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Abstract
In this work, the attapulgite (ATP) was used as a promising mineral clay to prepare polyamide 12 (PA12) matrix polymer 
nanocomposites. ATP has a relatively low cost compared to other nanoclays and is a very abundant raw material in the 
northeast region of Brazil. The ATP was characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy 
and field emission gun scanning electron microscopy (FEG-SEM). The PA12/ATP nanocomposites with 0, 1, 2.5, 5, 7.5 and 
10 wt% of ATP were prepared using a simple blending method in a high-speed thermokinetic homogenizer (3000 rpm) 
in which the melting of the PA12 and the mixture with ATP occurred by friction, followed by hot pressing and stamping 
of the specimens. The nanocomposites were characterized by mechanical properties, the degree of crystallinity and 
crystallite size were calculated by XRD, and the morphological characteristics were observed by SEM. The addition of 
ATP in the PA12 matrix increased the modulus of elasticity, hardness, degree of crystallinity and the apparent crystallite 
size of the nanocomposites. The addition of up to 5 wt% of ATP increased tensile strength and deformation at break; for 
higher concentrations, the dispersion was not efficient. A major advantage of using ATP as a reinforcement agent for 
PA12 is the low cost of this material plus the great interaction with PA12 which can dispense the use of compatibilizer 
agents and/or surface modification in the ATP, making it a potential material to extend PA12’s range of applications.
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1 Introduction

The development of polymer matrix nanocomposites 
with the addition of mineral fillers is of great interest to 
the polymer industry. The mineral fillers are added to poly-
mer matrix in order to improve the thermal, mechanical 
and thermomechanical properties, modifying the surface 
appearance and the processing characteristics and mainly 
reducing the costs of the polymer composition [1–4].

In recent years, several nanoclays have been widely 
studied to improve the mechanical properties of polymeric 

matrices, especially montmorillonite [5–7], halloysite 
[8–10] and sepiolite [11–13].

The ATP, also known as palygorskite, is a low-cost, 
underexplored hydrated magnesium and aluminum clay 
mineral found in abundance in the northeast region of 
Brazil, more specifically in Guadalupe (State of Piauí) [14]. 
The structural formula of ATP is  R5Si8O20(OH)2  (OH2)4.4H2O, 
where R is  Mg2 + cation, which can be replaced by  Al3 +,  Fe3 

+,  Fe2 +, in the 2:1 layer octahedral sheet [15].
The morphology of ATP is fibrous with discontinuous 

octahedral layers toward the fiber and has a large concen-
tration of hydroxyl groups arranged along the octahedron 

 * Fabio Roberto Passador, fabio.passador@unifesp.br | 1Polymer and Biopolymer Technology Laboratory (TecPBio), Universidade Federal 
de São Paulo (UNIFESP), Talim, 330, São José dos Campos, SP 12231-280, Brazil. 2Plasmas and Processes Laboratory – LPP, Technological 
Institute of Aeronautics - ITA, Praça Marechal Eduardo Gomes, 50, São José dos Campos, SP 12228-900, Brazil. 3Ceramic Technology 
Laboratory, Federal University of São Paulo (UNIFESP), São José dos Campos, SP 12231-280, Brazil.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-2153-1&domain=pdf


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:369 | https://doi.org/10.1007/s42452-020-2153-1

ends. These groups provide the necessary sites for surface 
structure modification through various organic reactions, 
allowing the formation of active surfaces suitable for vari-
ous applications [16]. Figure 1 shows the modified scheme 
of the chemical structure of ATP proposed by Bradly in 
1940 [17]. 

ATP has several industrial applications highlighting oil 
bleaching; refining and chemical processing of petroleum 
derivatives; filler for various industrial products (paint, 
pharmaceuticals, pesticides, floor cleaning pads, adhesives 
and glues); thixotropic stabilizing agent for plastic filler; 
pet litter (absorbent from physiological dumping of 
domestic animals); domestic water purification; catalytic 
support, in oil well drilling fluids, contaminate removal, 
among others [14, 18–23].

