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A series of polyamide 6 nanocomposites (NC) and PA6/TPU/clay nanocomposite blends (NCB) were prepared from commercial
polyamide 6, synthesized thermoplastic polyurethanes and two types of organically modified montmorillonites — Cloisite® 10A

and Cloisite® 20A.

The thermal behavior was examined by non-isothermal thermogravimetry (TG, DTG), differential scanning calorimetry
(DSC) and dynamic-mechanical thermal analysis (DMTA). It has been proved that the thermal stability and tensile properties of
these new systems were greater when the organoclay was present within the polymer matrix. What more these properties depend
on both the OMMT loading and the type of the gallery cations of organically modified montmorillonites.
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Introduction

Polymer nanocomposites (PNC) are inorganic/organic
hybrid systems with matrix reinforced using nano-
sized particles. For the last two decades these materials
have gained great scientific and technological interest.
It is caused by the possibility of improving physico-
mechanical, thermal and other properties achieved at
very low nanoparticle content (<5 mass%) [1]. This
characteristic can be exploited to design a more cus-
tomized composite structure because the lower
nanofiller loading results in lighter structural compo-
nents. The use of nanofillers as modifiers of construc-
tion polymers contributed to a considerable develop-
ment of these systems. The first commercial hybrids,
developed in the mid 80’s by Toyota research group
were polyamide 6 nanocomposites [2] with superior
strength, modulus, barrier properties, flame retardancy
and heat distortion temperature with respect to pure
PA6. The increased dimensional stability has been also
determined in these nanocomposites. From that time
properties and degradability not only of PA systems
[3—6], but as well of various other hybrids [7-15] have
been investigated and discussed in the literature.
Lately much attention have been focused also on
some nanocomposite blends (NCB), for instance with
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polyamide matrix [16]. In the case of blends it is possi-
ble to change the parameters by simply employing dif-
ferent components. Chow et al. [17] were investigating
different PA6/PP systems and they obtained compati-
ble blends of relatively high viscosity when organi-
cally modified montmorillonite was introduced into
the matrix. The best mechanical properties were
achieved in the case of 4 mass% addition of silicate.
What more, during the studies of PA6/PP/OMMT
blends they have also noticed that the nanofiller was
present in polyamide matrix [18]. The influence of
Cloisite 25A on PA6/LLDPE systems was examinated
by Yoo et al. [19]. This group has received both inter-
calated and exfoliated nanocomposites, what was con-
firmed using SEM and X-ray diffraction. All these new
systems represent an alternative to conventionally
filled polymers or polymer blends in products obtained
by melt processing techniques [20—-24]. These methods
are now of great interest because of the possible advan-
tageous production of the commercial materials.
Recently we have reported on preparation of
PA6 nanocomposites and of a new class of PA6
nanocomposite blends [25, 26]. In this paper we char-
acterize these hybrids in the terms of thermal and
X-ray analyses. Additionally tensile measurements
were performed and water absorption was estimated.
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Experimental
Materials

All nanocomposite systems were obtained using a
twin screw extruder from:

» commercial grade polyamide 6 (Tarnamid T-27 MS)
[27]

* polyurethanes (TPU) synthesized in our laboratory
from poly(ethylene,butylene)adipate diol (PEBA,
Poles 55/20, obtained from ZACHEM, Bydgoszcz,
Poland); 4,4’-methylene diisocyanate (MDI, obtained
from Borsodchem Hungary) and 1,4-butanediol
(1,4-BD, purchased from B.A.S.F. Germany). PEBA
and 1,4-BD were separately dried by heating at
100°C and stirring under reduced pressure. MDI was
melted at 46°C and filtered before use

* appropriate montmorillonite modified with a qua-
ternary ammonium salt (OMMT) Cloisite® 10A or
Cloisite® 20A both modified with different quater-
nary ammonium salts [28] purchased from South-
ern Clay Products Inc., Texas, USA). OMMT were
dried for 6 h at 90°C in a thermal vacuum chamber

Samples prepared for the measurements
(Table 1) were moulded by injection and dried for 6 h
at 80°C before testing.

