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Abstract

An expression is established for the temperature dependence of the average density of nuclei, as well as a temperature-dependent
relationship between the half-crystallization times, 75y, obtained from isothermal differential scanning calorimetry polymer crystallization
experiments, and the linear spherulite growth rate, G, obtained by hot-stage optical microscopy. This relationship allows the evaluation of the
mean number of nuclei per unit volume grown at a given crystallization temperature. For an athermal nucleation, the spatial density of nuclei
is simply related to their surface density in a sample’s cross-section, and the experimentally observed mean number of nuclei is compared
with the predicted value, at each crystallization temperature. It is also shown that the ratio between the temperature dependencies of In(1/#5q,)
and In(G) may be used as an indicator of the nucleation type and of the morphology developed. © 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Differential scanning calorimetry (DSC) and polarized
light optical microscopy are widely used in studies on poly-
mer crystallization kinetics. However, to our knowledge, an
uncontroversial relationship between the results obtained by
these techniques has not yet been obtained. The establish-
ment of such a relation would highlight the applicability
range of each technique and allow the mutual validation
of the resulting data.

Some authors have been using indistinctively data
obtained with both these techniques to get information on
the lamellae folding and lateral surface energies. The only
reliable quantitative information concerning those energies
is that obtained from optical microscopy data. The values of
the surface energies obtained from DSC half-crystallization
time data, with no additional data treatment procedures,
may exceed by more than 20% the values directly obtained
from optical microscopy measurements [1-3]. These
deviations have so far been considered acceptable within
the experimental errors, particularly given the complexity
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of the overall crystallization kinetics. In fact, provided that
the experiments are carefully planned, the above difference
turns out to have a physical meaning, allowing the evalua-
tion of the temperature dependence of the nucleation
density.

The evaluation of this temperature dependence is done in
this work, following standard procedures [4,5], and it allows
the establishment of a relationship between the data
obtained by optical microscopy and DSC, which is not
straightforward. Some assumptions must be made that
restrict its applicability.

The quiescent crystallization of many common industrial
polymers may, as a first approximation, be considered the
result of a mainly athermal nucleation. Neglecting the
columnar structures (or upper and lower transcrystalline
layers), the equiaxed spherulites may be visualized as a
packing of convex polyhedrons. The classical theories for
the overall crystallization kinetics may then be used to
predict the nucleation and growth parameters of these
three-dimensional structures. It is well known, from studies
on polymer global crystallization kinetics, that Avrami
exponents provide information on the dimensionality of
the growing structures and on its type of nucleation. The
non-integer nature of these exponents is generally attributed
to the competition of a diffusion-controlled growth and/or to
the irregular boundary of the spherulites [6,7].
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In a first stage, only the isothermal crystallization with
instantaneous (or athermal) nucleation will be analysed.
This type of nucleation was selected because it makes easier
to obtain an expression for the temperature dependence of
the mean number of nuclei per unit of volume. Of course, a
truly instantaneous activation of nuclei is a theoretical idea-
lization. In practice, a nucleation activation process may be
considered instantaneous when the rate of activation of
nuclei is much larger than its growth rate. In some practical
situations, where the nucleation is of the mixed type, the
prediction of the density of nuclei as a function of
temperature is much more difficult and still challenging
task.

For the specific case under study, this prediction may be
experimentally verified through the analysis of sections of
samples isothermally crystallized in a DSC. Provided that
the nucleation is athermal, and the distribution of nuclei is
Poissonian, a direct relationship is known to exist between
the mean number of nuclei per unit volume and per unit
surface [§—10]. Van de Weygaert discussed the validity of
the above relationship [11]. Further assumptions on this
analysis may allow us to estimate the average diameter of
the equiaxed spherulites (which may also be checked
against experiments). This prediction is of the utmost
importance, because of the role played by the morphology,
namely the spherulite size, on the mechanical properties
[12,13].

2. Theory
2.1. Single mechanism equations

It is not the purpose of this work to discuss the theoretical
background and limitations of the equations generally used
in the description of the overall crystallization kinetics,
which is usually described by single mechanism equations,
such as Avrami/Evans equation [14,15]. A more general
reasoning, used by Kolmogoroff [16], allows the derivation
of an equation that reduces to Avrami equation under the
assumption of constant growth rate of solid structures and a
nucleation rate equal to (Ny/7)exp(—1t/7), where Ny is the
average number of potential nuclei per unit volume and 7 is
the activation time. The assumptions under the derivation of
Kolmogoroff equation are of a geometrical nature and
include the validity of a Poissonian distribution of nuclei.
The general form of Avrami equation is

X(t) = 1 — exp(—k"), (1)

where k and n have their usual meanings. Assuming the non-
diffusion-controlled growth of perfect spheres, n should be 3
for athermal nucleation, and 4 for thermal nucleation.
Another equation, with the same starting point as Avrami
equation, but with a different way of accounting for the
impingement between solid growing structures is Tobin

equation [17],

_XO = ki". 2)
[1 —X(]
Limitations concerning the application of Avrami equation
have been discussed [18—20]. Among these limitations is a
constant growth rate of the solid structures, an assumption
that was verified experimentally by the measurement of the
spherulite growth rate at constant temperature for the
samples studied in this work. Those measurements were
performed up to and after the occurrence of the impinge-
ment between the growing structures, with the same results.
The temperature dependence of the linear growth rate of
the spherulites may be derived from the Lauritzen—Hoffman
theory for secondary nucleation [21]. Assuming a coherent
secondary surface nucleation, the linear growth rate is

AG K,
G(T) = G, exp(— K;)exp(— - AéTf ) 3)

where AG, is the activation energy for the transport of a
supercooled stem to the semicrystalline nuclei, T the abso-
lute temperature, K, a parameter related to the fold and
lateral surface energies, AT the supercooling (difference
between the thermodynamic melting temperature, T,‘;, and
the crystallization temperature) and f a corrective factor for
the decrease of the enthalpy of fusion with the crystalliza-
tion temperature. A general formula for K, is K, =
cboo'aeTI%/(kBAHP ), where c is 4 for regimes I and III and
2 for regime II, the other parameters having their usual
meanings [21].