The choice of the polymeric matrix is an important 
step for the production of nanocomposites. Polyamides 
are thermoplastic polymers widely used in many 
engineering areas and stand out as polymeric matrices 
for nanocomposites. There are many types of polyamides, 
and their properties vary according to the number of 
carbons present in their structure and consequently with 
the number of amide groups present in a given volume of 
material [24]. Polyamide 12 (PA12) is a polymer obtained 
from hydrocarbons, petroleum and natural gas. PA12 
is produced by polymerizing of laurolactam  [CH2  (CH2) 
10CO] or cyclododecalactam, with 11 methylene units 
between the -NH-co-polymer chain [25, 26]. It is attracted 
due to good processability, low moisture absorption, good 
resistance to flammability, high mechanical strength, good 
hardness, fatigue resistance and good abrasion resistance 
when compared to other polyamides [27].

Only a few researchers have studied the effect 
of ATP on the structure and mechanical properties 
of polyamides. The vast majority of works involve 
polyamide 6 (PA6).  In general,  polyamide/ATP 
composites are prepared either by in situ polymerization 
or by extrusion process. Shen et al. [28] prepared PA6/
ATP nanocomposites by in situ polymerization route and 
showed good dispersion of ATP in the PA6 matrix.

Liu et   al .  [29]  prepared PA6/macrogol/ATP 
nanocomposites by two-step-melt polymerization 
method, in which firstly PA6/ATP oligomer was 
prepared through in  situ polymerization and then 
the nanocomposite was synthesized by the block 
copolymerization between PA6/AT hard segment and 
macrogol (PEG) soft segment. The nanocomposites 
presented higher elasticity and good dispersion of ATP.

Pan et al. [30, 31] prepared ATP/PA6 nanocomposites 
with different ATP contents (from 0 to 8  wt%) by 
melt compound (twin-screw extruder) and observed 
an increase in the mechanical properties with the 
incorporation of 4 wt% ATP. Xia et al. [32] investigated 
the thermal degradation by thermogravimetric analyzer 
behavior of PA6/ATP nanocomposites prepared by melt 
compound (twin-screw extruder) and observed that ATP 
can slow down degradation of PA6.

Benobeidallah et  al .  [33] prepared polyamide 
1 1  ( PA 1 1 ) / AT P  n a n o c o m p o s i t e s  b y  m e l t 
compounding and PA11/ATP functionalized by 
3-aminopropyltriethoxysilane. It was observed an 
increase in the elastic and storage moduli of PA11 for 
both systems, but the enhancement of the mechanical 
properties was more evident when natural ATP was 
used. There are no reports on the preparation and 
characterization of PA12/ATP nanocomposites.

Thus, in the present work, the preparation, structural 
and mechanical characterization of PA12/ATP 
nanocomposites with different contents of ATP were 
investigated. Another goal was the use of a simple and 
efficient mixing method using a high-speed thermokinetic 
homogenizer. This mixing equipment consists of a mixing 
chamber and a rotor. The rotor speed is 3000 rpm, and 
polymer melt occurs by friction in very fast times (less than 
1 min). This homogenizer enables excellent mixing of the 
melt polymer with fillers. Polyethylene [34] and polyester 
[35] nanocomposites with carbonaceous nanomaterials 
(carbon nanotubes and carbon black) were successfully 
obtained, where excellent dispersion of nanomaterials in 
the polymeric matrices was observed. Thus, the use of this 
mixing technique aims to improve ATP dispersion in PA12 
faster and at a lower cost, seeking improvements in the 
mechanical properties of PA12.

In this study, we are proposing the use of an abundant 
clay mineral found in northeast region of Brazil, which is Fig. 1  The chemical structure of ATP
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the attapulgite (ATP) for the preparation of polyamide 12 
(PA12) nanocomposites by a simple mixing route.

2  Experimental

2.1  Materials

Polyamide 12 (PA12) Grilamid® L25 W 20X was produced 
by EMS-Grivory (China) with a specific mass of 1.02 g/
cm3. Attapulgite (ATP) with specification BRM F 14-EPA 
13.04 was supplied by Brasil Minas (Brazil), with basic 
composition of hydrated magnesium silicate  (SiO2 + MgO), 
specific mass of 2.00 a 2.25 g/cm3 and pH (5 wt % water 
solution) 7.0 to 11.0.

