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Summary: The hybrids combined by nano-materials with different dimensions usually possess 

much better enhancement effects than single one. Graphene oxide-carbon nanotubes hybrids / 

polyamide 6 composites has been fabricated. The non-isothermal crystallization kinetics of the 

as-prepared samples was discussed. Research results showed that increasing the cooling rate was in 

favor of increasing the crystallization rate and the degree of crystallinity for the as-prepared samples. 

Moreover, the crystallization rate was first decreased and then increased with increasing the hybrids 

loading. Furthermore, the crystallization mechanism was changed with increasing the crystallization 

temperature and the cooling rate. The nucleation and growth modes of the non-isothermal 

crystallization could be classified into three different types, according to the Ozawa’s theory. These 

complicated results could be attributed to the important role of crystallization rate as well as the 

simultaneous hindering and promoting effects of the as-prepared hybrids. This work has reference 

values for understanding the crystallization kinetics of the polyamide 6-based composites. 

 

Keywords: Polyamide 6; Carbon nanotubes; Graphene oxide; Non-isothermal crystallization; Crystallization 

activation energy. 

 

Introduction 

 

Polyamide 6 (PA6) is a kind of important 

thermoplastic polymers with excellent mechanical 

properties, solvent resistance and good processability 

[1-4]. However, PA6 displays some inherent 

weaknesses, such as poor dimension stability, low 

heat distortion temperature and high moisture 

sorption (2.5%), which are detrimental for its 

practical applications [5]. These properties of PA6 

depend on the degree of crystallinity and crystal 

morphology, which is controlled by the 

crystallization conditions. Therefore, regulating 

crystallization process is a key point to improve the 

performances of the final products. 

 

Generally, nano-sized fillers usually have 

obvious effects on the crystallization behaviors of 

semi-crystalline polymers. These fillers include 

boron nitride, silicon dioxide, clay, glass fiber, 

montmorillonite, carbon nanotubes (CNTs), graphene 

and graphene oxide (GO) [6-14]. Besides, the hybrids 

combined by nano-materials with different 

dimensions have attracted much more attention due 

to their collaborative advantages [15-17]. One of the 

typical examples is that the hybrids of GO/CNTs 

possess much better enhancement effects than single 

filler [18, 19]. The GO/CNTs hybrids have been 

introduced into many kinds of polymers, such as 

epoxy, polyvinyl alcohol, polyaniline and polystyrene 

[20-25]. However, to our knowledge, no related 

works have been reported about the crystallization 

properties of the GO-CNTs / PA6 composites. 

Moreover, due to the complex influence factors, it is 

still a challenging for explicitly understanding the 

crystallization kinetics of the semi-crystalline 

polymer composites.  

 

 

Herein, the GO-CNTs hybrids has been 

prepared and blended with PA6 to fabricate the 

composite films. The non-isothermal crystallization 

behaviors of the as-prepared composites have been 

discussed by using Jeziorny, Ozawa, Mo and 

Kissinger’s theories, respectively. The results could 

provide reference values for studying the 

crystallization behaviors of the PA6-based 

composites. 

 

 

*To whom all correspondence should be addressed. 
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Experimental 

 

Materials 

 

The GO-CNTs hybrids have been prepared 

in our laboratory [26]. PA6 were bought from 

Shanghai Kingfa Technology Development Co., Ltd., 

China. Formic acid (HCOOH) has been bought from 

Tianjin Hongyan Reagent Factory, China.  

 

Preparation of the GO-CNTs / PA6 composites 

 

PA6 (5 g) was mixed with HCOOH (50 mL) 

at 60 °C for 1 h. Then, the as-prepared GO-CNTs 

hybrids were added into the above solution. 

Subsequently, the PA6-based films with various 

contents of the as-obtained hybrids (0, 0.3, 0.6 or 0.9 

wt%) were prepared by using a solution casting 

method (Scheme-1). Finally, the as-prepared films 

were dried in an electric vacuum drying oven at 

60 °C for 12 h. The as-prepared products were named 

as PA6, PA6-0.3, PA6-0.6 or PA6-0.9 according to 

the GO-CNTs hybrids loading, respectively. 

