Colloid Polym Sci 274:705-716 (1996}
© Steinkopff Verlag 1996

A. Ziabicki

ORIGINAL CONTRIBUTION

Crystallization of polymers

in variable external conditions.

ll. Effects of cooling in the absence
of stress and orientation

Received: 31 May 1996
Accepted: 10 January 1996

Dr. A. Ziabicki (1)

Polish Academy of Sciences

[nstitute of Fundamental Technological
Research

21 Swietokrzyska St.

00-049 Warszawa, Poland

General equations of non-isothermal crystallization

In ref. [1] a new model of crystallization kinetics in vari-
able external conditions has been developed. The model
takes into account transient and athermal effects, and
a variety of time-dependent external conditions. Variable
temperature, T, pressure, p, stress, g, and other conditions
form time-dependent vector of external conditions

W(6) = {T(@),p(t)ot), ... } . (1)

The terms “isothermal” and “non-isothermal” are used
in a general sense, and concern variations of all conditions
characterized by the vector ¥().

The model is based on the modified Kolmogoroff-
Avrami-Evans treatment of phase transitions [2-5].
Along with the linear measure of the degree of transforma-
tion, 1.e., volume fraction of the crystallized material

X(t) = Ucr;’/vtoz 6(07 1) (2)
a non-linear measure is used

P(t) = [~ In(1 — x(t))]*™ (0, o0 ) 3)

Abstract General equations of
crystallization in variable conditions
derived in the former paper [1] have
been applied to non-isothermal
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m is a model constant, which in isothermal conditions
reduces to the Avrami exponent. The non-linear trans-
formation (crystallization) rate,

H(t) =dP/dt ot} 4

a function of time and time-dependent conditions ¥(t), in
the isokinetic approximation reduces to crystallization
half-period, ¢;.

In variable external conditions, 2 (¢) is a sum of ther-
mal and athermal contributions, and can be presented in
the form [1]

1/([5 '{I(t)) = L%/th(tv 'P) + ‘}{/a!h(ta 'P’ '{/)
= Al + P Z(1, P ()] (5

Z, a vector in the space of conditions ¥, characterizes
athermal nucleation. The exponent u depends on whether
athermal mechanism affects nucleation and growth, or
only one of these processes.

Thermal contribution to crystallization rate results as
an integral

4
Hw(t, ¥) = e‘{%fo + [ e AW dé} ; (6)
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t dt/
&) = | g

bff[Y’(t ]
7(P) is relaxation time, and 4 (V) — steady-state crystalli-
zation rate, both functions of external conditions. Equa-
tions (5)~(7) provide a basis for the general model of
non-isothermal crystallization.

Non-isothermal crystallization controlled by temperature

In this paper we consider a simple case of non-isothermal
crystallization in which the vector of external conditions,
¥ has only one component — temperature, T’

Y(t)— T(r). (8)
Temperature distribution is assumed uniform
VT =90. 9)

All vector and tensor characteristics appearing in the gen-
eral model reduce to scalar functions of temperature, 7.
This yields crystallization rate controlled by thermal nu-
cleation in the form

T} eéﬂt(T/)dT/} (10)

-%/m(taT(t)):e%[‘%/o*” j (T T

T©

We assume that athermal effects are present only in pri-
mary nucleation, while growth is controlled by a pure
thermal mechanism. This leads to u = 1/(n + 1), where
n denotes dimensionality of growth, and athermal func-
tion, Z(T ) is a characteristic of three-dimensional primary
nucleation (Z = Z,). The total crystallization rate from
Eq. (4) reduces to

At T(E), TO) = A, T@)[1 + T-Z5]V0"0

O A (T) AT’ .
:e~<[yzo+ =T ][1 AL
T(0) "L'(T )T

(11)

In Egs. (10) and (11) unique relation between time and
temperature has been assumed, and T is taken as the
integration variable. The variable ¢, expressed as an inte-
gral over temperature, reads

b T AT
(0= (j) [ T{Y] {r= T§O) o(THT (12)

The integral in Eq. (10) representing thermal crystalliza-
tion rate can be expanded in a series of cooling rates. We

introduce a dimensionless cooling rate variable

u=1T/T =t-(dIn T/dt) = dIn T/d¢ (13)

which yields
e ¢f

F P[P A JdIn T? + (dA o /dIn T ) (dlnu/d 1n T)]

A (T)AT
,C(T/)r}‘—‘ #%St(T) u [d%st/dln T]

B[P H AN T3 + 3d2H/dIn T?) (d1nu/d In T)
(dA/dInT) (@ In T/dIn T? + d?Int/d In T?

+2dInu/dIn T} +u*[ -]+ - (14)
where
dinu/dinT =dinT/dInT + dlnt/dInT — 1. (14a)

When crystallization follows prolonged heating, the
integration constant

C=Ho—[Hy—uldAy/dInT) + - Jror, (15)

is small and can be neglected.

The ratio of athermal to thermal nucleation is propor-
tional to cooling rate and relaxation time (cf. Appendix).
For three-dimensional primary nucleation

(Nath/Nlh)3 = T'Z3 = u'A3(T) (16)

and 45 is a material characteristic.

