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Introduction

The incorporation of metallic or semiconductor fillers in a polymeric matrix enhance its mechanical, thermal, electric and optical performance. Additionally, the ability of such composites, to be molded and adapted has rapidly increased their use over the last decades, having applications in compact electronic devices [START_REF] Zweben | Advances in composite materials for thermal management in electronic packaging[END_REF], conducting adhesives [START_REF] Kim | The effects of functionalized graphene nanosheets on the thermal and mechanical properties of epoxy composites for anisotropic conductive adhesives (ACAs)[END_REF], anti-static materials [START_REF] Li | Improving the antistatic ability of polypropylene fibers by inner antistatic agent filled with carbon nanotubes[END_REF], electromagnetic interference shielding [START_REF] Zhang | High dielectric constant and low dielectric loss hybrid nanocomposites fabricated with ferroelectric polymer matrix and BaTiO 3 nanofibers modified with perfluoroalkylsilane[END_REF][START_REF] Wang | Effects of interfaces between adjacent layers on breakdown strength and energy density in sandwich-structured polymer composites[END_REF], among many others [START_REF] Huang | Aligned Carbon Nanotube Composite Films for Thermal Management[END_REF][START_REF] Vadivelu | Polymer composites for thermal management: a review[END_REF][START_REF] Prasher | Thermal Interface Materials: Historical Perspective, Status, and Future Directions[END_REF]. Also, it is possible to produce light-weight and high-strength composite foams with an excellent electrical conductivity and EMI shielding properties [START_REF] Fei | Highstrength, flexible and cycling-stable piezo-resistive polymeric foams derived from thermoplastic polyurethane and multi-wall carbon nanotubes[END_REF][START_REF] Ju | Lightweight multifunctional polypropylene/carbon nanotubes/carbon black nanocomposite foams with segregated structure, ultralow percolation threshold and enhanced electromagnetic interference shielding performance[END_REF][START_REF] Kuang | Facile preparation of lightweight high-strength biodegradable polymer/multi-walled carbon nanotubes nanocomposite foams for electromagnetic interference shielding[END_REF]. On the other hand, heat and electronic transport in these systems is a complex phenomena, that depends on many factors, such as the thermal and electrical properties of the matrix and fillers, their concentration, distribution, orientation, size, shape, as well as on the matrix-filler interface thermal and electrical resistance [START_REF] Lebovka | Scaling in percolation behaviour in conductive-insulating composites with particles of different size[END_REF][START_REF] Lee | Enhanced thermal conductivity of polymer composites filled with hybrid filler[END_REF].

In this kind of composites as the concentration of fillers increases, some of these physical properties changes smoothly, but as soon as a percolation threshold (v p ) is reached, those physical properties exhibit significant changes due to the formation of conducting networks [START_REF] Clerc | La percolation[END_REF]. This connectivity of the composite fillers is described as percolation, which usually shows up for sizeable differences between the physical properties of the matrix and fillers [START_REF] Vigolo | An Experimental Approach to the Percolation of Sticky Nanotubes[END_REF]. For instance, when a composite, formed by an electrically insulating matrix is progressively filled with metallic fillers, there will be a certain volume fraction of them, known as percolation threshold, for which the composite will become electrically conductive [START_REF] Kargar | Thermal Percolation Threshold and Thermal Properties of Composites with High Loading of Graphene and Boron Nitride Fillers[END_REF], as is presented in Fig. 1.

Several studies have focused on the thermal and electrical properties of composites, to establish the percolation threshold dependence [START_REF] Kargar | Thermal Percolation Threshold and Thermal Properties of Composites with High Loading of Graphene and Boron Nitride Fillers[END_REF][START_REF] Kim | The experimental determination of the onset of electrical and thermal conductivity percolation thresholds in carbon nanotubepolymer composites[END_REF][START_REF] Yin | Graphene platelets/aluminium nitride metacomposites with double percolation property of thermal and electrical conductivity[END_REF][START_REF] Kwon | A large increase in the thermal conductivity of carbon nanotube/polymer composites produced by percolation phenomena[END_REF][START_REF] Sun | Dual percolation behaviors of electrical and thermal conductivity in metal-ceramic composites[END_REF]. The electric percolation threshold (v pE ) is more easily found compared with the thermal counterpart (v pT ), because of the difference of thermal conductivities, between the matrix and the fillers is usually not as high as it is for the electrical ones. This is reasonable due to the marked differences in the mechanisms of charge and heat transport [START_REF] Shenogina | On the lack of thermal percolation in carbon nanotube composites[END_REF][START_REF] Biercuk | Carbon nanotube composites for thermal management[END_REF].

