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Abstract

Poly(butylene terephthalate) (PBT) was blended with three di�erent kinds of co[poly(butylene terephthalate-p-

oxybenzoate)] copolyesters, designated B28, B46, and B64, with the copolyester level varying from 2 to 15 wt.%. All

samples were prepared by solution blending in a 60/40 by weight phenol/tetrachloroethane solvent at 50°C. The

crystallization behavior of samples was then studied by DSC. The results indicate that these three copolyesters ac-

celerate the crystallization rate of PBT in a manner similar to that of a nucleating agent. The acceleration of PBT

crystallization rate was most pronounced in the PBT/B28 blends with a maximum level at 10 wt.% of B28. The melting

endotherm onset temperatures and the melting peak widths for the blends are comparable with those of pure PBT.

These results imply that the stability of PBT crystallites in the blends is not signi®cantly in¯uenced by blending. The

observed changes in crystallization behavior are explained by the e�ect of the composition and the amount of co-

polyester in the blends. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polybutylene terephthalate (PBT), a high-perfor-

mance, semicrystalline resin, is one of the toughest and

the most versatile of all engineering thermoplastics.

Continued technological developments in alloying have

extended the capabilities of the basic PBT resins and

have led to an expanded acceptance in materials con-

suming industries [1]. In order to enhance the ease of

processing and crystallization rate, the crystallization

behavior of this resin must be more intensively investi-

gated.

On the other hand, polymer blends have recently

become attractive both for industrial application and

academic interest. They are more convenient for devel-

oping new polymers than starting from monomer syn-

thesis and polymerization. Moreover, blending can

improve properties and processibility of existing poly-

mers and reduce the cost to achieve performance/

price balance. The inherent properties of the individual

polymer components, the mode of dispersion, the shape,

size, and orientation of phases, their interaction, and

volume fractions are all important factors of the blendÕs
behavior. Most of the researches on the PBT blends

were concerned with the compatibility [2±8]. The phase

behavior of co[poly(ethylene terephthalate-p-oxybenzo-

ate)] (POB±PET)/PBT blend as revealed by di�erential

scanning calorimetry (DSC) and dynamic mechanical

measurement is reported by Kimura and Porter [9] and

Zadula and coworkers [10], respectively. However, in

view of the crystallization in our previous study [11], we

have found that an addition of the POB±PET copoly-

esters can accelerate the crystallization rate of PBT in a
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manner similar to a nucleating agent. As a result, the

crystallization behavior of PBT in the blends might be

in¯uenced by the composition and amount of the co-

polyester blended.

In this study, we report the melting and crystalliza-

tion behavior of a commercial PBT resin blended with

three types of co[poly(butylene terephthalate-p-oxy-

benzoate)] copolyesters (POB±PBT). The objective of

this investigation was to elucidate the e�ects of compo-

sition and the amount of the copolyester component on

the PBT crystallization rate.

2. Experimental

2.1. Materials

Three POB±PBT copolyesters, designated B28, B46,

and B64, were synthesized according to the procedure

reported in our previous study [12]. These copolyesters

contain di�erent POB/PBT molar ratios: 20/80 in B28,

40/60 in B46, and 60/40 in B64. PBT was a commercial

product from the Far East Textile Co. (Taoyuan, Tai-

wan) having an intrinsic viscosity of 1.0 (dl/g) measured

at 30°C in 60/40 by weight phenol/tetrachloroethane

solvent. PBT and the copolyesters were dried in vacuo at

70°C for 48 h prior to solution blending.

2.2. Blending method

The solution blends of di�erent compositions em-

ployed were prepared by dissolving an amount of PBT/

copolyester in the desired weight ratio in 60/40 by weight

phenol/tetrachloroethane solvent at 50°C. These solu-

tions were stirred for 3 h and then added dropwise to an

excess of cold methanol at 0°C, causing rapid copre-

cipitation. The precipitate was ®ltered o� and washed

with methanol in order to remove the phenol/tetra-

chloroethane solvent completely. The ®nal precipitate

was dried completely in vacuo at 70°C. Four composi-

tions were prepared with PBT/B28 and PBT/B64 weight

ratios of 98/2, 95/5, 90/10, and 85/15. The PBT/B46 were

made only at a 90/10 composition. The pure PBT was

also subjected to identical processing in the phenol/tet-

rachloroethane solvent in order to nullify the e�ects of

thermal history.