The total crystallization rate can be expanded in
a series of the dimensionless cooling rate variable u, and
presented in the form

H (1) — Ce 5[ + udy(T)]Vo D

- st(T)[1+Flu+F2u2+F3u3‘|‘ ] (17)
The coefficients F; are functions of temperature
dln Ay 1
= — —— A3(T 18
Fi(T) = =S 4u(T) (18)
InAy OlnAy,
. = > S (dl [InT
FT) =gz + G @inwdin)

dln oA \? 1 dnAy 1 n
A = Az . (19
+<81nT> o1\ Gt T2
The expansion (17) provides a convenient form of de-
scribing crystallization rate at slow cooling. At u—0,

Eq. (17) yields quasi-static model of non-isothermal crys-
tallization [6]

A (1) > H (1) = AT ()] (20)
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and in steady-state isothermal conditions, reduces to the
Avrami constant, K,

H(t) = HW(T) = KL™ = const. (21)

Temperature-dependent crystallization
rate characteristics

In principle, kinetic characteristics of crystallization can
be derived from the theory of nucleation. Both, primary
nucleation and nucleation-controlled growth can be
described by physical equations [7, 8]. In the Appendix we
show basic equations of the nucleation theory, used for
derivation of the steady-state crystallization rate, and the
athermal nucleation function.

Steady-state, isothermal crystallization rate, as defined
in Eq. (4) is composed of nucleation, and growth character-
istics. For n-dimensional growth (with linear growth rate
R) of N, pre-determined nuclei
HolT) = [No(R(T))" ] = N/ R(T) (22)
and for sporadic nucleation rate Ny, followed by n-dimen-
sional growth

A T) = [Nu(T)(R(T)* ]V +D
= Np(T)VeT DR(THPE+D 23)
Identifying Ny in Eq. (23) with Ny, o 3 derived in the

Appendix, assuming linear growth rate proportional to the
two-dimensional nucleation rate
R(T) = RONlh,st,Z(T) (24)

and assuming the same relaxation time for primary nuclea-
tion and growth, we obtain the following expressions for
isothermal, steady-state crystallization rate

HoT) = No""RoKo(TAT/T7)exp [ —E, /kT]

- C,Th
XeXp|

for growth of predetermined nuclei, and

(25)

H(T) = (Ro K™ VKO NTAT/TE)exp[ — Eo/kT]

wp] ZMCTR | T —GTa T
P e+ 0T AT (n+ DT AT?

for sporadic nucleation and growth, The appropriate con-
stants are given in the Appendix (Table Al).

Temperature dependence of relaxation times is often

presented in the Arrhenius form
T=1qeXp[E,/kT] 27

with constant activation energy, E,, or as a semi-empirical
Williams-Landel-Ferry (WLF) equation [11]

—1744(T — Tg)] 28)

=1(T

=l g)eXp[ T—T,+516

T, denotes glass transition temperature.
Assuming that athermal effects appear only in the

primary nucleation, we will use athermal correction for

three-dimensional nucleation {(cf. Appendix, Eq. A25).

(Nath,st/Nth,sl)3 =T Zs=u-4;. (29)
The material function A3(T) results in the form
A(T) = 8(c305T,)*
T T 9(Do s /T) AR ATy 03P
8}10%(63 Tm)4 (30)

= T Gkeo ARAT ) 3R

The ratio (Dy 3/T') is independent of temperature, if abso-
lute reaction rate theory (Eq. A8) is applied. Below the
melting temperature, T, 45 is negative, and the athermal
correction (u- A3) is positive whenever cooling is applied
(T < 0).

Quantitative evaluation of Egs. (22)—(30) requires the
knowledge of many parameters, such as melting temper-
ature, glass transition temperature, heat of fusion, interface
tensions, molecular volume of the kinetic element, trans-
port activation energy, relaxation time(s), variables de-
scribing geometry of clusters (¢, 3, Ry), growth diffusion
coefficients, concentration of predetermined nuclei, dimen-
sionality of crystal growth, etc. Not all of these parameters
are known, and values of those characteristics which have
been measured (4h, g4, a., T,), scatter in a wide range,
dependently on the sample and measuring technique. Geo-
metrical parameters are usually subject to assumption, and
so are diffusion coefficients D, ,, Dy ;.

Nucleation theory itself involves many simplifications
which limit its applicability to a narrow range of condi-
tions. Linear dependence of the free energy of aggregation
on temperature (Eq. Al) is justified only in the vicinity of
thermodynamic equilibrium, i.e., for small undercooling.
Applicability of the theory of chemical reactions to the
“growth diffusion” coefficient Z,,(T) can be questioned.
All this makes application of the nucleation theory with
a priori determined material parameters, impractical, if
quantitative description of crystallization is sought.
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Crystallization rate characteristics derived from the
nucleation theory can provide a basis for qualitative dis-
cussion. We will present such an analysis in one of the
following sections. For quantitative description of techno-
logical processes where external conditions change in
a wide range, another approach must be used. Basic ki-
netic characteristics 5 (T), ©(T), 45(T), will be postu-
lated as empirical functions with a small number of para-
meters, and the latter will be determined for each material
by direct experiments. The form of empirical functions
should be consistent with theoretical (physical) predictions
and should describe the correct asymptotic behaviour.

