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Abstract

This article studies the crystallization kinetics and melting behaviors of nylon 6/foliated graphite electrically conducting nanocomposites.

The crystallization kinetics under isothermal conditions is described by the Avrami equation. The values of the exponent found for the neat

nylon 6 and the nanocomposite samples are about 3.0 and 1.2, respectively. For non-isothermal studies, the Avrami equation modified by

Jeziorny, the Ozawa theory, the modified Ozawa equation and an equation combining the Avrami and Ozawa equation are employed. It is

found that the Ozawa analysis fails to provide an adequate description of the non-isothermal crystallization process in both the neat nylon 6

and the nanocomposite samples. While the combination of Avrami and Ozawa equations exhibit great advantages in treating the non-

isothermal crystallization kinetics. The activation energies are also determined by the Arrhenius relation and the Kissinger method for

isothermal and non-isothermal crystallization, respectively. In both cases, the activation energy for the nanocomposite sample is greater than

that for the neat nylon 6. In addition, subsequent DSC scans have also been performed to investigate the melting behaviors of the isothermally

and non-isothermally crystallized samples. Results reveal that the isothermally crystallized samples exhibit two melting endotherms, while

only the neat nylon 6 sample shows two melting endotherms after non-isothermal crystallization. The equilibrium melting temperature

obtained is lower for the nanocomposite sample than for the neat nylon 6.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, fabrication of polymer/graphite conducting

nanocomposites in the presence of expanded graphite (EG)

particles has gained much attention since in these situations

only a little amount of the conductive filler was needed to

reach the percolation threshold of conductivity [1–6].

However, we [2–4] have shown that because of the

interconnection of graphite subparticles in the worm-like

expanded graphite, effective dispersion of the graphite

nanosheets could hardly be achieved. Thus, a simple but

effective procedure was developed to prepare separate

graphite nanosheets from EG. The resulting foliated

graphite nanosheets have been successfully incorporated

into PMMA [7] and PS [8], and only about 1.0 wt% of the

foliated graphite was required to satisfy the critical

transition in both cases. In a proceeding work [9], with the

assistance of ultrasonic irradiation we have also in situ

synthesized nylon 6/FG nanocomposites, which exhibited a

percolation threshold of as low as ca. 0.74 vol%. Now that

the mechanisms [9] determining the extremely low

percolation threshold and the electrical transport properties

of the nanocomposites [10,11] have been well studied, we

would like to further our studies on the crystallization and

melting behaviors of the nylon 6/FG nanocomposites.

It is well understood that the physical, chemical and

mechanical properties of crystalline polymers depend on the

morphology, the crystalline structure and degree of crystal-

lization. In order to control the rate of the crystallization and

the degree of crystallinity and to obtain the desired

morphology and properties, a great deal of effort has been

devoted into studying the crystallization kinetics and

determining the change in material properties [12,13].

While there have been a few papers [13–15] dealing with

the crystallization behavior of neat nylon 6 and nylon 6/clay

nanocomposites, little work has been done on graphite filled

nylon 6 composites.

In practical processing, crystallization usually proceeds
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under isothermal and non-isothermal conditions. Therefore,

it is important to investigate both the quiescent and dynamic

crystallization kinetics of the polymer. In this work, the

studies of isothermal and non-isothermal crystallization

kinetics and melting behaviors of the nylon 6/foliated

graphite nanocomposites were carried out by differential

scanning calorimetry (DSC). The activation energies for

isothermal and non-isothermal crystallization have also

been evaluated.

2. Experimental

2.1. Materials and preparation

Detailed procedures for preparation of nylon 6/FG

nanocomposites have been described in the proceeding

paper [9]. Briefly, the desired volume content, f; of the

foliated graphite particles with an average thickness of

about 50 nm and an average diameter of about 12 mm was

incorporated into the molten e-Caprolactam monomer.

After homogenization of the molten monomer and FG

mixture by ultrasonic irradiation, polymerization of the

monomer was carried out using sodium hydroxide as

activator and toluyl diisocyanate as chain initiator. This

protocol used led to samples of various concentrations in

conducting charge. The nylon 6/FG obtained containing

0.00 wt% (neat or pure nylon 6) and 1.50 wt% foliated

graphite were used in this study.

2.2. Differential scanning calorimetry procedures

Perkin–Elmer DSC-7 and TA 2910 differential scanning

calorimeters were used to analyze the isothermal and non-

isothermal crystallization and subsequent melting beha-

viors, respectively. The temperature scale of the DSC was

calibrated from the melting point (429.78) of high purity

(99.999%) indium metal. The power response of the

calorimeter was calibrated from the enthalpy of fusion of

indium [12], taken to be 28.47 J/g. Samples of about 10 mg

were accurately weighted, then placed in the DSC cell. All

DSC analyses were performed under nitrogen atmosphere.

The isothermal crystallization and melting process of

nylon 6 composite samples were performed as follows: the

samples were heated at 100 8C/min to 250 8C and melt there

for 5 min to eliminate any previous thermal history; then

they were cooled at 2150 8C/min to the predetermined

crystallization temperature, Tc; in the range 188–194 8C in

steps of 2 8C, and maintained at Tc for 20 min necessary for

DSC trace return to the calorimeter baseline. The exother-

mal curves of heat flow as a function of time were recorded.

Then the samples were quickly cooled at a cooling rate of

2150 8C/min to 50 8C, maintained at this temperature for

5 min, and heated to 250 8C at a rate of 20 8C/min. The

endothermal curves were also recorded to analyze the

melting behaviors.

The non-isothermal crystallization and melting process

of nylon 6 samples were performed as follows: the samples

were heated from 25 to 250 8C, about 20 8C above the

melting temperature of nylon 6, at a rate of 100 8C/min. The

samples were kept for 5 min at this temperature to eliminate

the heat history before cooling at a specified cooling rate.

