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ABSTRACT: The ratio of the temperature at which the nucleation rate or the crystal growth 
rate is maximum (Tcmax) to the melting temperature (Tm) was predicted theoretically as a function 
of two parameters: one is the ratio of the activation energy of migration through the nucleus-melt 
interface to the heat of fusion and the other is the ratio of the mean surface energy of a mole of 
repeat unit to the heat of fusion. The ratios of TcmaxiTm were evaluated from the above two 
parameters. 
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It has been well-known that a ratio of 
crystallization temperature at which crystalli
zation rate is maximum (Tcmax) to melting 
temperature (Tm) is nearly a constant in most 
crystalline polymers 30 - 32 in analogous with 
an empirical relationship between melting tem
perature and glass transition temperature 
(T8). 33·34 In an extensive study on the rela
tionship between Tm and Tg for 138 polymers, 
the ratio Tg/Tm varies widely.35 There is no 
sharp division between the ratios of T8/Tm 
observed for symmetrical and that for un
symmetrical polymers: about 80% of polymers 
have values in the range 0.5--0.8. The relation 
of TcmaxfTm is found not only in polymers but 
also in most metals36 and organic com
pounds.37·38 

In a crystallization theory/· 36 the tempera
ture dependence of homogeneous crystal nu
cleation rate and 'that of crystal growth rate 
from melt are generally described with the 
following exponential equation, where the 
crystal growth is based on the formation of a 
two-dimensional surface nucleus. 

(1) 

G=G0exp( -AE/RT-K2Tm/RTAT) (2) 

where I and G are the rate of nucleation and 
the rate of-crystal growth, respectively. AE is 
the energy of activation for migration through 
the nucleus-melt interface. K 1 and K2 are a 
function of the free energy of the interface, the 
heat of fusion and the shape of nucleus or 
crystal. AT is the degree of supercooling 
(Tm- T), where T is the crystallization tem
perature. /0 and G0 are constant and R is the 
gas constant. 

If /0, G0, AE, and K (Kl and K2) are 
assumed to be independent of temperature, the 
crystallization temperature (Tcmax) at the 
maximum rate of nucleation Umax) or that of 
crystal growth (Gmax) is observed by equating 
to zero the derivative of eq 1 or 2 with respect 
to the temperature. The relations so found are 
for the maximum nucleation rate: 

TcmaxfTm=(D2 -D+ l)/(D2 +D+ 1) (3) 

/max=/oexp( -Kl (4) 
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where, D=((B+ 1)/(B-1))1 13 

B=(1 +K1jl1E)112 

(5) 

(6) 

for the maximum crystal growth 

(7) 

where 

C=(l +L1EjK2)112 (9) 

LlTmax= Tm- Tcmax (10) 

The ratio of Tcmax/Tm depends only the ratio 
of LlE/K. Similar trials have been reported by 
Mandelkern et a/.31 •32 for the maximum nu
cleation rate, but they could not get an equa
tion as simple as the above. The greater the 
ratio of LlE/ K is the greater the ratio of 
Tcmax/Tm as seen in Figure 1, however, a 
large variation in LlE/ K in its high value re
gions causes little change in TcmaxfTm. In fact, 
the values of LlE/ K lie in about 10--40 for 
most polymers (see in Table 1), and this re
sults in the ratios of Tcmax/Tm changing 
from 0. 77 to 0.86 for the crystal growth and 
from 0.58 to 0.7 for the nucleation. The 
minimum values in D and C are 1 when the 
activation energy LlE is zero, that is, the 
minimum ratios of TcmaxfTm for the homoge
neous nucleation and the crystal growth 
yield 1/3 and 1/2, respectively. 

Here, the shape of the nucleus and the mode 
of the nucleation are assumed to be, respec
tively, a lamellar rhombohedron and a mono
molecular surface nucleation on a flat sub
strate in a chain folding crystallization.1 Now, 
Kl and K2 are: 

K1 (11) 

K2=4b0 a.aufl1Hm (12) 

where au and a. are the lateral and the end
surface free energies, respectively. b0 is the 
thickness of the depositing growth layer, LlHm 
is the heat affusion. Then, the ratios of LlE/Kl 
and llE/K2 yield: 
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Figure 1. Ratio of maximum crystallization tempera
ture to melting temperature for nucleation (A) and 
crystal growth (B) as a function of ratio of the activation 
energy for transport to the nucleation parameter. 

llE/Kl =(1j32)(LlE/LlHm)(a/LlHm)- 3 (13) 

(14) 

L1EjK2 (15) 

a=(boa.aY 12 

a=a/LlHm 

(16) 

(17) 

(18) 

where a is the mean surface energy of a mole of 
repeat unit. 

