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Abstract

A critical analysis of different theoretical models of overall crystallization kinetics accounting
for non-steady-state nucleation effects as well as for size-dependent cluster growth is given. The
overall crystallization kinetics of polyethylene terephthalate (unfilled and also containing
titanium dioxide) is studied near the melting temperature T, and in the vicinity of the glass
transition temperature T, under conditions of sporadic and athermal nucleation, respectively,
by using differential scanning calorimetry (DSC) and optical microscopy. A standard method is
proposed for analyzing the degree of transformation vs. time curves in order to determine the
kinetic parameters of the process from DSC measurements. The temperature dependence of the
induction times 7;,4 shows that, in the vicinity of the glass transition temperature, they are
determined by non-steady-state nucleation kinetics. In this way, it is shown that the more
general, transient formulation of the classical theory of phase formation is also inherent to
polymer crystallization kinetics.
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1. Introduction and historical background

The theoretical analysis performed by Zeldovich [1] (see also Refs. [2—5]) shows that
by its very physical nature the nucleation process is of a non-steady-state character.
This theoretical prediction has been confirmed by computer simulation [6] as well as
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by experimental evidence [7-9]. The basic parameter in the kinetics of transient
nucleation, the non-steady-state time lag 7, is proportional to the viscosity of the
ambient phase. Taking into account the high viscosity of glass-forming liquids, it has to
be expected, as already pointed out by several authors [ 10-12], that non-steady-state
effects in glass-forming systems should be of measurable duration. Thus, time lags up to
several hours have to be anticipated in the vicinity of the glass transition temperature.
Experimental evidence for the significance of non-steady-state effects in the nucleation
of inorganic glass-forming systems, beginning with the first experimental proof given
by Gutzow et al. [7] for the case of sodium metaphosphate, has been analyzed and
reconsidered in a number of survey articles [12,13].

Experimental results obtained with metal glass-forming alloys [14] also reveal the
transient character of nucleation in these systems.

Non-steady-state effects should also be observed in the crystallization of organic
polymer glass-forming liquids as there is no structural or other reason why the
transient character of the nucleation process should be excluded in these systems. On
the contrary, accounting for the particular structure of organic polymers and the
possibility of macromolecular entanglements, it is to be expected that non-steady-state
effects should be of even greater importance in polymers than in the already cited cases.
However, one of the first analyses of the nucleation kinetics in polymer liquids,
performed by Flory and Mclntyre [ 15] for polydecamethylene cebacate, indicates that
the induction times observed in this polymer in the vicinity of the melting temperature
T,, are reciprocal to the steady-state nucleation rate in the considered temperature
interval, i.e. in this case non-steady-state effects are insignificant. The same conclusion
can also be drawn from our analysis [16] of the number of nuclei vs. time curves for
polydecamethylene terephthalate reported by Sharples and Swinton [17,18].

In the present contribution, the possibility of proving non-steady-state effects in the
nucleation of organic chain-folding polymers is re-examined. The main efforts are
concentrated at high undercoolings in the vicinity of the glass transition temperature
T,, where the transient character of the nucleation process should be most pronounced.
Polyethylene terephthalate (PET) is chosen as a model system.

From an experimental point of view, PET is a very convenient model, having
a relatively low melting temperature T, (about 542 K), and a sufficiently high glass
transition temperature T, (about 342 K). The latter means that it can be quenched from
the molten state to give a completely amorphous material at room temperature. The
vitrified polymer does not crystallize at room temperatures, thus allowing convenient
examination of the quenched samples. In addition, PET has been the subject of many
experimental studies so that the most significant molecular constants of this polymer
are known. A thorough thermodynamic and rheological investigation of PET has also
been performed [16]. Moreover PET is one of the few polymers for which the
temperature dependence of the rate of crystal growth has been examined over the whole
range of crystallization temperatures [ 19, 20]. Furthermore, secondary crystallization
effects in the overall crystallization kinetics in PET are negligible, which additionally
simplifies the analysis.

It has to be mentioned, however, that in the low temperature region in the vicinity of
the glass transition temperature T,, where non-steady-state effects are of particular
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significance, the nucleation rate of undercooled organic polymer glass-forming sys-
tems, as a rule, is very high and the determination of the number of grown nuclei vs.
time dependences, usually employed in this type of investigations (see Ref. [12]), is
associated with considerable experimental difficulties. This is why we have chosen
another approach for studying the possible significance of non-steady-state effects in
organic polymer glass-forming systems: analysis of the overall crystallization kinetics.

The kinetics of the isothermal overall crystallization process in organic polymers and
especially in PET has been thoroughly investigated by a number of authors [21-24];
and various methods have been employed to determine the degree of transformation vs.
time a(t) curves. However, to our knowledge, no attempt has been made so far to
analyze a(t) curves for organic polymers from the standpoint of the more general,
non-steady-state formulation of the present day nucleation theory. An account of the
first derivation of this general formalism can be found in Refs. [25] and [26].

