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INTRODUCTION

Nanocomposite materials basis on clay nano-
layers (typically MMT) and polymeric matrices 
demonstrate excellent performance characteris-
tics suitable for sophisticated industrial applica-
tions [1–6]. In particular, Cheira et al. obtained 
highly effective adsorbents based on PA6/MMT 
nanocomposites (by the melt mixing method) 
for U(VI) adsorption from aqueous solutions 
[7]. The polymer-clay nanocomposites may be 

obtained mainly by three methods: intercalation 
of a suitable monomer followed by polymeriza-
tion [8, 9]. polymer intercalation from solution, 
[10] and direct polymer melt intercalation [11]. 
Nanocomposite materials have attracted great in-
terest because nanoclays can reinforce almost all 
types of polymer matrices with similar properties 
to traditional composites but with less weight and 
better processability [12, 13].

The thermal and mechanical characteristics 
of polyamide and polymer–clay nanocomposite 
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ABSTRACT
The main operational characteristics of polyamide-6-montmorillonite (PA6/MMT) nanocomposites, which deter-
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importance. In this work, the structure, crystalline, and thermal properties of nanocomposites based on PA6 and 
modified MMT prepared in a formic acid solution were investigated using the methods of differential scanning 
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nanocomposites in a solution, the dominant crystal structures are the thermodynamically stable α structures of 
PA6. The crystallinity degree of PA6 in nanocomposites is about 1.5 times higher than that of the original PA6.  
It is shown that after additional thermomechanical treatment of nanocomposites on a capillary viscometer at 230 °С  
and a load of 5 kg, the uniformity of the distribution of exfoliated MMT in the polymer matrix increases, as a result 
of which the crystalline structure of PA6 changes and its glass transition and melting temperatures increase. These 
changes in the PA6 structure also have a significant impact on the melt flow index and the softening temperature 
of nanocomposites.
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are greatly influenced by crystal structure [14–
19]. For example, during the crystallization of 
PA6, three forms of crystals α, β, and γ can be 
formed. The stable monoclinic α structure orga-
nizes in planar zigzag chains, whereas the meta-
stable, pseudo-hexagonal γ structure is organized 
in a twisted chain [20–22]. The mesomorphic 
β-structure is little known and is considered an 
intermediate state between the first two [23–26].

The fields of industrial applications of PA6/
MMT nanocomposites are determined by their 
physical and mechanical properties, which, in 
turn, depend on the structure and crystallinity of 
the polymer matrix. Yebra-Rodríguez et al. [1] 
used DSC analysis and thermo-X-ray diffraction 
routines for 2D mapping to study the effect of 
temperature on the crystal structure of PA6/MMT 
nanocomposites. Organically modified MMT in-
creases the thermal stability of PA6 and promotes 
the genesis of the thermodynamically unstable γ 
crystalline phase.

Sun et al. [27] established that MMT particles 
are crucial during the heterogeneous nucleation 
of PA6, as a result of which the crystallization 
temperature of nanocomposites obtained by mix-
ing in a melt using Hakke rheometer increases. 
The α crystals are predominant crystal structures 
in pure PA6 and nanocomposite, but the γ crystals 
appear during the melting process.

Lin et al. [28] reported that multiple melt 
mixing positively affects the dispersion of sili-
cate layers and the mechanical properties of PA6/
MMT nanocomposites. At the same time, as a 
result of the partial destruction of PA6, the im-
pact strength and relative elongation at break of 
nanocomposites decrease. As the number of melt 
mixing cycles increases, the melting point of PA6 
decreases, and its crystallization temperature 
increases.

Monticelli et al. [29] established the influ-
ence of commercial grades of organo-MMT ob-
tained by melt mixing and in situ polymerization 
on the properties and structure of PA6. The final 
nanocomposite characteristics, such as MMT 
particle distribution, molecular weight, and the 
crystallinity degree of PA6, depended on the type 
of clay and the method of obtaining composites. 
Moreover, one of the main factors affecting the 
characteristics of the nanocomposite is the stabil-
ity of the organic clay modifier at the processing 
temperature.

Thus, to obtain polymer nanocomposites with 
the required characteristics, it is necessary to have 

a complete comprehension of the interfacial phe-
nomena between the nanofiller particles and the 
polymer matrix. Namely, crystallization condi-
tions are one of the crucial factors affecting the 
crystal structure, thermal behavior, and mechani-
cal properties of polymer (nano)composites.

