

  aerospace-09-00107




aerospace-09-00107







Aerospace 2022, 9(2), 107; doi:10.3390/aerospace9020107




Article



Electro-Thermal Parameters of Graphene Nano-Platelets Films for De-Icing Applications



Khitem Lahbacha 1,2, Sarah Sibilia 1[image: Orcid], Gianmarco Trezza 1[image: Orcid], Gaspare Giovinco 3[image: Orcid], Francesco Bertocchi 4, Sergio Chiodini 4, Francesco Cristiano 4[image: Orcid] and Antonio Maffucci 1,*[image: Orcid]





1



Department of Electrical and Information Engineering, University of Cassino and Southern Lazio, 03043 Cassino, Italy






2



Laboratory of Electronics and Microelectronics, University of Monastir, Monastir 5060, Tunisia






3



Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio, 03043 Cassino, Italy






4



Nanesa S.r.l., 52100 Arezzo, Italy









*



Correspondence: maffucci@unicas.it







Academic Editors: Spiros Pantelakis, Andreas Strohmayer and Liberata Guadagno



Received: 15 January 2022 / Accepted: 14 February 2022 / Published: 16 February 2022



Abstract

:

This paper provides a study of some relevant electro-thermal properties of commercial films made by pressed graphene nano-platelets (GNPs), in view of their use as heating elements in innovative de-icing systems for aerospace applications. The equivalent electrical resistivity and thermal emissivity were studied, by means of models and experimental characterization. Macroscopic strips with a length on the order of tens of centimeters were analyzed, either made by pure GNPs or by composite mixtures of GNPs and a small percentage of polymeric binders. Analytical models are derived and experimentally validated. The thermal response of these graphene films when acting as a heating element is studied and discussed.
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1. Introduction


Developing efficient and cost-effective de-icing systems is a major challenge in several industrial applications, not only related to aerospace [1], but also, for instance, in fields such as energy production [2] or energy distribution [3]. To this purpose, many techniques have been proposed and implemented over the years, based on three main approaches, involving mechanical, chemical and thermal methods and implementing either active or passive mitigation techniques [1,4]. By comparing these approaches, it turns out that de-icing based on Joule heating in electrical conductors conjugates a higher energy efficiency with easier system controllability, compared to the other existing techniques [5,6]. However, a major critical point in view of implementing such an electro-thermal technique is the proper choice of the heating element. Indeed, the use of heaters made by conventional conductors, such as copper and aluminum, holds some disadvantages, such as excessive weight or limited capability of handling the electrical current density required for efficient local heating.



To overcome these limits, recently, attention has been paid to the possibility of realizing the heaters by means of lightweight composite materials, such as those based on graphene-related materials [6,7]. Indeed, such materials are demonstrated to provide outstanding thermal and electrical behavior, as well as superior mechanical features, such as lightness [8,9]. However, the materials that can be strictly denoted as graphene or graphene-related are of a limited interest for industrial applications, given the well-known issues related to their fabrication and integration costs. Therefore, recently, attention has been paid to the so-called commercial graphene materials, which, strictly speaking, are more correctly classified as graphitic rather than graphene materials. Although their performance is not so outstanding as the real graphene, they can, however, realize a satisfactory compromise between the need for improving the performance and the need to use an industrially appealing material [10]. Materials based on graphene nanoplatelets (GNPs) are among the most promising candidates to meet the above trade-off. Indeed, GNPs are irregular flakes of few-layers graphene [11,12] that can be produced in several ways, including high-yield industrially scalable techniques such as microwave irradiation (e.g., [10,13]). Starting from GNPs, industrial materials suitable for applications such as those discussed in this paper are proposed in the form of composites.



Industrial nanocomposites made by macroscopic polymeric matrices embedding nanofillers such as GNPs, as well as carbon nanotubes, have been investigated over the last few years [14,15,16], highlighting their potential performance, but also their current limits. Indeed, the electrical, thermal and mechanical properties of nanocomposites with a small percentage of carbon nanofillers have been extensively studied [17,18,19]. Their electrical conductivity is high enough to provide good electromagnetic properties, such as shielding effectiveness [20,21], but is too low for them to be efficiently used as heaters for de-icing applications.



