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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 Tin, and in the vicinity of the glass 
transition temperature Tg, 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 ~Tin d 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 r, 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 McIntyre [15] for polydecamethylene cebacate, indicates that 
the induction times observed in this polymer in the vicinity of the melting temperature 
T m 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 
Tg, 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 m (about 542 K), and a sufficiently high glass 
transition temperature Tg (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 Tg, 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 ~(t) curves. However, to our knowledge, no attempt has been made so far to 
analyze ~(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 Tin) and from the glassy state 
(devitrification above Tg) was studied. The influence of a nucleation-active filler (TiO2) 
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 

d~ = (1 - ~)d[ Y.(t)] (la) 

or, after integration 

= 1 - exp [ -- Y,(t)] (lb) 

where Y,(t) is connected with nucleation rate I(t) and the growth rate G(t), as 

;o Y,(t)= &' I( t )a" ' ( t ) ( t -  t')"'dt' (2a) 

Here n' is determined by the dimensionality of growth and ~3' is a shape factor, e.g. for 
spherical symmetry n' = 3 and ~3' = 4~/3. 
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Assuming that l ( t ) =  const = I0, and G(t)= const = G~, as done by the above- 
mentioned authors, Y,(t) becomes 

Y,(t) = cb'IoG~o I t ( t  - t')"'dt' (2b) 
J0 

and 

c~= 1 - e x p [ - o ~ l o G  ~ l t " ]  = 1 - e x p [ - K t " ]  (3a) 

Here n = n' + 1, e3 = d)'/n', and K is the overall crystallization rate coefficient. 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. (1 b) becomes 

~ =  1 - e x p [ - ( b N * G ~  l t n - 1 ]  = 1 - e x p  [ - -  K, t  " -1]  (3b) 

In the following, the notations K a and K S 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 I o. 

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 e(t) curves can also be analyzed in terms of the Avrami log ( - log (1 - :0) vs. log t 
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(t), 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 c~(t) 
curves under isothermal conditions. In a first approximation, the size dependence of the 
growth rate G(R) can be written as 

Ro 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 o, t), 
which are so large that their decay rate is zero and only deterministic growth is operable 
(nucleated cluster size, go). In this way, Shi and Seinfeld gave an expression for c~(t) 
including corrections for both the time-dependence of I(t) and the size-dependence of 
G(R) by introducing the nucleated cluster size go. 
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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. 

= 1 - exp [ - Kt"¢,( t)]  (5) 

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

¢ . ( t )=  1 3 \ t / + ~ t t )  - 630 \ t J  + 2 ~ 0 0  

-t- 48 ( ~ 4  ~\t//m=l ~ e x p  ( -  m 2 ~ ) m  \ (5a) 

for the Gutzow Kashchiev treatment 

/ r  •4 / r \ 4  o~ (_q)m[-ex [ t )  t l ( m t ~ 2  ] 
¢ " ( t ) : l - - 4 t t )  + 2 4 t t )  ~ 1  m4m' L P t  rn; l + m ~  - - 5 \  7) j 

(5b) 

for the Shi-Seinfeld analysis and 

I/s,,(t) = [1--~ ln((A '3~ 

for the Shneidman Weinberg solution. 
In above equations, ~ is the non-steady-state time lag, Ze in Eq. (5b) is an effective time 

lag connected with the nucleated size go, Ak3 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 O <~ t <<. bz 
l ( t )=  Io b z < t < o o  (6) 

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

{~1 O<<.t<~bz (5d) 
¢,(t) = - b(z/t))" bz < t < o~ 

b being a numerical constant close to unity [25]. 
The same step function for l(t) was also used by Shneidman and Weinberg [32] in 

deriving Eq. (5c). 
The ~94(t ) correction functions and the respective ~(t) 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: 