The samples were then cooled to 50 8C at constant cooling

rate of 5, 10, 15, 20 8C/min. After keeping at 50 8C for

5 min, samples were heated to 250 8C at a heating rate of

20 8C/min, followed by the next cooling and heating cycle.

Both the exothermic an endothermic curves were recorded.

3. Results and discussion

3.1. Isothermal crystallization analysis

3.1.1. Analysis based on the Avrami equation

The isothermal crystallization exotherms of pure nylon 6

and nylon 6/FG nanocomposite with a foliated graphite

weight content of 1.50%, obtained as described in Section 2,

are shown in Fig. 1. It is seen that for both of the two

samples, the crystallization exothermic peak becomes flatter,

and the time to reach the maximum degree of crystallization

increases, as the increase of the crystallization temperature.

Fig. 1. Heat flow as a function of time during isothermal crystallization a

different crystallization temperature by DSC for neat nylon 6 (a), and nylon

6/FG nanocomposite with a FG volume content of 1.5% (b).
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From Fig. 1b, one can also read that at all the crystallization

temperatures adopted, a significant portion of nylon 6

crystallizes before timing begins. This implies that the

temperature at which the crystallization of the nylon 6 in the

nanocomposite starts is higher than that of the pure one.

This phenomenon is consistent with the DSC analyses

presented in [9] for the nylon 6 nanocomposites with various

foliated graphite contents but at identical non-isothermal

scan rates.

The isothermal crystallization kinetics of a material can

be analyzed by evaluating its degree of crystalline

conversion as a function of time at a constant temperature.

The relative crystallinity at different crystallization time,

XðtÞ; can be obtained from the ratio of the area of the

exotherm up to time t divided by the total exotherm with an

equation given as

XðtÞ ¼
Qt

Q1

¼

ðt

0
ðdH=dtÞdt

ð1

0
ðdH=dtÞdt

; ð1Þ

where Qt and Q1 are the heat generated at time t and infinite

time, respectively, and dH=dt is the heat flow rate. The

development of the relative crystallinity with time for the

neat nylon 6 and the nanocomposite samples are plotted in

Fig. 2. As can be seen, all the isotherms exhibit a sigmoid

dependence with time. The characteristic isotherms are

shifted to right along the time axis with increase of

crystallization temperature, indicating progressively slower

crystallization rate. A slow increase of crystallinity with

time after most of the crystallization had taken place is

observed and this was attributed to the presence to

secondary crystallization [16]. It should be noted that this

phenomenon is less significant in the case of the

nanocomposite sample.

By assuming that the relative crystallinity increases as

the increase of time, analysis of the time-dependent relative

crystallinity function X(t) is usually carried out in the

context of the Avrami equation [16,17], which can be

expressed as

XðtÞ ¼ 1 2 expð2KtnÞ; ð2Þ

where K is the Avrami rate constant containing the

nucleation and the growth parameters, n is the Avrami

exponent whose value depends on the mechanism of

nucleation and on the form of crystal growth, and t the

crystallization time. It should be noted that based on the

original assumptions of the theory, the value of the Avrami

exponent n should be an integer, ranging from 1 to 4. Take

its double logarithmic form, Eq. (2) can be rearranged as

log½2lnð1 2 XðtÞÞ� ¼ log K þ n log t: ð3Þ

From this expression one can expect that if the Avrami

approach is valid the plot of log½2lnð1 2 XðtÞÞ� versus log t

should be a straight line for which the slope is equal to n and

the intercept is log K.

Plots of log½2lnð1 2 XðtÞÞ� vs. log t for the nylon 6

samples are shown in Fig. 3. It is seen that each curve for the

neat nylon 6 in Fig. 3a is composed of three linear sections.

The Avrami exponent changed progressively from 1.3 to 3.0

during the initial development of crystallinity, but remained

at about 3.2 over the range 10–75% of the crystallization

process. Beyond 75%, the exponent lowered to about 1.3

again, indicating a transition of mechanism of crystal-

lization occurred at the point with a relative crystallinity of

about 75%. The straight lines in Fig. 3a derived from the fit

of the linear portion with a relative crystallinity ranged from

10 to 75% to the Avrami equation (Eq. (3)).

Unlike the neat nylon 6 resin and most semicrystalline

polymers, no obvious roll-off at longer times is observed in

for nylon/FG nanocomposite sample (see Fig. 3b), implying

that the secondary crystallization of nylon 6 in the

nanocomposite does not occur under the experimental

conditions. This fact demonstrates that the crystallization

behavior of nylon 6 in the nanocomposite is different from

that of neat nylon 6. For comparison, the regime of about

10–75% conversion in the curves for the nanocomposite

Fig. 2. Relative crystallinity versus crystallization time for various

crystallization temperatures from DSC thermograms of (a) neat nylon 6

and (b) nylon 6/FG nanocomposite sample with a FG weight content of

1.50%.
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sample is chosen to determine the exponent n and K

according to Eq. (3) and the results are presented in Table 1.

The results indicate that the growth of crystals in nylon

6/FG nanocomposite melt is probably 1D, and the nuclea-

tion process is heterogeneous and simultaneous under the

experimental conditions [18]. In addition, it is of great

interest to compare the Avrami exponent n of nylon 6 in the

nanocomposite with that of the neat nylon 6. The values of

exponent n for the neat nylon 6 corresponding to the primary

crystallization stage are close to 3.0, which mean that the

nylon 6 chains tend to take the 3D growth mechanism.

