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The modified Avrami model was found to accurately predict the induction time, maximum phase
volume and dimensionality of crystal growth for stearic acid containing molecules when the
experimental method employed measures as a function of phase volume. Four methods were examined
to validate the model including: Fourier transformed infrared spectroscopy (FT-IR), differential
scanning calorimetry (DSC), small deformation rheology and polarized light microscopy (PLM). PLM
and FT-IR were able to detect the nucleation event prior to DSC and rheology. FT-IR and PLM
provided the most accurate data due to the similarities between the experimental and fitted induction
times (x0), maximal phase change (ymax) and the Avrami exponent (n). Further, the Avrami exponent,
obtained from FT-IR, was sensitive to both the mode of nucleation and the dimensionality of crystal
growth. Therefore, the apparent rate constants (kapp) obtained by FT-IR and PLM are useful in
providing further insights into the kinetics of non-isothermal crystallization. The calculated apparent
rate constants suggest a diffusion limited crystallization at slow cooling rates (i.e., below 5–7  C min1)
and at cooling rates greater than 5–7  C min1, the incorporation of the gelator molecules onto the
crystal lattice becomes limited by the reaction rate constant.

Introduction
Dimensionality of crystal growth is essential in determining the
physical properties of crystalline materials.1 The dimensionality
of crystal growth is represented by the number of axes of the
crystal in which growth takes place (Fig. 1). For 1-dimensional
crystals, growth occurs in one axis, for 2-dimensional crystals
growth occurs in two axes forming a plane and for 3-dimensional
crystals growth occurs on all 3 axes forming a sphere. Emphasis
has traditionally focused on high-dimensionality crystals in fields
such as oxide and phosphate inorganic chemistry,2 polymer
chemistry3 and lipid chemistry.4 However, current advances in
low-dimensionality crystals including nanowires, nanotubes and
nanoplatelets are becoming crucial for numerous practical
applications propelling these technologies to the forefront of
crystal physics and chemistry. Low-dimensionality crystals are
revolutionizing lipid chemistry,5–9 ceramics,10 and chemoresponsive gels.11 To further the applications of low-dimensionality crystals not only a practical understanding is required but
also a fundamental understanding into their nucleation and
crystal growth mechanisms is essential.12
Nucleation events result in the formation of a new phase from
the ‘mother’ state via the formation of a three-dimensional
spherical cluster or a ‘‘crystal embryo’’. The cluster forms, as the
solution is cooled below the melting temperature, resulting in
a super-saturated state causing molecules to microscopically or
macroscopically phase separate.13 ‘‘Crystal embryos’’ are spherical minimizing the surface free energy (i.e., the major energy
barrier needed to be overcome during crystallization) of the
interface between the new phase and the previously existing
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phase. A meta-stable region exists because Brownian forces
disrupt the formation of the crystal embryo while the formation
of non-covalent interactions stabilizes the embryo. At elevated
temperatures the Brownian forces exceed the non-covalent forces
and the embryo is unstable. At lower temperatures, the noncovalent forces exceed the Brownian forces and the nuclei are
stable. Depending on the cooling profile the mode of nucleation
may be instantaneous (i.e., all nuclei form at once) or sporadic
(i.e., nuclei form as a function of time). Following nucleation, the
crystal grows either as three-dimensional spheres, two-dimensional plates or discs, or one-dimensional fibers.
Crystal physics has long been concerned with not only the rate of
crystal growth but also the dimensionality of how materials
assemble during crystallization.14–16 For practical applications, the
effect of non-isothermal crystallization conditions on the microstructure and macrostructure is of utmost importance.17,18 The
kinetics of a phase change is frequently modeled using the Avrami
equation where it is assumed that the number and size of the crystals
are functions of time and temperature.14 The Avrami model has
previously been derived from Fick’s first law of diffusion.4
However, in industrial applications, crystallization typically
occurs under non-isothermal cooling conditions (i.e., the
temperature changes as the material crystallizes) inducing
different physical properties. The nucleation and crystallization
rate change as a function of time because heat and mass transfer
conditions evolved as temperature is decreased. Nucleation
behavior is of great importance due to the effect on structural
features including crystal size, crystal morphology and the spatial
distribution of the crystalline mass.7,19,20 Therefore, the model for
isothermal cooling has been adapted for non-isothermal conditions and takes the following form:17,18
n
Ys
¼ 1  ekapp ðxx0 Þ
Ymax

