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Abstract  

Broadband dielectric spectroscopy is employed for the study of the dielectric response of 

Polyoxymethylene/boehmite alumina (POM/alumina) and Polyoxymethylene/Layered Silicates 

(POM/LS) semi-crystalline nanocomposites, together with the response of pure POM. The compilation 

of the dielectric responses of all systems reveals the existence of five dielectric relaxation mechanisms 

assigned, in terms of decreasing temperature at constant frequency, as IP (interfacial polarization), α-, 
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β-, γ- and δ-relaxations. IP, α- and γ-relaxations are detected in all studied systems and they are well 

documented in the literature. δ-relaxation, been the fastest mechanism, is present only in the POM/LS 

system and is associated with defect dipoles in the crystalline phase of POM. Finally, β-relaxation is 

present only in the POM/alumina nanocomposite and its dynamics obey Vogel–Fulcher–Tamann 

temperature dependence. This work presents a complete mapping of the dielectric relaxation 

mechanisms of POM and signifies the connection of β-mode with the glass to rubber transition of 

POM, confirming its cooperative character.   

 

Keywords: polyoxymethylene, dielectric relaxation, nanocomposites, layered silicates, boehmite 

alumina 

 

1. Introduction 

Polyoxymethylene (POM) is a well known semicrystalline polymer which belongs to the so called 

engineering thermoplastics, due to its huge number of applications ranging from high performance 

engineering components to tiny precision parts in drug delivery systems. Its suitability in numerous 

applications is mainly due to its low friction and wear characteristics, its excellent thermomechanical 

performance and its resistance to various solvents and fuels, together with its low cost [1]. POM also 

exhibits good electrical insulation characteristics and low water absorption that makes it useful in 

electrical and electronic applications that require long-term stability [1]. Nevertheless, POM also 

possesses high degrees of crystallinity that translates into undesirable properties, such as brittleness 

and high melt shrinkage, which limit its applications. To overcome this problem the scientific interest is 
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focused to the preparation and study of POM blends and POM based composite materials attaining 

superior properties with possible utilization for electrical applications [1-2].  

The relaxation mechanisms of POM and POM based systems have been the subject of extended 

studies, via various techniques, since 1960s and their interpretation constitutes a challenging issue in 

the literature [1-18]. So far, at least three distinct relaxations have been identified, dielectrically and/or 

mechanically, in POM containing systems. These are assigned in the literature, in terms of decreasing 

temperature at constant frequency, as α, β and γ relaxations and their molecular origins have been 

extensively discussed and debated. The origin of α- and γ-mode is quite well explored and understood: 

α-relaxation takes place in the crystalline regions of POM [3-6, 9, 11, 13-15], while γ-relaxation is 

associated with the amorphous phase [3-5, 8, 14-15]. On the other hand, the physical origin of β-

relaxation appears controversial in the early literature [3, 7, 8, 10, 12, 14-15]. The majority of 

researchers agree that this relaxation is related to the glass to rubber transition in the amorphous 

phase of POM [3-5, 10, 12, 14, 15, 16-18]. Nevertheless, there are arguments against this assignment 

[6, 19]. The latter are supported by the fact that β-relaxation appears very weak or it is even not 

detected experimentally in any POM based system, especially by means of dielectric relaxation [3, 14-

15]. This impeded the clarification of the physical origin of β-mode as well as its cooperative character, 

through its electrical relaxation dynamics.  

Within the framework of the present study POM/Boehmite Alumina (POM/alumina) and 

POM/Layered Silicate (POM/LS) nanocomposites are studied by means of broadband dielectric 

spectroscopy. POM matrix is also studied as a reference system. Our working hypothesis is that the 

insertion of the nanoinclusions in the polymer matrix drastically affects the dielectric response of the 

pure POM by revealing the evolution of dielectric mechanisms not detectable in the pure system but 
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still originating from it. Additionally, the compilation of the dielectric responses of all three studied 

systems offers the opportunity to draw a complete dielectric relaxation map for POM over a wide 

temperature and frequency range. Finally, a major outcome of the current study appears to be the 

elucidation of the cooperative character of β-relaxation and its unambiguous association with the glass 

to rubber transition of the amorphous phase of POM. This is achieved by analyzing its dynamics, 

through the dielectric data, over a wide frequency and temperature range. 

