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Abstract In two recent papers [1, 2]
a new model of non-isothermal
crystallization kinetics has been
proposed. We are discussing now the
possibility of experimental determi-
nation of material characteristics
appearing in the model. These include
relaxation time, q, and athermal
nucleation function, B

!5)
. Two kinds

of experiments are discussed:
isothermal and non-isothermal, with
constant cooling or heating rate. The
following approach should be valid
for polymers characterized by not too

high crystallization rates, like
polyethylene terephthalate (PET),
polytrimethylene terephthalate (PTT,
Corterra ), polypropylene and
others. Preliminary experiments on
isotactic polypropylene and
polyvinylidene fluoride will illustrate
possibilities of the suggested
experimental procedures.
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Theoretical

In the development of the model [1, 2] we have been using
non-linear measure of the degree of crystallinity. Instead of
volume fraction of crystallinity, commonly used in the
Kolmogoroff—Avrami—Evans theory of crystallization kin-
etics [3—5]

v
#3

/v
505
"x3(0, 1) , (1)

a non-linear measure was introduced

P"[!ln (1!x)]1@m (2)

where m is the Avrami exponent.
It is evident from the definition (2) that P, unlike x, is

not limited to unity but approaches infinity when time
tends to infinity, or x tends to 1

lim
t?=
x?1

P"R. (3)

In steady-state isothermal conditions, crystallization rate,
K, and the exponent m are constants depending on tem-
perature, stress, molecular orientation, etc.

K(t),dP/dtPK
45
(¹, p, 2,)"const . (4)

Steady-state crystallization rate, K
45
, is related to isother-

mal Avrami rate constant, K, and inversely proportional
to crystallization half-period, t

1@2

K
45
"(K

m
)1@mJ1/t

1@2
. (5)

Early models of non-isothermal crystallization kinetics
[6—8] considered variation of K in time as a result of
variation of external conditions. Crystallization rate was
assumed to instantaneously follow varying external condi-
tions. This assumption reduces time-dependent crystalliza-
tion rate K (t) to the quasi-static relation

K(t)"K
45
[¹(t), p (t),2, ] . (6)

The quasi-static model has been successfully used in the
conditions of slow rate of change (cooling rate, ¹0 , stressing
rate, p5 , etc.).

K
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Fig. 1 Theoretical dependence of reduced nucleation rate, N0 (t)/N0
45

on relative time, t/q, ‘‘approximate’’ — Eq. (13), ‘‘series’’ — Eq. (9) with
20 terms

Our new model [1, 2], intended for higher rates of
change, allows for two additional effects. First, variation of
crystallization is assumed to lag behind the changes of
external conditions, giving rise to retardation of crystalli-
zation. This effect modifies that part of crystallization
which is controlled by thermal nucleation. The model
assumption is introduced in the form of a postulated
relaxation equation

dK
5)

/dt"(K
45
!K

5)
)/q* . (7)

There appears an additional material characteristic, relax-
ation (or retardation) time q*, dependent on changing
external conditions

q*(t)"q*[¹(t), p (t),2,] . (8)

The relaxation assumption formulated in Eq. (7) has been
inspired by the kinetics of transient nucleation processes.
Since crystallization rate depends on primary nucleation
and nucleation-controlled growth, it seems natural to ex-
pect that its time dependence should be similar to that of
nucleation rate, N0 . The theory of transient isothermal
nucleation rate, N0 , yields, according to Collins [9]

N0 (t)/N0
45
(t)"C1#2

=
+
n/1

(!1)n exp[!n2n2t/q]D , (9)

d(N0 /N0
45
)/dt"!(2n2/q)

=
+
n/1

(!1)nn2 exp[!n2n2t/q]D , (10)

where N0
45

is steady-state value, and q-relaxation time

q"2nk¹/cD* , (11)

where D*"D (g"g*) is ‘‘growth diffusion coefficient’’
taken at the critical cluster size, and c — second derivative
of the free energy of cluster formation

c"!(d2DF/dg2)
g/g*

. (12)