In the present investigation, the kinetics of isothermal overall crystallization is
examined by differential scanning calorimetry (DSC) and hot-stage optical micro-
scopy. Two types of experiments were performed: crystallization with sporadic
nucleation and crystallization taking place in the presence of athermal nuclei. Crystalli-
zation both from the molten state (in the vicinity of T,) and from the glassy state
(devitrification above T,) was studied. The influence of a nucleation-active filler (TiO,)
was also examined. In performing the analysis of the experimental results, data
previously obtained in our laboratory on the rheology and thermodynamics of the
same PET samples were used [16].

2. Kinetics of overall crystallization: basic formalism

The classical description of the overall crystallization kinetics has been given
independently by Kolmogorov [27], Johnson and Mehl [28] and Avrami [29]. In the
derivation made by Kolmogorov, the formalism of the theory of probability and
a model stemming, in fact, from a problem already discussed by Poisson were used.
Avrami performed a geometric treatment and introduced the concept of the so-called
extended volume, Y, (t). The theorem connecting the extended volume Y, (t) with the
degree of transformation « reads

do=(1—o)d[Y,(1)] (1a)
or, after integration
a=1-exp[—Y,(1)] (1b)
where Y, (r) 1s connected with nucleation rate I(¢) and the growth rate G(1), as
Y, (t)=a&' J ING (1)t —r)ydr (2a)
0

Here »’ is determined by the dimensionality of growth and @’ is a shape factor, e.g. for
spherical symmetry n' = 3 and @' = 4n/3.
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Assuming that I(f) =const =1,, and G(t)=const=G_,, as done by the above-

mentioned authors, Y,(t) becomes

ac

Y,()=o'1,G" j t(t —ydr (2b)

0
and

a=1—exp[—al,G" 't"]=1—exp[— K"] (3a)

Here n=n'+1, @ ='/n’, and K is the overall crystallization rate coeflicient. The
dependence of the degree of transformation on time has a sigmoidal course for n > 1.

Avrami also considered the case when nucleation takes place on N* active sites
(athermal nucleation). Then Eq. (1b) becomes

a=1—exp[ —dON*G" " ']=1—exp[ — K, " '] (3b)

In the following, the notations K, and K, are used for athermal and sporadic
crystallization, respectively. In the athermal case, the Avrami exponent is diminished
by unity and N* appears in K, instead of ;.

The kinetics of transformation, which proceeds via surface-induced growth of an
ensemble of equal grains of size R, has been derived by Mampel [30] and Todes [31].
For this more complicated crystallization model, no simple analytical solution is
possible but, nevertheless, it can be shown that, to a first approximation, the Mampel—
Todes (1) curves can also be analyzed in terms of the Avramilog(—log (1 — «)) vs.logt
plots. In the Mample-Todes analysis, however, n loses its physical meaning given in the
classical formulation.

At the end of 1960s, after the significance of the non-steady-state effects in the
crystallization of glass-forming systems had been established, Gutzow and Kashchiev
[25] reconsidered the overall crystallization kinetic problem assuming that I(t) is
a time-dependent function in the sense introduced by Zeldovich. In this first analysis
accounting for the transient character of I(t), the Collins—Kashchiev expression [4, 5]
for the time dependence of the nucleation rate, I(z), was used.

In a following quite recent development, Schneidman and Weinberg [32] showed
that not only the time dependence of the nucleation rate due to non-steady-state effects
but also the size dependence of the growth rate may influence the course of the «(t)
curves under isothermal conditions. In a first approximation, the size dependence of the
growth rate G(R) can be written as

GR)=G_|[1 R 4

[+

R_ being the radius of the critical cluster.

An alternative way of solving the same problem was given by Shi and Seinfeld [33]
who derived an expression for the rate of formation of overcritical clusters I(g,,t),
which are so large that their decay rate is zero and only deterministic growthis operable
(nucleated cluster size, g,). In this way, Shi and Seinfeld gave an expression for «(t)
including corrections for both the time-dependence of I(t) and the size-dependence of
G(R) by introducing the nucleated cluster size g,,.
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All three above-mentioned extensions of the classical theory can be given in a form
originally proposed by Gutzow and Kashchiev [25], i.e.

a=1—exp[ - K"y, (1)] ()

where ,(t) is a correction function. For n =4, it has the form

v =1 27 [T +77‘E4 T 2 31n% /1 3_|»1277r8 T\*
e 3\t 30 \r 630 \t 25200\ ¢

4 w _lm
+48<Z> Y ( mg) exp(—m%) (5a)

m=1

for the Gutzow—Kashchiev treatment
T, \* T & (=g t t 1/ t\?
H=1—4(-=) +24f- —m= ) 14m-—_(m-
Y1) <t> + <t> mg'1 7| Pl —mo tm-—om-
for the Shi-Seinfeld analysis and

o[ ()]

for the Shneidman—Weinberg solution.

