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Abstract: The article describes the multiscale experimental approach to the mechanical behavior of polymeric nanocomposites. It is based on a combination of structure sensitive methods with mechanical testing, which allows us to relate macroscopic mechanical behavior on one side, and molecular and supermolecular structure on the other. In addition to widely used X-ray scattering and microscope methods,
solid-state NMR is applied in order to obtain information about structure and, primarily, about the dynamics of polymer segments. Particular attention is devoted to T1r(13C) relaxation experiments performed
at variable 13C spin-locking fields.
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Zale¿noœæ w³aœciwoœci mechanicznych nanokompozytów polimerowych od
ich struktury okreœlana na podstawie pomiarów czasów relaksacji T1r(13C) z
zastosowaniem zmiennego pola ujarzmiania spinów
Streszczenie: Opisano sposób oceny w³aœciwoœci mechanicznych nanokompozytów polimerowych
z zastosowaniem po³¹czenia metod wykorzystywanych do okreœlania struktury z technikami s³u¿¹cymi
do wyznaczania wytrzyma³oœci mechanicznej materia³u. Celem badañ by³o ustalenie relacji miêdzy
w³aœciwoœciami mechanicznymi a nadcz¹steczkow¹ struktur¹ polimeru. Strukturê nanokompozytów,
a tak¿e dynamikê polimerowych segmentów okreœlano te¿ metodami: szerokok¹towego rozpraszania
promieni X, NMR cia³a sta³ego oraz za pomoc¹ technik mikroskopowych. Szczególn¹ uwagê poœwiêcono
mo¿liwoœci wykorzystania czasów relaksacji obserwowanych w zmiennym polu ujarzmiania spinów.
S³owa kluczowe: poliamid 6, nanokompozyty, czas relaksacji T1r(13C), dynamika molekularna, odpornoœæ na kruche pêkanie.
Polymeric nanocomposites (NC) derived from layered silicates have received much attention over the last
two decades, both in industry and in academia. They exhibit improved stiffness and strength as well as suppressed thermal expansion coefficients and enhanced barrier
properties [1]. Moreover, it seems that possible fracture
toughness enhancements are system-specific, and thus
no systematic predictive methodologies have been developed. A majority of nanocomposite studies have focused
on the effects of the silicate surface treatment and concentration on various aspects of these materials. However,
knowledge of the deformation and fracture mechanisms
of the nanocomposites is rather vague. Only a few studies
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have provided comprehensive reports of the fracture
behavior of polymeric nanocomposites. Generally,
toughness is the only mechanical parameter of polymeric
nanocomposites that is not enhanced, but even decreased. In fact, increased toughness was observed only
with nanocomposites with inherently brittle matrices like
epoxy or polyester resins [2, 3]. It seems that a fully exfoliated nanocomposite does not exhibit efficient toughening mechanisms for length scale and size reasons. Nanoscale reinforcements are by orders of magnitude smaller
than the fracture process zone in the crack tip region.
Crack tip blunting, which takes place in microcomposites, is not possible with nanoscaled fillers smaller than
the radius of gyration of polymer chains. The reduction
in ductility and toughness is usually attributed to the
constrained mobility of polymer chains in the vicinity of
the silicate surface. In these complex materials, however,
one cannot expect simple relations between material properties and composition of polymer systems. Large interfacial areas and significantly enhanced surface-to-volume ratios cause unexpected changes in molecular
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EXPERIMENTAL PART

Materials and sample preparation
Two nanocomposite systems derived from a commercial-grade polyamide 6 (PA 6) Ultramid B4 (BASF, Germany) were compared, namely intercalated and fully exfoliated nanocomposites. The silicate dispersion was controlled by different modifications of the silicate surface.
This was achieved by melt-compounding of polyamide
with sodium montmorillonite and organophilized montmorillonite. This approach made it possible to compare
nanocomposites with the same matrix and the same inorganic content but differing in morphology and is described in [13]. While sodium montmorillonite formed
intercalated nanocomposites, the organophilization promoted full exfoliation of the silicate layers in the matrix,
Table 1.