(1)
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Fig. 1 Polarized light micrographs of 1D fibers (12-hydroxystearic acid) (A), 2D platelets (stearic acid) (B), and 3D spherulite (trihydroxystearin) (C)
with their respective axes of crystal growth represented by x, y and z. Bar ¼ 5 mm.

where kapp is the apparent rate constant, x is the time and x0 is
the induction time, n is the Avrami exponent representing both
the dimensionality of growth and mode of nucleation. The
Avrami exponent (n) is a function of both the dimensionality of
crystal growth as well as the mode of nucleation (i.e., sporadic
or instantaneous).21 Although numerous reports have been
presented using the non-isothermal Avrami model there has yet
to be a systematic study evaluating the applicability of this
model or the experimental techniques used to measure the
change in crystal phase volume. Not all techniques used to
measure crystal phase volume are applicable such as turbidity
because crystal growth progresses beyond the ymax of the light
scattering.22
Two other approaches to modeling crystal growth under nonisothermal cooling conditions have been reported.23–25 Rousset
developed the finite element method which utilizes the isothermal
time, temperature and transformation diagrams (FEM-TTT).24
Isothermal time–temperature–transformation (TTT) diagrams
are crystallization data collected under isothermal cooling
conditions at different temperatures.24 FEM-TTT utilizes
isothermal data which are applied to non-isothermal cooling
conditions.24 The thermal path for crystallization under nonisothermal conditions is obtained and splits into small segments
which are analyzed isothermally.24 Each segment is assigned
a corresponding isothermal temperature whereby data from TTT
diagrams are used to extrapolate the relative amount of phase
transition undergone at that time interval.24 A series of these time
segments are analyzed isothermally and pieced together to
determine the path of the phase transition experienced by the
sample under non-isothermal cooling conditions.24
An isoconversional method to model phase transition in lipids
has also been reported where data are not fitted to a specific
model.23,25 The phase transition is captured and the first derivative is utilized to measure the change in the rate of the phase
transition as the sample undergoes non-isothermal cooling
conditions.23,25 The FEM-TTT and the isoconversional methods
both provide phase transition kinetics but provide no data on the
mode of nucleation or the dimensionality of crystal growth. In
these two models the kinetic data are determined experimentally
and via the model which can be compared for accuracy; however,
there are no alternative parameters to verify their accuracy. The
modified Avrami model can utilize the Avrami exponent, which
indicates the mode of nucleation and dimensionality of crystal
growth, induction time, and the maximal crystal phase volume to
verify the fit to the experimental data.
This journal is ª The Royal Society of Chemistry 2011

In this systematic study three stearic acid containing molecules
were examined to assess the modified Avrami model. 12Hydroxystearic acid (12HSA) crystallizes into 1-dimensional
fibers (Fig. 1A).6,7,17,18,20,26–30 This is due to the incorporation of
12HSA molecules via van der Waals interactions and hydrogen
bonding.31 Stearic acid (Fig. 1B) crystallizes into two-dimensional rhombic platelets.9,32,33 Trihydroxystearin (Fig. 1C) forms
3-dimensional spherulitic crystals. In 2- and 3-D systems, growth
occurs with the alignment of the alkane chains which maximizes
the van der Waals interactions required for crystal growth among
stearic acid and trihydroxystearin.31,34 The purpose of this
research is to experimentally validate the use of the modified
Avrami equation under non-isothermal crystallization conditions.

