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ABSTRACT: The induction time to in nucleation of poly(l,4-butylene terephthalate) (PBT) 
was measured and its effect on solidification time t, of melted PBT was studied. When two samples 
of PBT-A and PBT-B composed of different molecular weight were mixed together to prepare 
sample PBT-C and then melted, the induction time became longer in comparison with individual 
samples. The thermodynamic consideration was applied for the clarification of such behaviour. 
As the result of consideration, it was found that the enthalpy change at melting !'J.Hm of sample 
PBT-C became higher than individual samples and the flow ability of sample PBT-C became four 
times higher in comparison with both samples. 
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PBT has superior mechanical properties as 
industrial material and engineering thermo
plastics due to its rapid solidification and 
mouldability.l The output of such PBT is 
increasing rapidly as a new material for electro 
connectors, 

However, it has been well-known that PBT 
is inferior in the flowability at moulding and 
the elasticity at low temperature, Such 
undesirable properties lead to its high so
lidification rate at moulding. Generally, PBT 
has a higher solidification rate than poly
(ethylene terephthalate) (PET) obtained in the 
lower degree of crystallinity.2,3 

In this study, the properties of three kinds 
of PBT, that is, PBT-A and B having weight 
average molecular weight of 45900, and 61800, 
respectively and PBT-C composed of both the 
PBTs in equal quantity, were examined. The 
solidification mechanism was also discussed 
thermodynamically. 

EXPERIMENTAL 

Material 
Two kinds of PBT-A and B, determined as 

having weight-average molecular weight of 
45900 (MwIMn=2.2) and 61800 (MwIMn= 
2.2) using intrinsic viscosity [1]] = 7,39 X 

1O-5Mwo.871,4 were used. PBT-A and B 
showed the same IR spectrum. PBT-C was 
prepared by the mixing in equal quantity of 
PBT-A and B and the keeping melt at 543 K 
for 5 minutes. The intrinsic viscosity [1]] 
[(cm3 g-l) x 10- 3] of PBT-A and B measured 
in tetrachloroethane-phenol (40: 60) mixture 
at 303 K was 0,85 and 1.10, respectively, The 
thermal properties of PBT at melting will be 
shown later in Table II. 

Measurement by Optical Absorption 
Three kinds of dried PBT powder were 

moulded using the Mettler FP-80 hot stage 
attached to a Nikon polarizing microscope. 

t A preliminary report of this work was presented at the Ninth International Conference on Crystal Growth held 
on 20th-25th August 1989, Sendai, Japan. 
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Figure l. The solidification scheme. 10 , induction time; 
I" growth time; I" solidification time. 
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Figure 2. The formation time of nuclei and solidification 
time of PBT. -X-, PBT-A; -e-, PBT-B; -0-, 
PBT-C. 

PBT samples were pressed between the 
microscope cover glasses and thereafter melted 
through heating at 543 K for 3 min. The 
melted samples were moved to another hot 
stage held at 343 K to solidify. The formation 
rate of nuclei 5 and the solidification time* 1 of 
PBT were determined by optical absorption. A 

Table I. Induction time of nucleation 10 , growth 
time of nuclei I" and solidification time I, 

Samplc 

Induction 
time, 10 

Growth Solidification 
time, t, 

PBT-A 
PBT-B 
PBT-C 

7.7 
8.3 
8.7 

1.6 
3.2 
2.3 

9.3 
11.5 
11.0 

typical solidification scheme IS shown in 
Figures I and 2. 

After the induction time for primary 
nucleation to, the optical absorption increased 
suddenly due to primary nucleation, and 
afterwards continued the linear change with 
elapsed time which corresponded to growth 
time te' The average values of these data 
obtained through three experimented runs are 
listed in Table I. The deviation of measured 
times in each experimental run was within 
± 1.5% of the mean values . 