Recently, industrial composites with a high percentage of GNPs (up to 100%) have been investigated by the authors [22,23], in view of their possible use as heating elements of a de-icing system. To this purpose, a thorough study of the behavior of the main electro-thermal parameters is needed, since, for this class of composites, few works are so far available; a study is carried out, for instance, in [24], but it is only related to electrical conductivity.



The materials analyzed in this paper are macroscopic strips, industrially fabricated by assembling GNPs produced from expandable graphite. Strictly speaking, this material should be classified as graphite micro-platelets, but, for the sake of simplicity, we will, hereafter, refer to them as industrial graphene strips or films, with the meaning so far discussed. The strips analyzed are designated to become heating elements embedded in a glass-fibre reinforced material, in the typical multilayer structure of an airwing. In view of these applications, it is essential to investigate their electrical and thermal properties.



In this paper, we investigate the electrical resistivity and the thermal emissivity. The first parameter is, of course, essential to correctly manage the Joule effect, responsible for de-icing and anti-icing capability. The second one is fundamental to properly include radiative exchange with the surrounding environment.



This paper follows previous works done by the authors (see [22,23]). Compared to such references, here, a more accurate analysis of the electrical resistivity behavior is provided, including a new material, assessing a sensitivity analysis on the effect of strip lengths, and proposing a physically meaningful method to explain the obtained negative derivative of the resistivity with respect to temperature.



Furthermore, a new experimental setup is presented that is specifically intended to discuss and assess the Joule heating capability with respect to the power density targets for de-icing and anti-icing applications. This new setup provides much more controllable and stable conditions, so that a transient thermal analysis can be performed.



Finally, another novel contribution is a detailed description of a methodology proposed for deriving the thermal emissivity, by exploiting the feature of the set-up realized for the Joule heating assessment.



The paper is organized as follows: in Section 2, the fabrication of the graphene films is discussed, as well as the set-ups and methods proposed both for the characterization of the electrical resistivity and for the heating element. In Section 3, the results are presented and discussed, and an interpretation is given to the behavior of the resistivity vs. temperature.




2. Materials and Methods


2.1. Material Fabrication and Text-Fixture for Electrical Resistivity Characterization


The heating element studied in this paper is made from graphene strips connected to external electrodes, through which a controlled flow of current is injected. In view of characterizing its electrical resistivity, these films are put into the text-fixture reported in Figure 1. The graphene film is on a dielectric substrate and on copper electrodes at its end, which are connected to the amperometric circuit. For the purpose of characterization, the text fixture is made by two parts that are connected; the top frame in Figure 1 is placed on the bottom part, so that the film ends are sandwiched between two conducting plates (electrodes). Such a frame would not be strictly needed when realizing the heater.



The films of industrial graphene analysed in this paper are strips of a lateral dimension of 1 cm, lengths between 10 and 18 cm, and thicknesses ranging from 55 to 75 µm. These films are realized by Nanesa [25], through the following industrial process:




	(i)

	
Graphene nano platelets (GNPs) are synthesized from a low-cost graphitic precursor (intercalated expandable graphite), through a process of thermal expansion followed by liquid exfoliation.




	(ii)

	
A mixture is obtained by dispersion of GNPs in a solvent (acetone) or aqueous solution, with magnetic stirring and a final sonication phase. In case of inclusion of any polymeric binder, this is added during sonication phase. From a mechanical point of view, the binders that are found to be suitable to the purposes of this work are polyurethane (used here) or epoxy.




	(iii)

	
the strips are then obtained by spraying the mixture at a controlled pressure, by using a semiautomatic 3-axes pantograph (Computer Numeric Control plotter EXTREMA, model Basic);




	(iv)

	
a final step of calendering (optionally joined to annealing) is applied, to compact the strip and provide optimized thickness/alignment ratio.