Derivation of the modified Avrami model from Fick’s
first law of diffusion
Fick’s first law of diffusion is:
 
vQ
DC
¼ DA
vt
Dx

(2)

where vQ/vt is the number of moles of material (Q) crystallized as
a function of time (t), D is the diffusion coefficient, A is the area
of diffusion and DC/Dx is the changing concentration of soluble
material (C), which is the decrease due to crystallization, across
a thickness (x) of boundary layer. If the mass of a crystal (Yc) is
proportional to the number of moles and the molecular weight of
the crystallizing molecules (MW), then diffusion across the
boundary layer onto the crystal surface may be rewritten as:
 
vYc vQ
vYc
DC
MW or
MW
¼
¼ DA
vt
Dx
vt
vt

(3)

The rate of mass deposition onto a crystal surface can be
expressed as a rate constant for crystal growth (kg). This
parameter (kg) is typically used in describing crystal growth and
accounts for the two steps required for an increase in crystalline
mass: the diffusion of the molecule to the crystal surface (D)
across a distance (Dx) and the rate of incorporation of the
molecule into the crystalline surface (k). Hence kg takes the
following form:
1

1 1
þ
kg ¼
Dx1
(4)
D k
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resulting in:

and


c  c* ¼ MWDC



(5)

ln

*

where c is the concentration of the supersaturated material and c
is the equilibrium saturation concentration of the material per
unit volume. Substituting eqn (4) and (5) into eqn (3) attains the
following relationship:

Downloaded by RUTGERS STATE UNIVERSITY on 23 February 2012
Published on 11 October 2010 on http://pubs.rsc.org | doi:10.1039/C0CE00523A



vYc
¼ kg A c  c *
vt

(6)

Ys
ðYmax  Ys Þ

r¼

N
Vt

(8)

Substituting eqn (6) and (7) into eqn (5) followed by variable
separation leads to the Avrami equation derived by Marangoni:4
vYs
¼ kg rAvt
ðYmax  Ys Þ

(9)

At this point, eqn (8) represents instantaneous nucleation
followed by crystal growth. In the case of sporadic nucleation,
the number of crystals per unit volume (r) is a function of time (t)
and the nucleation rate (j) and for sporadic nucleation eqn (8) is
modified to become:
vYs
¼ kg jtAvt
(10)
ðYmax  Ys Þ
Depending on the dimensionality of growth the area of the
growing surface is represented by a sphere (A ¼ 4prsphere2 where
A is the area and r is the radius), a platelet (A ¼ 4lh where l is the
dimension of the growing plate and h is the non-propagating
surface) or a fiber (A ¼ 2prfiber2 where rfiber is the radius). For the
radius of the sphere (rsphere) it is assumed that it grows at a linear
growth rate (g) as a function of time (t). Similarly, the growing
dimension of the platelet (l) also has a linear growth rate (g) (r ¼
gt for a sphere or l ¼ gt for a platelet).
Hence the Avrami model, for each mode of nucleation and
crystal growth shape, may be derived by substituting the growth
area and the nucleation term. For illustration purposes the
Avrami model for instantaneous nucleation with spherical
growth (eqn (10)) is shown:
vYs
ðYmax  Ys Þ



¼ kg r 4pg2 t2 vt

ms
ð

ðt
vYs
¼ kg r 4pg2 t2 vt
ðYmax  Ys Þ

0
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(12)

(14)

hence for instantaneous nucleation and spherulitic crystal
growth the Avrami equation is:
Ys
3
¼ 1  eKt
Ymax

(15)

4
where K ¼ kg r pg2 and n ¼ 3:
3
Using the same logic in which eqn (14) was derived, the other
possible forms of the Avrami model are presented (Table 1).