 

 
 

Scheme-1: Schematic diagram of preparation 

process of the GO-CNTs / PA6 

composites. 

 

Characterization 

 

Non-isothermal crystallization behaviors of 

the as-prepared GO-CNTs / PA6 composite films has 

been characterized by using differential scanning 

calorimetry (DSC, Model: METTLER TOLEDO 

DSC822e, Switzerland) under the protection of argon 
atmosphere. A typical process is shown as follows: 

the as-prepared films were firstly heated to 250 °C (at 

50 °C·min-1) and maintained for 3 min to eliminate 

residual crystals. Subsequently, the melt was cooled 

to 25 °C at various cooling rates (5, 10, 20 or 

40 °C·min-1). The cooling process were recorded and 

analyzed.  

Results and Discussion 

 

Thermograms 
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Fig. 1: Heat flow versus Temperature (T ) of the 

samples at various cooling rates ( ). 
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The non-isothermal crystallization curves of 

the as-obtained GO-CNTs / PA6 composites are 

shown in Fig.1. It can be observed that the peak 

temperature (Tp) was gradually moved to low 

temperature region with increasing  . This 

phenomenon was caused by that the molecular chains 

of the PA6 matrix would be arranged during the 

cooling process. Moreover, if the   was too fast, 

the molecular chains would not be completely 

arranged and cause the Tp to be low. 
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Fig. 2: Relative crystallinity  tX  versus Time 

( t ) of the samples at various  . 

 

Fig. 2 shows the curves of relative 

crystallinity  tX  versus Time ( t ). Moreover, 

Table-1 shows the halftime of crystallization ( 2/1t ) 

and overall crystallization rate (G , which could be 

usually calculated by using the Equation (1)).  

 

2/1

1
t

G         (1) 

 

Table-1: G  of the samples at various  . 

  
PA6 PA6-0.3 PA6-0.6 PA6-0.9 

5 °C·min-1 

2/1t (min) 
1.33 1.37 1.30 1.27 

 G (min-1) 
0.75 0.73 0.77 0.79 

10°C·min-1 

2/1t (min) 
0.85 0.82 0.92 0.81 

 G (min-1) 
1.18 1.22 1.09 1.23 

20°C·min-1 

2/1t (min) 
0.63 0.62 0.63 0.61 

 G (min-1) 
1.59 1.61 1.59 1.64 

40°C·min-1 

2/1t (min) 
0.43 0.50 0.48 0.48 

 G (min-1) 
2.33 2.00 2.08 2.08 
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From Fig. 2 and Table-1, it can be found 

that the time range became narrower and narrower 

with increasing  . Furthermore, Fig. 2 and Table 1 

revealed that: (1) the G  of the as-prepared 

GO-CNTs / PA6 composites was increased with 

increasing  ; (2) there was a proper   for the 

as-prepared composites. If   was too slow (such as 

5 °C·min-1) or too fast (such as 40 °C·min-1), the G  

of the as-prepared composites would increase with 

increasing the fillers loading. These results could be 

explained by that the GO-CNTs hybrids could restrict 

the motion of chain segments, which obviously 

influenced G . Moreover, the GO-CNTs hybrids 

could play as nucleating agents to increase the G of 

the composites. Therefore, the two coexisting reasons 

resulted in various G .  

 

Avrami theory modified by Jeziorny 
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Fig. 3:    tX 1lnlg  versus tlg  of the 

samples at various  . 
 

Generally, the initial stage of non-isothermal 

crystallization can be analyzed by using the flowing 

Equations (2) and (3):  
 

   n

ttZtX  exp1      (2) 

 

    tZtntX lglg1lnlg     (3) 

 

where X (t), n and Zt is the relative crystallinity, the 

nucleation and the growth exponent as well as the 

growth rate constant, respectively. Generally, the 

larger the Zt, the higher the G is. However, 
considering the non-isothermal character, Jeziorny 

suggested Zt should be corrected by the following 

Equation (4) [27]: 
 


t

c




lg
lg       (4) 

 

According to above Equations, the curves of 

   tX 1lnlg  versus tlg  and the data could 

be obtained. They are shown in Fig. 3 and Table-2, 

respectively. 
 