(i) to bring the experiment into compliance with the above-discussed solutions; 
(ii) to propose a standard method for analyzing experimental data; 
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Fig. l. Correction functions ~9,(t): (a) according to Eqs. (5), and (b) corresponding ct(t) curves for n = 4: 
1, classical Kolmogorov Avrami dependence with O,(t) = 1; 2, Gutzow-Kashchiev dependence (Eq. (5a)); 3, 
Shi-Seinfeld dependence (Eq. (5b)) with % = 1; 4, Shneidman Weinberg dependence (Eq. (5c)) with 
A k j k T  = 2; 5, approximate step-function dependence (Eq. (5d)) with b = 1.6. In all cases, K = 1 x 10 _4 s 4, 

(iii) to use this m e t h o d  for e x a m i n i n g  the resul ts  o b t a i n e d  for o u r  pa r t i cu l a r  
expe r imen ta l  models .  

First ,  however ,  we have  to inves t iga te  u n d e r  which  c o n d i t i o n s  a n d  in which  
t e m p e r a t u r e  reg ions  n o n - s t e a d y - s t a t e  effects are m o s t  s ignif icant .  This  analys is  is 
pe r fo rmed  in Sect ion  4, below.  In  the fo l lowing sect ion some  of the necessary  bas ic  
dependences  of the theory  of phase  f o r m a t i o n  are  sum m ar i zed .  
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3. Basic dependences of the theory of nucleation and growth 

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

and 

I°= N1Dk3F3exp( -Ak3 T ] (7) 

and 

a 2 V~d o 
Ak2 = 7 1 ; - -  (9b) 

Ag 

Here V m is the molar volume of the crystallizing substance and a is the specific surface 
energy at the liquid/crystal interface. For polymer crystals, two values of a are defined: 
the lateral surface energy a s, corresponding to the crystalline faces formed by the 
stretched part of the chains, and the end surface energy a e, corresponding to the faces 
built by the polymer chain folds. However, as a first approximation, an effective value of 
~3 = a2 a~ can be introduced [-34, 35]. 

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

AS m T m 
= ~0 Nla/3 g2m/3 (10) 

for the so-called continuous or normal mode of growth (N) and 

f Ak2~ 
G2o = SdoN~Dk2r2 exp ~---k-T ) (88) 

for growth rate moderated by two-dimensional (2-D) nucleation. In the above equa- 
tions, Dk3 and Dk2 are the molecular fluxes connected with 3-D and 2-D nucleation, F 3 
and F 2 are the so-called Zeldovich factors for 3-D and 2-D nucleation, Ak3 and Ak2 are 
the work of formation of 3-D and 2-D nuclei, A/t is the thermodynamic driving force of 
the crystallization process, Z is the impingement rate of ambient phase molecules, c~ o is 
the relative number of growth sites, N 1 ~ 1/d g and N s ~ lid 2 are the number of building 
units per unit volume of the surrounding phase and per unit surface of the growing 
crystal, d o 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 o ~ d k, where dk denotes the 
intermolecular spacing in the crystal. 

The temperature dependences of Ak3 and Ak2 read 

16 a 3 VZm 
Ak3 = ~ -  7C A~/2 (9a) 
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Here AS m is the entropy of melting, N a is Avogadro's number and 70 is a numeric 
coefficient ranging from 0.3 to 0.6 for low molecular substances. In polymer nucleation 
and growth experiments, 7o = 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/t of the crystalli- 
zation process in polymers can be given by Hoffman's approximation [16] 

~0" A/~= AS(T)dT~ASmATf (11) 
Tm 

Here A T =  T m - T is the undercooling. 
Considering Eqs. (3, 7 11), the temperature dependence of the rate coefficient K s for 

an overall crystallization process involving sporadic nucleation and subsequent 2-D 
growth of clusters can be written as 

1 " -- 1)Ak2)~   =con ts( )exp( 
( 1 ) "  16 2 2 2 { O's O'e Vm T m 

~cons t  s ~ exp - rckaS marar3 ) (12a) 

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

 a=COnSta( ) 
-k¥ / 

( = const a exp (n - 1)~r ~ ~ - ~ ]  (12b) 