However, with the addition of the foliated graphite the

mechanism of nucleation and the growth of polyamide

crystallite are greatly influenced, leading to the decrease of

the Avrami exponent n in the nanocomposite.

3.1.2. Parameters of the isothermal crystallization

Another important parameter is the half-time of crystal-

lization, t1/2, which is defined as the time at which the extent

of crystallization is 50%. It can be conveniently extracted

from the plots of relative crystallinity X(t) versus time t in

Fig. 2. The relation between the half-time and the crystal-

lization parameter K can be expressed as

K ¼ ln2=tn
1=2 ð5Þ

with n the Avrami exponent. Using Eq. (5) the theoretical

values of K and t1/2 can be calculated if take one of them

from the experimental data. The values of the half-time t1/2

and the crystallization parameter K derived both from

experimental data and Eq. (5) are listed in Table 1. As can

be seen, the values of t1/2 and K derived from Eq. (5) agree

well with those obtained from the experimental plots.

Usually, t1/2 or the reciprocal of t1/2, t1/2, is directly

employed to describe the rate of crystallization, G. That is to

say G ¼ ðt1=2Þ
21 ¼ t1=2: The greater the value of t1/2, the

lower the rate of the crystallization. The values of t1/2 and

t1/2 listed in Table 1 indicate that the nanocomposite sample

has a greater rate of crystallization than the neat nylon 6 in

the primary stage. The growth rate of crystallization, G, as a

function of the crystallization temperature, Tc, is also

reported in Fig. 4 for the pure nylon 6 and the nylon 6/FG

nanocomposite sample. For both of the two samples the

half-time increases with Tc, in agreement with the kinetics

theory of crystallization, that expects for crystallization

close to the melting temperature, a decrease of G reducing

the undercooling [19].

The temperature dependence of the linear growth rate of

the spherulites may be derived from the Lauritzen–Hoffman

theory for secondary nucleation [20]. Assuming a coherent

secondary surface nucleation, the general expression for the

Fig. 3. Plots of log½2lnð1 2 XðtÞÞ� vs. log t for (a) neat nylon 6 and (b)

nylon 6/FG nanocomposite samples isothermally crystallized at the

indicated temperature.

Table 1

Parameters of the isothermal crystallization

Tc (8C) 188 190 192 194

0.00%

n 3.00 3.20 3.36 3.38

K (min21/n)a 0.5385 0.1912 0.0673 0.0231

K (min21/n)b 0.5451 0.1948 0.0684 0.0234

t1/2 (min)a 1.0834 1.4875 1.9908 2.7261

t1/2 (min)b 1.0878 1.4964 2.0005 2.7355

t1/2 (min21)a 0.9230 0.6723 0.5023 0.3668

t1/2 (min21)b 0.9193 0.6683 0.4999 0.3656

tmax (min)c 1.0737 1.4923 2.0086 2.7482

tmax (min)d 1.0694 1.4834 1.9989 2.7388

tc (min) 4.33 5.33 6.38 9.13

DH (J/g) 52.37 52.30 52.25 51.47

1.50%

n 1.17 1.18 1.20 1.19

K (min21/n)a 1.1981 0.7596 0.5005 0.3074

K (min21/n)b 1.2867 0.8122 0.5259 0.3224

t1/2 (min)a 0.5896 0.8741 1.2593 1.9020

t1/2 (min)b 0.6266 0.9252 1.3124 1.9798

t1/2 (min21)a 1.6961 1.1440 0.7941 0.5258

t1/2 (min21)b 1.5958 1.0809 0.7619 0.5051

tmax (min)c 0.1656 0.2534 0.3962 0.5779

tmax (min)d 0.1559 0.2394 0.3801 0.5552

tc (min) 4.71 6.06 7.54 11.33

DH (J/g) 29.04 34.00 32.93 31.22

a Determined from Fig. 2.
b Calculated from Eq. (5).
c Determined from Fig. 1.
d Calculated from Eq. (7).
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linear growth rate is given by

G ¼ G0 exp 2
Up

RðTc 2 T1Þ

� �
exp 2

Kg

TcðDTÞf

� �
; ð6aÞ

where G0 is a preexponential factor, U p is the energy for the

transport of the macromolecules in the melt and is

commonly given by a universal value of 6280 J/mol, T1 is

a hypothetical temperature below which all the motions

associated with the viscous flow ceases, defined as ðTg 2 CÞ

where Tg is the glass transition temperature and C is a

constant equal to 30, R is the universal gas constant, Kg is a

nucleation parameter related to the fold and lateral surface

energies, DT is the undercooling defined as T0
m 2 Tc; T0

m is

the equilibrium melting temperature, f is a corrective factor

for the decrease of the enthalpy of fusion with the

crystallization temperature, f ¼ 2TcðTc þ T0
mÞ: Eq. (6a) is

often rearranged as

ln G þ
Up

RðTc 2 T1Þ
¼ ln G0 2

Kg

TcðDTÞf
: ð6bÞ

Thus, drawing a straight line of the left-hand side of Eq.

(6b) against 1=TcðDTÞf will give a slope of 2Kg: Using the

obtained values of T0
m in the present case (see Section

3.3.1.2) and Tg ¼ 323 K for nylon 6, Eq. (6b) is represented

in Fig. 5, and the values of the nucleation parameter Kg are

derived from the slopes as 1.53 £ 105 K2 and 1.65 £ 105 K2

for the neat nylon 6 and the nanocomposite samples,

respectively. It is clear that the nanocomposite sample has a

greater Kg, indicating that the motion of the nylon 6 chains

is more difficult in the nanocomposite.