Sample

0.4

3.0

clay. In the case of exfoliated nanocomposites, toughness
then decreased with increasing clay content. For intercalated nanocomposites, the drop in toughness was shifted
to higher clay concentrations. At the same time, the
toughness was systematically higher in comparison with
exfoliated nanocomposites. To understand this difference
in mechanical properties at the molecular level, all the
prepared nanocomposites were subjected to a detailed
investigation by solid-state NMR. It has been shown that
toughness is coupled with the amount of the rapidly relaxing component of the amorphous phase [18]. Indeed,
the dependences of the intensity of the free domains on
the silicate content and dispersion matched well the
corresponding trends of fracture toughness, Fig. 1.
In this contribution we report our subsequent investigation attempting to correlate the observed changes in
fracture toughness with the dynamics of polymer segments. Particular attention is devoted to T1r(13C) relaxation experiments performed at variable 13C spin-locking
fields.

T a b l e 1. Composition of studied samples and corresponding
glass transition temperatures, Tg

Ib

JId, Nmm

-1

dynamics. Polymer chains spatially close to the nanofiller
are confined and this causes the glass-transition temperature Tg to shift to higher temperatures. At the same time,
it is supposed that the enhanced chain mobility existing
at the surface causes a reduction of Tg in thin polymer
films, porous materials and composites with poor interfacial adhesion [4, 5]. Since these effects oppose each
other, it is no surprise that both decreases [6—9] and increases [10—12] in Tg in nanocomposites have been reported. It is obvious that the fine relationship between all
acting contributions and the final properties of polymer
nanocomposites require a deeper investigation of the
structure and dynamics of polymer chains.
Our multiscale approach to the mechanical behavior
is based on a combination of structure sensitive methods,
together with mechanical testing, which allows us to find
the relationship between macroscopic mechanical behavior and molecular and supermolecular structure. In addition to widely used X-ray scattering and microscope
methods, in order to obtain information about the structure and dynamics of polymer segments. This complex
approach is demonstrated on polyamide nanocomposites with layered silicate, as structure-property relationships in polyamide-6/layered silicate nanocomposites
have been the subject of our research for a long time
[13—16]. In our previous works, we developed domain-selective solid-state NMR experiments [17] for the investigation of the role of motional amplitudes of polymer
segments in reducing glass transition temperatures [16].
More recently, we focused our attention on the relationships between fracture toughness and the extent of layered silicate exfoliation [13]. The presence of the layered
silicate, its content and the degree of its dispersion were
imprinted in a particular way in all mechanical characteristics. While the exfoliated structure imparted higher
stiffness and tensile strength to the nanocomposite, its
contribution to toughness was not straightforward.
Toughness of both the intercalated and exfoliated systems were slightly increased by the addition of 1 wt % of

0.0

Fig. 1. Toughness, expressed by the critical value of the J-integral,
and intensity of rapidly relaxing component, Ib, as a function of
the silicate content; data from [13, 18]
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Methods of testing
Solid-state NMR experiments were measured using a
Bruker Avance 500 WB/US NMR spectrometer (Karls-
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ruhe, Germany, 2003) at a magic angle spinning (MAS)
frequency of 11 kHz. In all cases, the dried samples were
placed into ZrO2 rotors. The domain-selective T1r(13C) relaxation experiments [18, 19] at various intensities of 13C
spin-locking fields (40, 60 and 80 kHz) were used for
measurements of relaxation times separately in mobile
and rigid domains (amorphous and crystalline phase, respectively). The experiments were performed at 315 K,
and temperature calibration correcting for frictional
heating of the samples was performed [20].
Dynamical mechanical thermal analysis was carried
out in the torsion mode using an oscillation frequency of
1 Hz, a maximum deformation was allowed of 0.1 %, over
a temperature range from 298.15 to 473.15 K (25 to
200 °C), at a heating rate of 3 deg/min. The glass transition temperature, Tg, was defined at the temperature of
the maximum value of tan (d).
RESULTS AND DISCUSSION