Inabove equations, 7 is the non-steady-state time lag, 7, in Eq. (5b) is an effective time
lag connected with the nucleated size g, A, , is the thermodynamic work of formation
of three-dimensional nuclei, and k denotes the Boltzmann constant.

In all three solutions, the simplest possible approximation for I(t), introduced first by
Gutzow and Kashchiev [25] (see also Gutzow et al. [7]) in the form of a step function,
can be used, i.e.

0 <t<bh
I(t):{ 0 T
I, br<t<oc

(6)

which provides a straightforward approach to considering the influence of different
factors as well as in analyzing experimental results. With this approximation, y,,(t) also
becomes a step function, which in the Gutzow—-Kashchiev solution has the form

0 0<t<bt

Vall) = {(1 —b(r/)" br<t<oo d)
b being a numerical constant close to unity [25].
The same step function for I(t) was also used by Shneidman and Weinberg [32] in
deriving Eq. (5¢).
The y,(¢) correction functions and the respective () curves are shown in Fig. 1.
In analyzing the kinetics of overall crystallization accounting for non-steady-state
nucleation rate and size-dependent growth of clusters, our task is:

(1) to bring the experiment into compliance with the above-discussed solutions;
(i1) to propose a standard method for analyzing experimental data;
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Fig. 1. Correction functions ,(1): (a) according to Egs. (5), and (b) corresponding a(t) curves for n=4:
1, classical K olmogorov—Avrami dependence with (1) = 1; 2, Gutzow—-Kashchiev dependence (Eq. (5a)); 3,
Shi-Seinfeld dependence (Eq. (5b)) with 7, =1; 4, Shneidman—Weinberg dependence (Eq. (5¢)) with
Ay3/kT =2; 5, approximate step-function dependence (Eq. (5d)) with b = 1.6. In all cases, K = 1 x 10 *s~*,

(iii) to use this method for examining the results obtained for our particular
experimental models.

First, however, we have to investigate under which conditions and in which
temperature regions non-steady-state effects are most significant. This analysis is
performed in Section 4, below. In the following section some of the necessary basic
dependences of the theory of phase formation are summarized.
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3. Basic dependences of the theory of nucleation and growth

The temperature dependence of the steady-state nucleation rate I, and the growth
rate G, determining the rate coefficient K, are usually written in the form [26]

IO=N1Dk3F3exp<—%> (7
and

GN=aOZd3|:1—exp<—%>J (8a)
for the so-called continuous or normal mode of growth (N) and

G,p=SdyN,D,, T, exp(—%) (8b)

for growth rate moderated by two-dimensional (2-D) nucleation. In the above equa-
tions, D, , and D, , are the molecular fluxes connected with 3-D and 2-D nucleation, I",
and I', are the so-called Zeldovich factors for 3-D and 2-D nucleation, A, , and 4, , are
the work of formation of 3-D and 2-D nuclei, Ay is the thermodynamic driving force of
the crystallization process, Z is the impingement rate of ambient phase molecules, «, is
the relative number of growthssites, N, ~ 1/d3 and N, ~ 1/d are the number of building
units per unit volume of the surrounding phase and per unit surface of the growing
crystal, d, and S being the average intermolecular spacing in the liquid and the surface
of the 2-D nucleus, respectively. It is also assumed that d,, ~ d,, where d, denotes the
intermolecular spacing in the crystal.
The temperature dependences of 4, and A, , read

16 o*V2
Ak3:“3—n A (9a)
and
a*V, d
A, =1 Au ° (9b)

Here V,, i1s the molar volume of the crystallizing substance and o is the specific surface
energy at the liquid/crystal interface. For polymer crystals, two values of ¢ are defined:
the lateral surface energy o, corresponding to the crystalline faces formed by the
stretched part of the chains, and the end surface energy o, corresponding to the faces
built by the polymer chain folds. However, as a first approximation, an effective value of
> = o0, can be introduced [34,35].

According to the empirical Turnbull-Scapski formula, an evaluation of  can be
given as

AS, T,

O NIBY 23 (10)

c=1
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Here AS,, is the entropy of melting, N, is Avogadro’s number and 7, is a numeric
coefficient ranging from 0.3 to 0.6 for low molecular substances. In polymer nucleation
and growth experiments, 7, = 0.1 and even lower values are found. An explanation of
this finding is given below.

The temperature dependence of the thermodynamic driving force A i of the crystalli-
zation process in polymers can be given by Hoffman’s approximation [16]

.,

T

Aﬂ=f AS(T)AT~ AS, AT — (11)
0

Here AT =T, — T is the undercooling.