Additionally, the time to reach the maximum rate of

crystallization tmax and the time to crystallize fully tc can

also be used to characterize the rate of crystallization. The

data of tmax and tc can be easily find from the isotherms in

Fig. 1, and their values for various crystallization tempera-

ture are all tabulated in Table 1. Since tmax corresponds to

the point at which dQðtÞ=dt ¼ 0; Q(t) is the rate of heat

evolution, thus

tmax ¼ ½ðn 2 1Þ=nK�1=n: ð7Þ

The value of tmax then can be derived from the Avrami

exponent n and the parameter K obtained from the plots of

log½2lnð1 2 XðtÞÞ� vs. log t: Both the calculated and the

extracted values of tmax are listed in Table 1. It is clear that

the values of most of the crystallization parameters

calculated using the theoretical equations are in good

agreement with those obtained from the experimental plots,

suggesting that the Avrami analysis works very well in

describing the crystallization of nylon 6 from the melt of

neat nylon 6 resin and the nanocomposite.

In investigating the dependence of the spherulitic growth

rate upon the crystallization temperature, Lin [21] derived

the following relation

ln tmax ¼ A 2
B

T2
cDT

; ð8Þ

where A and B are constants, the other variables are the

same as defined previously. The possibility that nylon 6

could be described by Avrami equation at the primary stage

of the isothermal crystallization can then be tested by simply

plotting ln tmax vs. 1=ðT2
cDTÞ: Such a linear dependence is,

Fig. 4. The rate of crystallization, G versus Tc of isothermal crystallization

for the neat nylon 6 and the nanocomposite.

Fig. 5. Plots of ln G þ Up=RðTc 2 T1Þ versus 1=TcðDTÞf for the neat nylon 6

and the nanocomposite.

Fig. 6. Plots of ln tmax; versus 1=ðT2
c DTÞ:
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indeed, observed in the present case (Fig. 6), indicating that

nylon 6 macromolecules undergo primary crystallization at

tmax in both the neat nylon 6 and the nanocomposite

samples.

3.1.3. Crystallization activation energy

The crystallization process for bulk nylon 6 is assumed to

be thermally activated, thus the Avrami parameter K can be

used to determine the energy for crystallization. The

crystallization rate parameter K can be approximately

described by the Arrhenius equation such that [22]

K1=n ¼ k0 expð2DE=RTcÞ ð9Þ

or

ð1=nÞln K ¼ ln k0 2 DE=RTc;

where k0 is a temperature independent pre-exponential

factor, DE is an activation energy, R is the gas constant, and

Tc the crystallization temperature.

From a graphic representation (Fig. 7) of the experimen-

tal data of ln K against 1=Tc; DE can be determined by the

slope of the linear plot. The values of the crystallization

activation energy are found to be 2271.12 and 2354.88 kJ/

mol for the neat nylon 6 and the nanocomposite,

respectively. Since transforming the molten fluid into the

crystalline state involves the release of energy, a greater

magnitude of DE (lDEl) means that the transformation need

to release more energy. These results are in consistent with

those obtained for the nucleation parameter Kg.

3.2. Non-isothermal crystallization analysis

Although most of the research work was devoted to the

crystallization of polymers under isothermal conditions, it is

of increasing technological importance to investigate the

behavior of thermoplastic semicrystalline polymers during

non-isothermal crystallization from the melt, since these

conditions are the closet to real industrial processing

conditions, i.e. actual processing of polymers is more likely

to involve a rate dependent crystallization.

The non-isothermal crystallization exothermal curves of

the neat nylon 6 and the nylon 6/FG nanocomposite with an

FG content of 1.50 wt% are illustrated in Fig. 8. In both

cases, the peak temperature, Tp, which corresponds to the

maximum crystallization rate, shifts to lower temperature

with increasing cooling rate. It is also seen that the lower the

cooling rate, the earlier the crystallization starts.

Similarly, integration of the exothermal peaks during the

non-isothermal scan can give the relative crystallinity as a

function of temperature or time. In the non-isothermal

crystallization, the time t has the relation with the

temperature T as follows:

t ¼
lT0 2 T l

f
; ð10Þ

where T is the temperature at time t, T0 is the temperature

the crystallization begins (t ¼ 0), and f is the cooling rate.

Fig. 9 presents the amorphous fraction of as a function of

temperature for nylon 6 and nylon 6/FG nanocomposite.

According to Eq. (10), the value to T on X-axis in Fig. 9 can

be transformed into crystallization time t as shown in Fig.

10. The lower the cooling rate, the larger the temperature

(time) range at which the crystallization occurs, therefore,

the transformation is controlled by nucleation. Additionally,

all curves have approximately the same S (or reversed S)

Fig. 7. Plots of ð1=nÞln K against 1=Tc of the neat nylon 6 and the

nanocomposite sample.

Fig. 8. Heat flow as a function of temperature during non-isothermal

crystallization at different cooling rates by DSC for (a) neat nylon 6 and (b)

nylon 6/FG nanocomposite with a FG volume content of 1.50%.
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shape, indicating that only the retardation effect of cooling

rate on the crystallization is observed in these curves [23].

Due possibly to the spherulite impingement in the later

stage, the curves tend to flat. The values of the peak

temperature Tp and the crystallization half-time t1/2

collected from the experimental curves of the two samples

at various cooling rates are listed in Table 2. It can be seen

that the values of the peak temperature for nylon 6/FG

nanocomposite are higher than those of the neat nylon 6,

while the values of the half-time and crystallization time

range D of the nanocomposite are also larger than those of

the neat nylon 6.