For Akz/Ak3 << 1 (see Eq.(9)), the right-hand side of Eq. (12a) follows immediately. It is 
seen that at low undercoolings, i.e. at T---, Tin, the rate coefficient in sporadic nucleation 
is totally determined by the steady state nucleation rate. In the same temperature 
region, K a 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 r can be 
defined as 

4 
- 3 ~ r r ~ D ~  - 3 3  (13a) 

Taking into account the temperature dependence of Dk3, Eq. (13a) takes the form 

const 
r = - - r /  

A/~ 2 (13b) 

Here q 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 (I), we write [12, 26] 

I* = N*r~* F*exp (14a) ~k3 3 k r J 

"t'* = 2"(I) 1/2 (14b) 
All quantities referring to heterogeneous nucleation are denoted here by *. The number 
of active crystallization sites in heterogeneous nucleation becomes N* = f *  N1, where 
f *  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 ri,d, the non-steady-state time lag r, and the characteristic time 
r 1 = ( l /Ks )  1/", is to be expected, i.e. 

"tin d = br + ~1 -- bz  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. (5c)), more complicated non-linear dependences 
between rind,~ and z 1 should be expected. In such cases, it becomes very difficult to 
predict the exact value ofr~. a and to assess the relative contribution o f t  and r 1 to tin a. 
Thus, the only way to determine the nature of the experimentally observed induction 
time remains to determine r~n d in terms of Eq. (5d) and to analyze whether its 
temperature dependence is dominated by r or by r 1, which can only be done for cases 
where either "/71 >> "f or r >> z 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 

"fl 
2- 

~315 × 10 3[ 
- -  :~77 
4 Yo 1 - exp 

] 1/4 

(ASm/R)?/2Xg/z(1 __ x)8 / 

AS m 3 16 3 ASm 1 3 1 2 

(16a) 
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for normal growth and 

"C 1 TC 3 5 X 10 6 (ASm/R)2x9i2(1 __x)13/2 

r - 4  ~,9/2 ( 1 6  3(ASm)(1)3( 1 )2(  9x(1 - x )  (16b) 
,0 e x p - ~ - n ? o  ~R- x ~ - x  1+ ~ 0  

for 2-D growth. 

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

rT 
T* 

4~/2 L 
X 10-3@ 7/2 (ASm/R)Vl2x912(1 - x) 8 _l 11/4 

79i2f, [ 1 - - e x p ( - ~ ( l  \]3 / 16 3 ASm 1 3 1 2 
- x))] exp t -  3- ~'/o@(2R-)(x) ( i ~ x ) ) J  

"el @ - -  7l .3 I 5  X l O  6(I)7/2 4~i-/2 ~ ~,912f, 

(ASm/R)2x9/2(I -- x) 13/2 

(17a) 

/ 16 3 /ASm \ / 1 \ 3 /  1 \ 2 /  

t )t '+ 
(17b) 

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

Eqs. (16) are illustrated in Fig. 2 for different values of ASm/R and "/o. 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 Eqs. (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 TIT m --, 1, the ratio ~L/r 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 McIntyre [15], that non-steady-state effects 
could not be found in the vicinity of the melting temperature T m. 

(ii) 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 ASm/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 z~/r according to Eqs. (16). a. Influence of mode of growth: 1, 
normal  growth; 2, growth determined by 2-D nucleation. In both cases 7o = 0.1 and ASm/R = 3. b. Influence 
of the thermodynamic  parameter  ASm/R at normal  growth: 1, ASm/R = 3; 2, ASm/R = 2; 3, ASm/R = 1. In all 

cases 7o = 0.2. 

(iii) Heterogeneous nucleation dramatically alters the course of the r I/~ dependence 
(Eqs. (17)). It influences z 1 exponentially while z is changed only by do1/2 (see Eqs. (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), o that it should 
be assumed that even in the purest polymers there are active sites N* and that here 
N* ~ N1. In this sense, the activity dO of any substrate in polymer nucleation should, in 
fact, only be considered as a relative quantity. The dependences on Fig. 3 are drawn 
with 7o = 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 ~1/~ according to 
Eqs. (17). a. Normal growth, b. Growth determined by 2-D nucleation: 1, @ - 1; 2, ¢ = 0.5; 3, ¢ = 0.1. In all 
casesTo=O.1, A S m / R = 2 a n d f * = l  x 10 2. 

