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Abstract Isothermal crystallization kinetics of unseeded

and seeded cocoa butter and milk chocolate is experi-

mentally investigated under quiescent conditions at

different temperatures in terms of the temporal increase in

the solid fat content. The theoretical equations of Avrami

based on one-, two- and three-dimensional crystal growth

are tested with the experimental data. The equation for one-

dimensional crystal growth represents well the kinetics of

unseeded cocoa butter crystallization of form a and b0. This

is also true for cocoa butter crystal seeded milk chocolate.

The sterical hindrance due to high solids content in choc-

olate restricts crystallization to lineal growth. In contrast,

the equation for two-dimensional crystal growth fits best

the seeded cocoa butter crystallization kinetics. However, a

transition from three- to one-dimensional growth kinetics

seems to occur. Published data on crystallization of a single

component involving spherulite crystals are represented

well by Avrami’s three-dimensional theoretical equation.

The theoretical equations enable the determination of the

fundamental crystallization parameters such as the proba-

bility of nucleation and the number density of nuclei based

on the measured crystal growth rate. This is not possible

with Avrami’s approximate equation although it fits the

experimental data well. The crystallization can be reason-

ably well defined for single component systems. However,

there is no model which fits the multicomponent crystal-

lization processes as observed in fat systems.

Keywords Avrami � Chocolate � Cocoa butter �
Crystallization � Nucleation � Seeding � Solid fat content �
Triacylglycerol

List of symbols

k rate constant in Avrami approximate equation (s-m)

m exponent in Avrami approximate equation

N number of germ nuclei per unit volume at any instant

of time (m-3)

N0 initial number of germ nuclei per unit volume (m-3)

p probability of growth of germ nuclei per unit time

(s-1)

l length or radius of crystal grain (m)
_l average rate of growth of length or radius of crystal

grain (m s-1)

S mass of crystalline phase per unit mass of lipid phase

Sm maximum mass of crystalline phase per unit mass of

lipid phase

Sm0 fraction of solid fat at the beginning of bulk

crystallization

t time (s)

T temperature (K)

v volume of crystal grain (m3)

V volume of crystalline phase per unit volume of

suspension

Vm maximum volume of crystalline phase per unit

volume of suspension

Ve volume of crystal grains per unit volume of

suspension formed without growth impediment

z dimensionless re-scaled time

Greek letters
_c shear rate (s-1)

r1 cross-sectional area of rod-like crystal (m2)

r2 thickness of plate-like crystal (m)
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r3 shape factor for sphere-like crystal

g dynamic viscosity (Pa s)

s dimensionless characteristic time pt

Introduction

Chocolate and many confectionery products contain cocoa

butter, which is a mixture of triacylglycerols (TAG) of

stearic, palmitic, oleic and other fatty acids. The physical

and textural properties of this food ingredient depend on

the microstructure formed during the crystallization of

liquid fat below the respective melting temperature and are

affected by the processing and storage conditions. Fats,

in general, feature a complex polymorphism, which is

strongly influenced by its TAG composition and heat,

mass, and momentum transfer during crystallization. The

three main fat crystal polymorphs are, in order of

increasing stability, the a (hexagonal subcell), several b0

(orthorhombic), and several b (triclinic) forms [1].

The fat phase in chocolate mainly consists of cocoa

butter. At room temperature it is in a crystalline solid state.

Polymorphism of cocoa butter is an important material

characteristic in chocolate manufacturing as it is directly

linked to product quality and processing performance.

From the six crystal forms confirmed in cocoa butter [2, 3]

only form bV—the second most stable crystal form—is

desired in the final product. For initiating this crystal form,

a precrystallization process has to be applied before the

chocolate is molded and solidified. Without introducing

crystals of b-type prior to cooling, the fat phase in choc-

olate would solidify in the less stable crystal form a under

industrial processing conditions. The subsequent transfor-

mation into the higher melting b0 polymorph (bIV) followed

by the two b crystal forms (bV and bVI) would lead to a

complete loss of the organoleptic properties of commercial

chocolate. Hence, quiescent experiments for characterizing

the crystallization in form bV need to be carried out with

precrystallized samples.

Himawan et al. [4] recently reviewed the various ther-

modynamic and kinetic aspects of fat crystallization and

emphasized that the complexity of crystallization of fats is

associated with not only the polymorphism but also the

several components of the fat system. Since cocoa butter is

a mixture of TAGs, a melting range exists rather than a

melting point [5]. Consequently, a temperature and time

dependence of the mass fraction of solid fat is observed and

is quantified by the solid fat content (SFC).

The experimental investigation of the kinetics of iso-

thermal crystallization is usually carried out by measuring

the time dependency of the SFC, which is often a sigmoidal

curve. Deterministic, numerical and stochastic models [6–

8] have been developed for the interpretation of the

experimental results. Avrami [9, 10] was the first to present

a deterministic model for single component isothermal

crystallization, which allowed for instantaneous nucleation

and growth, and impingement of crystal grains. He derived

theoretical equations for the increase with time in the

volume fraction of crystallized phase for linear one-

dimensional (1-D), plate-like two-dimensional (2-D) and

sphere-like three-dimensional (3-D) growth of crystal

grains. By truncating the power series of an exponential

function of time and replacing it by a power law, he

obtained an approximated equation (referred in the present

paper as the Avrami approximate equation).