3.2.1. Modified Avrami equation

Based on the assumption that the crystallization

temperature is constant, the Avrami equation can be directly

used to describe the primary stage of non-isothermal

crystallization. In this case, the Avrami equation is

expressed as

1 2 XðtÞ ¼ expðZtt
nÞ ð11Þ

or

log½lnð1 2 XðtÞÞ� ¼ log Zt þ n log t;

where Zt is the rate constant in the non-isothermal crystal-

lization process. Considering the non-isothermal character

of the process investigated, the value of Zt determined from

Eq. (11) should be inadequate, due to the influence of the

cooling rate. Assuming that the cooling rate is constant or

approximately constant, the final form of the parameter

characterizing the kinetics of non-isothermal crystallization

Fig. 9. Plots of amorphous fraction as a function of temperature for (a)

nylon 6 and (b) nylon 6/Fg nanocomposite crystallized non-isothermally at

various cooling rates.

Fig. 10. Plots of amorphous fraction as a function of time for the two nylon

6 samples.

Table 2

Values of T0, Tp, t1/2, D, and DH at various cooling rates for nylon 6 and its

nanocomposite

f (8C/min) 5 10 15 20

0.00%

T0 (8C) 193.89 190.41 187.82 185.16

Tp (8C) 184.13 179.38 176.05 173.10

D (8C) 34.69 39.69 39.95 41.57

DH (J/g) 49.57 49.12 48.36 46.80

t1/2 (min) 2.15 1.26 0.91 0.72

1.50%

T0 (8C) 208.11 206.63 203.31 201.16

Tp (8C) 187.08 183.08 180.61 178.33

D (8C) 53.53 58.04 59.01 59.72

DH (J/g) 47.83 46.96 46.63 45.72

t1/2 (min) 4.59 2.55 1.66 1.27
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is given as follows [24]:

log Zc ¼
log Zt

f
: ð12Þ

Drawing the straight line given by Eq. (11) enable one to

obtain the Avrami exponent n and the rate parameter Zt or Zc

from the slope and the intercept, respectively.

Fig. 11 presents plots of log½2lnð1 2 XðtÞÞ� versus log t

for the neat nylon 6 and the nanocomposite, respectively.

Similar to the case of isothermal crystallization, all curves

can be divided into three sections. Although the linearity is

poor, the modified Avrami equation can be used to describe

a large range of relative crystallinity. The linear line in the

middle portion of the curves in Fig. 11 is adopted to

determine the Avrami exponent n and the corresponding

rate parameters.

The derived parameters are listed in Table 3. It is seen

that n values of the neat nylon 6 vary from 4.51 to 5.81, and

those of the nylon 6/FG nanocomposite range from 4.92 to

5.76, which means the addition of the foliated graphite

influences the mechanism of nucleation and the growth of

nylon 6 crystallites. It should be noted that all the n values

found are higher than 4, implying very complicated

crystallization mechanisms in the two samples. The larger

the rate parameter Zc value, the higher the crystallization

rate is. At the same cooling rate, the much higher Zc and t1/2

of nylon 6/FG nanocomposite than those of the neat nylon 6

indicate that the graphite nanosheets might hinder the

crystallization under non-isothermal conductions. However,

as mentioned before, addition of foliated graphite

nanosheets increases both the onset and the peak tempera-

tures. This further complicates the problem.

3.2.2. Ozawa model

Considering the effect of cooling rate on the non-

isothermal crystallization, Ozawa [25] extended the Avrami

theory from isothermal crystallization to the non-isothermal

case by assuming that crystallization occurs at a constant

cooling rate. According to Ozawa theory, the relative

crystallinity, C(T), at temperature T, can be calculated as:

CðTÞ ¼ 1 2 exp½2kc=f
m�; ð13Þ

where kc is the cooling function related to the all over

crystallization rate and m is the Ozawa exponent that

depends on the dimension of crystal growth. Similarly, Eq.

(13) can be changed to its linear form:

log½2lnð1 2 CðTÞÞ� ¼ log kc 2 m log f: ð14Þ

If this model correctly describes the non-isothermal

crystallization kinetics of the nylon 6 samples, then a

graphic representation of log½2lnð1 2 CðTÞÞ� as a function

of log f will generate a straight line, from which the Ozawa

exponent and the kinetic parameter kc can be calculated.

Fig. 12 illustrates the plots of log½2lnð1 2 CðTÞÞ� as a

function of log f: Clearly no straight lines are obtained,

indicating the failure of the Ozawa model to provide an

adequate description of crystallization in both the neat nylon

6 and the nanocomposite. Because non-isothermal crystal-

lization is a dynamic process in which the crystallization

rate is no longer constant but a function of time and cooling

rate, the quasi-isothermal treatment of the Ozawa model

might be questionable. In the Ozawa analysis, comparison is

to be carried out on experimental data representing widely

varying physical states of the system, however, these

differences have not been taken into account in the model.

For instance, in Fig. 9a, the data at 178 8C for the cooling

rate of 25 8C/min is at the very latest stage of crystallization,
Fig. 11. Plots of log½2lnð1 2 XðtÞÞ� versus log t for neat nylon 6 (a) and

nylon 6/FG nanocomposite (b).

Table 3

Values of n, Zt and Zc from the modified Avrami equation at various cooling

rates

f (8C/min) 5 10 15 20

0.00%

n 5.81 5.39 4.99 4.51

Zt 7.982e-3 0.1975 1.0661 3.0234

Zc 0.3806 0.8503 1.0043 1.0569

1.50%

n 5.56 5.75 5.30 4.92

Zt 1.509e-4 3.299e-3 0.0474 0.2122

Zc 0.1721 0.5647 0.8160 0.9254
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and for the cooling rate 220 8C/min corresponding to the

point when the crystallization just begins. Thus, if the

cooling rates vary in a large range and large amount of

crystallization occurs as a result of secondary processes,

Ozawa model would be not adequate in describing non-

isothermal crystallization behaviors. Moreover, effects such

as transcrystallization are not considered in the Ozawa

theory. It so happens that this particular phenomenon

accelerates the average kinetics of transformation, and tends

to make up for the volume restriction effects which, on the

contrary, slow down crystallization kinetics. As a result, the

Avrami exponent n (Ozawa exponent m in this case), has no

physical significance any more when strong surface

nucleation occurs, because its evolution involves factors

with contradictory effects. Therefore, the way it varies when

fibers or nucleating agents are added to the bulk polymer

become problematic and not easily interpretable [26]. In the

present case, the foliated graphite nanosheets act as an

additional phase the nylon 6 matrix, making the problem

more complicated, thus it is plausible that the applicability

of the Ozawa approach fails.

