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Abstract Monomer casting polyamide 6(MCPA6)/toluene 2,4-diisocyanate func-

tionalized multi-walled carbon nanotubes (MWNTs-NCO) nanocomposites were

prepared via in situ anionic ring opening polymerization, and the non-isothermal

crystallization behavior of the nanocomposites were investigated by differential

scanning calorimetry with various cooling rates. The commonly used Avrami,

Ozawa, Mo, and Urbanovici–Segal models were employed to analyze the non-

isothermal crystallization data and the validity of the models on the process of

MCPA6 and its nanocomposites was discussed, where Mo and Urbanovici–Segal

models could well describe the non-isothermal crystallization process for the

samples. The results revealed that MWNTs could accelerate the crystallization

process of MCPA6, attributing to the nucleating effect of the nanofillers. Finally, the

effective energy barrier for non-isothermal crystallization was evaluated as a

function of the relative crystallinity by applying an isoconversional method.

Keywords Monomer casting polyamide 6 � Carbon nanotubes �
Non-isothermal crystallization � Crystallization kinetics

Introduction

Polyamide 6 (PA6), also known as nylon 6, is one of the prominent members of the

polyamides. It combines excellent properties and competitive price, making it the

most used type of polyamide worldwide [1]. PA6 could be synthesized via either

anionic polymerization or hydrolytic reaction. Prepared via in situ anionic ring
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opening polymerization, monomer casting PA6 (MCPA6) has many advantages

over normal PA6 prepared by hydrolytic polymerization due to its high molar mass

and high degree of crystallinity [2, 3]. Recently, organic/inorganic particles-filled

nanocomposites based on polymer matrix have attracted much interest since they

exhibit greatly improved mechanical, rheological properties [4, 5], and some

unexpected hybrid properties [6]. Among the different nanoparticles used in

polymer composites, Carbon nanotubes (CNTs), which could be classified into two

types: single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes

(MWNTs), have attracted much attention because of its unique structure, high

surface area, great mechanical property, excellent electrical and thermal conduc-

tivity, etc. Such properties make CNTs favorable candidates for the reinforcements

on polymer’s intensity and electrical conductivity [7, 8].

It is well-known that crystallization behaviors play an important role in the

physical, chemical, and mechanical properties of polymers. Therefore, it is of great

significance to take the crystallization into account for the study of polymer process

[9–12]. The research on non-isothermal crystallization is more technically important

than on isothermal crystallization since most practical processing techniques

proceed under non-isothermal conditions [13]. The crystallization behavior of filler-

reinforced polymers has been studied extensively [14–20]. Li et al. [21] have

investigated the non-isothermal crystallization kinetics of MWNTs nanocomposites

based on normal polycondensation PA 6 matrix. However, as far as we know, no

studies about the effects of MWNTs on the non-isothermal crystallization kinetics

of MCPA6 have been published.

In this study, MCPA6/MWNTs nanocomposites were prepared via in situ

anionic ring opening polymerization, where MWNTs was functionalized by toluene

2,4-diisocyanate (TDI) through esterification. The non-isothermal crystallization

kinetics was analyzed using theoretical models, namely Avrami, Ozawa, Mo, and

Urbanovici–Segal model. The effective energy barrier of non-isothermal crystal-

lization was calculated as a function of the relative crystallinity by an isoconver-

sional approach.

Experimental

Materials

e-caprolactam (CL), ethyl acetate, and sodium hydroxide (NaOH) used in this study

were purchased from Sinopharm Chemical Reagent Co., Ltd., China. Commercial

hydroxyl functionalized multi-walled carbon nanotubes (MWNTs-OH with

2.97 wt% OH) were obtained from Shenzhen Nanotech Port Co., Ltd., China.

TDI was made by Mitsui Chemicals Inc., Japan.

Commercial MWNTs-OH functionalization

About 0.25 g of MWNT-OH and 0.5 mL of TDI was dispersed in 50 mL of ethyl

acetate under vigorous stirring, and the reaction was undertaken at 80 �C for 4 h.
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Subsequently, the obtained products were filtrated and extracted with ethyl acetate

at 90 �C for 24 h to completely remove the unreacted TDI. After being dried, multi-

walled carbon nanotubes (MWNTs-NCO) was obtained.