 

2. Materials and methods 

Granulated POM (Hostaform C 9021, Ticona GmbH, Frankfurt, Germany) was used as polymeric matrix 

for all composite systems. Its volumetric melt flow rate (MVR at 190°C/2.16 kg) was 8 cm3/10 min. 

Water-dispersible boehmite alumina (AlO(OH), Disperal® 11N7-80, supplied by Sasol, Hamburg, 

Germany) with specific surface area of 100 m2/g and mean particle diameter of 220 nm and synthetic 

sodium fluorohectorite (Somasif ME-100) of Co-op Chemicals (Tokyo, Japan) used as LS, with 

intergallery distance of 0.95 nm and very high aspect ratio of viz. >1000, served as fillers for the 

preparation of the nanocomposites. POM/alumina and POM/LS binary systems were prepared by 

water mediated-continuous technique (WM-CT) in a twin-screw extruder. The alumina and layered 

silicates contents, in the binary composites, were set at 3 wt%. The details of the preparation 

procedure can be found elsewhere [20-22].  

The electrical characterization of all three systems was performed by means of Broadband 

Dielectric Spectroscopy (BDS) in the frequency range from 10−1 Hz to 1MHz using the Alpha-N 

Frequency Response Analyser and the BDS-1200 parallel-plate capacitor test cell, with two gold-plated 

electrodes, supplied by Novocontrol Technologies (Hundsagen, Germany). Measurements were 
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performed in the temperature range from −100 to 150 °C in steps of 10°C. The temperature was 

controlled by the Quattro system (Novocontrol Technologies Hundsagen, Germany) within ±0.1 °C. The 

dielectric cell was electrically shielded within a nitrogen gas atmosphere and isothermal frequency 

scans were conducted for each of the specimens examined with the application of an AC voltage of 

Vrms=1.0 V. The system was fully automated and the WinDeta software was used for system control 

and data acquisition.  

3. Results and Discussion 

The dielectric response of POM, POM/alumina and POM/LS systems is presented in Figs. 1a-1c 

respectively, in terms of the loss tangent, tanδ, as a function of frequency (f) and temperature (T). 

Relaxation mechanisms are detected quite pronouncedly by the formation of relaxation peaks in the 

tanδ (f, T) representation. A common feature of all 3D plots of figure 1 is the high values of the loss 

tangent, together with a tendency for a loss peak formation. In the same frequency and temperature 

region a steep increase of the real part of the permittivity (not shown here), is recorded. This is 

characteristic of the presence of interfacial phenomena such as interfacial and/or electrode 

polarization, due to accumulation of charges, as well as increased conductivity [5, 23-25]. This low 

frequency-high temperature response should be attributed, in the systems under study, to interfacial 

polarization phenomena rather than increased conductivity. This hypothesis is supported by the fact 

that accumulation of free charges can take place not only at the interfaces of POM with alumina or 

layered silicates but also at the interfaces of the crystalline with the amorphous regions of POM. In 

favor of that are the results of previous reports in POM containing systems, where high degrees of 

crystallinity, reaching up to 83%-85%, have been evaluated [7, 9]. Additionally, the measured 
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conductivity values, in this frequency and temperature range, remain low (1x10-9 S cm-1 at 150 °C and 

0.1 Hz) for all studied systems. 

In the temperature range from 50°C to 150 °C another slow relaxation mechanism is detected, 

in all studied systems, which is denoted as α-mode of POM (Figs. 1a, 1b and 1c) in accordance with our 

previously reported results on POM containing systems [21, 23, 26]. A third common feature of all 

examined systems is the clear formation of a fast relaxation mechanism, in the temperature range 

between -100 °C and -40 °C (Figs. 1a, 1b and 1c). This mechanism is denoted as γ-mode of POM and is 

also present in all POM containing systems previously studied by the authors [21, 23, 26]. Both α- and 

γ-modes of POM have been previously detected dielectrically as well as mechanically too [3-5]. 