It is known that size and thickness of the GNPs exert significant influence on the physical properties of the final composite material. The effect of GNP thickness has been, for instance, discussed in [26], showing that thinner GNPs are recommended for improving global mechanical and thermal performance. The impact of size/thickness aspect ratio on the electrical conduction has been, instead, analysed in [27], showing that the percolation threshold in the composite increased with increasing values of aspect ratio. Finally, in [28] the electrical conductivity of the composite was demonstrated to improve as the GNP size and surface area increased. Therefore, in order to ensure stability to the behaviour of the GNP films, it is important to assess a fabrication process that is able to control the GNP dimensions. The GNPs produced by the above-mentioned process exhibit an average particle size of 30 µm, with a standard deviation of 5µm (Figure 2), and an average thickness around 12 nm, with a standard deviation of 3 nm.



Table 1 summarizes the characteristics of the industrial graphene samples analysed in this paper.




2.2. Electrical Resistivity Characterization and Modelling


A model of the electrical resistivity versus temperature was here derived, by using the results of experimental characterizations and numerical simulations. The first ones consisted in measuring the DC electrical resistance at various values of temperature, while the text-fixture was undergoing a controlled thermal cycle inside a climatic chamber. Specifically, the temperature range (40 °C, +60 °C) was investigated. As shown in Figure 1, the text-fixture was designed so that the resistance could be measured by using a 2-probe technique (when the voltage probes were placed on the amperometric electrodes) or a 4-probe one (when using the voltage electrodes). Note that the voltage probe pair can be placed at different lengths, in order to estimate and remove the effect of contact resistance, which can be an issue when dealing with carbon interconnects/conventional electrodes interfaces [29]. The experimental characterization carried out here was performed with current levels up to 10 mA, which has been verified to be too low for inducing a significant Joule heating in the considered strips and, thus, temperature can be only varied externally, by controlling the climatic chamber environmental conditions.



For each temperature value T, the measured value of the electrical resistance    R m   ( T )    was used to provide a first estimation of the equivalent electrical resistivity, as follows:


   ρ m   ( T )  =    R m   ( T )  · w · t    L v       



(1)




being    L v    the distance between the voltage probe pair, and w and t the nominal width and thickness of the graphene strip. However, a more accurate estimation of such a parameter is obtained by using the numerical result of a full 3D numerical electro-thermal model implemented in COMSOL Multiphysics [30], whose CAD is reported in Figure 3.



The equivalent electrical resistivity of the strip,    ρ  e q    (   T i   )   , is among the inputs of the numerical model; hence, its evaluation follows from the solution of an inverse problem. Indeed, starting from the value (1), which is assumed as the initial guest, the numerical model is used to calculate the values of resistance obtained by letting the film resistivity vary in a suitable neighborhood of the initial guess. By indicating with    R s   (   ρ  e q , k   ,  T i   )    the simulated resistance corresponding to the k-th value of such a range, the equivalent electrical resistivity is assigned the value minimizing the mean square error between    R m    and    R s   :


  M S E  (   ρ  e q , n    )  =     ∑   k = 1  n     (   R m   (   T i   )  −  R s   (   ρ  e q , k   ,  T i   )   )   2     



(2)







The equivalent resistivity is then recast in analytical form, by using the popular linear model that can be used in many cases also for nanoscale materials such as those derived from conventional conductors [31], and those based on graphene conductors [13,32]:


   ρ  e q    ( T )  =  ρ 0   (  1 + α  (  T −  T 0   )   )   



(3)




being    T 0    a reference temperature,    ρ 0  =  ρ  e q     at    T 0  ,   and  α  the so-called temperature coefficient of the resistance (TCR).



The experiments have been carried out by using the climatic chamber ACS DY110, the DC power supply QJE QJ-3005 to impose the current, and two 6 ½ digits multimeters to read the current (Agilent 34401A, Santa Clara, CA, USA) and the voltage values (Keithley 2700, Cleveland, OH, USA).