Geometrical percolation is reached when the fillers randomly added to a matrix results in a geometrically connected phase [START_REF] Garboczi | Geometrical percolation threshold of overlapping ellipsoids[END_REF] and its concentration v p threshold can be estimated using the excluded volume percolation theory [START_REF] Kim | The experimental determination of the onset of electrical and thermal conductivity percolation thresholds in carbon nanotubepolymer composites[END_REF][START_REF] Balberg | Excluded volume and its relation to the onset of percolation[END_REF], as follows:
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where D is a constant related with the excluded volume and AR is the aspect ratio of fillers [START_REF] Kim | The experimental determination of the onset of electrical and thermal conductivity percolation thresholds in carbon nanotubepolymer composites[END_REF]. In the case of spheres D = 2.8, AR = 1 and v p (AR) = 0.30.

Experimentally, however, it is found that the percolation threshold in some cases does not take the same value for the electrical and thermal conductivity, as predicted by Eq. ( 1). [START_REF] Sun | Dual percolation behaviors of electrical and thermal conductivity in metal-ceramic composites[END_REF]. This work presents a simultaneous experimental characterization of the direct current (DC) electrical conductivity, thermal properties, and infrared emissivity of composites made up of carbonyl-iron spherical particles. These particles are randomly dispersed in a polyester resin matrix, which allows studying the effect of geometric percolation. We find that the percolative behavior of the electrical and thermal conductivities generates increments of 6 orders of magnitude and 9 times, respectively. By contrast, the infrared emissivity exhibits a significant decay of 0.8 times. Our experimental results show shifts of 53% and 26% for the electrical and thermal percolation thresholds, with reference to the ones predicted by Eq. ( 1). On the other hand, the emissivity displays a shift of 38%. These facts indicate that the geometric percolation threshold is a reference point, but the low contrast of the thermal transport between the matrix and the fillers, compared with the electrical one, the interfacial resistance between interfaces, and the phonon scattering produces a deviation from the expected value.

Materials and samples preparation

Materials

A low-cost commercial polyester resin (Poliformas plásticas de México, SA de CV) was used as matrix and a carbonyl-iron particles CIP (Sigma-Aldrich), with an average diameter of 1.67 mm, density of 7.8 gcm -3 , and a thermal conductivity of 80.2 Wm -1 K -1 was used as filler. Micrometric CIP were used due to the high contrast between the thermal and electrical conductivities with respect to the matrix ones. With respect to the emissivity, the carbonyl coating reduces the contrast, nevertheless, it is enough to notice the filling effect. The carbonyl shell avoids oxidation. On the other hand, it is a material widely used in composites due to its narrow size distribution, low-cost, and capability of interaction with external magnetic fields.

Samples preparation

The composites were prepared dispersing carbonyl-iron particles (CIP) in a polyester resin matrix. The liquid composite was mechanically mixed for 15 minutes, until obtaining a homogeneous mixture and later sonicated with an ultrasonic tip (Sonics Vibra-Cell at 65 W, 20 KHz) for 2 minutes. To accelerate the polymerization, a catalyst was added and mixed slowly for 30 seconds, and finally, the sample was deposited in a cylindrical plastic cast. After polymerization, the samples were cut in plates and polished until their diameters and thicknesses were reduced to about 2 cm and 1 mm, respectively. For the thermal characterization, each sample was painted with a thin layer (around 50 µm) of matte black paint, to improve the light absorption and the IR emissivity.

Twelve different samples were prepared and tested with 0, 0.05, 0.12. 0.27, 0.30. 0.33, 0.36, 0.38, 0.41, 0.45, 0.50 and 0.55 vf of CIP. Figures 2a-e show SEM images of some structures formed by the CIP particles, along with a representative histogram of their size distribution. In Figures 2a and2b, it is possible to see that there is a tendency to form clusters of few particles, which are evenly distributed in the matrix. It is reported that during the polymerization process, the dispersion of fillers is strongly dependent on the crystallization, and the fillers and other impurities are rejected from the crystal phase to the amorphous region [START_REF] Tjong | Electrical properties of low-density polyethylene/ZnO nanocomposites: The effect of thermal treatments[END_REF]. However, the employed matrix is an amorphous polyester resin and during polymerization, the fillers keep uniformly dispersed. For the SEM analysis the surfaces were covered by an Au-Pd layer of less than 8 nm of thickness to avoid charge accumulation and correspond to a cut parallel to the symmetry axis of the sample. Note that the particles exhibit a random spatial distribution inside the matrix and an average diameter of 1.67 ± 0.87 µm. 3 Theoretical framework for thermal characterization

Figure 3 shows the two configurations employed to determine the thermal properties of our composites. In both cases, the sample of thickness L is heated by a homogeneous light pulse of intensity Q at z = 0, whose temperature evolution is recorded as a function of time. The thermal diffusivity and thermal effusivity are obtained through the cooling curves recorded for the first (Fig. 3a) and second (Fig. 3b) configurations, respectively. The use of the fluid allows to have a proper contrast between the thermal effusivities of the samples and their backing fluid, for low vf. As thermal effusivity of the polyester resin matrix (550 Ws 1/2 m -2 K -1 [START_REF] Pech-May | Study of the thermal properties of polyester composites loaded with oriented carbon nanofibers using the front-face flash method[END_REF]) increases along with the CIP concentration, it is expected a contrast reduction for high concentrations, which will not allow the simultaneous determination of the thermal diffusivity and thermal effusivity of our samples, as shown by Pech-May et al. [START_REF] Pech-May | Simultaneous measurement of thermal diffusivity and effusivity of solids using the flash technique in the front-face configuration[END_REF]. This is why both thermal properties were measured separately.

