplets to the
nuclei surface through the aqueous medium.
Fibers observed in the crystallization of HCO-in-water emul-

sions have large aspect ratios, and are usually not straight but
curved as shown in Figure 2. A single fibrous crystal has a similar
appearance as the branches of a rosette, but the fibers were
different structures compared with the rosettes from the begin-
ning of crystallization. The small edge free energy on the top face

leads to fast growth in the elongated direction.19 Crystal mor-
phologies other than rosettes and fibers are categorized as
irregular crystals that show irregular shape (Figure 2a).
Irregular crystals are usually formed under high supercooling

at quiescent emulsion crystallization. High supercooling provides
high driving forces to crystallization such that 2D nucleation does
not only start after completion of one layer but may occur
simultaneously in different layers resulting in concave faces to
form irregular structures. Himawan16 reported irregular struc-
tures when crystallizing a mixture of tripalmitin and tristearin
under high supercooling. This type of irregular structure is also
reported by Rousset et al.24

3.2. Onset Crystallization Temperature. Figure 3a showed
the onset temperature of crystallization (Ton) at various isother-
mal target temperatures (Tc) and cooling rates used to reach
Tc. Above 75 �C, no crystallization appeared because the super-
cooling was too small relative to the highest melting temperature
(Tm = 84 �C) of HCO crystal suspensions. At Tc = 70 �C,
crystallization occurred no matter what cooling rate was used to
reach the isothermal temperature. Also, the onset crystallization
temperatures were all 70 �C, which meant crystallization did not
occur beforeTc was reached. When a 40 �C/min cooling rate was
used to decrease the temperature of emulsions from 92 �C to
the targeted three isothermal temperatures, Ton was equal to Tc.
Therefore, 40 �C/min was fast enough to create the targeted
amount of supercooling (22 �C for Tc = 70 �C, 37 �C for
Tc = 55 �C, 47 �C forTc = 45 �C)without inducing crystallization

Figure 3. Onset crystallization temperatures versus (a) isothermal
temperature and (b) cooling rate.

Figure 2. HCO crystal morphology: (a) the three morphologies,
(b) irregular crystals, (c) rosettes obtained by SEM.
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during the cooling process. With a cooling rate of 10 �C/min to
55 and 45 �C, Ton was the same at 58 �C. For a cooling rate of
1 �C/min to 55 and 45 �C, Ton was the same at 68 �C. Hence the
crystallization started before Tc was reached. In the case of cooling
emulsions to 45 �C, at the rate of 1 �C/min, crystallization was
completed before reachingTc based on the DSC exothermic peak.
In Figure 3b, the onset temperatures of crystallization de-

creased with increased cooling rates. During constant rate cool-
ing, Ton decreased from 68 �C for a 1 �C/min cooling rate to
63 �C for a 2 �C/min cooling rate and 59 �C for a 5 �C/min
cooling rate. This implied that HCO molecules had time to
rearrange into their thermodynamically favorable conformation
at a slow cooling rate, and thenmolecules packed into the crystals
leading to a fast crystallization.25 On the other hand, during fast
cooling rates, the crystallization process was likely transport
controlled. HCOmolecules needed time to diffuse and grow even
if the supercooling was large enough for crystallization.26�28

During the stepwise cooling, because the sharp cooling proce-
dure went very fast, the crystallization mainly occurred at the
isothermal stage. Therefore, the onset temperature of crystal-
lization did not only depend on the supercooling and diffusion
but also relied on the temperature values of the isothermal stages.
For example, under stepwise cooling with a cooling rate of 1 �C/min
and step size of 10 �C, Ton was 67 �C and did not equal 68 �C, as
found for the constant cooling rate case. It is also noticeable that
the order of data points for 2 �C/min differed from the order for
1 �C/min and 5 �C/min. This occurred because before reaching
the isothermal step (57 at 2 �C/min cooling rate), the cooling
rate was so fast that no nucleation was detected.
3.3. Isothermal Crystallization: High Cooling Rate of

40 �C/min. 3.3.1. DSC and Microscopy. In Figure 4, the DSC
exothermic curves representing the crystallization processes at
three different isothermal temperatures (70, 55, and 45 �C) and
the corresponding micrographs of the crystal morphology are
shown. Table 1 provided the specific proportion of each mor-
phology observed at the three isothermal conditions. The single
crystallization peak at Tc = 70 �C mainly represented the
formation of rosettes, and it took 30 min for the completion of
crystallization. However, at Tc = 55 �C, which gave higher
supercooling, faster crystallization occurred and about 15 min
was used to finish the crystallization. The crystal morphology

obtained was a mixture of 31.3% fibers and 68.7% rosettes. After
lowering the crystallization temperature to 45 �C, a metastable
structure (irregular crystals) formed first and then most of the
crystals transformed into rosettes. It required about 50 min to
finish the transition, thus the DSC peak was much broader than
that of 55 and 70 �C. As triacylglycerols transitioned from less
thermal stable structures into more thermal stable ones,26,29

rosettes showed a more thermally stable nature than irregular
crystals.
In Figure 5, the DSC melting curves showed the thermal

behavior of crystals obtained immediately after the formation of
different morphologies in Figure 4. The curves for 70 and 55 �C
showed similar patterns and the same characteristic melting
points of ∼84 and ∼77 �C. Therefore, either the rosettes or
fibers had the two characteristic melting points. The melting
curve for 45 �Cgave twomoremelting points (∼72 and∼80 �C)
due to the introduction of irregular crystals. The lesser values of
melting points for irregular crystals also showed a less thermal
stable nature as compared to rosettes and fibers. In summary, for
HCO it was found that rosettes and fibers were relatively
thermally stable and irregular crystals were relatively less stable.
3.3.2. X-ray Powder Diffraction. Small and wide-angle X-ray

powder diffraction were applied for HCO polycrystalline phase
analysis. In Figure 6, diffraction patterns of HCO powder
obtained by isothermal crystallization were shown for the crystal-
lization temperature range from 45 to 70 �C. The scattering angle
2θ ranged from 1 to 24�. The X-ray pattern of the HCO particle
showed its characterized d-spacings at the small angle range were:
47.2, 32.5, and 16.9 Å�, and those at wide angle range were 4.46
and 3.97 Å�. It was found that the X-ray patterns of samples

Figure 4. DSC exothermic peaks of HCO-in-water emulsion crystal-
lization at various isothermal temperatures.

Table 1. Percentage of Crystal Morphology Crystallized at
Different Isothermal Temperaturea

temperature (�C) rosettes (%) fibers (%) irregular (%)

70 98.4 ( 0.2 1.6 ( 0.2 0

55 31.3 ( 0.3 68.7 ( 0.3 0

45 (16 min) 0 0 100

45 (50 min) 96.2 ( 2.7 0 3.8 ( 2.7
aThe number after the “(” shows the standard deviation.

Figure 5. DSC melting curves after crystallization at three different
isothermal temperatures: 45, 55, and 70 �C.
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crystallized at 55 and 70 �Cwere similar, which suggested that no
polymorphism change existed. The result of no polymorphic
change coincided with the information from the DSC melting
curves for samples crystallized at 55 and 70 �C showing the same
two characteristic peaks (Figure 5). In the wide angle region
(18�24�), X-ray patterns of HCO powder obtained at 45 �C
with a 16 min hold showed a larger peak at 4.46 Å� compared with

a 50 min hold, which indicated the polymorphic transition. The
polymorphic transition at 45 �C from a 16 to 50 min hold was
also shown in the small angle region (1�7�) where the magni-
tude of the peak at 32.5 Å� decreased but increased at 16.9 Å�. The
polymorphic change reflected the morphological change from
irregular crystals to rosettes with the increase in hold time at
45 �C. However, the pattern after transition at 45 �C was
different with that obtained by primary nucleation at 70 �C,
although both showed similar rosettelike morphology.
3.3.3. Nucleation and Activation Free Energy. The Fisher�

Turnbull equation was used for a nucleation kinetics study for
triacylglycerols and their emulsions.14,30,31 The nucleation rate
J was expressed as

J ¼ NkT
h

exp �ΔGd

kT

� �
exp �ΔGc

kT

� �
ð1Þ

where the first exponential term denoted diffusion effects and the
second exponential term denoted the activation energy where
ΔGc was the activation free energy. As the nucleation rate was
inversely proportional to induction time, plotting the slope (s) of
log (τT) versus 1/T(ΔT)2, the activation free energy was
calculated as ΔGc = sk/(ΔT)2, where ΔT was the supercooling.
In Figure 7a, the activation free energy for nucleation from
isothermal temperature 55 to 70 �Cwas calculated and the actual
values versus temperature shown as square plots in Figure 7b.
The round plots represented the activation energy when 100%
rosettes formed. The difference in activation energy between the
two situations increased with a decrease of the temperature.
From Table 1 it was shown that with a decrease of the isothermal
temperature from 70 to 55 �C, the proportion of fibers increased.
Therefore, the increased proportion of fibers indicated a higher
activation energy to nucleate compared to the rosettes.
In Figure 8, a sketch of the nucleation barrier as a function of

temperature6 explained the formation and transition of mor-
phologies. Rosettes and fibers showed the same equilibrium
temperatures (ER and EF), around 84 �C obtained from DSC
melting curves in Figure 5. The larger peak of the two melting
peaks was chosen to represent the melting point of rosettes
and fibers. In the same way, the melting point of irregular crystals
(EI) was chosen as 72 �C. The effective energy barrier must be

Figure 6. Small and wide-angle X-ray diffraction pattern for HCO
particles crystallized from different isothermal temperatures.

Figure 7. Activation free energy for nucleation at isothermal temperatures
from 55 to 70 �C by the Fisher�Turnbull equation: (a) calculation of
activation energy and (b) activation energy versus isothermal temperature.

Figure 8. Possible arrangement of the equilibrium and metastable
zones for the three morphologies versus the temperature. The direction
of the arrow showed the increase of the supercooling. The temperature
of equilibrium and metastable zones had been represented by solid lines
and dashed lines, respectively.
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overcome to achieve nucleation that gave rise to metastable
zones (MR,MF, andMI) for rosettes, fibers, and irregular crystals.
Step a�g denoted the trajectories of crystallization as a result of
fast cooling from the melt. Steps a, c, and e represented isothermal
crystallization at 70, 55, and 45 �C, respectively. Step a applied the
lowest supercooling compared to steps c and e. For step c, the
supercooling was large enough to reach the metastable zone of
fibers so both rosettes and fibers appeared. After further increasing
the supercooling (step e), the metastable zone of irregular crystals
was reached. On the basis of the Ostwald rule of stages,32 the
thermodynamically least stable polymorph would crystallize first
(step f). That was the reason why irregular crystals were observed
at the beginning. It was suggested that the transformation would
happen from the less stable polymorph to the more stable poly-
morph33 (step g). This coincided with the phenomena of irregular
crystals transforming into rosettes. Also it was reasonable to
suggest that the metastable zone of fibers was wider than the
equilibrium zone of irregular crystals. Therefore, the solid state
transition occurred from irregular crystals to rosettes rather than
fibers.
3.4. Nonisothermal Crystallization. 3.4.1. Lower Cooling

Rate: 10 and 1 �C/min. When 10 and 1 �C/min were used to
bring emulsions to the crystallization temperature of 70 �C,

HCO crystal morphology (Figure 9) showed similar patterns
with that observed for cooling with 40 �C/min. Table 2 showed
that the proportions of rosettes of all three conditions were close
to unity. For all three conditions, the same supercooling was
applied to induce nucleation because no nucleation started
before reaching the isothermal temperature. This is also termed
as near-isothermal crystallization by Marangoni et al.34 On the
basis of the discussion in section 3.3.1, it was suggested that the
amount of supercooling was so small that the activation energy
provided was only large enough for the nucleation of rosettes.
For Tc = 55 �C, with a 10 �C/min cooling rate, crystallization

started at 58 �C, as indicated in Figure 3a. The supercooling
(TM � 58) was smaller compared to (TM � 55) for Ton = 55 �C
with a 40 �C/min cooling rate.However, themorphologywas similar
under the two cooling rates, which suggested that the difference of the
two supercooling cases was too small to produce a difference in the
morphology ratio. However, when cooling emulsions at 1 �C/min,
the proportion of rosettes increased dramatically while that of the
fibers decreased. For constant cooling at 1 �C/min, crystallization
started at 68 �C, the peak temperature was 58 �C, and crystallization
was completed around 45 �C. In this case, the actual supercooling
starting thenucleationwasnot (TM� 55) but (TM� 68),whichwas
much smaller, so less fibers were found.