Overa l l ,  Figs. 2 a n d  3 ind ica te  tha t  p o l y m e r  sys tems can  be a very c o n v e n i e n t  m ode l  
for d e m o n s t r a t i n g  n o n - s t e a d y - s t a t e  effects because  of p r e d o m i n a n t  2 -D g rowth  mech-  
an i sm  a n d  the  expected low values  of the p r o d u c t  7o ¢ . 

5.  E x p e r i m e n t a l  

Po lye thy lene  te rephtha la te ,  w i t h o u t  an y  fillers, hav ing  a m o lecu l a r  weight  of 18400 
c o r r e s p o n d i n g  to an  average  degree of p o l y m e r i z a t i o n  P = 95, was special ly syn-  
thesized for the pu rpose  of the p resen t  inves t iga t ion .  The  dens i ty  of the a m o r p h o u s  
p o l y m e r  was p = 1.35 g c m -  3. Fig. 4 gives a D S C  trace of ou r  ma te r i a l  with a scan rate  
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of 5 K rain- t. It is seen from the figure that the glass transition temperature Tg of our 
samples is about 342K. The melting temperature T m of the materials used was 
determined as the temperature at which the last crystals melted. The measured value of 
T m for our material was 542 K. The value of the enthalpy of melting A H  m of 100% 
crystalline PET was taken to be 135Jg-1 [36] which corresponds to an entropy of 
melting AS m of our model polymer of 0 . 2 5 J g K - t .  In a previous study [16], it was 
found that the liquid/crystal difference of the specific heats A%(t) of PET is a constant 
in the temperature interval from T m to Tg, and that ACp(T) /AS  m ,~ 1.5 (Fig. 5). 

Fig. 6 shows the temperature dependence of the viscosity r/as measured in Ref. [-16]. 
In the vicinity of T m, the viscosity was determined by Searle-type rotational viscometry. 
In the vicinity of Tg, 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 
q with A = 10 1.4, B = 1955 and 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 2 particles (anatase) were used as crystallization-inducing agents. They were 
introduced into the polymer by a standard extrusion technique. The concentration of 
TiO 2 in our PET samples was 0.3%. The rheological study of our TiOz-filled PET 
shows that Einstein's suspension formula describes the viscosity of the filled PET with 
an Einstein coefficient b o 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 TiO2-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. 
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o t Tg 
I I 

350 450 

T,K " 
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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; ©, glass; [S], 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; c, temperature dependence of the apparent activation energy of viscous 
flow Ur l. 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 rin d necessary for the appearance of microscopically distinguishable 
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° fl 
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J 
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J 
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Fig. 7. Experimental ~(t) curves for unfilled PET (a) and for PET containing TiO 2 (b) crystallized 
sporadically at high undercoolings, a. 1,367 K; 2, 369 K; 3, 371 K; 4, 373 K; 5, 375 K; 6, 377 K; 7, 379 K. b. 8, 
363 K; 9,365 K; 10, 367 K; 11,369 K; 12, 371 K. Note that at the same temperature, curves for PET containing 
TiO 2 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 z, for the PET samples to 
reach the crystallization temperature was determined by special experiments. It was 
shown that r, 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 m, as well as from the glassy state in the vicinity of Tg, were 
performed. Two types of samples were used: 

0 . 8 / * : 3  2 1 

0.4 

J I ! 

0 20000 60000 
t,sec 

Fig. 8. Experimental ~(t) curves for unfilled PET (a) and for PET containing TiO 2 (b) crystallized 
sporadically at low undercoolings: 1,518 K; 2, 519 K; 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, i.e. samples heated at 543 K for 4min. 
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. 