Eq. (9) predicts monotonical increase of nucleation rate
from zero at t"0 to saturation at tPR. In the range of
not too short times, Eq. (10) can be approximated by
a single exponential function (Fig. 1)

N0 (t)/N0
45
(t):1!exp(!n2t/q)"1!exp(t/q*) (13)

and the rate of change approaches our model (Eq. (7)) with
an effective relaxation time q*"q/n2

d(N0 /N0
45
)/dt:(N0

45
!N0 )n2/q"(N0

45
!N0 )/q* . (14)

Relaxational effects should appear in isothermal, as well as
non-isothermal conditions.

The second, athermal effect, is proportional to the rate
of change (e.g. cooling rate, ¹0 ). The total crystallization

rate, K, includes two components, and can be presented in
the form [1, 2]

K(t)"K
5)

(t)#K
!5)

(t)"K
5)

[1#N0
!5)

/N0
5)

]1@m

"K
5)

[1!B
!5)

¹0 ]1@m . (15)

The inverse Avrami exponent, 1/m, appearing in Eq. (15)
results from the assumption that athermal effects are in-
cluded only in primary nucleation.

The generalized concept of athermal nucleation in vari-
able external conditions has been described in the first
paper of this series [1]. Athermal nucleation, N0

!5)
and the

corresponding athermal crystallization rate contribution,
K

!5)
, refer to the concept introduced by Fisher et al. [10]

and generalized by Ziabicki [11]. In contrast to common
(‘‘thermal’’) nucleation, ‘‘athermal’’ nucleation (and crystal-
lization) rates are proportional to cooling rate, ¹0 , and
disappear in isothermal conditions.

The additional material functions, q* (¹ ) and B
!5)

(¹)
should be found from experiments.

Transient isothermal crystallization

Determination of relaxation time, q requires transient,
isothermal measurements. The material is melted above
¹

.
, rapidly transferred to crystallization temperature

(¹(¹
.
), and the development of crystallinity is followed

in time. At constant temperature, athermal effects are
absent.

Originally, it was expected that relaxation time, q*,
could be obtained from the approximate formula (13)
extrapolated to zero time. Identification of N0 /N0

45
with
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Fig. 2 Theoretical dependence of reduced nucleation rate, N0 (t)/N0
45

on relative time, t/q, ‘‘approximate’’ — Eq. (13), ‘‘series’’ — Eq. (9) with
20 terms

Fig. 3 Isothermal crystallization rate, K, of isotactic polypropylene
at 123 °C as a function of time, t [12]

K/K
45

yields at the beginning of crystallization

lim
t?0

d ln(1!K/K
45
)/dt"!1/q* . (16)

Application of the approximate formula (13) at zero time is
incorrect, though. In the range of short times, the behavior
of N0 (t) (hence also K (t)) calculated from the full series,
Eq. (9), differs from the approximate formula (13) not only
quantitatively, but also qualitatively. Therefore, extrapola-
tion of the derivative of Eq. (13) extrapolated to zero time
suggested in our previous work [2] does not provide
a method of determining relaxation time q*. As is evident
from Figs. 1 and 2, the nucleation (crystallization) rate
starts as a concave function of time, while the approximate
model (Eq. (13)) stipulated convex relation in the entire
range of times. Moreover, accuracy of experimental
measurements at t"0 is small and does not provide much
useful information.

Figure 3 presents isothermal crystallization rate of
polypropylene plotted vs. time t. The data were obtained
using isothermal DSC technique. The experimental details
and more data will be published separately [12]. Crystalli-
zation rate K(t) starts as a concave function in agreement
with the series expansion (9) presented in Figs 1 and 2. The
reason for overshoot is not clear. It is possible that the
shape of the plot of K vs time determined at low heat flux
(early stages of crystallization) is strongly biased by limited
sensitivity of the DSC instrument. It will be necessary to
compare our DSC data with results obtained by other
techniques.