Measurement of the thermal diffusivity

Considering that an opaque sample of thickness L, thermal diffusivity α and thermal effusivity e s is uniformly illuminated by a heating pulse of intensity Q during a short time (∼20 ms), as shown in Fig. 3a, the temperature profile at the surface z = 0 can be derived by solving the one-dimensional heat diffusion equation. The Laplace transform of this temperature is given by [START_REF] Pech-May | Study of the thermal properties of polyester composites loaded with oriented carbon nanofibers using the front-face flash method[END_REF] 

θ(0) = Q e s √ sτ + h p tanh( √ sτ ) 2h p √ sτ + (sτ + h 2 p ) tanh( √ sτ ) . ( 2 
)
where s is the Laplace parameter, τ = L 2 /α, h p = h √ τ /e s and h is the heat transfer coefficient by convection from the solid surfaces in contact with air. Equation (2) depends on the three parameters Q/e s , τ and h p , which can be determined by numerically fitting the obtained inverse Laplace transform of Eq. ( 2) to its corresponding experimental data. The thermal diffusivity α = L 2 /τ is then calculated for a sample of known thickness L and diffusion time τ . Fig. 3 Schemes of the two configurations used for performing the full thermal characterization of the composites with a backing of (a) air and (b) semi-infinite fluid. In both cases, the composite of thickness L is subjected to a short pulse of light with intensity Q, at z = 0, whose temperature evolution in time is recorded. The factor h represents the heat losses by convection.

Measurement of the thermal effusivity

In order to derive an appropriate model to extract the thermal effusivity, it is consider that the opaque samples are in contact with a semi-infinite fluid backing of thermal effusivity e f . The surface at z = 0 is uniformly heated up by a light pulse of intensity Q, for a short time (∼20 ms), as shown in Fig. 3b. Under this condition, the heat conduction in the sample is along the z axis mainly, and the Laplace transform of the temperature at z = 0 is given by [START_REF] Pech-May | Simultaneous measurement of thermal diffusivity and effusivity of solids using the flash technique in the front-face configuration[END_REF] 

θ(0) = Q e s √ s 1 + b 21 tanh( √ sτ ) b 21 + hp √ sτ + 1 + hpb21 √ sτ tanh( √ sτ ) (3) 
where b 21 = e f /e s and h is the heat transfer coefficient by convection from the illuminated surface to air. Considering into account that τ is a known parameter, the values of the other three unknown ones, Q/e s , b 21 and h p in Eq. ( 3) can be extracted by fitting the inverse Laplace transform of Eq. ( 3) to the corresponding experimental data. The sample thermal effusivity e s = e f /b 21 is then determined, provided that the thermal effusivity of the backing fluid is known. Note that Eq. ( 3) does not reduce to Eq. ( 2) when the fluid backing is replaced by air, because of the different convection contributions shown in Figs. 3a and3b. The inverse Laplace transforms of Eqs. ( 2) and

(3) were numerically calculated by means of the well-known Euler algorithm and fitted to the measured experimental data [START_REF] Abate | A Unified Framework for Numerically Inverting Laplace Transforms[END_REF]. The fittings were done by using the least-squares fitting procedure based on the Levenberg-Marquardt algorithm [START_REF] Marquardt | An Algorithm for Least-Squares Estimation of Nonlinear Parameters[END_REF]. A capacitor (0.2 µF) in parallel with the voltmeter is placed, to filter out any interference that may affect the high impedance of the voltmeter. b) Scheme of the experimental setup used to obtain the thermal conductivity. Samples are heated up by a flash lamp and the temporal evolution of the temperature is recorded by means of an infrared camera. An infrared filter is placed between the flash lamp and the sample to prevent that the IR radiation of the lamp reaches the sample surface. Furthermore, the camera lens is protected with a Ge window placed in front of the camera.

