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Abstract

:

The characterization of the dielectric properties of wood–polymer composites (WPCs) is essential to understand their interaction with electromagnetic fields and evaluate their potential use for new applications. Thus, dielectric spectroscopy monitored the evolution of the dielectric properties of WPCs over a wide frequency range of 1 MHz to 1 GHz. WPCs were prepared using mixtures of different proportions (40%, 50%, and 60%) of wood and bark fibers from various species, high-density polyethylene, and maleated polyethylene (3%) by a two-step process, extrusion and compression molding. Results indicated that wood fibers modify the resistivity of polyethylene at low frequencies but have no effect at microwave frequencies. Increasing the fiber content increases the composites’ dielectric properties. The fibers’ cellulose content explains the variation in the dielectric properties of composites reinforced with fibers from different wood species. Indeed, composites with high cellulose content show higher dielectric constants.
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1. Introduction


The production and application of thermoplastic polymers reinforced with wood and natural fibers have increased considerably [1,2,3]. The application fields for these materials are practically unlimited. Among others, wood–polymer composites (WPC) are used in window and door profiles, decking, garden furniture, and the automotive industry [4]. Wood or natural fibers are interesting for WPC manufacturing, considering their low production cost, ease of processing, biodegradability, and availability. Wood fibers can be added to commodity thermoplastic matrices in considerable amounts, offering economically advantageous solutions [1,2,3,5,6,7,8,9] and environmental benefits [10]. However, WPCs are not commonly used in electrical engineering due to a lack of knowledge of their behavior in electrical fields of various intensities and frequencies and at different temperatures [11]. Only a few reports have investigated the variation in the electric and dielectric properties of WPCs [11,12,13]. The dielectric properties of WPCs are influenced by several factors such as the frequency, the matrix, the nature of the fiber (wood species), and the mass concentration of the reinforcements dispersed in the polymeric matrix. A comprehensive analysis of various factors influencing the dielectric properties of WPCs would be helpful to determine their suitability for electromagnetic applications such as insulators, embedding materials, and substrates for antenna design [14,15].



The WPC dielectric properties strongly depend on the frequency of the applied electric field. The dielectric constant (ε′) and the loss factor (ε″) decrease with increasing frequency from 0.01 Hz to 100 MHz [13]. These properties also vary depending on the nature of the matrix. Comparing the results obtained on samples containing the same proportion of wood fibers but with different matrices, the differences in the values of ε′, ε″, and tan δ are greater in the low-frequency range. Notingher et al. [11] found that WPCs from polypropylene have higher dielectric properties than polyethylene. The more the compatibility between the polymer and the wood fiber, the more efficient the interaction between the polymer and the wood fiber. The filler particle size is also an influential factor in WPC dielectric properties. Azlan et al. [14] found that composites with a particle size of 150 µM present a suitable material to be used as a substrate for antenna fabrication with low permittivity and constant low tangent loss on all frequencies in the X band spectrum from 2.08 to 3.7 GHz.



Wood fiber reinforcement has a significant effect on WPC dielectric properties [11,12,13,16]. Cellulose hygroscopic polar groups explain the increase in the dielectric constant with the rise in wood fiber content. Porebska et al. [16] also reported that the presence of cellulose fibers within the WPC material leads to an increase in the dielectric constant and the loss tangent. However, only a few studies have investigated the impact of fiber variability on the variation in the dielectric properties of WPCs. Therefore, the objective of this study was to examine the variation in the dielectric properties of high-density polyethylene reinforced by wood fibers, according to the microwave frequency and the wood and bark proportion.




2. Theoretical Background


Dielectric spectroscopy measurement consists of placing a dielectric between two electrodes, then applying a sinusoidal voltage of fixed frequency to the terminals of the two electrodes, and measuring the resulting impedance and phase shift of the induced current.



The electrical voltage u(t) applied to the dielectric material has a low amplitude U1 and a pulsation equal to 2πf (Equation (1)).


