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Dielectric properties of polyamide 12-chromium (III) oxide nanocomposites
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Broadband dielectric spectroscopy was employed to study polymer nanocomposites based on PA12 filled with different loading (0.1 – 10 wt.%)

of nanosized (average grain size of about 1 – 5 nm) chromium (III) oxide. The experimental dielectric data were analyzed within the formalisms

of complex permittivity and electric modulus. Three relaxation processes and Maxwell–Wagner–Sillars (MWS) interfacial polarizations were

observed. It was found that all the relaxations were sensitive to filler contents. The presence of nanosized amphoteric chromium (III) oxide

was shown to lead to the softening of the polyamide matrix that manifested in decrease of the activation energy of the α- and β-relaxation

processes and glass transition temperatures. The softening of polymer matrix is the reason for the decrease in the mechanical properties of the

polymer nanocomposites as compared to that of neat PA12.
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1. Introduction

Polymer magnetic materials can potentially find a great number of applications in different fields such as
data storage, biomedicine, biosensors, drug delivery agent, magnetic resonance imaging devices, and a range of
others [1–4]. Theoretical modeling predicts that the mechanical properties of polymer nanocomposites should be
superior to those of conventional composites [5, 6].These improved properties are attained at lower filler content
in comparison to conventionally filled polymers. However, the introduction of nanosized particles of magnetic
oxides into different polymer matrices leads to a decrease in the mechanical properties. This was shown for the
introduction of nanosized oxide F3O4 into polyurethane [7]. We obtained similar results for the preparation of
polymer nanocomposites based on PA12 filled with different loading (0.1 – 10 wt.%) of nanosized (average grain
size of about 1 – 5 nm) chromium (III) oxide [8]. It was suggested that the introduction of new fracture mechanisms,
rigidity augmentation, and pronounced filler-filler interactions were responsible for the observed behavior instead
of filler-polymer interactions [9–12]. The dynamics of polymer matrix changes due to changes in interactions with
nanosized filler particles. The polymer dynamics and the glass transition in polymer nanocomposites are more
complex than in neat polymer [13]. Here, we use broadband dielectric spectroscopy (BDS) to directly measure
the influence of nanoparticles on polymer relaxations corresponding to different lengths and time scales. BDS is
one of the most efficient tools for studying the molecular relaxations of polymers. It covers a broad frequency
range, allowing measurement of different relaxation processes simultaneously, and even entire chain relaxation
processes under favorable circumstances [14]. Relaxation processes in a polymer matrix are clearly connected with
its mechanical properties. The β-relaxation is phenomenologically linked to the mechanical properties of polymeric
materials [15, 16]. The α-relaxation is connected with the onset of large-scale motions of the chain segments in
the vicinity of Tg and determined viscoelastic behavior. The aim of the present work is to provide a description of
the relaxation processes for PA12/Cr2O3 nanocomposites over a range of temperatures and frequencies. As with
any thermoplastic nanocomposites, a description of the relaxation processes parameters is of great interest, and is
central for rational approach to thermomechanical processing.

2. Experimental

PA12/Cr2O3 nanocomposites were synthesized according [8]. Dielectric measurements were performed using
an Alpha Analyzer combined with a Quatro Temperature Control system unit that provides temperature stability of
0.1 ◦C, both by Novocontrol. Complex dielectric permittivity ε∗(f) = ε′(f)− iε′′(f) was measured isothermally
in steps of 5 ◦C from −150 to +200 ◦C and over frequencies ranging from 10−2 to 106 Hz. The nanocomposite
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films were placed and melted in a parallel-plate copper capacitor with 20 mm diameter, and a pair of glass fiber
with 80 µm diameter was used as the spacers between electrodes.

3. Results and discussion

Plots of the three-dimensional real and imaginary parts, ε′ and ε′′, of the complex dielectric permittivity ε∗

versus frequency and temperature are presented in Fig. 1 for the sample with 5 wt.% of Cr2O3.

