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Abstract – In this work, polyamide 6 (PA6)/attapulgite (ATP) nanocomposites with different ATP contents were 

prepared using a co-rotational twin-screw extruder. The ATP was previously purified by sedimentation followed by acid 

activation. The purification was confirmed by X-ray diffraction and field-emission gun scanning electron microscopy. In 

relation to the PA6/ATP nanocomposites, an in-depth study of rheology (steady-state and oscillatory regimes) was carried 

out for a better understanding of its structures. The viscosity, storage (G') and loss (G”) moduli increased monotonically 

with ATP content at low frequencies, which indicates that the presence of ATP caused a restriction on the chain 

movements, even without the formation of a percolated network structure.  
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Introduction 

Polyamide 6 (PA6)/attapulgite (ATP) nanocomposites allow for significant improvements in the 

thermal, mechanical, and barrier properties of neat PA6. Several studies [1,2] have reported that such 

improvements are mainly due to the high surface area of the mineral clay, usually made up of silicates 

and ionic interactions between the polar groups of PA6 and the hydrophilic silicate. This good 

chemical affinity provides more interfacial interactions, such as van der Waals forces, facilitating 

stress transfer and resulting in improvements in the mechanical properties, mainly in the tensile 

strength, Young’s modulus, and thermal deflection temperature [3]. In this way, several possibilities 

of applications for PA6/ATP nanocomposites become possible, such as in the automotive sector, 

packaging, and electronics [3]. However, the mechanisms responsible for such increases are highly 

dependent on the dispersion level of the clay in the polymeric matrix since the presence of 

agglomerates highly impair the mechanical properties 

Few studies have explored the rheological behavior of these nanocomposites. Then, the main 

objective of this work is to make an in-depth study on the rheological properties of PA6/ATP 

nanocomposites to analyze the level of ATP dispersion obtained by melt compounding in the 

extrusion process, as well as the influence of ATP in the rheological behavior of PA6. For this 

purpose, PA6/ATP nanocomposites with different ATP contents (2, 4, and 6 wt%) were prepared 

using a co-rotational twin-screw extruder and rheological characterizations in steady-state and 

oscillatory regimes were performed. 

 

Experimental 

Materials 

Polyamide 6 (PA6) supplied by Li Peng Enterprise (China), specification LIBOLON N400, the 

density of 1.12 g/cm3, and relative viscosity of 4.00. 
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Attapulgite (ATP) supplied by Brasil Minas (BRM F 14-EPA 13.04), density of 2.00 - 2.25 g/cm3, 

retention in 325 mesh sieve (nominal opening of 45 µm) < 10 wt% and pH (5 wt % water solution) 

7.0 to 11.0. 

 

Purification and characterization of ATP 

ATP was sieved through a 325 mesh. In sequence, a water-based suspension with a solids content of 

25 wt% ATP and 1 wt% ATP of sodium polyacrylate was prepared. The suspension was sonicated 

for 5 min in a Vibra Cell ultrasonic processor, model VCX750, with 40% of intensity. After the 

mixing, the suspension was disposed in a recipient to settle for 15 min, the supernatant was removed 

and then dried at 100 °C for 12 h. The dried material was subjected to an acid activation process 

which was carried out in two steps. In the first one, 50 g of ATP were dispersed in a 30% (v/v) 

aqueous suspension of H2O2 and in the second step, 25 g of ATP treated with H2O2 were dispersed in 

a 1M solution of H2SO4. The suspension was stirred, washed with distilled water and dried at 100 °C 

for 12 h. ATP before and after the purification process was characterized by X-ray diffraction using 

a Rigaku X-ray diffractometer (model Ultima IV) with CuKα radiation (λ = 1.54056 Å), operating at 

0.2 °/s and 2θ ranging from 5° to 55°. The morphological characterization of ATP was performed by 

field-emission gun scanning electron microscopy (FEG-SEM), using a MIRA3 TESCAN 

microscope, with a voltage of 10 KeV. 