There are two possibilities of interpreting transient
isothermal crystallization experiments. First, inflexion
point of crystallization rate vs time, can be used. Putting

d2K/dt2"0 , (17)

we obtain numerically from Eq. (9) (cf. Fig. 2)

t
*/& l

/q"0.0915 (18)

and the effective relaxation time

q*"q/p2"1.107336 t
*/& l

. (19)

The additional advantage of this method lies in the fact
that the result does not depend on the choice of the
steady-state value.

An alternative to the above procedure is finding time
when nucleation rate reaches half of its maximum (satura-
tion) value, i.e.

K/K
45
"1

2
. (20)

From Eq. (9) it follows:

t
1@2

/q"0.1388 (21)

and the effective relaxation time

q*"q/p2"0.7300 t
1@2

. (22)

Using the data from Fig. 3, we calculated relaxation time
q* from Eqs. (19) and (22) to obtain q* values listed in
Table 1.

The data presented in Table 1 require further refine-
ment and discussion. The two sets of data are reasonably
consistent with each other, but two orders of magnitude
shorter than ‘‘relaxation times’’ derived from crystalliza-
tion memory experiments [13]. Limited sensitivity of the
DSC instrument can lead to some underestimation of the
true value of relaxation times. Further experiments using
other techniques are planned.

682 Colloid & Polymer Science, Vol. 276, No. 8 (1998)
( Steinkopff Verlag 1998



Table 1 Relaxation times for isotactic polypropylene from Eqs. (19)
and (22) [12]

Temperature, C Effective relaxation time, q* (s) derived from

Inflexion point, Eq. (19) Half-time, Eq. (22)

123 3.8 3.72
125 3.12 3.31
127 3.0 2.9
129 3.56 2.1

Non-isothermal crystallization at constant variation
of temperature

Experiments made in non-isothermal conditions at con-
stant cooling (or heating) rate, ¹0 , provide the source of
information about isothermal and non-isothermal crystal-
lization rate characteristics. According to our model [1, 2]
the total crystallization rate results in the form

K(t, ¹(t))"e~mCK0
#

m(t)
:
0

em{K
45
dm@D [1!B

!5)
¹0 ]1@m

"e~mCK0
#

T(t)
:

T(0)

emK
45
(¹@) d¹@

q*(¹@)¹0 D [1!B
!5)

¹0 ]1@m

"K
5)

[1!B
!5)

¹0 ]1@m . (23)

When cooling rate is a constant different from zero, the
time variable m

m(t)"
t
:
0

dt@
q*[¹(t@)]

, (24)

reduces to an integral over temperature

m(t)"m[¹(t)]"
1

¹0
T(t)
:

T(0)

d¹@
q* (¹@)

. (25)

The other material characteristic B
!5)

, is the athermal
function. Thermal part of the crystallization rate, K

5)
, can

be presented as a series

K
5)

(t, ¹ (t))"K
0
e~m#

=
+
n/0

(!1)n (LnK
45
/Lmn)

"K
0
e~m#K

45
!(q*¹0 ) (LK

45
/L¹ )

#(q*¹0 )2[L2K
45
/L¹2

#d ln(q*¹0 )/d¹ (LK
45
/L¹ )]

!(q*¹0 )3[L3K
45
/L¹3#2]#2 . (26)

The expansion variable (q*¹0 ) reflects physical significance
of relaxational effects which disappear when either cooling
rate, or relaxation time is small. At (q*¹0 )P0, Eq. (26)

returns quasi-static model of non-isothermal crystalliza-
tion [6—8]

K
5)

(t)PK
45
[¹(t)] . (27)

We stipulate that in the initial state, crystallization rate is
zero

K
5)

(t"0)"0 , (28)

which is equivalent to neglecting K
0

and initial values of
the derivatives of K

45
with respect to time

K
0
"dK

45
/dt D

t/0
"d2K

45
/dt2 D

t/0
"2"0 . (29)

Validity of the above assumption should be checked ex-
perimentally. The expansion (26) provides a convenient
form of describing thermal crystallization rates at slow
cooling. It can be presented in a compact form as