The high temperature α-mode is mostly marked in the mechanical results, while its 

manifestation in the dielectric spectroscopy results is suppressed by the elevated values of both real 

and imaginary parts of the dielectric permittivity. It is well established that this relaxation mechanism is 

associated with the crystalline phase and attributed to translational motions along the polymer chain 

which take place at the surface of the crystallites [3, 5]. The origin of γ-relaxation of POM has been a 

highly debated topic. Some researchers have attributed this mechanism to the glass to rubber 

transition of POM [6], an argument which was also supported by calorimetric studies [19]. However, 

subsequent studies suggested that γ-relaxation is associated with local motions not affected by 

changes introduced by crystallization [15-16]. Accordingly, the debate about γ-mode seemed to be 

resolved and this relaxation is generally accepted as a mechanism connected with the hydroxyl end 

groups and/or local twisting motions of the mainchain that mainly take place in the disordered regions 

of the bulk polymer [3-4, 15-16]. However, the existence of a relaxation related to the glass to rubber 

α-mode IP 
β-mode 

(b) 
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transition, as well as the concept of the glass transition in high crystallinity polymers, remains an open 

issue [1, 3, 5, 15].  

While only three relaxation mechanisms are detected in the pure POM system, namely IP, α-

relaxation and γ-relaxation, additional relaxations appear in the dielectric spectra of POM/alumina and 

POM/LS systems. In the case of POM/alumina nanocomposites, an additional relaxation peak is 

observed at intermediate frequencies and in the temperature range between -40 °C and 30 °C (Fig. 1b). 

This relaxation is denoted as β-mode, since it is faster than α-relaxation but slower than γ-mechanism. 

The physical origin of this mechanism cannot be ascribed unambiguously. On one hand this relaxation 

process is only present in the POM/alumina system while it is not detected in any other POM 

containing system included not only in this work but also in previously reported works [21-23, 26]. For 

that reason this process can be initially attributed to the alumina filler itself. Such intermediate 

mechanisms have been observed in polymer matrix/ ceramic filler composites and are attributed to 

polarization phenomena that take place within the reinforcing phase [24-25, 27]. On the other hand, 

previous studies by us on alumina containing composites embedded in a PU polymer matrix 

(PU/alumina composites) [28], do not reveal the existence of such mechanism that can be attributed to 

polarization within the alumina filler. In order to clarify the origin of β-relaxation recorded in the 

POM/alumina composite one should recall the results of Dynamic Mechanical Analysis (DMA) reported 

for the pure POM, POM blends [3, 22, 15, 29] as well as for the POM/alumina composites of this study 

[22]. In all cases included in the aforementioned studies, the DMA results suggest the existence of a 

relaxation mechanism in the same temperature range with the one that β-mode is observed in the 

POM/alumina system of this work. Furthermore, in some of the above studies it is suggested that β-

mode is affected by changes in crystallinity, a fact that implies a cooperative character of the 
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corresponding mechanism [3, 15, 30]. While, the mechanical β-peak of POM has been repeatedly 

reported in the literature, the dielectric β-mode appears very weak or is completely absent in studies 

of pure POM [3, 15, 31-32]. Its presence is strengthened in POM containing copolymers and blends [10, 

15, 33-35], due to the reduction of crystallinity of these systems relative to pure POM [15]. As a result 

β-relaxation appears as a mechanism affected by changes in crystallinity that is of cooperative 

character, contrary to γ-relaxation which is not affected due to its localized nature [15]. These 

arguments lead to the assumption that β-relaxation is a process that could be associated to the glass to 

rubber transition of POM. The latter remains yet to be confirmed, since it is well known that a 

dielectric process associated to the glass to rubber transition follows, as a cooperative mode, a Vogel–

Fulcher–Tamann (VFT) type temperature dependence [5]. Adams and Gibbs [36], were the first to 

introduce the idea of cooperative character for the relaxation mechanism associated to the glass to 

rubber transition and connect it with an non-Arrhenius behavior, such as the VFT equation. Under their 

assumption the cooperativity results from segmental regions of the polymer (cooperative regions), 

rearranging thus from one configuration into another independently of their environment, upon an 

energy fluctuation [36].   