Methods

Thermal analysis (TG and DTG curves) was performed
using  Perkin-Elmer  Thermogravimetric ~ Ana-
lyzer TGA Pyris 1 at a heating rate of 20°C min™' under
nitrogen flow and heating program 25-600°C. DSC
measurements were made using Perkin-Elmer Differ-
ential Scanning Calorimeter DSC 7 for encapsulated
(aluminum pans) samples of ca. 3—-10 mg at a heat-
ing/cooling rate of 20°C min"' under nitrogen flow.
The second melting scan was also performed. The cali-
bration of the temperature and heat flow scales at the

Table 1 Samples designation and formulations

Designation  Composition Parts/mass%
PA6 PA6 100

NC-I PA6/Cloisite 10A 98/2
NC-1I PA6/Cloisite 10A 96/4
NC-1II PA6/Cloisite 20A 98/2
NC-IV PA6/Cloisite 20A 96/4
NCB-I PAG6/TPU/Cloisite 10A 96/2/2
NCB-II PA6/TPU/Cloisite 10A 92.5/5.5/2
NCB-III PAG6/TPU/Cloisite 10A 90.5/5.5/4
NCB-1V PAG6/TPU/Cloisite 20A 96/2/2
NCB-V PA6/TPU/Cloisite 20A 92.5/5.5/2
NCB-VI PA6/TPU/Cloisite 20A 90.5/5.5/4
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same heating rate was performed with In and Zn. For
the DMTA measurements an analyzer from Polymer
Laboratories was used in the bending mode (at 10 Hz
frequency and 4°C min ™' heating rate). The X-ray pat-
terns of the crystalline residues were recorded in a
X’Pert Philips diffractometer (source radiation: Cuk,, ,
A=0.1546 nm, 40 kV, 30 mA) in the 0.5-10° (20 range)
and at scanning rate 0.25° s . Zwick/Roell Z020 test-
ing machine was used to verify mechanical properties
of the samples (ISO 527).

Results and discussion

Depending on the interaction between polymer and
nanocomposite different structures of hybrids may be
formed [29]. Therefore it was necessary to use X-ray
diffraction analysis to confirm the formation of the
PA6/OMMT nanocomposites and PA6/TPU/OMMT
nanocomposite blends. The XRD patterns obtained
for the investigated samples are shown in the Fig. 1.

For nanocomposites containing aromatically
modified Cloisite” 10A exfoliated structure may be
presumed. The diffraction maxima of the montmoril-
lonite are not present (Fig. 1a) indicating that the orig-
inal crystalline structure of the organoclay is de-
stroyed. This assumption was confirmed also by the
rheological and AFM investigations [30].

For the nanocomposites containing aliphatically
modified Cloisite® 20A one can observe maxima at
lower 20 values (Fig. 1b) with the intergallery spacing
estimated as wide as ca. 1.5-2.0 nm. The results thus
showed that the polymer chains penetrate between the
layers of the organically modified montmorillonite to
form nanocomposites of intercalated structure.

In the case of nanocomposites obtained using
semi-crystalline polymer matrix (such as polyamide)
the presence of silicate impacts the crystalline struc-
ture, since the clay disturbs the formation of hydrogen
bonds. Therefore it is always important to characterize
all the phases present within this nanoscale system
i.e. layered silicate, amorphous and crystalline polymer
regions. The results obtained using XRD in width an-
gle region are presented in Fig. 2. We have observed
that the 2 mass% addition of clay favored the forma-
tion of the y crystalline phase of polyamide comparing
to the pure PA6, what is represented as a peak at 21.3°.
In the case of further increase of silicate content
(4 mass%) this maximum is still present but the inten-
sity of this peak decreases. Also for the nanocomposite
blends diffraction peaks for both o and y crystalline
forms are present at 20.1, 23.5 and 21.3° (20), respec-
tively. The o, peak is a dominant one, while the inten-
sity of the a; in NC and NCB decreases as suggested
by Lincoln et al. [31]. In sharp contrast to NC, in
nanocomposite blends, the addition of thermoplastic
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Fig. 1 X-ray diffraction patterns of OMMT (Cloisite” 10A and
Cloisite® 20A), nanocomposites (NC) and nano-
composites blends (NCB) containing 2 mass% OMMT

polyurethane phase caused decrease of y form content
(compare e.g. NC-I and NCB-I) (Fig. 2).