(a) (b)

FIG. 1. 3D plot of ε′ (a) and ε′′ (b) versus frequency and temperature for nanocomposite with
5 wt.% of nanosized Cr2O3

The main relaxation processes identified are the same as those found for pure PA12 [17]: (1) the γ-relaxation
appeared between 170 K and 250 K; (2) the β- relaxation appeared between 230 K and 275 K; (3) the segmental
α-relaxation occurred between 270 K and 350 K; (4) the MWS/conductivity process visible in the high temperature
regime arising from the drift motion of the charges and charge carriers blocked at the interphase between amorphous
and crystalline regions and conductivity effects. The four processes are typically for PAs [18] and were observed
in all studied samples.

The isochronal graph at 1 kHz, Fig. 2, shows the temperature dependence of ε′ and ε′′ for neat PA12 and com-
posites. The differences between samples are noted, especially at higher temperatures, where the MWS/conductivity
process is located.

It should be noted that in the ε′′ (f) plots (Fig. 2b) only an α loss peak was observed. MWS relaxation can
be masked by large conduction effects at high temperatures. Moreover, the peak is superimposed by electrode

(a) (b)

FIG. 2. Temperature dependence of ε′ (a) and ε′′ (b) for neat PA12 and all nanocomposites at a
frequency of 1 kHz
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polarization effects, and therefore not be clearly extracted in the permittivity spectra. Using the complex electric
modulus formalism the MWS/conductivity process is visible as a peak in the imaginary part M ′′ of the complex
dielectric modulus M∗. M∗ is related to ε∗ as follows [19]:

M∗ =
1

ε∗
= M ′ + iM ′′,

M ′ =
ε′

ε′2 + ε′′2
and M ′′ =

ε′′

ε′2 + ε′′2
.

A plot of M ′′ versus frequency and temperature for the sample with 5 wt.% of Cr2O3 is shown in Fig. 3.

(a) (b)

FIG. 3. (a) 3D plot of M ′′ versus frequency and temperature for nanocomposite with 5 wt.% of
nanosized Cr2O3 and (b) temperature dependence of M ′′ for neat PA12 and all nanocomposites
at a frequency of 1 kHz

The MWS/conductivity process can now be identified as a peak in the higher frequency regime. In order to
evaluate the individual relaxation processes quantitatively, a model function has been fitted to the dielectric data,
with the Havriliak-Negami (H-N) phenomenological relation [20]:

ε∗ (ω) = ε∞ +
∆ε(

1 + (iωτNH)1−α
)β , (1)

in its most general form. In this expression, ε∗ = ε′ − iε′′, is the complex dielectric function, ω = 2πf , f is the
field frequency, ∆ε is the intensity of the dielectric process, τNH = 1/2πfNH and fNH is the position of the
relaxation process on the frequency scale, ε∞ is ε′(f) for f � fNH , α and β are shape parameters representing the
symmetrical and asymmetrical broadening of the relaxation with respect to the Debye peak. The main characteristic
of each relaxation process is the most probable relaxation time, τmax, determined according to [21] as

τmax = τHN

 sin

(
παβ

2(β + 1)

)
sin

(
πα

2(β + 1)

)


1/α

. (2)

Figure 4 shows examples of such fits to the composites’ relaxation processes at given temperatures for each
process in the measured frequency window.