Considering Egs. (3, 7-11), the temperature dependence of the rate coefficient K_ for
an overall crystallization process involving sporadic nucleation and subsequent 2-D
growth of clusters can be written as

Ly A —1)4
o ()

1y 16 ¢20,V2T2
zCOI‘lSts g €eXp V?nm (12a)

The temperature dependence of the rate coefficient K, of 2-D growth of athermally
existing spherulites is

! —1)A4
Kazconsta<g> exp<~(n—k~7),ﬁ>

1y ! 0,0, Vndo T,
:COnsta<E> exp((n-l)nm) (12b)

For A, ,/A4,; « 1 (see Eq.(9)), the right-hand side of Eq. (12a) follows immediately. It is
seen that at low undercoolings, i.e. at T— T, the rate coeflicient in sporadic nucleation
is totally determined by the steady state nucleation rate. In the same temperature
region, K, is determined by the growth rate.

According to the more general transient version of the theory of phase formation
[12], the other basic parameter in nucleation, the non-steady-state time lag 7 can be
defined as

4

T=0— (13a)
3711"§Dk3

Taking into account the temperature dependence of D, 5, Eq. (13a) takes the form

const
Au? g

(13b)

Here 7 is the bulk viscosity of the system.
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When nucleation takes place in the presence of active substrates, i.e. crystallization
cores, with activity @, we write [12,26]

A D
I*:N*DI3F’§exp<4;—3T> (14a)

* =7 Pl/? (14b)

All quantities referring to heterogeneous nucleation are denoted here by *. The number
of active crystallization sites in heterogeneous nucleation becomes N* = f* N |, where
Sf*is a dimensionless coefficient.

4. Where to search for non-steady-state effects?

In analyzing the significance of non-steady-state effects, it has to be pointed out that
when Eq. (5d) is applied, a linear dependence between the actually determined
induction times t;,,, the non-steady-state time lag 7, and the characteristic time
T, =(1/K,)*" is to be expected, i.e.

rind=br+11:br<1+%> (15)

This approximation (introduced in Ref. [26]) gives a simple possibility for examining
induction times and for determining the transient character of the nucleation process.

In considering the more complicated formalism given by Shi and Seinfeld (Eq. (5b))
or by Shneidman and Weinberg (Eq. (5¢)), more complicated non-linear dependences
between T, 4,7 and 7, should be expected. In such cases, it becomes very difficult to
predict the exact value of 7, , and to assess the relative contribution of 7 and 7, to 7,
Thus, the only way to determine the nature of the experimentally observed induction
time remains to determine 7, , in terms of Eq. (5d) and to analyze whether its
temperature dependence is dominated by 7 or by 7,, which can only be done for cases
where either 7, >t or 1> 1,. In fact, this is the procedure adopted in the present
contribution.

Taking into account Eq. (15) and the dependences derived in Section 3, it can easily
be shown that for n=4

23| 5% 103 (AS,./R)2x%2(1 — x)8

A AS,, 3 16 (AS\/1\}( 1 \?
e o —o) e (5w (e )(0) (25) )

(162)
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for normal growth and
1/4

o7 5x 107 (AS,/RPx72(1 - x)'2 (16b)

T 4 o2 16 (AS N1V 1V 9x(1 —x)
LY e AT 207y
LTl R NS \T=x) U ey,

for 2-D growth.

When crystallization takes place in the presence of crystallization cores N* with
activity @, then

3
T—*:
1/4
2 [ 5x 1073072 (ASm/R)7/2x9/2(1—X)8 1
a0 o AS,, i 16 so(ASa\(1V(_L Y
70 I:l_exp<_7(1 —x))] exp(—? 7TY(3)(D<T><;> <1 —X> >
(17a)
1/4
T | 5x10 e (AS,®) X2 (1 — x)'32
o 42 yg’zf* 16 3 AS 1\3 1 2 9x(1 —x)
—_ ' (I) — — 1 T - x
eXp 3 TE}O R X <1 —x + 16y0(D
(17b)

for normal and 2-D growth of crystals, respectively. In above equations, x denotes the
reduced temperature, i.e. x = T/T,.

Egs. (16) are illustrated in Fig. 2 for different values of AS,,/R and y,. It should be
noted that the absolute value of this ratio can be misleading, as far as there are
a number of pre-exponential factors in Egs. (7) and (8) expected according to nucleation
theory, e.g. the Lothe Pound correction, etc., which can considerably change the
magnitude of the above ratio. Nevertheless, the relative position of the curves in Fig.
2 implies some general trends:

(i) At T/T, — 1, theratio t,/t rises steeply. Here non-steady-state effects are never of
any significance. This finding most probably explains the experimental results of
previous authors, especially of Flory and Mclntyre [15], that non-steady-state effects
could not be found in the vicinity of the melting temperature T,,.