Here, it is very interesting to note that the 
ratio of a to LlHm (hereafter, this ratio is 
denoted a) is generally found to be constant 
for a given type of crystalline materials. For 
example, the value of a is fairly constant in 
most metals.36 In addition, LlE/LlHm is also 
found to be a constant in most of metals.39•40 

Then, Tcmaxf T m will yield almost constant. 
However, main problem in relating the theory 
to experiments lies in evaluating a and LlE 
quantities. The values of LlE may be closely 
related to the activation energy for the selfdif
fusion (.!l£0 ) of chain molecules, however, the 
values of a can not be measured in any other 
way. 

Ratio of LlE/ LlH m (/3) 
The activation energy for transport of chain 

segments to the crystal-melt interface, LlE, can 
be expressed in terms of the equation either 
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Table I. Ratio of maximum crystallization temperature to melting temperature 
and the characteristic parameters 

Tcmax/Tm 
Materials if/1'1Hm• t-.Ejt-.Hmb 1'1E/K2c Ref.d 

Obsd Calcd 

PCITFE 0.82-D.83 0.36----0.38 11.83 20.5-22.8 I, 2 
PE 0.76-D.78 0.34-0.37 5.14 9.4-11.1 I, 2, 3 
iso-PP 0.81 0.29 5.71 17 4 
syd-PP 0.75 0.43 (5.71) 7.7 5 
PB-1 0.81-D.82 0.29-D.30 6.24 17.3-18.5 9 
PS 0.87-D.89 0.86 0.25-D.26 9.52 35.2-38.1 6-9 
PVF2 0.75 0.41 (5.5) 8.2 10 
PTMPS 0.78-D.83 0.77-D.82 0.24-0.35 4.81 9.8-20.9 11, 12 
PET 0.79-D.86 0.81-D.92 O.IO-D.29 (5.5) 16.3-138 13-15 
POM 0.79 0.82 0.26 5.44 20.1 16 
PEO 0.76-D.79 0.22-D.26 2.39 8.8-12.3 17-19 
PPO 0.82-D.88 0.82-D.85 0.20-D.25 4.85 19.4-30.3 20, 21 
PESu 0.86 0.85 0.21 (5.5) 31.2 22 
PPhAd 0.85 0.86 0.19 (5.5) 38.1 23 
PDMS 0.82 0.82 0.14 1.65 21 24 
N6 0.81-D.82 0.77-D.82 0.18-D.25 2.65 10.6-20.4 25-28 
N56 0.85 0.80 0.16 1.53 14.9 29 
N66 0.76 0.86 0.1 1.2 38 26 
Nl2 0.76 0.18 (1.2) 9.3 28 
N96 0.87 0.82 0.12 1.13 19.6 29 

• Values analyzed from data existed in the literature (d). b Values based on Mandelkern's results.41 Numbers 
in brackets refer to values assumed according to eq 19 or 20. c Values calculated from eq 15 using a set of data a and b. 
PCITFE, poly(chlorotrifluoroethylene); PS, poly(styrene); PE, poly(ethylene); iso-PP, isotactic-poly(propylene); 
syd-PP, syndiotactic-poly(propylene); PB-1, poly(butene-1); PVF2 , poly(vinylidene fluoride); PTMPS, poly(tetramethyl
p-silphenylene siloxane); PET, poly(ethylene terephthalate); POM, poly(methylene oxide), PPO, poly(propylene oxide); 
PEO, poly(ethylene oxide); PESu, poly(ethylene succinate); PPhAd, poly(tetrachloro-bis-phenol adipate); PDMS, 
poly(dimethyl siloxane); N6, Nylon-6; N56, Nylon-56; N66, Nylon-66; Nl2, Nylon-12; N96, Nylon-96. 

WLF or Arrhenius. In this study, however, /1£ 
is expressed by Arrhenius' equation, since the 
simplified expression is adequate for solving 
the differential equation of (1) and (2) respect 
to temperature. The crystal growth data for 
many polymers have been analyzed by 
Mandelkern et al. according to possible nu
cleation mechanism and they have estimated 
!lE by assuming Arrhenius' equation.41 Those 
data plotted as a function of the heat of fusion 
show good linear relations, although data are 
scattered, as seen in Figure 2. In most of 
polymers without hydrogen bonding groups in 
the chemical structures, 

(19) 
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Figure 2. Relationship between the activation energy 
for transport and the heat of fusion in various polymers. 