I I 

1.6 2.8 /.,.0 52 
log ( t - t  iod) 

Fig. 9. Log(  - log(1 - ~)) vs. log (t - rl.d) dependence in terms o f  Eq. (18) for  PET crystall ized at 373 K: 1, 
sporadic nucleation with r~, d = 139 s; 2, athermally nucleated samples with r~n d ~ 0. 

0 40 80 120 

t. sec 

Fig. 10. Experimental :~(t) curves for PET samples containing athermal nuclei crystallized at high under- 
coolings: 1,373 K; 2, 375 K; 3, 377 K; 4, 379 K. 
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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 tin a, the 
rate coefficient K, and the Avrami exponent n, for each temperature assuming that in 
accordance with Eqs. (5) and (5d) we can write 

0 0 ~ t ~ Zin d 

a ~ 1 exp [ -- Kt"(1 -- v.,d/t)"] "(ind ( t ~ OC' 
(18) 

A non-linear regression procedure was used to assess the kinetic parameters in Eqs. (5) 
and (5a) (K, n, ~), in Eqs. (5) and (5b) (K, n, ~, ~e) and in Eqs. (5) and (5c) (K, n, r, Ak3/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 r or rl to rin d. 
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Fig. 1 l. Temperature dependence of z~,a in sporadic crystallization regime in the vicinity of Tg: 1, tempera- 
ture dependence of the viscosity q; 2, 2', temperature dependence of r~,,d de te rmined  from the analysis of the 
DSC ~(t) curves for unfilled PET and for PET containing TiO 2, 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 z~,d 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 2 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 ra, which again is 

Z'a ~ "find" 

Fig. 9 shows the l o g ( -  log(1 c¢)) vs. log(t - rind) 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 :¢(t) 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 2 
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 TiO2-initiated athermally crystallized samples are equal to 2, while for the 
sporadic nucleation case in both unfilled and TiO2-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 a crystallization 
regimes at high undercoolings in the vicinity of Tg: 1, temperature dependence of the viscosity ~1; 2, 
temperature dependence of Ka; 3, temperature dependence of the ratio K~/Ka; 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 crystall ization process is a thermal ly  predetermined,  i.e. only growth of the already 
existing spherulites is observed. 

Fig. 1 1 shows the t empera ture  dependence of the induction times for the onset of 
crystall ization in the vicinity of Tg as determined by our  procedure.  The tempera ture  
dependence of the viscosity in the same tempera ture  region is also depicted in the figure. 
It is seen that  the slope of the log ~ind vs. l I T  dependence is approx imate ly  equal to the 
log r/vs. l I T  slope, and amoun t s  to 40 kcal mo l -1  in accordance with the analysis in 
Section 4 (see Eqs. (13b) and (15)). This means  that  the induction time for the onset of 
crystall ization at T ~  Tg is entirely domina ted  by the non-s teady-s ta te  t ime lag. The 
induction times determined microscopical ly  are greater  than the corresponding induc- 
tion times obta ined by calorimetr ic  measurements  but  nevertheless the same slope is 
observed. The  higher values of zin d determined microscopical ly  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 "tin a vs. l I T  dependence for the filled po lymer  from the 
corresponding dependence for the unfilled po lymer  allows calculation of the activity of 
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Fig. 13. Temperature dependence of the induction times and the rate coefficients for PET samples crystal- 
lized at low undercoolings in the vicinity of Tin: 1, Iog(~I/Tind)  3 VS. I / T a A T  2 dependence for PET; 1', 
log (t//Zi,d) 3 VS. 1/T3A T 2 dependence for PET containing TiO2; 2, log (KjK,) ,  vs. 1/T3A T 2 dependence for 
PET in terms of Eqs. (12); 3, log(KjKa) . vs. 1/T3AT z dependence for PET containing TiO 2 in terms of 
Eq. (12). 
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TiO 2 particles according to Eq. (14b) for both microscopic and calorimetric determina- 
tions. The value of qb is approximately 0.8. 