Changes in the crystalline structure of the poly-
amide 6 caused by the presence of montmorillonite
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Fig. 2 X-ray diffraction patterns of investigated nanocomposites
(NC) and nanocomposites blends (NCB)

particles in the nanocomposites were observed not
only by means of XRD, but also in the DSC measure-
ments. Figure 3 shows DSC curves for virgin PAG,
PA6/OMMT nanocomposites and PA6/TPU/OMMT

Table 2 DSC data from for PA6/OMMT nanocomposites and PA6/TPU/OMMT nanocomposite blends

Heating Cooling
Sample Tyan/°C AH/J g e AH/J g T../°C AHIT g
1 scan 1 scan 2 scan 2 scan
PA6 223.0 69.5 220.4 49.9 186.8 -59.7
NC-I 213.7;223.4 65.5 218.0 49.7 191.8 -43.5
NC-II 213.1;222.4 56.0 214.5 443 189.5 —40.6
NCB-I 185.9 —44.0
NCB-II 183.2 -41.2
NCB-III 185.4 -40.8
NC-IIT 219.1;225.4 69.2 219.4 46.1 188.3 -52.2
NC-1V 213.1;221.7 57.8 218.9 46.5 186.8 -47.6
NCB-1V 185.7 -53.1
NCB-V 183.6 -50.1
NCB-VI 181.7 -42.3
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Fig. 3 The DSC heating and cooling curves for virgin PAG6,
PAG6 nanocomposites (NC) and PA6/TPU/OMMT
nanocomposite blends (NCB)
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Fig. 4 TG and DTG curves for virgin PA6 and PA6
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OMMT
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Table 3 Temperatures for 10 and 50% mass loss and the tem-
perature of the maximal decomposition rate esti-
mated for PA6 nanocomposites

Temperature/°C
Sample Tdmax/OC
10 50
PA6 425.5 462.7 474.0
NC-I 428.5 477.0 490.1
NC-II 421.1 474.2 485.3
NC-III 421.2 476.8 489.7
NC-1V 422.1 476.1 484.4

nanocomposite blends. The related data are presented
in the Table 3.

The a-PA6 form is dominant and characterized by
the melting peak at 223°C, which position is not sub-
stantially influenced by the nanofiller, however an in-
crease of y-PA6 form content (melting peak at 213°C)
can be also seen. The maximal crystallization rate oc-
curs for the nanocomposites at higher temperatures than
for virgin PA6, but in the case of polymer nano-
composite blends (lower crystallinity degree of the PA6
component observed), the elastomeric component TPU
shifts the temperature of maximal crystallization rate to
lower values. It is possible that the OMMT particles can
act as heterogeneous nuclei [32], shifting the position of
the crystallization peak to the higher temperatures. On
the contrary, blending thermoplastic polyurethane with
polyamide 6, causing lowering of the crystallization
temperature [33]. The observed crystallization behav-
iour of PA6/TPU/OMMT nanocomposite blends origins
from overlapping of the counterbalancing influences of
the elastomer and the nanofiller.

The results obtained for the PA6 and the nano-
composites using thermogravimetric analysis (TG)
are presented in Fig. 4 and Table 3.

Polyamide 6 nanocomposites obtained using ei-
ther Cloisite® 10A or Cloisite” 20A exhibit better
thermal stability comparing with the virgin poly-
amide 6 (Fig. 3). Because of the interfacial interac-
tions and the montmorillonite-polymer multilayered
nanoscale organization the thermal decomposition
peaks are shifted towards higher temperatures. At low
nanoparticle loading the stability improvement was
observed up to 2 mass% of the montmorillonite.

The results obtained using dynamic-mechanical
thermal analysis (DMTA) curves for PA6/OMMT
nanocomposites (NC) and PA6/TPU/OMMT nano-
composites blends (NCB), containing 2 and 4 mass%
organically modified montmorillonite are presented
in Fig. 5 and Table 4.