In polymers with hydrogen bonding groups, 
such as nylons, 
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(20) 

Here, ll.E is compared with the activation 
energy for viscous flow or for self-diffusion of 
polymer chain that may related to the rep
utation mechanism. For example, ll.E can be 
regarded as being equal the activation energy 
for sliding diffusion of a molecule on the 
nucleus surface.59 In the chain folding mech
anism for polymer crystallization, a part of a 
polymer molecule contacts a preexisting nu
cleus surface and subsequently some other 
parts of the molecule in question deposit ad
jacently on the same nucleus surface. Trans
lational shift along the chain axis needs the 
self-diffusion energy to generate a crystalline 
packing finding a set of nearest lattice 
points. In fact, molecules can not jump direct
ly into the lattice points from the liquid 
phase. Such diffusion energy must be asso
ciated with the reptation energy of polymer 
molecules. For example, the reptation ener
gy is close to 5500 cal/mol for n-paraffins.42 

This suggests that the ll.Ejll.Hm yields ca. 5.6 
which is in satisfactory agreement with eq 
19. In metals, ll.E0 is available experi
mentally from self-diffusion study both in 
the melts and in the solids. The ratio of ll.E0 / 

ll.Hm in metals is also found to be fairly con
stant both for melts and solids?9·40 The rela
tion between the activation energy for self
diffusion and ll.Hm has been established on 
the base of the idea that the activation ener
gy for a vacancy mechanism of diffusion is 
equal numerically to the maximum change in 
the crystal internal energy.60 In other words, 
the ratio of ll.E0 jll.Hm equals the ratio of the 
activation volumes of fusion and diffusion. 61 

Also, it is interesting to note that the ratio 
of the activation energy of vaporization 
(!J.Evap) to that of viscous flow (ll.Evi.) has 
been found to be a constant in metals and 
organic compounds.43 These three thermody
namic energies are supposed to be a function 
of cohesion energy, hence ll.E0 /ll.Hm and 
ll.Evis/ ll.Evap will be a constant in all materials. 
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In fact, the ratio of the molar cohesion energy 
in polymer melts to the heat of fusion has 
been reported to be almost constant.44 

Ratio of iifll.Hm (a) 
An empirical relationship between a and 

ll.Hm in most of metals and molecular liquids 
has been noted by Turnbull.36 The homo
geneous nucleation experiments of Turnbull 
yield the value of a to be roughly constant for a 
given type of materials. In the case of metals, 
the a is ca. 0.45 and for semimetals, water and 
organic compounds the raio is ca. 0.32. The 
value of a for metals has been predicted to be 
0.46---0.48 by theoretical calculation on the 
basis of nearest neighbor cluster approxi
mation.45 Since a molecule in the surface may 
be regarded as partly in the liquid, one might 
expect a to be of the order of one-half the 
ll.Hm. It has been also found that analogous 
relations exist between liquid-vapor interfacial 
energies and the heat of vaporization.46 

The a for polymers can be calculated di
rectly from crystallization kinetic data of K. 

For homogeneous nucleation data of Kl, 

a=(Klj32ll.Hm)113 (21) 

A few homogeneous nucleation data is avail
able in the literature. For example, using the 
nucleation data of PE obtained from small 
droplet experiments,47·48 the a was analyzed to 
be 0.31---0.32. 

From the crystal growth data of K2, 

a=(K2j4ll.Hm)112 (22) 

In contrast with the homogeneous nucle
ation data, numbers of data are available for 
polymer crystal growth as listed in Table I, 
which values were analyzed by this work. It is 
also divided into two polymer groups in 
analogy with the raio of ll.Ejll.Hm as dis
cussed above. That is, in most of polymers 
without hydrogen bonding groups, 

a=0.2-0.4 (23) 
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For polymers with hydrogen bonding groups, 
such as nylons, 

oc=O.l-0.2 (24) 

The average values of oc for polymers with and 
without hydrogen bonding groups are 0.15 
and 0.3, respectively. 

Also, there is interesting empirical relation
ship between au and flH m reported by 
Hoffman et a/.49: aufi'!Hm Using this 
relationship and the values of oc for the homo
geneous nucleation and those for the crystal 
growth, ae/I'!Hm can be estimated. For ex
ample, ae/I'!Hm for PE is ca. 3-3.3 for the 
nucleation and ca. 1.2-1.4 for the crystal 
growth. The fold surface energy, q, has been 
calculated for PE on the base of molecular 
potential energy of gauche conformation. The 
energy of q is 2500 cal mol- 1 when the gauche 
energy is assumed to be 500 cal mol- 1 50 or 
4000calmol- 1 when the gauche energy is as
sumed to be 800 cal mol- 1 . 51 This suggests that 
the ratio of ae/I'!Hm is 2.55 or 4.1, respectively, 
for the former or the latter gauche energy. The 
value of ae/I'!Hm estimated from the homo
geneous nucleation is in satisfactory agreement 
with the theoretically predicted value. On the 
other hand, the value of ae/!'!Hm for the crystal 
growth is smaller by about a factor of 1/2 from 
that of the homogeneous nucleation. In gen
eral, the surface energy deduced from the 
homogeneous nucleation is greater than that 
from the crystal growth or from the crystal 
melting temperature as a function of the crys
tallite thickness. This may cause the discrep
ancy between the above ae/I'!Hm, although, an 
origin of the discrepancy is not clear. 