(i) For growth determined by 2-D nucleation, steady state effects are more probable
than for normal growth (see the relative position of curves 1 and 2 in Fig. 2a). However,
it should be taken into account that when the values of AS,_ /R approach unity (as for
many inorganic glass-forming systems), the normal mechanism of growth becomes
more probable (see Ref. {26] and references cited therein).
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Fig. 2. Temperature dependence of the ratio 7, /7 according to Egs. (16). a. Influence of mode of growth: 1,
normal growth; 2, growth determined by 2-D nucleation. In both cases 7, = 0.1 and AS,,/R = 3. b. Influence
of the thermodynamic parameter AS,,/R at normal growth: 1, AS_ /R =3:2,AS,_ /R=2;3,AS, /R =1.1Inall
cases 7, = 0.2.

(iii) Heterogeneous nucleation dramatically alters the course of the t, /t dependence
(Egs. (17)). It influences 7, exponentially while 7 is changed only by ®'/* (see Egs. (14)).
Thus heterogeneous nucleation is a better possibility for demonstrating non-steady-
state effects than the homogeneous case. That is why the first experimental proof for
non-steady-state nucleation was given for a heterogeneous process (see Ref. [7]). In
considering the particular case of polymer crystallization, it has to be taken into
account that existing experimental data always give such low values of y, that it should
be assumed that even in the purest polymers there are active sites N* and that here
N* - N,. In this sense, the activity @ of any substrate in polymer nucleation should, in
fact, only be considered as a relative quantity. The dependences on Fig. 3 are drawn
with y, = 0.1, assuming that very active nucleants are added.
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Fig. 3. Influence of the activity of substrates ® on the temperature dependence of the ratio t, /r according to

Egs. (17). a. Normal growth. b. Growth determined by 2-D nucleation: 1.® = 1;2, ® =0.5; 3, ® = 0.1. In all
cases yo =0.1, AS, /R=2and f*=1x 1072,

Overall, Figs. 2 and 3 indicate that polymer systems can be a very convenient model
for demonstrating non-steady-state effects because of predominant 2-D growth mech-
anism and the expected low values of the product y,®.

5. Experimental

Polyethylene terephthalate, without any fillers, having a molecular weight of 18400
corresponding to an average degree of polymerization P =95, was specially syn-
thesized for the purpose of the present investigation. The density of the amorphous
polymer was p = 1.35gem 2. Fig. 4 gives a DSC trace of our material with a scan rate
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of 5K min~ 1. It is seen from the figure that the glass transition temperature T, of our
samples is about 342K. The melting temperature T, of the materials used was
determined as the temperature at which the last crystals melted. The measured value of
T, for our material was 542 K. The value of the enthalpy of melting AH_ of 100%
crystalline PET was taken to be 135Jg ™! [36] which corresponds to an entropy of
melting AS_ of our model polymer of 0.25JgK ™. In a previous study [16], it was
found that the liquid/crystal difference of the specific heats Ac,(t) of PET is a constant
in the temperature interval from T, to T,, and that Ac,(T)/AS,, = 1.5 (Fig. 5).

Fig. 6 shows the temperature dependence of the viscosity 7 as measured in Ref. [16].
In the vicinity of T, the viscosity was determined by Searle-type rotational viscometry.
In the vicinity of T, data on the enthalpy relaxation of PET glass were used [39] to
construct the #(T) dependence, while at medium undercoolings (T = 373-383 K) the
viscosity was assessed from the kinetics of relaxation of stress birefringence in thin
vitrified PET samples. Details concerning the experimental procedure and the analysis
of the results can be traced in our contribution cited above. It was found that the Vogel -
Fulcher-Tammann equation satisfactorily describes the temperature dependence of
nwith A =10""* B=1955and T, =271 K (see Fig. 6b). Fig. 6c gives the temperature
dependence of the apparent activation energy of viscous flow of our PET samples.

TiO, particles (anatase) were used as crystallization-inducing agents. They were
introduced into the polymer by a standard extrusion technique. The concentration of
TiQ, in our PET samples was 0.3%. The rheological study of our TiO,-filled PET
shows that Einstein’s suspension formula describes the viscosity of the filled PET with
an Einstein coefficient b, of 2.5. It was found that the activation energies for viscous
flow for filled and unfilled samples are equal.

The crystallization of unfilled and TiO,-seeded samples was investigated micro-
scopically on polymer layers placed between two cover glasses in a hot stage. The
polymer layer between the two cover glasses was fixed by heating for 10 min at 563 K
and vitrifying the polymer by quenching the glass/polymer glass/glass “sandwich” in
icy water. Our preliminary experiments showed that a heat treatment of 10min at
563 K is sufficient to erase the crystallization memory of the polymer.