Experimental setups

Electrical conductivity

The experimental setup used to measure the electrical conductivity of our composites is shown in Fig. 4a. On each composite, of resistance R, a pair of electrodes are attached by means of colloidal silver paint (SPI Supplies), to obtain proper electric contact. Then the composite is placed in series with a multimeter (Fluke 79 series III), which must be connected as a voltmeter mode. The DC applied voltage (Keithley 2231A-30-3) V f drops in the internal resistance R m =11.11 MΩ of the multimeter and in the sample of resistance R. The voltage V m , resulting from the drop produced by the circuit resistance, is read at the voltmeter display, the electrical resistance R of the sample is:

R = R m V f -V m V m . (4) 
The DC source voltage (V f ) was operated in a range from 30 to 40 V and a capacitor of 0.2 µF was used. The value of the electrical conductivity is determined using the size of the sample and the resistivity measured, namely σ = L/(RA), where L is the thickness of the sample and A is the cross-sectional area.

Thermal properties

The experimental setup used to measure the thermal properties of our composites is shown in Fig. 4b. The sample is heated up by a flash lamp (Speedotron 206VF) working at 4.8 kJ per pulse. The pulse duration extends up to 20 ms with a temporal shape previously discussed [START_REF] Forero-Sandoval | Measurement of the thermal transport properties of liquids using the front-face flash method[END_REF]. An infrared (IR) filter is placed in front of the flash lamp to prevent that its IR radiation reaches the sample surface. The time evolution of the illuminated surface temperature of the sample is recorded with an IR camera (InfraTec 8320) working in the spectral range from 3 to 5 µm. Each pixel in the detector averages the IR emission coming from a square with dimensions of 0.165 × 0.165 mm 2 in the sample surface. Images were recorded at a rate of 250 frames per second. To prevent that the flash lamp radiation reaches the camera lens a Ge window transparent to mid infrared wavelengths is employed, as shown in Fig. 4b.

Results and discussion

Electrical conductivity

Figure 5 shows the electrical conductivity as a function of vf. Each experimental point has been obtained from the average of five measurements and are represented by a gray point. The red line represents the second derivative of the electrical conductivity σ and its maximum represents the electrical percolation threshold v pE at vf = 0.46, which is shown by a green dashed line. A trend line corresponds to the fitting of a statistical-thermodynamic model (sigmoidal-Boltzmann curve) in accordance with the fitting proposed by Rahaman [START_REF] Rahaman | A New Insight in Determining the Percolation Threshold of Electrical Conductivity for Extrinsically Conducting Polymer Composites through Different Sigmoidal Models[END_REF] and Merzouki [START_REF] Merzouki | Electrical Conductivity Modeling of Polypropylene Composites Filled with Carbon Black and Acetylene Black[END_REF]. Fig. 5 Electrical conductivity σ and its second derivative as functions of vf. The gray points are the experimental data. The maximum of the second derivative stands for the electrical percolation threshold of σ.

σ = σ 1 -σ 2 1 + exp[(vf -σ 0 )/(∆σ)] + σ 2 . (5) 
The parameters σ 1 = 5.26 × 10 -11 Sm -1 , σ 2 = 8.09 × 10 -5 Sm -1 , ∆σ = 0.012 and σ 0 = 0.46 are obtained by means of curve fitting. An inset in the Fig. 5 is added to highlight the changes on the electrical conductivity for all the concentrations. For volumetric fractions between 0 and 0.27 no appreciable changes were observed on the electrical conductivity. The average value for the electrical conductivity in this region was 8.2×10 -11 Sm -1 , which is a typical value for polyester resin [START_REF] Yaman | Thermal and Electrical Conductivity of Unsaturated Polyester Resin Filled with Copper Filler Composites[END_REF]. On the other hand, the electrical conductivity has a rapid increase for volumetric fractions above 0.27, reaching a value of 8×10 -5 Sm -1 for a 0.5 vf, corresponding to an increase of 6 orders of magnitude respect to the matrix. Similar increments have been reported by Merzouki for polypropylene matrices with carbon black and acetylene black particles [START_REF] Merzouki | Electrical Conductivity Modeling of Polypropylene Composites Filled with Carbon Black and Acetylene Black[END_REF] and Genetti et al. for microparticles of nickel dispersed on low-density polyethylene (LDPE) [START_REF] Genetti | Polymer matrix composites: Conductivity enhancement through polypyrrole coating of nickel flake[END_REF]. The behavior of the electrical conductivity shows the characteristic s-shape, presenting the three characteristic regimes [START_REF] Marsden | Electrical percolation in graphene-polymer composites[END_REF][START_REF] Ukshe | Percolation model for conductivity of composites with segregation of small conductive particles on the grain boundaries[END_REF]: the insulator (0 to 0.27 vf), percolative (0.30 to 0.50 vf) and conductive (above 0.5 vf).