The loss spectrum of Fig. 1c, which corresponds to the POM/LS composite system, appears 

even more complex. Apart from the IP, α- and γ-relaxation of POM, an even faster relaxation 

mechanism is recorded in the low temperature region between -100 °C and -70 °C. This is denoted as 

δ-mode and it is also attributed to the POM matrix. It should be mentioned here that the same low-

temperature and high frequency mechanism, assigned here as δ-mode, has also been detected in 

ternary composite systems of POM and PU reinforced with layered silicates [37], while it is absent from 
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the dielectric spectra of rubber/layered silicates nanocomposites previously reported by the authors 

[38]. 

In order to assign this δ-relaxation, one should recall the rapid broadening of γ-peak, present in 

numerous cases for POM and polyethylene (PE) containing systems, with decreasing temperature [3-

5]. It has been suggested that this broadening can be interpreted in terms of two coexisting relaxation 

mechanisms, i.e local relaxation motions in noncrystalline phase in tandem with relaxations due to 

defects or dislocations in the crystallites [4-5, 10]. There are also cases of dielectric and mechanical 

relaxation processes of POM or PE containing systems where γ-peak is readily resolved into two 

maxima [8, 10, 39]. The first maximum is located around -70 oC and corresponds to the main 

contribution of γ-mode to the dielectric or mechanical spectra, as it involves motions of short 

segments in the disordered regions of POM. A mechanism associated with defects in the crystalline 

phase of POM is proposed by Hojfors et al. [10] for the second maximum located at lower 

temperatures (around -100 oC), where breaking away of dislocations from their pinning points under 

mechanical stresses occurs.  

In the case of the present study, the inclusion of LS within the POM polymer matrix seems to 

emerge the evolution of the electrically active δ-mode, which is hindered in the cases of pure POM and 

POM/alumina systems. The inclusion of LS results in the following morphological configurations: (i) 

composites where matrix and LS remain immiscible (microphase separated composites) (ii) composites 

where polymer molecules are inserted between the silicate layers (intercalated structures) and (iii) 

structures where individual silicate layers are dispersed in the polymer matrix (exfoliated structures) 

[38]. The intercalation or exfoliation of silicate layers introduce line defects into the crystalline phase of 

POM, which act as areas where the local electric field is distorted allowing the appearance of electrical 
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dipolar moments able to reorient following the variation of the applied electric field, thus resulting in 

the presence of δ –mode. These electrical dipole moments are referred as defect dipoles and can be 

extremely large [40]. 

Finally, in the loss spectrum of Fig. 1c and in intermediate temperatures and frequencies the 

trace of another relaxation mechanism is detected denoted as IDE (Intermadiate Dipolar Effect). 

Similar relaxation mechanisms have been previously reported for polymer matrix / inorganic filler 

composites and have been attributed to polarization phenomena taking place within the reinforcing 

phase [24-25, 27]. Since this relaxation is attributed to the layered silicate itself, its analysis is beyond 

the scopes of the current work.  

In Fig. 2, isothermal plots of the imaginary part of the electric modulus, Μ΄΄, versus frequency 

are presented for all three examined systems and for three different temperatures in the low 

temperature region, for reasons of comparison. The loss peaks of δ-, γ- and β-relaxations of POM are 

recorded successively, in order of decreasing frequency or increasing temperature. It is obvious (Fig. 

2a) that the broad peak corresponding to γ-relaxation is not affected by the inclusion of alumina filler 

to the POM matrix, as far as the shape and the position of the loss maximum is concerned. On the 

contrary, the incorporation of LS into the POM results in a slight shift of the loss maximum of γ-

relaxation to higher frequencies together with the appearance of the faster δ-relaxation in the high 

frequency regime of the POM/LS spectrum. At the temperature of -50 °C (Fig. 2b) the shift of the loss 

maximum of the γ-relaxation is also present, while the faster δ-relaxation is shifted outside the 

measuring frequency window. The observed shift of the peak relaxation frequency of γ-mode, in the 

case of the POM/LS system, can be reasonably attributed to the coexistence of this mode with the 

faster δ-relaxation or even to the merge of both relaxations at higher temperatures. Moreover, on the 



11 

low frequency edge of the POM/alumina spectrum the appearance of β-relaxation is evident, 

becoming more pronounced via the formation of a loss peak located at around 7Hz at -20 °C (Fig. 2c).  