K
5)

(t, ¹ (t))"K
45
(¹ (t)) [1#A

1
¹0 #A

2
¹0 2#A

3
¹0 3#2]

(30)

with

A
1
"!q*(L ln K

45
/L¹) , (30a)

A
2
"q*2C

1

K
45

(L2K
45
/L¹2)#(L lnK

45
/L¹ ) (L ln q*/L¹)D ,

(30b)

A
3
"!q*3C

1

K
45

(L3K
45
/L¹3)#

3

K
45

(L2K
45
/L¹2)(L ln q*/L¹)

#(L lnK
45
/L¹) [(L2 ln q*/L¹2)#2(L ln q*/L¹)2]D .

(30c)

The athermal correction (second factor in Eq. (23) can also
be expanded in series to yield

[1!B
!5)

¹0 ]1@m"1#B
1
¹0 #B

2
¹0 2#B

3
¹0 3#2 (31)

with

B
1
"!B

!5)
/m , (31a)

B
2
"(1!m)B2

!5)
/m2 , (31b)

B
3
"(1!m) (1!2m)B3

!5)
/m3 . (31c)

Consequently, expansion of the total (non-isothermal)
crystallization rate assumes the form

K(t, ¹(t))"K
5)

(t, ¹ (t)) [1!B
!5)

¹0 ]1@m

"K
45
[1#(A

1
#B

1
)¹0 #(A

2
#B

2
#A

1
B
1
)¹0 2

#(2)¹0 3#2] . (32)
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Integration of the crystallization rate over time

P(t),[!ln(1!x(t))]1@m,
t
:
0

K(t@) dt@ (33)

can be replaced by integration over temperature, when
cooling rate, ¹0 , is a constant different from zero

P(t)PP[¹(t)]"
1

¹0
T(t)
:

T(0)

K(¹@) d¹@

"

1

¹0
T(t)
:

T(0)

K
45
(¹@)M1#(A

1
(¹@)

#B
1
(¹@)]¹0 #[A

2
(¹@)#B

2
(¹@)

#A
1
(¹@)B

1
(¹@)]¹0 2#2N d¹@ . (34)

This procedure is possible only in nonisothermal condi-
tions. Note that there is no continuous transition at ¹0 "0
between Eq. (34) and the isothermal integral Eq. (4).

Performing non-isothermal crystallization runs at dif-
ferent (constant) cooling (heating) rates yields information
required for analysis of the material functions q* and B

!5)
.

Evaluation of experimental data is based on the compari-
son of crystallinities, P (¹0 ; ¹ ), found at the same final
temperature, ¹, and different (constant) cooling/heating
rates, ¹0 .

For polymers, steady-state crystallization rate exhibits
a maximum at ¹"¹

.!9
, and drops to zero in the vicinity

of melting temperature, ¹
.
, and near glass transition

temperature, ¹
'
. This is schematically shown in Fig. 4.

Depending on the temperature range, different experi-
mental situations can be analyzed.

High-temperature crystallization. Cooling from the melt

When the starting temperature, ¹(0), lies well above the
upper crystallization temperature (melting temperature)
¹

.
, the conditions (28—29) are satisfied, and the rate of

temperature change, ¹0 , is negative (cooling). We will an-
alyze the plot of the product (!¹0 ·P) vs absolute cooling
rate, (!¹0 ). The intercept

lim
¹0 P0

(!¹0 ·P)"
T(0)
:

T(t)

K
45
(¹@) d¹@ (35)

yields a positive material function, integral of the steady-
state crystallization rate taken from a given temperature,
¹, to the upper crystallization limit ¹(0). The choice of
¹(0) is unimportant as far as it is located beyond the
crystallization range (above ¹

.
). Differentiation of the

intercept with respect to end temperature yields steady-

state crystallization rate K
45
(¹)

K
45
(¹ )"!

d

d¹
lim
¹0 P0

(!¹0 ·P) . (36)

Sometimes, non-isothermal procedure may yield steady-
state crystallization rates in the low-temperature region
inaccessible to standard isothermal experiments. An
example will be shown in Fig. 9.