It can be seen in Fig. 3 and Table 2 that: (1) 

the n  of the as-prepared GO-CNTs / PA6 

composites was first increased and then decreased 

with increasing  . Moreover, it was gradually 

decreased with increasing the fillers loading; (2) the 

c  was gradually increased with increasing   for 

pure PA6, while first increased and then decreased 

for the composite samples; (3) for a fixed   (such 

as 20 °C·min-1), the c  was almost unchanged with 

increasing the fillers loading. These results 

manifested that increasing   was in favor of 

increasing G , and has obvious effects on the 

nucleation and the growth mechanism.  
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Table-2: tlg , n , clg  and c  of the samples at various  . 

  
PA6 PA6-0.3 PA6-0.6 PA6-0.9 

5°C·min-1 
tlg  -0.29 -0.31 -0.27 -0.23 

n  1.61 1.59 1.55 1.47 

clg  -0.058 -0.062 -0.054 -0.046 

c  0.875 0.867 0.883 0.899 

10°C·min-1 
tlg  0.02 0.03 -0.04 0.03 

n  1.64 1.60 1.58 1.57 

clg  0.002 0.003 -0.004 0.003 

c  1.005 1.007 0.991 1.007 

20°C·min-1 
tlg  0.19 0.19 0.17 0.19 

n  1.56 1.53 1.54 1.51 

clg  0.0095 0.0095 0.0085 0.0095 

c  
1.022 1.022 1.020 1.022 

40°C·min-1 
tlg  

0.41 0.29 0.29 0.30 

n 1.49 1.48 1.44 1.41 

clg  0.01025 0.00725 0.00725 0.00750 

c  1.024 1.017 1.017 1.017 

 
Avrami theory modified by Ozawa 

 

According to Ozawa’s theory,  TX  can 

be analyzed by the Equations (5) and (6) [28]: 

 

     mTKTX 1ln     (5) 

 

      lglg1lnlg mTKTX   (6) 

 

where m  and  TK  is the Ozawa exponent and 

the cooling crystallization function related to the 

overall G , respectively. According to Equations (5) 

and (6), the curves of the relative crystallinity 

 TX  versus Temperature (T ) could be acquired, 

as is shown in Fig. 4 
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Fig. 4: Relative crystallinity  TX  versus 

Temperature (T ) of the samples at various 

 . 

 

It can be observed that all of the curves 

showed reverse ‘S’ patterns. This phenomenon revealed 

that only the effects of   on the crystallization could 

be found. 

 

Fig. 5 shows    TX 1lnlg  versus 

lg  of the samples at various  . It manifested that 

the poor linearity made it difficult to obtain credible 

results. Because the non-isothermal crystallization 

process was dynamic, the G  was not a constant but a 

function with regard to T  and  . These curves could 

be divided into three parts depending on  . The m  

and  TKlg  can be obtained by the slope and 

intercept of the curves. The plots of  TKlg  and m  

versus T  at various   were showed in Fig. 6. 
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Fig. 5:    TX 1lnlg  versus lg  of the 

samples at various  . 
 

It can be seen in Fig. 6 that both the  TKlg  

and m  of the as-prepared samples were firstly 

decreased, secondly increased, thirdly decreased and 

finally increased with increasing the crystallization 

temperature. According to this phenomenon, it could be 

concluded that the crystallization mechanism has been 

changed with crystallization temperature and  . 

Moreover, the nucleation and growth mode could be 

classified into three different types : (1) it was first 
three-dimensional (3D) and then 2D for all the 

as-prepared samples at 5-10 °C·min-1; (2) it was first 3D 

and then 2D for pure PA6, PA6-0.3 and PA6-0.9 at 

10-20 °C·min-1; (3) it was 2D for PA6, PA6-0.6 and 

PA6-0.9 at 20-40 °C·min-1. 
 

Mo’ s equation 
 

Mo et al. has adopted the Equation (7) to 

discuss the non-isothermal crystallization process [29]: 
 

  tTF lglglg        (7) 
 

where   is the ratio of the Avrami and Ozawa 

exponent.  
 