2.2  Characterization of ATP

The ATP was characterized by X-ray diffraction, Fourier-
transform infrared spectroscopy (FT-IR) and field emission 
gun scanning electron microscopy (FEG-SEM).

The X-ray diffraction was performed using an Ultima 
IV-Rigaku diffractor with CuKα radiation (λ = 1.54056 Å), 
operating at 0.2°s−1 and 2θ ranging from 5° to 60°.

FT-IR spectra were recorded on a Frontier spectrometer 
(PerkinElmer, Waltham, MA, USA), equipped with a 
universal attenuated total reflection (UATR) accessory. 
Each spectrum was acquired in transmittance mode by the 
accumulation of 32 scans with a range of 4000–400 cm−1.

To evaluate the morphology of the ATP, field-scanning 
electron microscopy (FEG-SEM) was performed using 
MIRA3 TESCAN equipment, with a voltage of 10 keV. The 
ATP was placed on a carbon tape for analysis.

2.3  Preparation of nanocomposites

First, ATP was sieved into a 200 mesh screen. All materials 
were dried for a minimum of 24 h in an oven at 80 °C prior 
to processing. PA12/ATP nanocomposites were prepared 
using a high-speed thermokinetic homogenizer (DRAIS 
mixer produced by MH Equipamentos Ltda, model 
MH50-H) rotating at 3000 rpm and mixing chamber with 
a capacity of 70 g of material. The mixing, melting and 
homogenization of the nanocomposites occur due to 
the high friction generated between the rotor and the 
material. The mixing temperature was monitored using 
a thermocouple and reached 200 °C in 40 s of mixing. 
Nanocomposites with 0, 1, 2.5, 5, 7.5 and 10 wt% of ATP 
were prepared. After 1 min of mixing, the homogenized 
nanocomposites were collected and pressed into 3.2 mm 
thick plates in a hydropneumatic press (MH Equipamentos 
Ltda, model PR8HP) at 200 °C with a pressure of 5 bar 
for 3 min. Subsequently, standard test specimens were 

stamped for the mechanical tensile and impact tests using 
a CEAST/Instron pneumatic stamper.

2.4  Characterization of nanocomposites

2.4.1  Fourier‑transform infrared analyses

FT-IR spectra were recorded on a Frontier spectrometer 
(PerkinElmer, Waltham, MA, USA), equipped with a 
universal attenuated total reflection (UATR) accessory. 
Each spectrum was acquired in transmittance mode by the 
accumulation of 32 scans with a range of 4000–400 cm−1.

2.4.2  X‑ray diffraction

The X-ray diffraction (XRD) was performed using an Ultima 
IV-Rigaku diffractor with CuKα radiation (λ = 1.54056 Å), 
operating at 0.2°s−1 step and 2θ ranging from 5° to 60°. The 
XRD was used to determine the degree of crystallinity (Xc) 
and the apparent crystallite size of the samples studied. 
The degree of crystallinity was obtained through the 
mathematical deconvolution of the diffractogram in the 
2θ region varying between 15° and 30° and calculated 
through Eq. 1:

where Acrist and Aamor are the areas of the crystalline 
peak and the amorphous band, respectively. The apparent 
crystallite size was determined by the Scherrer equation 
(Eq. 2):

where k = 0.9, θ is the Bragg angle, and λ is the 
wavelength of the X-rays and using the values of β 
obtained from the equation β2 = βobs

2 − βp
2. The βobs and 

βp are the full width at half maximum of the main peak of 
diffraction of the sample and of a standard (usually mica), 
both obtained in the same operating conditions of the 
equipment.

2.4.3  Mechanical characterization

Impact tests were performed on a CEAST/Instron Izod 
impact testing machine (model 950). The test method 
adopted was carried out according to ASTM D256-78 [36]. 
All the test specimens were notched using a manual notch 
machine (CEAST/Instron, model 9050). All specimens 
were notched using a CEAST/Instron manual notcher and 
performed in a 0.01 inch notch. Impact loading was done 

(1)XC =

∑

Acrist
∑

Acrist +
∑

Aamor

(2)D(hkl) =
K�

� cos �
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with a 5.5 J hammer. Five samples of each composition 
were tested.