The initial slope

lim
¹0 P0

d(!¹0 ·P)/d(!¹0 )"!

T(0)
:

T(t)

K
45
(¹@) (A

1
(¹@)#B

1
(¹@)) d¹@

(37)

is controlled by the sum of relaxation and athermal effects

A
1
#B

1
"!q* (L lnK

45
/L¹ )!B

!5)
/m . (38)

The first term, related to relaxation effects in the upper
branch of the crystallization curve, is positive, the second
one (athermal) — negative. When athermal effects dominate
over relaxation ( DB

1
D'DA

1
D), the observed product D¹0 ·P D

will increase with cooling rate, D¹0 D; when DB
1
D(DA

1
D — the

reverse is true. The sum of relaxational and athermal
coefficients is obtained from differentiation of the initial
slope and division by previously determined steady-state
crystallization rate

A
1
(¹)#B

1
(¹ )"

1

K
45
(¹ )

d

dtC lim
¹0 P0

d(!¹0 ·P)

d(!¹0 ) D . (39)

Analysis of the second derivative at ¹0 "0 yields initial
curvature of the crystallization curve.

lim
¹0 P0

d2(!¹0 ·P)

d(!¹0 )2
"2

T(0)
:

T(t)

K
45
(A

2
#B

2
#A

1
B
1
) d¹@ . (40)

Consider sign of the sum

A
2
#B

2
#A

1
B
1

"q*2 C
1

K
45

(L2K
45
/L¹2)#(L lnK

45
/L¹ )(L ln q*/L¹)D

#(1!m)B2
!5)

/m2#q*(L lnK
45
/L¹ )B

!5)
/m . (41)

When crystallization is dominated by athermal effects, the
most important terms, B

2
"(1!m)B2

!5)
/m2, and A

1
B
1

are
negative, and the (!¹0 ·P) curve starts as an increasing
convex function of the cooling rate. When relaxation dom-
inates over athermal nucleation, the curvature depends on
temperature. Curvature of the steady-state crystallization
rate, and the related part of the A

2
coefficient (propor-

tional to L2K
45
/L¹2, cf. Fig. 4) is negative in the range of

temperatures between ¹
.!9

and ¹
*/&-,2

(upper inflexion
point) and positive above ¹

*/&-,2
. The A

1
B

1
terms are
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Fig. 4 Steady-state crystallization rate, K
45
, as a function of temper-

ature, ¹ (schematic). Maximum crystallization rate, ¹
.!9

, and two
inflexion points (¹

*/&-,1
, ¹

*/&-,1
) indicated. ¹

'
— glass transition tem-

perature, ¹
.

— melting temperature

Fig. 5 Expected shapes of the (!¹0 )P) vs. (!¹0 ) plot in constant
cooling rate experiments

Fig. 6 Experimental (!¹0 )P) vs. (!¹0 ) plot for polyvinylidene fluo-
ride [12]. End temperatures, ¹, indicated

always negative. Therefore, curvature of the product
(!¹0 ·P) plotted vs cooling rate, (!¹0 ) changes sign, being
positive at higher crystallization temperatures (concave
behavior), and negative (convex) at smaller temperatures,
close to ¹

.!9
. Various shapes of the (!¹0 ·P) vs (!¹0 )

curves are shown schematically in Fig. 5.

Experimental

Figure 6 presents the experimental data for polyvinylidene
fluoride Kynar 880 N (Pennwalt Co.) with M

8
"400 000.

The data were obtained using Perkin-Elmer DSC-7 appa-
ratus calibrated with indium during heating at 10°/min.
Additional correction for the temperature lag between
the sample and the furnace according to the method pro-
posed by Janeschitz—Kriegl et al. [14] was performed.
The samples were crystallized at constant cooling rates
after being held in the molten state at 220°C for 10 min.
As seen in Fig. 6 the initial slope is positive, and
curvature negative, suggesting determining role of ather-
mal effects.