(t) = Re (U*(iωt)),



(1)




where U* = U1.



This voltage induces a current i(t) of the same pulse ω. Since the material is not a perfect dielectric (purely capacitive), there is a phase shift φ ≠ π/2 between u(t) and i(t) (Figure 1). Thus, the current is given by the following Equation (2):


(t) = Re (I*(iωt)),



(2)




where I* = I1 exp(−iφ).



The ratio of voltage/current amplitudes defines the modulus of the series impedance |Z*(ω)|; the phase shift between voltage and current determines the real and imaginary parts of the complex impedance Z*. The complex impedance is then given by the following Equation (3):


Z*(ω) = U*(ω)/I*(ω) = U1/I1·(iφ)



(3)







Complex capacitance C*(ω) and complex permittivity ε*(ω) are then calculated from Z*(ω) (Equations (4) and (5)).


C* = 1/iωZ*·(ω),



(4)






ε*(ω) = C*/C0,



(5)




where C0 is the empty cell capacity (C0 = ε0S/e) and S and e are the surface and thickness of the sample, respectively.



The complex permittivity ε* is a two-component number (Equation (6)), in which the real component ε′ represents the ability of a material to store energy and the imaginary component ε″ represents the rate of energy loss in the material. The loss tangent (tan δ) is defined as the ratio of the loss factor (ε″) to the dielectric constant (ε′) (Equation (7)) and is an important measure to express how well the absorbed energy is converted into heat.


ε* = ε′ − i ε″



(6)






tan δ = ε′/ε″



(7)







The insulation resistance of a material depends on its resistance; thus, the resistivity (ρ) can be calculated using Equation (8).


ρ = R·A/t,



(8)




where R is the resistance (Ω), A is the area of the cross section, and t is the thickness of the sample.




3. Materials and Methods


Wood particles from aspen (Populus tremuloides Michx.), and Jackpine (Pinus banksiana Lamb.), along with aspen bark particles, were used for WPC preparation (Table 1). The particles were fragmented using a Thomas Wiley Mill Model 4 (Swedesboro, NJ, USA). Fibers were classified using an M.S. Tylor classifier. Fibers passing through the 300–150 µm class, oven-dried at 103 °C for 24 h, were used for WPC manufacturing.



The cellulose contents of the studied wood and bark fibers, reported previously by Migneault et al. [18], were used to estimate the cellulose content of the manufactured composites (Table 1). High-density polyethylene (HDPE) DOW DMDA-8007 NT 7 (density = 0.965; melting temperature = 133 °C) was used. Maleated polyethylene (MAPE) E226 from fusabond (density = 0.93; melting temperature = 120 °C) served as a coupling agent. The MAPE proportion was maintained constant at 3%.



Composites were prepared in two stages: compounding for pelletizing, followed by compression molding. A counter-rotating intermeshing conical twin-screw extruder (Thermo Scientific HAAKE PolyLab OS Rheodrive 7 with a Rheomex OS extruding module; Thermo Electron GmbH, Karlsruhe, Germany) was used to compound fibers, HDPE, and MAPE. The screws were 30 mm in diameter at the large end and 340 mm long. The screw speed was 30 rpm, and the barrel and die temperature was 155 °C. A 3-mm-diameter die was used. The extruded material was cooled in a water bath and ground into 3-mm-long pellets.



The pellets served for WPC manufacturing. Briefly, 1 mm plates of 25 cm × 25 cm were prepared by compression molding according to ASTM D4703-03 [19] using a Carver press (3012-NE, HC Press; Wabash, Indiana, USA) with two heated platens at 195 °C. A mold filled with pellets was preheated for 5 min; the pellets were then compressed for another 5 min under a constant load of 7000 lb. (Figure 2). The plates were then cooled at a cooling rate of 15 °C/min. The obtained plates served to extract disc samples of 9.5 mm diameter and 1 mm thickness for dielectric property measurements.