Segmental motions covering a wide range of time-scales and amplitudes considerably affect the mechanical properties of synthetic polymers. Two distinctive
groups of segmental motions are easily recognized via
traditional NMR measurements of spin-relaxation times
and 1H-13C dipolar couplings: i) high-frequency low-amplitude motions (liberations, rotations and jumps of
small groups occurring with frequencies about hundreds
of MHz); ii) and mid-kilohertz frequency (kHz) high-amplitude motions involving the movements of larger parts
of polymer chains. The low-frequency motions can be
particularly correlated with the thermomechanical material properties such as modulus or glass transition absorbing considerable amounts of mechanical energy.
An insight into the correlation times of low-frequency
motions is provided by NMR spin-lattice relaxation measurements in the rotating frame using spin-locking radio-frequency fields. Generally, spin-lattice relaxation is the
process of recovery of a spin system into the thermodyna-

mic equilibrium during which the energy of the spin system at a given magnetic field B0 (DE = hgB0/2p) dissipates
into the lattice. The recovery of a spin system is induced
by fluctuations of local fields and it is most effective when
the frequencies of the segmental motions correspond
with the Larmor precession frequency, e.g. 125 MHz for
13
C spins at B0 = 11.7 T. Consequently, measurements of T1
relaxation times of various nuclei in the laboratory frame
(e.g. 1H, 13C or 15N) cover a wide range of high-frequency
motions (from ca. 500 to 50 MHz at 11.7 T). Analysis of
low-frequency motions, however, requires the application of significantly weaker magnetic fields. Experimentally, this is achieved by applying a rotating (spin-locking) B1 field for which the intensity expressed in frequency units ranges from ca. 10 to 100 kHz. Consequently, measurements of spin relaxation times in the
rotating frame (T1r) open a window into mid-kilohertz
motions.
Generally, in polyamide 6 systems, four distinct subpopulations of polymer chains involving two polymorphic crystalline forms a and g, as well as the “confined”
and “free” domains of the amorphous phase, have been
identified (Fig. 2a). Consequently, a detailed analysis of
the segmental dynamics in these systems required application of domain-selective experiments allowing the
selective suppression and/or excitation of different
(rigid/mobile) polymer segments. These techniques previously described in the literature [17—19] are based on
the measurements of spin-relaxation times specifically
selected by T1(13C) or inverse-T1(13C) relaxation filters for
rigid and/or mobile domains of PA6 chains. Moreover, as
mentioned above, the T1r(13C) relaxation process is dependent on the intensity of the applied spin-locking
B1(13C) field. Therefore, we performed three parallel sets
of relaxation experiments with variable spin-lock field
strength covering a relatively broad range of mid-kilohertz segmental motions (40, 60 and 80 kHz). In this way,
we tried to find the most suitable experimental conditions allowing clear distinctions of different high-ampli-
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Fig. 2. a) Nonselective and domain-selective 13C CP/MAS and 13C MAS NMR spectra of intercalated NC and b) T1r(13C) relaxation decay
recorded selectively for C1 units in the amorphous domains of intercalated NC
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tude mid-kilohertz frequency motional modes involving
large polymer segments.
All the recorded T1r(13C) relaxation decays clearly
exhibited distinct two-component behaviors with the
slow and rapid relaxing populations of polymer segments (Fig. 2b). Bearing in mind all the limitations following from the complex mechanism of 13C spin-relaxation in the rotating frame, these two components were
attributed to different mid-kilohertz frequency segmental motions. The fast component of T1r(13C) falling into
the range 0.8—1.2 ms indicates highly efficient spin-relaxation processes that are active during high-amplitude
trans-gauche jumps that are predominantly present in the
“free” domains. In contrast, the slow components of
T1r(13C) ranging from 10 to 13 ms with high probability
reflects relatively low-amplitude wobbling that correspond to less effective motions dominating the “confined” domains of the amorphous phase. Because the
small-amplitude motions and high-amplitude trans-gauche flips may not be strictly located within the “confined” and “free” domains, respectively, it is reasonable
to assume that these motional modes can partially cross-operate. Nevertheless, using a general expression for the
double-exponential decay
I( t ) = Ia e