Figures 7 and 8 present, respectively, the intercept
(Eq. (35)) and initial slope (Eq. (37)) as functions of end
temperature, ¹. Considering nonlinearity of the (!¹0 ·P)
vs (!¹0 ) curves evident in Fig. 6, the intercept and initial
slope were extrapolated from the data in the range of
cooling rates between 2 and 15°/min using third order
polynomial.

Differentiation of the intercept with respect to temper-
ature (Eq. (36)) yields steady-state crystallization rate
(Fig. 9).

It should be noted that earlier kinetic data from
isothermal crystallization of PVDF [15] did not reach the
low-temperature region covered by our non-isothermal
procedure. We found good agreement between the temper-
ature of the maximum rate of steady-state crystallization
of investigated PVDF and that predicted by Okui on the
basis of the empirical relationship between temperature of
the maximum crystallization rate and equilibrium melting
temperature. Okui [16] found the ratio of ¹

.!9
/¹0

.
for

several polymers being in the range between 0.76 and 0.89.
Putting ¹0

.
"481.3 K as equilibrium melting temperature

of the a phase with 0% content of head-to-head defect
[17] and ¹

.!9
"388.2 K as a temperature of maximum
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Fig. 7 Intercept of the (!¹0 )P) vs. (!¹0 ) plot for polyvinylidene
fluoride vs end temperature ¹ [12]

Fig. 8 Initial slope of the (!¹0 )P) vs. (!¹0 ) plot for polyvinylidene
fluoride vs end temperature, ¹ [12]

Fig. 9 Steady-state crystallization rate K
45

for polyvinylidene fluo-
ride derived from the intercept of Fig. 6 via Eq. (36)

Fig. 10 The sum of relaxational and athermal effects (A
1
#B

1
) for

polyvinylidene fluoride derived from the initial slope in Fig. 6 via
Eq. (39)

steady-state crystallization rate determined from our data
we get the ratio of ¹

.!9
/¹0

.
"0.806.

The sum of relaxational and athermal effects obtained
from Eq. (39) is plotted vs temperature in Fig. 10. In the
whole range of crystallization temperatures the sum
(A

1
#B

1
) is negative which indicates domination of ather-

mal nucleation. It is seen in the upper branch of crystalliza-
tion curve that athermal effects increase with temperature.

Low-temperature crystallization. Heating from the glassy
state

In another experimental setup, polymer melt is rapidly
quenched below the glass transition. Crystallization in the

frozen amorphous material starts below glass transition
temperature (¹ (0)(¹

'
) and is induced by heating in the

lower branch of the crystallization rate. Crystallization
temperatures usually are kept below ¹

.!9
.

In the conditions of heating, both the relaxation (A
1
)

and athermal coefficients (B
1
) are negative, and the prod-

uct (¹0 ·P) should decrease with increasing heating rate,
¹0 (Fig. 11). When crystallization is dominated by athermal
effects, the B

2
term is negative and the initial behavior of

the product (¹0 ·P) is convex. The behavior controlled by
relaxational effects admits positive and negative curvature,
as a result of the change of the coefficient A

2
: the low-

temperature part of A
2

(between ¹
'
and the left inflexion

point ¹
*/&-,1

) is concave, the upper one (between ¹
*/&-,1

and
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Fig. 11 Expected shapes of the (¹0 )P) vs. (¹0 ) plot in constant heating
rate experiments

¹
.!9

)-convex. These predictions are shown schematically
in Fig. 11.

Global non-isothermal effects

For evaluation of the global intensity of non-isothermal
effects, crystallization with constant cooling rate should be
performed over the entire range of crystallization temper-
atures, starting above melting temperature, ending below
glass transition. The corresponding crystallinities, P

=
(¹0 )

are functions of cooling rate only, and the observed prod-
uct (!¹0 ·P) results in the form

!¹0 P
=

(¹0 )"!

T.

:
T'

K
45
d¹#¹0

T.

:
T'

K
45
(A

1
#B

1
) d¹#2 .