Analogous comparative plots of all three studied systems are presented in Fig. 3a-3c, where the 

imaginary part of electric modulus, M΄΄, is plotted in double logarithmic scale, for three different 

temperatures, i.e 100 °C, 120 °C and 150 °C, respectively. The dielectric response of all POM containing 

systems is dominated by the formation of the relaxation peak corresponding to α-mode. The inclusion 

of inorganic filler into the POM matrix results in the displacement of the loss peak maxima to lower 

frequencies, at constant temperature, by one and two orders of magnitude for the POM/alumina and 

POM/LS system, respectively. This shifting of α-relaxation, observed in the present work dielectrically, 

is in accordance with an analogous shifting of α-relaxation traced in the dynamic mechanical analysis of 

POM/alumina system [22]. In Figs. 3b and 3c, IP relaxation, appears as a shoulder in the low frequency 

edge of the spectra. IP relaxation is more pronounced in the case of pure POM than in the composites, 

in support of the argument that the electrical heterogeneity of the systems under study is introduced 

not only by the incorporation of the different fillers into the POM matrix, but mainly by the high degree 

of crystallinity of POM. Therefore, IP is related to different types of interfaces, i.e. interfaces between 

the matrix and the filler and interfaces between the amorphous and crystalline regions of POM.  

The variation of the imaginary part of electric modulus, M΄΄, as a function of temperature is 

presented in Figs. 4a and 4b, for frequencies of 0.1 Hz and 1kHz respectively, and for all three studied 

systems. In the isochronal plots of 0.1 Hz (Fig. 4a), α-relaxation dominates the high temperature edge, 

while in the frequency of 1kHz (Fig. 4b), α-peak of POM/alumina and POM/LS lay outside the 

measuring temperature window. As commented before, α-relaxation of POM shifts to lower 

frequencies isothermally (Fig. 3) or to higher temperatures isochronically (Fig. 4) with the inclusion of 
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alumina or LS fillers. Shift of the α-peak to higher temperatures, has been previously observed for POM 

following annealing, attributed to the increase of the crystallite size [6, 22]. Nevertheless, previous 

morphological and thermal studies on POM/alumina systems, similar to the one studied in the present 

work, do not indicate any change in the crystalline structure of POM due to the incorporation of the 

alumina slurry [20]. As a result we cannot attribute the shift of α- peak to crystallinity changes. 

Isochronal shift to higher temperatures of the α-relaxation of low density polyethylene (LDPE)-chalk 

composites, as a function of filler concentration, has been reported elsewhere [41]. In that work, it is 

mentioned that the crystallinity of the samples is not affected by the inclusion of the filler or the 

increase of the filler concentration. It is rather suggested that the presence of the filler disturbs the 

amorphous-crystal interface in such a way that the nanofiller acts like a stretching agent for the chains 

located at the interface. Regarding that the crystallinity of the specimens, examined in the present 

work, is not affected by the inclusion of the filler [20], a similar interpretation can be adopted for the 

α-peak shift observed in our measurements.  

It is also evident that β-relaxation is present only in the POM/alumina system (Figs. 4a and 4b), 

while δ-mode is present only in the POM/LS system (Fig. 4b) and only in a limited temperature and 

frequency window.  

The dynamics of all relaxation mechanisms detected in POM and POM containing systems of 

the current study are presented in Fig. 5. Loss peak frequencies of the IP relaxation are not included in 

the graph, since IP relaxation is superimposed with α- relaxation and the corresponding peaks cannot 

be deconvoluted, undoubtedly. All three α-, γ- and δ-relaxations follow an Arrhenius-type temperature 

dependence given by: 
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with EA being the activation energy, f0 a pre-exponential factor and kB the Boltzmann constant. The 

activation energies of all three α-, γ- and δ- relaxations are evaluated by fitting the experimental data 

to equation (1) and are listed in Table I. 

