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Abstract: The time dependence of nucleation rate in isothermal crystallization of
poly(3-hydroxybutyrate) was experimentally shown, both in heterogeneous and
homogeneous nucleation. The time dependence of nucleation rate is one of the
important limitations for the applicability of the simplified form of Kolmogoroff-
Avrami-Evans model with time independent kinetic characteristics. The presented
results are interpreted in terms of non-steady-state cluster size distribution
underlying transient nature of nucleation. The relaxation time needed for reaching a
steady-state cluster size distribution and thus steady-state nucleation rate is
relatively long, exceeding the time of exhaustion of heterogeneities. The relaxation
time estimated from homogeneous process was tens of seconds in the temperature
range between 83 and 120 °C. Application of Arrhenius law allows estimation of
relaxation time in broader temperature range, showing an increase of relaxation
time with decreasing temperature.

Introduction

The most general model for the analysis of crystallization kinetics was formulated
originally by Kolmogoroff [1], Avrami [2], Johnson and Mehl [3] and Evans [4] (KAE
model). The degree of transformation, x(t) is determined by the volume of phantom
crystals, nucleated and grown during the period (0, t)

x(t) =1-exp[-E(t)] (1)
If the growth is isotropic and proceeds independently in m dimensions:

E(t) = const.N, ﬁR(z)dz} +const.j'|§|(s) ﬁR(z)dz} ds (2)

where Np is number of predetermined nuclei present in unit volume at the instant

t =0, while N and R are thermal nucleation and linear growth rate, respectively.
Assumption that the nucleation and growth rates are controlled by temperature only
and are independent of time, results in reduction of eq. (2) to:

E(t):const.(éj m {Notm FNE™ /(m +1)} (3)



that can be written in more general form:
E(t)=kt" (4)
1-x(t) = exp(- kt") (5)

where k is the crystallization rate constant, containing both nucleation and growth
rate, and n is a constant exponent, depending on the type of nucleation and growth.

Eq. (5) is sometimes written in a different form:
1-x(t) = exp[— (Kt)”J (6)
where K = k" (7)

where the dimensionality of crystallization rate constant, K, is 1/t, being independent
of the exponent n.

Eq. (5) or (6), commonly called Avrami equation, in contrast to general KAE model, is
a relatively simple model being a convenient way for the analysis of the kinetics of
isothermal crystallization. It is usually written in double logarithmic form:

log[-In(1- x(t))] = n logt +logk (8)

The exponent n, that provides indications on the mechanism of nucleation and of
geometry of crystal growth, is usually determined as the slope of the plot of log[-In(1-
x)] vs. log (t), which is expected to be linear. The crystallization rate constant, k, is
obtained from the abscissa of the double logarithmic plot, or from the characteristic
time, ty2, at which x = 1/2. However there are a lot of published results indicating the
difficulties in fitting experimental data of isothermal crystallization to the simplified
form of KAE model with time independent kinetic characteristics. The careful analysis
of the experimental log[-In(1-x)] vs. log (t) for various polymers shows more or less
non-linear character [5-13]. Such non-linearity was also reported for isothermal
crystallization of deformed copper [14]. The non-linearity of the plot of log[-In(1-x)] vs.
log (t) at the late stage of crystallization is due to inapplicability of the KAE model to
the process of secondary crystallization, which often occurs in polymers. The non-
linearity of the plot of log[-In(1-x)] vs. log (t) observed in the range of primary
crystallization is commonly ignored or interpreted by a change of nucleation
mechanism (heterogeneous to homogeneous) or geometry of growth, resulting in a
change of the exponent n during crystallization. It will be shown in this contribution
that non-linearity of Avrami analysis is to be linked to the non-steady-state character
of nucleation of polymeric crystals.