Figure 9. HCO crystal morphology under various crystallization temperatures with the cooling rate of 10 �C/min (a) 70 �C, (b) 55 �C, (c) hold at
45 �C for 10 min, (d) hold at 45 �C for 45 min; cooling rate of 1 �C/min (e) 70 �C, (g) 55 �C, (f) 45 �C.
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At a crystallization temperature of 45 �C, the same transition of
crystalmorphology from irregular crystals to rosettes at 40 �C/min
cooling rate were obtained for a cooling rate of 10 �C/min.
However, at a cooling rate of 1 �C/min, there was no such
transition because the crystallization had completed before
reaching 45 �C based on the DSC results.
3.4.2. Mean Crystal Size. In Figure 10, the mean crystal size of

rosettes was plotted at various cooling conditions. It was shown
that with the decrease of crystallization temperature, the mean size
of the rosettes decreased because higher supercooling induced a
higher nucleation rate. As the total amount of crystals was
constant, at the higher nucleation rate, the crystal size decreased.
At Tc = 70 �C, it was found that the size of the rosette

decreased with a decreased cooling rate. Thismeant the lower the
cooling rate, the higher the nucleation rate. For low cooling rates,
before reaching the crystallization temperature, the HCO mol-
ecules had enough time to prepare for packing into the favored
position to crystallize. Thus, the induction for nucleation was
low, which gave rise to a higher nucleation rate.
At Tc = 55 �C, because the supercooling between 40 �C/min

cooling (TM� 55) and 10 �C/min cooling (TM� 58) was similar,
nomajor differencewas observed between the crystal sizes. However,
for a cooling of 1 �C/min, the supercooling (TM � 68) to induce
nucleation was much smaller, so larger crystal sizes were obtained.
Similar resultswere shown forTc = 45 �C,where cooling at 1 �C/min
had a larger crystal size than cooling at 40 and 10 �C/min. The crystal
size for 10 �C/min coolingwas larger than that of 40 �C/min because
of lower supercooling for nucleation.
3.4.3. Constant Cooling Rate. The constant rate and stepwise

cooling studies are of importance in industrial applications.
For example, crystallization can occur during the recycling of

emulsions through cooling equipment, which would be similar to
the stepwise cooling profile. In Figure 11, DSC endothermic
curves were shown and corresponding microscopy results are
included beside the DSC curves. The melting curve of 1 �C/min
cooling showed a similar pattern with that of 70 and 55 �C in
Figure 5. The two melting points∼84 and∼77 �C indicated the
crystal morphology of the combination of rosettes and fibers
(Table 3). The results could also be explained through the
trajectories shown in Figure 8. At a 1 �C/min cooling rate, which
was very low for crystallization, the relatively stable phase of
rosettes and fibers formed.35 At a 2 �C/min cooling rate to 20 �C,
more irregular crystals were observed and the DSCmelting curve
showed similar patterns with that of isothermal cooling at 45 �C
(Figure 5). However, these irregular crystals did not transform to
the more thermodynamically stable shapes. The occurrence of
the solid state transition required themelting of less stable phases
and generation of more stable forms.33 The released energy from
forming more stable phases was provided for melting more less

Figure 10. Mean size of rosettes for isothermal crystallization with
different cooling rates.

Figure 11. DSC endothermic curves coupled with the corresponding
morphology.

Table 3. Percentage of Crystal Morphology at Different
Isothermal Temperaturea

cooling rate (�C/min) rosettes (%) fibers (%) irregular (%)

1 91.6( 1.2 8.4 ( 1.2 0

2 42.1 ( 7.4 1.6 ( 1.4 56.3 ( 8.8

5 1.1( 1.5 0 98.9 ( 1.5
aThe number after the “(” shows the standard deviation.

Table 2. Proportions of Crystal Morphology for Isothermal Crystallization with the Cooling Rate of 10 and 1 �C/mina

10 �C/min 1 �C/min

isothermal temperature (�C) rosette (%) fiber (%) irregular (%) rosette (%) fiber (%) irregular (%)

70 96.5 ( 1.1 3.5 ( 1.1 0 100 0 0

55 21.6 ( 1.7 78.4 ( 1.7 0 93.6 6.4 0

45 (16 min) 0 0 100 91.6 ( 1.2 8.4 ( 1.2 0

45 (45 min) 98.0 ( 2.9 0 2.0 ( 2.9 91.6 ( 1.2 8.4 ( 1.2 0
aThe number after the “(” shows the standard deviation.
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stable phases. This crystallization process might happen due to
any factors that reduced the energy barrier to nucleation, i.e.,
impurities, temperature.35 Compared to the solid state transition
of isothermal crystallization at 45 �C (Figure 5), 20 �Cwas much
further away from the melting points of irregular crystals
(∼72 �C), so the energy required to melt irregular crystals was
much larger. The transition at 45 �C took 34 min as indicated
previously, but at 20 �C almost no transition happened during
24 h. At a cooling rate of 5 �C/min, before the formation of
rosettes and fibers, the metastable zone of irregular crystals has
been overcome and nearly all irregular crystals were obtained.
3.4.4. Stepwise Cooling. In Table 4, it was shown that the pro-

portion of crystal morphology was similar within the same cooling
rate, although the onset points of crystallization was slightly different
based on Figure 3b. TheDSCmelting curves in Figure 12 showed no
difference in crystal morphology at the same cooling rate.
In Figure 13, the mean sizes of rosettes formed under the

1 �C/min cooling rate were shown. It was implied that the mean

sizes of rosettes increased with the increase of temperature step
size. In Figure 3b, it was shown that Ton was 67 �C for 10 �C
stepwise cooling, which was similar to that observed for the con-
stant rate cooling with a value of 68 �C. After Ton was reached,
there was 10 min isothermal crystallization for 10 �C stepwise
cooling, but the temperature for constant rate cooling was always
decreasing. Therefore, the driving force of nucleation for con-
stant rate cooling was larger than 10 �C stepwise cooling, which
produced smaller crystals. The onset of crystallization for 5 �C
stepwise cooling was 64.5 �C, which produced a higher driving
force for nucleation, as compared to that found for 10 �C
stepwise cooling, and was the reason for smaller crystals.

4. CONCLUSIONS

Rosettes composed of radially grown fibrous structures start-
ing from a heterogeneously nucleated core required lower activa-
tion free energy to nucleate than fibers. Irregular crystals showed
less thermally stable behavior than rosettes and fibers. For iso-
thermal crystallization, the crystal morphology and size were
mainly determined by the supercooling and induction time for
nucleation. Different cooling rates not only gave rise to different
proportions of crystal morphologies but also produced different
crystal size distributions. The higher the crystallization tempera-
ture, the more stable the crystals. Lower crystallization tempera-
tures (55 �C) reduced the nucleation barrier, and further reduc-
tions in the crystallization temperature (45 �C) produced a less
thermodynamically stable irregular crystal.

For nonisothermal crystallization, the lower the cooling rate,
the more stable the polymorph, specifically rosettes and fibers.
A fast cooling rate (i.e., 5 �C/min) produced less stable irregular

Table 4. Proportion of Morphology under Stepwise Cooling with Different Cooling Ratesa

5 �C 10 �C

cooling rate (�C/min) rosette (%) fiber (%) irregular (%) rosette (%) fiber (%) irregular (%)

1 94.9 ( 1.0 5.1 ( 1.0 0 90.7 ( 2.1 9.3 ( 2.1 0

2 39.5 ( 1.5 0 60.5 ( 1.5 33.6 ( 1.1 2.8 ( 1.0 63.6 ( 2.1

5 0 0 100 0 0 100
aThe number after the “(” shows the standard deviation.

Figure 12. DSC melting curves under (a) 2 �C/min cooling rate and
(b) 5 �C/min cooling rate.

Figure 13. Mean sizes of rosettes crystallized under a 1 �C/min cooling
rate; constant�constant rate cooling; 5�5 �C step size; 10�10 �C
step size.
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crystals, which usually transformed into more stable forms that
depended on the transition temperature.
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ABSTRACT: Crystallization of hydrogenated castor oil-in-water emulsions has been studied by polarized light microscopy under
controlled shear. Shear rates from 0 to 100 s�1 have been applied at cooling rates from 1 to 5 �C/min. Emulsions have been
redispersed by shear before crystals formed. The higher the shear rate, the smaller the droplet size. Nucleation has been promoted
with the increase of shear rate.Morphology analysis indicates that crystals in the form of fibers favor gentle shear, i.e., 1 s�1, but fibers
can be broken up with the increase of shear time. Crystals as rosettes tend to become elongated in the flow direction. At lower
cooling rate (<2 �C/min), mean crystal size decreases with shear rate.

1. INTRODUCTION

In food1�4 and personal care products,5 particle structures are
important to the rheological properties of the crystal sus-
pensions.6 The crystal morphology describing the shape of
particles depends not only on the component formulation but
also on the processing conditions, such as temperature, time, and
shear. Studies on the effect of shear on fat crystal morphology are
very limited.7�9 The present study focuses on hydrogenated
castor oil (HCO), which is composed of triacylglycerols (TAGs).
HCO exhibits three types of crystal morphology: rosettes, fibers,
and irregular crystals. Rosettes have a three-dimensional struc-
ture composed of a heterogeneously nucleated core and fibers
radially grown out from the core. Fibers grow one-dimensionally
and often show curves. Other than rosettes and fibers, HCO
forms irregular crystals which are formed by the less ordered
packing of HCO molecules due to high supercooling or fast
cooling.

Davies et al.10 studied the destabilization of triacylglycerols in
a water emulsion using sodium caseinate as the surfactant and
suggested that a critical shear stress existed beyond which the
emulsions could be destabilized readily. Also, it was found that
the crystallized particles acted as an emulsion stabilizer by
packing on the oil-in-water interface.11 Partial coalescence has
been studied by many researchers12�15suggesting that the pro-
truding crystals into emulsified droplets significantly influence
the stability of emulsions.

Shear-induced acceleration of nucleation has been investi-
gated extensively.4,16�18 Dhonsi16 concluded that the crystal-
lization kinetics of cocoa butter was independent of shear at
20 �C, but at 23 �C the induction time decreased under shear.
This was also confirmed by MacMillian19 that only the crystal-
lization of high polymorphs was dependent on shear.

The crystal morphology variation induced by shear was
studied by Sonwai and Mackley8 who suggested spherulites
formed at low shear, but smaller sized fragments formed when
shear increased. When the shear rate is increased further to
100 s�1, crystals tended to aggregate into clusters due to van der

Waals forces. A similar morphology transition has been obtained
by Tarabukina9 in the crystallization of palm oil under shear.

Application of shear during the crystallization and crystal
formation process significantly affects the final fat crystal mor-
phology and size distribution. However, very little work has been
done on the shear-induced crystallization of oil-in-water emul-
sion systems. The aim of the present study is to elucidate the
variation of the three crystal morphologies observed in HCO,
rosettes, fibers, and irregular crystals, based on different shear
rates and different cooling procedures.

2. MATERIALS AND METHODS

2.1. Materials. Hydrogenated castor oil (BP Chemicals Ltd.)
is an industrial chemical, and its major component is tri-12-
hydroxystearin. HCO is supplied in a white flake form. The
surfactant, linear alkylbenzene sulfonate acid (HLAS), is diluted
by distillated water and neutralized with sodium hydroxide
solution to pH = 7.5 ( 0.5 to form sodium linear alkylbenzene
sulfonate (NaLAS). The concentration of NaLAS is 16.7 wt %.
The method of preparation is similar to the industrial practice.5

No crystallization occurred on NaLAS during the experimental
procedures.20

2.2. Preparation of HCO-in-Water Emulsions. HCO-in-
water emulsions were prepared as follows: (i) 4 wt % HCO
was added into 96 wt % NaLAS solution; (ii) the above mixture
was melted in a 250 mL round-bottom flask at 92 �C5,21 in an oil
bath and then stirred with a mechanical stirrer at 300 rpm to
disperse the oil phase into water by mediation of surfactant; (iii)
after holding 5 min to remove the crystal memory, the emulsion
was cooled in the oil bath under 300 rpm mechanical agitation
until the temperature of final crystal suspension reached room
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temperature. The crystal suspension was stored at room tem-
perature and was stable for more than a month. The HCO
suspension can be easily withdrawn with a pipet and remelted to
form emulsions. On the basis of optical microscope observation,
flocculation may happen before crystallization but coalescence
rarely occurred.
The droplet size was measured by microscopy and character-

istic parameters, specifically droplet size (d32) and the relative
standard deviation (Cx) of the droplet size distribution, were
determined as follows:22,23

dab ¼ Sa
Sb

� �1=a � b

ð1Þ

Sx ¼ ∑
i
nidi

x ð2Þ

Cx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SxSxþ2

Sxþ1
2 � 1

r
ð3Þ

where ni is the number of droplets with the diameter di. a and b
are Euclidian dimensions.

2.3. Polarized Light Microscopy (PLM). A polarized light
microscope (Olympus, Japan) with transmitted polarized light
was used for in situ crystal morphology observation under a 20�
objective lens. A Linkam Shear Stage CSS450 (Linkam Scientific,
Surry, U.K.) was used to quantify the effects of heating and
cooling during shear of oil-in-water emulsions. Shear was applied
on samples by two parallel highly polished transparent quartz
plates with the upper stage stationary and the lower stage rotating
in order to generate shear. The gap between the two plates was
set at 500 μm to allow HCO three-dimensional crystal growth
and avoid wall effects that confine growth.24 The sample shear
was continuous, unidirectional, and steady. Shear rates used were
1, 10, and 100 s�1, and cooling rates were 1, 2, and 5 �C/min.