On the other hand β-relaxation deviates from the Arrhenius behavior and obeys a VFT 

temperature dependence, following the expression: 
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where f0 is a pre-exponential factor, A is a constant (being a measure of the activation energy) and T0 

the Vogel temperature or ideal glass transition temperature. The VFT parameters are evaluated by 

fitting equation (2) to the experimental results obtained for β-relaxation in the POM/alumina system 

and are listed in Table I. The VFT temperature dependence of the loss maxima in the case of β-

relaxation indicates a cooperative character of the corresponding relaxation mechanisms, which is 

typical behavior for mechanisms related to the glass to rubber transition of the amorphous phase [5, 

42]. This result confirms the initial hypothesis of ours that β-relaxation, recorded only in the 

POM/alumina system, is related to the glass to rubber transition of POM. The reason why this 

relaxation is present neither in pure POM nor in the POM/LS system is not clear. However, a possible 

explanation might be drawn taking into account the differences between the chemical character of 

alumina and LS along with their interactions with POM. A typical picture of the chemical structure of 

layered silicates includes few surface –OH groups located at the edges of the layers [43]. On the other 

hand boehmite alumina exhibits a large number of surface –OH groups located everywhere [44, 45]. In 

both cases interactions via weak H-bonding are possible between the –OH groups and –O atoms of 
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POM in the amorphous phase. Since, more –H bonds are present between POM and boemite alumina, 

compared to those between POM and LS, the molecular segments within the amorphous phase of 

POM are more flexible in the case of POM/alumina system. In the cases of pure POM or POM/LS the 

amorphous segments are more confined and rigid. This might be the reason why β-relaxation appears 

in the case of POM/alumina system and not in the case of pure POM or POM/LS systems.  

The calculated activation energies (Table I) lay between 0.96-1.15 eV (22-26.5 kcal mol-1) for α-

relaxation and between 0.64-0.86 eV (14.8-19.8 kcal mol-1) for γ-relaxation. These values are in good 

agreement with previously reported values of activation energies for the dielectric α- and γ- processes, 

which lay between 20-24 kcal mol-1 and 19.3-20 kcal mol-1, respectively [3].  

Interestingly, comparing the value of the activation energy of α-process in pure POM with those 

calculated for the same process in the cases of the nanocomposites, a decrease of the activation 

energy is observed. This implies that the presence of the filler facilitates the corresponding mechanism. 

The opposite trend is observed in the case of γ-relaxation, where a higher activation energy was found 

for the POM/LS system (0.86 eV) than for the pure POM and POM/alumina. The activation energy of 

the latter systems ranges between 0.64-0.68 eV. The higher activation energy of POM/LS might be 

connected with the presence of the extra high frequency δ-relaxation detected only in this system, in a 

sense that γ-relaxation is obstructed by the presence of another process (δ-relaxation) appearing at 

higher frequencies. 

 

Table 1. Activation energies for α-, γ- and δ-relaxations of POM, evaluated through eq. (1) and fitting 

parameters of eq. (2) for β-relaxation of POM, detected in all three POM containing systems. 

Sample α-mode β-mode γ-mode δ-mode 
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EA (eV) [kcal mol-1] EA (eV) [kcal mol-1] EA (eV) [kcal mol-1] 

POM 1.16 [26.75]  0.68 [15.68] - 

POM/alumina 1.04 [23.98] T0=190 K, A=3 0.64 [14.76] - 

POM/LS 0.96 [22.14] - 0.86 [19.83] 0.54 [12.45] 

 

 

 

Summary and conclusions 

This work presents a comparative study on the dielectric response of pure POM with POM/alumina 

and POM/LS nanocomposites. This material selection offers the opportunity to draw, for the first time 

to the best of our knowledge, a full record and identification of the dielectric relaxation mechanisms 

present in POM. This is illustrated in Fig. 6a, where the imaginary part of electric modulus, M΄΄, is 

plotted versus frequency and temperature, for all three studied systems in a common 3D plot, as well 

as via the combined Cole-Cole plots of Fig. 6b, where all occurring relaxation mechanisms are shown 

successively from the slowest to the fastest one.     