Avrami [9, 10] developed the model for the kinetics of

crystallization of low molecular weight materials such as

metals. It was subsequently extended to the crystalliza-

tion of different high molecular weight polymers by

Mandelkern et al. [11] and to palm oil (a mixture of

triacylglycerides) by Kawamura [12]. Although the

experimental sigmoidal crystallization curve was usually

well fitted by the Avrami approximate equation, the two

parameters involved are empirical and do not directly

explain crystallization physically. In spite of this, Avrami’s

approximate equation was widely used. Several explana-

tions were deduced how nucleation kinetics affected

the Avrami exponent. Sharples [13] used a first order

nucleation kinetics to introduce sporadic nucleation.

Impingement, however, was neglected. Marangoni [14]

applied an analogy theory using the chemical diffusion

equation based on Fick’s first law. The increase in solid

content was calculated from the change in surface area.

These approaches made assumptions based on analogies

instead of physical evidence. The assumption of a linear

temporal increase in number of nuclei during sporadic

nucleation and ignoring the effect of impingement can only

be applied to the early stage of crystallization when the

crystal concentration is low. Consequently, such assump-

tions are not realistic at high crystal concentrations. Several

authors [8, 13–15] have tabulated the values of the expo-

nent in Avrami’s approximate equation corresponding to

the nucleation kinetics and shape of the crystals. Sharples

[13] gave causes for the limitation of this classification.

Spatially not randomly distributed nucleation, time

dependence of the nucleation or the growth-process or

changes in density of the growing bodies can result in a

continually changing value of the Avrami exponent.

Moreover, the simultaneous development of different

crystal forms and growth of similar crystals from different

types of nuclei (sporadic and instantaneous) are mentioned

by Christian [15]. Marangoni [14] identified remarkable

changes of the Avrami exponent by the degree of super-

cooling for milk fat crystallization. All these aspects were

considered to contribute to the fractional nature of the

exponent. Hence, the same values of the Avrami exponents
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may be obtained as a result of different mechanisms [16].

Deeper insight into the fundamental relationships during

crystallization is necessary for improving the existing

models. Kinetic aspects, for example, the diffusion rate of

the molecules within the liquid, the orientation or the

attachment are as important as thermodynamic factors [4].

Some authors [17, 18] reparameterized Avrami’s

approximate equation. The so called Erofeev model was

used by Ng [17] to describe the thermal decomposition in the

solid state. Marangoni [19] considered the reparameteriza-

tion of Avrami’s approximate equation by these authors was

arbitrary and did not have any theoretical justification.

Another explanation for fractional values of the Avrami

exponent was stated by Liu and Sawant [20]. When

applying Avrami’s approximate equation to a supramo-

lecular material which is building up a fractal fibrous

network during gelation, they could show that the exponent

is related to the fractal dimension of branching events.

Marangoni and Ollivon [21] presented the fractal nature of

TAG spherulites due to nucleation kinetics in a non crys-

tallizing diluent.

Foubert et al. [7, 8] proposed a deterministic mathe-

matical model by analogy with reversible reaction kinetics,

which generally fits well with experimental sigmoidal data

but the parameters do not have as much physical meaning

as those of the Avrami model. Other deterministic models

derived for the rates of flocculation and aggregation of

colloidal particles in liquids, and rates of bacterial growth

were used by Berg and Brimberg [22], and Kloek et al.

[23] respectively to fit the experimental crystallization

results. These authors claimed an analogy with the crys-

tallization mechanisms.

The numerical model, although theoretically similar to

the deterministic model, uses complicated equations for

nucleation and growth rates of crystal grains. Conse-

quently, the resulting equations, which cannot be solved

analytically, must be numerically integrated [6]. In con-

trast, stochastic models consider nucleation and growth as

statistical or probabilistic events. A two- or three-dimen-

sional space is defined in which the temporal evolution of

the solid/liquid interface, and hence the solid content, can

be obtained.

The present paper investigates experimentally the

kinetics of isothermal crystallization of precrystallized

cocoa butter and milk chocolate. This involved two pre-

crystallization techniques—seeding with cocoa butter

crystal suspension (CBCS) and conventional chocolate

tempering. In addition, unseeded cocoa butter crystalliza-

tion kinetics is investigated. We demonstrate that only one

of the three theoretical equations of Avrami fits well the

experimental single component crystallization kinetics data.

This provides the fact that the crystallization is either in 1-

D, 2-D or 3-D. In contrast, although Avrami’s approximate

equation also fits the data, it does not enable us to know the

exact type of crystal growth. We confirm the method of

theoretical analysis using the experimental data published

by Manchado et al. [24] on the kinetics of crystallization of

polypropylene melt involving growth of spherulite-shaped

crystal grains. This is corroborated by the microscopic

information of the shape and rate of crystal growth. In

contrast, we find fractionation during crystallization of

multicomponent cocoa fat systems and the observed

bimodal kinetics is described by double-Avrami fits.