2.2. Calculation of half-crystallization times

From isothermal crystallization experimental data, as
obtained in a DSC, the time corresponding to half of the
overall phase change, 75y, is related to the kinetic constants
of Egs. (1) and (2) by

A 1/n
Iso% = (E) , (€))

with A = In 2 for Eq. (1) and A = 1 for Eq. (2), which may
be expressed as a function of the spherulite growth rate as

L =", )
150%

with n = 3 and C, = 4mwp,/(3p, In 2), with C, replaced by
Cr = 4mp/3p, for Tobin’s approach. N is the average
number of nuclei per unit volume of untransformed
material. For sporadic nucleation, the corresponding
relationship is

-\ l/n
1 CaN (n—1)in
—=—F] G , (6)
1509 ( 4 )

with n = 4, where N is the nucleation rate. A similar expres-
sion may be obtained for Tobin equation, with C, replaced
by CT-
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For an athermal (instantaneous) nucleation of spheres, it
is generally assumed that the temperature dependence of the
reciprocal of the half-crystallization time is the same as the
linear growth rate, in Eq. (3)

R (_AGd) (_ Kg)
o = €06y exp( =3 Jexp 2% ) %

with C = C, or C = Cr, depending on the formalism used.
The validity and consequences of this usual assumption
should now be examined.

In these conditions, a plot of In(1/ts5y) versus (1/TATf)
should be vertically shifted from a plot of In(G) versus (1/
TATSf) by (1/3)In(CN). According to the definition of an
instantaneous nucleation [18], and assuming that the aver-
age number of potential nuclei in the melt is constant, all the
nuclei should be activated at the start of the crystallization
and, therefore, N should be constant for all crystallization
temperatures. This would imply that the vertical shift
between the experimental results of the linear growth rate,
obtained by hot-stage polarized optical microscopy, and the
results of the half-crystallization time, obtained by DSC,
should be constant for all crystallization temperatures.

In practice, however, it is found that this vertical shift
increases when the crystallization temperature decreases,
which is consistent with an increase of the real number of
activated nuclei with decreasing crystallization tempera-
tures, which, for a particular crystallization temperature, is

] 1tsoq
N= Eexp[3 ln(%)] (8)

It must be stressed that the possible temperature dependence
of the average number of nuclei is not made explicit in
Eq. (5) or (7) although it is automatically accounted for in
the value of the reciprocal half-crystallization time experi-
mentally recorded for each crystallization temperature.

Although, from a strict physical point of view, one would
expect the same K, values from Egs. (3) and (7), it is experi-
mentally found that they are different. It is now in order to
make explicit the temperature dependence of N and to
analyse its effect on the apparent K, value measured from
the (1/t504,)’s variation with temperature.

Before proceeding with the analysis, it must be remem-
bered that N, in all the above equations, is the average
number of nuclei per unit volume of untransformed
material. The conversion to average number of nuclei per
unit volume of transformed material (N,) is N, = N(p,/p)).
In what follows, only N, will be used, the above conversion
being implicit in the new constants Cn, = (p,Ca)/ps and
Cr = (pCr)/ps.

2.3. Temperature dependence of the average density of
nuclei, Nt

A procedure used to evaluate the average density of
nuclei was first proposed by Kurz and Fisher [4], and is
also implicitly assumed in textbooks on solidification of

metals and alloys [22]. The entropy of mixing between
embryos and atoms is evaluated by assuming that they
have the same size. After evaluating the free energy differ-
ence between two systems, one with a mixture of embryos
and atoms (segments, in the present case) and another
containing only atoms/segments, the number of embryos
at equilibrium is evaluated. Although the procedure
followed by Kurz is inaccurate, since the embryos are
much larger than the atoms/segments, it will be assumed
in this work that the temperature dependence of the average
density of nuclei is that obtained from the Kurz and Fisher
procedure and that it is valid, at least as an approximation.
The result obtained from this approach for the number of
embryos with critical size, N, at equilibrium with segments
is

N; =N, eXp[ - 2% ] €))

keT

where AG. is the free energy of activation for the formation
of one critical embryo and N is the total number of chain
segments in the mixture. We assume that a more accurate
evaluation would maintain the Boltzmann factor unchanged
and that the only changes, as a result of the embryos and
segments having different sizes, would be reflected upon the
pre-exponential factor.

The reasons for adopting the above expression are
discussed in Appendix A, the main one being that an accu-
rate evaluation of the number of possible combinations of
objects with different sizes has not previously been made. A
possible procedure to be followed in such evaluation is also
presented in Appendix A.

The main assumption that led to Eq. (9) is an ideal
equilibrated solution (at a given temperature 7') between
segments and embryos, whose validity is restricted to
ideally pure and equilibrated substances. This equilibrium
(or pseudo-equilibrium) assumption is indeed as doubtful,
or as reasonable, as the one made within the theory of
absolute reaction rates, where an equilibrium is also
assumed between the system’s activated complex and the
reactant molecules involved. All that in fact needs to be
assumed is an extremum (maximum) of the Gibbs free
energy (which indeed it must always be, as imposed by
the nucleation theories), and it is also perfectly reasonable
to expect (exactly as in any real, actually occurring, chemi-
cal reaction or other physical process) that such extremum is
the minimum (for the most probable, and fastest, transfor-
mation path) of all possibly existing maxima of the (config-
urational) Gibbs free energy. All alternative configurations
would lead to (much) lower transformation rates.