This work aimed to investigate the structure, 
crystallization behavior, and thermal properties 
of PA6/MMT nanocomposites obtained in a solu-
tion and to analyze the effect of additional ther-
momechanical processing of composites on these 
characteristics. The XRD and DSC methods were 
used for research. MMT modified with polyvinyl-
pyrrolidone (PVP) was used to obtain nanocom-
posites based on PA6 [30].

MATERIALS AND METHODS

Materials

PA6-210/310 brand (Grodno-Azot, Be-
larus) with melting temperature 215 °С, melt 
flow index 19 g/10 min (230 °С/2.16 kg). MMT 
[Al2Si4O10(OH)2·nH2O] (69911, Sigma-Aldrich), 
untreated, with polydisperse particles 150–300 
nm in size, in the form of agglomerates 3-20 μm, 
specific surface area of 250–270 m2/g, bulk den-
sity of 300–370 kg/m3. PVP 10, purchased from 
Duchefa Biochemie (P1368), Netherlands, with a 
molecular weight average of 10000 g/mol, a den-
sity of 1.200 kg/m3, and a bulk density from 400 
to 600 kg/m3. Benzene (99.6%, Sigma-Aldrich), 
acetone (99.5%, Sigma-Aldrich), and formic acid 
(85%, Sigma-Aldrich) were applied.

Sample preparation

To improve the compatibility of MMT with 
thermoplastic polymers, it was pre-intercalated 
with PVP with the MMT:PVP ratio equal to 1:5 
(MMT-PVP) in an aqueous solution in an ultra-
sonic field [30]. The PA6/MMT-PVP-based nano-
composite was obtained as follows [2]. Using an 
electromagnetic stirrer, 15% solutions of PA6 in 
formic acid (85%) were prepared. Mixing was 
carried out without heating until the complete 
dissolution of PA6. Then, MMT-PVP was added 
to the solutions in amounts of 5, 10, and 20 wt% 
(relative to the mass of dry PA6). Stirring was 
continued until a stable colloidal solution was 
formed. The resulting nanopolymer complex was 
precipitated with an acetone-benzene mixture 
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(1:1 by volume), filtered, and washed with ac-
etone. Next, the nanocomposites were dried in a 
vacuum at 100 °С for 7 hours. The finished prod-
ucts were obtained as a white finely dispersed 
powder. As a comparison sample, pure PA6 was 
obtained similarly.

To study the effect of additional thermome-
chanical processing on the characteristics of the 
obtained nanocomposites, they were subjected 
to shear deformation on the capillary viscometer 
IIRT-AM (ASMA-Pribor, Ukraine) at 230±5 °С 
and a load of 5 kg.

Test methods

The PA6/MMT nanocomposites were iden-
tified via XRD using PANalytical Empyrean 
diffractometer (Malvern Panalytical, UK) with 
CuKα radiation (1.54056 Å), tube voltage of 45 
kV, tube current of 40 mA. Measurements were 
made within angles 5–60° with a step size of 
0.017° and a counting rate of 15 s/step.

Thermal studies were performed using a dif-
ferential scanning calorimeter SDT Q600 (TA In-
struments, USA). The sample mass loss (TGA) 
and the thermal processes (DSC) occurring in the 
sample during heating from 20 to 300 °С (heating 
rate of 5 °С/min) were recorded simultaneously. 
The measurements were carried out in an argon 
atmosphere (the sample mass was 8-10 mg). 
Universal V4.5A TA Instruments program was 
used to analyze the obtained data and calculate 
the crystallinity degree of PA6, accepting that the 

thermodynamic fusion enthalpy of 100 % crystal-
line PA6 amount of 230 J/g [31, 32].

The melt flow index of the nanocomposites 
was measured (at 230 °С, a load of 2.16 kg) on 
a capillary viscometer IIRT-AM (ASMA-Pribor, 
Ukraine). The Vicat softening temperature was 
measured using a Hepler consistometer (heating 
rate of 1 °С/min, load of 50 N).

RESULTS AND DISCUSSION

The X-ray diffractograms for the nanocom-
posites PA6/MMT-PVP (with amounts of MMT-
PVP 5, 10, and 20 wt%) and original PA6 ob-
tained in a formic acid solution are presented in 
Figure 1. The diffraction pattern of PA6 (Figure 
1 curve a) is typical for polyamide. There are 
two monoclinic α-phases (α(002) at 2θ = 24.1° 
and α(200) at 2θ = 20.0°), as well as a hexagonal 
phase γ(200) at 2θ = 21.75°. Diffractograms of 
PA6/MMT-PVP nanocomposites (Figure 1 curve 
b–d) have a similar crystal structure. However, 
the reflex intensity of the γ-phase significantly 
decreases if the MMT-PVP content increase and 
slight shifts of the reflexes of α-phases are also ob-
served. The γ-phase reflex almost disappears with 
an MMT-PVP content of 20 wt%. Such differ-
ences may indicate a physical interaction between 
the nanocomposite components in the formic acid 
solution [33]. Crystalline reflections of MMT in 
the diffractograms of the developed nanocom-
posites are completely absent. This is explained 