The nucleation process is the production of nuclei with critical size occurring from
subcritical clusters and thus strongly related to distribution of cluster sizes. Practically
all models applied for the analysis of crystallization kinetics assume that the cluster
size distribution approaches steady-state for actual temperature instantaneously,
resulting in a time-independent nucleation rate. In many cases, however, the change
of external conditions during phase formation is so fast, that the steady-state density
cannot be maintained, resulting in a time-dependent, or transient, nucleation rate.
Transient nucleation rates have been reported so far for vapor condensation [15],
crystallization of undercooled liquids [16], as well as in various glass forming
systems, like metallic [17] and silicate glasses [18-22], or glass-ceramic materials
[23]. In the case of polymers with large and less mobile crystallizing elements, it is
expected that the chain rearrangements are so slow that even at relatively slow



changes of external conditions, cluster size distribution function approaches steady-
state regime for apparent conditions not instantaneously but with some time lag,
which can be relatively long. In such a case the rate of crystallization depends not
only on the actual temperature but also on time. It has implications not only for non-
isothermal processes but also in isothermal crystallization when the material is
transferred relatively fast from amorphous state to constant temperature
characterized by particular cluster size distribution function. An attempt to investigate
a transient nature of nucleation of polymers was performed by Dobreva et al. for
poly(ethylene terephthalate) [24].

According to Ziabicki [25-27] cluster size distribution, p(v,t), in the crystallization
conditions has a form with a simple material characteristic, relaxation time =

pW.t)=py +(p—py) e 9)

where ps is steady-state distribution at crystallization temperature and py is initial
distribution, transferred from previous conditions. Consequently, for isothermal

conditions, time-dependent nucleation rate, N(tT) and crystallization rate, K(t,T),
are written as:

N(t,T):Nst(r)+(|(10(t,T)—Nst(r)j et/ (10)
K(tT) =Ky (T)+(Ky(t,T)-K(T)) e (11)

where N«(T) and K_(T) is the steady-state (saturation) nucleation and
crystallization rate, respectively approached through a monotonical increase of the

rate starting from Nio(t,T) and K, (t,T) values. Such relaxation assumption introduced

by Ziabicki has been inspired by the theory of non-steady state nucleation rate
formulated by Zeldovich [28, 29], Frenkel [30], Collins [31], and Kaschchiev [32],
followed then by other treatments [33].

The aim of the present work is to investigate quantitatively the transient nature of
nucleation in isothermal crystallization of poly(3-hydroxybutyrate) (PHB) from the
melt. This led to estimation of steady-state nucleation rate and relaxation time for
PHB.

Results and discussion

The analysis by optical microscopy clearly shows that crystallization of PHB starts
from a few nuclei appearing very early with a subsequent shorter or longer time gap
preceding further nucleation. Fig. 1 presents a typical plot of the number of
shperulites as a function of time during crystallization at 92 °C, while Fig. 2 the
corresponding morphology at various times of crystallization.

It is seen that the first spherulites nucleate even before approaching of constant
temperature (time<0). The most probable explanation is that the early spherulites
nucleate heterogeneously, even during cooling to T, while the spherulites appearing
after the time gap are formed homogeneously. Thus, PHB provides excellent
situation where heterogeneous nucleation is limited and well separated from the
homogeneous process, which allows quantitative analysis of both processes.



The measurements of the radius of all registered spherulites on the sequences of
micrographs show that the growth rate of each spherulite is constant until
impingement occurs. Fig. 3 illustrates typical time dependencies of the radius of
spherulites during crystallization at 84 °C.
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Fig. 2. Optical micrograph (crossed polars) registered after 20 (a), 30 (b), 40 (c), and
50 (d) seconds of crystallization at 92 °C.



The moment of nucleation of each spherulite was determined from linear
extrapolation of the dependence of the radius vs. time to the zero radius. Fig. 4
presents a typical plot of the number of spherulitic nuclei appearing in the field of
observation vs. time of crystallization, while Fig. 5 shows the corresponding
nucleation density obtained by division of the number of spherulites by the actual
volume of amorphous phase.
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Fig. 3. Radius of PHB spherulites vs. time upon isothermal crystallization at 84 °C.
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Fig. 4. Number of all spherulitic nucleus appearing in the field of observation vs. time
of crystallization at 84 °C.
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Fig. 5. Density of nucleation during crystallization at 84 °C.