The equation for temperature-dependent crystalliza-
tion rate, may be postulated in the form, derived from the
nucleation theory (cf. Appendix)

HW(T) = const, - (TAT /TZ)exp[ — E,/kT]

—const,- T3] [ —consts- T,
xexp[ TAT ]exp[ TUTP ]
Quantitative evaluation of Eq. (31) requires the knowledge
of consty, const,, consts, melting temperature, Ty, (ap-

pearing in the undercooling), and activation energy, E,.
For gualitative theoretical analysis, the constants in
Eq. (31) can be related to physical parameters of the
nucleation theory (see Table Al in the Appendix). Assum-

ing that crystallization involves n-dimensional growth of
N, pre-determined nuclei, we obtain

const; = Ny RoK,

(1)

const, = C, (32)

consty = 0.

In the case of sporadic nucleation followed by n-dimen-
sional growth, we have

const; = (Ro K, )™ ¥ D KD

const, = nC,/(n + 1) (33)

const; = C3/(n+ 1).

Some parameters: Ry, Cy 5, Co,3 (included in K, and
K3), are not defined by known physical parameters.

An approach alternative to Eq. (31), consists in fitting
experimental data with purely empirical equations. The
present author [6] postulated for this purpose a Gaussian
function. The function should be truncated in the range
where crystallization is excluded for thermodynamic
(T > T,,), or kinetic reasons (T < T,)

Hul(T) =

H o €Xp[— 4In2(T — Tpoy)?/D3] for T < T < T,
0 for T>T,, or T<T,
: (34)

The material constants appearing in Eq. (34) have been
compiled for several polymers in ref. [12]. Two examples
are shown in Table 1 below.

Relaxation time, (T} will be postulated in the Ar-
rhenius form, Eq. (27), with two adjustable constants, 7,
and E,. Constant, but adjustable activation energy seems
to offer more flexibility for fitting experimental data than
the WLF formula (Eq. 28), where activation energy is
uniquely determined by glass transition temperature, T,.

The fact that maximum crystallization rate temper-
ature, Ty, and maximum crystallization rate, /7, are
known for many polymers, makes possible refinement of
the ill-defined parameter const; in Eq. (31). Substitution of
experimentally determined coordinates of the maximum
crystallization rate, (H ax Tmex), climinates four para-
meters: Cy, 5, Co.3, Ro, and 7.

The athermal nucleation correction is postulated in the
form derived from the nucleation theory (Eq. 30) with an
adjustable material constant const,

As3(T) =

—consty - (T, /AT) . (33)

Experimental determination of the kinetic characteristics

Steady-state crystallization rate and relaxation times can
be obtained in a series of standard, isothermal crystalliza-
tion runs performed at different (constant) temperatures.
Crystallization experiments should follow prolonged heat-
ing above T,. Such a treatment, simulating conditions
occurring in technological processes, is intended to destroy
ordered structures possibly existing in the polymer prior to
crystallization and to reduce the constant C in Eq. (15). In
isothermal conditions athermal effects disappear, and time
effects are confined to relaxation

H (6 T)= (Ao — ATy e " + H(T). (36)

Steady state crystallization rate at cach temperature, may
be obtained from the asymptotic behaviour at t — o0

A (T)=1lm At T) (37)
t— oo

and relaxation time, 7, from the slope

[o(T)] ' =dIn[AW(T) — A (t; T)]/de . (38)

Determination of the athermal function A45(T), re-
quires nonisothermal experiments performed at constant
cooling rate.

Consider a series of crystallization runs covering the
entire range of crystallization temperatures, 1.¢. starting at
(or above) the melting temperature, T,,, and ending at (or
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below), glass transition temperature, T,. Crystallization
experiments should be performed at different, but constant
cooling rates. For each run, end value of crystallinity, P,,,
is determined, and entire set of data forms a function,
P(T).

In the discussed model, P, is determined by the inte-
gral

t(T,)
In(l = x, )1 = | A#(t; T)dt

HTy)

P(T)=[~

1T ,
=—= | A(T;T)dT . (39)
T T,
Using the expansion (17), we obtain
, To . Tn
—T-Po(T)= { A (TYAT + T | Ho(F11/T)dT
Tg TF
T,
+ T2 [ HW(For/THAT + . (40)
T,

When the process is quasi-static, the product (T - P,) re-
duces to a material constant

T,
lim (T P.)= — { A (T)dT = const. (41)
T-0 T,
First derivative with respect to T
. . TI“
—d(T PYdT = [ A(Fyx/T)dT
T,
o Tm
£2T [ A JF7¥THAT + - (42)

Tg

Table 1 Nucleation and

taken in the limit 7' = 0, with F, from Eq. (18) and ather-
mal function, 4;(T') from Eq. (35) yields

. d(T- PDC T
consty=m+1) T’ [hm ALY — [ (@A /OT) rdT}
T-0 d T,
{ Ty %s
/] TAY‘,SrdT (43)

3

In the last integral in Eq. (43) there appears a weak
singularity, when T approaches T,,: both, 2, in the nu-
merator (exponentially) and AT in the denominator (lin-
earily) approach zero. The singularity can be removed by
integrating in the limits (T, T, — ¢).