Materials and methods
12-Hydroxystearic acid (12HSA) (Nu-Chek Prep, Elysian, MN,
USA), stearic acid (Sigma Aldrich, Oakville, ON) and trihydroxystearin (Nu-Chek Prep, Elysian, MN, USA) were
purchased and used as received. 3% (w/w) of the stearic acid
containing molecules were added to heavy mineral oil (Sigma
Aldrich, Oakville, ON, CA) and were melted at 90  C and held
for 10 minutes to erase crystal memory. Cooling rates of 1–10  C

Table 1 Possible forms of the Avrami model for the different modes of
nucleation and their associated dimensionality of crystal growth (Marangoni, 2005)

Mode of
nucleation

Dimensionality
of crystal
growth

Instantaneous

Linear

Sporadic

Avrami
equation

K

n

Ys
1
¼ 1  eKt
Ymax

2pr2kgj

1

Linear

Ys
2
¼ 1  eKt
Ymax

pr2kgj

2

Instantaneous

Platelet

Ys
2
¼ 1  eKt
Ymax

2hkgrg

2

Sporadic

Platelet

Ys
3
¼ 1  eKt
Ymax

(4/3)hkgjg

3

Instantaneous

Spherulitic

Ys
3
¼ 1  eKt
Ymax

kgr(4/3)pg2

3

Sporadic

Spherulitic

Ys
4
¼ 1  eKt
Ymax

jkgpg2

4

(11)

Eqn (10) may be integrated across the boundary condition ms ¼
0 at time t ¼ 0 and ms at t:

(13)

Ys
4
2 3
¼ 1  ekg r 3 pg t
Ymax

(7)

where (Ymax  Ys) is the amount of uncrystallized material (Ymax
is the total amount of solids at infinity and Ys is the total solids at
a given time) and Vt is the volume of the system. The number of
crystals per unit volume (r) can be written as:

4
¼ kg r pg2 t3
3

which rearranges to:

Eqn (5) may be rewritten since the mass of total solids (Ys) is
a function of the number of crystals (N) and the mass of the
crystals (Yc) assuming that the crystals are homogenous in nature:


 Ymax  Ys

vYs
¼ Nkg A c  c* while c  c* ¼
vt
Vt



0
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min1 at 1  C increments and at 15  C min1 were applied to the
samples when cooling from 90  C to 30  C.
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Synchrotron Fourier transformed-infrared spectroscopy (FT-IR)
FT-IR was done at the Canadian Light Source (Saskatoon, SK,
Canada) on the mid-IR beamline (beamline 01 B1-01, Canadian
Light Source, Saskatoon, SK). The end station used is comprised
of a Bruker Optics IFS66v/S interferometer coupled to a Hyperion 2000 IR microscope (Bruker Optics, Billerica, MA, USA).
Light was focused on the system using a 15 magnification
Schwarzschild condenser, collected by a 15 magnification
Schwarzschild objective with the aperture set to a spot size of
40 mm by 40 mm and detected by a liquid nitrogen cooled
narrowband MCT detector utilizing a 100 mm sensing element.
Spectra were collected at 32 scans per measurement from 690
to 7899 cm1 at a spectral resolution of 4 cm1. The temperature
controlled stage (LTS120 and PE94 temperature controller
(Linkam, Surrey, UK)) was used to modify the cooling rate while
collecting spectra on the FT-IR instrument.
A KBr-supported Ge multilayer beam splitter was used to
measure spectra in the mid-infrared spectral region. Measurements were taken using the Opus 6.5 software (Bruker Optics,
Billerica, MA). The systems were held in between two calcium

fluoride optical windows (25 mm diameter, 2 mm thick) with
a 15 mm Teflon spacer. Approximately 10 mg of the melted
sample were held between the two calcium fluoride optical
windows. The non-covalent hydrogen bonding was determined
by analyzing for the carboxyl and hydroxyl peak at 1710 cm1
and 3200 cm1 respectively.35 A spectrum was taken of the
samples in the molten state at 90  C where all subsequent spectra
taken were compared to and the difference plotted. The peaks
were analyzed by determining the area under these peaks using
the Opus 6.5 Software (Bruker Optics, Billerica, MA). The areas
for the two peaks were plotted as a function of time and fitted to
the modified Avrami model. Due to restrictions such as the
availability of time on the synchrotron, one replicate was performed for this analysis.
Differential scanning calorimetry
A Q2000 Differential Scanning Calorimeter (DSC) (TA Instruments, New Castle, Delaware, USA) was used to detect the
evolution of heat during the exothermic phase transition. A 8–10
mg of sample was hermetically sealed in aluminium pans and
thermograms were collected as the sample was cooled at different
rates. TA analysis software (TA Instruments, New Castle,
Delaware, USA) applied a running integral across the enthalpy