The critical free energy of activation for heterogeneous
nucleation of a rectangular nucleus with base (ab) and
thickness (/) in a plane substrate is

16A0'0'0'6(T,?1)2

AGE= ———— /.
¢ (Ah;AT)?

(10)
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where Ao is the specific interfacial surface free energy, due
to one surface being in contact with the polymer melt and
another with the heterogeneous nucleus [18].

For high supercooling, the thickness of the nucleus is the
same as that of a chain stem, b = by, the area of the base
being now ab,. Assuming, in addition, that Ao is small
(virtually zero), a condition that may be matched when
the substrate has the same nature as the nuclei, or when
the crystallographic orientation of the chains in the nucleus
is the same as that of the molecules in the heterogeneous
substrate (case of epitaxy), the critical free energy for
heterogeneous nucleation of a rectangular nucleus with
base (ab) and thickness (/) in a plane substrate is

4byoo, T,%

A * = —
Ge AhAT

(1)

The substitution of Eq. (11) into Eq. (9) leads to

N = N, exp(— (12)

7)
TAT )°
with K, = 4byoo To/(kgAH}), which has the same
temperature dependence of the spherulite growth rate,
Eq. (3).

Assuming now that the average number of critical
embryos per unit volume is the same as the average number
of nuclei, N (or N,), the substitution of Eq. (12) into Eq. (7)
allows the definition of an apparent value for K, Vison —
(Ky/3) + K,. This then explains why the slope of ln(l/tSO%)
versus (l/TATf) is higher, Kl/t5°‘7 > KG where K =K, is
the slope of In(G) versus [1/(TATf)]

The pre-exponential factor in Eq. (7), resulting from the
substitution of Eq. (12), is proportional to (N, )”3
number of atoms (or chain segments) to be added to an
embryo should, of course, be temperature and material
dependent. The material dependence may be established
from the sequences of trans—gauche conformations of a
chain stem within the amorphous phase (supercooled
melt). The temperature dependence should be proportional
to {1 + 26xp[—AE/(kBT)]}_”3, where AFE is the energy
difference between gauche and trans states. Since, as a
simplification, we are interested in a temperature
dependence proportional to exp(—1/TAT), we will neglect
at this stage the temperature dependence of N (of the above
Boltzmann’s type), which is clearly much less significant
than that of the latter exponential factor. In any case, what is
evaluated is N (or N,), and not N,.

If one now assumes that the surface energies involved in
the formation of the primary nuclei are the same as those
involved in the formation of the secondary nuclei (during
growth), then K, = = K, and the apparent value of K, Visos for
an 1nstantaneous nucleation of spheres is (4/3)KG
1333K Similarly, for an instantaneous nucleation of
disks and rods, the relationship is K, Vison — (3/2)KG and
K% = 2K(, respectively.

leferences in the exact nature of the above nucleation

and growth processes may result in (possibly small) devia-
tions in the previously mentioned numerical factor. The
ratio between Kg“ 0% and Kg may also be a useful parameter
to evaluate to what extent the solidification of a material
may be described by an instantaneous nucleation process
and the reasonableness of assuming that the shape of the
semicrystalline growing structures is spherical.

2.4. Evaluation of the average density of nuclei

Having established the temperature dependence of the
reciprocal of the half-crystallization time, because of the
nearly linear dependence on (1/(TATf)) of the experimental
values of both In(1/¢5y4) and In(G), the number of activated
nuclei per unit volume, at each crystallization temperature,
may then be estimated from Eq. (8). The result is

_ 1
In(Ca N = 3(1{5 - Kg”’m) TATF

1
+ S[In(@)o—ln(G)o], (13)

where, as previously stated, instantaneous nucleation is
assumed. The density of nuclei may thus be evaluated by
Eq. (8) or (13) using only experimental data obtained from
two of the most widely used techniques in polymer crystal-
lization kinetic studies. Eq. (8) is used only when the experi-
mental data of G and ts0q are available for the same
crystallization temperatures. Often, however, the experi-
mental data obtained with one of the techniques need to
be extrapolated to another temperature range and Eq. (13)
should then be used to evaluate the average density of
nuclei. The assumption of constant Ké/'so”’” and KgG is valid
only under conditions of constant growth regime.

The density of nuclei may also be evaluated from values
of the kinetic constants of Avrami’s and Tobin’s equations,
found from the best fit of these equations to the experimen-
tal data. Using a procedure similar to that used in the deri-
vation of Eq. (13), we may define a Kk (>KG) as the slope of
a line in a graph of In(k'™) versus 1/TATf which already
accounts for the temperature dependence of the average
density of nuclei according to Eq. (12). The average density
of nuclei is

In(CN,) = 3(KG K")L +3[In(k)y — In(G)yl,  (14)

TATf
with n = 3 and C = 4w/3. The formal relationship is inde-
pendent of the model chosen but the values of K]g‘ and In(k),
are model-dependent.

In Egs. (13) and (14), In(1/¢599,)9, In(G) and In(k),, which
are the intercepts at the origin, are evaluated, respectively,
from plots of In(1/t5yq), In(G) and In(k) plus the transport
term against [1/(TATf)]. The transport term in Eq. (3) is
usually assumed to have WLF functionality, i.e. AGy/kgT =
C,G/(Cy + T — T,), with C; and C, having approximately
constant values of 25 and 30 K, respectively, as a result of
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adopting the polymer’s specific T, value as the reference
temperature.