Using Egs. (37), (38) and (43), all three material func-
tions, A (T), ©(T), A3(T) can be obtained from direct
experiments. The dimensionality exponent, n, must be as-
sumed, or treated as an adjustable constant.

Numerical testing
Input data

We will test non-isothermal crystallization effects for iso-
tactic polypropylene (i-PP) and polyethylene terephthalate
(PET). Isothermal crystallization rate will be approxi-
mated with the truncated Gaussian function (Eq. (34)), and
relaxation time with the Arrhenius equation (Eq. (27)). The
material data used for testing are listed in Table 1.
Molecular parameters of the nucleation theory (44, o,
g, Tw, etc.) are derived from isothermal crystallization
[13, 14]. Parameters of the empirical crystallization rate
function (Eq. 34), have been collected in ref. [12] from

crystallization characteristics Data i-PP ref. PET ref.

for isotactic polypropylene and

polyethylene terephthalate heat of fusion, 4k x 10~ ° erg/cm?® 14 [13] 1.8 [14]
interface tension, (side) o, erg/cm? 10 [13] 10.2 [14]
interface tension, (end) o, erg/cm? 122 [13] 190 [14]
o3 = (620.)'°, erg/em? 23 [13] 27 [14]
molecular volume of a single 1.5 5.86
kinetic element, vy x 1022 cm?
melting temperature, Ty, K 481.2 [13] 553 [15]
glass transition temp., Ty, K 253 r16] 343 [15]
max. cryst. rate, Ko, s~ ! 0.55 [12, 16] 0016 [12,15]
max. cryst. temperature, Thay, K 338.2 [12,16] 463.2 [12,15]
half-width of the cryst. rate- 30 [12, 16] 32 [12,15]
temperature curve, D;, deg
relaxation time 74 x 10%, s 1.72 [171 333
activation energy, kJ/mole 76.8 [17 54.8 [19]
athermal constant, 45 x 10! 10178 5.166

(calculated from Eq. 28)
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experimental data [15, 16]. Relaxation time for poly-
propylene has been based on our recent study of memory
effects in isothermal crystallization [17]. It is not certain
that so calculated (rather long) relaxation times are rel-
evant for crystallization kinetics. At the present moment
we do not see any better source of the «{T) function,
though. Activation energy for polypropylene (from crystal-
lization memory) was reasonably consistent with that from
diffasion in the melt [18], or melt viscosity. For PET,
activation energy has been taken from viscosity data [ 19],
and the pre-exponential factor 14, arbitrarily adjusted so,
that relaxation time in the temperature of melting is 50 s.

Figure 1 presents steady-state crystallization rate,
A (T) from Eq. (34) and relaxation time, t(T') for both
polymers.

Relaxation effects in thermal crystallization

Figures 2 and 3 present thermal crystallization rate, cal-
culated from Egq. (10) for polypropylene and PET. The
process is assumed to start at T,,, and the integration
constant, K, in Eq. (10) is assumed to be zero.

Solid lines in Figs. 2 and 3 describe thermal crystalliza-
tion rates, #,,(T, T), dependent on temperature and cool-
ing rate. Dashed lines represent steady-state values,
A (T). The same data, reduced by £, are shown in Figs.
4 and 5. It is evident that, with increasing cooling rate,
actual crystallization rates deviate from steady-state
values, and the more so, the higher is | T'|. In the range of
high crystallization temperatures (T > T,,) steady-state
crystallization rate increases as the polymer is cooled
down. The increase of actual crystallization rate, however,
lags behind that of . Below Ty, steady-state crystalli-
zation rate decreases, but the reduction is slower.

250" 300 350 400 450 286 Ss0
Temperature, T, K

Fig. 1 Steady-state crystallization rate, %, and relaxation time, T,
for isotactic polypropylene and polyethylene terephthalate, vs, tem-
perature, T

dT/dt=const

TTS20 | 340 360 380 400 420 440
Temperature, T, K

260 280 | 500

Fig. 2 Thermal crystallization rate, #m(7, T') for polypropylene, vs.
temperature. Constant cooling rates, | T |, (deg/s) indicated

10 -3 0.1 0.01
1 .
10 .
10 7
s
7
,
7
10 " /!
I
- Ka(T)
w0
2107 /
k=3 ’
> /. dT /dt=const
/
10 ¢ S

;
—12 fr LARIRS LIS AL S 8 T 7T T T TTT
10 " ey S TSEG 410 430 450 470 490 B10 B30 550

Temperature, T,

Fig.3 Thermal crystallization rate, (T, T) for polyethylene,
terephthalate, vs. temperature. Constant cooling rates, | T'|, (deg/s)
indicated

dT/dt=const

= quasi—static "