Calculation of Crystallinity through Density 
Measurement 
The density measurement for the calculation 

of crystallinity was carried out by the density 
gradient column, using two solutions of carbon 
tetrachloride and isopropyl alcohol. The 
crystallinity in weight fraction X of solidified 
PBT was calculated by the following relation
ship6: 

where Pc, Pa, and P [g cm - 3J are densities of 
crystalline PBT (1.396),7 amorphous PBT 
(1.278),8 and samples obtained in this experi
ment. The numerical values of X thus 
calculated are listed in Table II. 

Thermal Analysis 
The differential scanning calorimetry using 

a Rigaku DSC 8230 was used to measure 10 mg 

* 1 Solidification time I, was defined as the sum of to and t, as shown in Figure 1. 
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Table II. Melting temperature Tm, melting peak temperature Tpm, heat of fusion JH, 
weight fraction crystallinity X, and, enthalpy change at solidification fj,Hm 

Tm Tpm 
Sample 

K K 

PBT-A 488.2 496.2 
PBT-B 488.2 496.6 
PBT-C 488.1 496.4 

of powder samples packed into an aluminium 
pan at the heating rate of 10 K min - 1. The 
average values of these data obtained through 
three experiment runs are listed in Table II. 
The deviation of measured values in three runs 
was within ± 1.5% with the mean values. 

Measurement of Infrared Absorption 
The IR measurement with PBT-A, B, and C 

were carried out by the KBr method. 

THEORY 

The total solidification time ts [s] of melted 
PBT is defined as follows9 : 

(2) 

where to [s] is the induction time for primary 
nucleation and te [s] is the growth time of 
primary nuclei, till the completion of solidifica
tion based on two-dimensional nucleation on 
the surface of growing nuclei. As shown in 
Table I, it is clear that to of PBT was 
comparatively longer than te. From these 
experimental data, the following fact became 
clear that the solidification time of PBT was 
controlled by the primary nucleation process. 
After the inducation time, the primary nuclei 
were formed slowly and then the growth of 
PBT nuclei proceeded very quickly. 

The relationship between the formation rate 
of primary nuclei J [s - 1] and the induction 
time to can be expressed as follows 10 : 

(3) 

Usually, such a rate process can be written as 
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fj,H fj,Hm 
X 

J g-l J g-l 
" ----"--

56.1 0.342 164.0 
51.9 0.315 164.8 
67.4 0.307 219.2 

the following equation,t° using activation 
energy I1gn. 

J = k' exp( -l1gn/kT) (4) 

where k' [s - 1] is nucleation rate constant, k 
[J K -1] Boltzmann constant and T [K] 
absolute temperature at nucleation. 

The Gibbs free energy change I1gn at primary 
nucleation is expressed as the difference of 
surface and bulk Gibbs free energies5 

I1gn=4nr2(J-nkTI1T* (5) 

where r [cm] is the radius of nucleus, (J 
[J cm - 2] is the surface energy of the nucleus, 
n is the number of PBT molecules composed 
of nucleus, I1T* = (Tm - T)/Tm is the degree of 
supercooling temperature, and Tm [K] is the 
melting point of PBT. The first and second 
terms of the right side in eq 5 express Gibbs 
energy changes based on the appearance of 
nucleus surface and phase change from melt 
to solid, respectively. 

Although the radius r changes by the growth 
and dissociation based on molecular motion, 
a stable nucleus is formed under the condition 
of dl1gn/dr = 0. Therefore, the radius and Gibbs 
free energy change for critical nucleus can be 
decided as the radius of critical nucleus re [cm] 
at dl1gn/dr = 0, and the corresponding Gibbs 
free energy change A gn [1] for the case of the 
formation of critical nuclei in melted poly
mer10 : 

re=2(Jv/kTI1T* (6) 

I1ge = (16/3)· n(J3(v/kTI1T*)2 (7) 
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where v [cm3] is the average volume of PBT 
molecules. 

