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ABSTRACT: Poly(butylene terephthalate)/multiwalled carbon nanotubes (PBT/MWNT) nanocomposites were prepared by in situ ring-

opening polymerization of cyclic butylene terephthalate oligomers (CBT). The nonisothermal crystallization behavior of the neat PBT

and the PBT/MWNT nanocomposites was analyzed quantitatively. The results reveal that the combined Avrami/Ozawa equation

exhibits great advantages in describing the nonisothermal crystallization of PBT and its nanocomposites. The presence of MWNTs has

the nucleation effect promoting crystallization rate for the nanocomposites, and the maximum one is observed in the nanocomposite

having 0.75 wt % MWNT content. On the other hand, the addition of MWNTs has the impeding effect reducing the chain mobility

and retarding crystallization, which is confirmed by the crystallization activation energies. However, the nucleation effect of MWNTs

plays the dominant role in the crystallization of PBT/MWNT nanocomposites, in other words, the incorporation of MWNTs is

increasing the crystallization rate of the nanocomposites. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40849.
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INTRODUCTION

Poly(butylene terephthalate) (PBT), a commercial engineering

thermoplastics, exhibits various excellent properties including

mechanical properties, rapid crystallization rate, chemical resist-

ance and excellent moldability. These good properties make

PBT widely used in thermoplastic matrix composites for gears,

machine parts, small pump housings, and insulators.1

Of potential fillers for polymer composites, carbon nanotubes

(CNTs) including both singlewalled and multiwalled ones

(SWNTs and MWNTs) have aroused more and more attention

on account of their unique mechanical, electrical, and thermal

properties since the landmark paper in 1991 by Iijima2 and

have been widely used in fabrication polymer/CNT nanocompo-

sites, including PBT/CNTs composites.3–6 Nevertheless, the

potential of CNTs as reinforcements for polymers has been lim-

ited because the homogeneous dispersion of CNTs and perfect

interfacial adhesion between CNTs and polymer matrix in

obtained nanocomposites are difficult to be realized.7 To over-

come this issue, several preparation methods are in use for

combining polymers and CNTs into composite materials. These

include functionalization,8,9 intercalation,10 electrochemical dep-

osition,11 latex technology,12,13 electrospinning,14,15 solution

casting technique,16 and in situ polymerization.17–20

In this work, PBT/MWNT nanocomposites were prepared by in

situ method in the presence of cyclic butylene terephthalate

oligomers (CBT), butyl tin chloride dihydroxide and functional-

ized multiwalled carbon nanotubes (f-MWNTs). CBT has the

characteristics of water-like viscosity and ability to be rapidly

polymerized to form PBT, which could favour the dispersion of

nanotubes in matrix to some extent. In addition, f-MWNTs

were prepared in our previous work.21 A cyclic initiator con-

taining Sn–O bonds was covalently attached to the MWNT sur-

face. The Sn–O bond has been shown to be an active

polymerization site for polymerization of lactones and cyclocar-

bonates according to coordination–insertion mechanism. In a

word, based on the in situ ring-opening polymerization of CBT

initiated by butyl tin chloride dihydroxide, as an initiator, and

f-MWNTs, in situ polymerization and in situ compatibilization

would take place during the preparation of PBT/MWNT

nanocomposites.

Considering that PBT is a semicrystalline polymer, its mechanical

and physical properties are governed by the supramolecular mor-

phology, which is in turn controlled by the crystallization process.

Therefore, as a part of a series of work22 on the effect of MWNTs

on the PBT/MWNT nanocomposites prepared by in situ method,

the nonisothermal crystallization kinetics of PBT with MWNTs
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was studied in the present contribution. Although the nonisother-

mal crystallization kinetics of PBT/MWNT nanocomposites has

been examined,23 to our knowledge no report has been found in

literature regarding the effect of MWNTs on the PBT/MWNT

nanocomposites obtained by in situ mothed. In this study, the

crystallization kinetics of PBT/MWNT nanocomposites was

investigated by differential scanning calorimetry (DSC). Several

models were employed to analyze the nonisothermal crystalliza-

tion data. The crystallization activation energies were investigated

by the Kissinger method as well.