Nanocomposites preparation

0.3 wt% of MWNTs-NCO was dispersed in the melted CL under vacuum for 0.5 h

to remove the moisture. Then NaOH was added into the system at 140 �C for

another 0.5 h, and as the activator TDI was dropped, the final mixture was

immediately poured into a preheated reactor in a heavily insulated oven at 160 �C

and polymerized for 30 min. Finally, the PA6/MWNTs nanocomposites were

obtained after the extraction of the polymer with boiling water. For the

polymerization, the concentration of initiator was kept constant at 0.2 wt% and

the amount of activator was kept constant at 0.3 wt%.

Characterization

Fourier transform infrared (FT-IR)

FT-IR spectra of MWNTs-OH and MWNTs-NCO (KBr pellet) was recorded on a

Perkin-Elmer Lambda 900 FT-IR spectrometer with the wave number

4,000–400 cm-1.

Monomer conversion

To determine the monomer conversion, the sample (about 5–10 g, m0) were

extracted with Soxhlet apparatus for 24 h, using water as the extracting medium for

the removal of the monomer and oligomers. After the extraction, the sample was

dried under vacuum at 80 �C till it showed no weight variation (m1). The monomer

conversion Mcon was calculated according to:

Mcon ¼
m1 � m0X

m0ð1� XÞ � 100% ð1Þ

where X was the content of carbon nanotubes (wt%).

Scanning electron microscopy (SEM) observation

The morphology of the fractured surfaces of samples was monitored using a FEI

Nova NanoSEM 230 microscope. Samples were kept in liquid nitrogen and then

brittle fractured. All considered specimens were gold coated for enhancing

conductivity.

Differential scanning calorimetry (DSC) measurement

Differential scanning calorimetry data of both samples were measured on a Perkin-

Elmer Diamond DSC to study the non-isothermal crystallization behavior. All DSC
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measurements were conducted under nitrogen atmosphere. 10 ± 0.01 mg of the

samples were quickly heated to 250 �C and maintained for 5 min to eliminate the

thermal history, and then were cooled down to room temperature at a constant

cooling rate of 5, 10, 20, and 30 �C min-1, respectively.

Results and discussion

FT-IR characterization

Figure 1 displayed the FT-IR spectra of MWNTs-OH and MWNTs-NCO to

investigate the grafting reaction of TDI onto MWNTs-OH. For MWNTs-OH, the

peaks at around 3,400 cm-1 was attributed to O–H stretching of hydroxyl group.

There was an additional peak at 2,280 cm-1 for MWNTs-NCO due to the

asymmetric stretching of isocyanate group, and the peak at 1,530 cm-1 for

MWNTs-NCO, characteristic absorption peak of amide band, was ascribed to the

esterification of hydroxyl and isocyanate groups. Furthermore, the peaks at 2,930

and 2,850 cm-1 for MWNTs-NCO were observed, which was corresponded to C–H

stretching of methyl groups of TDI. It was indicated that TDI was grafted onto

MWNTs-OH.

Polymerization

The monomer conversion for the polymerization in the presence of MWNTs-NCO

and of MWNTs-OH was 98.1 and 97.7%, respectively, while that for the

polymerization in the absence of MWNTs was 98.6%. The result showed that

either MWNTs-NCO or MWNTs-OH did not hinder the polymerization process.

Fig. 1 FT-IR spectra of (a) MWNTs-OH and (b) MWNTs-NCO
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SEM characterization

The SEM images showed in Fig. 2 were used to investigate the interfacial bonding

between MWNTs and MCPA6. Clearly, the fractured surface of MCPA6 nanocom-

posites filled with untreated MWNTs shows no MWNTs except some voids, meaning

that there is a weak bonding between MCPA6 matrix and MWNTs and thereby

MWNTs would be easily pulled out from smooth surfaces. Whereas the function-

alized MWNTs was found adhered to the MCPA6 matrix, suggesting that the

functionalization of MWNTs with TDI could enhance the interfacial adhesion

between MWNTs and MCPA6 matrix. This phenomenon was probably due to that

MWNTs-NCO, bearing isocyanate group, could react with CL to form N-carbamated

caprolactam moieties from which PA6 chains grew. Moreover, as shown in SEM

images, the functionalized MWNTs dispersed more uniformly in PA6 matrix,

meaning that the aggregation of carbon nanotubes is reduced with the NCO

functionalization.