Figure 1. Micrographs of HCO-in-water emulsions under different shear rates: (a) quiescent, (b) 1 s�1, (c) 10 s�1, and (d) 100 s�1.

Figure 2. Droplet size distributions of emulsions at quiescent condition
and 1 s�1 shear rate. (lines to guide the eyes).

Table 1. Characteristic Droplet Sizes, Their Relative Stan-
dard Deviation, and Capillary Number at Different Shear
Rates

shear rate (s�1) d32 (μm) Cx (μm) Ca

0 36.34 0.52

1 40.98 0.44 0.023

10 3.33 0.27 0.018

100 2.24 0.31 0.124

Figure 3. Onset of crystallization temperature at different shear rates
and cooling rates.
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A digital camera was used to take micrographs of HCO crystals
during the crystallization process. It was difficult to obtain images
with good quality, while the lower stage was rotating, so the
rotation was stopped for 5 s at the end of everyminute of rotation
to allow for pictures to be taken.8 The commercial software
package ImageJ (NIH) was used for image analysis. Crystal
number and sizes were measured manually.
2.4. Onset Crystallization Temperature, Ton. Onset tem-

perature of crystallization, Ton, was obtained by direct observa-
tion through the microscope. The induction time of noniso-
thermal cooling, τ, was the difference between the start time for
crystallization and the time to reach the melting point.9 The
melting point of 84 �C obtained by differental scanning calorim-
etry (DSC) was used for our studies.

3. RESULTS AND DISCUSSION

3.1. Shear-Induced Destabilization of Emulsions and Re-
dispersion of Droplets. Shear was applied as soon as the
temperature started to decrease from 92 �C. Before the onset
of crystallization there was enough time for shear to redisperse
the oil droplets. Shear-induced destabilization of emulsions
depends on the balance between shear forces and interaction
between droplets which relies on the chemical properties of oil

and surfactants. For shear-induced destabilization in the HCO-
in-water emulsion system, flocculation and coalescence domi-
nate the emulsion destabilization at low shear rate. Flocculation is
due to the effect of both the London van der Waals attractive
force and the electrostatic repulsive force between droplets,
which is well-described by DLVO theory (named after Derja-
guin, Landau, Verwey, andOverbeek).25 For flocculation, there is
still distance between oil droplets, which is a function of overall
interfacial potential, such that droplets maintain their integrity.
However for coalescence, the energy barrier between droplets is
overcome and small droplets converge into bigger clumps.11 At
higher shear rate, shear forces will overwhelm the effect of
flocculation and coalescence to break up droplets into smaller
and more uniform sized daughter droplets.14

Micrographs of HCO-in-water emulsion at quiescent condi-
tions and 92 �C are shown in Figure 1a. It was found that
flocculation happened among droplets because the surfactant

Figure 4. Induction time at different shear rates and cooling rates.

Figure 6. Proportion of crystal morphology at 20 �C under different
shear rates and different cooling rates. The first line of the x-axis stands
by shear rates from 0 to 100 s�1, and the second line stands by different
cooling rates from 1 to 5 �C/min.

Figure 5. Crystal morphology at the beginning and end of crystallization under quiescent and 1 s�1 shear: (a) quiescent crystallization at 65 �C,
(b) crystallization with 1 s�1 shear rate at 74 �C, (c) quiescent crystallization at 20 �C, and (d) crystallization with 1 s�1 shear rate at 20 �C.
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NaLAS provides a low energy barrier and van der Waals attraction
forces play the key role. At longer times, coalescence occurred
producing much larger droplets. At 1 s�1 shear rate, the droplet
size became bigger and more droplets coalesce to form clumps as
shown in Figure 2. The characteristic droplet sizes (d32) and their
standard deviation (Cx) were calculated and summarized in
Table 1. The characteristic size of droplets increased from 36.34
to 40.98 μm by increasing the shear rate to 1 s�1. In Figure 2, it is
clearly shown that droplet size exhibited a bimodal distribution
under quiescent conditions but the distribution at 1 s�1 only
exhibited one peak. Also the number density in the smaller droplet
size region (from 8 to 13 μm) for quiescent situations is much
larger than that at 1 s�1 shear, with the implication that smaller
droplets coalesced into larger ones. Shear contributes to the
increase of collision frequency between droplets leading to more
occurrences of flocculation and coalescence.
At a shear rate of 10 s�1, shear stresses tend to deform and

rupture droplets and are larger than the effects of interfacial
tension which tends to keep droplets stable.26 Capillary number
(Ca), the ratio between shear stress and interfacial tension, is
expressed as follows:

Ca ¼ μ
:
γ

σ=r
ð4Þ

where μ is the viscosity of the aqueous surfactant, _γ is the shear
rate, σ is the interfacial tension, and r is the dimension of HCO
droplets. The interfacial tension can be calculated based on the
van Oss approach27 by introducing van der Waals and acid�base
interactions. Because of the lack of parameters of acid�base
interactions, accurate calculations are not provided here but estima-
tions are made. The critical capillary number can be estimated
from the simple shear curve made by Grace.28 A critical capillary
number of 0.7 is obtained when the relative viscosity between
droplets and the continuous phase is 0.4. When the shear rate
is increased, the capillary number exceeds its critical value and
droplets cannot exist in the stable form and break up into smaller
ones.28,29 As shown in Table 1, the characteristic droplet size
deceases dramatically to 3.33 μm compared to 40.98 μm at 1 s�1.
The capillary numbers are estimated by eq 4 and shown in
Table 1. All the values are smaller than the critical capillary
number to maintain the stable mean droplet size. This can also
explain why in Figure 1d at much higher shear rate (100 s�1),
the mean size of droplet decays further to 2.24 μm in order to
maintain a stable form.
At high shear rate, i.e., 100 s�1, the collision frequency12,28

increases while the time of each interaction decreases. However,
van Boekel et al.30 suggested that the time scale of the encounters
were more important for coalescence of paraffin oil-in-water

emulsions rather than surfactant and interdroplet forces. There-
fore, it is likely that the collision efficiency for coalescence is
not high enough such that shear can induce stable oil-in-water
emulsions.
The shear rate directly affects the droplet size distribution and

emulsion morphology, which will further affect the crystal size
during the cooling process. From Table 1, it was found that with
an increase of the shear rate, the mean droplet size decreased as
well as the final crystal size after crystallization. This implies that
the mean crystal size is dependent on the size of the emulsified
droplet.
3.2. Shear-Induced Enhancement of Nucleation. Super-

cooling is the driving force for the crystallization of redispersed
HCO-in-water emulsions under shear, so when the temperature
cools to the onset crystallization temperature (Ton) at a given
rate, nucleation starts to occur. In Figure 3 it is shown that with
the increase of shear rate from 0 to 100 s�1, the onset crystal-
lization temperature (Ton) increases continuously at all three
cooling rates with accelerated nucleation. This is likely due to the
shear rate such that droplet size decreases, leading to a larger
curvature of the droplets. The surfaces of these droplets offer a
lower barrier for heterogeneous nucleation on those surfaces.
Because HCO droplets are deformable under shear, another
possible reason for the increase in the onset crystallization
temperature is that HCO molecule chains are parallel under

Figure 7. Crystal morphology: (a) aggregation of fibers at 63 �C and (b) breakup of fibers at 55 �C.

Figure 8. Rosettes with elongated shape: 2 �C/min cooling rate and
1 s�1 shear rate.
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shear stress so that they do not need to adjust their orientation
before packing into the crystal conformation reducing the time
for the onset of nucleation.17,31

Padar et al.4 suggested that the induction time of βV cocoa
butter was a linear function of the logarithm of the shear rate.
Mazzanti et al.32 reported the similar function between induction
time (τ) and shear rate ( _γ) during the crystallization of β0 palm
oil and the general equation was summarized as follows:

τ ¼ �m logðk :γÞ ð5Þ
Figure 4 shows the experimental data for the induction time,

and the straight lines represented the fitted curves to eq 5. On the
basis of eq 5, m was estimated as 0.5 min, which was higher than
m ∼ 0.2 min for 5 �C/min cooling. k was 2.2 � 10�24, 1.58 �
10�21, and 4.47 � 10�26 for 1, 2, and 5 �C/min, respectively.
The effect of shear on the enhancement of the nucleation rate

influenced the final crystal morphology, which depended on both
nucleation and growth. With the increase of shear rate, the
nucleation rate and number of nuclei increased. The activation
energy barrier for nucleation has also been reduced so that the
probability of homogeneous nucleation will increase.
3.3. Shear-Induced Crystal Morphology Variation. 3.3.1.

Crystallization at Shear Rate of 1 s�1 with Cooling Rate of 1 �C/min.
If the effect of redispersion of emulsions and nucleation on
crystal morphology is indirect, the effect of crystal growth on
crystal morphology is direct. As mentioned above, crystallization
with shear starts earlier than quiescent crystallization. Therefore,
in Figure 5a,b, it is clearly shown that in a quiescent situation
crystals form at around 66 �C while at a lower shear rate of 1 s�1

crystals form around 74 �C. The crystal morphology at 1 s�1

shear rate contains more fibers than rosettes compared to the
crystal morphology without shear. This can also be shown by the
crystal morphology at the end of crystallization at 20 �C shown in
Figure 5c,d. The proportion of each type of morphology that was
obtained is shown in Figure 6. The number percentage of fibers
increases from 7.6% to 53.2% but that of rosettes decreases from
92.4% to 22.7%. As discussed previously, the formation of fibers
required higher activation energy to overcome the energy barrier
to nucleate compared to that for rosettes. Therefore, when shear

is applied, the activation energy barrier is reduced and it is more
likely for fibers to nucleate at the beginning of crystallization. The
surface free energy of the fiber is lower at its tip than its base and
side, so it tends to grow very long in one dimension.33�35

Therefore, more fibers are found at the end of crystallization at
the 1 s�1 shear rate.
In Figure 5d, it is found that some fibers or rosettes grow

together with irregular shaped crystals. This interesting phenom-
enon is caused by shear-induced partial coalescence followed by
crystallization. Under shear, the collision frequency of crystal/
crystal, crystal/oil, and oil/oil has been enhanced. Upon colli-
sion, crystals may aggregate together due to van der Waals
attraction forces; oil droplets may coalesce into larger droplets.
For collisions between crystals and oil droplets, the crystal can be
easily incorporated into the oil drop. When cooling is applied at
the same time, a heterogeneous nucleation on the surface of
crystals will happen considering the crystal as the nuclei.
As fibers have a long aspect ratio, it is easy for fibers to tangle

together during shear flow as shown in Figure 7a. In Figure 7b, with
an increase of shear time, long fibers are broken up into short pieces.
Rosettes are three-dimensional crystals with radially distrib-

uted fibrils growing out from a nucleus, which is usually sphere-
like. However under shear, many elongated rosettes have been
observed as shown in Figure 8. Some of these elongated rosettes
are formed due to the shear deformation and also some are
caused by variation of local mass transfer under shear flow. The
shear distribution around a sphere particle under laminar flow
has been demonstrated by Wagner et al.36 It was found that the
velocity gradient was the highest at the tangential point and
lowest at the stagnation point. Therefore, HCO drops at the
tangential point moves fast providing short time for crystal
growth. On the contrary, at the stagnation point, fluid is almost
stagnant so HCO droplets have more time to grow onto the
nuclei. As a result, rosettes will prefer to grow along the flow
direction leading to elongated rosettes.36

3.3.2. Crystallization at Shear Rates of 10 and 100 s�1 with
Cooling Rate of 1 �C/min.After a comparison between quiescent
crystallization and low shear (1 s�1) crystallization, we focused
our study on the effect of higher shear rates (10 and 100 s�1). At a

Figure 9. Crystal morphology under 1 �C/min cooling rate at different shear rates: (a) 10 s�1 at 65 �C, (b) 10 s�1 at 20 �C, (c) 100 s�1 at 55 �C, the
direction of arrow shows the shear direction, and (d) 100 s�1 at 20 �C.
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shear rate of 10 s�1, no rosettes are found during the entire
crystallization process but fibers do form from the beginning. In
Figure 9a, clusters of fibers are clearly shown at 65 �C; however,
with increased time under shear, fibers tend to be broken up. As a
consequence, fewer fibers can be observed and finally almost no
fibers are observedwhen the sample cools to 20 �C.At a shear rate of
100 s�1, fibers form at first. It is also shown in Figure 10c that the
fibers align with a dominant flow direction under laminar flow.
However fibers break up by the end of the experiment (Figure 9c,d).
Rosettes are not favored at shear rates of 10 and 100 s�1 as

shown in Figure 6. It has been explained that at high shear,
rosettes are not preferred to form. At high shear rates, HCO
droplets move very fast so that the residence time of surrounding
oil drops onto the surface of a crystallized droplet is not long
enough compared to the time needed for the growth of rosettes,8

resulting in small sized irregular crystals.
3.3.3. Crystallization at Shear Rates of 1, 10, and 100 s�1 with

Cooling Rates of 2 and 5 �C/min. As shown in Figure 6 for a
2 �C/min cooling rate, a shear rate of 1 s�1 also increases the

proportion of fibers compared to the quiescent conditions
as discussed in section 3.3.1. However, few rosettes and fibers
are observed at both 10 and 100 s�1 shear rate conditions
(Figure 10). Spherical rosettes are not easily formed under high
shear laminar flow36 compared to one-dimensional fibers, but at
the same time fibers can be easily broken up at shear rates above
10 s�1.
At the cooling rate of 5 �C/min, rosettes and fibers are rarely

observed, and irregular crystals dominate the crystal morphology
distribution (Figure 10e�h). Also, with an increase of the shear
rate, the crystal size becomes larger for 5 �C/min cooling. This
may be because fragment breakup produces more rough surfaces.
The energy of HCOmolecules attaching on the rough surfaces is
smaller than their attaching on smooth surfaces,8,37 facilitating growth
of larger crystals.