Thermal diffusivity

Figure 6a shows the experimental cooling curves of three representative samples along with their corresponding fitting curves obtained by Eq. ( 2). One out of ten experimental data points is plotted. The residuals obtained from the fitting of the parameters Q 0 /e s , τ = L 2 /α and h p = h/e s are smaller than 2%, indicating high accuracy, as confirmed by the good agreement between the experimental and theoretical results. The time evolution of temperature exhibits a clear change of the slope at earlier times for higher volume fractions. The time at which this "characteristic elbow" occurs represents the time required by the heat flux to propagate through the whole sample of thickness L and is given by τ 0 = τ /π [START_REF] Parker | Flash method of determining thermal diffusivity, heat capacity, and thermal conductivity[END_REF]. Since the thickness of all measured samples is equal, the reduction in τ indicates that α increases with the CIP content. Figure 6b shows the experimental values of the thermal diffusivity as a function of vf. Each experimental data point is obtained from the average of five measurements. For low concentrations of CIP (vf < 0.35), the expected increase of α agrees with the reported by Sofian et al. [START_REF] Sofian | Metal Powder-Filled Polyethylene Composites[END_REF] and Rusu et al. [START_REF] Rusu | Properties of Iron Powder Filled High Density Polyethylene[END_REF], such as an increase of 1.2 times is reached with a 0.12 vf. For high concentrations (vf > 0.35), on the other hand, the values of α are smaller than those reported by these authors, due to the differences in the particles sizes, whose impact on α is expected to strengthen as vf increases. The maximum thermal diffusivity value measured at the highest concentration considered in this work (0.55 vf) is 4.8 times that of the matrix. Moreover, the rate of change of α for vf > 0.35 is higher than for vf < 0.35, indicating that the thermal percolation threshold is expected to appear near to vf = 0.35. 

Thermal effusivity

The typical cooling curves obtained of samples in contact with a semi-infinite fluid backing are shown in Fig. 7a, from three representative vf of 0.05, 0.36 and 0.50. One out of ten experimental data points are plotted along with their fitting curves. The residuals obtained for the fitting of the parameters Q 0 /e s , b 21 = e f /e s and h p = h/e s are smaller than 2%, which indicates that retrieved values are highly accurate. The backing fluid was ethylene-glycol with a thermal effusivity of 858 Ws 1/2 m -2 K -1 [START_REF] Forero-Sandoval | Measurement of the thermal transport properties of liquids using the front-face flash method[END_REF]. For times smaller than the diffusion one (t < τ 0 = L 2 /(πα)), the logarithmic plot of the surface temperature evolution exhibits a slope m ≈ -0.5, in agreement with previous reported works [START_REF] Pech-May | Simultaneous measurement of thermal diffusivity and effusivity of solids using the flash technique in the front-face configuration[END_REF][START_REF] Parker | Flash method of determining thermal diffusivity, heat capacity, and thermal conductivity[END_REF]. For long times (t > τ 0 = L 2 /(πα)), on the other hand, the temperature behavior becomes sensitive to the interface between the sample and backing, and therefore its slope is driven by the ratio of their thermal effusivities. The surface temperature decreases (increases) smoothly until the slope -0.5 is reached, such that no change is appreciable for e s = e f . This fact along with Fig. 7a indicate that the sample with 0.05 vf (0.50 vf) has a thermal effusivity smaller (greater) than that of ethylene glycol, while the sample with 0.36 vf has an intermediate thermal effusivity, as expected.

Figure 7b shows the experimental values of the thermal effusivity as a function of vf. Each experimental point is obtained from the average of five measurements. The increase of the thermal effusivity with the fillers concentration is fairly linear and there is no significant change in the slope for the entire range of volume fractions studied. The maximum enhancement of the thermal effusivity reached in this work was 4.1 times that of the matrix, at the maximum concentration consider (0.55 vf). Given that the thermal effusivity indicates the amount of heat that the polymeric composite transfers to the environment, the obtained results could be paramount in the design and operation of heat exchanges.

Volumetric heat capacity

The [START_REF] Pech-May | Heat transport in epoxy and polyester carbonyl iron microcomposites: The effect of concentration and temperature[END_REF]. The uncertainty of C v was properly determined by using the error propagation theory [START_REF] Bevington | Data Reduction and Error Analysis for the Physical Sciences[END_REF]. Note that the values of C v increases rapidly at low concentrations and saturate for high enough ones. The maximum enhancement of C v was around 1.9 times that of the matrix, for vf > 0.30. On the other hand, C decreases as the fillers concentration increases, as was reported for similar fillers [START_REF] Sofian | Metal Powder-Filled Polyethylene Composites[END_REF][START_REF] Rusu | Properties of Iron Powder Filled High Density Polyethylene[END_REF]. The maximum reduction of C found in this work was about 0.42 times the one of the matrix at 0.55 vf.