EXPERIMENTAL

Materials

CBT oligomers (CBT 100) and butyl tin chloride dihydroxide

were purchased from Cyclics Corp. (New York). Tetrahydrofuran

(THF) with analysis grade was provided by Shanghai Chemical

Reagent Corp. (Shanghai, China) and f-MWNTs were prepared

in previous work.21

Preparation of PBT/MWNT Nanocomposites

As shown in Scheme 1, the desired amount of f-MWNTs was

added to a solution of 30 g of CBT and 150 mL of tetrahydrofu-

ran (THF), and a stable suspension was obtained with the aid

of ultrasonication for 1 h at room temperature. Most of the

THF was evaporated in vacuo at 50�C, and then, the black mix-

ture was heated to 200�C in vacuo for another 30 min to

remove trace amount of THF. Afterward, appropriate amount

of butyl tin chloride dihydroxide was added to ensure that the

contents of the initiator in all preparations were identical. The

whole procedure was completed within 30 min under mechani-

cal stirring at a speed of 500 rpm. According to the content of

the MWNTs (weight percentage), the nanocomposites were

identified as PBT/MWNT-0.5, PBT/MWNT-0.75 and PBT/

MWNT-1.0.

Separation of Homo-Poly(Butylene Terephthalate) (Homo-PBT)

The specimen of each PBT/MWNT nanocomposites was firstly

extracted by THF to remove unreacted CBT, and then was dis-

solved in trifluoroacetic acid/trichloromethane (1:3, v/v) solvent

mixture under stirring overnight at room temperature. After

Scheme 1. Dispersion of MWNTs and preparation of PBT/MWNT nanocomposites.

Table I. Mv and CBT% Values of the Neat PBT and the PBT/MWNT

Nanocomposites

Sample Mv CBT%

neat PBT 61,539 98.9%

PBT/MWNT-0.5 61,334 98.0%

PBT/MWNT-0.75 60,193 97.7%

PBT/MWNT-1.0 59,379 97.2%
Figure 1. FESEM images of the fracture surface of (a) PBT/MWNT-0.5,

(b) PBT/MWNT-0.75, and (c) PBT/MWNT-1.0.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4084940849 (2 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


this, the suspension was separated by filtration. The homo-pol-

y(butylene terephthalate) (homo-PBT) was precipitated in

excess methanol from the collected filter, washed thoroughly

with methanol, and finally, dried in vacuo at 80�C for 24 h. The

recovered polymer was prepared for viscosity measurement.

Characterization

To measure the conversion of CBT to PBT, a small amount

specimen was extracted with THF to remove unreacted CBT,

and then was dried in a vacuum oven at 80�C for 24 h. The

CBT conversion (CBT%) was calculated by eq. (1):

CBT%5
m12m03MWNT%

m03ð12MWNT%Þ3100% (1)

where m0 is the original mass of the specimen, m1 the mass of

the specimen after extracted and dried, and MWNT% the con-

tent of MWNTs in the nanocomposites.

The intrinsic viscosity ([g]) of the samples dissolved in 0.5 g/

dL concentrated mixture solvent of phenol/1,1,2,2-tetrachloro-

ethane (60:40, w/w) was determined with an Ubbelohde vis-

cometer (Shanghai, China) thermostated at 30 6 0.5�C in a

water bath. The measurements were carried out at only one

specific concentration according to the single-point method.24

The values of [g] for the PBT and the homo-PBT of the nano-

composites were calculated according to the following

equation:25

½g�5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðgsp 2ln grel Þ

q
c

(2)

where gsp is the specific viscosity, grel the relactive viscosity and

c the concentration. Meanwhile, Mv was obtained from the

Mark–Houwink equation:24

½g�51:16631024Mv
0:871 (3)

The dispersion of MWNTs in the nanocomposites was observed

by using field emission scanning electron microscopy (FESEM,

JEOL 6700F) at an acceleration voltage of 5 kV. Because of the

MWNTs embedded in the matrix, all of the cryogenically frac-

tured surfaces were etched by NaOH/ethanol (10 wt %) to

remove the polymer coating on the outside of the MWNTs.

