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Abstract

The temperature dependence of linear crystal growth rate (G) for various polymers shows a bell shape with the maximum growth rate
(Gmax)- The Gy, shows remarkable molecular weight dependence. The G, was formulated on the basis of a crystallization theory, both for
Arrhenius and WLF expressions in the molecular transport term. The plots of the reduced growth rate (G/G,,,) against the reduced
temperature (7/7.,x) for a given polymer showed a single master curve without molecular weight dependence. The ratio of Gy/Gpx
gave a constant value for each polymer, indicating a material constant. On the basis of Gy, for many polymers, a universal master curve
was observed when the ratio of In(G/Gy,,x)/In(Gy/Gp.x) Was plotted against the reduced temperature (7/7,x). © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

According to a crystallization theory for a temperature
dependence of linear crystal growth rate (G) from the
melt, G is generally described by a following exponential
equation [1-3].

AE AF
- ] (1)

G=Go eXp[ RT ~ RT
where G is a constant almost independent of temperature,
AE is the activation energy for migration through a
nucleus—melt interface, AF is the free energy of formation
of a critical nucleus size, T is a crystallization temperature
and R is a gas constant. This equation has been applied
frequently to data of spherulitic growth rate for polymeric
materials. In Eq. (1), the terms of AE and AF have opposing
temperature dependence thereby bring about a maximum
growth rate (G,) at a temperature T, Fig. 1 shows
spherultic growth rate data for a wide variety of polymers
in a wide range of crystallization temperature in the refer-
enced literature [4—9]. Data plots show a bell shape
temperature dependence of crystal growth rate, giving the
maximum crystal growth rate. On the basis of G, for many
crystalline materials, an universal master curve of tempera-
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ture dependence of crystal growth rate has been proposed
empirically by Magill et al. [10,11] as expressed by the
ratio of the logarithm of the growth rate (G) at any tempera-
ture (7) to the value of G, versus a reduced temperature
(T =TTy — Tp),

() =/l=7) @
max Th— Ty

where 7T is the thermodynamic equilibrium melting
temperature and T is a hypothetical temperature at which
the macro-Brownian motion of polymer molecules ceases.
However, in an extensive study on such universal curve
for many polymers, whole crystal growth data cannot be
reduced to a single universal curve [12]. This universal
master curve comes from a phenomenological basis. The
present paper was studied on the corresponding state in
the crystal growth rate on the basis of a theoretical back-
ground.

2. Best fitting growth data by WLF and Arrhenius
expressions

In a polymer crystallization from the melt, AF in Eq. (1)
is commonly expressed as AF = KTo /(T — T), where K is
the nucleation parameter expressed as K = nbyo.0/AH,,,
where n is a parameter of a mode of nucleation, b, is the
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Fig. 1. Temperature dependence of crystal growth rate from the melt for a
variety of polymers; rubber [4], Nylon6 [4], PTMPS [5], PET [6], i-PS [7],
PLLA [8], PESU [9]. Solid and broken lines are best fitting by Arrhenius
and WLF expressions, respectively.

thickness of the depositing growth layer and o, and o are
the end and the lateral surface energies, respectively, and
AH,, is the heat of fusion [3]. An application to the polymer
crystallization leads to that the transport term of AE is
considerably important in the lower temperature ranges.
The transport term can be expressed in terms of the
equation of either Arrhenius-type (AEsry/RT) or WLF
type (AEwg/R(T — Ty)). In analyzing the crystallization
data in bulk polymers, the WLF expression has been used
much familiar than the Arrhenius-type, since it has been
believed that the former expression fits the data better
than the later one. The transport term of AE is considerably
important in the lower temperature ranges, therefore the
molecular transport term is often employed by WLF
expression. The transport term expressed by WLF increases
significantly when crystallization temperature reaches near
To,. However, the transport term could be sufficiently
expressed by the Arrhenius-type in the polymer crystalliza-
tion [13-15].

It is worth to recheck which transport term equation is
better describing the temperature dependence of the linear
crystal growth rate. We employ a conventional activation
energy expressed as Ep/(T — T)) for the molecular transport
term and Ex/(TS — T) for the nucleation term. Thus the
overall activation energy of the crystal growth process is
given by the following equation [16]

Ep Ex
+
T-T, T0%-T

Eq= (€)
Fig. 2 shows the temperature dependence of E,; and the
linear crystal growth rate for PESU. The growth rate
shows a typical bell shape curve. The observed bell shape
curve locates in the temperature range of T, (1 £ 0.15),
whereas the growth rate in the external temperature regions
of the curve is extremely slow. No crystal growth data in the
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Fig. 2. Temperature dependence of linear crystal growth rate and overall
activation energy (E,;) for molecular transport and nucleation terms for
PESU. E,.x is the activation energy at T, Solid and broken lines in linear
crystal growth rate are best fitting by Arrhenius and WLF expressions,
respectively.

vicinity of T, has been reported in polymeric materials.
However, the crystal growth rate is comparable to/or slower
than that of the rate of molecular transport via reptation
process in the vicinity of 7, [15]. It is interesting to note
that some organic [17] and inorganic [18] materials can
crystallize even below T,. The overall activation energy
increases significantly when the crystallization temperature
reaches near to T, and T However, the temperature depen-
dence of E,; becomes very small in the vicinity of 7.
This indicates that Arrhenius law can be used sufficiently for
the temperature dependence of molecular transport term.
In other words, the activation energy for the molecular
transport is expressed either by WLF or Arrhenius-type
in a wide crystallization temperature range encompassed
through T, Fig. 2 shows that either Arrhenius or WLF
expression in the molecular transport term fits very well the
linear crystal growth rate of PESU with a wide temperature
range.