The uniaxial tensile test was performed following the 
ASTM D638 [37] standard, using a universal MTS test 
machine, Criterion 45 model, with a 50 kN load cell and a 
crosshead speed of 50 mm/min. The specimens used were 
type 1, and five type 1 specimens of each composition 
were assayed. The Young’s modulus was analyzed using 
analysis of variance (ANOVA), and Tukey–Kramer test 
p < 0.05 was considered significant.

Shore D hardness was evaluated using an Instrutherm 
Shore D durometer model DP 400; ten measurements 
were performed on each test specimen.

2.4.4  Morphological characteristics

SEM micrographs of neat PA12 and PA12/ATP 
nanocomposites were detected by a scanning electron 
microscope FEI Inspect S50, operating at 15  keV; the 

samples were cryogenically fractured and coated with a 
thin layer of gold.

3  Results and discussion

3.1  Characterization of ATP

Figure 2a shows the X-ray diffractogram of ATP, where 
the main diffraction peak related to attapulgite, quartz 
and dolomite was identified with the aid of JCPDF n°. 
31–0783, 1–0,850,794, and 89–5862, respectively. The 
region with the highest ATP diffraction peak intensity is 
located at approximately 20.8°. Other typical diffraction 
peaks of this mineral clay were found in the diffraction 
pattern with lower intensity and were identified at 8.6° 
and 19.9°. A region close to 26.7° is characteristic of the 
presence of quartz. A region close to 29.3° is characteris-
tic of the presence of dolomite. All the diffraction is well 
documented in the studies [14, 38–40].

Fig. 2  a X-ray diffractogram and b FEG-SEM micrographs of attapulgite with magnifications of  5000× c average length of fiber length
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Figure 2b shows the FEG-SEM micrographs of ATP; 
it is possible to observe ATP in fibrous forms, forming 
clusters of tapes and needles of varying lengths [14, 23].

Figure 2c shows the histogram for the more detailed 
study of the average length of the ATP fibers measured 
from the FEG-SEM images, in which 50 mineral clay 
particles were analyzed and counted. According to the 
measurements, the average fiber length varies from 0.5 
to 4 μm, but with a predominance of 1 μm length.

Figure 3 shows the Fourier-transform infrared analyses 
of the ATP. It is possible to observe the main characteristic 
bands of metal-bound hydroxyl vibrations present in the 
regions between 3616 and 3266 cm−1. These bands refer 
to the  2Al2–OH vibrational mode in the octahedron [14, 
41]. Absorption bands in a region of lower wavelengths 
present in the spectrum were identified and are shown 
in Table 1.

3.2  Structural and mechanical characterization 
of PA12/ATP nanocomposites

Figure 4 shows the Fourier-transform infrared analyses 
of the ATP, neat PA12 and PA12/ATP composites with 1, 
2.5, 5, 7.5 ad 10 wt% of ATP. It is possible to observe that 
the composites have the same characteristic bands as 
the PA12. Absorption bands in a region of lower wave-
lengths present in the spectrum were identified and are 
shown in Table 2.

Bands in a region 985  cm−1, commonly attributed 
to the group Si–OH stretch and characteristic of ATP, 
increase in the composites [44]. The addition of large 
amounts of ATP in the composites increases the peak; 
however, for this composite the ATP was not well 
dispersed in the matrix PA12 [47]. It is also possible 
to observe the displacement of this peak; for the ATP, 
it is located in 985  cm−1, and for the PA12/ATP 10% 
composite, it is located in 1022  cm−1, which is an 
indication of the interaction of the amide group of PA12 
and the hydroxyl of the ATP [48-50].

Fig. 3  FT-IR spectra of natural attapulgite

Table 1  Characteristic bands of attapulgite infrared vibration

Wave number  (cm−1) Assignment bands

3616 2M2–OH stretch where M=Al [41, 42]
3580 Al–Fe3+–OH stretch or Al–Mg–OH [41]
3266 Zeolite water stretch (Fe–Mg–OH) or 

(Al–Mg–OH) [43]
1655 Zeolite water deformation [41]
1195 Si–O–Si stretch [43]
985 Si–OH stretch [44]
650 M–OH deformation [44]

Fig. 4  FT-IR spectra of neat PA12 and composites with 1, 2.5, 5, 7.5 
ad 10 wt % of ATP

Table 2  Characteristic bands of neat PA12 and PA12/ATP nanocom-
posites with different ATP contents infrared vibration

Wave number  (cm−1) Assignment bands

3289 –NH stretching [45, 46]
2920 CH– stretching [46]
2843 CH– stretching [46]
1633 N–C=O vibration [45, 46]
1550 C–N–H vibrations [45, 46]
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Figure 5 shows the XRD curves for ATP, neat PA12 and 
PA12/ATP nanocomposites with different ATP contents 1, 
2.5, 5, 7.5 and 10 wt%.