2.3. Di�erential scanning calorimetry

The weight of all samples was kept between 10 and 11

mg for DSC evaluation. DSC measurements were car-

ried out in a DuPont DSC cell equipped with a DuPont

2000 thermal analyst system. Samples were heated to

300°C at a heating rate of 10°C/min under a nitrogen

atmosphere, held for 3 min to destroy anisotropy, and

then cooled at 10°C/min to 30°C. Both thermal and

crystallization parameters were obtained from the heat-

ing and cooling scans. Tm was considered to be the

maximum of the endothermic melting peak from the

heating scans and Tc that of the exothermic peak of

the crystallization from the cooling scans. The heat of

fusion (DHf ) and crystallization heats (DHc) were de-

termined from the areas of melting peaks and crystalli-

zation peaks.

3. Results and discussion

3.1. Composition e�ect by blending 10 wt.% copolyester

The results of DSC heating and cooling scans for

PBT and PBT blends with 10 wt.% di�erent copolyesters

are shown in Fig. 1(a) and (b), respectively. It is evident

that there is an endothermic melting peak in all the

Fig. 1. DSC thermograms of the PBT and PBT blends with 10

wt.% of di�erent copolyesters: (a) heating scans and (b) cooling

scans.
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heating scans, and there is a distinct exothermic crys-

tallization peak in all the cooling scans. The various

thermal and crystallization parameters determined from

heating and cooling scans for all blends are given in

Table 1.

The melting temperatures of all blends were kept

about the same as that of PBT (223°C). The onset

temperature of melting and melting peak width (DTm)

are related to the least stability and distribution of

crystallites, respectively. The values of onset tempera-

ture of melting and DTm for all blends are found to be

comparable with those of pure PBT. These results in-

dicate that the least stability and distribution of PBT

crystallites in the blends are comparable with those

found in pure PBT.

The parameters characterizing the nonisothermal

crystallization behavior of blends obtained from the

cooling scans are summarized in Table 1. A shift in the

crystallization onset temperature represents modi®cation

of the nucleation process. It is clear that the noniso-

thermal crystallization behavior of PBT is not altered

signi®cantly by blending with 10 wt.% copolyesters, in

terms of the onset temperature of crystallization. The

crystallization peak temperature (Tc) represents the

temperature at maximum crystallization rate. Also, these

temperatures for the blends are higher by 4°C to 7°C

than that of pure PBT (189°C). However, the crystalli-

zation peak width (DTc), which is the range over which

the blend crystallizes. Changes in the crystallization peak

width and the heat of crystallization (DHc) are related to

the overall crystallization rate and the extent of crystal-

lization, respectively. The DTc for the blend is narrower

by 2°C to 3°C than that of pure PBT (22°C). The heat of

crystallization (DHc) for blends is lower than that of PBT

(37.2 J/g). If the crystallization rate were de®ned as the

heat of crystallization divided by time, which is from the

onset to the completion of crystallization (DHc/time).

The crystallization rate for the blends is greater than that

of PBT (0.282 J/g s) as seen in Table 1. In programmed

cooling, the crystallization temperature re¯ects the

overall crystallization rate due to the combined e�ects of

nucleation and growth. Thus, the degree of supercooling

(DT � Tm ÿ Tc) may be a measurement of a polymerÕs

crystallizability, i.e., the smaller the DT, the higher the

overall crystallization rate. The DT for the blends are

smaller by 4±8°C than that of the pure PBT (34°C). The

result again reveals that the overall crystallization rate

for the blends is greater than that of PBT.

The crystallization peak temperature for the 90/10

PBT/B28 blend (196°C) is the highest among all blends.

On the other hand, the 90/10 PBT/B28 blend exhibits the

narrowest crystallization width (19°C), the greatest DHc/

time (0.318 J/g s) and the smallest degree of supercooling

(26°C) among all blends. These results imply that the

crystallization of PBT may be accelerated by blending

with 10 wt.% copolyesters: e.g., B28, B46, and B64.

Furthermore, the acceleration of PBT crystallization is

the most pronounced in the 90/10 PBT/B28 blend.