4. CONCLUSIONS

Crystal size was significantly influenced by the redistribution of
HCO-in-water emulsions by shear before the onset of crystallization.

Figure 10. Crystal morphology under 2 and 5 �C/min cooling rates at different shear rates at 20 �C. 2 �C/min: (a) quiescent, (b) 1 s�1, (c) 10 s�1, and
(d) 100 s�1. 5 �C/min: (e) quiescent, (f) 1 s�1, (g) 10 s�1, and (h) 100 s�1.
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The onset temperature of crystallization increased with in-
creasing shear rate. The induction time to nucleation was
found to be linear proportional to the logarithm of the shear
rate. The formation of fibers was favored under shear condi-
tions because the activation energy barrier decreased with
increasing shear rate. Fibers were also shear sensitive because
with the increase of shear time, fibers tended to break down
into smaller pieces.
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Chapter 4 Kinetics of Isothermal Crysallization of 

Hydrogenated Castor Oil-in-Water Emulsions  

 

In this chapter, I performed most of the experiments, characterization, models and 

manuscript preparation. Stephanie Kedzior did some DSC experiments. Dr. Andrew 

Hrymak supervised this work and participated in the edits on the manuscript.  

 

The format of this chapter is based on the Journal of American Oil Chemists’ Society 

where we have submitted our manuscript.    
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Abstract  

Kinetics of isothermal crystallization of hydrogenated castor oil in water emulsions 

exhibiting multiple crystal morphologies have been studied experimentally by DSC and 

polarized light microscopy. The induction time of nucleation increases with the increase 

of the isothermal temperature under which crystallization occurred. Crystal growth has 

been observed by microscopy showing that both crystal morphologies, fibers and rosettes, 

grow linearly at the initial stage of crystallization and then slow down to reach a plateau 

value.  The Avrami model, which has been widely used in kinetics studies of 

triacylglycerol systems, was employed to fit experimental results at different isothermal 

temperatures. It is found that experimental trends could be captured by introducing the 

volume fraction of each type of morphology into three dimensional and one dimensional 

full Avrami models. 

Keywords DSC; microscopy; Hydrogenated castor oil; Emulsion; Crystallization kinetics; 

Morphology; Avrami model 
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Introduction 

Hydrogenated castor oil (HCO) as a triacylglycerol (TAG) plays essential roles in 

modifying the rheology of household products and paints [1]. The development of a 

fundamental understanding of the crystallization process of HCO is very important in 

making the desired crystal morphology and size distribution to satisfy the requirements of 

industrial products [2-3]. Crystallization kinetics of TAG has been previously investigated 

due to its importance to processing and physical properties of products [4-5].  

Many experimental techniques have been applied to kinetics studies, such as 

differential scanning calorimetry (DSC) [6-9], microscopy [10], time resolved X-ray 

diffraction (XRD) [11] and ultrasound [12]. Wright et al. [10] suggested that the 

microscopy method was particularly sensitive to study the induction time. XRD [11] can 

be used in a kinetics study and for determining polymorphic transformation. Due to its 

accuracy and easy usage, DSC has been most widely used in both isothermal and 

non-isothermal crystallization [13]. Smith et al. [14] noted the importance of the 

temperature for isothermal crystallization because no crystallization should occur before 

reaching the target isothermal temperature.  

Recently, models for crystallization kinetics of TAG have been reviewed by 

Rousset [5], Foubert et al. [15] and Himawan et al. [16]. Those models have been divided 

into deterministic, numerical and stochastic approaches. The latter two methods are not 

widely used because of their complexity. The deterministic approach is widely employed 

in kinetics models such as those by Avrami [17-18], Gompertz [19] and Foubert [20].  

The Johnson-Mehl-Avrami-Komogorov (JMAK) model, which was originally developed 

for metals and then used for polymers, has been also widely used for triacylglycerols [6, 

21].  
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The Avrami model describes the overall crystallization kinetics including both 

nucleation and crystal growth. Nucleation is assumed to be either instantaneous or 

sporadic. Instantaneous crystallization indicates that nucleation occurred as soon as the 

temperature reaches the crystallization temperature.  Sporadic nucleation assumes the 

nucleation rate is a linear function of time, and then the growth rate is assumed to be 

constant after the formation of nuclei. The Avrami exponent has been given physical 

meanings by the type of nucleation and dimension of crystal growth. An exponent of zero 

or one indicated instantaneous and sporadic nucleation respectively; however, the Avrami 

exponent usually obtained was non-integer and could not explain the physical meaning of 

the kinetics. Metin and Hartel [6] used approximated Avrami models to fit crystallization 

kinetics. The full Avrami model [21] provides more parameters; however, there have been 

problems if more than one morphology are formed. Other deterministic models include 

the Gompertz model which was first used for microbes and then employed for 

triacylglycerols by Kloek et al. [19], and the Foubert model [20] which was developed by 

considering the first order forward reaction and an nth order reverse reaction.  

In this paper, isothermal crystallization kinetics of HCO is studied for the 

temperature range from 55°C to 70°C. At this temperature range HCO exhibits two 

crystal morphologies, rosettes and fibers [2]. The full Avrami model is modified, to better 

fit the experimental data and give some physical meaning to the parameters, by 

introducing the volume fraction of each crystal morphology.   DSC is used to quantity 

the degree of crystallization at varying times during the crystallization kinetics time span.  

Models 

Avrami [17-18] provided an approximate form of the kinetics model expressed as  



PhD Thesis – Dingzheng Yang     McMaster University – Chemical Engineering 

 48 

]1[
nkt

m eVV 
                              (1)

 

where k is Avrami constant and n is Avrami exponent. The approximate model was 

derived from the full Avrami model [17-18] whose one, two or three dimensional 

crystallization rates were given as follows 
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where V is the crystal volume per unit volume of suspension; mV is the maximum volume 

fraction which is less than 1, and depends on the supercooling rate and impurities. Avrami 

assumed the volume of crystals increased linearly with the volume fraction of remaining 

liquid, so l is the constant growth rate, which can be attained by microscopy.  The 

characteristic dimensionless time is given by pt  where p is the probability of growth 

per unit time. The number density decreases exponentially zeNzN  0)( with time 

z. 1 , 2 and 3 are shape factors. In our case, one-dimensional fibers and 

three-dimensional rosettes are the only two morphologies, thus 
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We assume that fibers and rosettes have the same density. Thus the volumes per crystals 

are respectively 
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where d1 is the diameter and L is the length of the fiber, and d3 is the diameter of the 

rosette.  Estimates of these three parameters, d1 , d3 and L, can be obtained by image 

analysis of the crystal distributions (assuming that fibers are cylindrical and rosettes are 

spheres) to determine average dimensions. Then introducing the crystal number of the 

fiber (N1) and rosette (N3), where N=N1+ N3, the maximum total volume per unit 

suspension are given by 
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The maximum total volume of all morphologies is 
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Substitution of Eqs. (9) and (10) into Eqs. (2) and (4) and their sum gives the total volume 

of all crystals: 
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By taking the induction time into account, t becomes (t-τi). After re-arrangement, Eq (14) 

becomes 
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where the degree of crystallization is X=V/Vm. Φ1 and Φ3 are the volume fractions of 

fibers and rosettes respectively at the end of the crystallization, which can be obtained by 

microscopy. Here it is assumed that fibers and rosettes nucleate simultaneously.    

Thus,  
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Experimental Procedures 

Materials 

Hydrogenated castor oil (BP Chemicals Ltd.) has as its major component 

tri-12-hydroxystearin. HCO was supplied in a white flake form. The surfactant, linear 

alkylbenzene sulphonate acid (HLAS), was diluted by distilled water and neutralized with 

sodium hydroxide solution to pH=7.5±0.5 to form sodium linear alkylbenzene sulphonate 

(NaLAS). The concentration of NaLAS is 16.7 wt%. The method of preparing the 

surfactant is similar to that used in industrial applications [1].   A comprehensive study 

of various surfactants was outside the scope of this work. 

Preparation of samples 

HCO-in-water emulsions were prepared as follows: (i) 4 g HCO was added into 96 g 

NaLAS solution; (ii) the above mixture was melted in a 250ml round bottom flask at 
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92°C in an oil bath and then stirred with a mechanical stirrer at 300 rpm to disperse the oil 

phase into water by mediation of surfactant; (iii) after holding 5 minutes to remove the 

crystal memory [1, 22], the emulsion was cooled in the oil bath under 300 rpm 

mechanical agitation until the temperature of final crystal suspension reached room 

temperature. The crystal suspension was stored at room temperature and remained stable 

for more than a month. The HCO suspension could be easily withdrawn with a pipette 

and re-melted to form emulsions. The droplet size distribution of emulsions prior to 

crystallization has been studied previously [3]. Based on microscopic observation, 

flocculation may happen before crystallization, but coalescence rarely occurred. However, 

coalescence may occur during the crystallization process. 

Polarized light microscopy (PLM) 

A polarized light microscope (Olympus, Japan) with reflected cross polarized light was 

used for crystal morphology observation at  20 × magnification using a Linkam Hot 

Stage TM94 (Linkam Scientific, Surry, UK) to quantify the effects on crystallization due 

to heating and cooling of oil-in-water emulsions. A sealed sample cell comprised of a 

round cover glass with the thickness of 0.17mm and diameter of 18mm (Fisher Scientific, 

Canada),  a silicon wafer (UniversityWafer, USA) and a stainless supporting ring with a 

height of 0.5mm used as spacer created a sample cell to load emulsions. The sample cell 

was sealed with high vacuum silicon grease (Dow Corning, USA) avoiding contact 

between the emulsion samples and grease. A digital camera (Olympus, USA) was used to 

take pictures during the crystallization process. The crystal numbers were counted and 

then the sizes were measured by ImageJ (NIH, USA). Three experiments were performed 

and the average value and standard deviation of the measured variables were calculated 

for statistical purposes.  
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Differential scanning calorimetry (DSC) 

Crystallization kinetics measurements by DSC are well known [6-9].  TA Q200 (TA 

Instrument, New Castle, DE, USA) differential scanning calorimeter was used to 

characterize the thermal behavior during the crystallizing of emulsions and melting of 

HCO crystals. Prior to use, indium (Ton=155°C) and n-Hexatriacontane (Ton=76.1°C) 

were used for temperature calibration. The heat flow due to phase changes was calibrated 

by pure indium. An empty hermetical aluminum pan covered with a lid was used for 

baseline calibration. Approximately 5-10 mg samples were introduced into the DSC 

hermetically sealed aluminum pans. The samples were first heated to 92°C at the rate of 

10°C/min and held for 5 minutes to erase the crystal memory [1, 22] before cooling. A 

cooling rate of 40°C/min was used to bring the sample temperature to the target 

isothermal temperatures: 55°C, 58°C, 68°C and 70°C.  An isothermal hold time of 40 

minutes was applied at the target temperature. 

The onset of crystallization was obtained by DSC [23] from the tangent point of 

the exothermic peak and baseline and microscopy observation of the appearance of the 

first HCO crystal. The induction time (τi) for isothermal crystallization was the time 

period between the onset of crystallization and time to reach the target isothermal 

temperature. The melting points of fibers and rosettes are similar [2], and the highest 

melting point of 84°C is used as the melting point for the mixed crystal system. 

Each of the kinetics models was fitted to the DSC experimental data using 

root-mean-square-error (RMSE) as a measure of best fit. 