o Tm
Q
I|4_. k\
V| T
g | |
2
Q Tg
1 | { 1 1
350 450 550

T:K -

Fig. 4. Typical DSC trace of a vitrified PET sample heated with a scan rate of 5 K min~'. Note the glass
transition, the exothermic crystallization peak and the endothermic melting peak.
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Fig. 5. Temperature dependence of the specific heats of PET according to data reported in the literature and
to measurements performed in the present investigation: 1, data reported by Blundell et al. [36]; 2, data
summarized and analyzed by Gaur et al. [37]; 3, data after Schick et al. [38]. The bold curve is drawn
according to our results obtained in Ref. [16]: A, crystal; O, glass; [, undercooled liquid.
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Fig. 6. Rheological behavior of PET: a, temperature dependence of the viscosity; b, Vogel-Fulcher—
Tammann plot of the viscosity data; ¢, temperature dependence of the apparent activation energy of viscous

flow Un. Data are taken from Dobreva [16].
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Another type of sample containing athermal nucleation cores was prepared by
preheating for only 4 min at a lower temperature (543 K) followed by quenching in icy
water.

Crystallization measurements of unfilled and filled PET samples led to the determi-
nation of the time 7, , necessary for the appearance of microscopically distinguishable

all
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Fig. 7. Experimental «(1) curves for unfilled PET (a) and for PET containing TiO, (b) crystallized
sporadically at high undercoolings. a. 1, 367K; 2, 369K; 3, 371 K; 4, 373K; 5, 375K; 6, 377K; 7,379K. b. 8,
363K;9,365K;10,367K; 11,369K; 12,371 K. Note that at the same temperature, curves for PET containing
TiO, are shifted to lower times (compare curves 1,2,3 from (a) with curves 10, 11, 12 from (b)).
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crystallization at constant temperature. The apparatus time 7, for the PET samples to
reach the crystallization temperature was determined by special experiments. It was
shown that z, is negligible as compared with the induction times determined in the
present investigation.

In order to study the course of the overall crystallization kinetics, a Mettler
differential scanning calorimeter coupled with a microprocessor was used. Calibration
of the instrument was done using standard procedures. Measurements from the molten
state in the vicinity of T, , as well as from the glassy state in the vicinity of T, were
performed. Two types of samples were used:
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Fig. 8. Experimental a(f) curves for unfilled PET (a) and for PET containing TiO, (b) crystallized
sporadically at low undercoolings: 1, 518 K; 2, 519K; 3, 521 K; 4, 522 K.
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(i) samples in which sporadic nucleation took place, i.e. samples heated at 563 K for
10 min; and

(ii) samples containing athermal nuclei, ie. samples heated at 543K for 4 min.
Vitreous PET was obtained by quenching in icy water.

Each experimental determination (including calorimetry and optical microscopy)
was repeated at least three times and the average value was taken as a representative
one.
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Fig. 9. Log(—log(l —x)) vs. log (¢t — 1;,4) dependence in terms of Eq. (18) for PET crystallized at 373K: 1,
sporadic nucleation with 1, = 139s; 2, athermally nucleated samples with 7, , 0.
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Fig. 10. Experimental a(r) curves for PET samples containing athermal nuclei crystallized at high under-
coolings: 1, 373K; 2, 375K; 3, 377K; 4, 379K.
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A computer program for linear and non-linear regression analysis was used to
process the experimentally obtained crystallization dependences (the DSC «(t) curves).
Using a linear fitting procedure, the computer analysis gave the induction time 7, 4, the
rate coefficient K, and the Avrami exponent n, for each temperature assuming that in
accordance with Egs. (5) and (5d) we can write

0 <t<T
ax 0SS Ting (18)
1 —exp[—Kt"(1 —1;,0/t)'] Tijna<t<©

A non-linear regression procedure was used to assess the kinetic parameters in Egs. (5)
and (5a) (K, n,7),in Egs. (S)and (5b) (K, n,1,7,) and in Egs. (5)and (5¢) (K, n, 1, A, 3 /kT).
Several sets of parameters describing each experimental DSC «(t) curve were found,
without it being possible to attach any reasonable physical meaning to any of them.
This is why we considered only the results obtained by the double-logarithmic fitting
procedure according to Eq. (18). The temperature dependences of the values of the
induction times thus obtained and the kinetic rate coefficients were examined in order
to determine the dominant contribution of 7 or 7, to 1, .
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Fig. 11. Temperature dependence of 7;,, in sporadic crystallization regime in the vicinity of T,: I, tempera-
ture dependence of the viscosity #; 2, 2', temperature dependence of 1,4 determined from the analysis of the
DSC x(2) curves for unfilled PET and for PET containing TiO,, respectively; 3, 3", temperature dependence of
the induction times for the onset of crystallization determined by optical microscopy for unfilled PET and for
PET containing TiO,, respectively; 4, temperature dependence of ;.4 according to microscopic determina-
tions reported in Ref. [35]. Note that the apparent activation energies are equal in all cases.
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6. Experimental results and discussion

Figs. 7 and 8 give a number of experimental «(t) curves for unfilled and filled PET at
low and at high undercoolings, respectively. It is seen that TiO, particles reduce the
induction time for the onset of crystallization in both crystallization above the glassy
state and in crystallization from the undercooled liquid. It has to be pointed out that in
determining the overall isothermal crystallization kinetics by DSC experiments, the
time registration begins after the elapse of the apparatus time t,, which again is
T, K Tjge

Fig. 9 shows the log(—log(1 —a)) vs. log(r — 7, ,) plot for a given temperature for
unfilled PET crystallized under sporadic and athermal regimes, respectively, according
to Eq. (18). It should be mentioned that for PET samples with athermal nucleation the
slope of the considered dependence is always lowered by unity when compared with the
sporadic nucleation case.