The dependence of nucleation density on time presented in Fig. 5 is typical for all
investigated temperatures, with early appearing heterogeneous nuclei (even before
approaching of constant temperature, that is seen as time below 0), followed by a
sizeable increase of the number of growing crystallites with time, due to the onset of
homogeneous nucleation. Time differentiation of the plot of nucleation density leads
to determination of the nucleation rate per unit volume of material. Fig. 6 shows the
plots of nucleation rate vs. time of isothermal crystallization for a few selected
temperatures.

It is evident from Fig. 6 that nucleation rate is not constant but depends strongly on
time. There is sigmoidal increase of homogeneous nucleation rate to more or less
constant value (line A in Fig. 6 for crystallization at 84 °C), with an additional
maximum at low crystallization time related to heterogeneous nucleation (line B in
Fig. 6). The end value of homogeneous nucleation rate is the steady-state nucleation
rate, corresponding to the steady-state cluster size distribution. It may be argued that
the levelling off homogeneous nucleation rate may be caused by termination of the
phase transition, but in such a case one would expect a sudden decrease of the rate
of appearing of new nuclei, rather than the attainment of a constant value. The
increase of nucleation rate to the plateau value at the end of crystallization is caused
by a delay in approaching of steady-state cluster size distribution at each
temperature. This delay is linked to the low mobility of polymer molecules: after
reaching the isothermal step, polymer chains still remember previous cluster
distributions, inherited from higher temperatures, i.e. from the side of lower driving
free energy. Cluster size distributions inherited from higher temperatures contain
much smaller clusters compared to the steady-state cluster size distribution at the
temperature of crystallization. This situation leads to transient nucleation rates that
are lower than the steady-state rate. The increase of nucleation rate is faster for
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heterogeneous nucleation (line B in Fig. 6), because of the smaller energy barrier
than in homogeneous process. Contrary to the common assumption, our results
demonstrate that heterogeneous nucleation is not an instant process, just because of
transient process of approaching of steady-state distribution of clusters. As it is seen
from line A in Fig. 6, the steady-state cluster size distribution is approached at the
end of isothermal crystallization, and the steady-state nucleation rate for
heterogeneous process is not reached because of the exhaustion of heterogeneities.
The exhaustion of heterogeneities is manifested by approaching of the local
maximum (line B in Fig. 6), followed by a decrease of the nucleation rate to the level
characteristic for homogeneous nucleation.
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Fig. 6. Nucleation rate during crystallization at few temperatures (indicated). The
dotted, dashed and dash-dotted lines represent the experimental data, and the solid
lines are the estimated trends of homogeneous (line A) and heterogeneous (line B)
nucleation rates for crystallization at 84 °C.

The parameters of transient nucleation in isothermal regime were estimated
according to the procedure proposed by Ziabicki et al [26-27]. He proposed some
experimental procedures for quantitative determination of time-dependent effects
both from isothermal and non-isothermal experiments.

Summarizing, two main parameters that describe the transient character of
nucleation are the steady-state rate reached at relatively long time and the relaxation
time that is related to the delay in approaching the steady-state value. The steady-
state cluster size distribution and the related nucleation rate were not reached in the
heterogeneous process because of earlier exhaustion of nuclei, due to the high purity
of PHB, therefore we have limited our estimation to homogeneous nucleation. The
steady-state rate was estimated as a saturation value at the end of crystallization,



while the relaxation time was obtained from the inflexion point, ting, 7= 1.107336 tjy,
as it was derived in Ref. [27], and results are illustrated in Figures 7 and 8.
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Fig. 7. Steady-state nucleation rate vs. temperature of isothermal crystallization.

T, K
320 330 340 350 360 370 380 390 400
——
- 140
5 4
- 120
4 4 100
"
®
W . . 180
& Bl - ]
c u = 160
2 - 440
< 20
14
T 'I T l T ‘ T I T 0
0.00260 0.00265 0.00270 0.00275 0.00280 0.00285

1T, K

Fig. 8. Linear approximation of the plot of In t vs. 1/T and extrapolated relaxation
time, t, vs. temperature in a wide range of temperatures.