2.3. Thermal Emissivity Characterization and Modelling, Joule Heating Set-Up


The thermal emissivity parameter was here estimated starting from the experimental results obtained with the set-up to be used for demonstrating the capability of the graphene strip as a heating element. To this end, a new text-fixture has been fabricated, reported in Figure 4a, made by a plastic support to which the graphene film was vertically connected at two terminal electrodes. The support with the film was then placed inside a hollow black body (cavity), closed by a wall with a thermal InfraRed (IR) camera; see Figure 4b. This allowed us to insulate the region of the experiment from the outside environment, thus, obtaining a controlled cavity for the experiment. The temperature of the inner walls of the cavity and of the industrial graphene strip was measured not only by the IR camera, but also by two additional thermocouples, one of which was placed on the strip (contact probe) and the other on the inner walls of the cavity. In this way, it is possible to verify the temperature uniformity.



In this set-up, the graphene strip was working as a heating element, with the heat self-produced by the Joule effect. Preliminary tests have shown that the current level must be increased to at least 0.7 A in order to have a significant effect: with such a current, the steady state temperature has been found to be at least +10 °C with respect to the baseline temperature recorded at the beginning. In the following experiment, we have used a current level of 1 A.



As already pointed out, this set-up can be used to estimate the thermal emissivity: to this end, the following model is adopted for estimating such a parameter, see [33]:


   ε m  =  ε  I R   ⋅    T  I R  4  −  T r 4     T G 4  −  T r 4     



(4)




where    T r   ,    T  I R   ,   and    T G    are, respectively, the temperature values measured inside the cavity, by the IR camera and by the contact thermocouple on the graphene strip, whereas    ε  I R     is the reference emissivity value set on the camera, and, finally,    ε m    is the measured emissivity. Note that Equation (4) came from a radiative heat transfer balance on the strip surface. An additional equation can be written by equating the heat flow between the graphene surface and the IR camera with the one between the graphene and the cavity walls:


  σ .  ε m  ⋅  A G  ⋅  (   T G 4  −  T r 4   )  =   σ    (   T G 4  −  T  c a v  4   )      1 −  ε G     ε G  ⋅  A G    +  1   F  G − c a v   ⋅  A G    +   1 −  ε  c a v      ε  c a v   ⋅  A  c a v        



(5)




where   σ = 5.67 ·   10   − 8      W  /  m 2     K 4    is the Stefan–Boltzmann constant,    T  c a v     is the temperature of the cavity walls measured by the second thermocouple,    ε  c a v     is the emissivity of the material adopted for the cavity walls (in our case,    ε  c a v   = 0.98  ),    A G    and    A  c a v     are the surface areas of the graphene strip and the cavity inner wall facing the strip, and, finally,    F  G − c a v     is the view factor between the graphene strip surface and the cavity, which can be here assumed to be 1. The solution of the equation system (4) and (5) provide the values of    T r    and of the emissivity    ε m   .



From the practical point of view, the method proceeds as follows: the strip is fed by a controlled current of 1A, which starts producing heat by the Joule effect, until the steady-state condition is reached. At that time, all the temperature values in (4) are measured and a thermal image of the strip is taken by the IR camera (see, for instance, Section 3). The emissivity is identified through an iterative process of minimization of the difference between the temperature values    T  I R   ,   and    T G   . Indeed,    T  I R     can be changed by changing the reference value    ε  I R    , that in turns controls the estimated radiative heat flow coming from the strip surface.



The same set-up is used to study the Joule heating effect and so the characteristics of the graphene heater. To this end, currents of the same order of magnitude are used (about 1 A) and the thermocamera is used to provide the meaurement of the spatial distribution of the remperature over the whole text-fixture, both during the thermal transient and at the finale steady-state condition. This fixed current level of 1 A corresponds to a variable value of the electrical power, as the equivalent resistance of the strip varies as an effect of temperature rise. In the experiment carried out here and described in the next Section, the baseline temperature was T = 26.8 °C (see Section 3.2): the electrical power adsorbed at such a temperature was 1.05 W.