A broadband dielectric spectrometer (BDS) supplied by Novocontrol GmbH (Montabaur, Germany) measured the dielectric properties. The experimental setup is associated with an Agilent E4991 impedance analyzer that operates over a frequency range between 1 MHz and 3 GHz. It includes a sampling cell in which the sample is inserted between two electrodes. A Quatro system controlled the temperature and allowed measurements according to isotherms ranging from −160 to 250 °C. A PC with WinDETA and WinFit software controlled the entire system, enabled the execution of the test data, and identified the various parameters. The obtained results were handled by setting the frequency and varying the temperature or by producing isothermal spectra by fixing the temperature and changing the frequency.



The dielectric property measurement accesses several dielectric electrical properties, in particular the dielectric constant ε′, the loss factor ε″, the loss tangent tanδ, the loss angle δ, the electrical conductivity σ, and the electrical resistivity ρ. For each formulation, measurements were conducted in three replicates. Standard errors for the estimated parameters were lower than 10%, indicating excellent precision and replication of the obtained measurements.



The dielectric properties (ε′, ε″, tanδ, ρ) were subjected to the ANOVA procedure and a customized factorial model using IBM SPSS Statistics version 27. The factors studied were fiber type (aspen wood, aspen bark, and jack pine wood), fiber proportion (40%, 50%, and 60%), and selected frequency (from 1 MHz to 1 GHz). All factors were fixed. Effects and differences between means were considered statistically significant at p < 0.05. We verified the ANOVA assumptions using graphical diagnostics (i.e., residual vs. predicted, distribution of observed values) and the Levene test for equality of variances.




4. Results and Discussion


Univariate analysis of variance for dielectric properties was performed to study the effect of frequency, fiber proportion, and fiber type. ANOVA showed that these variables had a significant effect on the dielectric constant ε′, the loss factor ε″, the loss tangent tanδ, and the electrical resistivity ρ. A significant fiber type × proportion interaction suggests that the effect of fiber proportion on ε′ and tan δ varies from one fiber type to another. The results also showed that the dielectric constant and resistivity are significantly affected by the interaction between fiber type and frequency. Moreover, a statistically small but significant second-way interaction affected ε′ and ρ, indicating that the effect of fiber content varies depending on the frequency (Table 2).



4.1. Effects of Frequency and Fiber Content


Figure 3a–c shows the evolution of the dielectric constant as a function of frequency for polyethylene composites reinforced with various lignocellulosic fibers, measured at constant temperature (23 °C). The dielectric constant (ε′) increased with a decrease in the frequency for all composites. This result is similar to that obtained for low-density polyethylene composites reinforced with glass and sisal fibers [15,20]. The presence of the fibers induces the appearance of a plateau in the form of a decreasing profile at high frequencies, characteristic of a dipole relaxation. The decrease in the dielectric constant is due to the damping of the high-frequency dipolar polarization. At low frequencies, the orientation of the molecule is possible. However, at high frequencies, the rotational motion of the polar molecules in the composite is not fast enough to reach equilibrium with the applied field. Accordingly, the dielectric constant seems to be decreasing with increasing frequency [21].



Figure 3a–c shows that the dielectric constant increased with the addition of wood fiber in high-density polyethylene resin. These results are consistent with ANOVA, indicating that the proportion of fiber affects ε′ significantly. This behavior can be explained by the higher dielectric constant of lignocellulosic fibers than the base polyethylene resin, resulting in the higher dielectric constant of the composites. Indeed, pure polyethylene is a non-polar hydrophobic material, which shows ionic and electronic polarization. As shown in Figure 3, its dielectric constant remained almost constant over the entire frequency range, with a slight increase at high frequencies. The filling of the hydrophilic wood fibers with a polymer involves introducing polar groups into the non-polar material, giving rise to dipolar polarization. Therefore, the overall WPC polarization is the sum of the electronic, ionic, and dipole polarization, which results in a higher dielectric constant compared to pure polyethylene.