Non-isothermal crystallization behavior

The analysis on non-isothermal crystallization of polymer via calorimetric methods

must be performed with care because of the possible occurrence of thermal

gradients within sample and between the furnace and the sample [22]. To avoid

thermal gradients, scanning rates should not exceed 1 and 100 �C min-1 for

samples of 1 g and 1 mg, respectively [23], and the samples should be prepared to

be as thin as possible.

The crystallization exotherms of MCPA6 and MCPA6/MWNTs-NCO nanocom-

posites at various cooling rates are presented in Fig. 3. From these curves, some

useful parameters, such as the peak temperature (Tp) and relative crystallinity (Xt) as

a function of crystallization temperature can be obtained for describing the non-

isothermal crystallization behavior of the system. It was found that as expected, Tp

Fig. 2 SEM photography of fractured surface of a MCPA6/untreated MWNTs-OH nanocomposites and
b MCPA6/MWNTs-NCO nanocomposites
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shifted toward lower temperature and the crystallization temperature range became

broader with increasing cooling rates for both pure MCPA6 and MCPA6/MWNTs-

NCO nanocomposites. While for a given cooling rates, Tp of MCPA6/MWNTs-

NCO nanocomposites was higher than that of pure MCPA6 as listed in Table 1,

which could be explained by the nucleation effect of MWNTs-NCO on the

crystallization of MCPA6 that makes the PA6 macromolecular segments easily

attached to the surface of carbon nanotubes, leading to the crystallization of MCPA6

occurred at a higher temperature. The crystallization enthalpies, DH, which is

proportional to the degree of crystallinity, decreased for MCPA6 with the increase

on cooling rate, whereas that for the nanocomposites is more stable. It means that

the degree of crystallinity for pure MCPA6 is more susceptible to the cooling rate

than that for the nanocomposites.

Non-isothermal crystallization kinetics

In order to further analyze the non-isothermal crystallization process, the

crystallization kinetics of MCPA6 and MCPA6/MWNTs-NCO nanocomposites

Fig. 3 DSC thermograms of a pure MCPA6 and b MCPA6/MWNTs-NCO nanocomposites

Table 1 Parameters of sample during non-isothermal crystallization process

Sample b
(�C min-1)

n Zt

(min-n)

Z
(min-1)

Zc t1/2

(min)

Tp

(�C)

DH
(J/g)

MCPA6 5 3.92 0.03 0.41 0.49 2.25 180.06 48.64

10 3.23 0.42 0.76 0.91 1.20 173.43 47.81

20 3.52 1.55 1.13 1.02 0.80 165.22 45.68

30 3.43 4.06 1.50 1.04 0.60 159.01 44.04

MCPA6/MWNTs-NCO 5 4.23 0.06 0.51 0.57 1.76 187.77 46.65

10 4.12 0.36 0.78 0.99 0.93 183.49 46.46

20 4.68 8.17 1.57 1.11 0.57 178.29 47.61

30 4.52 43.38 2.30 1.13 0.39 174.60 47.54
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were compared. The relative crystallinity as a function of crystallization temper-

ature, XT, was defined as

XT ¼
R T

T0
ðdHc=dTÞdT

R T1
T0
ðdHc=dTÞdT

ð2Þ

where T0 and T? are the onset and end crystallization temperature, respectively, and

T as well as the crystallization temperature at time t. The crystallization temperature

T can be transformed to time, t, using the following equation:

t ¼ T0 � T

b
ð3Þ

To quantitatively understand the evolution of the non-isothermal crystallization

process, some models have been employed to analyze the non-isothermal

crystallization of MCPA6 and its nanocomposites.