The temperature dependence of the steady-state nucleation rate, presented in Figure
7, was fitted with a Gauss function, assuming the position of the peak at 60°C. This
temperature was found previously as the temperature of maximum nucleation rate for
PHB [34].

The important point for estimation of relaxation times is the choice of zero time. In the
case of higher nucleation rates at lower temperatures, where heterogeneous and
homogeneous nucleation can overlap, the starting point for homogeneous nucleation
was determined using Boltzmann fitting applied for the range of nucleation after
exhaustion of heterogeneous nuclei. In the case of lower nucleation rates at higher
temperatures, the start of homogeneous nucleation is usually separated by long time
gap from heterogeneous process. Although the scattering of relaxation times
estimated from our experiments is relatively large, the plot of t vs. T, illustrated in
Figure 8, probes a tendency to increase of relaxation time with decreasing
temperature of crystallization.
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Fig. 9. Growth rate of spherulites as a function of the moment of nucleation for
crystallization at 84 °C.

This trend is consistent with the theoretical predictions detailed in Ref. [27]. The
temperature dependence of relaxation time is expected to be described by Arrhenius
law:

7(T )=, exp|E, /RT] (12)
with the activation energy, E,, and the pre-exponential factor, . The activation

energy estimated from the slope of the linear approximation of the experimental
results of In zvs. 1/T (Fig. 8) is 39 kd/mole, which is the same order of magnitude as



activation energy for self-diffusion in polymers. For instance, the activation energy of
the self-diffusion in polyethylene measured experimentally is 19.5 kJ/mole [35].
Linear approximation of the plot of In (1) vs. 1/T, allows estimation of relaxation times
vs. temperature in a wide range of temperatures (Fig. 8).

Additional results, which can be also interpreted in terms of relaxation of cluster size
distribution, were provided by the analysis of the growth rate of spherulites. As
mentioned above, the growth rate of each particular spherulite is constant until
impingement (see Fig. 3). On the other hand, we observed that the growth rate of
each particular spherulite is the higher the later it was nucleated. This trend is
exampled in Figure 9 for crystallization at 84°C. Similar data were gained also at the
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Fig. 10. Relative crystallinity, x, from DSC vs. time of isothermal crystallization.

We interpret this behavior as a change of cluster distribution with time toward steady-
state value underlying in this case secondary nucleation. Approaching of steady-state
nucleation rate occurs from cluster size distributions inherited from higher
temperatures, containing thus relatively large number of small clusters. This situation
leads to transient nucleation, also secondary one, with lower rate than the steady-
state value approached at relatively long time. The observation that the growth rate of
a particular spherulite remains constant can be explained by the fact that crystal
growth occurs from the mother phase in the closest neighborhood around the
spherulite, because of space limited molecular diffusion. It is expected that the local
steady-state cluster size distribution in a nearest-neighbor shell is approached very
fast because it is strongly affected by the growing spherulite. On the other hand, the
next spherulite that nucleates later is sensitive to a global cluster size distribution,
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tending to its steady-state. Such a new born spherulite meets another global
apparent cluster size distribution, resulting in a different (higher) growth rate. Again,
its growth rate is constant because of sensitivity to the local value of cluster size
distribution.

Complementary results were obtained by DSC. Fig. 10 illustrates the changes of
relative crystallinity vs. time for a few temperatures of crystallization.

Fig. 11 shows double logarithmic plots log[-In(1-x)] vs. log (t-t), where t; is the
induction time.
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Fig. 11. Double logarithmic Avrami plot determined from DSC data for several
temperatures of isothermal crystallization.