Moreover, the water absorption factor can contribute to the increase in the dielectric constant of WPCs with fiber content. Guo et al. [22] reported that the water uptake of HDPE composites with wood fiber increases significantly with the fiber content because of the interfacial voids between the fiber and the polymer matrix. The wood particles at the surface absorb water, resulting in a greater dielectric constant, as the dielectric constant of water is high. Similar results were obtained by Porebska et al. [16]. The authors reported that the increase in the dielectric constant of polyester is more pronounced than that of polypropylene due to the higher water uptake of polyester at room temperature. These results confirm the important relationship between water absorption and the dielectric behavior of WPC materials.



Figure 4a–c illustrates the variation of ε″ with frequency with different contents of lignocellulosic fibers in the composite. The peak at 107.5 Hz showed a relaxation. This peak was found for all composites in the same region. Increasing the fiber content from 40% to 60% increased the loss factor. The incorporation of fibers increased the polarizability of the material by adding polar groups, which led to an increase in the energy stored in the composite, accompanied by a high-energy dissipation. In addition, the crystallinity of pure HDPE resulted in high resistivity and low energy dissipation. The addition of fibers to the HDPE matrix induces the disruption of the arrangement of molecules, and the amorphous region becomes more conductive due to its ability to absorb water. Therefore, the incorporation of fibers increases the conductivity, leading to a higher loss associated with relaxation of the amorphous phase [23].



The variation in tangent loss with frequency as a function of fiber content is presented in Figure 5a–c. The addition of fiber to the polyethylene matrix increased the loss tangent. The study of the loss factor and loss tangent is important to assess the insulation capability of WPCs. The loss tangent is a measure of electrical energy converted to heat. This heat increases the temperature of the insulating material and accelerates its deterioration. Dipolar polarization and ionic conduction are the main factors in increasing the loss factor [11].



Figure 6 shows the effect of fiber content and frequency on resistivity. A decrease in WPC resistivity was observed with increasing frequency. The increase in fiber content in polyethylene also lowered its resistivity regardless of frequency. This implies that the conductivity increases when lignocellulosic fibers are added to the matrix. These results are in good agreement with previous findings [11,24] and are explained by the presence of polar groups that improve the passage of current. In polymers, the conductivity increases rapidly in the amorphous regions as the moisture content increases. Due to the complex structure of the wood fibers, the OH-hydroxyl groups in cellulose, hemicellulose, and lignin can absorb moisture. Hence, the presence of wood fibers increases the conductivity of the composite.




4.2. Effect of the Fiber Chemical Composition on the WPC Chemical Composition


The effect of different lignocellulosic materials on the dielectric properties of WPCs is shown in Figure 7. The WPC dielectric constant ε′ decreased with an increase in the frequency, independent of the nature of the reinforcing wood or bark fibers in the HDPE. For the same fiber content, the incorporation of aspen and jack pine fibers led to higher dielectric constants than that of bark. These variations can be explained by the differences in the cellulose content present in the fibers of each composite (Table 1). The higher the cellulose content, the higher the dielectric constant. Thus, the variation in the dielectric constant with wood species is explained by the WPC cellulose content.



As shown in Figure 7b, the loss factor was affected by the nature of reinforcing fibers in the matrix. Composites reinforced with wood fibers had higher dielectric losses than those reinforced with bark fibers. The lower water absorption of bark fibers explains this result [25]. The hydrophilic wood fibers can accommodate additional water, resulting in more water dipole contribution in the composite. The presence of a water dipole contributes to the WPC polarization and dielectric loss. In addition, higher amounts of lignin in wood increase dielectric losses [26].



Thus, the differences in chemical and physical properties between bark and wood fibers affect the dielectric behavior of the WPC.





5. Practical Implications


The present paper explored the suitability of the investigated composites for use in electrical applications. Compared with HDPE, the higher dielectric constant of WPCs promotes their use as capacitors and storage devices to achieve good energy accumulation in the presence of an electric field. However, the moisture absorption of composites reinforced by wood fibers can affect their long-term performance [16]. Chemical treatments of fibers could improve the moisture absorption of natural fibers. A few studies have reported the effect of chemical treatment of natural fibers on composites [16,20].