3. Theoretical aspect of G,,,, and master curve for
crystal growth rate

Maximum growth rate (G,.) can be observed by
equating to zero the derivative of Eq. (1) with respect to
the temperature. The relations so found for the Arrhenius
expression have been reported in the previous work [19] and
those for WLF expressions are formulated in this work as
follows. For Arrhenius expression in the molecular transport
term

“

AE
Gmax = GO eXpl: - i :|

R(Z Tcmax - Tr?m)
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Fig. 3. Temperature dependence of linear crystal growth rate for poly(ethy-
lene succinate) with various molecular weights [9]. Indicated molecular
weights in the figure are the peak molecular weight measured by GPC.
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For WLF expression in the molecular transport term,
, (M 1)
2
(Tcmax - TO)

©)
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X(1 — 2B + AB) — B(A — 1)?
[( + AB) — B( )] .

(X — B)(1 — 2B + AB)

where X is the reduced crystallization temperature of 7/7 .«
and A and B are the ratios of To/T.mux and To/Temu
respectively.

In polymer crystallization data obtained over a wide
range of temperature through a maximum crystal growth
rate, data sets of Gy, Temax and 72 for many polymers are
available in the referenced literature. Gy, Temax» and TS,
show remarkable molecular weight dependence. For
example, Fig. 3 shows the temperature dependence of the
linear crystal growth rate for poly(ethylene succinate)
(PESU) with various molecular weights [9]. Each molecular
weight fraction shows bell shape crystal growth rate
behavior. The G, increases with the molecular weight
up to 3200 and then decreases. The details in the molecular
weight dependence of G,,,x for PESU will be reported in a
separate paper. T.n. increases with molecular weight
similar to the molecular weight dependence of To. The
ratio of Tuma/To is almost independent of the molecular
weight, yielding the constant value of 0.83. In fact, values
of Tcmax/T,?, lie between 0.8 and 0.9 for most polymers
[12,19,20], which are discussed in detail in Section 4.
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Fig. 4. Plots of the ratio of logarithm of the growth rate (G) at any temperature
(7) to the value of Gy, versus a reduced temperature [(1 — X)Z/X(A - X)]
based on Arrhenius expression of Eq. (5). Symbols in the figure are the
same in those in Fig. 3. X = T/T ., A = Tg/Tcmax.

When the crystal growth data are plotted according to
Eq. (5) (Arrhenius expression), the reduced growth rate
(G/Gpay) shows a linear relationship with the reduced
temperature of the second term in the right hand side of
Eq. 5) (1 — X)Z/X(A — X) as shown in Fig. 4, indicating
no molecular weight dependence in growth rate. The linear
relation is true for other various polymers [13], such as
poly(ethylene terephthalate) (PET), isotacitc polystyrene
(i-PS), nylon-6 (N-6), poly(tetramethyl p-silphenylene
siloxane) (PTMPS), poly(ethylene succinate) (PESU),
poly(L-lactide) and rubber as listed in Fig. 1.

WLF expression also shows the linear relationship
plotting In(G/G,,.x) against the reduced temperature of
[(1 — X)¥X(A — X)[(X(1 — 2B + AB) — B(A — 1))/(X—B)
(1 — 2B + AB)] in the right hand side of Eq. (7) as shown in
Fig. 5, indicating also no molecular weight dependence.
Here, T, was assumed to be 0.5 T(n)l [21], which is discussed
in detail in Section 4. The linear relation based on WLF
expression was also true for other various polymers as listed
in Fig. 1. These linear relationships indicate that ratios of
Gmax/Gy (the slope in Figs. 4 and 5) are independent of
molecular weight. In other words, the molecular weight
dependence of G is the same in that of G-