Results and discussions 

Growth rate 

Figure 1 shows the growth process of HCO crystals as a function of hold time at the 
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isothermal target temperature. Mean crystal sizes of rosettes were measured and plotted 

versus time at all four isothermal hold temperatures, as shown in Figure 2. The growth 

rate of rosettes is linear at the initial stage and then reached a plateau.  The linear regions 

were estimated by the observation. The growth rates for the initial stage were obtained by 

fitting the following linear equation 

)(3 PLMtld                                                       (18) 

where PLM is the induction time obtained from the polarized light microscope study as 

shown in Figure 2. It was found that the higher the isothermal hold temperature, the lower 

the growth rate due to the lower supercooling. Wright et al. [10] suggested that estimated 

growth kinetics could be different using different measuring techniques. However, the 

growth time and final sizes of crystals obtained by DSC (the sample was taken out to the 

microscope from the DSC pan) and microscopy were similar, which allows us to 

incorporate the linear growth rate term as a known parameter to the full Avrami model 

[17-18].  

 

Fig. 1 Polarized light microscope images showing the growth of rosettes at the isothermal temperature 

of 70°C at different hold time (a) 10 min; (b) 13 min; (c) 34 min. 
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Fig. 2 The relation between mean size of rosettes and  the time at isothermal temperatures of 55°C, 

58°C, 68°C and 70°C. 

In Table 1, the dimensions of rosettes and fibers at the end of crystallization are shown. It 

was found that the mean size of rosettes is largest at 70°C and smallest at 55°C due to 

lower supercooling at 70°C that induced a lower nucleation rate.  
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Table 1 Growth rate and induction time obtained by microscopy of rosettes, and final dimensions of 

rosettes and fibers at different crystallization temperatures. 

Crystallization 

temperature (°C) 

Rosette Fiber 

d3 (μm) l (μm/min) PLM (min) d1(μm) L(μm) 

55 11.96±2.80 1.18 2.27 2.65±0.40 19.13±0.91 

58 12.28±5.90 1.16 2.48 1.59±0.02 15.12±1.28 

68 13.26±6.95 1.07 3.42 1.77±0.17 15.14±0.62 

70 22.08±10.61 1.02 3.56 2.07±0.15 25.96±6.69 

Note: the number after “±” represents the standard deviation of size distribution. 

Note: very few fibers were obtained at the isothermal temperature of 68°C and 70°C. 

 

Fig. 3 Application of Hoffman-Lauritzen theory to model spherulitic growth of rosettes. The units of 

linear growth rate of rosettes ( l ) is μm/min. 
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Hoffman-Lauritzen model was developed to describe the linear spherulitic growth rate of 

TAGs [16, 24] and a linear relation was expected when plotting lln and ))(/(1 TTT m  . 

In Figure 3, it is clearly shown that a linear model described the data well (R
2
=0.992) the 

logarithm of the linear growth rate of rosettes as a function of the driving force term. This 

linear relation also indicates a surface nucleation growth mechanism dominates the 

growth of rosettes during the whole range of isothermal temperature [25] although the 

growth of rosettes could happen either within one droplet or through coalescence between 

droplets [3].  

Overall crystallization kinetics and the Avrami model 

For the given cooling rate of 40°C/min, no significant crystallization likely occurred 

before reaching the isothermal temperature.  DSC exothermic curves versus time under 

the isothermal temperatures from 55°C to 70°C are shown in Figure 4. On the basis of the 

DSC exothermic curve in Figure 5, the degree of crystallization versus time is obtained at 

different isothermal temperatures. As shown in Figure 5, sigmoid shape of crystallization 

curve reflects the overall crystallization, including nucleation, growth and crystal 

impingement effect, which slowed the growth [15]. 

The start point at the beginning of the crystallization peak corresponds to 

induction time for nucleation listed in Table 1. It was shown that the higher the 

crystallization temperature, the greater the induction time, due to less supercooling which 

is the driving force to nucleation. The induction time is inversely proportional to 

nucleation rate and increases with the crystallization temperature. The induction time 

obtained by microscopy shown in Table 1 is more rapid than obtained by DSC at the same 

crystallization temperature. Kawamura [8] suggested this phenomenon could be due to 
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the difference in the sample weight and configuration, and the definition of the induction 

time. 

 

Fig. 4 Crystallization curves by DSC at different isothermal temperature. 

The half time of crystallization (t1/2), which is the time used to achieve half of the total 

degree of crystallization, reflects the crystallization rate [26] as shown in Table 2. It is 

found that half time of crystallization decreases with the decrease of crystallization 

temperature from 70°C to 55°C. Also, there is large decrease in t1/2 from 70°C to 68°C.  
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Table 2 Induction time, half time of crystallization and number proportion of morphologies at different 

crystallization temperature. 

Temperature (°C) 55 58 68 70 

τi (min) 2.39±0.50 3.05±0.23 3.34±0.27 5.88±0.43 

t1/2 (min) 9.55±0.07 9.95±0.15 11.43±0.06 20.57±0.43 

Rosette (%) 31.3±0.2 62.9±2.1 92.5±2.2 98.4±0.2 

Fiber (%) 68.7±0.2 37.1±2.1 7.5±2.2 1.6±0.2 

Note: the number after “±” represents the standard deviation. 

Table 2 shows the proportions of each crystal morphology. The final number fraction of 

each morphology is used to calculate the volume fraction of each based on Eq. 16 and Eq. 

17. In Table 3, the modified Avrami model shows the smallest value of RMSE, showed 

the best fit to DSC results. It is also found that RMSE for 3-D Avrami model exhibits the 

second smallest value for crystallization occurred at 68°C and 70°C. This is because 

three-dimensional rosettes take up almost all the proportion of the final crystal 

morphologies. Fitted parameters in the models are also shown in Table 3. For full Avrami 

models, initial number of nuclei N0 and probability of growth p are the two fitted 

parameters; while constant k and exponent n are the two fitted parameters for 

approximated Avrami model. Padar et al. [21] suggested that N0 and p increased with the 

increase of the supercooling. We found that the trend of p for the modified Avrami model 

coincided with the conclusions of Padar et al., but that the trend for N0 was opposite and 

the reason for this was not clear. For 1-D fibrous and 3-D spherulitic growth with 

sporadic nucleation, the Avrami exponent is expected to be between 2 and 4, and increase 

with the crystallization temperature due to the increasing proportion of 3-D spherulitic 

growth. Although the Avrami exponent n shown in Table 3 is between 2 and 4, n does not 
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increase as expected. Therefore, in this situation the Avrami exponent does not account 

for the nucleation and the dimension of growth well [17-18].  

 

Table 3 Values of parameters and RMSE of models. 

Temperature 

(°C) 
Models 

Parameters 
RMSE 

N0 (ml
-1

) p (min
-1

) k (min
-n

) n 

55 

1D 5.35×10
11

 5.11×10
-6

 ― ― 0.9726 

3D 1.58×10
8
 5.06×10

-4
 ― ― 0.2290 

Approximate ― ― 1.81×10
-3

 2.99 0.2008 

Modified 1.40×10
7
 0.141 ― ― 0.0273 

58 

1D 7.51×10
11

 4.37×10
-6

 ― ― 1.9531 

3D 2.44×10
8
 4.44×10

-4
 ― ― 1.2227 

Approximate ― ― 6.55×10
-3

 2.51 0.4289 

Modified 1.75×10
7
 0.153 ― ― 0.0090 

68 

1D 4.01×10
11

 4.90×10
-6

 ― ― 0.6081 

3D 2.50×10
5
 1.98 ― ― 0.1804 

Approximate ― ― 1.70×10
-3

 2.81 0.1120 

Modified 4.66×10
9
 0.0108 ― ― 0.0139 

70 

1D 2.58×10
11

 2.53×10
-6

 ― ― 0.6976 

3D 3.45×10
5
 0.022 ― ― 0.1746 

Approximate ― ― 3.70×10
-4

 2.80 0.1720 

Modified 2.97×10
9
 0.0559 ― ― 0.0145 

 

   The modified Avrami model fits the experiments best as shown in Table 3 and the 
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visual comparisons are shown in Figure 5. Campbell et al. [27] suggested that the Avrami 

model did not account for the droplet size distribution, but was likely skewed toward the 

behavior of large droplets (1.264±0.437 μm) for both emulsified lard and palm 

stearin/canola oil. This is because the larger droplet size may contain more impurities, 

increasing the likelihood for the occurrence of a heterogeneous nucleation in large 

droplets as in the bulk. For our emulsion system, the mean size of droplet is 36.34 μm [3], 

but the mean crystal size crystallized in the bulk HCO is less than 30 μm (micrographs 

are not shown). This evidence provides the probability of using the Avrami model 

regardless of the droplet size distribution issue. Moreover, the good fit (R
2
>0.995) shown 

in Figure 5 implied that the Avrami model works well on modeling the crystallization 

kinetics of emulsified HCO. However, there is still a systematic deviation at the end of 

the crystallization. This is probably attributed to collision between different morphologies. 

In the modified Avrami model, the fiber-fiber and rosette-rosette collisions are separated, 

while in fact the collisions could also occur between fiber and rosette. 
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Fig. 5 Comparisons between experiments and modified Avrami models.  

Conclusions 

The kinetics of isothermal crystallization in the presence of mixtures of crystal 

morphologies have been captured by DSC and microscopy and modeled by a modified 

Avrami model. The induction time of nucleation increased with increased crystallization 

temperature, indicating lower supercooling provides lower driving force to crystallization. 

The linear crystal growth rate at the initial stage of crystallization decreases with increased 

isothermal temperature. The overall crystallization kinetics is well fitted by the modified 

Avrami model which introduces the volume fraction of each morphology.  
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Chapter 5 Rheology of Aqueous Dispersions of 

Hydrogenated Castor Oil  

 

In this chapter, I performed all the experiments, characterization and manuscript 
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Abstract: Three major hydrogenated castor oil crystal morphologies have been observed: fiber, rosette and 

irregular crystal. Due to the difficulty in obtaining samples with a single crystal morphology, rheological 

studies of suspensions containing mixtures of the three morphologies in a aqueous solution have been 

undertaken. The viscometry of dilute suspensions has shown that the magnitude of intrinsic viscosity is 

dominated by the fraction of a crystal morphology type, i.e. fiber > rosette > irregular crystal. A modified 

Farris model was fitted to the rheology data from mixtures of crystal morphology with interacting particles. A 

yield stress exists for concentrated suspensions followed by a shear thinning behavior with the increase of 

shear rate. A power-law relation has been found between yield stress and total particle volume fraction, and a 

constant exponent of 1.5 has been obtained regardless of crystal morphology.  

Keywords: suspension rheology; morphology; hydrogenated castor oil; fiber; rosette 

Introduction 

The dispersions of hydrogenated castor oil (HCO), i.e. tri-12-hydroxystearin, crystals are 

widely used as rheological modifier in paints, cosmetics and household products 

(Magauran et al. 1994, Goddinger et al. 2009). Three HCO crystal morphologies have 

been observed: fiber, rosette and irregular crystals (Yang and Hrymak 2011, Yang et al., 

2011). Different combinations of the fractions of the three morphologies can be produced 

by controlling the crystallization temperature, shear rate and time. The purpose of this 

work is to investigate the effect of HCO crystal morphology on aqueous suspension 

rheology. However, it is difficult to separate a single morphology from the mixtures of 

morphologies. Therefore, our studied material system is the mixture of morphologies. 

   The suspension rheology of hard spheres has been extensively studied, but 

nonspherical particulate dispersions are widely used (Mewis and Wagner 2009). 
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Nonspherical particles are often characterized by one dimension, which is significantly 

different from another orthogonal direction. For example, two simplified non-spherical 

shape models are rotational ellipsoids and circular cylinders.  The shape factor can be 

quantified by the aspect ratio, r, defined as the ratio of maximum Feret diameter (L) 

divided by the minimum Feret diameter (D) (Merkus et al. 2009). Therefore, elongated 

particles, such as fibers and rods have an aspect ratio r >> 1, and “flaky” particles r << 1.  

The aspect ratio provided a convenient way to quantify the effect of dimensions of 

nonspherical particles in the rheology of suspensions (Brenner 1974; Petrie 1999; Petrich 

et al. 2000). Aspect ratios of particles usually vary with the particle size distribution. 

However, an average aspect ratio which is calculated from the overall particle distribution 

is commonly used (Pabst 2006). The three concentration regimes are also quantified by 

comparing the volume fraction ( ) of the dispersion and aspect ratio of particles 

(Solomon and Spicer 2010). The regimes are typically delineated as follows: dilute 

regime, 
2/1 r ; semi-dilute regime, rr /1/1 2  ; and concentrated regime, 

r/1 . 

   Farris (1968) modeled the relative viscosity of bimodal mixtures and then was 

extended to multimodal suspensions. In the bimodal system, a very large size ratio 

between coarse and fine particles is required so that interactions between the two sizes of 

particles are neglected. Therefore, suspensions of fine particles can be assumed to be 

acting as the suspending media of coarse particles. The Farris model was also 

successfully employed to deal with bimodal system with mixtures of morphologies under 

the assumption of non-interacting particles by Mor et al. (1996) and Marti et al. (2005). 