Avrami model

The analysis of the relative crystallinity as a function of time, Xt, is usually carried

out in the context of Avrami equation [24], which can be expressed as

Xt ¼ 1� expð�Ztt
nÞ or Xt ¼ 1� exp½�ðZtÞn� ð4Þ

where n is the Avrami exponent which is the function of the nucleation process and

Zt is the crystallization rate constant involving both nucleation and growth rate

parameters. It was obvious that the dimension of Zt is given in (time)-n and thereby

it is not only the function of the temperature but also a function of the Avrami

exponent n. Eq. 4 can be written in another form, where Zt = Zn. As a result, the use

of Z independent of n should be more preferable than use of Zt. By taking double

logarithm of both sides, Eq. 4 can be transformed to that

ln � lnð1� XtÞ½ � ¼ ln Zt þ n ln t ð5Þ
Figure 4 showed the curve of ln[-ln(1 - Xt)] against lnt for MCPA6 and its

nanocomposites, and the curve demonstrated good linearity at low degree of

crystallinity. The values of n and Zt can be calculated from the slops and intercepts

of the lines, respectively, and Z was calculated from the respective value of n and Zt.

It should be noted that in non-isothermal crystallization, n and Zt do not have the

same physical significance as in the isothermal crystallization because temperature

changes constantly under non-isothermal crystallization. Since the rate of non-

isothermal crystallinity depends on the cooling rate, Jeziorny [25] suggested that the

rate parameter Zt should be corrected by cooling rate b, and the final form of this

parameter is given by

ln Zc ¼
ln Zt

b
ð6Þ

Thus, the crystallization half time, can be calculated from the corrected constant

using the equation
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t1=2 ¼
ln 2

Zc

� �1=n

ð7Þ

The results obtained from the Avrami plots and Jeziorny method were listed in

Table 1. Exponents n for pure MCPA6 (varied from 3.23 to 3.90) were lower than

that for MCPA6/MWNTs-NCO nanocomposites (varied from 4.12 to 4.68),

indicating that a change in the nucleation mechanism and/or in the morphology

of the spherulites [22] by the effect of MWNTs-NCO. The value of t1/2, as expected,

decreased with the increase in the cooling rate for both pure MCPA6 and MCPA6/

MWNTs-NCO nanocomposites, while Zc increased. For a given cooling rate, Zc for

MCPA6/MWNTs-NCO nanocomposites was higher than that for pure MCPA6 and

t1/2 for MCPA6/MWNTs-NCO nanocomposites was lower, signifying that the

incorporation of MWNTs-NCO could accelerate the crystallization of MCPA6.

Further, it can be seen that the Avrami equation could well fit to the non-isothermal

crystallization data for pure MCPA6, however, in the late stage of crystallization,

the equation deviate from the data for MCPA6/MWNTs-NCO nanocomposites,

which is often attributed to secondary crystallization. It was meant that the non-

isothermal crystallization of MCPA6/MWNTs-NCO nanocomposites is a more

complicated process as compared with that of pure MCPA6.

Ozawa model

According to Ozawa theory [26], the non-isothermal crystallization process consist

of an infinite number of small isothermal crystallization steps, and the degree of

conversion as a function of temperature, XT, can be expressed as

1� XT ¼ expð�KðTÞ=bmÞ ð8Þ

where K(T) is the cooling crystallization function, m is Ozawa exponent that

depends on the crystal growth and nucleation mechanism. The double logarithmic

form of Eq. 8 is

Fig. 4 Plots of ln[-ln(1 - Xt)] versus lnt for non-isothermal crystallization of a pure MCPA6 and
b MCPA6/MWNTs-NCO nanocomposites
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ln½� lnð1� XTÞ� ¼ ln KðTÞ � m ln b ð9Þ
Figure 5 shows the Ozawa analysis results for polypropylene. A series of lines

are obtained at different temperatures, and the line should be straight if the Ozawa

method is valid. However, it can be seen obviously from the curves that the Ozawa

plots of pure MCPA6 and MCPA6/MWNTs-NCO nanocomposites showed

deviation from linearity, suggesting that the Ozawa equation could not describe

the non-isothermal crystallization behaviors for both pure MCPA6 and MCPA6/

MWNTs-NCO nanocomposites satisfactorily.