Modeling of Isothermal Crystallization

As discussed above, there are deterministic, numerical and

stochastic models for the kinetics of crystallization. The

present work focuses on deterministic models such as that

of Avrami, which is described below for the sake of better

understanding.

Avrami’s Theoretical Model

Avrami’s [9, 10] model for the kinetics of isothermal

crystallization allowed for nucleation, crystal growth and

impingement. Nucleation was considered to be either

sporadic (in which the number N of nuclei per unit volume

increases linearly with time) or instantaneous (in which N

is created initially which is equivalent to a seeded crys-

tallization). After formation, the radii of the nuclei were

assumed to grow at a constant rate to determine the volume

of crystals, which did not involve impingement. Avrami

subsequently allowed for the impingement of the crystals, a

summary of the equations is given below.

The number density N, decreases with time t as some

nuclei grow due to free energy fluctuations with probability

of occurrence p per unit time and some impinge with other

nuclei. If v(s, z) is the volume of a crystal grain at a

characteristic time s = pt, which grows from a nucleus at

time z, then the total extended volume Ve (representing the

volume of the grains if their growth is unimpeded) of

crystals per unit volume of suspension is given by

Ve ¼
Zs

0

vðs; zÞNðzÞdz ð1Þ

The number density N(z) of grains was assumed to

decrease exponentially with time z as:

NðzÞ ¼ N0e�z ð2Þ

so that Eq. 1 becomes

Ve ¼ N0

Zs

0

vðs; zÞe�zdz ð3Þ
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In order to allow for the impingement of crystals, Avrami

assumed that the volume of crystals increases linearly with

the volume fraction of remaining liquid and obtained the

following equation for the volume V of the crystalline

phase per unit volume of suspension:

V ¼ 1� e�Ve ð4Þ

This enables the determination of the kinetics of crystal-

lization in which Ve can be obtained using Eq. 3. The latter,

in turn, is determined by the time dependent increase in the

volume v(s, z) of crystal grains as discussed below.

The crystal grains can grow in one or two or three

dimensions, respectively termed as lineal (rod-like), plate-

like or pseudospherical (or polyhedral) shapes. The length l

of the crystal grain growing at a rate _l at time s, which

grows from a nucleus at time z, is given by:

lðs; zÞ ¼
Zs

z

_l

p
du ð5Þ

The factors influencing the growth of the nuclei and crystal

grains were considered to be similar so that p and _l were

assumed to be proportional over the whole range of

temperature and concentration. Thus, assuming _l=p to be

constant for a substance in the isokinetic range, Avrami

obtained:

lðs; zÞ ¼
_l

p
ðs� zÞ ð6Þ

He also assumed the rates of growth to be the same in all

directions for crystal grains growing in two and three

dimensions. Thus the volumes of crystal grains growing in

one or two or three dimensions, are respectively given by

vðs; zÞ ¼ r1l ¼ r1
_l

p
ðs� zÞ ð7Þ

vðs; zÞ ¼ r2l2 ¼ r2
_l2

p2
ðs� zÞ2 ð8Þ

vðs; zÞ ¼ r3l3 ¼ r3
_l3

p3
ðs� zÞ3 ð9Þ

r1 is the cross-sectional area of the rod-like crystal grain

growing along its length while r2 is the thickness of the

plate-like crystal grain growing in two dimensions. For a

crystal grain growing in three dimensions, r3 is the shape

factor which is equal to 4p/3 for a sphere.

Thus substitution of Eqs. 7, 8 and 9 in Eq. 3 and inte-

gration resulted in the total extended volume Ve of crystal

grains growing in one or two or three dimensions respec-

tively as

Ve ¼
r1

_lN0

p
e�s � 1þ sf g ð10Þ

Ve ¼
2r2

_l2N0

p2
�e�s þ 1� sþ s2

2

� �
ð11Þ

Ve ¼
6r3

_l3N0

p3
e�s � 1þ s� s2

2
þ s3

6

� �
ð12Þ

which are valid until the time s ¼ s of exhaustion of germ

nuclei. Substituting the above equations in Eq. 4 gives the

corresponding theoretical equations of Avrami for the volume

fraction of crystalline solid phase for one or two- or three-

dimensional growth of crystals respectively. Equation 4 was

derived assuming that the maximum volume fraction of

crystallizable solid is unity for crystallization from melts.

However, in general, the maximum volume fraction of the

crystallized fat Vm is less than unity, which depends on the

degree of super-cooling or the presence of polymorph crystals

or even impurities at the particular constant temperature.

Consequently, Eq. 4 can be rewritten as

V ¼ Vmð1� e�VeÞ ð13Þ

Substituting Eqs. 10, 11 and 12 in Eq. 13 gives the volume

fraction of crystalline solid for one- or two- or three-

dimensional growth of crystals respectively as

V ¼ Vm 1� e�ðr1
_lN0=pÞ e�s�1þsf g

h i
ð14Þ

V ¼ Vm 1� e�ð2r2
_l2N0=p2Þ �e�sþ1�sþðs2=2Þf g

h i
ð15Þ

V ¼ Vm 1� e�ð6r3
_l3N0=p3Þ e�s�1þs�ðs2=2Þþðs3=6Þf g

h i
ð16Þ

in which s = pt. The above equations for one- or two- or

three-dimensional growth of crystals can be also used in

terms of the mass fraction of the crystallized solid S by

replacing V and Vm by S and Sm respectively, where Sm is

the maximum value of the mass fraction of the crystalline

solid phase.