Fig. 2 A sampling of FT-IR spectra of 12HSA (A), stearic acid (B) and trihydroxystearin (C) cooled at 1  C min1 from 90  C to 30  C and their
respective area under the peak plotted over time fitted to the modified Avrami model (D, E, and F respectively). The filled and open symbols in data
points for (D) and (F) represent the carboxyl peak (1710 cm1) and hydroxyl peak (3200 cm1) respectively.
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peak associated with crystallization. The onset of crystallization
was determined by the observable inflection point on the
collected thermograms. From the inflection point, the thermogram was integrated till no significant change was observed
between data points. The obtained integrated curve followed
a sigmoidal line indicative of a crystallization event and was
fitted to the modified Avrami model. Three replicates were performed for this analysis to obtain statistical significance.
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Small deformation rheology
An AR1000 rheometer with a 4 cm diameter flat stainless steel
parallel plate geometry monitored the evolution of the storage
modulus (G0 ) (TA Instruments, New Castle, Delaware, USA).
Approximately 1.26 mL of the melted sample was held by the
rheometer between the Peltier plate and the geometry. The
sample thickness was controlled by the rheometer and held at
1000 mm. The measurements were conducted using a 10 Pa
oscillatory stress and a frequency of 1 Hz as it was cooled from
90  C to 30  C. 10 Pa was selected as the ideal oscillatory stress as
it was the lowest value obtained from the linear viscoelastic
region in the solid state for all the samples. The modified Avrami
model was fitted to the evolving G0 . Three replicates were performed for this analysis to obtain statistical significance.

Polarized light microscopy
A Nikon Eclipse E400 light microscope equipped with a Nikon
DS-FiL color camera and a long working distance 10 lens and
condenser (Nikon Instruments Inc., Melville, NY, USA) was
used to acquire polarized light micrographs. A temperature
controlled stage (LTS120 and PE94 temperature controller
(Linkam, Surrey, UK)) was used to control the cooling rates. The
image resolution was 2560 by 1920 pixels. Images were analyzed
using Adobe Photoshop Extended CS4.0 (Adobe Systems
Incorporate, San Jose, CA, USA) to determine the length of the
crystals. Sample preparation consists of taking a drop of the
melted sample and spreading it onto a glass microscopy slide.
Micrographs were taken as the sample cooled and the average of
10 crystals was taken to represent the average length at a given
time. The growth of the average crystal length was measured as
a function of time for each cooling rate. Three replicates were
obtained to ensure statistical significance.
Fitting the modified Avrami model
Fitting the data was done using Graphpad Prism 5.0
(www.graphpad.com, La Jolla, CA) where initial values of Ymax,
kapp, xo and n were given and the software determined the best fit
values through an iterative process (1000 iterations). None of the
terms were confined during the iterative process. The initial Ymax