It is evident that the experimental double logarithmic Avrami plot is non-linear even
when the induction time is subtracted, i.e. log(t-t;) is used instead of time measured
from the moment of approaching of isothermal step (Fig. 11). Strong non-linearity at
the end of crystallization is caused by inapplicability of the KAE model to the
secondary crystallization. The non-linearity of the double logarithmic plot occurs also
in the range of primary crystallization. Non-linearity during primary crystallization is
commonly ascribed to a change of the exponent n due to a variation in growth
geometry, which was not observed by optical microscopy analysis during PHB
crystallization. Both types of nucleation, heterogeneous and homogeneous, occur
sporadically and the geometry of growth is the same irrespective of the type of
nucleation. The non-linearity in the range of primary crystallization is, instead, related
to the time dependence of nucleation rate. Considering this fact, crystallization rate,

K, was determined using more general form of eq. (6), allowing time dependence of
crystallization rate:
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1-x(t)= exp{@K(T,t')dt'Jn] (13)

Rearrangement of eq. 13 allows determination of the actual value of crystallization
rate, K, as a function of time:

K(t): d{[_ln(l(;tx(t))]l/n} (14)

This procedure has been applied previously int. al. in [26, 27]. It needs assumption of
the exponent n. Although the plot of log[-In(1-x)] vs. log (t-tj) is non-linear because it is
loaded with the time dependence of crystallization rate as well as with secondary
crystallization, it can be used for a rough estimation of the exponent n. The average
value of the exponent n determined from the middle range of crystallization was
equal to 2.

Fig. 12 shows the crystallization rate, K, vs time in the range of primary crystallization
determined using eq. (14) with n = 2.
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Fig. 12. Crystallization rate, K, vs. time at the indicated temperatures of isothermal
crystallization.
It is evident that the crystallization rate K is indeed not constant but depends strongly

on time. It increases with time of crystallization, following time dependence of
nucleation rate.
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Conclusions

Our experimental results obtained for poly(3-hydroxybutyrate) clearly show that the
nucleation rate in isothermal crystallization of polymers is not constant, but depends
on time. The time dependence of nucleation rate explains the problems with proper
description of kinetic data using simplified form of Kolmogoroff-Avrami-Evans model
with time independent kinetic characteristics that are often reported in literature. The
treatment of nucleation as a steady-state process with a time-independent rate
should be valid only for low molecular weight materials with small and mobile
crystallizing elements (atoms), assuming additionally that the change of external
conditions is relatively slow. The simplified form of Kolmogoroff-Avrami-Evans model
with time independent kinetic characteristics can thus be used only as a very rough
approximation of experimental data of polymer crystallization.

The interpretation of the time dependence of nucleation rate is based on the concept
of transient time, which is needed for reaching the steady-state size distribution of
clusters after changing of external conditions. In the case of isothermal crystallization,
relatively fast cooling or heating usually precedes the constant temperature step.
Time delay in approaching of steady-state cluster distribution implies significant time
dependence for the rate of nucleation. Before reaching the steady-state value of
nucleation rate, the apparent value of nucleation rate deviates from the steady-state
rate. The presented data indicate that the relaxation time in approaching of steady-
state cluster size distribution is relatively long, which results in delay in attainment of
steady-state. In the case of heterogeneous nucleation, that is faster than
homogeneous one because of the lower energy barrier for formation of critical
nucleus, steady-state nucleation rate is not reached because of earlier exhaustion of
heterogeneous centers for nucleation. In the case of homogeneous nucleation the
end value is taken as the steady-state rate. The relaxation time estimated from
homogeneous process using the procedure proposed in [27] is of the order of tens of
seconds in the temperature range of investigated processes. Application of Arrhenius
law allows estimation of relaxation time in broader temperature range, showing an
increase of relaxation time with decreasing temperature.

Two other experimental facts observed in isothermal crystallization of poly(3-
hydroxybutyrate), namely the sporadic nature of heterogeneous nucleation as well as
the dependence of spherulitic growth rate on the moment of its nucleation, can also
be interpreted by the non-steady-state cluster distribution during isothermal
crystallization. The growth rate of each particular spherulite is constant until
impingement, but it is determined by the moment of nucleation being higher leading
to later nucleation. Also this time dependence is most probably due to a change of
cluster distribution toward steady-state value. The constant value of the growth rate
of each particular spherulite is due to its sensitivity to the very local value of cluster
size distribution within nearest-neighbor shell.