Fig. 1. X-ray diffraction patterns of PA6 and PA6/MMT-PVP nanocomposites obtained in solution: (a) PA6; 
(b) PA6 with 5 wt% MMT-PVP; (c) PA6 with 10 wt% MMT-PVP; (d) PA6 with 20 wt% MMT-PVP
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by the complete exfoliation of nanoclay sheets in 
the polymer matrix and the transition of MMT to 
the amorphous phase. It is also obvious that small 
amounts of modified MMT almost do not affect 
the supramolecular structure of PA6 during the 
nanocomposite preparation in solution.

After additional thermomechanical process-
ing of PA6/MMT-PVP nanocomposites on a cap-
illary viscometer at 230±5 °C and a load of 5 kg, 
the appearance of their diffractograms changed 
significantly (Figure 2). Reflexes of monoclinic 
phases α(200) and α(002) have become signifi-
cantly closer (α(200) phase shifted to 2θ = 20.37–
20.41°, α(002) phase shifted to 2θ = 23.46–23.75). 
The biggest convergence of PA6 monoclinic 
phases is observed at the MMT-PVP content of 
20 wt% (Figure 2 curve c). In addition, there was 
also a shift to the region of smaller 2θ angles of 
the γ-phase reflex (to 2θ = 21.09–21.4°, depend-
ing on the MMT-PVP content). After additional 
thermomechanical treatment of the samples, the 
reflex intensity of the γ-phases is lower than be-
fore treatment. It is worth noting that on the dif-
fractogram of the nanocomposite PA6/MMT-PVP 
= 80/20, w/w after thermomechanical treatment, 
a clearly expressed crystalline reflex appeared at 
2θ = 29.31° (Figure 2 curve c), which is charac-
teristic of MMT [30]. Such a crystalline reflex is 
absent in the diffractograms of the other studied 
nanocomposites. Therefore, it can be stated that 
during the thermomechanical processing of the 
samples, a more intensive physical interaction 

occurs between the nanocomposite components. 
Namely, interpolymer complexes are formed with 
physical bonds between PA6, exfoliated MMT 
sheets, and PVP macromolecules. As a result, the 
crystal structure of the formed nanocomposites 
also changes. Such conclusions are also support-
ed by the DSC-TGA results presented below.

Thermograms and mass loss curves of nano-
composite samples and original PA6 are presented 
in Figure 3a-d, and thermomechanically treated 
nanocomposite samples in Figure 4a-c. The ther-
mal characteristics of the samples are presented in 
Table 1. The first endopeak on the thermograms 
of the samples in the temperature range of 45–80 
°С occurs consequently of the physical transition 
of polyamide from the glassy to the highly elas-
tic state. The glass transition temperature (Tg) of 
the initial PA6 obtained in a formic acid solution 
is ~49 °С (Figure 3a, Table 1). Such data corre-
late well with known literature data, indicating 
the glass transition temperature of unfilled PA6 
in the 46–53 °C [34–36]. Nanocomposites with 5 
and 10 wt% MMT-PVP show an increase of 7 °C  
in the glass transition temperature compared to 
the original PA6. The sample PA6/MMT-PVP 
= 80/20, w/w, has a glass transition temperature 
close to the original PA6 (~47 °С). However, 
after thermomechanical treatment, the Tg of this 
sample increases significantly (to ~69 °С) and is 
almost similar to the Tg of nanocomposites with 
MMT-PVP content of 5 and 10 wt%. In gen-
eral, the glass transition temperature of PA6 in 

Fig. 2. X-ray diffraction patterns for PA6/MMT-PVP nanocomposites obtained in 
solution after additional thermomechanical treatment: (a) PA6 with 5 wt% MMT-

PVP; (b) PA6 with 10 wt% MMT-PVP; (c) PA6 with 20 wt% MMT-PVP
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nanocomposites that underwent thermomechani-
cal treatment is significantly higher than in nano-
composites without thermomechanical treatment 
(by 12-15 °С) and the original PA6 (by 20 °С). 
This indicates the difficulty of getting PA6-based 
nanocomposites with a homogeneous distribution 
of modified MMT when mixing in a formic acid 
solution. Such nanocomposites require additional 
thermomechanical processing, especially mixing 
in a melt, before being processed into products.