When the radius of nucleus formed in melted 
PBT grows into rco the nucleus becomes stable 
and begins the growth to crystal. Accordingly, 
the nucleation rate J can be expressed as the 
rate process which has the activation energy 
I1ge 

J=k' exp{ -(16/3)lW\v/kTI1T*)2/kT} (8) 

The induction time of primary nucleation to 
can be expressed as follows: 

If the surface energy of nucleus (J increases, 
re becomes larger and to becomes longer as 
shown in eq 8 and 9, respectively. 

Referring to the theory mentioned above, it 
becomes clear that the solidification time ts of 
PBT can be elongated by the increase in surface 
energy (J of PBT nucleus. Such a longer 
solidification time means a good flowability of 
PBT at moulding process. 

RESULTS AND DISCUSSION 

Table I shows the induction time of primary 
nucleation to, growth time of nuclei te and 
solidification time ts for PBT-A, B, and C. As 
shown in Table 1, the induction time to of 
PBT-C becomes longer compared with PBT-A 
and B composed of polymeric chains with 
different weight average molecular weight of 
45900 and 61800, intrinsic viscosity ofO.85 and 

1.1 0, respectively. The growth time te is 
depending on the molecular weight in the order 
of B > C > A. Therefore, the solidification times 
t" being the sum of to and te, are in the order 
of B>C>A. 

Although the viscosity of melted PBT is low 
till the primary nucleation, it increases abruptly 
by the initiation of the primary nucleation. 

Therefore, PBT, which has the moderately 
longer induction time, is suitable for the moulds 
consisting of small and complicated cavities. 
F or the case of short induction time, the melted 
PBT increases the viscosity before the complete 
injection into cavities. 

Because the viscosity of solidifying PBT 
increases suddenly after the primary nucleation 
and the flowability of melted PBT is hindered 
after the primary nucleation, the elongation in 
to is more important from the viewpoint of 
flowability. Accordingly, the larger value in te , 

as in the case of PBT -B, is undesirable at 
moulding process. 

From the injection moulding experiments, it 
was clearly confirmed that PBT-C had four 
times higher flowability in the industrial 
mould.*2 Namely, the same flow ability was 
obtained for PBT -C in the case of supercooling 
larger than PBT-A. 

Figure 3 shows DSC chart of PBT-A, Band 
C in which the melting endotherm peaks are 
observed at the vicinity 496 K. Table II shows 
the melting temperature Tm , melting peak 
temperature Tpm' heat of fusion IJH [Jg-l], 
weight fraction crystallinity X, and enthalpy 
change at solidification I1Hm *3 [J g-l]. 

Although the melting temperatures Tm are 
almost constant in the range of 488.1-488.2 K, 
PBT-C has higher I1H and I1Hm than PBT-A 
and B. Such experimented results mean that 
the intermolecular force in PBT -C molecules 
arranged as crystalline structure is the largest 
among the three PBT. 

From the viewpoint of thermodynamics for 
the solidification ofPBT, the Gibbs free energy 
change at solidification I1G [J g-l] can be 
written as follows: 

I1G=I1Hm - Tm l1Sm (10) 

where I1Sm [J g - 1 K - 1] is the entropy change 
at solidification. When the solid-liquid equi-

------

*2 Flowability was evaluated by the injection temperature to be able to mould by means of an industrial mould, 
using the relationship between melt viscosity and its temperature.!2 

*3 I'lHm=I'lH/X. I'lHm is the total enthalpy change at solidification for the case of a perfectly crystalline form. 
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Figure 3. DSC chart of PBT-A, B, and C. 

librium is attained,*4 AG becomes zero, and 
the following relationship can be derived. 

(11) 

Because Tm is almost constant for the present 
experiments, ASm changes proportionally with 
the ARm change at the solidification through 
the primary nucleation. 