XRD results indicate that neat PA12 has a complex of 
the two structures with the largest proportion of the form 
γ than the shape of structure α1 and α2. This may be asso-
ciated with material processing conditions in the mixing 
chamber and press molding, followed by the rapid cooling 
of the mold [51].

In relation to the nanocomposites, the same PA12 
behavior can be observed, since the addition of clay in the 
PA12 matrix contributed to the appearance of the γ-form 
of the crystal [52]. Adding great amounts of ATP, the inten-
sity of the γ-form is increased. This suggests that ATP pro-
motes nucleation and formation of γ crystals. Clearly, both 
ATP addition and cooling rate play important roles in the 
behavior of PA12 nanocomposites. Yuan et al. [53] studied 
the crystallization of nanocomposites of polyamide and 
concluded that with the addition of clay nanoparticles, 
the growth of the crystalline α-phase disappears and the 
formation of the γ-phase of crystals is promoted.

Concerning the nanocomposites, it can be observed 
that XRD diffraction peaks show gradual loss of the typi-
cal ATP peak (in the regions 8.6°, 26.7° and 29.35°) with the 
reduction of the clay content. For the sample with 1 wt% of 
ATP, it was no longer possible to observe the typical peak 
of ATP. This result can be attributed both to the disarticula-
tion of the stacking of the clay layers (possible exfoliation) 
and to the degree of nanofiller dilution, especially for the 
1 wt% [54, 55]. Table 3 shows the basal spacing values of 
PA12/ATP nanocomposites. 

By crystallizing in α- and γ-forms, the crystalline 
structures of polyamides are widely studied and a 
pseudohexagonal packing of 21 chains is known as the 
γ-form, whereas a monoclinic or triclinic lattice with chains 
in fully extended planar zigzag arrangement consists of 
the α-form [56–58].

Atkins et al. [59] found that the α-form when heated to 
the melting temperature (Tm) becomes the γ-form. Under 
rapid cooling conditions, this pseudohexagonal phase can 
be “frozen” [59]. These crystals will revert to the monoclinic 
phase if heated above the glass transition temperature 
(Tg); the structure will begin to transform back into the 
pseudohexagonal phase if the temperature is further 
increased. The γ-phase is predominant under rapid cool-
ing conditions and is not thermodynamically stable [60]. 
Due to the rapid cooling of the process used in this work, 
the γ-phase predominates.

The degree of crystallinity and the apparent size of the 
crystallite are shown in Table 2. The clay-containing sam-
ples had higher crystallites. Increasing crystallites led to an 
increased crystalline phase; perhaps this behavior may be 
related to increased surface area of ATP nucleating sites, 
leading to more efficient nucleation. Similar results were 
also found in works with PVA/ATP [61] and PHBV/ATP [62], 
demonstrating that ATP can be used for the production 
of polyamide matrix nanocomposites without the need 
for surface modification and/or addition of compatibilizer 
agents.

In general, the degree of crystallinity, Xc, of nanocom-
posites increased when compared to polyamide. This 
can be attributed to the nucleating effect of clay and 

Fig. 5  X-ray diffractogram patterns of neat PA12 and PA12/ATP 
nanocomposites with different ATP contents

Table 3  Values of typical peaks, basal spacing (d), degree of crystallinity (Xc) and apparent crystal size of neat PA12 and PA12/ATP nanocom-
posites with different ATP contents

Samples 2θ d(001) nm Xc (%) Apparent crystallite size (nm)