Thermal conductivity

Figure 9a shows the thermal conductivity k = e √ α (gray points) of our composites as a function of concentration of CIP. The red line represents the second derivative of k and its maximum determine the thermal percolation threshold v pT = 0.38, which is represented by the green dashed line and very close to the inferred for α in Fig. 6b. For vf > v pT , k increases faster than for vf < v pT , due to the formation of heat conduction networks among the particles, at high S p e c i f i c h e a t c a p a c i t y , C ( k J k g -1 K -1 )

Fig. 8 Volumetric heat capacity (gray dots) and the specific heat capacity (red squares) versus volume fraction concentration of filler. In both cases, the continuous lines are only a visual guide.

concentrations, as shown in Fig. 2. Note that the experimental values are well predicted by the Zhang model [START_REF] Zhang | A Percolation Model of Thermal Conductivity for Filled Polymer Composites[END_REF], which establishes that the effective thermal conductivity of composites with a percolation threshold v pT is given by

k = k f k p k f 1-vf 1-v pT n , (6) 
where k p = k(v pT ), k f is the thermal conductivity of the fillers, which in our case is k f = 80.2 Wm -1 K -1 [44], and n = 0.54 is a percolation exponent determined by fitting, this parameter depends on the filler size, shape, and distribution on the composites and the range studied and is expected to be in the range of 0.3 to 0.8. The maximum enhancement of k was 9.1 times that of the matrix, for a 0.55 vf.

In contrast to the behavior of C (Fig. 8), the experimental values of k showed in Fig. 9a do not display a saturation, as was reported by Elimat et al. [START_REF] Elimat | Effect of Iron Particle Size and Concentration on Thermal Conductivity of Iron/Polystyrene Composites[END_REF], but rather it tends to increase exponentially after crossing the percolation threshold, which is consistent with the data reported by Sofian et al. [START_REF] Sofian | Metal Powder-Filled Polyethylene Composites[END_REF] and Rusu et al. [START_REF] Rusu | Properties of Iron Powder Filled High Density Polyethylene[END_REF]. For a concentration of 0.12 vf, the thermal conductivity increases 1.9 times that of the matrix. Although greater increments of k would be expected for fillers with a thermal conductivity higher than the CIP used in this work, the effects of their shape and size should also be taken into account. For instance, by using aluminum fillers with a thermal conductivity 3 times greater than iron and an average diameter of 44 µm, Boudenne et al. [START_REF] Boudenne | Thermophysical properties of polypropylene/aluminum composites[END_REF] obtained similar increments than the ones reported in this work, involving CIP with a mean diameter of 1.67 µm.

The ratio between the thermal conductivity and the electrical conductivity (k/σ) as a function of volume fraction are shown in Fig. 9b. The experimental points are derived from the values of k and σ, and is represented by gray 5) and [START_REF] Huang | Aligned Carbon Nanotube Composite Films for Thermal Management[END_REF].

points. The red line is obtained by means of Eqs. ( 5) and ( 6), with the parameters previously obtained. The behavior of the curve is mostly determined by the electrical conductivity, due to its high changes with respect to thermal conductivity.

Infrared emissivity

In order to obtain the emissivity of each sample, an FTIR (Perkin Elmer Spectrometer, model frontier NIR-MED), equipped with an integrating sphere of 76.2 mm, with the interior surface coated with gold (Mid-IR integratIR of pike technologies) was used to obtain the total reflectance from 2-12 µm. Due to the samples are optically opaques, the emissivity can be calculated by means [START_REF] Ramírez-Rincón | On the use of photothermal techniques for the characterization of solar-selective coatings[END_REF]:

ε = λ2 λ1 [1 -R(λ)]P (λ)dλ λ2 λ1 P (λ)dλ , (7) 
where R(λ) is the infrared reflectance of the surface and P (λ) is the black body emissive power given by Planck's law:

P (λ) = C 1 λ 5 (exp(C 2 /λT ) -1) , (8) 
where C 1 = 1.498 × 10 -15 Wm 2 , C 2 = 1.4385 × 10 -2 mK and T is the room temperature. Figure 10 shows the emissivity as a function of the concentration of CIP at room temperature. A trend line corresponds to the fitting of a sigmoidal-Boltzmann curve,

ε = ε 1 -ε 2 1 + exp[(vf -ε 0 )/(∆ε)] + ε 2 . (9) 
The parameters ε 1 = 0.85, ε 2 = 0.75, ∆ε = 0.063 and ε 0 = 0.33 are obtained by means of curve fitting. The red line represents the second derivative of the emissivity ε and its maximum represents the maximum decrease rate at 0.41, which is indicated by a green dashed line. The emissivity of the composite has a slight decrease (10%) as the concentration increases, this is due to the increase of metallic particles on the surface increases the optical reflectance. Our results are consistent with the reported for epoxy filled with CIP, in which the emissivity decreases monotonically from 0.87 to 0.76 for concentrations between 0 and 50% [START_REF] Houtz | A Measurement Technique for Infrared Emissivity of Epoxy-Based Microwave Absorbing Materials[END_REF]. Using low emissivity fillers like Al or Cu, is possible to obtain large reductions in emissivity (more than 0.5) of composites as a function of concentration [START_REF] Hu | The epoxy-siloxane/Al composite coatings with low infrared emissivity for high temperature applications[END_REF][START_REF] Wu | Preparation and characterization of a new low infrared-emissivity coating based on modified aluminum[END_REF][START_REF] Yu | Low infrared emissivity of polyurethane/Cu composite coatings[END_REF]. However, increases in concentration are not the only factor that influences changes in emissivity. for example, Wu, G. et al. showed that the emissivity increases as the thickness of the polymer increases as well, their studies were performed in organic coatings based on polyethylene wax filled with aluminum flakes on a steel substrate [START_REF] Wu | Preparation and characterization of a new low infrared-emissivity coating based on modified aluminum[END_REF] and Yu, H. et al. showed that the increase of the temperature reduces the emissivity, their studies were made on samples of polyurethane filled with copper [START_REF] Yu | Low infrared emissivity of polyurethane/Cu composite coatings[END_REF]. 