DSC analysis of the original PA6 sample 
shows a single melting peak at 214 °С (Figure 
3a, Table 1). The typical melting temperatures of 
γ and α structures of PA6 are ~212 and 222 °C,  
respectively [1]. The samples of all investigated 
PA6/MMT-PVP nanocomposites also show a 
single melting peak at temperatures higher than 
220 °C (Table 1, Figure 3b-d, Figure 4a-c), which 
corresponds to the melting of α structures of PA6. 
Therefore, it can be stated that MMT-PVP during 

the modification of PA6 in formic acid solution 
contributes to PA6 crystal structures transfor-
mation from γ-form to thermodynamically more 
stable α-forms. The highest melting temperature 
of 224 °С is PA6 with MMT-PVP content of 10 
wt%. The melting point of all investigated PA6/
MMT-PVP nanocomposites slightly increases af-
ter thermomechanical treatment (Table 1).

According to the recorded melting enthalpy 
of the samples (Table 1, Figures 3, 4), the crystal-
linity degree of PA6 in nanocomposites was de-
termined. The crystallinity degree of the original 
PA6 is ~38%. The crystallinity degree of PA6 in 
nanocomposites is significantly affected by the 
MMT-PVP content and additional thermomechan-
ical processing. The addition of MMT-PVP to PA6 
increases its crystallinity degree. Moreover, the 
highest crystallinity degree (~61%) has PA6 with 
an MMT-PVP content of 10 wt%. When the MMT-
PVP content in PA6 is increased to 20 wt% the 

Table 1. Results of DSC-TGA analysis for nanocomposites PA6/MMT-PVP
Sample Tg, °С Tm, °С ΔHm, J/g Xc, % Δg, %

PA6 49 214 86.4 37.6 2.3

PA6/MMT-PVP = 95/5, w/w 56 222 117.4 51.0 0.9

PA6/MMT-PVP = 90/10, w/w 56 224 139.1 60.5 2.4

PA6/MMT-PVP = 80/20, w/w 47 220 100.5 43.7 3.9

PA6/MMT-PVP = 95/5, w/w, thermomechanically treated 68 225 83.6 36.3 2.5

PA6/MMT-PVP = 90/10, w/w, thermomechanically treated 71 227 71.1 30.9 3.2

PA6/MMT-PVP = 80/20, w/w, thermomechanically treated 69 224 83.0 36.1 3.3

Note: Tg – glass transition temperature, °С; Tm – melting temperature, °С; ΔHm – melting enthalpy, J/g;  
Xc – crystallinity degree, %; Δg – sample mass loss when heated from 40 to 275 °С, %.

Fig. 3. DSC-TG curves of PA6 (a)
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Fig. 3. Cont. DSC-TG curves of PA6 with 5 wt% MMT-PVP (b), PA6 with 
10 wt% MMT-PVP (c), PA6 with 20 wt% MMT-PVP (d)
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Fig. 4. DSC-TG curves of the samples after thermomechanical treatment: (a) PA6 with 5 wt% 
MMT-PVP; (b) PA6 with 10 wt% MMT-PVP, w/w; (c) PA6 with 20 wt% MMT-PVP
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crystallinity degree decreases to ~44%, and with 
an MMT-PVP content of 5 wt% the crystallinity 
degree is ~51%. That is, it can be stated that the op-
timal content of modified MMT in PA6 for the nu-
cleation and growth of α crystals is 10 wt%. After 
thermomechanical processing of PA6/MMT-PVP 
nanocomposites at 230 °С, their crystallinity de-
gree significantly decreased (Figure 4, Table 1) and 
is lower than the original PA6 crystallinity degree. 
In addition, a broad endopeak appeared in the tem-
perature range of 110–170 °С on the thermograms 
of thermomechanically treated nanocomposites 
(Figure 4). This can be explained by the fact that 
during thermomechanical treatment, in the pro-
cess of melting the nanocomposite, the destruction 
of the crystal structure and depolymerization of 
PA6 occur with the formation of caprolactam and 
oligomers, which melt in the temperature range of 
110-170 °C. Consequently of these processes, the 
crystallinity degree of PA6 in thermomechanically 
treated nanocomposites decreases.