Neat PA12 21.56 4.12 44.76 10.22
PA12/ATP 1 wt% 21.25 4.22 51.44 11.75
PA12/ATP 2.5 wt% 21.35 4.16 47.87 11.76
PA12/ATP 5 wt% 21.35 4.14 47.05 12.17
PA12/ATP 7.5 wt% 21.45 4.14 45.35 12.82
PA12/ATP 10 wt% 21.46 4.12 45.78 14.11
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the formation of the γ-phase as reported in several stud-
ies [63, 64]; however, as the filler content increases, the 
degree of crystallinity decreases. At concentrations greater 
than 1 wt% ATP, dispersion was not efficient, making the 
increase in crystallinity smaller. At 1 wt%, it was probably 
the best dispersion, causing ATP to act as a heterogene-
ous nucleating agent, creating multiple nucleation points 
and consequently causing a greater increase in crystallin-
ity. It is also observed that the degree of crystallinity peaks 
at low filler concentrations (2.5 wt%). These results are in 
agreement with other research [65, 66], which attribute 
the formation of small and perfect crystals to the flexibility 
of the chain of polymeric molecules when nucleated by 
small filler additions, that is, higher filler levels would imply 
the formation of larger and less perfect crystals, since they 
would have a smaller number of sites to be nucleated, thus 
hindering mobility and eventually resulting in a decrease 
in the degree of crystallinity.

Figure 6 shows the stress–strain curves, and Table 4 
shows the mechanical properties (impact tests, uniaxial 
tensile test and Shore D hardness).

The addition of amounts greater than 1 wt% of ATP to 
PA12 matrix resulted in a reduction in the elongation at 
break, indicating loss of toughness of the nanocomposites, 
probably due to the presence of clusters acting as stress 
concentrators. The reduction in elongation at break is 
already expected since the load used is ceramic, that is, 
it is fragile when it is stretched. On the other hand, the 
increase in ATP contents in the nanocomposites promoted 
an increase in the stiffness as indicated by the higher 
elastic modulus and hardness values. The elastic modulus 
increased by 38% with the addition of ATP over neat PA12.

Young’s modulus was statistically analyzed, and the 
results were significantly different, P < 0.001, and the 
table shows the differences comparing the composites in 
relation to neat PA12.

The analysis of the results reveals a tendency to increase 
the hardness of nanocomposites with increasing ATP con-
tent, behavior that suggests the reinforcing effect of ATP 
in nanocomposites.

Regarding the uniaxial tensile, there is an increase in the 
tensile strength up to 5 wt% ATP in the nanocomposites. 
This may indicate an increase in nanocomposite stiffness 
as a function of lamellar intercalation/exfoliation as 
indicated by X-ray diffraction analysis. Pan et  al. [30] 
achieved an increase with the addition of 4 wt% of ATP 
in PA6 matrix, but with increasing concentration of ATP, 
a decrease of approximately 15% in the tensile strength 
was observed, which is similar to the results reported in 
this research.

The lower reinforcement efficiency observed for higher 
clay contents can be attributed to the particle–particle 
interaction of clay, favoring its re-stacking and crowding 
rather than dispersion [26]. Besides that, the fibrous nature 
of ATP can decrease the interaction of ATP and PA12 at a 
filler level greater than 3 wt% [67].

Fig. 6  Stress–strain curves for neat PA12 and composites with 1, 
2.5, 5, 7.5 ad 10 wt % of ATP

Table 4  Mechanical properties of neat PA12 and PA12/ATP nanocomposites with different ATP contents

N* = did not break

One-way ANOVA, significance levels: ***p < 0.001, ****p < 0.0001 (statistical differences compared to neat PA12)

Samples Tensile strength 
(MPa)

Deformation at 
break (%)

Young’s modulus (GPa) Hardness (Shore D) Impact 
resistance 
(J/m)