Mo model

Mo and his coworkers [27] developed a new method combining Avrami equation

with the Ozawa equation to describe the non-isothermal crystallization kinetics of

polymer. The modified equation is

ln b ¼ ln FðTÞ � a ln t ð10Þ

where FðTÞ ¼ KðTÞ=Z½ �1=m
refers to the cooling rate at unit crystallization time

when the polymer reaches a certain value of relative crystallinity. a refers to the

ratio of the Avrami exponent n to the Ozawa exponent m(a = n/m). Figure 6

presents the plots of lnb versus lnt at various degree crystallinities for pure MCPA6

and MCPA6/MWNTs-NCO nanocomposites. It can be seen that the plots show

good linearity, verifying obviously that Mo method describe appropriately the non-

isothermal crystallization kinetics of the system. The parameters F(T)and a are

estimated from the intercept and slope of the lines, respectively, listed on Table 2.

The value of a varies from 1.32 to 1.40 for pure MCPA6 and from 1.24 to 1.20 for

the nanocomposites; while F(T), mainly reflecting the crystallization facilitation

effect of the nanoparticles on MCPA matrix, increases systematically with the

increasing of the relative crystallinity, and is lower for the nanocomposites at the

same relative crystallinity. It indicates that it has shorter time for MCPA6/MWNTs-

NCO nanocomposites to achieve the same degree of crystallinity than for pure

Fig. 5 Ozawa plots of ln[-ln(1 - Xt) versus lnb for non-isothermal crystallization of a pure MCPA6
and b MCPA6/MWNTs-NCO nanocomposites
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MCPA6. The importance of Mo method is that it correlates the cooling rates to

temperature, time and morphology [28].

Urbanovici–Segal model

Urabanovici and Segal [29] proposed a new kinetic equation, which is essentially a

generalization of the Avrami model. In this model, the relationship between the

time-dependent relative crystallinity function and the crystallization time t is

given by

XðtÞ ¼ 1� ½1þ ðrUS � 1ÞðKUStÞnUS �1=ð1�rUSÞ ð11Þ

where KUS and nUS are the Urbanovici–Segal crystallization rate constant and the

Urbanovici–Segal exponent, respectively, and rUS denotes the deviation degree

between Urbanovici–Segal model and Avrami model. As rUS ? 1, the Urbanovici–

Segal equation becomes identical to Avrami equation [29], and it is worth noting

that the Urbanovici–Segal kinetics parameters, KUS and nUS, have a similar physical

meaning to the Avrami kinetics parameters, Z and n, respectively. Zhou [30] also

Fig. 6 Plots of lnb versus lnt for a pure MCPA6 and b MCPA6/MWNTs-NCO nanocomposites at
different relative crystallinity

Table 2 Kinetic parameters for

MCPA6 and MCPA6/MWNTs-

NCO nanocomposites at

different relative degrees of

crystallinity based on Mo model

Sample Xt (%) a F(T)

Pure MCPA6 20 1.32 9.58

40 1.36 13.06

60 1.38 15.96

80 1.40 19.88

MCPA6/MWNTs-NCO 20 1.24 7.09

40 1.22 8.93

60 1.22 10.69

80 1.20 13.19

1954 Polym. Bull. (2011) 67:1945–1959

123



employed this model to describe the non-isothermal crystallization process of

isotactic polypropylene and its blend with ethylene–octane.

The parameters of this model for the non-isothermal crystallization of pure

MCPA6 and MCPA6/MWNTs-NCO nanocomposites were listed in Table 3, and

the curves of the model fitted to the experimental data for both samples are

presented in Fig. 7. The values of correction coefficient (r2) are all close to 1,

verifying that this model could well description of the non-isothermal crystallization

process of the system. It is obvious that the values of rUS for pure MCPA6 are closer

to 1 than that for its nanocomposites, indicating that the non-isothermal

crystallization kinetics of its nanocomposites deviate more from the Avrami model,

which is consistent with the result analyzed via Avrami method.