Fig. 10 shows the x(f) curves for unfilled PET containing athermal nuclei, i.e. heat
treated at 543 K for 4 min. The overall crystallization behavior of PET containing TiO,
results in analogous curves. The values for the induction times for unfilled and filled
samples differ only within the limits of the experimental error. The values of n for both
unfilled and TiO,-initiated athermally crystallized samples are equal to 2, while for the
sporadic nucleation case in both unfilled and TiO,-nucleated samples, n ~ 3. This
implies that in terms of the Avrami analysis in samples heat treated at 543 K for 4 min,
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Fig. 12. Temperature dependence of the rate coefficients in sporadic K_ and athermal K, crystallization
regimes at high undercoolings in the vicinity of T,: 1, temperature dependence of the viscosity #; 2,
temperature dependence of K ; 3, temperature dependence of the ratio K /K ,; 4, temperature dependence of
K. See text for the values of the respective activation energies calculated from the slopes of these
dependences.
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the crystallization process is athermally predetermined, i.e. only growth of the already
existing spherulites is observed.

Fig. 11 shows the temperature dependence of the induction times for the onset of
crystallization in the vicinity of T, as determined by our procedure. The temperature
dependence of the viscosity in the same temperature region is also depicted in the figure.
It is seen that the slope of the log 7, vs. 1/T dependence is approximately equal to the
logn vs. 1/T slope, and amounts to 40 kcalmol ™! in accordance with the analysis in
Section 4 (sce Eqs. (13b) and (15)). This means that the induction time for the onset of
crystallization at T— T, is entirely dominated by the non-steady-state time lag. The
induction times determined microscopically are greater than the corresponding induc-
tion times obtained by calorimetric measurements but nevertheless the same slope is
observed. The higher values of 7, , determined microscopically may be due to the fact
that the nuclei formed have to grow to visible sizes in order to be detected.

The shift of the log 7, vs. 1/T dependence for the filled polymer from the
corresponding dependence for the unfilled polymer allows calculation of the activity of

- log(Ky/Kqly

09 12 15 18
10" 1 T3T2 K>

Fig. 13. Temperature dependence of the induction times and the rate coefficients for PET samples crystal-
lized at low undercoolings in the vicinity of T,: 1, log (1/,aa)® vs. 1/T*AT? dependence for PET; 1,
log (n/t,n0)° vs. 1/T2AT? dependence for PET containing TiO; 2, log (K/K,), vs. 1/T*AT? dependence for
PET in terms of Egs. (12); 3, log(K/K,), vs. 1/T>AT? dependence for PET containing TiO, in terms of
Eq.(12).
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TiO, particles according to Eq. (14b) for both microscopic and calorimetric determina-
tions. The value of @ is approximately 0.8.

In considering Fig. 11, it is seen that our previous experimental data for z,,, in the
vicinity of T, [35] also yield the same slope of the log 7,4 vs. 1/T dependence. For
polymers, the activation energy for viscous flow is usually independent of the molecular
weight. Therefore, induction times obtained in PET in different samples and by
different authors can be compared.

Fig. 12 shows the temperature dependence of the rate coefficients K, and K, and their
ratio for devitrification experiments. The temperature dependence of the viscosity is
given again. From the log K}/ vs. 1/T plot, the activation energy for crystal growth
according to Eq. (3b) is calculated as approximately 45 kcalmol !. Taking into
account that the activation energy for viscous flow U, is about 40 kcal mol ™, it turns
out that the work of 2-D nucleation is about 5 kcal mol !, which is a very reasonable
value.

Theslope of the log K /K, vs. 1/T dependence (curve 3) gives an activation energy for
homogeneous nucleation of 60 kcal mol ~*. The work of three-dimensional nucleation
can be estimated to be about 11kcalmol ™!,

Finally, Fig. 12 gives the log K vs. 1/T dependence (curve 4) for the sporadic overall
crystallization process, the slope of which is about 140 kcalmol ~ !. This is a reasonable
value taking into account Eq. (3a) and the values of U, , 4, , and A,,.
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Fig. 14. Temperatrure dependence of the kinetic parameters in overall athermal crystallization in PET
samples at low undercoolings in the vicinity of T : 1, temperature dependence of the linear growth rate in
PET from Ref. [20]; 2, 2',-temperature dependence of t,,, for PET and PET containing TiO,; respectively; 3,
3, temperature dependence of K, for PET and PET containing TiO,, respectively. Note that the apparent
activation energies in all cases are equal and that the induction times in the athermal crystallization regime at
low undercoolings are determined by the growth of crystallites to detectable sizes.