P SRS N N N PPy 10

F 1073
10" Q.01
10 - 0.1
ip

260 SEG 550 320 340 360 | 3BO | 400 420 440 480

Temperature, T, K

Fig. 4 The ratio of thermal crystallization rate to steady-state crys-
tallization rate, Hi(T, T)/A(T) for polypropylene, vs. temper-
ature. Constant cooling rates, | T'], (deg/s) indicated
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dT/dt=const

360 380 400 420 440 460 480 500 520 540 560
Temperature, T, K
Fig. 5 The ratio of thermal crystallization rate to steady-state crys-

tallization rate, #w(T, T )/ w(T) for polyethylene terephthalate, vs.
temperature. Constant cooling rates, | T'|, {deg/s) indicated

PET

I taiasarre st
440 460 480
Temperature, K

~n-,4§5m

Fig. 6 The ratio of athermal to thermal nucleation rate, N,u/Nyy, for
polypropylene and polyethylene terephthalate, vs. temperature. Con-
stant cooling rates, | 7|, (deg/s) indicated

Athermal nucleation

The ratio of athermal-to-thermal nucleation has been
calculated from Egs. (29) and (30). Figure 6 presents
(Nan/Ny) plotted vs. crystallization temperature. It is evi-
dent that athermal effects for polypropylene are stronger
and concentrated in the range of lower temperatures. Since
athermal ratio is proportional to (4T) ™%, very high values
appear in the vicinity of melting temperature (481.2 and
553 K, respectively, for polypropylene and PET). Smaller
athermal effects in PET may be related to shorter (as-
sumed) relaxation times. It is evident that athermal process
provides the only (if any) nucleation mechanism in the
vicinity of melting temperature (AT — 0). At high enough
cooling rates (smaller for materials with long relaxation
times, higher for PET) the ratio N, /N, may assume large
values, some 10-100 deg below T,,.

10 ' -

I

%) 6 S K

1ot N i~PpP
dT/dt=10

28
/

0
=
o

2

o
5

[

-
O
3

Crystallization rate, K(T,T) x 1

‘o
&0
N
o

440 450
Temperature, T,

Fig.7 Steady-state, thermal, athermal, and total crystallization rate
components for polypropylene, in the vicinity of melting temper-
ature. Cooling rate, | T'| = 10 deg/s

T 10 %3 o . ) N //
« TTee L ) Nown/New
2 PET Tl /!
< 107
¥ 10
g
2
-
.510
g Keo
PP
§1O Kin
S T e
530 535 540 546 551

Temperature, T, K

Fig. 8 Steady-state, thermal, athermal, and total crystallization rate
components for PET in the vicinity of melting temperature. Cooling
rate, | T'| = 1000 deg/s

Total crystallization rate. Contribution of athermal
and relaxational effects

Figure 7 presents temperature dependence of crystalliza-
tion rate components for polypropylene at a moderate
cooling rate, | T| =10 deg/s. Similar data for PET at
| T'| = 1000 deg/s are shown in Fig. 8. As demonstrated
before, strong relaxational effects appear in both polymers
in a wide range of temperatures and cooling rates. Ather-
mal effects are much weaker and are limited to temper-
ature region close to melting temperature. Within 1-5
degrees below T, crystallization in both polymers (if any)
is dominated by athermal effects. In polypropylene at
| T| =10 deg/s (Fig. 7) contribution of athermal crystalli-
zatjon rates is still considerable 40 degrees below T,,. For
PET at small cooling rates, athermal effects disappear
completely within few degrees below T,. At a high cooling
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rate | T} = 1000 deg/s (Fig. 8), some athermal effects are
visible around 15 deg below T,.

Thermal crystallization rates in the vicinity of melting
temperature are very small (Figs. 7 and 8) and, even if
Ay exceeds Ay by a few orders of magnitude, it is not
necessarily true that it will contribute to final crystallinity
of the material. The question whether athermal nucleation
does affect crystallinity in an industrial process (where
polymer is cooled down from the melt to room, or glass
transition temperature), requires analysis of the behavior
in the range of maximum crystallization rate. The nucle-
ation ratio, N,,/N., and components of crystallization
rate taken at the respective maximum crystallization rate
temperatures, Tp.,, have been plotted vs. cooling rate in
Figs. 9 and 10. Thermal, athermal, and total crystallization
rates have been reduced by the maximum value, K.,.
It is evident that the actual crystallization rate is consi-
derably smaller than the steady-state values, and the more
so, the higher cooling rate is applied. For polypropylene
(Fig. 9), deviation of X, from *# can be observed at
|T] as small as 10~ *deg/s; for PET (Fig. 10) at
| T| = 102 deg/s A, practically coincides with the quasi-
static characteristic.