Discussion

An important aspect, is the shift between the thermal (v pT = 0.38) and electrical percolation threshold (v pE = 0.46). This difference is around of 20%, and these values differ from the value estimated by Eq. ( 1). This shift can be explained due to the differences in the transport mechanisms involved in the electrical and thermal conduction. In the case of the electrical conductivity, the electron transport occurs principally through three mechanisms: resistive, quantum tunneling and percolative [START_REF] Sherman | Electron transport processes in conductor-filled polymers[END_REF][START_REF] Albers | Effects of Compression and Filler Particle Coating on the Electrical Conductivity of Thermoplastic Elastomer Composites[END_REF]. For low concentrations, the electrical conductivity of the polymer is controlled only by the high resistivity of the matrix. As the volume fraction increases, the distance between the conductive particles becomes smaller, and for separations less than 10 nm, the electrons can be transported between conductive particles by means of a mechanical quantum tunnel effect, which in combination with the resistive mechanism increase the electrical conductivity [START_REF] Balberg | Tunneling and nonuniversal conductivity in composite materials[END_REF]. Finally, at high concentrations the percolative transport dominates. Macroscopic chains of conductive material are formed, facilitating the transport of electrons. When this mechanism occurs, the largest changes in electrical conductivity occur.

On the other hand, heat transfer in the polymer matrix is due to quantized vibrational modes within a rigid lattice of molecules (phonons), which are the heat carriers in this kind of polymer materials [START_REF] Huang | Thermal conductivity of polymers and polymer nanocomposites[END_REF], where the length of a phonon mean free path is closely related to the size of crystal regions in the polymer. Phonons transport is strongly limited by scattering between amorphous and crystal regions in polymers and structural defects that induce the lowering the thermal conductivity [START_REF] Huang | Thermal conductivity of polymers and polymer nanocomposites[END_REF][START_REF] Hida | Thermal resistance and phonon scattering at the interface between carbon nanotube and amorphous polyethylene[END_REF]. By contrast in the carbonyl iron particles, the heat is mostly carried by electrons which have mean free paths substantially larger [START_REF] Sun | Dual percolation behaviors of electrical and thermal conductivity in metal-ceramic composites[END_REF]. At the interface polymer/filler particle, additional phonon scattering due to the mismatch between both mechanisms of heat transfer is present. This phenomenon can be considered as a thermal interface resistance, that limits heat transfer in this kind of composites. In the composite, as the concentration of particles increases and the formation of networks occurs, the electronic contribution becomes important, due to the possibility of the electrons to move through these paths.

The difference between the thermal and electrical percolation threshold is expected because in the case of heat transfer, heat carriers are electrons and phonons, and in the electrical transport only electrons. Heat conduction by phonons is always present in the composite and even at low volume fractions it is affected by the scattering. In contrast, the electrical conductivity is very small in the matrix and only grows substantially, until the percolation threshold is achieved. On the other hand, the interfacial resistance between the fillers and matrix is another factor that produce a shift between the thermal and the electrical percolation thresholds, from the predicted values by the Bruggeman's effective medium approximation [START_REF] Wang | A continuum model with a percolation threshold and tunneling-assisted interfacial conductivity for carbon nanotube-based nanocomposites[END_REF][START_REF] Wang | Percolation threshold and electrical conductivity of graphene-based nanocomposites with filler agglomeration and interfacial tunneling[END_REF].

Interestingly, the effects of the growing volume fraction on the emissivity appear from higher concentrations, reaching a maximum decrease at 0.41. Considering that the microparticles (with lower reflectance than the polymer matrix) are randomly distributed in the composite, the above-mentioned dependence on the volume fraction can be explained by the increase (decrease) of the contributions on the infrared reflectance of the fillers (matrix) with regard to the total surface reflectance. This behavior produces a reduction of emissivity because the surface will be "more metallic". This is a surface rather than bulk phenomena, as it is in the case of thermal and electronic conductivities.