Ratio of Tcmax!Tm 
Experimental results of Tcmaxl T m that exist 

in the literature for many polymers have been 
summarized by Godovski,30 where Tcmax!Tm 
lies almost between 0.8--0.9. In the absence of 
experimental results of the maximum crystalli
zation temperature for the other polymers, 
Tcmax!Tm can be evaluated from eq 3 or 7. That 
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is, Tcmax/Tm is only a function of flE/K. And 
flK/K is a function of flE/flHm and rr/I'!Hm. If 
flE/flHm and rr/I'!Hm are obtained by experi
ments or evaluated from theoretically, Tcmaxl 
Tm can be calculated from these two param
eters. The values thus calculated are listed in 
Table I. For PCITFE, PE, iso-PP, and PEO, 
the rate of crystal growth is very rapid, so 
that the maximum crystal growth is difficult 
to attain by usual experimental method. 
However, the crystal growth can be simulat
ed from experimental kinetic data. Such 
simulations have been made for PE and 
PC1TFE1·2 that Tcmax/Tm are, respectively, 
0.872 and 0.875 which are somewhat larger 
than those from calculation made by this 
work as listed in Table I. An average value 
on flE/K2 for all polymers in Table I is ca. 
22. This yields that TcmaxfTm is ca. 0.83 which 
fits very well with the average of experimen
tal observations of 0.83. 

For nucleation data of PE crystals, oc is ca. 
0.31 as noted above. If flE/flHm of PE in the 
nucleation process is the same order of the 
crystal growth: flEjflHm=5-10, TcmaxfTm is 
thus estimated to be 0.52--0.58. This esti
mation suggests that the maximum nucleation 
rate will occur at temperature about - 30-
- 55°C. In fact, PE is well-known as an un
quenchable polymer and an amorphous PE 
can only be achieved by an ultra-high speed 
quenching method from the molten state.52 

Such amorphous PE is nucleated at near 
-100°C.52 So, the nucleation temperature 
evaluated above in the vicinity of - 30-
- 50°C at the maximum nucleation rate may 
be a reasonable temperature. 

It would be appeared that the smaller the 
surface energy yields the higher the maximum 
crystallization temperature ( Tcmax) according 
to eq 3 or 7. In fact, aromatic hydrocarbons, 
such as 1 ,3,5-tri-oc-naphthyl benzene, 53 1,2-
diphenyl benzene,54 benzophenone,55 and be
tol,56 show that the ratio of TcmaxiTm for the 
crystal growth is ca. 0.95, where the oc is ca. 
0.05.40 On the other hand, Tcmax/Tm for the 
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homogeneous nucleation of betol shows ca. 
0.8, where the t1. is ca. 0.11. In the homo
geneous nucleation of normal alkanes, t1. in
creases from 0.07 to 0.28 with a decrease in 
chain length.57,58 This may suggest that 
TcmaxfTm changes from 0.84 to 0.56.4° Further 
discussion in many other crystalline materials, 
such as metals, molecular liquids, organic 
compounds and inorganic materials, will be 
reported elsewhere.40 That t1. and f3 have 
roughly constant values for a given type of 
materials is an important deduction, and by 
a process of feed-back the existence of the 
relation between the ratio of TcmaxfTm and 
the above two characteristic parameters pro
vides one of the more important supports 
for the present work. 

CONCLUSION 

The ratio of the temperature at which the 
nucleation rate is maximum (Tcmax) to the 
melting temperature (Tm) was formulated as 
TcmaxfTm=(D2 -D+ 1)j(D2 +D+ 1), where D 
is a function of the ratio of !!..Ej K. !!..E is the 
activation energy of migration through the 
nucleus-melt interface and K is the nucleation 
parameter associated with the surface energy 
and the heat of fusion (!!..Hm). The ratio of the 
temperature at which the crystal growth rate is 
maximum (Tcmax) to the melting temperature 
( T m) was also formulated as Tcmaxf T m = 
Cj(l +C), where Cis a function of !!..Ej K. The 
ratio of !!..Ej K is a function of the ratios of 
!!..Ej!!..Hm and aj!!..Hm, where a is the mean 
surface energy of a mole of repeat unit. 
aj!!..Hm varies between 0.1--0.4 and !!..Ej!!..Hm is 
almost constant in most polymers. The ratios 
of Tcmax/Tm were evaluated from the ratios of 
aj!!..Hm and !!..Ej!!..Hm. 
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