2.5. Relationship between the volume and surface densities
of nuclei

A three-dimensional picture of a Poissonian distribution
of N, nuclei, formed instantaneously, may be obtained from
a Monte-Carlo simulation. The smallest volume cell
surrounding each nucleus is the Wigner—Seitz cell [23].
The N, cells are known as the elements of a Voronoi tessel-
lation, Wigner—Seitz cells, Dirichlet regions or Thiessen
figures. A generalization of the Voronoi tessellation is the
Johnson and Mehl model, which contains a dynamic
element: the growth of each nucleus with a linear and isotro-
pic velocity [24]. It was shown that, if all nuclei are gener-
ated at the same instant, the resulting tessellation is of the
Voronoi type [11].

Statistical moments of three-dimensional Voronoy tessel-
lations were determined numerically by Gilbert [8] and
analytically by Miles and Mgller [9,10], who also estab-
lished expressions for the lower dimensional sections, line
and plane sections through two- and three-dimensional
tessellations, respectively. These stereological properties
of tessellations are important for the calculation of the
volume density of cells from a surface analysis of sections
of a sample. A listing of the moments of two-dimensional
sections through three-dimensional Poisson—Voronoy
tessellations was given by Van de Weygaert [11]. For the
case of interest, the relationship is

— 1/3
F(1/3)(16Tr51v$/9)
15

G = = 1.4580N7", (15)
where & is the surface density of nuclei and I is the gamma
function. Other relationships exist between the area and
perimeter of the cell and the number of nuclei per unit
volume.

A final relationship between the volume density of nuclei
and its average diameter is more difficult to establish,
mainly because it is impossible to fill 100% of the volume
with spheres. Additional hypothesis concerning the final
shape of the spherulites must be made, namely, the defini-
tion of a convex polygon involving the spherulite, the frac-
tion of volume occupied by an arrangement of such
polygons and the evaluation of their equivalent diameter.

Other known works in the area of crystallization kinetics
are, among others, those of Eder et al. [19] and Isayev and
Cagtinani [25]. From the definition of the kinetic constant, k,
and assuming that the potential nucleation sites have already
a spherical shape, it is possible to derive an expression for
the average distance between the nuclei [23,26]. It may also
be found in the literature an equation similar in role to

Eq. (14),
3V [ZD) T
o= G 19

where V., is the maximum volume fraction of spherulites at
infinite time, where Z(T) (= k(T)l/ ") is the kinetic constant
of Nakamura/Avrami equation for non-isothermal crystal-
lization. Isayev and Cagtinani used it to predict the density
of nuclei and the average spherulite size in injection
moulded samples [25].

We do not know of any application made by Eder et al. of
Eq. (16) to predict the average density of nuclei. They have
effectively measured the surface density of nuclei for
samples crystallized at selected temperatures [27], and the
sample’s crystallization temperature was corrected in order
to account for its thermal resistance and for the heat released
during crystallization. A volume density was then calculated
(assuming that N, = (&) 3/2), which is overestimated by a
factor of 1.458%% see Eq. (15). No comparison of this
experimental nuclei density was made with the value
predicted from Eq. (16).

As for the work of Isayev et al., they calculate, for non-
isothermal crystallization experiments, an induction time
for each cooling rate, by subtracting the thermodynamic
melting temperature to the temperature of the start of the
crystallization and by dividing the difference by the cooling
rate. Experimental results are corrected for the induction
time. An additional data correction is performed to account
for the sample’s thermal resistance and the release of the
heat of crystallization, according to a method proposed by
Janeschitz-Kriegl. No reference was made to a calibration
on cooling of experimental data. The Nakamura equation is
then fitted to the data and the parameters of Z(T)—a pre-
exponential factor and the argument of the exponential
related to the secondary nucleation—found from the best
fit to the data. The additional procedure to deal with the
effect of the processing conditions on the crystallization
development may be found in the above reference and in
the references therein. Somewhat surprisingly, they appar-
ently succeeded in predicting the final spherulite size as a
function of the processing conditions. However, the proce-
dure used by Isayev et al., as acknowledged by the authors,
corrects the experimental data for an induction time that
depends on the sensitivity of the measuring device and on
the quantity being measured. The use of such arbitrarily
defined, device-dependent, induction times clearly lacks a
physical basis and is therefore difficult to justify.

It has recently been shown that the procedure described
here, which uses Eq. (13) to evaluate the average density of
nuclei from DSC and optical microscopy data, and Eq. (15)
to make the conversion from a surface density to a volume
density of nuclei, may be applied to non-isothermal crystal-
lization of polymers under quiescent conditions. It has also
been successfully applied to the prediction of the average
spherulite size in rotationally moulded parts [28].

3. Experimental

Two semicrystalline polymers have been used in this
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work, polyoxymethylene (POM) and a grade of medium
density polyethylene (MDPE) appropriate for rotational
moulding applications. The POM sample was a Delrin
150, with M, = 70000 g/mol, TS5 = 188.91 °C, T,=
—60.2 °C and an enthalpy of fusion for a 100% crystalline
sample of AHY = 326 J/g [29]. The crystallinity of this
sample, evaluated from DSC data, varies from 50% (crystal-
lized at 149 °C) to 54% (crystallized at 157 °C). Values of
the crystallinity of POM Derin 150 homopolymer, measured
by X-ray diffraction, are much higher ( = 75%) [30]. The
MDPE sample, from Enichem, RP264H, with MW =
31000 g/mol, T2 = 143 °C, T, = —80 °C and enthalpy of
fusion for an 100% crystalline sample of AH} = 293 Jig
[29] has a crystallinity between 33% (crystallized at
108 °C) and 41% (crystallized at 116 °C). The sample
masses of POM and MDPE were, respectively, 4.328 and
10.313 mg. The thermodynamic melting temperatures were
measured from Hoffman and Weeks plots. Other values
were taken from Ref. [31].