In the case of polypropylene (Fig. 9) athermal con-
tribution appears in a wide range of cooling rates. At
|T| =10 deg/s, #,, amounts to ca 21%, and at
1000 deg/s — to ca 72% of the total crystallization rate. For
polyethylene terephthalate (with assumed molecular char-
acteristics) significant athermal contribution at T, does
not appear below 10° deg/s (Fig. 10). At | T'| = 10° deg/s,
athermal mechanism accounts for 3.5% of crystallization
rate, to grow to 66.8% at | T| = 10® deg/s. So high cooling

Fig. 9 Components of reduced crystallization rate characteristics for
isotactic polypropylene at T = T'may, vs. cooling rate, [T|. Solid lines
represent: the ratio of athermal to thermal nucleation rate, Naw/Nes,
reduced athermal, #.;, and total crystallization rate, A =
A + Hun. The dashed line shows thermal crystallization rate, .
All crystallization rates are reduced by the maximum crystallization

rate, Kpax
/

le]
«
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o
u
o o sl sl vl s

Nuth/Nth

(e}

quasi—static

sl Lt g

Crystallization rate components ot T

10 |
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E Trmax=338.2 K
10 4 Kotn/ K
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10 74
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10 %

polyethylene terephthalate
3.2 K
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10
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Kamn/ Kot

Crystallization rate components at T

e Coéﬂng rotejo'i', K/s °
Fig. 10 Components of reduced crystallization rate characteristics of
polyethylene terephthalate at T = Tay, Vs. cooling rate, | T'|. Solid
lines represent: the ratio of athermal to thermal nucleation rate,
Nam/Niw, reduced athermal, #.m, and total crystallization rate,
Aot = A + A The dashed line shows thermal crystallization
rate, #. All crystallization rates are reduced by the maximum
crystallization rate, Kyax

N =
=] =]
4 1

polypropylene

10

<
!
H

total quasi-—static

thermal

Crystaliinity, *(TemTq)

10 @

10

—rm [ r.nmu S BLRALAL R R s
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Fig. 11 Components of the degree of transformation (crystallinity),
x, for isotactic polypropylene as a function of cooling rate. Solid lines
correspond to quasi-static, transient thermal, and total (thermal +
athermal) contributions. Dashed line characterizes the minimum
level of crystallinity which can be measured (x = 0.01)

rates do not appear in polymer processing and hardly can
be produced in laboratory conditions.

Figures 11 and 12 present various contributions to
crystallinity, x, obtained in non-isothermal processes in-
volving constant cooling rate | T|. It is evident that total
crystallinity resulting from transient thermal and athermal
contributions is considerably smaller than a quasi-static
one and approaches the latter in the range of very small
cooling rates. The difference between total and thermal
contributions indicates athermal effects. Taking into ac-
count the threshold of measurable fraction of crystalline
material (x = 1%), the resulting crystallinity is hardly
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Fig. 12 Components of the degree of transformation (crystallinity),
x, for isotactic polypropylene as a function of cooling rate. Solid lines
correspond to quasi-static, transient thermal, and total (thermal +
athermal) contributions. Dashed line characterizes the min-
imum level of crystallinity which can be measured {(x = 0.01).
Assumed Avrami exponent m = 4

affected by athermal nucleation. This conclusion may be
changed when different material properties are considered.

Discussion

The model developed in this paper describes non-isother-
mal crystallization kinetics in a wide range of temperatures
and cooling rates. The model predicts reasonable asymp-
totic behavior and, combined with reliable material func-
tions: steady-state crystallization rate, 2 (T), relaxation
time, ©(T), and athermal nucleation function, A44(T),
should provide sound basis for quantitative information
about crystallization in industrial processes.

Experimental procedures leading to direct determina-
tion of the material functions have been outlined. Deter-
mination of relaxation time can offer some problems. The
method suggested in this paper (Eq. (38)) requires precise
measurenient of crystallization rate in a transient isother-
mal process. Relaxation times can be measured using
a variety of techniques, but it is not clear, what kind of
relaxation mechanism is involved in transient crystalliza-
tion. More studies are needed to elucidate this problem.

Numerical testing of the new model has been based on
available molecular and macroscopic parameters. Not all
material parameters and functions are fully reliable (e.g.
relaxation times) and therefore the results presented in
Figs. 1-12 should be considered as qualitative, rather than
quantitative. Even if real characteristics are shifted to
a different range of conditions, the qualitative picture of
non-isothermal crystallization seems to be physically rea-
sonable.

It is evident that relaxational effects play an important
role in non-isothermal crystallization. Unlike in the quasi-
static process, thermal crystallization rate does not follow
change of temperatures, but lags behind the steady-state
crystallization rate, #5(T). In the range of high temper-
atures, Jf increases with undercooling. Increase of the
actual crystallization rate is slower, and the more so, the
higher is cooling rate, T. When, in the process of cooling,
maximum crystallization rate temperature is reached,
steady-state crystallization rate starts to decrease, but the
actual crystallization rate levels off, or passes through
a flat maximum. Generally speaking, transient crystalliza-
tion rates (i.e., ones including relaxational effects) are
smaller than steady-state rates used in the earlier models of
non-isothermal crystallization. Dependently on cooling
rates and relaxation times, this reduction can amount to
many orders of magnitude.