 

Preparation and characterization of PA6/ATP nanocomposites 

PA6/ATP nanocomposites with ATP contents of 2, 4 and 6 wt% were prepared using a co-rotational 

twin-screw extruder, AX Plasticos, model AX16:40DR (L/D = 40, D = 16 mm). The temperature 

profile was 240, 250, 250, 255, 260 °C and the screw speed was set at 80 rpm. Measurements of 

steady-state shear viscosity η (�̇�) at low shear rates were performed in the nanocomposites in a 

controlled stress ARG2 rheometer from TA Instruments, using parallel plate geometry (plate diameter 

of 25 mm and distance between plates of 1 mm), at 255 °C and under nitrogen atmosphere. The 

storage (G’) and loss (G’’) moduli as function of frequency () were determined in the same 

equipment and test conditions described before. Strain sweep tests were performed to select the strain 

amplitude within the linear viscoelastic range (0.5% for all samples).  

 

Results and Discussion 

Analyzing the diffractogram of raw ATP (Fig. 1a), it is possible to identify three main phases: 

orthorhombic ATP (JCPDS 00-031-0783), calcite (JCPDS 00-005-0586), dolomite (JCPDS 00-089-

5862), kaolinite JCPDS 01-072-2300 and quartz (JCPDS 01-085-0794).  
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Figure 1 - (a) X-ray diffractograms of raw and purified ATP. (b) FEG-SEM micrograph of purified ATP.  
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The main ATP peaks can be found at 8.6° (10.3 Å), 19.9° (4.5 Å), and 20.9° (4.2 Å). For calcite, the 

most intense peak occurs at 29.3° (3.0 Å), for dolomite at 30.9° (2.9 Å), for kaolinite at 12.3° (7.2 Å) 

and quartz at 26.7° (3.3 Å). After the purification, it can be observed a reduction of the intensity of 

quartz peak and removal of calcite and dolomite peaks, indicating that these impurities were partially 

removed from ATP. The sedimentation was mainly responsible for removing quartz, while acid 

activation dissolved the carbonates, such as calcite and dolomite. Also, the ATP peaks have not 

changed significantly, indicating that the purification did not destroy its crystalline structure. From 

Fig. 1b, it is possible to observe the fibrous morphology of purified ATP consisting of rod crystals 

with lengths between 0.5 to 4 µm (mostly of 1 µm). The typical aspect ratio (L/D) for ATP is 30 – 40 

[4], but a wide distribution of L and D is expected because it is a natural material, whose 

morphological characteristics depend on the deposit where it was mined. 

Analyzing the shear viscosity curves of PA6 and PA6/ATP nanocomposites (Fig.2), it is possible to 

observe that all samples present a Newtonian plateau (0.01 to 2 s-1) followed by a pseudoplastic 

behavior, in which the viscosity decreases with the increase of the shear rate. The pseudoplastic region 

(�̇� > 2 s-1) can be described by the Power Law constitutive equation and Table 3 shows the 

pseudoplasticity index (n) and consistency (m). 
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Figure 2 - Shear viscosity curves of (a) PA6 and (b) PA6/ATP nanocomposites. 

 

Table 1 - Pseudoplasticity index (n) and consistency (m) of PA6 and PA6/ATP nanocomposites (�̇� > 2 s-1). 
Samples n  m (Pa.sn) 

Extruded PA6 0.288 2818 

PA6/ATP2 0.286 2949 

PA6/ATP4 0.292 3382 

PA6/ATP6 0.115 4949 

 

There was a progressive increase in viscosity of the nanocomposites with ATP content. The ATP 

fibers, in addition to having a strong interaction with PA6, have a high aspect ratio, so a large free 

volume is required for movement and rotation of the fibers in the flow direction, resulting in a 

restriction of the polymer chain movement. Despite the higher viscosity values, the nanocomposites 

present Newtonian plateau and pseudoplasticity indexes close to neat PA6, i.e., for sufficiently high 

shear rates, the chains and ATP fibers are aligned in the flow direction, reducing viscosity and 

facilitating processing.  

Another way to analyze the degree of dispersion of ATP in the PA6 matrix, as well as the 

characteristics of molecular weight and distribution, is through the linear viscoelastic properties (G’, 

G” and η*). These rheological properties are sensitive to variations in the clay-polymer interactions, 

allowing a qualitative analysis of the dispersion of the ATP fibers. From this, Fig. 3 shows the curves 

of the storage (G ') and loss (G”) moduli as a function of frequency for PA6/ATP nanocomposites. 
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Table 2 shows the slopes of the curves G’ and G” measured in the terminal zone (when ω tends to 

zero). 
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Figure 3 - Viscoelastic properties as a function of frequency at 255 °C for Extruded PA6 and PA6/ATP 

nanocomposites. (a) Storage (G’) and loss (G”) moduli, (b) Cole-Cole plot. 