In these experiments, a Fluke Ti480 PRO thermocamera has been used, together with 3 calibrated K-type thermocouples. The current is provided by the DC power supply QJE QJ-3005, and monitored by a multimeter Agilent 34401A.





3. Results and Discussion


3.1. Electrical Resistivity Evaluation


The set-up and methods described in Section 2.2 have been used to retrieve the equivalent electrical resistivity of the three kinds of graphene strips under investigation (as listed in Table 1).



A preliminary characterization has been carried out to demonstrate the linearity of the V-I characteristic in the considered range of current values (up to 1 A). The parasitic effects of the setup, including any contact resistance, have been successfully removed by following the same as done in [22], namely by means of a proper preliminary calibration and by using the 4-probe technique.



For the G-paper strip, Figure 5 shows the equivalent electrical resistivity vs. temperature, obtained by using the methods described in Section 2.2. Here, the red dots are the values identified by the optimization of the numerical solution, whereas the blue line is the result of a linear fitting of such values, according to (3). The fitting coefficients are reported in Table 2, along with an estimation of the uncertainty.



Indeed, as already announced, a linear fitting matches the behavior of the resistivity of such materials very well. This result is in good agreement with that found in [22,23], despite the different dimensions of the strips (especially the reduced variability of the thickness), which demonstrates the robustness of the result. A similar behavior has been found for the other two materials, whose results are listed in Table 2. For the composite mixtures G-Preg, the results are slightly different from those reported in [22,23], since a different annealing has been used here.



An assessment of the result has been carried out here by checking its sensitivity to the strip length, and specifically to    L v   , the distance between the voltage probe pair (see Figure 1). The result of such an assessment is reported in Table 3, with reference to a strip of G-preg 95/5 of surface dimensions 11 × 180 mm, at T = 20 °C. As it can been seen from the results, the proposed method provides a resistivity value that is independent from the strip length, with an error that is about 2% at maximum, for shorter lengths (for which it is expected that the contact resistance may start having a role).



The results of the electro-thermal characterization of the electrical resistivity confirm what has been already found in the previous papers of [22,23]: these graphene films behave as negative temperature coefficient (NTC) materials. This nice and desirable behavior can be extremely useful in easing the control of the final heater system, since it helps stability, as, for instance, pointed out in applications such thermoelectrical sensors [34].



Note that the electrical performance of the industrial graphene is far from those exhibited by conventional conductors such as copper, see Table 2. However, although the resistivity is much higher, one of the main reasons for proposing graphene instead of copper is the possibility of reducing the weight, which is a crucial constraint in aeronautical applications. Indeed, copper density is about 9 g/cm3, whereas that for the strips analysed here is in the range 0.0020–0.045 g/cm3. Therefore, given the same dimensions, a copper strip weight will be about 2100 or 2500 times larger than the graphene strips.



To gain more insight into this phenomenon, we propose here a simple model that can be represented as in Figure 6.



The electrical conduction between two adjacent GNPs in the strip may be modelled as the series of the conduction phenomena in the single GNPs (corresponding to the resistances    R  G N P     in Figure 6b, and the phenomena at interface, which, in turn, can be associated to the contact and to tunneling and hopping mechanisms. The first is schematically represented as the red path in Figure 6a, corresponding to the resistor    R  c o n t     in Figure 6b, whereas the second is described by the green path in Figure 6a, corresponding to    R  c o n t     in Figure 6b.