Transmission electronic microscopy (TEM) was performed on a

JEOL/JEM-200 CX at an acceleration voltage of 160 kV. Due to

the obvious aggregation of MWNTs observed in the sample of

PBT/MWNT-1.0 by FESEM, this sample was not investigated by

TEM. The other samples were ultramicrotomed with a diamond

knife on a Leica Ultracut UCT microtome at 260�C to obtain

60–80 nm thick sections.

Differential scanning calorimetry (DSC, Shelton CT) was used

to record the nonisothermal crystallization of the neat PBT

and the PBT/MWNT nanocomposites. All samples were

weighted to be in the range 6–7 mg. For each measurement,

the samples were first heated to 250�C at a heating rate of

10�C/min under nitrogen atmosphere, maintained at this

temperature for 5 min to eliminate the previous thermal his-

tory. The nonisothermal crystallization kinetics was studied

by cooling a sample from 250�C to 50�C at a rate of 5, 10,

20, 40�C/min, respectively.

RESULTS AND DISCUSSION

Viscosity-Average Molecular Weight (Mv) and CBT

Conversion (CBT%)

To estimate the influence of the MWNTs on in situ polymeriza-

tion of CBT, the Mv and the CBT% of all samples were investi-

gated. As shown in Table I, the MWNTs had little influence on

the values of Mv and CBT% of the resultant PBT in the case of

Figure 2. TEM images of (a) PBT/MWNT-0.5 and (b) PBT/MWNT-0.75 at different magnification.
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the uniform molar ratio of monomer to initiator. However, the

addition of MWNTs could considerably retard the process of

the ring-opening polymerization; hence, the time of polymeriza-

tion was set as 30 min to ensure completion.

Dispersion of MWNTs in the PBT Matrix

To investigate the effect of the MWNTs on the nonisothermal

crystallization kinetics of PBT/MWNT nanocomposites, the dis-

persion of the MWNTs in the PBT matrix should be under-

stood. Figure 1 shows the FESEM images of the PBT/MWNT

nanocomposites. As illustrated, the white-dot regions repre-

sented the ends of MWNTs that were stretched out of the PBT

matrix. The MWNTs exhibit good dispersion in the nanocom-

posites with 0.5 wt % and 0.75 wt % MWNT contents. How-

ever, with the content of MWNTs up to 1.0 wt %, some

aggregation of MWNTs is observed, which is indicated in Figure

1(c) with arrow that signals a large bundle of MWNTs. More

direct evidence about the dispersion of the MWNTs in the PBT

matrix can be found from TEM images shown in Figure 2. It

can be seen that most of the MWNTs are homogeneously nano-

dispersed in the PBT matrix, although some small entanglement

is observed at high magnification.

Nonisothermal Crystallization Behavior

The nonisothermal crystallization exothermal curves of the neat

PBT and the nanocomposites at various cooling rates are shown

in Figure 3. The nonisothermal crystallization temperatures To

(the onset temperature of crystallization), Tc (the end tempera-

ture of crystallization), Tp (the exothermic peak temperature of

crystallization), and DHc (the enthalpy for nonisothermal crystal-

lization) are obtained from the curves and the results are listed in

Table II. As the cooling rate increases, the To, Tc, and Tp shift to

lower temperature, and the exotherms become broader. The

results indicate that the crystallization occurs at lower tempera-

ture with faster cooling rates. At higher cooling rate, the molecu-

lar chains become less flexible and less mobile and have less time

to diffuse into the crystallite lattice and to adjust and organize the

chain configurations into more perfect crystallites. As a result, the

extent of crystallite perfection also decreases with faster cooling

rates.26 On the contrary, at lower cooling rate, the PBT molecular

chains may have enough time to pack up in a unit cell and then

Figure 3. DSC curves of nonisothermal crystallization at different cooling rate: (a) neat PBT, (b) PBT/MWNT-0.5, (c) PBT/MWNT-0.75, and (d) PBT/