 

Table 2 - Slopes of the G’(ω) and G”(ω) curves in the terminal zone for the Extruded PA6 and 

PA6/ATP nanocomposites. 

Samples Slope G’(ω) Slope G” (ω) 

Extruded PA6 0.71 0.71 

PA6/ATP2 0.46 0.55 

PA6/ATP4 0.42 0.54 

PA6/ATP6 0.35 0.54 

 

Analyzing the viscoelastic properties G' and G” (Fig. 3a), it is possible to verify that Extruded 

PA6 presents a typical behavior of homopolymers, in which G” is higher than G’ in the terminal zone, 

i.e., the melt at low frequencies has liquid-like behavior. However, as frequency increases, it was not 

observed an elastomeric plateau (stabilization of the G' curve after the crossover between the G’’ and 

G’ curves), which is caused by the entanglement of the chains. This may indicate that the PA6 

analyzed does not present such a high molecular weight that this phenomenon can be observed in the 

range of frequencies analyzed. The greatest influence of the molecular weight occurs in the storage 

module G’, in which the higher the molecular weight the higher the width of the elastomeric plateau, 

with the terminal zone shifting to lower frequencies. Another possibility would be a high 

polydispersity, which results in a gradual increase in the G’ curve, without the presence of a well-

defined plateau, due to the different chain relaxation times.   

Regarding the nanocomposites, it is possible to observe an increase in the moduli G’ and G” 

for contents above 2 wt% ATP. Also, the slopes of the curves in the terminal zone decrease, as shown 

in Table 2. These results can be understood as an increase in the degree of dispersion of the ATP 

fibers, resulting in a greater contact area and interactions, consequently, there is an increase in the 

relaxation time of the PA6 chains. It is important to note that for a polymer melt the standard slope 

of G’ is equal to 2 (G’ ∝ ω2) and for G” it is equal to 1 (G” ∝ ω1). For solid polymers, the slope of G’ 

tends to zero [5]. Thus, the decrease in the slopes of the curves indicates that the nanocomposites tend 

to change from a liquid-like behavior to more solid-like behavior. However, the moduli G” has always 

remained higher than the moduli G' in the entire frequency range and for all samples, with no 

crossover between the curves. This indicates that there was not such a high degree of ATP fibers 

dispersion as to occur the formation of a percolated network structure. The percolated network 

structure offers a maximum impediment in the chain relaxation, making the storage moduli superior 

to the loss moduli at low frequencies (solid-like behavior). For frequencies above 102 rad/s, where 

the response time of molecules is very short at high frequencies, the qualitative behavior of G’ and 
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G” is essentially the same, with higher independence for ATP content. The formation of a percolated 

network structure could be expected for samples with higher levels of ATP, if an excellent state of 

dispersion and distribution of the particles was achieved.  

Cole-Cole plots can be used as an effective method to evaluate structural changes (at a fixed 

temperature) in a polymeric matrix due to the presence of different contents of particles. The Cole-

Cole plot for the PA6/ATP nanocomposites is presented in Fig. 3b and it is possible to observe that 

Extruded PA6, PA6/ATP2 and PA6/ATP4 present a similar behavior, indicating that the samples do 

not show significant structural differences. Some deviation can be observed for the PA6/ATP6 

nanocomposite confirming that the higher ATP content is impacting the rheological behavior of PA6, 

possibly due to the greater presence of agglomerates.  

 

Conclusions 

PA6/ATP nanocomposites with different ATP contents were successfully prepared using a co-

rotational twin-screw extruder. From the results, it can be concluded that the shear viscosity and 

pseudoplasticity increased with ATP content due to the confinement of polymer chains. For 

viscoelastic properties, there was a progressive increase in storage (G') and loss (G”) moduli with 

ATP content at low frequencies, which indicates that the presence of ATP alters the liquid-like 

behavior of the molten polymeric matrix to a more solid-like one. Rheological measurements provide 

important information regarding the state of dispersion and distribution of the ATP throughout the 

PA6 matrix which can be correlated with further studies related to the mechanical and thermal 

properties of these nanocomposites. 
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