Fig. 3 A sampling of DSC thermograms of 12HSA (A), stearic acid (B) and trihydroxystearin (C) cooled at different rates and a plot of their respective
continuous integration for the different cooling rates fitted to the modified Avrami model (D–F respectively).
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used was the maximum signal detected. The exponent n was
initially set to 1, 2, or 3 for 12HSA, stearic acid and trihydroxystearin; respectively. Finally, kapp and x0 were set to zero and
determined by the software.
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Results and discussion
Carboxylic acid dimerization is observed by the increase in the
peak area at 1710 cm1 and a simultaneous decrease at 1700 cm1
corresponding to the stretching of the free carboxylic acid
monomer.35 Dimerization of the free carboxylic acid groups and
the hydrogen bonding of the hydroxyl group at position 12 on
the fatty acid may be monitored using FT-IR for 12HSA
(Fig. 2A). Stearic acid crystallization was monitored by the
dimerization of the carboxylic acid monomers (Fig. 2B). Trihydroxystearin crystallization was monitored by the 3200 cm1
peak corresponding to the hydrogen bonding at the 12 carbon
position on the fatty acid (Fig. 2C). The areas of these peaks have
previously been correlated to the formation of non-covalent
intermolecular interactions in the crystalline phase and have been
used to quantify the amount crystalline material.36,37 Since FTIR has been used to measure the phase volume it is an ideal
method to fit the modified Avrami model too. The CH2
stretching was detected, however, it was not possible to differentiate changes for the crystalline phase from the mineral oil.

Fig. 4 A sampling of the storage modulus obtained for 12HSA (A),
stearic acid (B) and trihydroxystearin (C) collected under different
cooling rates and fitted to the modified Avrami model.

This journal is ª The Royal Society of Chemistry 2011

Therefore no analysis could be complied on the CH2 groups in
the sample. The FT-IR signals (Fig. 2A–C) were integrated and
the area under the curve was plotted as a function of time and
fitted to the modified Avrami model (Fig. 2D–F) obtaining the
Avrami exponent, induction time and maximum phase change.
DSC is commonly used to measure the heat released during
exothermic crystallization events.23,25,38–42 A single enthalpy peak
was observed for each of the gelator molecules during crystallization and the peak (Fig. 3A–C) was integrated using a running
integral which was then fitted to the modified Avrami model
(Fig. 3D–F). The use of the running integral to represent the
crystallization process in DSC has been previously reported and
the data collected were fitted to the modified Avrami model
(Fig. 3D–F).23
The presence of network formation was monitored through
the storage modulus (G0 ) (Fig. 4). Although the plot gave the
typical sigmoidal shaped curve which the Avrami equation is
typically used to model; G0 is not a measure of the phase volume
of the new phase. The storage modulus or the elastic component
of the material is a function in part of the solid content but also is

Fig. 5 A sampling of PLM characteristic lengths corrected for their
dimensionality of crystal growth for 12HSA 1-D fibers (A), stearic acid 2D platelets (B) and trihydroxystearin 3-D spheres (C) and fitted to the
modified Avrami model.
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a function of the spatial distribution of mass, crystal shape and
entanglement of the new phase.
Finally, PLM visualizes birefringent anisotropic crystals.
Birefringence is the double refraction of light through an anisotropic material.43 PLM allows for the visualization of crystal
microstructure where birefringent anisotropic crystals appear
bright while the liquid oil remains dark under polarized light.43
Under PLM, 12HSA appears as long helical fibers which are
observed as a segmented line representing the crystals being in
and out of phase with the cross-polarizers (Fig. 1A).5,7,20,44–47
Stearic acid crystals are rhombic shaped32,33,48 (Fig. 1B) and trihydroxystearin appears as Maltese crosses (Fig. 1C). Spherical
growth is often identified by the presence of the Maltese cross
under polarized light.49–51 For 12HSA, the length of the fiber was
recorded. For stearic acid, the maximum length of the rhombic
crystal was recorded and the radius of trihydroxystearin spherulite crystal was determined. However, the measurement must be
converted to a measure of the phase volume prior to fitting the
data to the modified Avrami model. The fiber length is characteristic of the phase volume in one dimensional growth. For the
two and three dimensional samples, the measurement of the
maximum length in a crystal is not representative of their
respected dimensionalities. The phase volume for platelets was
approximated by calculating the area of the platelet and squaring
the length, while for trihydroxystearin phase volume was determined cubing the radius to determine the area for a sphere. The
crystal phase volume was plotted as a function of time and fitted
to the modified Avrami model (Fig. 5).
A sigmoidal crystal growth curve was found for each sample,
cooling rate and technique measured (Fig. 2–5). The Avrami
exponents obtained from the fits to the modified Avrami model
are presented in Fig. 6. Fig. 6 indicates that the model accurately
predicted the correct dimensionality of growth using DSC