Fig. 6 shows the plots of the reduced crystal growth rate
(G/Gynyx) against the reduced crystallization temperature of
(T/T .y for PESU. Master curve of crystal growth rate is
observed showing no molecular weight dependence of the
crystal growth rate. The master curve can be fitted either by
Eq. (5) (Arrhenius; solid line) or Eq. (7) (WLF; dotted line).
The master curve was also true for other polymers as listed
in Fig. 1. These polymers were drawn in the master curve
also. However, each polymer gave a different value to the
ratio of G,,,,/Gy indicating a material constant. The value of
Gna/Gy was dependent on characteristics of polymer
molecules, such as molecular flexibility and crystallizability
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Fig. 5. Plots of the ratio of logarithm of the growth rate (G) at any tempera-
ture (7) to the value of G, versus a reduced temperature [(1 — X )2/X (A —
X)II(X(1 — 2B + AB) — B(A — ))/(X — B)(1 — 2B + AB)] based on
WLF expression of Eq. (7). Symbols in the figure are the same in those
in Flg 3.X= T/Tcmax’ A= T(rzx/Tcmax’ B= T()/Tcmux-

based on a chemical structure. Therefore, the reduced
growth rate (G/Gy,,) in each polymer should be normalized
by the value of G.,,/Gy. All experimental crystal growth
data (total numbers of data points are over 400) are drawn
in to a single master curve as seen in Fig. 7.

4. Relationship between y T T,and T

There are many characteristic temperatures, such as 75,
Temax> T, and T, It has been well known that a ratio of T,/
T2 is nearly constant for a wide variety of materials [12,20]
including metals, inorganic substances, organic compounds
and polymers. Constancy of the ratio of Tg/Tﬁ is also widely
known as Boyer—Beaman rule [24]. Boyer classified poly-
mers into two groups as a symmetrical polymer and an

T / Tcmax

Fig. 6. Master curve of crystal growth rate for poly(ethylene succinate).
Symbols in the figure are the same in those in Fig. 3. Solid and dotted lines
are calculated from Eq. (5) (Arrhenius) and Eq. (7) (WLF), respectively.
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Fig. 7. Universal curve for crystal growth rate for various polymers.
O: rubber [4], A: N6 [4], O: PTMPS [5], O: PET [6], O i-PS [7,23],
V: PLLA [8,22], O: PESU [9].

un-symmetrical polymer. However, in an extensive study
on more than 130 polymers [25], the average value of T,/
T3, is about 2/3 for all polymers, indicating no discrimina-
tion between symmetrical and un-symmetrical polymers.
According to WLF relationship, Ty = T, — f,/Aa, where
fe is a free volume at T, and A« is the difference of the
thermal expansivity between a glass and a super-cooled
liquid [26]. This equation is rewritten as follows,

Ty/T, = 1 — f,/AaT,, ®)

The mean values of AaT, and f, are approximated to be 0.1
and 0.025 [27], respectively. Thus the ratio of T/T, yields
to be 3/4, which coincides with the ratio reported by
Gibbs—DiMarizio theory [28].

The ratio of Ty, /T0 can be formulated from Eq. (1). For
Arrhenius expression in the molecular transport term, which
is formulated previously [19,20],

Tcmax — CARH (9)
T,?l 1+ Carn
AE
Cary = 4|1 + (ﬂ) (10)
KarH

For WLF expression in the molecular transport term, which
is formulated in the present work,

Tcmax — CWLF (1 1 )
AEWLF
Cutr = 1+( ) (12)
WLF D KARH
Ty 2
D= -1 13
( Tcmax ) ( )

Fig. 8 shows the ratio of Tcma,(/Tg1 vs. C (either Cary or Cywip)
according to Egs. (9) or (11). Tcma,(/Yg1 increases with an
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Fig. 8. Ratio of maximum crystallization temperature (7p,) to melting
temperature as a function of a parameter C expressed in terms of the
equation of either WLF or Arrhenius for molecular transport term.

increase in C value and its value saturates to 1. In general,
the mean value of C lies in about 5 [19], yielding that T,/
T& is about 5/6. Based on these empirical rules, the ratio of
To/ T max gives a constant value of 0.6 and TYT, yields to 0.5
[21]. On the basis of the mean value of C, AEsry/Kary gives
24 for Arrhenius expression and AEw; /Ky gives 3.8 for
WLF expression. In fact, these ratio for AEsry/Kagy and
AFEyp/Kwir are calculated by the best fitting to data and
thus calculated values showed a constant [9,13]. Therefore,
these constant ratios with no molecular weight dependence
give rise to the master curve of crystal growth rate in poly-
meric materials.

5. Conclusion

The maximum growth rate is formulated from a crystal-
lization theory based on the molecular transport term
expressed by Arrhenius and WLF expressions. Based on
the formulated maximum growth rate, a universal master
curve of temperature dependence of crystal growth rate is
proposed theoretically as expressed by the ratio of the
logarithm of the growth rate (G) at any temperature to the
value of the maximum growth rate G,,,x versus a reduced
temperature 7/7 .. The molecular weight dependence of
Gy is the same in that of Gy,,x. The ratio of Gy/G,,x gives a

constant value for each polymer. The plots of the reduced
growth rate (G/Gy,,;) normalized by the ratio of (Gp.x/Go)
against the reduced temperature (7/7.,,,x) show a universal
master curve for many polymers. The ratio of Tomadd TS is
also formulated by WLF expression, yielding the similar
formulation as the result by Arrhenius.
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