The equivalent resistance    R  G N P   ,   that can be approximately modeled as the resistance of a graphene ribbon [29,35]:


   R  G N P    ( T )  =    r 0     l  m f p    ( T )  M  ( T )    l e  n  G N P    



(6)




where    r 0    is a constant value related to the quantum resistance,    l  m f p    ( T )    is the mean free path,   M  ( T )    is the equivalent number of conducting channels [36], and   l e  n  G N P     is the average length of the GNP. As pointed out in [36,37], these parameters display different behavior with respect to the temperature:    l  m f p     decreases as    T  − 2    , whereas  M  increases linearly with  T . The interface resistances can be modelled as [37]


   R  c o n t    ( T )  =    r 0  +  R P   ( T )    M  ( T )      ,  



(7)




with    R P  ( T  ) linearly increasing with T, whereas the tunneling and hopping term can be demonstrated to depend on T as it follows, see [38]:


   R  t u n _ h o p    ( T )  =  K   T  − 4       ,  



(8)




where K is a quantum term not depending on T.



By analyzing the expressions (6)–(8) and the dependence of their parameters from temperature, it is easy to realize that there can be operating conditions for which the counteracting behavior of these parameters may lead the equivalent resistance of the circuit in Figure 6b to become a decreasing function of the temperature.




3.2. Thermal Emissivity Evaluation and Joule Heating Capability


Starting from the set-up and methods reported in Section 2.3, the graphene strips have been used as heating element. A G-paper film has been used, with dimensions of 11 × 75 mm, with an imposed current of 1.05 A. The steady-state distribution of the temperature is given in Figure 7 (1 pixel corresponds to about 1.5 mm).



These experiments allow us to estimate the thermal emissivity, by means of the method previously described, and by using (4). The results are summarized in Table 4, and are coherent with those reported in [14]. Note that the emissivity of the binder (polyurethane) can be assumed equal to 0.90, hence by increasing the percentage of binder, the emissivity is expected to increase, as coherently reported in Table 4.



In Figure 8 the temperature distribution calculated along the middle line of the strip is plotted for each time instant. The thermal transient duration is about 2 min, hence the graphene heater is characterized by a fast responsitivity, if compared to conventional conductors.



Let us now discuss the Joule heating capability in view of the use of such strips as heating elements. Standard requirements for the heat flux needed for de-icing and anti-icing are falling in the range of tens of kW/m2, depending on the specific systems and conditions [39]. For our purposes, the project targets are 50 W/m2 and 25 W/m2 for de-icing and anti-icing, respectively. As mentioned, the power dissipated by the strip is about 1.05 W, that provide an average value of the power density of 95.8 kW/m2 (assuming a uniform distribution of the temperature along the whole strip). This value would be enough both for de-icing and anti-icing applications. However, it can be observed from Figure 6 that the graphene heater is characterized by an almost flat distribution of the temperature on almost the entire strip, except for two regions of few mm in touch with the electrodes. Considering this behavior, if we refer to this inner zone, the power density can be estimated as equal to 213 kW/m2, thus, providing an excellent performance.



Note that in real de-icing and anti-icing applications, these values of power intensity must be imposed in continuous mode with no failure for hot-spots over the whole heating surface. Therefore, the uniform distribution of temperature in the inner part of the strip and the absence of hot spots (Figure 7) is a highly desirable feature for a heater. Note that this behavior is observed not only at steady state but also at each time instant during the transient (see the flat areas in Figure 8). Similar behavior is observed for the other two graphene films.





4. Conclusions


This paper has studied commercial graphene-based macroscopic strips, in view of their potential use as heating elements in de-icing systems. Set-ups and methods have been proposed to identify two parameters of major interest for such an application: the electrical resistivity and the thermal emissivity. The electrical resistivity is found to fall in the range (8–40) µΩm at room temperature, with a negative coefficient of temperature, whereas the thermal emissivity values ranged from 0.5 to 0.8, at room temperature. The thermal response of these graphene films is characterized by short transients, compared to conventional conductors, and by a highly desirable flatness and uniformity of the temperature distribution over the strip, not only at steady-state but also during the thermal transient.