(Fig. 6C, G and K) and PLM (Fig. 6B, F and J). While for FT-IR
(Fig. 6A, E and I) the correct dimensionality of crystal growth
and mode of nucleation were predicted. Sporadic nucleation
occurred at slow cooling and instantaneous nucleation at faster
cooling rates which are congruent to general principles of crystallization. At low degrees of supercooling (i.e., low cooling
rates) the activation energy for nucleation is harder to overcome
leading to greater ease of crystal growth than nucelation.4 At
high degrees of supercooling, the activation energy is easier to
overcome and nucleation is favored over crystal growth which
leads to a high nucleation rate and smaller crystals.4
Fractional Avrami exponents were observed when the storage
modulus, determined using rheology, was fitted to the modified
Avrami model (Fig. 6D, H and L). It is possible that the fractional Avrami exponents may be due to the contraction of the
material during cooling which affects the G0 obtained. A true-gap
system has been shown to improve rheological results during
crystallization as it accounts for the contraction of the material.52
The storage modulus is not only a function of the change in phase
volume but also the spatial distribution of mass, crystal size and
inter-crystal interactions.53 Therefore, the measure of the system
is not purely a measure of the change in phase volume.14,53 The
dimensionality of crystal growth from the Avrami exponents was
also verified by the PLM micrographs taken when the sample
reached the final temperature (Fig. 1). The model was capable of
determining the correct dimensionality of growth using DSC and
PLM but the mode of nucleation was only detected under FT-IR.
The calculated induction times were compared for each
method, cooling rate and sample (Fig. 7). A comparison of the
experimentally observed versus the calculated induction times
was found to have less than 5% difference (data not presented).
The induction time dictates whether a method can detect the
onset of nucleation. The observed induction times were

Fig. 6 Avrami exponents (n) calculated from the fits of the experimentally observed data to the modified Avrami model for FT-IR (A, E and I), PLM
(B, F, and J), DSC (C, G, and K) and rheology (D, H and L) for 12HSA (A–D), stearic acid (E–H) and trihydroxystearin (I–L).
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Fig. 7 The induction times (x0) of the fitted data for 12HSA (A), stearic
acid (B) and trihydroxystearin (C).

determined by the inflection point on the graphs for FT-IR, DSC
and rheology. In FT-IR, the inflection point was determined
based on the plot of the absorbance area over time. The inflection
point for DSC was determined by the change in the integrated
curve over time whereas in rheology it was based on the change in
the storage modulus. For PLM, the observed induction time was
based on the initial presence of nuclei observed under polarized
light. The fitted induction times were determined using the
modified Avrami model. At low cooling rates, the earliest
induction time was detected by PLM and FT-IR while rheology
and DSC occurred significantly later (Fig. 7).
The induction time, determined using DSC, has a delayed
onset due to the thermodynamics of nucleation which is
a complex relationship between the decrease in entropy and
release of enthalpy during nuclei formation.54 At the early stages
of crystallization, the heat released from the formation of the first
few nuclei may not be captured by DSC.55 Therefore it is difficult
to determine an accurate induction time. Rheology measures the
elastic properties of the network which occur upon the formation
of a continuous network significantly later than the onset of
nucleation.56,57 In trihydroxystearin and stearic acid, entanglement of the network does not occur as readily as 12HSA and
This journal is ª The Royal Society of Chemistry 2011