(42)

The first integral representing quasi-static crystallization is
a positive, material constant characterizing ‘‘crystallizabil-
ity’’ of the polymer [6]. The kernel of the second integral
may change sign and general discussion of its contribution
is difficult. The initial slope and shape of the experimental
(!¹0 ·P) vs (!¹0 ) curve yield rough information about the
sensitivity of crystallization to cooling rate, and about the
appropriate combinations of the integral material charac-
teristics A

*,=
, B

*,=
, defined as

A
*,=

"

T.

:
T'

K
45
(¹ ) ·A

*
(¹) d¹ , (43)

B
*,=

"

T.

:
T'

K
45
(¹ ) ·B

*
(¹ ) d¹ . (44)

The above procedure requires non-zero cooling rate, and
does not reduce to Avrami equation when ¹0 "0.

Athermal effects revisited

In the previous paper [2] we have tried to evaluate ather-
mal contribution to non-isothermal crystallization rate for
polypropylene (PP) and polyethylene terephthalate (PET).
The analysis was based on the theory of nucleation and,
rather arbitrarily assumed, relaxation times, q*. The uncer-
tainty concerned relaxation times as such, and the relation
between q* and the ‘‘diffusion of growth coefficient’’, D*.
Our earlier calculations suggested much stronger effects
for PP (with very long relaxation times estimated from
memory effects, Ref. [13] than for PET. For both poly-
mers, however, athermal contribution was negligible, ex-
cept for temperatures close to ¹

.
.

We will reconsider this problem to provide informa-
tion about the relative significance of athermal and relax-
ational effects in the expansion coefficients A

*
, B

*
(Eqs. (30)

and (31)). We consider the third polymer — polyvinylidene
fluoride — which has been subject to preliminary experi-
mental studies [12]. We will show that both, A

*
and B

*
,

include relaxation time in the power i. Consequently, the
magnitude of relaxation time does not affect the balance
between various mechanisms which control non-isother-
mal crystallization kinetics.

The ratio of athermal-to-thermal nucleation rate in
Eq. (31) results in the form [2]

!B
!5)

¹0 ,N0
!5)

/N0
5)
"¹0 (Lg*/L¹)o (g*)/D*(Lo/Lg) Dg/g*

:!3
2
¹0 (Lg*/L¹)g*/D* . (45)

The relation between the ‘‘diffusion of growth’’ coefficient,
D* and relaxation time, q, will now be taken after Collins
[9] as in Eqs. (11) and (12). Taking into account that
second gradient of cluster formation free energy is

c,!(d2DF/dg2)
g/g*

"4
3
pl2@3

0
(g*)~4@3 , (46)

Lg*

L¹
"

3g*

D¹

, (47)

we arrive at the ratio

N0
!5)

/N0
5)
"!3(¹0 q) (g*)2@3pl2@3

0
/nk¹D¹

"!3n (¹0 q*) (g*)2@3pl2@3
0

/k¹D¹ , (48)

where q*"q/n2 denotes effective relaxation time [9]. Tak-
ing into account that

g*"
64p3¹3

.
Dh3D¹3

0
l
0

, (49)

where p is interface tension, Dh the heat of melting per unit
volume, v

0
the molecular volume of a single kinetic unit

(segment), D¹ the undercooling, we obtain

N0
!5)

/N0
5)
"!48n(¹0 q*)p3¹2

.
/k¹D¹3Dh2 . (50)
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Table 2 Nucleation and
crystallization characteristics
for isotactic polypropylene,
polyethylene terephthalate and
polyvinylidene fluoride

Data i-PP Ref. PET Ref. PVDF Ref.