148 A. Dobreva et al./ Thermochimica Acta 280/281 (1996) 127-151

T 3160 T TL2|O Ll T l.?OT T 51;0 T'K

121
8t
LI
= 0
o
o
P‘_ =
o
o
-4}
}_J
o -
° )
b 4
o
-8}k L
Q
1
12
-16F
-
[ S S W | ) 1 1 1 I i 1 I |
300 360 420 480 540

T.K

Fig. 15. Temperature dependence of the viscosity, non-steady-state time lag, steady-state nucleation rate
and sporadic crystallization rate coefficient: 1, temperature dependence of the viscosity »; 2, temperature
dependence of the non-steady-state time lag 7 calculated according to Eq. (13b); 3, temperature dependence of
the steady-state nucleation rate, 7, = 1/, calculated according to Eq. (7); 4, temperature dependence of the
sporadic crystallization rate coefficient t, =(1/K_)'/? calculated according to Egs. (3a) and (12a). The
respective experimental data, determined according to our procedure in terms of Eq. (18) from the analysis of
the DSC «(f) curves, are shown (). The curves are drawn with experimentally determined constants.
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The temperature dependences of the kinetic parameters of the crystallization process
taking place at low undercoolings under sporadic conditions are presented in Fig. 13.
The slope of the log(n/1,,4)® vs. 1/T3AT? dependence is equal to the slope of the
—log(K,/K,)n vs. 1/T?AT? dependence, which implies that the induction time for the
onset of crystallization under sporadic conditions at low undercoolings is determined
by the steady-state nucleation rate (see Eq. (12)). It is calculated that the product 626,
amounts to 372erg® cm ~ °. From the ratio of the slopes of the log (17/7,,4)* vs. 1/ T*AT?
dependences for the homogeneous and heterogeneous case, the value of @ is assessed to
be 0.8.

Fig. 14 gives the results from athermal crystallization experiments at low undercool-
ings. The temperature dependence of the growth rate G as reported by van Antwerpen
and van Krevelen [20] is also illustrated. It is seen from the figure that the log (n/7,,,)*
and log (K!'?n)dependences have the same slopes for the homogeneous and heterogen-
eous cases. From the slope of the straight lines, the product ¢,¢, is calculated to be
98erg?cm *. From the ratio of the products ¢20, and ¢,0, found for sporadic and
athermal crystallization experiments, it follows that ¢,=26ergcm”? and o, =
4ergem 2. Ithas to be mentioned, however, that the above procedure would be correct
only in the case of real homogeneous nucleation, i.e. if ® = 1. Because comprehensive
data for the temperature dependence of the nucleation rate in PET are lacking, this
assumption cannot be confirmed experimentally.

7. Conclusions

The thorough analysis described shows that it is very difficult or even practically
impossible to distinguish between the various theoretical concepts (Egs. (5)) used in
describing non-steady-state kinetics of overall crystallization from experimental «(t)
curves obtained by DSC measurements. That is why the simplest possible assumption
is adopted in the present contribution, i.e. that non-steady-state effects lead to (or at
least can be approximately described by) a linear shift along the time axis. This
assumption makes it possible to determine the kinetic parameters of the overall
crystallization process by using a standard linear regression procedure. A subsequent
analysis of the temperature dependence of the induction times thus found can deter-
mine whether or not non-steady-state effects are involved.

The analysis of the experimental data, performed in the previous section, shows that
in fact from a physical point of view not every induction time 1, , is a non-steady-state
time lag. On the contrary, as shown in Fig. 15, non-steady-state effects surpass the time
necessary for detectable crystallization only in the vicinity of the glass transition
temperature T,. A temperature range follows where the values of both 7 and 7, are in
balance. However, at T— T, , the values of 7, are considerably higher than 1 and the
induction time is determined only by t,.

Experimental evidence for the existence of non-steady-state induction times in the
kinetics of crystallization of PET in the vicinity of the glass transition temperature,
provided by Imai et al. [40], is worth mentioning. These authors have found that near
T, for periods lower than the value of 1,4 determined by us, a population of
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submicroscopical crystalline clusters can be detected by small-angle X-ray scattering.
In our opinion, this experimental finding gives direct proof for the transient nature of
nucleation in polymers.

In conclusion, we would like to point out that with the present investigation
non-steady-state effects have been found for the three structural classes of glass-
forming liquids: inorganic oxide systems including inorganic polymers, metal glass-
forming alloys, and organic chain-folding polymers. Thus, non-steady-state effects are
inherent to the very nature of the nucleation process.
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