Variations on the percolation thresholds of different physical properties, as the reported in this work, has been previously observed by Shi et al. [START_REF] Shi | Percolation behavior of electromagnetic interference shielding in polymer/multi-walled carbon nanotube nanocomposites[END_REF] they reported differences between the percolation threshold of electromagnetic interference shielding and the percolation threshold of electrical conduction.

The results reported in this work indicate that in the design of polymer micro composites, by varying the volume fraction of inclusions, it is possible to adjust different physical properties at will, choosing the best conditions to satisfy different needs. For example, a composite which at a given concentration presents a relatively high thermal conductivity, but with a low electrical conductivity, would be very useful in dissipating heat from a circuit avoiding a electrical short circuit.

Conclusions

We have measured the thermal and electrical conductivities along with the infrared emissivity of composites composed of carbonyl iron microparticles randomly distributed in a polyester resin matrix, for volume fractions ranging from 0 to 0.55. The obtained results show that both the thermal and electrical conductivities increases with the particles' concentration, such that their percolation threshold appears at volume fractions of 0.46 and 0.38, respectively, which can be explained due to the contrast of properties between fillers and matrix, and the transport mechanism. The emissivity, on the other hand, decreases as the fillers' concentration increases, such that it exhibits a substantial decay at a volume fraction of 0.41, that is produced by the increase of the contributions on the infrared reflectance of the fillers as the concentration increases. The percolation threshold of the emissivity is thus higher than that of the thermal conductivity, but lower than the one of the electrical conductivity. This dispersion on the percolation concentration can be justified taking into a account the different physical mechanisms required to activate the electrical, thermal and optical responses of the considered composites. The obtained results show that the percolation phenomenon can be efficiently used to enhance or reduce the value of specific physical properties of particulate composites.

Fig. 1

 1 Fig. 1 Schematic diagram showing the percolation behavior in an insulating matrix conductive filler composite. (a) Isolated clusters. (b) Percolation threshold and (c) Conductive network.

Fig. 2

 2 Fig. 2 SEM images of a composite with a particles concentration of (a) 0.05 (b) 0.12, (c) 0.27, (d) 0.41, and (e) 0.50 vf. All the SEM images were presented at 500X. f) Histogram showing the size distributions of particles.

Fig. 4

 4 Fig.4Experimental setups. a) Scheme of the experimental setup used to obtain the electrical conductivity. Samples are placed in series with a voltmeter of high impedance. A capacitor (0.2 µF) in parallel with the voltmeter is placed, to filter out any interference that may affect the high impedance of the voltmeter. b) Scheme of the experimental setup used to obtain the thermal conductivity. Samples are heated up by a flash lamp and the temporal evolution of the temperature is recorded by means of an infrared camera. An infrared filter is placed between the flash lamp and the sample to prevent that the IR radiation of the lamp reaches the sample surface. Furthermore, the camera lens is protected with a Ge window placed in front of the camera.
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 6 Fig. 6 a) Experimental and fitted cooling curves used to measure the thermal diffusivity of three representative samples. Symbols represent the experimental data and continuous lines the best fittings (left Y-axis). The corresponding residuals are plotted too (right Yaxis). b) Thermal diffusivity of polyester resin/CIP composites as a function of the fillers volume fraction. Dots represent the experimental data, the dashed line is a visual guide and the vertical line at vf = 0.35 stands for the increase in the rate of change of the thermal diffusivity.

Fig. 7 a

 7 Fig. 7 a) Cooling curves used to measure the thermal effusivity of composites with concentrations of 0.05, 0.36 and 0.50. Symbols represent the experimental data and continuous lines the best fittings. The corresponding residuals are also plotted. b) Thermal effusivity of polyester resin/CIP composites as a function of the vf. Dots represent the experimental data, the dashed line is a visual guide.

  dependence of the volumetric heat capacity C v and the specific heat capacity C as a function of vf are shown in Fig 8. The values of C v (represented by gray dots) were determined by means of the experimental data of e and α and the relationship C v = e/ √ α. The values of C (represented by red squares) were obtained from the values of C v and the density ρ of the composite and using relationship C = C v /ρ. The composite density was determined through the additions rules ρ = ρ m (1 -vf) + ρ p vf, with ρ m = 1160 kgm -3 and ρ f = 7870 kgm -3
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 9 Fig.9 a) Thermal conductivity k and its second derivate as functions of the volume fraction of fillers. The points represent the experimental data, while the predictions of Zhang model (Eq. (6)) are represented by the continuous line. The maximum of the second derivative stands for the thermal percolation threshold of k. b) Ratio between the thermal conductivity and the electrical conductivity as a function of volume fraction. The points represent the experimental data and the continuous line is obtained by means of the Eqs. (5) and (6).

2 P 2 Fig. 10

 2210 Fig. 10 Emissivity ε and its second derivative as function of the volume fraction of fillers. The gray points represent the experimental data. The maximum of the second derivative stands for the the maximum decrease rate.
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