Effective activation energy for non-isothermal crystal growth

For non-isothermal crystallization process, it is also interesting to obtain effective

activation energy E, and Kissinger method [31] was one of the most popular

approaches for calculating the effective activation energy of non-isothermal

crystallization. However, Vyazovkin [32] demonstrated that Kissinger equation

appears to be inapplicable for evaluating the activation energy of the processes that

occurred on cooling, and verified that using the isoconversional methods developed

by Friedman [33] or by Vyazovkin and coworkers [34, 35] can obtained the correct

values. In this investigation, Friedman method was used and its equation can be

expressed as:

ln
dX

dt

� �

X;i

¼ constant � EX

RTX;i
ð12Þ

where ðdX=dtÞX;i is the instantaneous crystallization rate at a given relative

crystallinity, X, and i is the ordinal number of the experiment carried out at the

cooling rate, bi. EX is the effective energy barrier of the process at the given value of

X. By plotting the left hand side of Eq. 12 with respect to 1/TX at different cooling

rates, a straight line must be obtained with a slope equal to -EX/R. Some works

Table 3 Kinetic parameters for MCPA6 and MCPA6/MWNTs-NCO nanocomposites at different rela-

tive degrees of crystallinity based on Urbanovici–Segal model

Sample b (�C min-1) KUS nUS rUS r2

Pure MCPA6 5 0.40 4.00 0.97 0.9998

10 0.75 3.45 0.95 0.9996

20 1.10 3.36 0.88 0.9995

30 1.45 3.02 0.85 0.9992

MCPA6/MWNTs-NCO 5 0.55 4.62 1.71 0.9997

10 1.02 4.34 1.52 0.9996

20 1.68 5.01 1.61 0.9994

30 1.67 4.94 1.57 0.9989
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[28, 36] have used this method to calculate the effective activation energy for

polymer crystallization.

The dependence of the effective activation energy on the relative crystallization

for pure MCPA6 and its nanocomposites is presented in Fig. 8. As it can be seen

that for both samples, E increases with the increase in the relative degree of

crystallinity, which indicates non-isothermal crystallization becomes more difficult

with increasing X. The apparent activation energy includes nucleating effect and

retarding effect. The value of E for MCPA6/MWNTs-NCO nanocomposites greatly

lower than that for pure MCPA6, which could be explained by that there is a strong

interaction between the functionalized carbon nanotubes and MCPA6, therefore, the

molecular chains crystallize more readily in MCPA6/MWNTs-NCO nanocompos-

ites than in pure MCPA6. The results suggests that the addition of 0.3 wt%

Fig. 7 The comparison between the results via Urbanovici–Segal model and experimental data: a pure
MCPA6 and b MCPA6/MWNTs-NCO nanocomposites. Solid lines are the results via Urbanovici–Segal
model

Fig. 8 Dependence of the effective activation energy on the extent of relative crystallinity
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MWNTs-NCO cause nucleating effect dominating over retarding effect in the

crystallization process. Accordingly, the addition of MWNTs-NCO could accelerate

the overall non-isothermal process of MCPA6.

Furthermore, according to Vyazovkin [37], the effective activation energy can be

plotted as a function of temperature by taking an average temperature corresponding

to certain relative crystallinity X (Fig. 9); and these plots can be used to evaluate the

Lauritzen–Hoffman parameters.

Conclusions

MCPA6/MWNTs-NCO nanocomposites were prepared via anionic polymerization

of CL, and the functionalized MWNTs present good interfacial adhesion with

MCPA6 matrix. In non-isothermal crystallization kinetics, the Avrami plots showed

good linearity for pure MCPA6, however, the data for MCPA6/MWNTs-NCO

nanocomposites in later stage of crystallization deviate from linearity; the Ozawa

analysis failed to provide adequate description of the non-isothermal crystallization

of both samples; the Mo and Urbanovici–Segal models can describe well the non-

isothermal crystallization kinetics of the system. The effective activation energy for

non-isothermal crystallization was evaluated by using Friedman equation. It was

found that the energy varied with the degree of crystallinity and the addition of

MWNTs-NCO could remarkably decrease the effective activation energy.
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