Based on the Farris model, the relative viscosity of a bimodal suspension, r , is expressed 
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as 

)()())(( cfcrfr

f

f

r HH 











 

                             (1) 

where fr  is the relative viscosity of fines and is defined as the ratio between the 

viscosity of suspensions containing only fine particles ( f ) and the viscosity of the media. 

cr is the relative viscosity of coarse particles and is defined as the ratio of the viscosity of 

the suspension after adding coarse particles ( ) to the viscosity of suspensions containing 

just fines ( f ). H is the function between relative viscosity of fine and coarse particles 

and the volume fractions of each type. A Krieger-Doughty (1972) type of function was 

used by Farris (1968) and Marti et al. (2005) to represent H.  As 1)( H when 0 , 

Eq. (1) is valid for all values of . 

   Zaman and Moudgil (1998) modified the Farris model for low size ratios (< 2.5) of 

bimodal particulate systems, and particle-particle interactions were considered. )( cG  , a 

function of volume fraction of coarse particles involving inter-particulate interactions, 

was used to replace )( cH  and expressed as  

)(
)(

f

r
c

H
G




 

                                                       (2) 

   If the fine particles were replaced by the same volume fraction of coarse particles, and 

the replaced coarse particles were the same with the subsequent added coarse particles, 

then 
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where the subscript m denotes a monodisperse system. Because only coarse particles exist 

in the suspensions, )(mcr is fixed for fixed total volume fraction regardless of the 

variation of f . Therefore, the presence of fines differentiates )( cG  and )( cmG  , and 

this difference can be eliminated by normalizing the data  
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                                                       (4) 

   If an empirical correlation of )( fJ   is substituted into Eq. (4), combined with Eq. (2) 

and (3), the relative viscosity as the function of f  at different total volume fraction of 

particles can be expressed as 

)(
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fm

fmcrf

r
G
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                                                   (5) 

   In this paper, the relationship between mixtures of crystal morphologies and rheology 

were extensively investigated in both dilute and concentrated regimes. 

Experimental 

Materials 

Hydrogenated castor oil (BP Chemicals Ltd.), tri-12-hydroxysterin, crystals were made by 

controlling the temperature (Yang and Hrymak, 2011) and shear (Yang et al., 2011).  

HCO crystals have a density of 0.99 g/cm
3
, which is close to water. The HCO was 
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dispersed in an aqueous solution of 16.7 wt% sodium linear alkylbenzene sulfonate 

(NaLAS), and the pH of the surfactant was kept at 7.5±0.5. The density of pure NaLAS is 

approximately 1.03 g/cm
3
 at 25°C. The volume fraction of HCO was estimated from the 

weight fraction by considering the density of the dispersion as 1 g/cm
3
. 

Preparation of HCO dispersions 

4 g HCO was added into 96 g NaLAS solution in a 250ml round bottom flask in an oil 

bath, and then the mixture was melted at 92°C (Goddinger et al. 2009, Spicer and Hartel 

2005). Mechanical stirring at 250 rpm was used to disperse the oil phase into water with 

mediation of surfactant. After holding for 5min, to remove the crystal memory, the 

emulsion was cooled under 250rpm mechanical agitation until the temperature of the final 

crystal suspension reached room temperature. Three cooling procedures, oil bath, air bath 

and water bath, were used to achieve crystallization as shown in Fig. 1, and three different 

crystal morphologies were obtained respectively as shown in Fig. 2(a), 2(b) and 2(c). 

However, the degree of crystallization as measured by the DSC melting curves were 

almost the same (error less than 3%) for the three HCO dispersions. 

   HCO suspensions were diluted by adding the same concentration of the 

water-surfactant mixture as for the original suspensions. Due to the fragility of HCO 

crystals, the suspensions could not be dispersed by strong ultrasonic or mechanical 

agitation, instead a sample shaker was used over a period of 24 hours.  
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Fig. 1 Temperature-time profiles for the crystallization of oil-in-water emulsions to make HCO dispersions.  

Morphology 

The HCO crystal morphology was observed under transmitted polarized light microscopy 

(VWR Vista Vision, USA), and 40 × magnification objective. The particulate suspensions 

were diluted with distilled water for better observation of individual crystals as shown in 

Fig. 2. As the orientation of fibers affects the observed lengths, the sample between two 

microscopy slips was minimized to approximate a two-dimensional plane. A digital 

camera (VWR VistaVision, USA) was used for recording micrographs.  

   A JEOL 1200 EX TEMSCAN transmission electron microscope (JEOL, USA) 

operated at 80 kV was used for the observation of the nano-scaled crystals. Prior to 

observation, a drop of HCO crystal suspension was loaded on Formvar-coated (Canemco 
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Inc., Quebec, Canada) copper grids and dried slowly in natural air. The 4 wt% HCO 

suspension was diluted 10 times with 16.7 wt% of NaLAS and then 1,000 times with 

water to avoid the aggregation of crystals. ImageJ (NIH, USA) was used for image 

analysis, where more than 500 particle measurements were assembled to estimate the 

sizes and number fraction of each crystal morphology.  

 

Fig. 2 HCO crystal morphology. (a) F0.52R0.38I0.10 ( =0.01); (b) F0.16R0.71I0.13 ( =0.01); (c) F0R0I1 ( =0.3); 

(d) nano-fibrous fragments. 

   Table 1 lists the number fraction of each crystal morphology type in the three different 

mixtures shown in Fig. 2. Based on the number fraction, the three mixtures are referred to 

as F0.52R0.38I0.10, F0.16R0.71I0.13 and F0R0I1, where the subscript refers to the number fraction 
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of that crystal morphology type. Table 1 also lists the size of each morphology, and it is 

found that the equivalent diameter and the polydispersity of the same morphology is 

slightly different among the three mixtures. Here we focus on the morphological effect 

and assume there is little effect of the observed size distribution on the rheology (Chong 

et al. 1971).  

 

Table 1 Physical properties of HCO particles in the three suspensions. 

Morphology Parameters F0.52R0.38I0.10 F0.16R0.71I0.13 F0R0I1 

Fibres nF 

L, μm 

D, μm 

r 

0.52 0.16 0 

 12.2±6.7 11.5±4.5 - 

 0.91±0.20 0.79±0.22 - 

 15.1±6.6 14.5±6.8 - 

Rosettes nR 

dR, μm 

0.38 0.71 0 

 14.9±6.3 13.5±7.4 - 

Irregular nI 

dI, μm 

0.10 0.13 1 

 10.9±6.8 16.3±10.4 43.8±40.4 

nF, nR and nI stand by the number fraction of each morphology. 

dR and dI are diameters of rosettes and irregular crystals. 

 

   Nano-fibrous crystals exhibiting chirality (Kuwahara et al., 1996; Rogers et al., 2008) 

with the average diameter of 26.7 nm were also found in the suspensions as shown in Fig. 

2(d). Thus far, it is not clear whether these are fragments broken down from rosettes or 

macro-fibers, or form due to primary nucleation. Through image analysis, the number 
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ratio between nano- and micro- sized crystals was quantified to generate a volume 

fraction distribution as a function of crystal size of the suspension F0.52R0.38I0.10 as shown 

in Fig. 3. By assuming rosettes as equivalent hard spheres, the volume fraction of 

nano-fibrous fragments was roughly calculated to be around 10
-6

 among the total amount 

of HCO. Therefore, in this paper, we do not consider the effect of nano-fibrous fragments 

on the rheology. 

 

 

Figure 3 Volume fraction distribution versus the size for suspension F0.52R0.38I0.10. 

 

    Samples F0.52R0.38I0.10 and F0.16R0.71I0.13 were stable for more than one month, which 

showed colloidal behavior (Russel et al. 1989) proportional to the smallest dimension of 

the width of fibers. However, sample F0R0I1 with crystal dimensions several times larger 
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than 10 μm, which is normally used as the critical size to distinguish between colloidal 

and noncolloidal particles (Genovese et al. 2007), usually exhibited phase separation over 

24 hours.  

Rheology 

For dilute suspensions, intrinsic viscosity was obtained by Ubbelohde Viscometer 

(Cannon 300, Cannon Instrument Company, USA) with the capillary inner diameter of 

1.27mm. The dimensions of HCO crystals (as shown in Table 1) were much smaller than 

the inner diameter of the capillary, so any wall effect was neglected. A rotational 

diffusivity (Dr) was estimated from the theory of Brenner (1967, 1974). The estimated 

value of Dr is of the order of magnitude of 10
-5

 s
-1

, such that Brownian motion could be 

neglected (Mewis, 1994). Therefore, the rotational Peclet number Pe, expressed 

as rDPe / , is much greater than )( 33  rr  (Leal and Hinch, 1973), which means the 

high-shear limit is applied in the capillary viscometry. In this study, a maximum shear rate 

used in capillary viscometer was calculated as 21 s
-1

 based on the geometry of the 

capillary and physical properties (i.e. size, density) of the HCO suspension. As fibers 

were axisymmetric particles, Mewis (1994) suggested that the disperse phase will orient 

with the flow as Pe→∞. Good agreement of the effective viscosity of the dispersions was 

found between capillary and rotational viscometer data.  

   For concentrated dispersions, rheological experiments were carried out with a 

controlled stress rheometer (ATS, Rheologica Instrument, USA) using the co-cylindrical 

Couette configuration. Steady shear viscosity was obtained by applying a stress from 

0.002 to 2000 Pa. The range of the stress was divided by 30 intervals and a hold time of 

10 seconds was applied at each shear stress. To make sure the measured viscosity at each 



PhD Thesis – Dingzheng Yang     McMaster University – Chemical Engineering 

 76 

shear stress was constant, viscosity data calculated at the shear rate smaller than 0.1s
-1

 

was abandoned. All experiments were carried out at 25°C. 

   Under the shear rate applied (0.1~500 s
-1

), the water-surfactant matrix showed 

Newtonian behavior with a constant shear viscosity of μ=0.0814±0.0053 Pa·s. This value 

was consistent with that obtained by Ubbelohde viscometer (0.0819±0.0001 Pa·s), which 

was used as the medium viscosity (μ). 

Results and discussion 

Shear rate dependent dilute dispersions 

The intrinsic viscosity   represents the average contribution of particles to the effective 

viscosity ( ) of the suspensions when the volume fraction ( ) becomes infinitesimal, 

defined as 











0
lim][                                                             (6) 

For dilute suspensions, the intrinsic viscosity has been reported to be a function of Peclet 

number and aspect ratio of particles (Berry and Russel 1987, Brenner 1974, Hinch and 

Leal 1972). In our case, Pe>>(r
3
+r

-3
), a high shear limit viscosity was obtained for 

suspensions flowing through the capillary viscometer. From the shear dependent 

viscometric curves obtained from rotator viscometer using a Couette cell (data not shown), 

a near Newtonian behavior profile was found with %5/)( 00   
, 

where o and   

represent low and high limit shear viscosity respectively. The expression for effective 

shear viscosity ( o ) with interacting particles (Berry and Russel 1987) was used to 

estimate the high shear limit viscosity based on the small difference between low and 
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high shear limit viscosity: 

...)][][1( 22   Hk                                           (7) 

where kH is the Huggins coefficient. Fig. 4 shows the intrinsic viscosity of the three dilute 

dispersions obtained from the intercept of Eq. (7) and the values are shown in Table 2. It 

is found that irregular crystals show the smallest intrinsic viscosity of 3.2, which is 

slightly larger than the theoretical value of 2.5 obtained by Einstein’s equation for rigid 

spheres. The intrinsic viscosity increases to 9.8 for the rosette-rich mixture F0.16R0.71I0.13, 

indicating rosettes exhibit higher intrinsic viscosity than irregular crystals within the 

range of particular size studied. As rosettes are not solid crystals, but have gaps between 

their branches, the actual volume occupied by a rosette is less than the excluded spherical 

volume. Because intrinsic viscosity is the function of actual volume fraction, rosettes 

show higher values than irregular crystals. F0.52R0.38I0.10 exhibits the highest intrinsic 

viscosity because fibers have the highest aspect ratio, which produces more particle-fluid 

interactions.  
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Fig. 4 Dilute suspension viscometry for different proportions of HCO crystal morphologies (
 
~21s

-1
). 

 

Table 2 Intrinsic viscosity of dilute suspensions. 

Mixtures    [-] 2][Hk  [-] kH [-] 

F0.52R0.38I0.10 

F0.16R0.71I0.13 

F0R0I1 

14.5 

9.8 

3.2 

252411 

104035 

830 

1217 

1083 

81 

 

   Huggins coefficient reflects the particle-particle interactions, such as hydrodynamic 

and colloidal interactions (i.e. van der Waals forces, electrostatic forces), and the 

experimental values are listed in Table 2. It is shown that Huggins coefficient decreases 
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from high aspect ratio fibers to low aspect ratio rosettes and irregular crystals. The values 

are much higher than kH=0.4 calculated by Berry and Russel (1987) for long-slender 

colloidal hard rods with strong Brownian motion.  Possible reasons for this discrepancy 

include hydrodynamic interactions caused by high shear flow or colloidal attractions 

between particles (Wierenga and Philipse 1996, Solomon and Boger 1998).  