The isothermal crystallization experiments have been
performed in a Perkin—Elmer DSC 7, with a constant
temperature (5 °C) cell cooling block. Nitrogen was used
as purge gas. Hand-crimped aluminium pans have been
used for both materials. Prior to the experiments, tempera-
ture and heat flow rate calibrations were performed with
standard metals at the lowest, fully controllable, scanning
rate of the device, 0.1 °C/min. Calibration checks at this
same scanning rate have been performed at the start and
end of a set of experiments. The temperature deviations
between the measured indium onsets were always less
than 0.1 °C.

The temperature program was as follows: 5 min at a
temperature higher than the thermodynamic melting
temperature (7y,,); 1 additional minute at Ty, for the
definition of a base line at the start of the experiment;
temperature program at —80 °C/min to the crystallization
temperature. The dwell time at the crystallization tempera-
ture was long enough to ensure the complete recording of
the crystallization process, and it was measured since the
attainment of the selected isothermal crystallization
temperature, with no allowance for any induction time.
For each crystallization temperature, a blank run was also
carried out. Although the above procedure is almost
standard practice in isothermal crystallization experiments,
it is important for a correct definition of the base line at the
start of the isothermal and for a more precise determination
of the time corresponding to 50% of crystallization.

The measurements of the linear growth rate of the
spherulites have been performed in a Mettler hot-stage
coupled to a polarized light optical microscope. Prior to
the experiments, and in order to quantify eventual errors,
a calibration check of the hot-stage measured temperature
was performed. The clearing temperature of phenacetin was
recorded at a scanning rate of 0.1 °C/min and compared
with the onset temperature of the melting transition
measured in a calibrated DSC at the same rate.

Differences in temperature of less than 1 °C have been
obtained.

To evaluate the number of spherulites crystallized in the
DSC at different temperatures, several sections were cut
from the corresponding crystallized samples, which were
then analysed. The borders of the spherulites were outlined
and an average number per unit section area was measured
for the equiaxial spherulites. Due to their reduced dimen-
sion, the columnar spherulites, on the top and bottom
surfaces, were neglected.

4. Results
4.1. Crystallization kinetics

Although the description of the crystallization kinetics is
not the main topic of this work, as a discussion on the
crystallization kinetics of these materials was reported else-
where [20,32], only the predictions supplied by both model
equations (1) and (2) are compared. The purpose is to make
use of the best values for the kinetic constants to predict the
average density of nuclei from Eq. (14) (similar to the
procedure used by Isayev and Cagtinani in their work
[25]) and to compare the predicted values for n with the
ratio Ké/t”%/l(gc;.

The results obtained for the description of the experimen-
tal data with Avrami and Tobin equations are shown in
Fig. 1, for POM, and in Fig. 2, for MDPE. In both figures,
full lines stand for Tobin’s equation (Eq. (2)), while dashed
lines stand for Avrami’s equation (Eq. (1)). Values of the
parameters for both materials obtained with these equations
are shown in Tables 1 and 2, for POM and MDPE,
respectively.

Since the procedure, described earlier, to calculate the
average number of nuclei assumes an athermal nucleation,
the description of the isothermal crystallization with a
constant n (=3) was performed and the best value of the

1.0

05
0.0 I
-0.5 I
-1.0 I
-1.5 I

log,, [-log(1-X)]

Time / min

Fig. 1. Isothermal crystallization of POM at ((J) 149 °C, (O) 153 °C and (A)
157 °C. Dashed line is the fit obtained with Avrami equation; solid line is
the fit obtained with Tobin equation. Sample mass = 4.328 mg.
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Table 1

Values of Avrami and Tobin parameters for the isothermal crystallization of POM at the indicated temperatures. For both models, the values of the kinetic

constant, for a constant n = 3, are also shown

T (°C) Avrami Tobin

K (X 10* min™") n K (n=3) (X 10 min %) K (X 10° min™") n K (n = 3) (X 10 min %)
149 2440 1.93 245.79 27 200 2.94 398.18
150 775 2.20 132.03 5540 3.30 215.83
151 192 2.44 54.43 1110 3.50 91.95
152 492 2.58 19.01 169 3.68 30.17
153 5.93 278 4.19 9.02 3.95 6.65
154 0.568 3.03 1.09 0.432 424 1.72
155 0.196 3.04 0.40 0.0934 427 0.62
156 0.0638 3.06 0.14 0.0155 434 0.23
157 0.0249 2.98 0.039 0.00339 4.26 0.064
Table 2

Values of Avrami and Tobin parameters for the isothermal crystallization of MDPE. For both models, the values of the kinetic constant, for a constant n = 3,

are also shown

T (°C) Avrami Tobin
K (x10° min™") n K (n=3) (x 10° min% K (% 10° min™") n K (n=3) (X 10° min%

107 1120 3.21 37.57 1640 4.64 59.80

109 267 3.36 16.03 242 4.81 25.05

111 66 3.39 5.12 0.271 491 8.39

113 14.4 3.30 0.93 0.0634 4.61 1.45

115 12.2 2.83 0.078 0.0216 411 0.13

117 6.6 247 0.0035 0.00518 3.67 0.0062

only changing parameter—the kinetic constant—estimated
for each crystallization temperature. This value is also
shown in Tables 1 and 2 for both materials and model
equations.

For POM, irrespective of equation (1) or (2) used and of
the value of n (constant = 3 or variable), the sum of least
squared differences (SLS) had approximately the same
value (~107%), which may confirmed by the results of
Fig. 3, where In(k"™) is plotted against I/TATf. The analysis
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Fig. 2. Isothermal crystallization of MDPE at (OJ) 115 °C, (O) 121 °C and
(A) 125 °C. Dashed line is the fit obtained with Avrami equation; solid line
is the fit obtained with Tobin’s equation. Sample mass = 10.313 mg.

of the morphology of the samples, crystallized at these same
temperatures, confirm that the nucleation is mostly sporadic
for temperature between 154 and 157 °C [20], according to
the prediction supplied by Tobin’s equation.