Experimental part

Materials

Poly(3-hydroxybutyrate) (PHB) with molecular mass 435,000 Da was purchased from
Aldrich Chemical Company, Inc. PHB, commercially produced by a batch
fermentation process, is extremely pure material. High purity of PHB limits seriously
heterogeneous nucleation providing excellent conditions for the analysis of
homogeneous nucleation that is rather a rare case in polymers. It gives the possibility
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to perform clear experiments allowing quantitative estimation of the time-dependent
effects in polymer crystallization.

PHB foils were prepared by compression-molding with a Carver Laboratory Press at
a temperature of 200 °C, first without any pressure for 2 minutes, to allow complete
melting, then with a load of 0.5 ton for 2 min. Cooling to the room temperature was
performed by means of cold water circulating in the plates of the press. Before
pressing, PHB was dried under vacuum for 16 h.

Methods

Kinetics of crystallization of PHB was investigated in isothermal conditions. Two
methods of investigations were applied — optical microscopy and differential scanning
calorimetry, DSC, providing complementary information on the kinetics of transition.
The use of optical microscope allows separate determination of nucleation and
growth rate, while DSC provides information on the global kinetics of crystallization.

Optical investigations were performed with a Zeiss polarizing optical microscope
equipped with a Linkam TMHS 600 hot stage and a Linkam CS 196 unit for fast
cooling with liquid nitrogen. The sequences of photomicrographs were taken using a
JVC TK-1085E Video Camera coupled with the software Image-Pro Plus 3.0.
Samples were cooled from the melt state (193 °C, 3 min) to the constant temperature
(Tc) in the range between 83 °C and 120 °C. Cooling rate to the isothermal step was
70 °C/min. A reliable determination of the moment of nucleation of each spherulite
was performed by measurements of radius of particular spherulite on a sequence of
micrographs and subsequent extrapolation to the zero radius. The nucleation rate
was then determined in relation to the actual volume of amorphous phase outside the
spherulites, an effective space for nucleation. The apparent volume of amorphous
phase was estimated from the known thickness of a sample and the actual area of
amorphous phase determined from registered micrographs.

In the case of DSC method, Perkin-Elmer Pyris 1 DSC equipped with Intracooler 2P
was used. The instrument was calibrated in temperature with standard indium and
zinc references, and in heat flow rate with indium. PHB film samples weighing c.a. 4
mg were melted at the same conditions as in the case of optical investigations, i.e.
193 °C for 3 min and then cooled at 70 °C/min to crystallization temperature, where
the heat flow was registered as a function of time. The starting time at each T. was
determined from the temperature profile as an intercept of linear extrapolations of the
cooling and the isothermal stages. Evaluation of the crystallization heat flow time-
dependence was obtained with a fitting procedure using second order exponential
decay function to simulate thermal equilibrating effect.

Taking into account high sensitivity of PHB to the thermal degradation, the important
point of the experiments was to choose properly conditions of melting before
crystallization. The results of additional experiments described elsewhere [36] show
that melting at 193 °C for 3 minutes is sufficient to melt the polymer completely before
crystallization from the one side and to minimize degradation of material from the
other one. This temperature is close to the equilibrium melting temperature, T\’
determined experimentally by Al-Salah (190 °C) [37], Avella et al. (194°C) [38] and by
Organ et al. [39], showing the molecular dependence of the equilibrium melting point,
with T,’=186 °C for a PHB with molecular weight ca. 100,000 Da. Few authors have
applied similar conditions of melting (190 °C for 5 minutes [40]), claiming that they are
sufficient for destroying of previous thermal history. Our results showed that the
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molecular weight, M,, after compression-molding at 200 °C and then melting at 193
°C for 3 minutes was around 120,000 Da [36]. Molecular degradation in the range of
crystallization temperatures (between 83 °C and 120 °C) can be neglected. According
to Janigova et al. [41] only marginal degradation can occur below 170 °C.
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