Modified Farris model 

A modified Farris model is used to build a relationship between relative viscosity of the 

suspension and the volume fraction of each morphology type. In our study, a suspension 

with a size distribution rather than mono-sized dispersions (Table 1) is represented in the 

material system. Marti et al. (2005) suggested that the effect of size distribution could be 

treated by the effective volume fraction approach (Krieger 1972). The two suspensions, 

rosette-rich F0.16R0.71I0.13 and fiber-rich F0.52R0.38I0.10, were considered as fine and coarse 

particles respectively. The two suspensions were mixed at different volume ratios, but the 

total volume fraction of HCO was kept constant. Fig. 5 represents J(ΦF0.16R0.71I0.13) 

or )( fJ   (obtained from Eq. (4)) as a function of volume fraction of F0.16R0.71I0.13 or f  

at three total volume fraction of particles. At each volume fraction, a second order 

polynomial equation is satisfied to fit the experimental data. Note that from Eq. (2-4), 

)( fJ  equals unity at 0f and 1f . 
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Fig. 5 J( F0.16R0.71I0.13) as a function of total volume fraction of the mixture F0.16R0.71I0.13. 

   Zaman and Moudgil (1998) drew the conclusion that )( fJ  was the universal 

function of f regardless of total volume fraction of particles. However, Horn and 

Richtering (2000) found the correlation between )( fJ  and f were dependent on the 

total volume fraction of particles and suggested that the conclusion of Zaman and 

Moudgil (1998) was only true for specific material systems with silica particle size 

between 0.6 and 1.5, but could not be generalized to describe the zero shear viscosity of 

bimodal dispersions of smaller highly charged lattices. Therefore, it is not surprising we 

have found different correlations at different total volume fraction in our suspensions of 

much larger and mixed shaped particles.  

   The modified Farris model (Eq. 5) is employed to compare with experimental data 
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and is shown in Fig. 6. A good match between observed and predicted relative viscosity is 

obtained. Based on the volume fraction of each morphology in the mixture of dispersions, 

the relative viscosity can also be represented as the function of number fraction of each 

morphology as shown in Fig. 6.  

 

Fig. 6 Comparison between observed and predicted relative viscosity of the mixture as the function of 

number fraction of fibers and rosettes at different total volume fraction. 

Dynamic yield stress of concentrated dispersions 

The steady shear tests are performed on the three mixtures with various volume fractions 

and an example of viscometry curve of fiber-rich suspension are shown in Fig. 7. Within 
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the shear stress applied, shear thinning patterns are shown in the non-dilute regime. The 

shear viscosity increases with increasing total particle volume fraction.  

   A yield stress is apparent at the concentrated regime (e.g. 001.0 for F0.52R0.38I0.10). 

The concept of yield stress has some controversy (Barnes and Walters, 1985; Hartnett and 

Hu, 1989; Astarita, 1990) Viscoplastic models, including yield stress for steady state shear 

viscosity, have been extensively studied by many researchers (Macosko 1994, Larson 

1999). The three parameter Herschel-Bulkley model (Zhou et al. 1998, Mueller et al. 

2010) was used to fit the yield stress: 

n

y K                                                            (8) 

where  y  is the yield stress below which there is no flow or no viscosity can be 

measured. K is the consistency or   at 1 . n is the flow index showing the degree of 

shear thinning ( 1n ) or shear thickening ( 1n ). Herschel-Bulkley model was fitted to 

the fiber-rich suspension F0.52R0.38I0.10 as shown in Fig. 7. As an engineering reality 

problem (Astarita, 1990), the whole range of shear rate in Fig. 7 is used in fitting the 

Herschel-Bulkley model. A yield stress ( Pay 57.10 ) is apparent at the volume fraction 

of 0.04, but the estimated yield stress at a volume fraction of 0.001 ( Pay 06.0 ) is 

much smaller. 



PhD Thesis – Dingzheng Yang     McMaster University – Chemical Engineering 

 83 

 

Fig. 7 Fitting of Herschel-Bulkley model to F0.52R0.38I0.10. 

 

   Fig. 8 shows the relation between the yield stress and the total volume fraction for the 

three types of morphological mixtures. In Fig. 8(a), it is clearly shown that the logarithm 

of the yield stress is a linear function of the logarithm of the volume fraction, and all three 

curves are nearly parallel. A power-law relation suggested by Zhou et al. (1999) was used: 

c

y B                                                                  (9) 

where B and c are fitting parameters, and B can be expressed as 

 
2

024 dh

Ab
B


                                                            (10) 
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where A is the Hamaker constant; h0 is the surface separation between two particles 

(Johnson et al. 1999); d is the diameter of the particle; and b is a fitting parameter. By 

dividing the yield stress with the parameter B, the function of yield stress versus volume 

fraction can be normalized as shown in Fig. 8(b), indicating no morphology and 

concentration influence on the dimensionless yield stress. A magnitude of 1.5 is obtained 

for the power-law exponent c using regression fitting. Many research groups have observed 

similar exponential dependence of yield stress and volume fraction, and the exponent is 

greatly dependent on the material system studied, such as an exponent of 4.2 for alumina 

suspensions (Zhou et al. 1999), 4.0 for zirconia suspensions (Leong et al 1995), 5.8 for milk 

fat suspensions, 3.0 for coco butter crystal suspensions, 2.1 for palm oil crystal suspensions 

(Marangoni and Rogers 2003). 

   Weak particle-particle linkages are considered as dominant in HCO crystal 

suspensions at the dilution ratios studied. For triacylglycerols the weak particle-particle 

linkages was suggested to be van der Waals attractive forces (Marangoni and Narine 

2002). The yield stress reflects the breakage of such weak physical bonds. In Fig. 8(a), it 

is also found that fiber-rich suspension shows the highest yield stress at the same volume 

fraction, indicating fibers form the strongest HCO crystal network. The intercepts of the 

solid lines with the y-axis in Fig. 8(a) stand by lnB. The high yield stress reflects high 

value of parameter B in Eq. (10), which is derived based on the interactions of spheres. At 

a fixed volume fraction, smaller separation (h0) between particles and particle size give 

higher yield stress, and vice versa. At the same volume fraction, compared to rosettes, 

fibers tend to have more physical interlock which gives much smaller h0. Following the 

same thought, compared to irregular crystals, rosettes have much smaller h0 too. Smallest 

particle size (length) of fibers also provides a high value B, leading to a high yield stress.  
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Fig. 8 Yield stress as a function of total volume fraction of the three mixtures. (a) Yield stress versus volume 

fraction; (b) normalized yield stress versus volume fraction. 
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   Fig. 9 shows the volume fraction dependence of consistency K and flow index n. In 

Fig. 9(a), K shows a power-law function of particle volume fraction.  

   The flow index n shown in Fig. 9(b) suggests that the extent of shear thinning 

increased with the concentration and the aspect ratio. The dependence of shear thinning 

on the particle concentration suggests a particle-particle interaction mechanism. Shear 

thinning of viscosity was reported to relate with Peclet number and Reynolds number 

(Stickel and Powell, 2005). Stickel and Powell (2005) indicated that fluids showed 

Newtonian behavior when 
310Pe and 

310Re  . We obtained 
710~10Pe  and 

310Re   for our HCO suspensions. Therefore, all the experiments were conducted in 

the hydrodynamic regime and Brownian motion was considered negligible. Also, due to 

the small Reynolds number particle inertia could be negligible too, while viscous forces 

dominated indicating particles and fluid motions were fully coupled.  

   Shear thinning behavior for non-Brownian particulate suspensions at high Peclet 

number is not fully understood. Pe is so large that no significant reduced viscosity will be 

observed caused by shear-induced alignment. Shear induced adhesions between particles 

(Chaouche and Koch 2001) could be an explanation of such shear thinning. At low shear 

rate, flocs of particles form and break down with the increase of shear rate. Another 

explanation comes from Mueller et al. (2010) who hypothesized that the shear thinning 

was caused by the decrease of the local viscosity between gaps of particles. During shear 

flow, the shear rate in the small gap between two particles is higher than the bulk shear 

rate. Mueller et al. (2010) states that when the gap decreases, there will arise a point that 

the heat diffused out to the bulk is not enough, leading to a rise of local temperature in the 

gap. Thus, the viscosity in the gap will decrease resulting in the lubrication of one particle 

to another. 
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Fig. 9 Particulate volume fraction dependent (a) consistency K and (b) flow index n. 
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Conclusions 

Rheology of three mixtures of HCO crystal morphologies has been studied to understand 

the relationship of rheology with crystal morphology. Rheological properties, intrinsic 

viscosity and yield stress, are functions of the volume fractions and crystal shape. The 

magnitudes of intrinsic viscosity and yield stress have the following decreasing sequence: 

fiber>rosette>irregular crystal. The Huggins coefficient is a decreasing function of 

morphology in the preceding sequence. A modified Farris model has been successfully 

applied on the mixture of morphology with particulate interactions. Concentrated 

suspensions show yield stress which is the power law function of total volume fraction. 
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Chapter 6 Concluding Remarks  

 

Crystal morphology of hydrogenated castor oil has been investigated in an oil-in-water 

emulsion system by considering the three important factors: temperature, shear and time. 

The suspension rheology modified by the arising crystal morphologies has been studied to 

generate the relation between morphology and rheological properties. The research 

objectives proposed in Chapter 1 have been fulfilled and the major conclusions and 

contributions are listed as follows: 

 

1. Three major types of micron-sized crystal morphology have been observed: fiber, 

rosette and irregular crystal. Nano-fibers with the width of around 26.65 nm and 

length ranging from 80 to 5000 nm exhibiting chiral structures have been 

confirmed by TEM as the elements of both macro- fibers and rosettes.  

 

2. Fibers and rosettes have been found to show the same polymorphic structures but 

different shapes, suggesting different nucleation mechanisms. The d-spacing at 

4.46 and 3.97 Angstroms are not conventional polymorphic form of beta prime. 

This could be attributed to the hydroxyl bond or the existence of surfactant. A 

lower activation free energy for the rosette than the fiber indicates that the 

heterogeneous nucleation interface for the rosette demands less supercooling. The 

conclusion that the growth of rosettes requires low supercooling is a new addition 

to the literature. Normally, high supercooling is favored for spherulites where the 

crystal growth rate is greater than the diffusion rate in the melt. Irregular crystals 
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have been found to form under highest supercooling and show thermal instability. 

A solid phase transition from unstable irregular crystals into thermally stable 

rosette-like structures starts from the surface of irregular crystals. 

 

3. The non-isothermal crystallization study showed that the formation of rosettes and 

fibers was favored by a slow cooling rate (1°C/min) while the formation of irregular 

crystals was favored by a fast cooling rate (5°C/min).  

 

4. Shear increased the nucleation rate, and the induction time to nucleation was shown 

to be linear proportional to the logarithm of the shear rate. Fibers were favored by 

gentle shear (e.g., 1 s
-1

), but fibers can be broken up with increased shear time. A 

detailed study on the crystal breakage is shown in the Appendix.  

 

5. Kinetic study of isothermal crystallization has shown that induction time of 

nucleation linearly increases with the increase of the isothermal temperature under 

which crystallization occurred for both fibers and rosettes.  

 

6. The Avrami model has been modified by introducing the volume fraction of each 

type of morphology into three dimensional and one dimensional full Avrami models, 

and has been found to be able to capture experimental trends better than the 

traditionally used simplified equation format. 

 

7. The viscometry of dilute suspensions has shown that the magnitude of intrinsic 

viscosity is dominated by the fraction of a crystal morphology type, i.e. fiber > 
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rosette > irregular crystal.  

 

8. A modified Farris model has been fitted to the rheology data from mixtures of 

crystal morphology with interacting particles providing an empirical correlation 

between relative viscosity and crystal morphology for dilute dispersions. 

 

9. A yield stress has been found for concentrated suspensions followed by a shear 

thinning behavior with increased shear rate. A power-law relation has been found 

between yield stress and total particle volume fraction, and a constant exponent of 

1.5 has been obtained regardless of crystal morphology.  
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Appendix A Effect of Shear on the breakage of 

Hydrogenated Castor Oil Crystals in Concentrated 

Aqueous Dispersions   

 

In this chapter, I performed all the experiments and characterization. Dr. Andrew Hrymak 

supervised this work and participated in the edits.    
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Introduction 

 

In industrial processing and during transportation it is common for the processing steps 

(e.g. pipe flow, pumping) to break crystal particles (Reynolds et al. 2005), to affect the 

morphology, and thus the rheology of particulate dispersions. The breakage is determined 

by two processes: the mechanical strength of crystals and the forces loaded on the crystals. 

The mechanical strength is influenced by the attachment energy between crystal units. 

The applied breaking force could come from collisional mechanical break-up or turbulent 

fluid-mechanical break-up (Sung et al. 1973, Evans et al. 1974). Collisional break-up may 

happen during crystal-wall or crystal-crystal interactions.  Fluid-mechanical break-up is 

caused by shear stresses on the crystal due to drag or pressure effects.  