Athermal effects are much smaller and very sensitive to
material characteristics. For isotactic polypropylene, non-
1sothermal crystallization seems to be affected by athermal
nucleation already in the range of small cooling rates
(| 7| > 10 deg/s). Athermal effects in polyethylene tereph-
thalate (with material characteristics as assumed in
Table 1) are confined to temperatures very close to melting
temperature and/or extremely high cooling rates | T'| >
10° deg/s. Even if athermal nucleation does not contribute
to final degree of crystallinity (Figs. 11 and 12) the number
of athermal nuclei produced in the system, may affect
secondary crystallization of samples subjected to rapid
cooling.

As mentioned above, numerical calculations have been
based on rather incomplete and uncertain material data,
and therefore can be considered as qualitative. Experi-
mental determination of the basic material functions is
necessary for any reliable, quantitative predictions.
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Appendix A
Basic equations of the nucleation theory [7, 8]

More recent theories of crystal nucleation consider anisot-
ropic clusters whose configuration is described by many
variables characterizing size and shape; thermodynamic
properties of such clusters involve surface energy density,
different for different crystal faces [8]. For the sake of
simplicity, we will consider a reduced model of nucleation
close to the original treatment [7] in which cluster size is
characterized by a single variable, g (cluster size), and one
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Fig. A1 Scheme of three-
dimensional (primary)
nucleation. Single kinetic
elements are attached to all
faces of the growing cluster

Fig. A2 Scheme of two-dimensional (secondary) nucleation. The
cluster forms monomolecular layer on crystal surface and grows in
the lateral directions

average surface energy characteristic. ¢. This model de-
scribes isotropic clusters, or anisotropic clusters which,
during their growth maintain constant, thermodynami-
cally most probable shape, with minimum free energy.

Two types of nucleation will be considered: three-di-
mensional, bulk nucleation, leading to primary crystal
nuclei (Fig. A1), and two-dimensional, surface nucleation,
responsible for nucleation-controlled growth (Fig. A2). In
subsequent formulas, individual cases are marked by sub-
script “i” (i = 2, 3).

Free energy of the transition of ¢ single kinetic ele-
ments, each of volume vg, into an i-dimensional, g-size
cluster consists of bulk and surface contributions
AF\(g) = — AW(AT )T w)vog + ciosv5 gt~ Vi, (A1)
where c; is a shape factor. For a parallelepiped ¢, = 4, and
¢y = 6. Ah denotes heat of fusion, 4T = T, — T is under-
cooling, o, average surface energy density. In the case of
isotropic clusters, there appears only one interface tension:
o = o, = 0., and, consequently g, = o3 = ¢. For propor-
tionally growing anisotropic clusters with axial symmetry,
two different surface energy densities are involved: g, on
the surface normal to symmetry axis, and o, on the parallel

surface. It can be shown that the effective average values
appearing in Eq. (Al) read: 6, = o, (growth in the direc-
tion of the symmetry axis), o, = (0.0,)*? (lateral growth),
and o3 = (6,62)'* (bulk growth).

Critical size defining stable clusters (nuclei) is obtained
from the condition:

0AF,
og B

g =g 0 (A2)

It is easy to show that

* (l - l)ciai Tm i A3
S = T AR AT v} (A3)
dg¥ igt i [(i—DeoiTy |

AT " AT AT | T AndT o | (Ad)

Maximum free energy providing thermodynamic part of
the potential barrier for nucleation results in the form:

(l - l)cio-i Tm}i-l

iAW AT v} (A3)

APt = 4R @) = e |

It is evident that for three-dimensional, primary nuclei
(i = 3), critical cluster size g* is proportional to (4T)~?; for
secondary (surface) nuclei (i = 2) g*oc (4T) 3. Similarly,
maximum free energy (thermodynamic barrier for nuclea-
tion), AF*, is proportional to (4T)~? for primary nuclei,
and to (AT) ™! for secondary nuclei.

In the simplified nucleation theory, cluster size distri-
bution, g;(g, ), is determined by the kinetic (Fokker—
Planck} equation

00 0 00 9; 5AFi .
B2, [ BTN o0 =23,
o ag(: gm<ag + KT g 0 i=2, (A6)

The growth-diffusion coefficient, &, ; is equal to the
dissociation rate coefficient, k;~ [8]

Des = ki (T, g) =vexp[ — E,/kT] (c;gt~ vy, (A7)

where v is basic frequency of molecular motions enabling
association—dissociation reactions, ¢; is a dimensionless
shape factor (identical to that in Eq. Al), and E, — activa-
tion energy for diffusional transport of single kinetic ele-
ments to and from cluster surface. The g-dependent term
accounts for the number of sites on cluster surface avail-
able for dissociation.

According to the theory of chemical reaction rates [9],
the frequency v is proportional to absolute temperature

and reads
v=kT/h, (A8)

where k and h denote, respectively, Boltzmann and Planck
constants.
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For large clusters, free energy of aggregation does not
contribute to the dissociation barrier, and only the trans-
port barrier, E,, appears in Eq. (A7) (cf. ref. [107).