Avrami’s Approximate Equation

Avrami obtained an approximate equation by considering

two limiting cases when the initial number density of

nuclei is large so that nuclei exist until the end of crys-

tallization. When s = pt is small, he truncated the terms

higher than fourth order in the power series of the expo-

nential term e-s, the first four terms of which cancelled

with the four terms in the bracket of Eq. 16 for the three-

dimensional growth of crystals to obtain:

V ¼ Vm 1� e�ð6r3
_l3N0=p3Þðs4=24Þ

h i
ð17Þ

Very small values of s = pt could be due to either small

values of p which he attributed to sporadic nucleation or

small values of time t.
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When s = pt is very large, due to very large values of

p which he attributed to instantaneous nucleation, he

neglected the exponential term e-s and the terms up to the

order of s2 in Eq. 16 to obtain:

V ¼ Vm 1� e�ð6r3
_l3N0=p3Þðs3=6Þ

h i
ð18Þ

As mentioned by Foubert et al. [8], Avrami did not

consider the possibility of intermediate values of s. The

relationship between V and s = pt for intermediate values

of s (due to intermediate values of p and t) was assumed to

lie between those described by Eqs. 17 and 18. Thus, in

general, the following approximate equation for the whole

range of s was presented:

V ¼ Vm 1� e�ktm� �
ð19Þ

which is generally known as the Avrami equation. How-

ever, we would rather refer to this as the Avrami

approximate equation in order to distinguish it from the

Avrami theoretical Eqs. 14, 15 and 16 for one-, two- and

three-dimensional growth of crystals respectively.

According to Avrami, the exponent m should be an

integer, the value of which depends on the type (sporadic

or instantaneous) of nucleation and morphology of crys-

talline particles. The rate constant k depends on the rates of

nucleation and growth of crystal grains. However, fitting of

experimental data to Eq. 19 often resulted in non-integer

values of m, which have been explained by several authors

[13, 15, 25, 26].

However, it is not clear why several authors have been

using Avrami’s approximate Eq. 19 for fitting and inter-

preting the experimental data on the kinetics of

crystallization even though it does not provide the exact

values of the nucleation rate parameters p and N0, and

crystal growth rate _l: In fact, the use of the theoretical

Eqs. 14 or 15 or 16 of Avrami for fitting the experimental

data on the variation in crystal content with time can give

not only the information on whether the crystal growth is

one- or two- or three-dimensional but also the exact values

of the nucleation and growth parameters.

Experimental

Material

Cocoa butter was obtained from ADM Cacao B. V.

(Netherlands). Its TAG composition (weight %) evaluated

by gas chromatography is as follows: 44.3% POS, 32.8%

SOS, 17.7% POP, 3.2% SOO, 2.0% POO (P: palmitic, O:

oleic and S: stearic fatty acid). Small quantities of other

TAGs were not determined.

We used a commercial milk chocolate (Chocolats Halba

AG, Switzerland) with 41.4% sugar, 23.2% whole milk

powder, 17.7% cocoa mass, 15.9% cocoa butter, 1.3%

skimmed milk powder and 0.5% soya lecithin.

Precrystallization

Two main processes exist for creating the bV crystal nuclei

in chocolate—generating the nuclei in the bulk by con-

ventional mass tempering, and seeding with crystals in the

crystal form to be favored, as described by Zeng [27].

For conventional precrystallization we used a chocolate

temperer AMK50 (Aasted-Mikroverk ApS, Denmark).

Concerning the generally applied quality specification for

precrystallized chocolate [28], we adjusted the processing

conditions to obtain a well tempered chocolate. All

experiments with chocolate were performed at 28 �C

which was identical to the outflow temperature of the

chocolate temperer.

In the experiments with seeded chocolate we compared

two different devices. The single-stage SeedMaster Cryst-

Mix (Bühler AG, Switzerland) produces the CBCS batch-

wise while the two-stage SeedMaster Compact (Bühler

AG, Switzerland) works continuously. In both processes

the CBCS is manufactured in a scraped heat exchanger

(first stage) at 15 �C wall temperature. In the single-stage

system the subsequent conditioning step happens in a

temperature controlled vessel for 2 h at 31.5 �C applying

low shear. In the continuous two-stage process condition-

ing is performed within the second stage of the scraped

heat exchanger at high shear.

The cocoa butter suspension consists of finely dispersed

bV-crystals with a SFC of 12% for the single-stage crys-

tallizer. Based on the fat concentration in the sample we

added 2.4% of CBCS for precrystallization (2.4% for pure

cocoa butter and 0.8% for chocolate) and used an anchor

stirrer at 180 rpm for 60 s to get a homogeneous distri-

bution. An SFC of 17% was reached in the two-stage

process. According to the criteria of well tempered choc-

olate we determined a seeding quantity of 0.4%.