3.2.3. Modified Ozawa equation

On the basis of the findings on the crystallization

behavior of PET and PP, Chuah et al. [27] proposed:

ln kc ¼ lðT 2 T1Þ; ð15Þ

where l and T1 are empirical constants. If the extreme point

of the pertinent ›CðTÞ=›T curve occurs at T ¼ Tf; i.e.

ð›2CðTÞ=›T2ÞTf
¼ 0;

one has

kcðTfÞ ¼ fm
: ð16Þ

Combining Eqs. (13), (15) and (16) leads to

ln½2lnð1 2 CðTÞÞ� ¼ lðT 2 TfÞ: ð17Þ

Hence, a linear plot of ln½2lnð1 2 CðTÞÞ� against T

would result in the constant l and the product 2lTf from

the slope and intercept, respectively. At T ¼ Tf; Eqs. (15)

and (16) lead to

Tf ¼ m ln f=lþ T1: ð18Þ

Thus, the Ozawa exponent m is obtainable from the

linear plot of Tf against ln f=l:

According to the Ozawa theory, Eq. (17) is valid only for

the crystallization regime I [25]. Thus, only the range of the

relative crystallinity C(T) of about 0.01–0.40 is used in the

foregoing linear regression analyses. The experimental data

are exhibited in Fig. 13 in the form of ln½2lnð1 2 CðTÞÞ�

against T according to Eq. (17). The parameters estimated

from the linear regressions are thus used to plot Tf against

ln f=l in accordance with Eq. (18). The resulting plots are

illustrated in Fig. 14. Here, the values of the exponent m can

then be readily obtained from linear regressions of the

curves. The values of m found are 3.98 and 1.61 for the neat

nylon 6 and the nanocomposite samples, respectively. These

results are similar to those found in the isothermal analyses

and suggest that non-isothermal crystallization of nylon 6 in

the neat nylon 6 and nanocomposite samples seems to

proceed via heterogeneous nucleation, while the neat nylon

6 tends to take a mode of 3D spherulitic growth, the

macromolecules in the nanocomposite might prefer a

crystallization mode of a mixture of 1D, needle-like and

2D, circular growth.

3.2.4. Combined Avrami equation and Ozawa equation

It is evident that in several cases both the Avrami

equation and the Ozawa equation are inadequate in analysis

of the non-isothermal crystallization of the polymers.

Aiming at find a method to describe exactly the non-

isothermal crystallization process, Mo et al. [28] proposed a

novel kinetics equation by combing Avrami and Ozawa

equation. Under a certain crystallinity degree, Eqs. (11) and

(13) can be combined together to give

log Zt þ n log t ¼ log kc 2 m log f ð19aÞ

log f ¼ ð1=mÞlogðkc=ZtÞ2 ðn=mÞlog t ð19bÞ

log f ¼ logFðTÞ2 a log t ð19cÞ

Fig. 12. Ozawa plots of log½lnð1 2 CðTÞÞ� vs. log f at indicated

temperatures for the two samples.
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where

FðTÞ ¼
kc

Zt

� �1=m

; a ¼ n=m:

The physical meaning of the rate parameter F(T) refers to

the necessary value of cooling rate to reach a defined degree

of crystallinity at unit crystallization time. According to Eq.

(19c), at a given degree of crystallinity, the plot of log f as a

function of log t gives a straight line with log FðTÞ as the

intercept and 2a as the slope.

Fig. 15 presents plots of log f versus log t at various

degree of crystallinity as indicated. The good linearity of the

plots verifies the advantage of the combined approach

applied in this case. The values of F(T) and a are listed in

Table 4, from which one can read that the values of F(T)

increase systematically with increasing relative crystal-

linity, indicating that at unit crystallization time, a higher

cooling rate should be required in order to obtain a higher

degree of crystallinity, nevertheless, the values of the

parameter a are almost constant.

3.2.5. Crystallization activation energy

By taking into account the influence of various cooling

rates f; Kissinger [29] proposed that the activation energy

could be determined by calculating the variation of the

crystallization peak temperature with the cooling rate. The

formula can be given as:

d½lnðf=T2
p �

dð1=TpÞ
¼ 2

DE

R
; ð20Þ

where R is the gas constant and Tp is the crystallization peak

temperature. The values of lnðf=T2
p Þ are plotted as function

of 1=Tp in Fig. 16 and good linear relations are obtained.

From the slopes of the two straight lines generated from

linear regression, the values of the activation energy are

found to be 2213.96 and 2289.56 kJ/mol for the neat

Fig. 13. Plots of log½2lnð1 2 CðTÞÞ� against T for the pure nylon 6 and the

nanocomposite samples.

Fig. 14. Plots of Tf against ln f=l for the neat nylon 6 and nylon 6/FG

nanocomposite samples.

Fig. 15. Plots of log f versus log t for (a) nylon 6 and (b) nylon 6/FG

nanocomposite with a foliated graphite volume content of 1.50% during

non-isothermal crystallization.
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nylon 6 and the nylon 6/FG nanocomposite, respectively.