The transport activation term can be related to mo-
lecular mobility and relaxation time, t

T =10exXplE,/kT] (A9)
which, combined with Eq. (A7) yields
D1 = Do,igt Vie ! (A10)
and

kT
Dy :77061' : (A11)

In the case of primary nuclei (i = 3), aggregation rate is
proportional to cluster surface (g?/®); in the case of second-
ary nuclei (i = 2) — to cluster periphery (g!/?).

Integration of the steady-state kinetic equation

(0g;/0t = 0), with boundary conditions:
oilg =1)=Co,;
(A12)
0ilg = G»g*) =0
yields steady-state distributions
_ jlg ‘AF/kT/@gr 1)dg
0s.i(9) = Coie = 4FXT (A13)
t 0. §G (eAF/kT/ggr Ddg
ast i
£y — C X
59 0,1
AFYRT) e~ 2P0 G (o= SRY g1 g + 1/
j? (eAFi/kT/@gn i) dg '
(A14)

where Cy ; is a constant. The solution assumes a simple
form at g=g¢f. First derivative of the free energy,
(04F,/0g), disappears. The kernels of integrals appearing
in Egs. (A13)(A14) exhibit maxima in the vicinity of g,
and can be approximated by

. AF (g} .
In[eATT/ 7, ] ~ ksfj )_ InZ, ;(g;)
_UZDO =0 | o gy (A1)

Lgi

1

The upper integration limit, G, is always large compared
with g, and can be replaced with infinity. The approxi-

mate integrals assume the form

G Y
[ @YDy )dg = [ (X F, ) dg
1

1

. * s 1 * _ 1 -
1 91 eXp |:(l ) (gl )] (eAF”kT/@gr,j)g: .

(i—1) igi
(lfl)e“ VA% ) exp [AFF/KT ) (A16)
G x© -
(@)D )dg ~ | (@D 1) dg
o g
- (ilgi (@) exp[AFYKT]. - (ALT)

Substitution of the approximated integrals into the
steady-state distribution yields

0u.i(g7) ~ Co.ie““‘”’i exp[ — AF¥/kT] (A18)
o .
il o g Ll 6ok [ — AT
0g Jg=g* igf
i—1 .
= — =5 Oxil9}) . (A19)

19;
The number of stable (supercritical) clusters existing in the
system at the instant, ¢, is given by the integral

G
= {alg. t)dg .

o
Si

Ni(t) (A20)

Differentiation of Eq. (A20) with respect to time yields

nucleation rate, i.e., production rate of stable clusters
{)_dN/dt ihl+Nathl' (A21)

The first term, thermal nucleation, provides a flux of clus-
ters through the potential barrier AF}

- o 00

Nui = — Dy ilgd . A22
th, gr, (g7) ag e { )

The second term, athermal nucleation, appears in

nonisothermal conditions as a result of time-dependent
critical cluster size g

Naw,i = — (dgi'/de) i) - (A23)

Application of the approximate steady-state distribution
(A18) and Eq. (A10) yields

Nth.st,i
-1 . 1 o
> Cosmm e VADy (g1) M exp [ — AP /KT
kT AW AT vy
= C, e (Wi — E./k
0. h O-iTm eXP[ a/ T]

xexp[ — AF¥/kT] (A24)
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Nupsii~ — Coie VT (dgl/dT ) exp[ — AFF/KT ]

iT ~
= Cp——e -1 — AFF
COJATe exp[ — AF7/kT]

(l - I)Ci()‘i Tm i
X — T T 1A
i- AR AT vy’
where T = dT/dt, is cooling rate.

The ratio of athermal to thermal nucleation rates,
based on the approximate distribution, results as

(A25)

. . T'L’ il_i(i—l)i Cio-iTm i1
(Nath,st/Nth,st)i:u'Ai = _A_f Do,i AhATU(l)/s
_ _Ehll—l(l—“l)l( )i JiTln i
T 1ok AT | AR AT oI
Th 1 —igs i i Gle it
Tkrart V@ [mT—f}
xexp[E./kT] . (A26)

Temperature dependence of thermal nucleation rate
can thus be presented in the form:

Nuss = K3 (TAT/TR)exp [ — EJ/kT]

xexp[ —C3T2/TAT?] (A27)
for primary, three-dimensional nucleation, and
Niswo = Ky (TAT/TE)exp[ — E./kT]

xexp[ —C, T2/TAT) (A28)

for secondary, two-dimensional nucleation. Values of the
dimensionless constants K,, K5, C,, C; are shown in
Table Al

Table A1 Constants in steady-state nucleation rates

Primary nucleation, i = 3 Secondary nucleation, i = 2
2k T AR vl k §3
K, Cov3e‘2"3k h oo Core~ 1 TwAhvj
h [ ’ h d2
C. 4 (c3 0'3)3 1 (0202)2 06/3
Y 27 kT AR? 4 kTyudh
o (0.09)'? (e0)"?
(&} 6 4
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