Specifically, three relaxation mechanisms are recorded in the case of pure POM. These are, in 

terms of increasing temperature, the well established γ- and α-relaxations of POM and the IP mode in 

the low frequency edge of the spectra. Among them, α-relaxation is connected to the crystalline phase 

and involves translational motions along the chain axis, γ- relaxation is associated with the amorphous 

phase and corresponds to localized motions at the disordered regions of the bulk, while IP mode is 

connected to interfacial phenomena taking place mainly at the interfaces of the amorphous with the 

crystalline regions.  
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The incorporation of nano-inclusions within the polymeric POM matrix results in the 

mobilization of two extra relaxation mechanisms also attributed to POM. In the case of the 

POM/alumina nanocomposite an extra relaxation mechanism is recorded at intermediate 

temperatures (-30 °C to 40 °C), which is denoted as β-mode of POM and obeys a VFT temperature 

dependence. The latter implies a cooperative character of the corresponding mechanism and as a 

result an association of β-mode to the glass to rubber transition is concluded. To the best of our 

knowledge this is the first time that β-mode of POM is recorded dielectrically in such wide temperature 

and frequency range, allowing us to determine the VFT parameters. Thus, the connection of β-mode to 

the glass to rubber transition of POM becomes unambiguous.   

Moreover, the inclusion of layered silicates into the POM matrix emerges a low temperature 

fast relaxation mechanism that is not present in the pure POM or the POM/alumina nanocomposites 

and it is attributed to the reorientation of dipolar moments connected to the presence of defects in 

the crystalline phase of POM (defect dipole moments). Analogous relaxation mechanisms have been 

scarcely observed dielectrically and are mostly marked in the DMA results typically in coexistence with 

γ-relaxation either in one broad relaxation peak or with the formation of a second peak, whose 

deconvolution from γ-relaxation is difficult. The important finding of the current work is that in the 

case of POM/LS system, δ-relaxation appears in the dielectric loss spectra through the formation of a 

clear relaxation peak, well separated from γ-peak and in such a way that its dynamics can be explicitly 

analyzed and its activation energy can be easily determined.  

To summarize, the combined analysis of the dielectric response of three POM containing 

systems, namely POM, POM/alumina and POM/LS resulted in: (i) the clarification of the nature of β-

relaxation observed in POM, verifying that this mechanism is connected to the glass to rubber 
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transition, (ii) revealing the existence of a faster δ-relaxation mechanism in the low temperature 

region, which was scarcely observed in previously studied POM containing systems and certainly 

without the clarity that it is imprinted in our data (iii) offering a complete mapping of the dielectric 

relaxation response of POM. 
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Figure Captions 

Fig. 1. Frequency – temperature variation of the loss tangent (tanδ) for (a) pure POM, (b) 

POM/alumina and (c) POM/LS systems. 

Fig. 2. Comparative isothermal plots of the imaginary part of the electric modulus (M’’) as a function of 

frequency, at three different temperatures in the low temperature region for all three studied systems 

at: (a) -70 °C, (b) -50 °C and (c) -20 °C. 

Fig. 3. Comparative isothermal plots of the imaginary part of the electric modulus (M’’) as a function of 

frequency, at three different temperatures in the high temperature region for all three studied systems 

at: (a) 100 °C, (b) 120 °C and (c) 150°C. 

Fig. 4. Comparative isochronal plots of the imaginary part of the electric modulus (M’’) as a function of 

temperature, at two different frequencies for all three studied systems at: (a) 0.1 Hz and (b) 1kHz. 

Fig. 5. Loss peak frequency maxima as a function of inverse temperature, for all the examined 

specimens and for α-, β- γ- and δ- relaxation processes, as detected in the M’’ versus frequency 

spectra. Solid lines are produced by fitting Eqns (1) and (2) to the experimental data. 

Fig. 6. (a) Frequency-temperature variation of the imaginary part of the electric modulus (M΄΄) for all 

three studied systems, (b) Combined Cole-Cole plots for selected temperatures of each sample 

(―POM, ―POM/alumina, ―POM/LS).   

 

 

 

 

 

 

 



25 

Figures 

 

Fig.1a 



26 

 

Fig.1b 

 

 

 

 

 

 

 

 



27 

 

Fig.1c 

 

 

 

 

 

 



28 

 

Fig.2 

 

 



29 

 

Fig.3 

 

 



30 

 

Fig.4 

 

 

 

 

 

 

 

 



31 

 

 

Fig.5 

 

 

 

 

 

 

 

 

 

 

 

 



32 

 

Fig.6a 

 

Fig.6b 