Measuring Procedure

We measured the SFC with a low resolution impulsional

Bruker Minispec NMS 120 spectrometer operating at

20 MHz. Slight adaptions were necessary between the two

measurement methods used—the direct and the indirect

method, respectively [29, 30]. The filling height in the

sampling tube of 10 mm diameter was approximately

40 mm for the direct and 10 mm for the indirect method.

For each experiment we performed 6 or 8 replicates. The

samples and the probe head were temperature controlled

using external water baths. We investigated isothermal

crystallization at 20 and 25 �C for unseeded cocoa butter,
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at 28, 30 and 32 �C for seeded cocoa butter and at 28 �C

for precrystallized chocolate.

Direct Method

We applied the direct measuring method as described by

van Putte and van den Enden [31]. The instrument calcu-

lates the SFC based on the calibration performed prior to

the experiments. The calibration standards with defined

solids contents (plastic material Celloron immersed in

paraffin oil) have a relaxation behavior similar to fat sys-

tems. We determined a correction factor (f-value) of 1.52

for approximating the initial signal intensity. Each sample

was measured in 3 repetitions with a recycle delay of 6 s.

This is in accordance with the findings of van Putte and van

den Enden [31], who proposed a prolongation of the

recycle delay up to 8 s for higher crystal polymorphs. As

summarized by Timms [32], the spin-spin relaxation time

T2 is influenced by the distance between the nuclei and

their mobility. Hence, the magnetization decay depends on

the temperature, the crystal polymorph and the crystal size.

Indirect Method

The indirect method only considers the signal of the liquid

fat 70 ls after the 90� pulse and therefore avoids the

impact of the crystalline state. However, a second mea-

surement of the melted sample is required for calculating

the SFC. After melting for 30 min at 60 �C we exposed the

sample for 3 min to crystallization temperature prior to

remeasuring. The time was short enough for temperature

adaption without recrystallization, making temperature

correction unnecessary. The indirect method is accurate but

more time consuming and is generally used as a reference

method for verifying the quicker direct method.

Approximated SFC in Chocolate

For chocolate we used the simplified method as described

by Ziegleder et al. [33] for measuring the SFC. It is based

on the direct method. Due to the additional non-fat solid

components a ‘‘solid proton content’’ resulted instead of

the SFC. A second measurement of the molten sample was

necessary for calculating the approximated SFC as given in

Eq. 20. Some systematic error might come about as the

ingredients influence the result as a whole.

SFCa ¼
ðNT � NMÞ � 100

100� NM
ð20Þ

SFCa is the weight percent of crystalline fat at measuring

temperature T based on the fat content of the chocolate. NT

and NM represent the solid proton content of the crystal-

lizing and the molten sample at measuring temperature.

Results and Discussion

Polypropylene Crystallization Data Published

in the Literature

There is extensive experimental data published in literature

on isothermal crystallization kinetics where only Avarami’s

approximate analytical equation is widely used instead of

his theoretical equations. Consequently, the present work

analyzes the published experimental data on isothermal

crystallization kinetics involving three-dimensional growth

of spherulite shaped crystals and uses the corresponding

Avrami’s theoretical equation. Figure 1 shows the experi-

mental (symbols) increase with time in the relative fraction

of crystallinity during the isothermal crystallization of

polypropylene under quiescent conditions at different

temperatures measured by Manchado et al. [24]. These

authors investigated spherulite-shaped, three-dimensional

crystal growth using optical polarizing microscopy and

found a linear increase in the radius of the spherulite with

time, the rate of growth _l is listed in Table 1. The figure

also shows the variations obtained by fitting the data to

Avrami’s theoretical Eq. 16 (continuous lines) for three-

dimensional growth of crystals in addition to the approxi-

mate Eq. 19 (dashed lines). Although they overlap, it is

clear that only Avrami’s theoretical equation for the three-

dimensional growth describes well the experimental data of

the spherulite shaped polypropylene crystals during iso-

thermal crystallization. This is confirmed by the fact that

the regression coefficient is higher and the sum of squares

of the errors is smaller than for the one- or two-dimensional

growth. Avrami’s approximate equation also fits the data

well although its quality of fit is not as good as the theo-

retical equation. Additionally, Avrami’s theoretical

equation also enables us to determine the physical
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Fig. 1 Isothermal crystallization of polypropylene under static con-

ditions at different temperatures (symbols: data of Manchado et al.

[24]). Comparison of Avrami’s 3-D theoretical (continuous line) and

approximate equation (dashed line)
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parameters of crystallization such as the probability for

growth of nuclei p and the number density of nuclei N0

formed initially as listed in Table 1. As expected, the

probability of nucleation p, the rate of growth of crystal

radius _l and the number density of nuclei N0 decrease with

increase in temperature. In contrast, the determination of

these parameters using Avrami’s approximate equation

cannot be accurate since the index m is usually not an

integer value. However, from the fitted values between 3

and 4, a 3-D growth can be expected.

Present Results

The kinetics of the crystallization of seeded cocoa butter

was investigated in the present work for the first time. In

both unseeded and seeded cocoa butter samples, the

solidification progressed in two steps. At higher tempera-

ture, these steps are more strongly pronounced. Compared

to the final SFC, the quantity of the initially crystallizing

fraction was found to be up to 20% (Figs. 3, 4, 5 and 6).