MWNT-1.0.
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their nuclei grows up at higher temperature. Furthermore, the

PBT/MWNT nanocomposites have higher Tp than the neat PBT

at all cooling rates. Oburo�glu et al.27 studied the crystallization

behavior of PBT and PBT-based composites including 5 wt % of

different types of filler, halloysite (tubular alumina-silicate as 1D

filler), organo-montmorillonite (organically modified layered

alumina-silicate as 2D filler), and calcite (spherical CaCO3 par-

ticles as 3D filler). They found that 1D and 3D fillers acted as effi-

cient nucleating agent and thus enhanced the crystallization rate

of PBT, which was contributed to geometrically less efficient

restriction effect of such fillers on the polymer chains, but 2D fil-

ler had considerably high surface area which could reduce the

crystallization rate of PBT. Therefore, as for the PBT/MWNT

nanocomposites, MWNTs as 1D fillers could promote the crystal-

lization of PBT. However, with an increase in the MWNTs load-

ings, the dispersing degree of MWNTs declines and thus the

efficiency of nucleation decreases. As for the DHc, it can be seen

that the values of all samples change slightly at the cooling rate of

5�C/min, but at the higher cooling rate, the values of the PBT/

WMNT nanocomposites are larger than that of the neat PBT,

which confirms that the incorporation of MWNTs promotes the

crystallization of PBT.

The relative degree of crystllinity (Xt), as a function of crystalli-

zation temperature (T), is defined as:28,29

Xt 5

ðT

To

ðdHc=dTÞdT

ðTc

To

ðdHc=dTÞdT

(4)

where dHc/dT is the heat flow rate. To and Tc represent the

onset and the end of crystallization temperature, respectively. In

nonisothermal crystallization, the time t is related to the tem-

perature T as

t5
To2T

/
(5)

where T is the temperature at time t and the / is the cooling

rate. Figure 4 illustrates Xt as a function of t for the neat PBT

and the PBT/MWNT nanocomposites at various cooling rate.

Another important parameter is the half-time of crystallization,

t1/2, which can be determined from Figure 4 and listed in Table

II. In all cases, t1/2 decreases with increasing the cooling rate,

indicating that the crystallization at a higher cooling rate is

faster than that at a lower cooling rate. And the t1/2 values of

the nanocomposites are smaller than that of the neat PBT,

which implies that MWNTs act as heterogeneous nucleating

agents to facilitate crystallization of PBT. Moreover, it can be

seen that the t1/2 value of PBT/MWNT-0.5 decreases magnifi-

cently by 32.0% at the cooling rate of 5�C/min, as compared

with that of the neat PBT. However, in the case of direct melt

compounding PBT with MWNTs,23 the t1/2 value of the nan-

compostie of PBT/MWNT containing 5 wt % MWNT content

decreased by 17.7% at the same cooling rate. It suggests that

PBT/MWNT nanocomposites have good dispersion of MWNTs

via in situ method, and as a result, the MWNTs can dramati-

cally enhance the crystallization rate even with low MWNT con-

tent. Additionally, as the content of MWNT increases from

0.5 wt % to 0.75 wt %, t1/2 decreases gradually at the same

cooling rate, which confirms the nucleation effect of MWNTs.

However, as for the nanocomposite with 1.0 wt % MWNT con-

tent, such effect of MWNTs is slightly declined due to the

aggregation of MWNTs in PBT matrix.