The α-relaxation is associated with the onset of large-scale motions of the chain segments in the vicinity of
Tg . At higher temperatures, near the α-relaxation process, heating is accompanied by the creation of carriers due
to the ionization of impurities and breaking of chemical bonds (the N-H bonds, etc). Hence, it is necessary to add
an additional term related to the conductivity in Eq. (1):

ε∗ (ω) = ε∞ +
∆ε(

1 + (iωτNH)1−α
)β − i( σ0

ωε0

)
. (3)
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(a) (b)

FIG. 4. Isothermal scans (ε′′ vs frequency) at different fixed temperatures for nanocomposite
with 5 wt.% of nanosized Cr2O3. Characteristic temperatures for each process are chosen at
which the process is visible in the measured frequency window. (a) γ- and β- relaxation, and
(b) α-relaxation. Symbols are the experimental data and full lines represent the total fit

In this equation, σ0 is the dc conductivity and ε0 is the permittivity of free space (8.854 pF/m).The fitting procedure
is complicated very often because of the presence of incomplete peaks, in spite of the frequency window extending
over more than 8 orders of magnitude. The quality of the fit is quite good and the characteristic relaxation time
for each relaxation process can be extracted. The γ- and β-relaxations are due to relatively shorter chain motions.
The dependences of − log τmax on the inverse temperature are linear for all nanocomposites and neat PA12 in the
regions of γ and β processes (Fig. 5). As a result, the temperature dependence of these relaxations can be modeled
by an Arrhenius type expression (4) [22]:

τ (T )max = τ0exp

(
Ea
RT

)
. (4)

Here, τ0 = τmax at T →∞, Ea is the activation energy. Values of τ0 and Ea are given in Table 1.
The β-relaxation is phenomenologically linked to the mechanical properties of polymeric materials [15, 16].

From Table 1, one can see that for the composites, both the Ea and Young’s modulus decrease. Assignment of
molecular motions associated with the β-relaxation is complicated and a number of varying opinions exist in the
literature [18, 19]. However, these motions should be associated with the motion of amide groups together with

(a) (b)

FIG. 5. Dependences of − log τmax on the repciprocal of temperature for neat PA12 (1) and
nanocomposites with 0.1 wt.% (2); with 1 wt.% (3); with 5 wt.% (4); and with 10 wt.% (5);
(c) α-relaxation; (b) β-relaxation; (a) γ-relaxation
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TABLE 1. Tg and parameters of γ, β and α (from VFT fit) relaxation processes of neat PA12
and nanocomposites, where τ0 is the relaxation time at infinite high temperature, T0 is so-called
Vogel temperature at which the relaxation time goes to infinity, and D is the parameter related to
the fragility of material

Samples,
wt. %
Cr2O3

Ea, kJ/mol τ0, s D T0, K Tg , K
Young’s
modulus,
GPa [8]

0 γ-mode 83.7 3.9×10−16

β-mode 59.2 4.4×10−13

α-mode 292.4 1.4×10−7 3.32 280 332 0.97

0.1 γ-mode 62.7 3.9×10−16

β-mode 48.3 3.9×10−13

α-mode 266.6 4.0×10−10 4.25 253 329 0.66

1 γ-mode 80.0 3.1×10−16

β-mode 60.25 3.6×10−13

α-mode 270.2 1.0×10−10 2.95 267 318 0.49

5 γ-mode 71.4 4.3×10−16

β-mode 59.4 2.3×10−13

α-mode 279.0 2.3×10−10 3.10 265 315 0.47

10 γ-mode 67.0 3.8×10−16

β-mode 52.6 4.9×10−13

α-mode 225.0 2.0×10−9 2.47 256 303 0.36

neighboring methylene groups. Cr2O3 is an amphoteric oxide which can undergo bonding with the amide group,
therefore disrupting the H-bonding network between adjacent polymer chains. This leads to decrease in the Ea
of the β-relaxation and, hence, lowering in the Young’s modulus. The decrease in the activation energy of the
β-relaxation process indicates that the mobility of polymer matrix is a pre-condition for this mechanism to be
effective.

The low temperature γ-relaxation involves the motion of short sequences of CH2 groups connected with an
amide group which provides the dielectric activity. As a result, the dependence of Ea of the γ-relaxation on the
amount of nanofillers is quite.