3.2. Composition e�ect by blending di�erent wt.% co-

polyester

To con®rm the composition dependence of the crys-

tallization of PBT in the blends, the PBT/B28 and PBT/

B64 blends were subjected to further studies. Four

compositions were prepared in weight ratios of 98/2, 95/

5, 90/10, and 85/15. There was a melting endothermic

peak in all the heating scans, and there was only a dis-

tinct crystallization exothermic peak in all the cooling

scans as shown in Fig. 1(a) and (b). The various thermal

and crystallization parameters determined from heating

and cooling scans are summarized in Table 2. It is ob-

vious that onset temperatures of the melting, melting

temperatures, melting peak widths, and the heat of fu-

sion for the PBT/B28 and PBT/B64 blends are compa-

rable with those of pure PBT. This indicates that the

least stability and distribution of PBT crystallites does

not change by blending with 2, 5, 10, and 15 wt.% of B28

and B64 copolyester.

The composition dependence of the crystallization

parameters during cooling for the PBT/B28 and PBT/

B64 blends are given in Table 2. The crystallization

onset temperatures for the PBT/B28 and PBT/B64

blends are comparable with that of pure PBT in all four

compositions. The values of Tc are shown in Fig. 2. The

Tc for the PBT/B28 and PBT/B64 blends systems show a

Table 1

DSC data of PBT and PBT blends with 10 wt.% of di�erent copolyesters

Composition

(90/10)

Melting (from heating scans) Crystallization (from cooling scans)

Onset

(°C)

Tm

(°C)

DTm

(°C)

DHf

(J/g)

Onset

(°C)

Tc

(°C)

DTc

(°C)

DHc

(J/g)

DHc/time

(J/g s)

DT a

(°C)

PBT 203 223 33 36.9 203 189 22 37.2 0.282 34

PBT/B28 203 222 32 35.3 203 196 19 36.2 0.318 26

PBT/B46 203 222 32 37.3 202 193 20 37.1 0.309 29

PBT/B64 203 223 32 36.5 202 193 20 35.9 0.299 30

a DT � Tm ÿ Tc.
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maximum at �10 wt.% copolyester. The 90/10 PBT/B28

blend exhibits the highest Tc among all blends. The DTc

are always narrower by 1°C to 3°C than that of pure

PBT (22°C) in all the PBT/B28 and PBT/B64 blends.

Some values of DHc for the PBT/B28 and PBT/B64

blends are smaller than that of pure PBT. From the

values of DHc for B28 and B64 are 21.5 and 10.7 J/g [13],

respectively. The computed value of DHc by using the

rule of additivity and after normalizing for their re-

spective weight fractions varies with the blend compo-

sition as shown in Fig. 3, where computed and

experimental results are compared for the PBT/B28 and

PBT/B64 blends. These blends exhibit a higher experi-

mental DHc than those computed over the level of 1±10

wt.% of copolyesters, indicating that the PBT is crys-

tallized to a greater extent than expected, by blending

with B28 or B64 at the level of 1±10 wt.%. But the values

of experimental DHc are smaller than those of computed

DHc for the blends with 15 wt.% B28 or B46. As can

been seen in Fig. 4, the DHc/time for the PBT/B28 and

PBT/B64 blends is always greater than that of pure PBT.

The DHc/time for the PBT/B28 and PBT/B64 blends

systems shows a maximum at �10 wt.% copolyester.

The DT given in Table 2 for the PBT/B28 and PBT/B64

blends systems are smaller by 4±8°C than that of pure

PBT (34°C). The 90/10 PBT/P28 blend exhibits the

smallest DT (26°C). These results reveal that the overall

crystallization rate for the blends are greater than that of

Table 2

DSC data of PBT blends with di�erent wt.% of B28 and B64

Composition Melting (from heating scans) Crystallization (from cooling scans)

Onset

(°C)

Tm

(°C)

DTm

(°C)

DHf

(J/g)

Onset

(°C)

Tc

(°C)

DTc

(°C)

DHc

(J/g)

DHc=time

(J/g s)

DT a

(°C)

PBT/B28

100/0 203 223 33 36.9 203 189 22 37.2 0.282 34

98/2 203 223 33 37.3 204 194 22 37.8 0.286 29

95/5 201 223 34 38.9 203 195 21 37.4 0.297 28

90/10 203 222 32 35.3 203 196 19 36.2 0.318 26

85/15 202 223 32 35.4 203 195 21 34.5 0.274 28

PBT/B64

98/2 203 223 32 36.8 203 193 21 36.9 0.293 30

95/5 202 223 32 36.3 203 193 21 36.4 0.289 30

90/10 203 223 32 36.5 202 194 20 35.9 0.299 29

85/15 202 222 33 35.1 202 192 21 33.0 0.262 30

a DT � Tm ÿ Tc.