Table II. Nonisothermal Parameters Determined from the DSC Exotherms for the Neat PBT and the PBT/MWNT Nanocomposites

Sample / (�C/min) To (�C) Tp (�C) Tc (�C) DHc (J/g) t1/2(min)

neat PBT 5 196.5 192.2 188.2 11.1 1.97

10 194.0 187.49 183.6 22.8 0.88

20 190.5 182.8 177.7 45.9 0.54

40 186.4 176.9 170.6 91.3 0.34

PBT/MWNT-0.5 5 209.5 204.2 199.9 10.5 1.34

10 207.9 200.4 196.0 23.5 0.85

20 205.5 196.6 190.7 46.2 0.53

40 202.7 192.0 184.7 98.8 0.32

PBT/MWNT-0.75 5 212.6 207.0 202.8 11.8 1.26

10 210.8 203.5 198.6 28.3 0.85

20 209.1 199.8 193.0 61.4 0.54

40 206.7 195.5 187.3 125.9 0.32

PBT/MWNT-1.0 5 212.8 207.0 202.5 11.7 1.32

10 211.4 203.4 198.2 25.9 0.78

20 209.2 199.5 192.3 55.8 0.46

40 206.2 194.9 185.2 122.4 0.32
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Nonisothermal Crystallization Kinetics

Modified Avrami Equation. It is well known that the Avrami

equation30,31 has been successfully used to describe isothermal

crystallization behavior. Based on the assumption that the crys-

tallization temperature is constant, the Avrami equation can

explain the primary stage of nonisothermal crystallization

behavior, as followed:

XðtÞ512exp ð2Zt tnÞ (6)

The above equation can be transformed into its linear form:

log 2ln ð12XðtÞÞ½ �5n log t1log Zt (7)

where n is the Avrami exponent related to the type of nuclea-

tion and to the geometry of growing crystals, and Zt is the

kinetic growth rate constant in the nonisothermal crystallization

process. Considering the influence of various cooling rates on

the nonisothermal crystallization process, Jeziorny32 suggested

that the rate parameter Zt should be corrected as follows:

log Zc5log Zt=/ (8)

where Zc is the modified crystallization rate constant with

respect to the cooling rate /.

Theoretically, plots of log [-ln(1-X(t))] versus log t would be

straight lines if eq. (7) adequately describes the nonisothermal

crystallization behavior of a polymer, and the Avrami exponent

n and Zc are obtained from the slops and the intercepts, respec-

tively. Plots of log [2ln(1 2 X(t))] versus log t for all samples

are illustrated in Figure 5. As can be seen, there are some small

deviations from linearity in the short-time region, which can be

attributed to logarithmic plotting tending to exaggerate small

errors in the assignment of the start of crystallization.33 Further-

more, the linearity of the plots is poor, which indicates that the

modified Avrami equation failed to describe satisfactorily the

nonisothermal crystallization kinetics of the neat PBT and the

PBT/MWNT nanocomposites. Despite this, the linear portion

in the middle of the curves in Figure 5 is applied to determine

n and Zc, and the results are collected in Table III. It can be

seen that with addition of MWNTs, the value of n increases evi-

dently. This suggests the presence of MWNTs changes nuclea-

tion mechanism of PBT matrix. As known, the larger the value

of Zc, the higher the crystallization rate. For PBT and its nano-

composites, at the same cooling rate the Zc values of the nano-

composites are higher than that of the neat PBT, which also

Figure 4. Relative crystallinity versus crystallization time for nonisothermal crystallization: (a) neat PBT, (b) PBT/MWNT-0.5, (c) PBT/MWNT-0.75, and

(d) PBT/MWNT-1.0.
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proves the enhancement of the crystallization rate of PBT due

to the addition of MWNTs.