These values are slightly lower than those of the isothermal

crystallization process. However, a similar trend is found in

this case, that is the magnitude of DE is greater for the

nanocomposite, suggesting a more difficult motion of the

polymer chain segments.

3.3. Melting behaviors

3.3.1. Melting following isothermal crystallization

3.3.1.1. Melting behavior. The DSC heating thermograms of

neat nylon 6 and the nylon 6/FG nanocomposite sample are

presented in Fig. 17a and b, respectively. It is clear that all

the DSC thermograms possess two melting peaks. The

first/lower peak shifts more sharply to higher temperatures

and is found to start at about 11 8C above the crystallization

temperature. However, the last/higher peak changes slightly

with increasing crystallization temperature. While up to

now, some discrepancies still existed in the origin and

mechanism of the presence of multiple thermograms, it is

generally believed that different thermal history leads to

crystals with different perfection [30]. The cause of the first

peaks in the scans thus is assumed to be due to the melting of

the smallest lamellae produced by secondary crystallization

and in the inter-lamellar layers between the larger crystal-

lites. As such, this growth should not develop until after the

primary stage is complete. Since the last peak is less

dependent on the crystallization temperature and is much

larger that the first one, it might be considered to be

originated from the melting of the major crystals formed in

the primary crystallization process [12].

Comparing the thermograms of the neat nylon 6 and the

nanocomposite, it is found the first peak is more significant

in the neat nylon 6, which indicates there is less secondary

crystallization growth taken place during isothermal crystal-

lization. This is in consistent with the results observed in

treating the isothermal crystallization kinetics using Avrami

theory. In addition, from Table 5 it is seen that both the

temperature of the main melting peak and melting enthalpy

for the nanocomposite sample are lower than that of the neat

nylon 6, suggesting less perfection of the crystals in the

nanocomposite sample. This further confirms that presence

of foliated graphite nanosheets might hinder the transport of

the nylon 6 chains and affect the perfection of their crystals.

3.3.1.2. Equilibrium melting point. For carrying on with

quantitative analyses of crystallization behavior, especially

to investigate the temperature dependence of the crystal-

lization rates, it is necessary to determine the equilibrium

melting point as accurately as possible. The equilibrium

melting point is frequently estimated from the melting

points from optical microscopy, but it would not generally

Table 4

Non-isothermal crystallization kinetics parameters from combination of

Avrami–Ozawa equation

0.00% 1.50%

a F(T) a F(T)

10 1.1708 8.6060 1.0420 17.6767

25 1.2195 10.7152 1.0601 21.5725

40 1.2495 12.2716 1.0727 24.4287

55 1.2771 13.6144 1.0773 27.1394

70 1.3082 15.7834 1.0738 30.4930

85 1.3543 20.2582 1.0501 35.6533

Fig. 16. Kissinger plots for evaluating non-isothermal crystallization

activation energy.

Fig. 17. DSC heating thermograms of neat nylon 6 and the nylon 6/FG

nanocomposite samples.
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be expected to be reliable. Conventionally, experimental

melting points from optical microscopy are defined as the

temperature where the last trace of birefringence disappears

[30]. However, due to the re-crystallization or thickening of

the crystalline polymer undergoing heating, the experimen-

tally derived melting points frequently do not reflect the

crystals formed at crystallization temperature. Therefore,

reliable estimate of the equilibrium melting point should

only be made by careful DSC studies. And as a main

approach, the procedure suggested by Hoffman and Weeks

could be used.

According to Hoffman–Weeks theory [31], the equili-

brium melting point may be deduced by plotting the

observed apparent melting temperature Tm against the

crystallization temperature Tc. The equilibrium melting

point is obtained by extrapolation of the resulting straight

line to intersect the line Tm ¼ Tc: Mathematically, the

dependence of Tm on Tc is expressed as

Tm ¼
Tc

2b
þ T0

m 1 2
1

2b

� �
; ð21Þ

where T0
m is the equilibrium melting point and b is the

lamellar thickening factor which describes the growth of the

lamellar thickness during crystallization and is supposed to

be always be greater than or equal to 1.

It is well known that the higher the crystallization

temperature the more suitable it is to get the equilibrium

melting point [32]. As can be seen in Fig. 18, although the

lower melting temperatures varies linearly with Tc, the plots

are nearly parallel to the line Tm ¼ Tc: Therefore, the lines

of the last melting temperatures are extrapolated to intersect

the line Tm ¼ Tc and give T0
m values of 232.0 and 229.6 8C,

and b values of 0.722 and 0.736 for the neat nylon 6 and the

nylon 6/FG nanocomposite, respectively. The values of T0
m

are close to that reported in the literature [33], indicating

that taking the last melting temperatures as characteristics of

the main crystals is reasonable.

3.3.2. Melting following non-isothermal crystallization

The heating thermograms of the neat nylon 6 and the

nylon 6/FG nanocomposite non-isothermally crystallized at

different indicated cooling rates are showed in Fig. 19a and

b, respectively. It is seen that the thermograms for the neat

nylon 6 possess two melting endotherms, while there is only

one single peak for the nanocomposite sample. In this case,

if the lower peak is also considered to be due to the

microcrystallite formed by secondary crystallization and in

Table 5

Values of melting point (Tm) and melting enthalpy (DHf) of the neat nylon 6

and nylon 6/FG nanocomposite melt at a heating rate of 20 8C/min after

isothermal crystallization at indicated crystallization temperature Tc

Sample (wt%) Tc (8C) Tm (8C) DHf (J/g)

Low High

0.00 188 199.54 216.00 56.26

190 200.69 217.02 56.04

192 202.99 217.64 55.68

194 204.58 218.20 55.62

1.50 188 200.20 214.26 45.95

190 201.41 214.97 46.84

192 203.40 215.82 46.17

194 204.50 216.43 45.94
Fig. 18. Melting temperatures as a function of crystallization temperatures

for the neat nylon 6 and the nanocomposite samples.