These findings are in accordance with the work of

Dimick and Manning [34] who investigated quiescent

crystallization of not precrystallized cocoa butter between

26 and 33 �C. In the same sample they observed the for-

mation of crystals of different shape and TAG composition.

We were able to show in experiments using Differential

Scanning Calorimetry and X-Ray Diffraction (XRD) anal-

ysis (unpublished data) that a fraction of higher melting

triglycerides can form. It is most probable that the fraction-

ation corresponds to higher melting SOS triglycerides. XRD

revealed a peak corresponding to a short spacing of 3.86 Å,

which is close to the peak of strongest intensity measured by

Sato et al. [35] for SOS in form c. Like form bV of cocoa

butter, c-SOS is stacked in a triple chain length. However, as

the sub-cell is orthorhombic, the triclinic crystallization of

bV in the bulk is neither induced nor accelerated by this

fraction. Similar observations are reported by other authors

[5, 34] for statically crystallized cocoa butter in the melting

range of the bV crystal form (25–33 �C). Therefore we

treated the two main steps as independent crystallization

events. We applied a double Avrami-fit [14] to the data

where the bimodal crystallization was developed. No dis-

crimination was performed if the primary fractionation

crystallization was not clearly distinguishable (Fig. 5).

The viscosity relates to the molecular interaction and the

diffusion, which control the crystallization of a melt.

Without any crystalline fractions, a Newtonian fluid

behavior and a distinct temperature dependency are

observed in fat melts. The exponential relation between

temperature T and viscosity g is given by

g ¼ A � eEa=RT ð21Þ

where the factor A is a measure for the molecular inter-

action and Ea is the activation energy. For visualization an

Arrhenius plot is appropriate. Figure 2 shows the viscosity

of cocoa butter between 20 and 50 �C. Above 27.5 �C we

observed that the data fitted well to Eq. 21. The activation

energy Ea represented by the slope of the dashed line is

23 kJ mol-1, which is close to the value reported in the

literature [36].

The deviation from the linear curve progression below

27.5 �C can be attributed to a decreasing mobility of the

TAG molecules, as by preorientation or even the onset of

nucleation.

We used a temperature controlled plate-plate geometry

with a diameter of 25 mm at a shear rate of 150 s-1 to

allow for temperature adaption within a few seconds. The

impact of shear might also significantly shorten the

induction time of nucleation.

Table 1 Values of fitted parameters for the sphere-like (3-D) crystal

growth model of Avrami for isothermal polypropylene crystallization

at different temperatures corresponding to Fig. 1 (data of Manchado

et al. [24])

Parameter Temperature (�C)

125 127 130 132

Experimental value

_l (lm min-1) 16.2 10.9 5.60 3.60

3-D crystal growth

p (min-1) 2.028 2.715 1.183 0.6853

6r3
_l3N0=p3 0.350 0.0294 0.0439 0.0505

N0 (ml-1) 27.3 9 106 18.0 9 106 16.4 9 106 13.9 9 106

Regression

coefficient

0.9987 0.9988 0.9995 0.9990

Approximate equation

m 3.60 3.39 3.42 3.44

k (min-m) 0.174 0.0459 0.00388 0.000669

Regression

coefficient

0.9983 0.9984 0.9992 0.9986

3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.45
x 10

−3

10−2

10−1

1/T  (K–1)

η 
(P

a 
s)

50°C

27.5°C

20°C

Fig. 2 Temperature dependency of the cocoa butter viscosity.

Arrhenius fit between 50 and 27.5 �C (dashed line)
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Unseeded Cocoa Butter

The experimental data on the time dependent evolution of

the SFC for unseeded cocoa butter at 20 and 25 �C are

given in Figs. 3 and 4, respectively. There is clear bimodal

crystallization behavior, which allows us to apply double-

Avrami fits. The parameters obtained by fitting the main

crystallization event to the 1-D theoretical model of

Avrami and the approximate equation are listed in Table 2.

Since the 2-D and 3-D models poorly fitted the data, a

lineal crystal growth is evident. The major crystallization

domain will consist of crystals in form a at 20 �C and form

bIV at 25 �C. However, the beginning of a to bIV trans-

formation at 20 �C is possible.

At 20 �C the two crystallization steps can easily be

separated. At 25 �C however, there is a gradual transition

from the fraction crystallization to the main crystallization

of the bulk. We conclude that the two crystallization events

have different induction times. Before nucleation starts, a

stationary distribution of embryos has to be established

which is observed by the presence of an induction time. As

described by Rousset [6], the induction time for large

molecules can be considerable as the reorientation of the

molecules depends on their mobility. At higher temperature

however, the impact of Brownian motion also promotes the

stochastic arrangement, resulting in a considerable increase

of the induction time. As can be seen in Table 2, the

probability of nucleation p of a crystals at 20 �C is higher

than that of bIV crystals at 25 �C.

Seeded Cocoa Butter

The cocoa butter seed crystals from the single-stage device

develop a ‘‘sheaf’’ shaped or flake like morphology during

conditioning. Under conventional processing conditions

the size of the crystals from the single-stage system is

larger (number based median of 7.5 lm) than from the

continuous two-stage crystallizer (4.1 lm) as shown by

Mehrle [37].