Comparing to the polyamide 6, the dynamic stor-
age modulus of the PA6 nanocomposites and
nanocomposite blends is higher in the temperature
ranges below and above the glass transition. It is im-
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Table 4 Glass transition temperature and storage moduli (values at 0 and 100°C) of virgin PA6, PA6 nanocomposites and PA6

nanocomposite blends

Sample PA6 NC- NC- NCB- NCB- NCB- NC- NC- NCB- NCB- NCB-
I II I II I I v v \Y VI
T,8/°C 68.8 67.0 65.6 65.6 64.9 63.5 63.0 67.4 64.5 64.5 64.3
logE’/GPa at 0°C 1.51 1.93 2.01 1.80 1.72 1.70 1.68 1.83 1.77 1.75 1.91
logE’/MPa at 100°C 338 544 660 478 407 472 510 536 483 397 360

Table 5 Physico-mechanical properties of virgin PA6, PA6/OMMT nanocomposites (NC) and PA6/TPU/OMMT

nanocomposite blends (NCB)

Sample Yield stress/MPa Strain at brake/%  Density/g cm™  Hardness/°Shore D H,O absorption (24 h)/%
PA6 64.1 199.0 1.13 73.6 2.26
NC-I 79.9 74.7 1.14 75.3 1.26
NC-IT 86.1 52.4 1.15 76.2 1.11
NCB-I 73.5 254.2 1.14 74.3 1.24
NCB-II 64.1 278.3 1.16 72.4 1.28
NCB-III 66.8 146.1 1.16 74.0 1.16
NC-III 78.1 84.4 1.15 74.0 1.24
NC-IV 71.3 58.3 1.16 75.0 1.18
NCB-IV 66.3 143.4 1.15 73.7 1.23
NCB-V 56.9 328.5 1.15 72.0 1.32
NCB-VI 59.1 170.1 1.16 71.8 1.25

portant to note the enhanced storage modulus of
nanocomposite systems at temperatures above room
temperature. NC-II (£’=660 MPa at 100°C) possess
the storage modulus twice as big as the pure
polyamide 6 (£’=338 MPa at 100°C). The addition of
the thermoplastic polyurethane caused decrease of £’
compared to polyamide nanocomposites (NC) never-
theless NCB (see e.g. nanocomposite obtained using
4 mass% montmorillonite) in comparison with PA6
exhibit higher values of storage modulus, in entire
temperature range. The glass transition temperature
of the PA6 nanocomposites is slightly lowered com-
paring to the PA6. More distinct shift to the lower
temperatures is observed for the TPU containing
nanocomposite blends (Table 4).

The influence of the OMMT and TPU on the ten-
sile characteristics of the investigated nanocomposites
and nanocomposite blends is shown in Fig. 6.

The yield stress estimated for the nano-
composites and for the majority of the nanocomposite
blends is significantly enhanced over the value for the
virgin PA6. For the NC-II the maximal stress is
22 MPa higher than the value recorded for the pure
PAG6. The strain at break of the PA6/OMMT nano-
composites is reduced and in the case of the
PA6/TPU/OMMT nanocomposite blends, due to the
elastomer content, visibly enlarged comparing with
the polyamide 6 (Fig. 6). Water absorption data for
the investigated nanocomposites and nanocomposite
blends was twice as low as for the virgin PA6 (Ta-
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ble 5). Reduction in the gas and liquid permeability is
usually attributed to the fact that the diffusing mole-
cules have to bypass the impermeable silicate plate-
lets (labyrinth effect) which are more or less well ori-
ented normal to the diffusion direction [34]. As ex-
pected, the nanofiller enhanced also the hardness of
PA6/OMMT nanocomposites (Table 5). The reverse
effect of the TPU phase in the PA6/TPU/OMMT
nanocomposite blends resulted in smaller hardness
differences in relation to the virgin PA6.

Conclusions

Structure and properties of PA6/OMMT nano-
composites and PA6/TPU/OMMT nanocomposite
blends were investigated using two kinds of (aromati-
cally and aliphatically modified) montmorillonites.
The addition of clay caused formation exfoliated or
intercalated structures. In both cases improvement in
thermal and tensile properties was estimated. The
strengthening of the amorphous phase is represented
by the increase of the dynamic storage modulus above
the glass transition. Particularly the investigated
PA6/TPU blends were advantageously modified by
the nanofiller, exhibiting at the same time improve-
ment in yield stress, elasticity and thermal stability.
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