Ozawa Equation. Considering the influence of cooling rate on

the nonisothermal crystallization, Ozawa34 developed the

Avrami model from the isothermal crystallization to the noniso-

thermal case by presuming that crystallization occurs at a con-

stant cooling rate, and modified the Avrami equation as follows:

XðTÞ512exp ½2KðTÞ=/m� (9)

where / is the cooling rate, X(T) is the relative crystallinity,

K(T) is the cooling crystallization function and m is the Ozawa

exponent depending on the dimension of crystal growth. From

equation (9), it follows:

log 2ln ð12XðTÞÞ½ �5log KðTÞ2m log / (10)

Figure 6 illustrates the Ozawa plots of log[-ln(1-X(T))] against

log / at various temperatures for the neat PBT and the PBT/

MWNT nanocomposites. If the Ozawa model correctly describes

the nonisothermal crystallization kinetics of samples, plots of

log [-ln(1-X(T))] against log / should create a straight lines

and kinetic paramenters K(T) and m could be obtained from

the intercepts and slopes of the lines, respectively. However, for

all of the samples, clearly no straight lines are obtained, indicat-

ing the failure of Ozawa model to describe the nonisothermal

crystallization kinetics of PBT and its nanocomposites. It is well

known that the Ozawa model is based on the quasi-isothermal

crystallization. Under nonisothermal crystallization, the crystalli-

zation rate is no longer constant but a function of both time

and cooling rate. Moreover, other effects such as the slow sec-

ondary crystallization and the folded chain length are also not

considered in the Ozawa model35.

Combined Avrami/Ozawa Equation. To overcome the short-

comings of the above models, Mo and Liu36 proposed a new

kinetic model of nonisothermal crystallization by combining the

Avrami and Ozawa models:

log Zt 1n log t5log KðTÞ2m log / (11)

log /5log FðTÞ2a log t (12)

where the parameters of F(T) and a are equal to KðTÞ=Zt½ �1=m

and n/m, respectively. The physical meaning of the F(T) is the

necessary value of cooling rate approaching to the degree of

crystallinity at unit crystallization time,37 and a is the ratio

between the Avrami and Ozawa exponents. The smaller the

Figure 5. Plots of log[-ln(1-X(t))] versus logt for the modified Avrami equation at different cooling rate: (a) neat PBT, (b) PBT/MWNT-0.5, (c) PBT/

MWNT-0.75, and (d) PBT/MWNT-1.0.
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value of F(T), the higher the crystallization rate becomes.

According to the eq. (12), plotting log / versus log t at a given

relative degree of crystallinity can generate a straight line, as

shown in Figure 7. The kinetic parameters of F(T) and a can be

obtained from the intercept and slope of the plots.

As can be seen in Figure 7, all of the plots exhibite a good lin-

ear relationship (See the regression coefficient, RC, in Table III),

which confirms the validity of the combined Avrami/Ozawa

equation in the case of nonisothermal crystallization. The values

of F(T) and a are listed in Table III. On one hand, for all of the

samples, the values of F(T) increase with the increasing relative

crystallinity, suggesting that the required cooling rate should be

higher in order to achieve the higher degree of crystallinity at

unit crystallization time. On the other hand, the values of F(T)

depend on the MWNTs content. As for neat PBT, PBT/MWNT-

0.5 and PBT/MWNT-0.75, with increasing the content of

MWNTs, the values of F(T) decline at the same relative degree

of crystallinity, indicating that the more MWNTs loaded the

faster the crystallization rate becomes. However, the values of

F(T) for PBT/MWNT-1.0 slightly increases, compared with that

for PBT/MWNT-0.75, which is in accord with the tendency of

t1/2. In addition, comparing with the a values of the neat PBT

and the nanocomposites, it is found that the a values of the

later is higher than that of the former. Considering that a is

equal to n/m, the higher value of a means the effect of MWNTs

on the nucleation type of PBT is more notable than that on the

growth dimension. This probably implies that the presence of

MWNTs makes the nucleation process of PBT change from

homogeneous to heterogeneous.