The α-relaxation is associated with onset of large-scale motions of the chain segments in the vicinity of Tg .
The temperature dependence of the characteristic relaxation times can then be described using the Vogel-Fulcher-
Tammann equation [22]:

τ = τ0exp

(
DT0
T − T0

)
, (5)

where τ0 is the relaxation time at infinite high temperature, T0 is so-called Vogel temperature at which the relaxation
time goes to infinity, and D is the parameter related to the fragility of material [23]. A smaller D value implies
a steeper temperature dependence for the relaxation time or a more “fragile” behavior. The D data are given in
Table 1. According to Plazek et al. [24, 25] the activation energy of α-relaxation process can be calculated using
the following expression:

Ea
R

=
DT0(

1− T0
Tg

)2 , (6)

where Ea is the activation energy, R is the gas constant and Tg the glass transition temperature. The values
of D and T0 parameters were extracted from the best fit to equation (3). The values of activation energies for
α-relaxation as well as the VFT parameters T0, D and Tg are gathered in Table 1. As can see, Tg values of for
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the composites decrease in comparison to neat PA12, so the decrease in the moduli upon the introduction of the
nanoparticles can be due to a plasticizing effect that the Cr2O3 nanoparticles could have exerted on the polymer
matrix. However, Tg of the composite with 0.1 wt.% of Cr2O3 is very similar (if not identical) to the Tg of the pure
polymer, but their Young’s modulus is similar to moduli for other composites and is much smaller than that of pure
PA12 [8], so the decrease in the moduli upon the introduction of the nanoparticles are not only due to a plasticizing
effect. The softening of polymer matrix associated with local mobility (β-relaxation) is probably more important.
This effect is opposite to the typical result of nanofiller addition, and is manifested as the well-documented
“antiplasticizing phenomenon” [26]. Because of their small size, nanofillers have a high surface-to-volume ratio
and provide high-energy surfaces. A desired consequence of embedding nanosized fillers into a polymer matrix
is the enhanced bonding between the matrix and additives. The composite theory predicts that improved bonding
between polymer matrix and reinforcing phase leads to hindering of polymer chain motions [27]. Despite these
predictions, however, BDS investigations of nanocomposites have provided mixed results [28]. We believe that this
is caused by the presence of specific intermolecular interactions (e.g., H-bonding), within polymer matrix like PAs
which can be influenced by nanoparticles. The nature of these interactions can depend upon both the polymer’s
and nanoparticles’ chemical properties.

At temperatures above α-relaxation, a MWS polarization [29] (Fig. 4) is observed. Moreover, at these temper-
atures, conductivity effects also play a role, and therefore, both the MWS process and conductivity phenomenon
contribute to the high temperature dielectric response. To separate these processes is impossible, therefore they are
not considered for further discussion.

4. Conclusions

In the present work, the molecular dynamics of nanocomposites based on PA12 filled with different loadings
(0.1 – 10 wt.%) of nanosized (average grain size of about 1 – 5 nm) chromium (III) oxide was investigated by
means of dielectric spectroscopy. For all polymer nanocomposites samples, two local relaxation modes, the γ-
and β-relaxation, and a segmental α-relaxation was observed. These relaxation modes were evaluated for further
analysis. In addition, a high temperature response due to a MWS process combined with conductivity effects was
noted.

The Ea of the β-relaxation was shown to decrease for nanocomposites in comparison to neat PA12. The β-
relaxation is phenomenologically linked to the mechanical properties of polymeric materials, hence, this observation
can explain the Young’s modulus decreases for these composites after nanofiller loading. The molecular reason for
polymer matrix softening could be related to the disruption of amide H-bonds between neighboring polymer chains
after complexation with nanosized chromium (III) oxide. The softening of the polymer matrix associated with local
mobility (β-relaxation) is supported by decreases in the glass transition temperatures related to the α-relaxation for
all nanocomposites. The Ea of the α-relaxation also decreases, therefore, a plasticizing effect was observed upon
the introduction of nanosized chromium (III) oxide into the polyamide matrix.
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