For MDPE, the SLS also had approximately the same
value (~1O_2) for Eq. (1) and n constant = 3 or variable.
Slightly lower values of the SLS are obtained with Tobin
equation with n variable, but microscopic observations of
the microtomed samples’ sections shows that the nucleation
is athermal with fully developed spherulites [32]. Also, for
MDRPE, the temperature dependence of In(1/z5y4,), obtained
from the DSC results, and the kinetic constants of Avrami
and Tobin equations (with n variable and equal to 3) is the
same as that of the growth rate, as it may be checked by
plotting those results as a function of 1/(TATf) in Fig. 4. In
Figs. 3 and 4, the results of ln(k“ 3) are represented by the
dotted lines, which are almost undistinguishable from those
In(k"™) with variable 7.

4.2. Comparison between (1/t5yq,) and G

Figs. 5 and 6 compare the results of In(1/z5y¢,) and In(G).
The shift factor between them is proportional to, and thus
enables to evaluate, the density of nuclei. The ratio
Ky"%/K{ is 1.124 for POM and 1.283 for MDPE. We
remember that, for an instantaneous nucleation of perfect
spheres, this ratio should be 1.333. The isothermal crystal-
lization of MDPE may then be approximately described by
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Fig. 3. Values of the logarithm of the reciprocal of the half-crystallization
time, obtained from DSC measurements for the isothermal crystallization
of POM, and values of ln(k)”" and ln(k)m, obtained from the fits to the
experimental data with Avrami and Tobin equations. The results are plotted
against 1/(TATf). Time is in minutes.

an instantaneous nucleation of spherulitic structures,
seemingly according to the description supplied by Avrami
equation. For POM, the nucleation is sporadic and the
crystallization process seems to be better described by
Tobin equation.

For some crystallization temperatures, the density of
nuclei was also experimentally evaluated by sectioning
the samples crystallized at the selected temperatures, and
by counting the number of spherulites in each photograph
per unit viewed section area. In doing so, the upper and
lower transcrystalline layers were neglected, as well as the
columnar spherulites that appear in some of the MDPE
samples. Due to the reduced volume of these structures,
compared to the total volume of the samples under analysis,
it is assumed that their contribution to the total density of
nuclei may be neglected.
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Fig. 4. Values of the logarithm of the reciprocal of the half-crystallization
time, obtained from DSC measurements for the isothermal crystallization
of MDPE, and values of ln(k)” ", obtained from the fits to the experimental
data with Avrami and Tobin equations. For ]n(k)”3, only the results
obtained with Avrami’s equation are shown. The results are plotted against
I/(TATf). Time is in minutes.
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Fig. 5. Comparison of values of the logarithm of the reciprocal of the half-
crystallization time (CJ) with values of the logarithm of the growth rate (O)
for the isothermal crystallization of POM. The half-crystallization time
plot, when subtracted of the contribution of the mean number of nuclei
(first factor on the right-hand side of Eq. (7)) is shifted and becomes
coincident with the growth rate plot (M). The experimental densities of
nuclei are for 151, 153, 155 and 157 °C. Time is in minutes and G in
mm/min.

When the results of In(l/f5y¢) are subtracted of
(1/3)In(CN,), with C = C,, or Cr,, the experimental data
are shifted and become coincident with those of the growth
rate (Figs. 5 and 6), thus allowing the density of nuclei to be
determined. The solid symbols in the figures illustrate the
procedure.

In order to proceed further with the analysis, it is impor-
tant to discuss the effects of the thermodynamic melting
temperature and the possible existence of regime transitions
on the procedure described earlier. Since the temperature
interval, where the experimental data of the half-crystalliza-
tion time and growth rate is hardly the same, the prediction
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I
0O,

Fig. 6. Comparison of the values of the logarithm of the reciprocal of the
half-crystallization time ([J) with the values of the logarithm of the growth
rate (O), for the isothermal crystallization of MDPE. The half-crystalliza-
tion time plot, when subtracted of the contribution of the mean number of
nuclei (first factor on the right-hand side of Eq. (7)) is shifted and becomes
coincident with the growth plot (). The experimental densities of nuclei
are for 113, 115 and 117 °C. Time is in minutes and G in mm/min.
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of the average density of nuclei in a broader temperature
range indeed requires a discussion on regime transitions. In
partlcular the extrapolation of the values of K, (K, Viso or
K ) requires the same and constant regime in the tempera-
ture range where the experimental data are available and in
the temperature region where the experimental data are
being extrapolated to. However, when regime transitions
do occur, they result in changes in slope of the In(G) and
In(1/t5pq,) plots. Within each regime, the average density of
nuclei may then be calculated by a direct application of
Eq. (8). For both materials studied in this work, a constant
growth regime was assumed in the experimental tempera-
ture range. A discussion that supports this conclusion may
be found in Appendix B.

4.3. Prediction of the density of nuclei from isothermal
crystallization data

The results obtained for the density of nuclei are shown in
Fig. 7(a) and (b) for POM and MDPE, respectively. Open
triangles are the results predicted according to Eq. (13),
from the half-crystallization time and growth rate data.
Full triangles are for the results predicted from the kinetic
constants and growth rate values, Eq. (14). Full circles are
the experimental data. The prediction of the density of
nuclei with the Tobin’s approach, either for the results of
In(1/£594,) (Eq. (13)) or for In(k"?) (Eq. (14)) follows more
closely the experimental data. Similar results are shown in
Fig. 7(b) for MDPE.