ARm of PBT -C is the largest compared with 
the other two PBT's, and therefore ASm of 
PBT -C becomes the largest. The larger ASm 

also means the wider size distribution of 
molecular weight of polymeric chains in PBT. 
Such an inference is considered to be 
reasonable, considering that PBT -C is prepared 
by the mixing of PBT-A and B. 

The large ARm means that the PBT 
molecules in a crystal structure are more 
strongly packed by the intermolecular force, 
and then the increase in surface energy may be 
expected in the case of such a crystal structure. 

PBT-A, B, and C in Table II considered 
as O(-type PBT because of their melting 
temperatures at the vicinity of 488 K, but 
PBT-C is considered to have a different 
intermolecular structure. Figure 4 shows IR 
spectra of PBT-A, B, and C which show the 
spectrum of -CH2 streching vibration at 
800--900 cm - 1. There are observed small 
differences in PBT-C, in comparison with 
PBT-A and B, which are classified as 0( type 
PBT. 13 PBT-C has a similar spectrum as f3 
type PBT, in that a crystal packing is im
proved for its zigzag CHz chains arranged 
more closely.13.14 Considering such an ex
perimental result, zigzag CH2 chains in PBT
C may be arranged more closely by their 
intermolecular force, which occurred through 
the interchange reaction between PBT-A and 
B, which was proposed by Flory. 15 - 18 

Referring to eq 7, it becomes clear that the 
Gibbs free energy change at the pnmary 

*4 Such a state is considered to correspond to the boundary between metastable and labile zones. 
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Figure 4. IR spectra of PBT-A, B, and C. 

nucleation Age increases proportionally with 
the third power of surface energy (J. According 
to such a thermodynamic relationship, it 
becomes clear that the induction time to 
increases with the increase of surface energy (J, 

as shown by eq 9. The surface energy of PBT 
nucleus, when it comes in contact with melted 
PBT, is expressed as the difference of in
termolecular forces between liquid and solid 
states of PBT. 

This difference of intermolecular force also 
corresponds to the enthalpy change at the 
melting represented as AH or AHm at 

838 

solidification. Because the phenomenon of the 
primary nucleation is focused only on the 
crystalline nucleus, AHm value is more 
important for the estimation of induction time 
to' As mentioned above, the reason for the high 
flowability of PBT-C can be understood 
satisfactorily in respect to the increase of (J. 

Figure 5 shows the micrographs from the 
polarizing microscope of the smallest spher
ulites in the slice samples of PBT-B and C by 
microtome. PBT-B has an almost uniform 
matrix composed of about l,um grain size, 
while PBT -C has the larger grain size of 

Po1ym. J., Vol. 24, No.9, 1992 
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50fJm 
It 

Figure 5. Polarizing micrographs showing the smallest spherulites in the slice sample of PBT-B and C 
by a microtome. (a) PBT-B and (b) PBT-C (A: B= I: 1). 

2-10 /lm. This difference in matrix can be also 
connected with the increase of the critical nuclei 
radius rc expressed by Equation 6 and with the 
increasing of surface energy (J of a formed 
nuclei. 

As the result of the consideration for the 
enthalpy change at solidification, it will be 
concluded that the surface energy (J between 
nucleus and melted PBT-C is the largest, and 
induction time also becomes the largest. But, 
the microscopic behavior at solidification has 
not been clarified at present. 

CONCLUSIONS 

The moulding properties for three kinds of 
PBT used mainly as electroconnector were 
measured. As a result of the experiment and 
the theoretical considerations, the following 
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novel facts were clarified. 
(1) The induction time at solidification was 

the longest for PBT-C, composed of PBT-A 
and B in equal quantity, than two individual 
PBT's. 

(2) The enthalpy changes between melted 
and crystalline PBT were the largest for PBT-C. 

(3) The surface energy of the nucleus, 
which appeared at the interface with the melted 
PBT, was supposed to be the largest for PBT -C, 
on the basis of the consideration of the 
nucleation theory. 
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