Neat PA12 43.0 ± 1.0 421.3 ± 20.1 0.42 ± 0.01 64.35 ± 0.15 N*
PA12/ATP 1 wt% 43.6 ± 0.4 422.6 ± 12.8 0.46 ± 0.01*** 65.60 ± 1.09 N*
PA12/ATP 2.5 wt% 43.9 ± 0.5 349.6 ± 7.2 0.51 ± 0.01**** 66.07 ± 0.55 N*
PA12/ATP 5 wt% 44.5 ± 0.2 348.9 ± 6.9 0.54 ± 0.01**** 68.00 ± 0.80 N*
PA12/ATP 7.5 wt% 42.2 ± 0.7 214.6 ± 6.1 0.55 ± 0.01**** 68.54 ± 0.17 N*
PA12/ATP 10 wt% 41.1 ± 0.3 218.2 ± 28.1 0.58 ± 0.01**** 68.87 ± 0.61 73.6 ± 3.2
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Figure 7 shows the samples after the impact strength 
test. It is noted that neat PA12 and the PA12/ATP nano-
composites with 2.5, 5 and 7.5 wt% of ATP do not fracture 
in the impact test (maximum of 5.5 J). These results are in 
accordance with the polymer datasheet provided by the 
supplier. However, the only composition that was frac-
tured was PA12/ATP 10% which presented fracture and 
impact strength in the order of 71.5 J/m.

Figure 8 shows the SEM micrographs of the fracture sur-
faces of neat PA12 and PA12/ATP nanocomposites with 
1, 5 and 10 wt% of ATP. These compositions were chosen 
for the SEM-FEG, because the addition of only 1 wt% of 
ATP increased composites crystallinity, 5  wt% of ATP 
presented the best mechanical property (higher tensile 

strength, good Young’s modulus, good hardness and did 
not fracture in the Izod impact test) and composition 
with 10 wt% of ATP as it was the maximum added filler. In 
Fig. 8a and e, it is possible to observe the fracture surface 
of neat PA12. Figure 8b and f presents the PA12/ATP nano-
composite with 1 wt% of ATP, and it is possible to observe 
well-dispersed bright dots (indicated by arrows) in which 
the good dispersion of the clay in the matrix is confirmed 
and the result of the increase in crystallinity for this clay 
concentration is confirmed.

Figure 8c and g presents the PA12/ATP nanocomposite 
with 5  wt% of ATP, and it is possible to observe the 
presence of well-dispersed bright dots (indicated by 
arrows) attributed to the presence of the nanoclay. The 
SEM images clearly show that a uniform dispersion of 
ATP throughout the PA12 matrix is achieved and the 
mixing process contributes to this good dispersion and 
distribution. Visually, it has no large clusters, but even 
so, the concentration of 5% was not efficient in acting as 
nucleating agent. In Fig. 8d and h, it is possible to observe 
the PA12/ATP nanocomposite with 10 wt% of ATP where it 
is observed the presence of ATP agglomerates, indicating 
that the amount of ATP was large and the dispersion was 
not effective even using high homogenization process. 
Similar behavior can be found in the literature [24, 26, 32]. 
Through close inspection, as shown by arrow in Fig. 8f, 
some aggregates appear which can cause negative 
effects on the performance of the nanocomposite and 
are consistent with the impact strength results of the 
aforementioned discussion.

Fig. 7  Neat PA12 and PA12/ATP nanocomposites specimens after 
Izod impact test

Fig. 8  SEM images of a neat PA12, b PA12/ATP 1 wt%, c PA12/ATP 5 wt%, d PA12/ATP 10 wt% with magnification of  1000×  and e neat PA12, 
f PA12/ATP 1 wt%, g PA12/ATP 5 wt%, h PA12/ATP 10 wt% with magnification of 10000×
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4  Conclusions

Polyamide 12 (PA12)/attapulgite (ATP) nanocomposites 
with different contents of ATP were successfully obtained 
using a simple mixing method based on the melt of the 
PA12 and consequent ATP dispersion in a high-speed 
thermokinetic homogenizer. ATP is potential filler for 
the production of PA12 matrix nanocomposites. The 
addition of ATP increased the modulus of elasticity, 
hardness, degree of crystallinity and apparent crystallite 
size of the compositions. The addition of up to 5 wt% of 
ATP increased tensile strength and deformation at break; 
after this addition, the concentration increased greatly and 
there was no good dispersion. ATP is a nanoclay found 
in Brazil and very little explored commercially. The use of 
ATP as a nanofiller to modify the mechanical properties 
of polyamides can be a potential advantage since there 
is no need to use compatibilizer agent and/or ATP 
surface functionalization to prepare the nanocomposites, 
increasing the range of PA12 applications.
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