5. Discussion

An accurate application of the proposed method for the
calculation of the mean number of nuclei requires an
athermal (instantaneous) nucleation, with n = 3, which is
not met in certain temperature ranges and for some materi-
als. Also, as mentioned, the density of nuclei is greatly
affected by the value of the thermodynamic melting
temperature; in literature data, the dispersion of these values
is large.

Concerning the experimental problems, an accurate
temperature control, on both optical microscopy and DSC
measurements, is of the utmost importance. In DSC isother-
mal crystallization experiments, at low temperatures, there
is a temperature rise in the sample due to the sample’s
thermal resistance and to the release of the heat of
crystallization. As a result, the average true sample
temperature is higher than that the set isothermal crystal-
lization temperature. The effect of the temperature rise in
isothermal DSC scans is further discussed in other reports
[33].

For the materials analysed in this work, it was found that
the growth rate is constant, up to a large extent of the phase
change, long after the impingement between spherulites,
that the number of activated nuclei is almost constant
since the start of the crystallization, and that the morphology
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Fig. 7. Number of nuclei per unit volume determined from the results of
DSC and optical microscopy with Eq. (13) (or Eq. (8)) using Avrami’s (V)
and Tobin’s (A) definitions for the half-crystallization time. The calculation
of the density of nuclei from the kinetic constants and growth rates, Eq. (14)
is shown, for Avrami, by (V) and, for Tobin, by (A). The experimental
results determined for selected crystallization temperatures are also shown
(®@). (a) The results for POM and (b) the results for MDPE.

is approximately spherical (with the exception of the upper
and lower transcrystalline layers which, due to the relative
large thickness of the samples used in the DSC experiments,
have a minor role in the global phase change). It was also
assumed that a second-stage crystallization process and
eventual annealing of the crystals after crystallization play
a minor role in the definition of the liquid to solid conver-
sion half-time, which is the relevant quantity for all calcula-
tions carried out in this work. However, it must be stressed
that neglecting the contribution of the nuclei in the columnar
transcrystalline layers introduces another possibly small but
nevertheless unquantifiable error.

Also, the detection of possible regime transitions is
important, because the evaluation of the number of nuclei,
by Eq. (13) or (14), is made by subtraction of K, values.
Very rarely, there is experimental data obtained by two
techniques covering the same temperature range. As in the
cases presented here, the growth rate data obtained by
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optical microscopy must generally be extrapolated to lower
temperatures.

Concerning again the experimental part of this work, we
are dealing with overall crystallization kinetics, and the
measured parameter which is used to record the process is
the differential variation with time of the heat of crystal-
lization released during the phase change. This is an average
value for all samples (including portions with local hetero-
geneities). Further, experiments have been performed with
other samples of the same material, having similar weights,
in order to check for reproducibility. The check was
performed and the reproducibility verified, which eliminates
the role played by eventual heterogeneities on the overall
crystallization kinetics. Different sections of the same
sample, as well as sections of several samples, were used
to measure the average number of nuclei at a particular
crystallization temperature. So, the eventual role played
by co-monomers was statistically evaluated and taken into
account the measured data. In order to further check the
validity of the procedure presented here, and to highlight
its possible weaknesses, we decided to analyse independent
literature data. A paper published by Chew et al. was
selected [34]. They performed studies on the crystallization
kinetics of a high-density polyethylene, with a thermo-
dynamic melting temperature of 143 °C. According to the
literature on regime transitions, a regime I-II should occur
at 126 °C and a regime II-III at 120 °C. The temperature
range studied by the authors is from 121 to 129 °C. The
morphology obtained was round ringed spherulites at
121 °C, coarse non-ringed spherulites at 126 °C, and
axialites at 127 °C (as expected in regime I).

The growth rate was measured at each crystallization
temperature and the fraction of material transformed to
solid phase, X(¢, T), was found at different times by “super-
imposing a square grid of points over the photograph and
using a point-counting technique, whereby X (¢, T) = P/Py,
where P, is the number of points lying in the spherulites and
Py the total number of points”. From this, the time corre-
sponding to 50% crystallization was calculated, a procedure
that may only portray the behaviour of the entire three-
dimensional sample after an adequate correction. This
aspect is not entirely clear in Ref. [34].

Values of the total number of spherulites for each crystal-
lization temperature are in Table 1 of Chew et al. [34]. For
two particular temperatures, 121 and 128 °C, the number of
spherulites, and the number of nuclei per unit area, were
evaluated at different crystallization times and shown in
figs. 6 and 7 of Ref. [34]. The number of spherulites was
evaluated “by counting the number on the photographs and
division by the area of the field of view”. The limiting
number was 1172 nuclei/mm? for 121 °C and 1182 nuclei/
mm? for 128 °C. The fotal number referred in Table 1 of
Ref. [34] is however much lower, 577 and 373, respectively,
for the above two temperatures. Since the authors supplied
no information, we assume that this total number refers to
the entire sample at the end of crystallization. Since

Table 3
Values of the half-crystallization time and growth rate for HDPE. Values
taken from Table 1 of Ref. [34]

T (°C) I50% (8) G (nm/s)
121 305+ 3.5 523 =135
128 25 000 = 2500 1.55 +0.12

temperature gradients, albeit small, do exist in a micro-
scopic slide, the information supplied by the authors for
the half-crystallization time (as well as for the growth
rate) may not be representative of the entire sample
but only of the portion of the sample under direct
observation.

We will thus select the limiting number shown in figs. 6
and 7 of Ref. [34] and the corresponding values given by the
authors for the growth rate and half-crystallization time. The
latter are shown in Table 3.