Heat of fusion, Dh, 109 1.4 [19] 1.8 [20] 2.01 [23]
[erg/cm]
Ave. interface tension, p, 23 [19] 27 [20] 18.3 [23]
[erg]/cm
Melting temperature, 481.2 [19] 553 [21] 493 [23]
¹

.
[K]

Max. cryst. temperature, 338.2 [18, 22] 463.2 [18, 21]
¹

.!9
[K]

Half-width of the cryst. 30 [18, 22] 32 [18, 21]
rate-temperature curve,
D [deg]

Fig. 12 Reduced athermal coefficients, B@
1
for isostatic polypropylene

(PP), polyethylene terephthalate (PET) and polyvinylidene fluoride
(PVDF) calculated from Eq. (54) as a function of undercooling, D¹.
Material characteristics from Table 2

Consequently, the first athermal expansion coefficient

B
1
,B

!5)
/m"(N0

!5)
/N0

5)
)/m¹0

"!48(n/m)q*p3¹2
.
/k¹D¹3Dh2 (51)

appears to be proportional to relaxation time, q*. Sim-
ilarly, higher athermal coefficients, B

*
, are proportional to

the corresponding powers of q*

B
*
"(B

1
)i (1!m)(1!2m)2(1!i ·m#m)J(q*)i , (52)

which converts expansion of the total crystallization rate,
Eq. (32) into a unique expansion over the variable (¹0 q*)

K(¹0 , ¹)"K
45
(¹ ) [1#(A@

1
#B@

1
) (¹0 q*)

#(A@
2
#B@

2
#A@

1
B@

1
) (¹0 q*)2#2] (53)

A@
*
"A

*
/(q*)i and B@

*
"B

*
/(q*)i are expansion coefficients

reduced by the appropriate powers of the relaxation time,
q*.

Domination of either athermal or relaxational effects
in non-isothermal crystallization does not depend on the
magnitude of q*.

We will compare absolute values of the reduced coeffi-
cients A@

1
and B@

1
for three polymers: PP, PET and PVDF.

B@
1

will be calculated from Eq. (51) with m"3, yielding

B@
1
"16np3¹2

m
/k¹D¹3Dh2 (54)

and A@
1

from Eq. (30a) with Gaussian crystallization rate
function

K
45
(¹ )"K

.!9
exp[!4 ln 2(¹!¹

.!9
)2/D2] , (55)

yielding

A@
1
"!L lnK

45
/L¹"8 ln 2(¹!¹

.!9
)/D2 . (56)

The material functions used in the calculations (the same
as in Ref [2]) are given in Table 2.

Our considerations can be applied to other polymers
with not too high crystallization rates, like poly-trimethy-
lene terephthalate (PTT, Corterra ), syndiotactic polysty-
rene, etc. What is needed for such an extension is material
characteristics (thermodynamic and kinetic) like those
listed in Table 2.

Figure 12 presents athermal coefficients, B@
1

calculated
from Eq. (54) for isotactic polypropylene (PP), polyethy-
lene terephthalate (PET) and polyvinylidene fluoride
(PVDF).

It is evident that, in contrast to our earlier estimates
[2], the behavior of PP and PET is practically identical;
the data for PVDF show the same trend, but are smaller,
apparently due to smaller surface tension, p, and higher
heat of fusion, Dh. Comparison of thermal and athermal
coefficients (A@

1
from Eq. (56), B@

1
from Eq. (54) suggests

(Fig. 13) that within the range of 100° below melting
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Fig. 13 Reduced thermal (dotted lines, A@
1
) and athermal expansion

coefficients, (solid lines, B@
1
) for isotactic polypropylene (PP) and

polyethylene terephthalate (PET) calculated from Eqs. (56) and (54)
as functions of undercooling, D¹. Material characteristics from
Table 2

temperature, the dominating mechanism is athermal
nucleation.

Discussion

It has been shown how material characteristics of the
recently developed model of non-isothermal crystalliza-
tion [1, 2] can be derived from isothermal and non-iso-
thermal kinetic studies. Preliminary experiments on
polypropylene and polyvinylidene fluoride using differen-
tial scanning calorimetry (DSC) seem to yield reasonable
and reproducible results. Strong acceleration of crystalli-
zation by fast cooling can be explained by athermal nu-
cleation. Experimental testing comparing isothermal and
non-isothermal crystallization will be continued using
DSC and other techniques.
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