-

t
T1 a

+ Ib e

-

t
T1 b

(1)

a detailed analysis of the obtained relaxation data allowed the extraction of T1r(13C) relaxation times (T1a, T1b)
and the corresponding intensities (Ia, Ib) for individual
CH2 groups of the PA 6 chains located in the “confined”

and “free” domains. In this way, we found that the relaxation times are basically identical for all the prepared
nanocomposites indicating that the internal dynamics of
polymer segments within the domains of the amorphous
phase, i.e. their motional frequencies, are nearly unaffected by the presence of silicate platelets. On the other
hand, the determined intensities of rapidly and slowly
relaxing components Ia and Ib exhibit distinct differences
indicating changes in the content of “free” and “confined” domains. Although the absolute quantification of
the amount of these domains is considerably complicated
due to several relaxation processes operating simultaneously, the estimated relative contents of “free” and
“confined” domains of the amorphous phase as a function of silicate content basically follow the same trend as
fracture toughness (Fig. 1).
These trends are qualitatively comparable for all the
relaxation experiments performed at different spin-locking fields (Fig. 3) validating our observations and indicating that the application of a radio-frequency field of 60
kHz allows the most efficient distinction of different
motional modes in the amorphous phase of PA 6 systems.
In this respect, we found out that the T1r(13C) relaxation
times determined for the “confined” and “free” domains
become slower with increased intensity spin-locking
fields. This effect is clearly apparent at 80 kHz when the
fast component of T1r(13C) ranges from 6 to 8 ms, and the
slow component from 12 to 15 ms. As the difference between the fast and slow component of T1r(13C) measured
at 80 kHz is relatively small, the estimation of the correb)
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sponding relative intensities Ia and Ib by the fitting procedure is less reliable. In this particular case the intensity of
the “fast” component seems to be overestimated. Overall,
considering the experimental error estimated from two
independent relaxation measurements performed for
each spin-locking field, it is clear that the intensity of the
rapidly relaxing component is generally higher in intercalated nanocomposites than in the systems containing
smaller amounts of the silicate. On the other hand, the
lower instead of this rapidly relaxing component is characteristic for exfoliated systems, especially those containing large amounts of silicate platelets.
The observed changes in molecular dynamics explain
not only changes in mechanical behavior as shown in [13,
18] but also changes in the glass transition temperature,
Tg. The dynamical mechanical thermal analysis showed
clearly that the incorporation of layered silicate into a PA
6 matrix results in a decrease in Tg, Table 1. The Tg markedly drops by almost 7 deg after the addition of 1 wt % of
the silicate. The decrease is a little more pronounced for
the exfoliated sample. For exfoliated systems, Tg then increases monotonically with increased silicate content. In
the case of intercalated nanocomposites, the Tg slightly
decreases for the nanocomposite containing 3 wt % of the
silicate and then raises increases more for the highest silicate content. The decrease in Tg for PA 6 nanocomposites
derived from organically modified layered silicate was
reported in [21]. The authors ascribed the observed shift
to lower temperatures to the plasticizing effect from the
presence of organic modifiers within the silicate. However, this notion can hardly be applied in this case. First,
the decrease has been observed for organophilized silicate as well as for a sodium silicate. Second, in exfoliated
systems, Tg tends to increase with increased silicate
content. It is clear from our data that the explanation is in
changes in molecular dynamics.
CONCLUSIONS

It has been demonstrated that the application of domain-selective inverse-T1-filtered experiments allows the
probing of internal dynamics in complex multicomponent semicrystalline nanocomposites based on PA 6 and
layered silicate. Although the small-amplitude motions
and high-amplitude trans-gauche flips are not strictly located within the “confined” and “free” domains, respectively, applying a set of spin-locking fields we found experimental parameters suitable to estimate the relative
amounts of these domains in the amorphous phase of the
PA 6 matrix. In this way, we found that certain correlations between spin-dynamics and mechanical properties
indicating that segmental mobility of PA 6 chains particularly located in amorphous phase is at least partly related
to the thermo-mechanical behavior of these nanocomposites. It has been also shown that toughness is coupled
with the amount of the rapidly relaxing component of the

amorphous phase as the dependences of the intensity of
the free domains on the silicate content and dispersion
matched well with the corresponding trends of fracture
toughness.
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