Crystallization Activation Energy. As for the nonisothermal

crystallization at different cooling rates, Kissinger38 proposed a

method for determining the activation energy, DE, for the

transport of the macromolecular segments to the growing

surface:

d½ln ð/=T 2
p Þ�

dð1=TpÞ
5

2DE

R
(13)

where R is the gas contant, / is the cooling rate and Tp is the

crystallization peak temperature. Accordingly, the crystallization

activation energy could be determined from the slope of the

plot of ln ð/=T 2
p Þ versus 1=Tp, as shown in Figure 8 and Table

IV. It can be seen that the DE values of the nanocomposites are

Figure 6. Plots of log[-ln(1-X(T))] versus log u for the Ozawa equation at different temperature: (a) neat PBT, (b) PBT/MWNT-0.5, (c) PBT/MWNT-

0.75, and (d) PBT/MWNT-1.0.
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Figure 7. Plots of log u versus logt for the combined Avrami/Ozawa equation at different degrees of crystallinity: (a) neat PBT, (b) PBT/MWNT-0.5, (c)

PBT/MWNT-0.75, and (d) PBT/MWNT-1.0.

Table III. Nonisothermal Crystallization Kinetics Parameters About the Modified Avrami Model and the Combined Avrami/Ozawa Model for the Neat

PBT and the PBT/MWNT Nanocomposites

Modified Avrami equation Combined Avrami/Ozawa equation

Samples / (�C/min) Zt (min21) n Zc (min21) X(T)% F(T) a RC

neat PBT 5 0.037 2.234 0.519 20 7.661 1.172 0.963

10 0.255 2.386 0.872 40 9.376 1.176 0.969

20 0.719 2.433 0.984 60 10.723 1.180 0.971

40 4.764 2.882 1.040 80 12.202 1.178 0.975

PBT/ MWNT-0.5 5 0.175 2.243 0.706 20 4.920 1.521 0.999

10 0.637 2.539 0.956 40 7.198 1.435 0.999

20 2.056 2.690 1.037 60 9.059 1.390 0.999

40 8.453 2.851 1.055 80 10.999 1.362 0.999

PBT/MWNT-0.75 5 0.340 2.951 0.806 20 4.362 1.641 0.988

10 1.130 3.357 1.012 40 6.540 1.555 0.994

20 6.637 3.718 1.099 60 8.399 1.498 0.996

40 59.156 3.994 1.107 80 10.651 1.440 0.997

PBT/MWNT-1.0 5 0.215 2.413 0.735 20 4.379 1.507 0.980

10 0.887 2.596 0.988 40 6.588 1.459 0.987

20 4.989 2.899 1.083 60 8.533 1.419 0.991

40 25.119 3.438 1.084 80 10.716 1.374 0.992



higher than that of the neat PBT, which is also observed in

PBT/calcite composites27 and PBT/halloysite composites,27,39

suggesting a more difficult motion of the PBT chain segments

in composites. Obviously, the presence of MWNTs could not

only promote crystallization of PBT as a nucleating agent but

also retard crystallization as a physical hindrance. However,

combined with the above results, it can be found that the nucle-

ation effect of MWNTs plays a dominant role in crystallization

process of PBT.

CONCLUSION

In this study, PBT/MWNT nanocomposites were prepared by in

situ ring-opening polymerization of CBT. FESEM and TEM

revealed that the MWNTs have good dispersion in the PBT

matrix as the MWNT contents were 0.5 wt % and 0.75 wt %.

The nonisothermal crystallization kinetics of the neat PBT and

the PBT/MWNT nanocomposites was investigated by the DSC

technique. Three different models have been used to analyze the

crystallization of all samples. Compared with the modified

Avrami equation and the Ozawa equation, the combined

Avrami/Ozawa equation provided a satisfactory description of

the crystallization processes for PBT and its nanocomposites.

Moreover, the MWNTs acted as nucleating agent greatly increas-

ing crystallization rate of nanocomposites, which could be con-

firmed by the parameters of t1/2, n, Zc, and F(T). Nevertheless,

the crystallization activation energies of PBT and its nanocom-

posites indicated that the incorporation of MWNT hindered the

mobility of the PBT chain segments.
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