The number of nuclei per unit area, supplied by the
authors, is converted to number of nuclei per unit volume
by using the Voronoi equation (15). From the growth rate
and the half-crystallization time values, the number of
nuclei is predicted using Eq. (13). The result is shown in
Fig. 8. Of course, an athermal nucleation of spherulites is
implicit in our calculations, which is acceptable for the
temperature of 121 °C but not for 128 °C (as shown in
fig. 8 of Ref. [34]). Use was also made of information on
the error of measurement of the growth rates and half-
crystallization times supplied by the authors. The dashed
lines in Fig. 8 show the error effect on the prediction of
the density of nuclei. The full symbols are the limiting
values found by the authors for the above two temperatures.
For the lower temperature (121 °C), the agreement is accep-
table. The observed deviation at the higher temperature

S L. \V\\ ® i
g 4| - \\ i
2 10 \\
3 \‘i\ 5
g 10’; Y—

122 124 126 128
Temperature / °C

Fig. 8. Density of nuclei for HDPE calculated from data of Ref. [34].
Number of nuclei calculated using Avrami’s (V) and Tobin’s (A) defini-
tions for the half-crystallization time, from data of Table 1 of Ref. [34], with
Eq. (13) (or Eq. (8)). The experimental results determined at 121 and
128 °C are also shown (@). Dotted lines represent the error in the calcula-
tion of the density of nuclei when use is made of error data on Table 1 of
Ref. [34].
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(128 °C) may be explained by the geometry of the structures
grown in this temperature range and, eventually, by their
type of nucleation.

6. Conclusion

A method was presented to evaluate and predict the
density of nuclei from optical microscopy data and from
information on the crystallization kinetics, either from the
raw data, by using half-crystallization times, or by using the
kinetic constants of the theoretical models. The method
enables to predict the number of nuclei for crystallization
temperatures below the experimental range, providing that a
constant growth regime applies. Here, the method was only
tested for isothermal experiments, but it is also extensible to
non-isothermal experiments [27]. For a correct application
of the method, the availability of experimental data in a
wider temperature range is also desirable.

Appendix A

A possible procedure to be followed in the evaluation of
the number of possible combinations of objects with differ-
ent sizes (one made up of flexible, and the other of entirely
rigid, identical chain segments, in different numbers), and in
the evaluation of the corresponding entropy of mixing, is
similar to the approach followed in the derivation of number
of combinations between equal sized polymer chains and a
solvent (or different polymer chains) used in the Flory—
Huggins theory of polymer solutions (or mixtures).
However, the procedure must be modified in order to restrict
the placement of each embryo sub-unit (with the same size
of a lattice base cell) in an immediate and spatially
determined vicinity of the already assigned sub-units. This
procedure must be followed for all embryos comprising the
mixture and the number of possible combinations evaluated.
Derivations so far made by the authors [35] amount to the
estimation of the total number of available groups of x
contiguous lattice cells satisfying a strictly defined spatial
geometry to place a given number of nuclei (each made up
of x segments). The number of embryos at equilibrium may
then be evaluated following a procedure similar to the one
followed by Kurz and Fisher, assuming an ideal mixture
between embryos and segments. The details of this evalua-
tion will be presented in another report [35], but the
temperature dependence of the average number of nuclei
obtained to form this evaluation is still approximately
given by the Boltzmann factor of Eq. (9).

Appendix B

According to Hoffman [36] for POM, Delrin 150, a
regime I-II transition occurs at AT = 27 °C and a regime
II-IIT at AT = 40 °C. In his analysis, Hoffman used a value

for the thermodynamic melting temperature found by Pelz-
bauer and Galeski [37], TS =471.5K = 198.3 °C. Our
experimental calculation, based on Hoffman and Weeks
extrapolation method, gave for POM, Delrin 150 °C, a Tgl =
462.06 K = 188.91 °C in accordance with other literature
data [30]. According to this analysis, in the temperature
range studied by us we are in regime II, which may be
confirmed by the values of the folding surface energies.

The slope of the curve of [In(G) + C,Co/(C, + T — T,)]
in Fig. 5 is K, = 2.093 X 10° K. Assuming a AH{ = 326 *+
15J)/g and a density of the solid crystalline phase of
1.4185 g/em® [28,29], we have AH; = 426.431J/cm’.
(Much lower values were used by Hoffman [36], 3551/
cm?, and Plummer et al. [38], 380 J/em?, thus yielding
higher values for the surface energies. We assume that in
the conversion to J/cm® the density of the amorphous phase
was used, p, = 1.1765 g/cmB). With the calculated values
for AHP and T,?l, and assuming that by = 4.471 A and
o= 147 ml/m? (= 14.7 erg/cmz), we have for regime II
g, =219 mJ/m> and for regime I and I, o,=
109.5 mJ/m?. Values for the folding surface energy referred
in Hoffman’s paper for regime II range between 183 and
205 mJ/m”.

For MDPE, Fig. 6, with TS = 143 °C, the slope of the
results of the growth rate is 0.945 X 10° K2, consistent with
the value found by Hoffman and Miller for regime II of
polyethylenes of similar molecular weight [39]. According
to Hoffman, a regime II-III should occur at a supercooling
between 23 and 26 °C. Since no major changes in slope have
been detected, it is assumed that regime II is maintained in
the temperature range between 106 and 117 °C, and that
regime II-III transition is shifted to lower temperatures.
One of the possible causes for the change of regime IT1-III
transition to lower temperatures is, according to Phillips and
Lambert [40], the increase in the cross-linking or degree of
branching. The value of the fold surface energy, calculated
from our experimental data is coincident with those
presented in the literature. With T,g =143°C, o=
11.8mI/m?, by =4.15A, AH? =293]/g, (or AH{ =
280 J/em®, with p, = 0.9556 g/em’) we have o, =
90.62 mJ/m* for K,y = 0.955x 10° K*. With our value
for K, (0.945%10° K*), the value obtained for o is
89.63 mJ/m’.
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