The results of quiescent crystallization of seeded cocoa

butter at 28, 30 and 32 �C are given in Figs. 5 and 6. We

used the direct method for measuring the SFC in this

series. At higher temperatures, the two-step solidification

behavior is more strongly pronounced. We applied dou-

ble-Avrami fits to the experimental data at 32 �C for both

the approximate and 1-D theoretical equations. This was

not possible for 28 and 30 �C since the start of bulk

crystallization overlapped the fraction crystallization. For
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Fig. 3 Isothermal crystallization of unseeded cocoa butter at 20 �C

(triangles with standard deviation) under static conditions. Compar-

ison of Avrami’s 1-D theoretical (continuous line) and approximate

equation (dashed line) when applying double-Avrami fits
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Fig. 4 Isothermal crystallization of unseeded cocoa butter at 25 �C

(squares with standard deviation) under static conditions. Comparison

of Avrami’s 1-D theoretical (continuous line) and approximate

equation (dashed line) when applying double-Avrami fits

Table 2 Values of fitted parameters for the rod-like (1-D) crystal

growth model of Avrami for isothermal crystallization of unseeded

cocoa butter bulk phase at 20 and 25 �C corresponding to Figs. 3 and 4

Parameter Temperature (�C)

20 25

Initial conditions

Sm0 0.106 0.0647

t0 (h) 0.533 12.8

Rod-like 1-D crystal growth

Sm–Sm0 0.642 0.338

p (h-1) 1.59 0.938

r1
_lN0=p 3.40 0.183

Regression coefficient 0.9981 0.9988

Approximate equation

Sm-Sm0 0.637 0.330

m 1.83 1.26

k (h-m) 2.99 0.0901

Regression coefficient 0.9973 0.9974
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these experiments, the solidification showed the best

agreement with the 2-D growth of Avrami’s theoretical

equation. However, even for the 2-D model, the 95%

intervals of the fitted parameters are substantial, so that

we cannot declare the Avrami model to be appropriate for

quantifying the crystallization of seeded cocoa butter

samples.

The experimental data shown in Figs. 5 and 6 are rep-

resented in a different way in Fig. 7. By double logarithmic

transformation of Eq. 19, Avrami’s approximate equation

can be linearized as follows

ln �ln 1� SFC

SFCm

� �� �
¼ lnðkÞ þ mlnðtÞ ð22Þ

This allows us to visualize the time dependency of the

crystallization kinetics (Avrami exponent m) by variation

of the slope. It can be seen that a similar slope exists for

all three temperatures when the fraction crystallizes

(closed symbols) at the beginning. A 1-D growth kinetics

seems to fit quite well, even though scattering is more

strongly pronounced at low solids content. The sub-

sequent bulk crystallization (open symbols) starts with a

higher order growth which is continuously decreasing.

This was also observed during isothermal unseeded palm

oil crystallization by Ng and Oh [38]. Hence, a transition

from 3-D to 1-D crystal growth could be assumed. The

same conclusion can be drawn from the data in Fig. 5. At

the maximum growth rate the slope in the experiment is

steeper than the 2-D Avrami fit indicating a higher order

growth. When approaching the maximum volume fraction

of crystalline phase the experimental data show a lower

flattening tendency compared to the fitting models, indi-

cating a transition to a lower rate of growth. The

transition takes place during bulk crystallization after 3 h

(26% SFC) at 28 �C, 7.5 h (17.5% SFC) at 30 �C and

130 h (9.2% SFC) at 32 �C. In long term observations the

SFC rose above 50% at 28 �C and 29% at 30 �C after 3

days. We conclude that, the growth rate already changes

after half of the bulk phase crystallizes. Impediment of

the growing crystals, purification and removal of imper-

fections in the crystal lattice driven by diffusion and the

onset of bV to bVI transformation are possible effects of

this phenomenon.

Additional microstructural information using optical

microscopy is necessary to determine the dimensionality

of growth. The crystal growth arising from a seed crystal

at 23 �C observed using optical microscopy is displayed

in Fig. 8. Although a three-dimensional (spherulitic)

growth of fat crystals occurs, the sub-units of the fat

crystals have a hair-like morphology. Depending on the

crystallization rate, the crystalline filaments can be

more densely packed or build a looser assembly. A high
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Fig. 5 Isothermal crystallization of seeded cocoa butter at 28 �C

(squares with standard deviation) and 30 �C (circles with standard

deviation) under static conditions. Comparison of Avrami’s 2-D

theoretical (continuous line) and approximate equation (dashed line)
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Fig. 6 Isothermal crystallization of seeded cocoa butter at 32 �C

(triangles with standard deviation) under static conditions. Compar-

ison of Avrami’s 1-D theoretical (continuous line) and approximate

equation (dashed line) when applying double-Avrami fits
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Fig. 7 Isothermal crystallization of seeded cocoa butter at 28 �C

(squares), 30 �C (circles) and 32 �C (triangles) in the rearranged

double logarithmic representation. Differentiation in the initial

fraction crystallization (closed symbols) and the subsequent bulk

crystallization (open symbols)
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branching probability would result in an increased order

crystallization kinetics.