Fig. 2. Crystallization temperatures of PBT blends with 1±15

wt.% of B28 and B64 copolyesters. The point at 0 wt.% corre-

sponds to pure PBT.

Fig. 3. The composition dependence of heat of crystallization

PBT on the PBT/B28 and PBT/B64 blends.
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PBT. From the results of DHc and crystallization rate, it

seems that small quantities (less than 10 wt.%) of B28

and B64 copolyesters could act as nucleating agents for

PBT resin, but large quantities (greater than 15 wt.%) of

B28 and B64 will destroy the symmetry of PBT, and

result in decreases of the DHc and crystallization rate.

The 90/10 PBT/B28 blend consisting of 1.2 wt.%

oxybenzoate exhibits the most signi®cant acceleration of

PBT crystallization because of the highest crystallization

temperature (196°C), the narrowest DTc (19°C), the

greatest DHc/time (0.318 J/g s) as well as the smallest DT

in the PBT/B28 and PBT/B64 blends systems.

In general, where units of the same chemical structure

in two distinct polymer cocrystallize, adjacent and dis-

similar units of polymer component in the polyblends

can act as impurities and deform the crystal structure

[14]. Thus, the depression of values of Tm and DHf with

blend composition is often observed. The retardation of

the PET crystallization and lowering of its degree

of crystallinity and crystallization rate in miscible blends

of PET/PAr have been reported [15±19]. The decrease in

the crystallinity of these blends was attributed to the

inclusion of the rigid PAr unit in PET chains, which

cause a decrease in their crystallizable segment length. In

our previous paper [20], which investigate the e�ect of

the transesteri®cation in the 50/50 PET/P46 blend after

di�erent times reveals that the crystallization rate de-

crease with increasing melting±blending time (P46 is a

copolyester of a PET modi®ed by 40 mol% p-oxy-

benzoate (POB)). These results may be attributed to a

hindered crystallization that transesteri®cation would

induce POB unit inclusion in the PET crystal as a defect,

and to the concomitant decrease in the crystallized seg-

ment length of PET. In this research, since the absence of

transesteri®cation was con®rmed by NMR measurement

on the blend made before and after solution blending,

the e�ect of transesteri®cation on the crystallization rate

of PBT blends does not need to be considered. The PBT

exhibits a rapid crystallization rate. A high injection

molding speed is generally recommended. The crystalli-

zation rate of PBT was accelerated by blending with the

B28, B46 and B64 copolyesters over the content range

from 1% to 10%. This may be explained as follows: from

the Tc of PBT and copolyesters, PBT crystallizes in the

presence of the melts of these second component. It

seems that the copolyester content less than 10 wt.% may

not destroy the symmetry of PBT that result in the de-

crease of crystallization. But the dispersed droplet melts

of these copolyester, which exhibit high degree of mo-

lecular order of anisotropic phase even liquid crystalline

(B46 and B64 ) increases the nucleating spot and accel-

erates the nucleation and growth process in a manner

similar to that of a nucleating agent.

4. Conclusions

It is known that the crystallization behavior of a

polymer becomes modi®ed in a blend because of the

presence of the other component. The results of the

present investigation clearly indicate that this modi®ca-

tion depends on composition and amount of the second

component. It was found that B28 copolyester acceler-

ates the crystallization rate of PBT more signi®cantly

than the other samples, i.e. B46, and B64, when it is

blending into PBT at a level of 10 wt.%. The 90/10 PBT/

B28 blend exhibits a most signi®cant acceleration of

PBT crystallization over the copolyester content range

from 1 to 15 wt.% among all the PBT/B28 and PBT/B64

blends.
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