As for the Joule heating capability, the analyzed strips were demonstrated to provide under a current of 1A an average power density of 95.8 kW/m2, matching the targets requested for de-icing and anti-icing applications.



Future works will be devoted to complete the analysis of parameters by estimating also the thermal conductivity, and carrying on a systematic study of the characteristics of the thermal response of the heating elements.



In addition, work is in progress to assess the mechanical performance of the strips studied in this paper, when considering them in a realistic assembly, where they will be enveloped in a glass-fibre reinforced material. In order to enhance the mechanical performance of such multi-layered structures, different methodologies are under examination, and will be discussed in future works.
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Figure 1. The text-fixture realized for the electro-thermal characterization, with a 2- or 4-probe measurement of the electrical resistance. 
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Figure 2. A single GNP in a Scanning Electron Microscope picture. 
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Figure 3. CAD model of the text-fixture adopted for the electro-thermal numerical simulation. 
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Figure 4. Set-up for the Joule heating test and the emissivity characterization: (a) the heating element is fixed vertically to a plastic support, and connected to two electrodes; (b) the support is placed inside a hollow black body, closed by a wall with an IR camera (not shown here). Two additional thermocouples are placed inside, to control the temperature of the box and on the graphene strip. 
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Figure 5. Equivalent resistivity vs. temperature for the pure graphene strip (G-paper): values identified from the experimental data (red dots), and linear fitting according to (3), whose coefficients are given in Table 2 (blue line). 






Figure 5. Equivalent resistivity vs. temperature for the pure graphene strip (G-paper): values identified from the experimental data (red dots), and linear fitting according to (3), whose coefficients are given in Table 2 (blue line).



[image: Aerospace 09 00107 g005]







[image: Aerospace 09 00107 g006 550] 





Figure 6. Interpretation of the NTC behavior of the graphene strips: (a) two adjacent GNPs in the strip, with two possible conduction mechanisms: contact (red arrow) or tunneling and hopping (green arrow); (b) equivalent circuital description. 
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Figure 7. Temperature distribution over the graphene strip at steady-state (G-paper film fed by a current of 1.05 A). 1 pixel corresponds to about 1.5 mm. 
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Figure 8. Temperature distribution calculated along the middle line of the strip, for each time instant from the beginning (baseline), to the steady state, reached after about 2 m (1 pixel corresponds to about 1.5 mm). 
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Table 1. Characteristics of the graphene strips analyzed in this paper.
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	Material
	%GNPs
	Binder
	Thickness (µm)
	Length (cm)
	Width (mm)





	G-paper
	100
	none
	75
	7–18
	7–11



	G-PREG (95/5)
	95
	Polyurethane 5%
	75
	7–18
	7–11



	G-PREG (80/20)
	80
	Polyurethane 20%
	75
	7–18
	7–11
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Table 2. Fitting coefficients for model (3), for the three graphene materials films and for copper.
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	Material
	      ρ 0    ( µ Ω m )     
	  α   (1/°C)
	   u   ( ρ ) / ρ   ( % )   





	Cu
	1.68 × 10−2
	3.90 × 10−3
	-



	G-paper
	7.86
	−1.55 × 10−3
	2.1



	G-PREG (95/5)
	19.32
	−1.31 × 10−3
	2.0



	G-PREG (80/20)
	41.57
	−0.84 × 10−3
	2.0
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Table 3. Assessment of the results with respect to the strip length.
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	Lv (mm)
	Rm (Ω)
	Rs (Ω)
	    ρ  e q   ( µ Ω m )   
	Err%





	140
	3.363
	3.325
	19.82
	1.14



	100
	2.390
	2.372
	19.72
	0.76



	60
	1.437
	1.415
	19.77
	1.57



	40
	0.958
	0.938
	19.76
	2.10
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Table 4. Thermal emissivity computed for the three graphene films (combined standard uncertainty is 0.01).
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	G-Paper
	G-Preg (95/5)
	G-Preg (80/20)





	Emissivity
	0.50
	0.56
	0.81
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