The values of   and  TFlg  could be 

usually obtained from the slope and intercept of the 

curves. The results are showed in Fig. 7 and Table-3. 
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Fig. 6:  TKlg  and m  versus Temperature (T ) of the samples at various   
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Fig. 7: lg  versus tlg  of the samples. 

 

Table-3:   and  TFlg  of the samples. 

 tX (%) PA6 PA6-0.3 PA6-0.6 PA6-0.9 

20   1.636 1.720 1.827 1.954 

 TFlg  0.578 0.549 0.503 0.381 

40   1.656 1.864 1.855 1.944 

 TFlg  0.813 0.820 0.823 0.758 

60   2.001 2.193 2.277 2.310 

 TFlg  
0.996 1.025 1.042 1.003 

80   2.410 2.672 2.891 2.688 

 TFlg  1.272 1.354 1.426 1.358 

 

 

It can be observed in Fig. 7 and Table-3 that: 

(1) the  TFlg  was gradually increased with 

increasing  tX ; (2) when  tX  was equal or 

greater than 40 %, the  TFlg  was first increased 

and then decreased with increasing the GO-CNTs 

hybrids loading. When the hybrids loading was 0.6 

wt%, the  TFlg  was reached the maximum. It 

showed that the G  of the as-prepared sample was 

the smallest. These results were attributed to that high 

  was in favor of achieving high  tX . Moreover, 

the as-prepared GO-CNTs hybrids could act as 

physical obstacles to decrease the G  or 

heterogeneous nucleation agents to increase the G . 

These two reasons resulted in various G . 

 

Crystallization activation energy 

 

Considering the influences of the  , the 

activation energy ( E ) can be analyzed by the 

Equation (8) [30]: 
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     (8) 

 

where R  is the gas constant.  
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According to the Equation (8), the Kissinger 

function curves of the samples could be acquired. It 

can be seen in Fig. 8 that the obtained data possessed 

good linearity, indicating that this equation was 

successful application for the as-prepared samples.  
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Fig. 8: The Kissinger function curves of the 

samples. 

Generally, ΔE can be contributed by the 

transport activation energy (ΔE*) and the nucleation 

activation energy (ΔF*). It is worth noting that the 

former is related to the movement of chain segments 

and the latter is in connection with the nucleation of 
the crystals. It can be acquired from the slope of the 

fitting straight-lines and R.  

 

Table-4: E  of the samples. 
Samples PA6 PA6-0.3 PA6-0.6 PA6-0.9 

E (kJ·mol-1) 
-246.10 -193.53 -243.88 -246.10 

 

In table 4, it can be found that the ΔE was 

first decreased and then increased with increasing the 

GO-CNTs hybrids loading. It reached the minimum 

when the as-prepared hybrid loading was 0.3 wt%. 

The possible reasons could attribute to the follow two 

aspects. On the one hand, the GO-CNTs hybrids 

could hinder the movement of chain segments and 

then increase ΔE*. On the other hand, they could act 
as heterogeneous nucleis and then decrease ΔF*. 

 

Conclusion 

 

In summary, the non-isothermal 

crystallization behaviors of GO-CNTs / PA6 

composites were discussed by using the theories of 

Jeziorny, Ozawa, Mo and Kissinger, respectively. 

Based on the Jeziorny’s theory, the overall G was 

increased with increasing   for pure PA6; however, 

it was first increased and then decreased for the 
as-prepared composites. Based on the Ozawa’s 

theory, the overall G and the nucleation and growth 

modes showed a complicated variation driven by the 

crystallization temperature and  . Moreover, based 

on the Mo’s theory, the G was first decreased and 

then increased with increasing the fillers loading. It 

reached a minimum value when the fillers loading 

were 0.6 wt%. In addition, based on the Kissinger’s 

theory, the ΔE was first decreased and then increased 

with increasing the fillers loading. When it was 0.3 
wt%, the ΔE was the minimum. These complicated 

results could be attributed to the hindering and 

promoting effects of the GO-CNTs hybrids 

coexisting during the crystallization process. These 

results can provide reference values for 

understanding the crystallization kinetics of the PA6 

composites. 
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