WPCs can also be used as anti-static materials to dissipate static charges [27,28]. The electric charges accumulate on the material with low conductivity, such as HDPE, and create static electricity that harms the performance of devices. Anti-static materials are conductive materials widely used in electronic packaging and storage devices. However, the present materials have some disadvantages: they are toxic to humans and costly. In this context, many studies have investigated the possibility of making conductive polymers by incorporating lignocellulosic fillers [13,23,28,29]. The present data showed that the resistivity of WCPs decreases with increasing fiber content. A high-fiber-content (60%) WPC exhibits conductivity on the order of 10−5 S/cm, indicating its potential for electrostatic-discharge-shielding applications [28]. Hence, WPCs guarantee the best anti-static properties because of their improved electrical conductivity at high frequencies.




6. Conclusions


This study investigated the dielectric properties of HDPE composites reinforced with wood and bark fibers. The following conclusions are drawn:




	
Increasing the proportion of fibers in WPCs increases the dielectric constant, the loss factor, and the loss tangent.



	
The variation in WPC resistivity as a function of frequency is not significant beyond 10 MHz. Thus, the addition of wood fibers does not modify the resistive nature of HDPE. Therefore, WPCs have the potential for electrical insulation applications in the high-frequency range.



	
The difference in the chemical properties of fibers explains the variations in the dielectric constant of composites reinforced with wood fibers from different species. Indeed, fibers with high cellulose contents have higher dielectric constant values.
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Figure 1. Diagram of the principle of measurement of dielectric spectroscopy [17]. 
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Figure 2. Composite manufacturing processes. 
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Figure 3. Variation in dielectric constant (ε′) with frequency as a function of fiber loading: (a) aspen wood, (b) aspen bark, and (c) jack pine wood. 
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Figure 4. Variation in loss factor (ε″) with frequency as a function of fiber loading: (a) aspen wood, (b) aspen bark, and (c) jack pine wood. 
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Figure 5. Variation in loss tangent (tan δ) with frequency as a function of fiber loading: (a) aspen wood, (b) aspen bark, and (c) jack pine wood. 
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Figure 6. Effect of frequency and fiber contents on WPC resistivity. 
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Figure 7. Effect of frequency, wood species, and fiber nature on WPCs’ (a) dielectric constant (ε′) and (b) loss factor (ε″). 
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Table 1. Wood–polymer composites (WPC) formulations studied and computed cellulose content.
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Particle Type

	
Content (%)

	
Cellulose (%)




	
Fiber

	
HDPE

	
MAPE

	






	
HDPE

	
0

	
100

	
0

	
0.0




	
Jackpine wood

	
40

	
57

	

	
20.8




	
50

	
47

	
3

	
26.0




	
60

	
37

	

	
31.2




	
Aspen wood

	
40

	
57

	

	
20.3




	
50

	
47

	
3

	
25.4




	
60

	
37

	

	
30.4




	
Aspen bark

	
40

	
57

	

	
12.80




	
50

	
47

	
3

	
16.00




	
60

	
37

	

	
19.20
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Table 2. Results of the analysis of variance (F-value) for dielectric properties of WPCs.
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	Source of Variation
	ε′
	ε″
	tan δ
	ρ





	Fiber type (T)
	74.3 **
	22.0 **
	23.3 **
	14.4 **



	Proportion (P)
	1031.6 **
	18.8 **
	8.6 **
	4.98 *



	Frequency (F)
	72.6 **
	3.5 *
	5.6 **
	101.4 **



	T × P
	104.3 **
	2.6 n.s.
	3.4 *
	1.6 n.s.



	T × F
	3.1 *
	1.8 n.s.
	2.0 n.s.
	8.98 **



	P × F
	2.4 *
	0.76 n.s.
	0.9 n.s.
	2.9*







* Significant at 0.05; ** significant at 0.01; n.s.: non-significant.
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