A high portion of liquid fat appears to be enclosed in the

spherical shaped crystal entity. Consequently, the 3-D

approximation of the crystallization by the Avrami model

is not realistic. In fact, no theoretical model exists for such

complex multi component TAG systems. The development

of any other type of model would depend on more funda-

mental mechanistic information such as diffusion of the

TAGs, orientation, the cooling rate to reach the crystalli-

zation temperature as well as material specific knowledge

about the TAG composition and other components (free

fatty acids, mono- and diacylglycerides). Additionally,

precrystallization (number and size distribution of the seed

crystals) will influence the growth kinetics. Although the

seed concentration is the same, the induction time before

bulk crystallization starts is higher. The preorientation time

of the TAG molecules is longer at higher temperatures.

This agrees with the formation of a lamellar arrangement of

the TAGs in the melt before crystallization can start, as

proposed by Larsson [39].

Milk Chocolate

Different methods of precrystallization are compared with

respect to isothermal crystallization of chocolate at 28 �C.

For all measurements Avrami’s 1-D theoretical equation

fits well with the experimental data. In Fig. 9 the results of

the indirect and the direct measured variations of the SFC

of conventional precrystallized chocolate are compared.

Averaging of the solidification curves of indirect measured

samples was omitted due to the delay between the single

measurements. Similar parameters for the maximum mass

fraction of crystalline phase Sm, probability of nucleation p

and the rate constant r1
_lN0 were evaluated for both

methods as given in Table 3. Since we found no significant

difference between the two NMR measuring methods, the

approximated SFC was computed in the subsequent

experiments using Eq. 20 based on the direct method.

Figure 10 compares the results of the seeded milk

chocolate using the single-stage batch process (triangles)

and the continuous two-stage process (squares). Due to the

overlapping standard deviation within the measurements,

we found no significant difference between the two tech-

niques of seed crystal formation. As expected, the mass

fraction of seed crystals can be reduced without signifi-

cantly changing the solidification kinetics when a smaller

grain size is added. The values of r1
_lN0 obtained from

Table 3 are about the same for conventional precrystallized

chocolate and for single-stage seeded samples. However,

the numerical values of the fitted parameters should be

interpreted with prudence as there is a certain standard

deviation within the measurements.

The favored 1-D growth of the crystals might be caused

by the high concentration of solid ingredients present in

chocolate. The molten milk chocolate we used has a vol-

ume fraction of 56% solids. Hence, spherulitic 3-D crystal

growth is impeded, especially by the sugar crystals, cocoa

fibers and milk proteins. Additionally, if we assume regions

to be present in which the continuous fat phase is immo-

bilized (e. g. in milk powder particles), the free volume for

crystal growth is further reduced. As a consequence, 1-D

growth of the crystals is a reasonable finding.

Fig. 8 bV crystallization at

23 �C on a cocoa butter seed

crystal (single-stage). Time:

left 0 min, center 8 min, right

13 min
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Fig. 9 Isothermal fat crystallization in conventional tempered milk

chocolate at 28 �C under static conditions. Comparison between the

direct (circles with standard deviation) and the indirect measuring

method (dots) for SFC quantification. Avrami’s 1-D theoretical

(continuous line) and approximate equation (dashed line)
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Conclusions

From a descriptive point of few, it is of interest to

quantify crystallization processes with physical parame-

ters as given in Avrami’s theoretical equations for one-,

two- and three-dimensional crystal growth. Although

Avrami’s approximate equation usually fits the sigmoidal

crystallization well in the experiments, the two parameters

involved do not represent physical properties. The validity

of Avrami’s theoretical equation for 3-D growth was

verified with data from the literature on polypropylene

crystallization.

Solidification of unseeded and seeded cocoa butter

revealed the complexity of this fat system. We observed a

time lag before crystallization started and the segregation

of a crystalline fraction. At a low solids growth rate of

cocoa butter crystals in form bV (no precrystallization, high

temperature) the fractionation is more strongly pro-

nounced. The kinetics of crystallization for unseeded cocoa

butter in form a at 20 �C and bIV at 25 �C are well rep-

resented by Avrami’s 1-D theoretical equation.

For pure cocoa butter crystallization of seeded samples,

we observed a transition from 3-D to 1-D growth during

the main crystallization event. This might be a result of the

increasing sterical hindrance of the growing crystals when

approaching the final SFC. Solidification of precrystallized

chocolate at 28 �C is found to be best described by a 1-D

growth. The dispersed solid particles significantly deter-

mine the crystallization kinetics of the continuous fat

phase. Moreover, we have shown that there is no signifi-

cant difference between different SFC measuring methods

and precrystallization processes for a commercial milk

chocolate. In general, Avrami’s model did not describe the

crystallization kinetics of precrystallized cocoa butter and

chocolate.

Cocoa butter has a narrower triglyceride spectrum

compared to other vegetal or animal fats. However, espe-

cially at higher temperatures, a complex crystallization

behavior is pronounced. Obviously, the overall phenome-

nology observed during the phase change at different

temperatures cannot be reduced to a single equation.

Especially for higher crystallization temperatures, the side

effects such as fractionation, refinement of the crystal lat-

tice and crystal transformation gain in impact.
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