The mass loss of the original PA6 sample 
during heating from 40 to 275 °С is 2.3% and is 
mainly associated with the evaporation of physi-
cally bound water and the remains of solvents 
used in the sample preparation. The mass loss of 
nanocomposite samples in this temperature range 
increases from 0.9% to 3.9% with an increase 
in the content of MMT-PVP in nanocomposites 
from 5 to 20 wt%, respectively (Table 1, Figures 
3, 4). This is due to the increasing PVP content 
and its partial oxidation-reduction destruction 
during heating. PA6 with MMT-PVP content of 
5 wt% has the lowest mass loss (0.9%), but af-
ter thermomechanical treatment, the mass loss of 
such a sample increased to 2.5%. After thermo-
mechanical treatment, the mass loss of PA6 with 
MMT-PVP content of 10 wt% also increases. The 
increase in mass loss of nanocomposite samples 
after thermomechanical treatment can be ex-
plained by the partial destruction of PA6 and PVP 
during such treatment.

The above-described changes in the structure 
of PA6 due to modification with MMT-PVP sig-
nificantly affect the technological properties of 
nanocomposites (Table 2). The Vicat softening 
temperature (TV) of PA6/MMT-PVP nanocom-
posites varies similarly to the melting temperature 
change. That is, after additional thermomechani-
cal processing of nanocomposites, it increases 
significantly. The thermomechanically treated 
PA6 with MMT-PVP content of 10 wt% has the 
highest softening temperature, its TV is 36 °С 
higher than PA6. It can be assumed that as a result 
of additional heat treatment, a more ordered and 
dense nanocomposite structure is formed, which 
softens at higher temperatures.

The MFI of PA6/MMT-PVP nanocompos-
ites is significantly higher than the MFI of PA6 
and increases with increasing MMT-PVP con-
tent. However, after additional thermomechani-
cal treatment, the MFI of these nanocomposites 
decreases. Such changes in the fluidity of nano-
composites correlate well with changes in the 
PA6 crystal structure and melting temperature. 
Therefore, PA6/MMT-PVP nanocomposites ob-
tained from a solution have high fluidity, which 
indicates their manufacturability. This will make 
it possible to manufacture structural products of 
various configurations by injection molding.

CONCLUSIONS

The structure, crystallization behavior, and ther-
mal properties of PA6/MMT-PVP nanocomposites 
obtained from the solution were investigated in the 
work, and the effect of additional thermomechani-
cal processing of nanocomposites on these charac-
teristics was determined. Using the XRD and DSC 
methods, it was established that during the prepara-
tion of PA6/MMT nanocomposites in a formic acid 
solution, thermodynamically stable α-phases of 
PA6 are the dominant crystal structures. The reflex 

Table 2. Technological properties of nanocomposites PA6/MMT-PVP
Sample MFI230°С /2.16 kg, g/10 min TV,, °С

PA6 24±0.5 155±1

PA6/MMT-PVP = 95/5, w/w 29±0.5 160±1

PA6/MMT-PVP = 90/10, w/w 36±0.5 165±1

PA6/MMT-PVP = 80/20, w/w 66±0.9 165±1

PA6/MMT-PVP = 95/5, w/w, thermomechanically treated 21±0.5 173±1

PA6/MMT-PVP = 90/10, w/w, thermomechanically treated 23±0.5 191±1

PA6/MMT-PVP = 80/20, w/w, thermomechanically treated 49±0.8 187±1
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intensity of the hexagonal phase γ decreases with 
increasing MMT-PVP content in nanocomposites, 
and after thermomechanical treatment at 230 °C, 
these reflexes almost disappear. The crystallinity 
degree of PA6 in the nanocomposites is significant-
ly higher than the crystallinity degree of the original 
PA6. Modified MMT in nanocomposites is in an 
amorphous phase, which indicates its complete ex-
foliation. Additional thermomechanical treatment 
of PA6/MMT nanocomposites significantly affects 
their structure and thermal properties. In particular, 
the nanocomposite glass transition, softening and 
melting temperatures increase, but the crystallinity 
degree decreases due to the partial depolymeriza-
tion of PA6. The obtained results and described 
crystallization phenomena of PA6 in nanocompos-
ites based on modified MMT make it possible to 
understand and predict the mechanical behavior of 
products made of such nanocomposites, including 
at elevated temperatures. In addition, the obtained 
nanocomposites have high manufacturability. It is 
known that PA6 is a material from which structural 
products are mainly made by injection molding. 
Wide use of polyamide materials in the manufac-
ture of mechanically responsible parts of machines, 
particularly in the automotive industry, requires the 
ability of the material to maintain the product shape 
at elevated temperatures. Therefore, the experi-
mental results obtained in the work have important 
practical significance. 
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