In considering Fig. 11, it is seen that our previous experimental data for rin d in the 
vicinity of Tg [35] also yield the same slope of the log rin d vs. lIT 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 s and K a and their 
ratio for devitrification experiments. The temperature dependence of the viscosity is 
given again. From the log K~/z vs. lIT plot, the activation energy for crystal growth 
according to Eq. (3b) is calculated as approximately 45kcalmol  1. Taking into 
account that the activation energy for viscous flow U, is about 40 kcal tool 1, it turns 
out that the work of 2-D nucleation is about 5 kcal tool-  1, which is a very reasonable 
value. 

The slope of the log Ks/K a vs. 1/T dependence (curve 3) gives an activation energy for 
homogeneous nucleation of 60 kcal mol-  1. The work of three-dimensional nucleation 
can be estimated to be about 11 kcal mol 1 

Finally, Fig. 12 gives the log K s vs. lIT dependence (curve 4) for the sporadic overall 
crystallization process, the slope of which is about 140 kcal mol-  1. This is a reasonable 
value taking into account Eq. (3a) and the values of U,, Ak2 and Ak3. 
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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 Tin: 1, temperature dependence of the linear growth rate in 
PET from Ref. [20]; 2, 2',-temperature dependence of r~,,a for PET and PET containing TiO 2 ; respectively; 3, 
3', temperature dependence of K a for PET and PET containing TiO2, 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. 
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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 q; 2, temperature 
dependence of the non-steady-state time lag T calculated according to Eq. (13b); 3, temperature dependence of 
the steady-state nucleation rate, T1 = 1/Io, calculated according to Eq. (7); 4, temperature dependence of the 
sporadic crystallization rate coefficient ~ = ( l /K , )  1/3 calculated according to Eqs. (3a) and (12a). The 
respective experimental data, determined according to our procedure in terms of Eq. (18) from the analysis of 
the DSC ~(t) curves, are shown (C)). 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 1og(r//rlnd) 3 VS. 1/T3AT 2 dependence is equal to the slope of the 
- log (KjKa) q vs. 1/T3AT 2 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 a~r  c 
amounts to 372 erg 3 cm 6. From the ratio of the slopes of the log (r//Zind) 3 VS. lIT 3 A T  2 

dependences for the homogeneous and heterogeneous case, the value o f ~  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 (q/rind) 2 
and log (K~/2 r/) dependences have the same slopes for the homogeneous and heterogen- 
eous cases. From the slope of the straight lines, the product a~e  is calculated to be 
98erg 2 cm 4. From the ratio of the products azae and asa e found for sporadic and 
athermal crystallization experiments, it follows that ae = 26erg cm-2 and a S= 
4 erg cm 2. It has 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 (Eqs. (5)) used in 
describing non-steady-state kinetics of overall crystallization from experimental c~(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 ri, d 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 Tg. A temperature range follows where the values of both r and r 1 are in 
balance. However, at T ~  T m, the values of r~ are considerably higher than ~ and the 
induction time is determined only by z 1. 

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 
Tg for periods lower than the value of tin a determined by us, a population of 
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s u b m i c r o s c o p i c a l  c rys ta l l ine  c lusters  can  be  de t ec t ed  by sma l l - ang le  X- ray  sca t te r ing .  

In  o u r  op in ion ,  this e x p e r i m e n t a l  f inding gives d i rec t  p r o o f  for the  t r ans ien t  n a t u r e  of  

n u c l e a t i o n  in po lymers .  
In  conc lus ion ,  we w o u l d  l ike to po in t  ou t  tha t  wi th  the p resen t  i nves t i ga t i on  

n o n - s t e a d y - s t a t e  effects h a v e  been  found  for the  three  s t ruc tu ra l  classes of  glass- 

f o rming  l iquids:  i n o r g a n i c  ox ide  sys tems  inc lud ing  i n o r g a n i c  po lymers ,  me ta l  glass- 

f o r m i n g  al loys,  and  o r g a n i c  cha in - fo ld ing  po lymers .  Thus ,  n o n - s t e a d y - s t a t e  effects a re  

i nhe ren t  to the  very  n a t u r e  of  the  n u c l e a t i o n  process .  
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