hence a significantly lower G0 is observed. Both PLM and FT-IR
determined the dimensionality of crystal growth while only FTIR appeared to be sensitive to the mode of nucleation. Therefore
the modified Avrami model is capable of not only determining
the dimensionality of crystal growth but also the induction time.
The maximal signal, or maximum phase volume (Ymax), is also
an important parameter in the modified Avrami model. While
the induction time indicates when the first sign of the crystallization event is detected, Ymax indicates when the phase volume
has reached its maximum at that given temperature. The
observed Ymax versus the calculated Ymax was plotted for
the different samples and cooling rates were plotted (Fig. 8). The
Ymax values obtained for the observed overlapped those that
were calculated (Fig. 8). This indicates that the model was
capable of correctly fitting to the maximal measured change in
the phase volume (Ymax). Though the maximal change in phase
volume (Fig. 8) and induction times (Fig. 7) for the experimentally observed values correlated well with the fitted values, not all
four of the methods used predicted good parameters for the
modified Avrami model. In order to obtain an accurate Avrami
exponent and rate constant, the method must detect the early
formation of nuclei. The inability for DSC to detect the heat
released at early stages of crystallization leading to a delayed
induction time invalidates it as a candidate to predict accurate
rate constants. Though rheology also obtained a later induction
time than other techniques (Fig. 7), it was able to detect the
transition prior to DSC. Rheology obtained a later induction
time (Fig. 7) and predicted fractional Avrami exponents which
were not observed in the other methods (Fig. 6D, H and L). For
the aforementioned reasons, the data obtained by FT-IR and
PLM were considered valid and further insights were gained into
the apparent rate constants (kapp).
The apparent rate constants, kapp, were determined by fitting
the data to the modified Avrami model (Fig. 9). Under
isothermal cooling conditions, as the crystallization temperature
decreases, the crystallization rate constant increases.14–16 Therefore, under non-isothermal crystallization conditions it is
expected that the rate constant will increase as the cooling rate
increases. Furthermore, when comparing the rate constants
obtained by the two methods, an increase in cooling rate is
accompanied by the increase in rate constant until it plateaus at
higher cooling rates (Fig. 9). This phenomenon may be explained
by the two components of the rate constant: diffusion and
reaction rates.4 Diffusion limited reactions occur when the
crystallization rate is limited by the molecules ability to diffuse to
the crystal surface; while, reaction limited crystallization occurs
when the rate of incorporation of the molecule into the crystal
lattice is limited.4 A dual trend was observed for the apparent
rate constants (kapp) obtained below and above the cooling rates
of 5–7  C min1. A steeper slope was observed among the lower
regime of cooling rates whereas a shallower slope was observed
for the upper regime. This dual trend observation is congruent
with observations made by previously reported research.17,18
Slow cooling profiles lead to crystallization being diffusion
limited while at faster cooling rates crystallization is reaction
limited.23 A similar result was previously reported in nonisothermal cooling conditions for crystallization using the
isoconversional technique.23 Under low cooling rates, the thermodynamic driving force for crystallization is low allowing
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Fig. 8 The maximal measure of the change in the phase volume (Ymax) as a function of cooling rate for the experimentally observed versus the fitted data
to the modified Avrami model for FT-IR (A, E and I), PLM (B, F, and J), DSC (C, G, and K) and rheology (D, H and L) for 12HSA (A–D), stearic acid
(E–H) and trihydroxystearin (I–L).

Conclusions
The application of the modified Avrami model requires the data
to be a measure only of the change in phase volume. When this
criterion is not met, fractional Avrami exponents were obtained,
invalidating the data. The experimental validation of the modified Avrami model relies on the model to accurately predict the
Avrami exponent (n), induction time (x0) and the maximal signal
(Ymax). For all the data collected, the experimentally observed
maximal signal (Ymax) and the induction time (x0) corresponded
well with the fitted parameters. An accurate Avrami exponent (n)
requires that the experimental method capable of detecting early
nucleation events. Both the PLM and FT-IR reported early
induction times (x0). Furthermore, FT-IR was the only method
to determine the mode of nucleation with the dimensionality of
crystal growth. This suggests that the FT-IR method is the most
accurate method to characterize the non-isothermal crystallization of materials providing significant insights into the apparent
rate constant (kapp).
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