Fig. 19. Melting thermograms of the neat nylon 6 and the nanocomposite

sample recorded at a scanning rate of 20 8C/min following non-isothermal

crystallization.
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the boundary layer between the larger crystallites, it can be

drawn that less secondary crystallization occurred in the

nanocomposite sample during the non-isothermal crystal-

lization process, similar to the isothermal crystallization

case discussed above.

The lower endotherm in Fig. 19a is dependent on the

cooling rate, the higher the cooling rate the more apparent

the peak. The values melting temperature and enthalpy are

collected in Table 6. It is evident that the value of the

melting enthalpy decreases with increasing cooling rate for

both of the samples. A same trend is observed for the

melting temperature of the lower peak of the neat nylon 6.

This might be attributed to the fact that under higher

supercooling, more molecule chains diffuse into crystalline

phase under lower temperature range, at which the motion

of the chains reduce, resulting in less perfection of the

crystals and lower crystallinity. Additionally, the calculated

crystallinity of nylon 6 in the nanocomposite is lower than

that of the neat nylon 6, similar to the non-isothermal

crystallization process.

4. Conclusion

The investigation of the isothermal and non-isothermal

crystallization kinetics of the neat nylon 6 and nylon 6/FG

nanocomposite has been carried out by differential scanning

calorimetry. The Avrami equation was used to analyze the

isothermal crystallization of the two samples. The values of

the Avrami exponent n for the neat nylon 6 sample at the

primary stage are centered at 3.2, indicating that the process

of crystal nucleation and growth is 3D process. However, no

obvious roll-off was found in the nanocomposite sample at

longer time of crystallization, moreover, the values of the

exponent n obtained are about 1.2, much lower than those of

the neat nylon 6. This means that the nylon 6 crystallite

tends to take a 1D growth mechanism in the nanocomposite

under isothermal conditions.

The values of the activation energy derived from the

crystallization rate parameter obtained from the Avrami

treatment are 2269.1 and 2337.9 kJ/mol for the neat nylon

6 and the nanocomposite, respectively. And the values of

the nucleation parameter Kg obtained are 1.53 £ 105 K2 and

1.65 £ 105 K2 for neat nylon 6 and the nanocomposite,

respectively. At each crystallization temperature, the

crystallization half-time for the nanocomposite sample are

lower than those of the nylon 6, while opposite results were

found for the total crystallization time and the crystal-

lization rate parameter.

In the case of the non-isothermal crystallization, the

modified Avrami equation and the Ozawa equation were

used to analyze the crystallization behaviors of the two

samples. However, it was found that the applicability of the

two approaches is poor. Using the modified Ozawa equation

and a combined Avrami and Ozawa equation the crystal-

lization processes of the two samples could be properly

described. Kissinger method was employed to obtain the

activation energy of the non-isothermal crystallization

processes for the two samples. The activation energy values

were found to be 2213.96 and 2289.56 kJ/mol for the neat

nylon 6 and the nanocomposite, respectively. This trend is

similar to that found in the isothermal crystallization

process. However, the crystallization half-time and total

time for the nanocomposite are larger than those of the neat

nylon 6, despite that addition of foliated graphite nanosheets

increases both the crystallization onset and peak

temperatures.

The melting behaviors of the neat nylon 6 and the nylon

6/FG nanocomposite samples were also investigated. The

multiple melting peaks were ascribed to different crystal

perfection during crystallization processes. Evidences

showed that addition of the foliated graphite nanosheets

might hinder the motion of the nylon 6 molecule chains,

leading to less perfection of the crystals. However, the

secondary crystallization was also reduced. The studies on

the melting behaviors following the isothermal crystal-

lization focused on the determination of the equilibrium

melting point. It was found that the equilibrium melting

point is higher for the neat nylon 6 than that in the

nanocomposite sample.

Compared with investigations in the literatures [33,34,

35], it can be seen that consistent results (i.e. Avrami

exponent n and activation energy) could be found for the

neat nylon 6 in the present isothermal crystallization study.

However, since it has been well demonstrated that

polymerization method can greatly influence the properties

of nylon 6, different results are expected between our

samples and those studied by other researchers. Moreover,

owing to the very different surface properties between clay

and foliated graphite, the filler-matrix interactions [36] will

be very different, despite that FG and clay possesses similar

layered structure. On the other hand, based on the above

demonstration, it is clear that incorporation of nanoscale

foliated graphite significantly influences the crystallization

and melting behaviors of the nylon 6. The crystalliz-

ation process might be a combination of nucleation and

Table 6

Values of melting point (Tm) and melting enthalpy (DHf) of the neat nylon 6

and nylon 6/FG nanocomposite melt at a heating rate of 20 8C/min after

non-isothermal crystallization at indicated cooling rates f

Sample (wt%) f (8C/min) Tm (8C) DHf (J/g)

Low High

0.00 5 212.64 217.07 57.73

10 211.55 217.21 55.23

15 211.22 218.09 52.18

20 210.96 218.96 49.69

1.50 5 – 215.30 56.31

10 – 214.43 53.91

15 – 214.79 51.04

20 – 215.16 48.63
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crystallization growth. Foliated graphite nanosheets may act

as a heterogeneous nucleation for the crystallization of

nylon 6, while in the same time their presence hinders the

transport of the molecule chains, resulting in a decrease of

the crystallization growth rate. However, as is well known,

the differences in molecular weight of nylon 6 might also be

an important factor. This is under our intensive scrutiny.
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