 

The rheology of particulate dispersions is affected by many factors, such as particle size 

distribution, morphology, volume fraction and medium and so on (Mewis and Wagner 

2009). Particle size distribution and morphology are two factors that are affected during 

the shear flow breakage of particles.  

 

In this section, HCO crystal breakage is studied in aqueous dispersions under simple 

steady shear flow by considering the following factors: shear rate, time under shear and 

initial crystal morphology. 

 

Experimental  
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Materials 

 

A material system containing 4 wt% of hydrogenated castor oil (HCO) crystals in 96 wt% 

aqueous sodium linear alklybenzene sulfonate (NaLAS, 16 wt% in total) was used for the 

breakage study. 

 

Polarized Light Microscopy 

 

A polarized light microscope (VWR Vista Vision, USA) with transmitted polarized light 

was used for crystal morphology observation and size measurements (with a 40 × 

objective lens). A drop of crystal suspension with fixed amount of 10 μl was loaded on the 

microscope slice and then covered with a cover slip. The drop of suspension can 

automatically spread between the microscope slice and cover slip to form a cover slip 

sized uniform film with uniformly dispersed particles. Then, the amount of particles 

counted for different samples can be compared. A digital camera (VWR VistaVision, USA) 

was used for recording micrographs and ImageJ (NIH, USA) was used for image analysis. 

More than 600 particle measurements were done to calculate the sizes and number 

fraction of each morphology. 

 

Transmitted Electron Microscopy 

 

A JEOL 1200 EX TEMSCAN transmission electron microscope (JEOL, USA) operated at 

80 kV was used for the observation of the nano-scaled crystals and fragments created by 

shear stresses. Prior to observation, a drop of HCO crystal solution with the volume 
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approximately 1.57 μl was loaded on Formvar-coated copper grids (Canemco Inc., 

Quebec, Canada) and dried in natural air. The 4 wt% HCO suspension was diluted 10 

times with 16.7 wt% of surfactant and then 10,000 times with water to avoid the 

aggregation of crystals. In the results section, μl means every microlitre of 100,000-time 

diluted dispersions. Therefore, the total HCO volume fraction in every microlitre 

100,000-time diluted dispersions can be calculated as 4E-07. By counting the number and 

size of nano-fibers on every TEM grid the volume fraction of nano-fibers can be 

calculated. Then, the volume fraction of nano-fibers among the total HCO can be 

obtained. 

 

Rheometer 

 

An ARES strain-controlled rheometer (TA Instruments, USA) was used for the crystal 

breakage studies using two parallel plates (40 mm in diameter, gap size 1.5mm) to 

provide a defined shear on HCO samples. Shear rates from 10 s
-1

 to 700 s
-1

 and shear 

times from 30 sec to 50 min were applied. Therefore, the microstructures (Mewis, 1979; 

Barnes, 1997) of suspensions were different compared to the original suspension which 

caused different rheology behaviors. Mainly two reasons contribute to the microstructure 

variation: the breakage of crystals and the rearrangement of particles. To compare the 

rheology of the particulate suspensions after shear caused only by the crystal breakage, 

the sheared products were diluted 10 times with the same concentration of surfactant 

NaLAS and allow the microstructure to recover for 48 hours. 

 

Rheological measurements were carried out in a stress-controlled ATS rheometer 
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(Rheologica, USA) using a cone and plate (40 mm in diameter, 2° cone angle) shear 

device. Steady shear stress was applied from 0.01 to 500 Pa. All experiments were carried 

out at 25°C. 

 

Results and discussion 

 

Crystal morphology  

 

As discussed previously, three types of micron-scaled HCO crystal morphologies 

(rosettes, fibers and irregular crystals) were observed. TEM images show that fibers 

observed at the optical microscope level are actually nano-fibrous structures made up of 

fibers with a mean thickness of 26.65±9.09nm (Figure A.1a) with branches often 

observed. Individual nano-fibers (normally the lengths are less than 1 µm) exhibited 

chirality (Kuwahara, 1996; Rogers, 2008) as shown in Figure A.1b. It is not clear whether 

these are fragments broken down from rosettes or macro-fibers (Figure A.1c), or form due 

to primary nucleation. Note: “fragments” are used to describe the structures shown in 

Figure A.1b. In Table A.1, it is shown that there exists tremendous amount of fragments. 
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(a) (b) (c)  

Figure A.1 TEM images for (a) fiber; (b) nano-sized fibrous fragments; (c) broken 

fragments. 

 

Table A.1 Parameters of micro- and nano- sized crystals of the 4% original HCO 

suspension. 

Parameter Fiber Rosette Irregular Fragments 

Number per μl 26.1 23.6 1.27 1.29E+09 

Diameter or length (μm) 10.9 19.9 3.27 1.24 

Width (nm) 910 - - 26.7 

Volume fraction 1.11E-04 0.467 1.12E-04 0.532 

   

Effect of shear rate and shear time on the number density 

    

After various shear histories, the numbers of fibers and rosettes were counted and divided 

by the numbers of fibers and rosettes in the original suspension before shear. Therefore, 

the number fraction of particles for the original suspension equals to 1 which is shown as 

the solid sphere in Figure A.2. It is found in Figure A.2(a) that at the shear rate of 10 s
-1

, 

the number of fibers increases at the first 30 seconds and then decreases with further 
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increasing the shear time. The same trend happens at the shear rate of 50 s
-1

 but the 

increases amount of fibers at the shear time of 30 seconds is higher than that at the shear 

rate of 10 s
-1

. When the shear rate was above 100 s
-1

, the number fraction of fibers 

decreased with the increase of shear time. In Figure A.2(b), it is shown that the number 

fraction of rosettes decreases with the increase of both shear time and shear rate. However, 

at the shear rate lower than 100 s
-1

, the amount of rosettes lost is much smaller than that 

of fibers, indicating fibers are easier to break down at the same shear stress.  
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Figure A.2 Number fraction of different crystal morphology at various shear conditions. 
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Effect of shear rate and shear time on the crystal size distribution 

    

The mean length of fibers and mean diameter of rosettes were obtained by light 

microscopy and the results are shown in Figure A.3. It is found that the higher the shear 

rate, the smaller the average length of fibers and diameter of rosettes.  In Figure A.3, at a 

fixed shear time it is found that when the shear rate is less than 100 s
-1

, the average 

dimensions of both fibers and rosettes decrease slowly with the increase of shear rate 

from 10 s
-1

 to 100 s
-1

. A dramatic decrease of dimension happened when shear rate 

increased to 500 s
-1

.  

    

At each shear rate, the average dimensions of both fibers and rosettes decrease almost 

50% among the total decrement in 5 min. With increased shear time, a plateau tends to 

form, indicating no breakage happens with further increasing the shear time. 
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Figure A.3 Variation of mean lengths of fibers (a) and diameters of rosettes (b) at 

different shear rate and time. 
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(a) (b)

(c) (d)

Figure A.4 TEM images of nano-fibrous fragments at the shear rate of 500 s
-1

 for (a) 0 

sec; (b) 1 min; (c) 10 min; (d) 50 min. 
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Figure A.5 Crystal size distribution of nano-fibrous fragments at a shear rate of 50 s
-1

 for 

(a) 0 s; (b) 30 s; (c) 5 min; (d) 50 min. 
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Figure A.6 Crystal size distribution of nano-fibrous fragments at a shear rate of 500 s
-1

 

for (a) 0 s; (b) 30 s; (c) 5 min; (d) 50 min. 

   

Figure A.4 shows the TEM images of fragments sheared at 500 s
-1

 for different times. 

Increasing number and decreasing length were found with increased shear time. Figure 

A.5 and A.6 show the crystal size distribution of nano-fibrous fragments at 50s
-1

 and 500 

s
-1

 sheared for 0 sec to 50 min respectively. At 50 s
-1

 shear, the number density of 

fragments slightly increases with the shear time. However, at 500 s
-1

, the number density 

of fragments increases dramatically with the shear time, and the size distribution shifts to 

the lower size region. The increment of number density of fragments is likely to be 
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caused by breakage of arms of rosettes and fibers, and longer nano-fibers.  

 

Figure A.7 shows the mass balance analysis by comparing the decreased mass of 

micro-sized particles (mainly rosettes) and the increased mass of nano-fibers. Although 

the discrepancy exists, the image analysis method used for breakage study provides a 

decent level of accuracy.  

 

 

Figure A.7 Mass balance analysis. 

 

Mechanism of crystal breakage 
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The material system with 4 wt% HCO is considered a concentrated suspension, so 

particle- particle interactions are dominant (Mewis and Macosko, 1994). Therefore, it is 

suggested that the decrease in particulate dimensions is due to the collisions between 

particles. Meanwhile, particles tend to periodically rotate depending on the geometry and 

concentration based on Jeffery Orbit (Jeffery, 1922; Goldsmith and Mason, 1967). 

Compared to rosettes, fibers are more geometrically sensitive to shear, so much more 

obvious changes on the number fraction and mean dimensions for fibers were found.  

 

In Figure A.8, the mechanisms of the breakage for both fibers and rosettes into 

nano-fibrous fragments are proposed based on the experimental data obtained. 

Mechanism 1 shows that fibers break down into shorter fibers first and then further break 

into nano-fibrous fragments. Mechanism 2 states that nano-fibrous fragments are broken 

down from the fibers without the appearance of the interim shorter fibers. Whether 

Mechanism 1 or Mechanism 2 dominates depends on the balance between local shear 

stress and the attached free energy (Garti and Sato, 2001) of crystal lattices. A higher 

shear stress than attached free energy is required to break nanofibers, while much larger 

shear stress is necessary to break a bundle of nanofibers (micro-fibers). At low shear rate 

and shear time Mechanism 1 tends to increase the number fraction of fibers, where 

Mechanism 2 does not. However, both the two mechanisms contribute to the decay of 

length distribution. In Figure A.2(a), at the shear rate lower than 50 s
-1

 and shear time 

smaller than 30 seconds the number fraction of fibers increases, indicating Mechanism 1 

dominates. When the shear rate reaches to 100 s
-1

, the number fraction of fibers decreases 

even at a shear time of 30 seconds. This is probably because the increased fibers breaks 
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down into fragments immediately based on Mechanism 1. Mechanism 2 is always likely 

to happen during the shear history used. 

 

Mechanism 3 shows that rosettes experience a reduction in diameter rather than 

disintegration. Mechanism 4 states that rosettes break into several clusters of fiber arms 

first and then the clusters break down into single fibers. These single fibers can break into 

fragments through either Mechanism 1 or Mechanism 2 or both. Within the shear rate and 

shear time used, clusters of fibers disintegrated from rosettes were rarely observed, 

indicating Mechanism 4 was not likely in this study. Therefore, Mechanism 3 dominates 

the breakage of rosettes. 
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Figure A.8 Mechanisms of the breakage of fibers (a) and rosettes (b). 

 

Rheology 

 

The 4 wt% HCO original suspension was diluted 10 times after shear and dispersed well 

with gentle shear.  Shear thinning behavior was observed for the HCO suspension. Low 

shear viscosity at the shear rate of 0.01 s
-1

 for all the after-shear suspensions are shown in 

Figure A.9, and decreased with increased shear rate and shear time. The decrease of low 

shear viscosity is attributed to the decrease of the mean sizes of rosettes and fibers as well 

as the decrease of aspect ratio of nano-fibrous fragments. However, due to the difficulty 

of separating the morphologies, we do not know how much one type contributes to the 

rheology of the whole suspension. 
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In Figure A.9(a), when shear rate is fixed, it is found that the viscosity decreases 

dramatically at the shear time from 0 to 5 min but much less between the shear time of 5 

min and 50 min. Also it is shown that the viscosity data exhibited a plateau with increased 

shear time, and the plateau occurred earlier at higher shear rates. Figure A.9(b) shows that 

at a fixed shear time of 30 sec, viscosity decreased at shear rates less than 100 s
-1

 but 

plateaued at shear rates above 100 s
-1

. Thus, 30 seconds of shear time is too short for the 

crystal to break to a significant extent.  
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Figure A.9 Viscosity of shear broken suspensions at various (a) shear time and (b) shear 

rates. 
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Conclusions 

 

Nano-fibrous fragments with a chiral structure have been observed by TEM after steady 

shear exposure to a 4 wt% HCO suspension. The micro-fibers have been found to be a 

bundle of the nano-fibrous structures and sensitive to shear. Under sustained shear 

histories, a decrease in the dimensions of fibers and rosettes and an increased amount of 

nano-fibrous fragments were found. The number fraction of fibers increases at low shear 

rate and shear time but decrease with shear rate above 100 s
-1

. The number fraction of 

rosettes decreases with the shear rate and shear time. The mechanisms of crystal breakage 

have been proposed. The increased mass of nano-fibrous fragments is caused by the 

decreased mass of micro- fibers and rosettes. The mass balance analysis shows that the 

experimental accuracy is in a decent level. The viscosity of the sheared suspension has 

been found to decrease at low shear rates due to the decrease of the dimensions of rosettes 

and fibers and the aspect ratio of nano-fibrous fragments. 
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