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Abstract  

Yttria tetragonal zirconia polycrystalline (3YTZP) ceramic composites with 5, 10 and 20 

vol% graphene nanoplatelets (GNPs) were prepared by spark plasma sintering (SPS) and 

their electrical conductivity as a function of temperature was characterized. The 

composites exhibit anisotropic microstructures so the electrical conductivity studies were 

carried out in two directions: perpendicular) and parallel () to the SPS pressing axis.  

The composites with 5 and 10 GNP vol% showed high electrical anisotropy, whereas the 

composite with 20 GNP vol% exhibited nearly isotropic electrical behavior.  shows 

metallic-type behavior in the composites with 10 and 20 vol% GNP revealing that charge 

transport takes place through defect-free GNPs. For the composite with 5 vol% GNP the 

observed semiconductor-type behavior was explained by a two dimensional variable range 

hopping mechanism.  shows metallic-type conductivity in the composite with 20 GNP 

vol% and positive d/dT slope in the composites with 5 and 10 GNP vol%.   

 

1. Introduction.  

During the last few years, the incorporation of carbon nanostructures, as carbon nanotubes 

or graphene nanoplatelets into ceramic matrices in order to achieve an enhanced electrical 

conductivity has awakened a great interest [1-11]. Turning structural ceramics into 

electrically conductive materials by incorporation of a filler would allow the 

implementation of these materials in applications such as micro-electro-mechanical 

systems (MEMS), as it makes possible the manufacturing of miniaturized complex shapes 
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by using the electro-discharge machining (EDM) technique [2]. Structural ceramics are 

usually hard to machine using the conventional manufacturing tools due to their high 

hardness and brittle nature. Thus, achieving the high electrical conductivity that is 

required for the application of this technique, and the EDM performance of these 

composites are very interesting issues that have been approached in different studies 

[2,12-14].  

Carbon nanotubes and monolayer graphene are well known for their exceptional electrical 

conductivity, with extremely high electron mobility at room temperature [15,16]. However, 

graphene-based nanomaterials as few layer graphene (FLG), multilayer graphene (MLG), 

or graphene nanoplatelets (GNPs, also called graphite nanoplatelets) have recently appeared 

into the scene as less expensive alternatives and also exhibiting remarkable electrical 

properties [17]. These nanomaterials are formed by the stacking of graphene sheets, that 

range from 2 to 5 layers for FLG, less than 10 layers for MLG, and more than 10 layers for 

GNPs (in this case they should have a thickness below 100 nm). They also differ in the 

average lateral size and the carbon-to-oxygen atomic ratio [18,19]. The incorporation of 

GNPs as a second phase in ceramicmatrix composites appears as a cost-effective alternative 

resulting in high performance materials with enhanced electrical properties [1,4-

6,8,10,20,21].   

Together with the achievement of a high electrical conductivity in the GNP/ceramic 

composites, it is very important to attain a fundamental knowledge of the conduction 

mechanisms responsible for the electrical response in these materials. To this end, it is 

essential to be aware of the electrical transport properties of graphene and graphenebased 

nanomaterials and how they are modified by the presence of defects or other factors.   

Although quasi-ballistic type conductivity has been reported for highly crystallized defect-

free graphene, conventional metallic behaviour, with an increase of resistance with 

temperature has been reported for suspended graphene and graphene deposited on a substrate 

[22]. This metallic-type behavior is similar to the one known for single crystal graphite or 

highly oriented pyrolytic graphite (HOPG) [23,24]. However, the presence of defects in 

HOPG results in a modification of the conduction type, turning from a metallic behavior to 

a semiconductor one, in which conductivity increases with rising temperature. The same 

effect was observed for highly disordered graphene such as chemically derived graphene 

monolayers or graphene grown by chemical vapor deposition (CVD) using Ni as a catalyst.  
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In these cases, the electrical behavior was modelled considering a structure where highly 

disordered regions are penetrated by percolating metal-like conduction paths. A thermally-

assisted two-dimensional variable-range hopping (2D-VRH) conduction model through 

disordered regions was proposed [22,25,26], and the electrical conductivity was described 

by:  

                                                       (1)  

where 0 is a pre-exponential factor and B is a hopping parameter that assesses the energy 

cost associated to the average charge hopping needed to overcome the disordered regions 

through the graphene monolayer.  

The studies about the electrical transport properties of multilayer graphene or graphene 

nanoplatelets are still scarce. However, a significant effect of defects on the conduction 

mechanisms has been clearly shown. Thiyagarajan et al [27] studied multilayer graphene 

obtained from HOPG via mechanical exfoliation and transferred to a SiO2/Si substrate, with 

thickness ~21 and ~35 nm. These authors showed that in defect-free MLG, current flows 

across the graphene channel in the main ab-plane with metallic-type behavior, while c-axis 

charge transport is not significant. However, after inducing defects by irradiation with Ar 

plasma, c-axis conduction becomes more significant due to the presence of nanoholes in the 

MLG, and the material exhibits a semiconductor-like temperature dependence of the 

electrical resistivity. Gross et al [28] obtained oxidized-graphenic nanoplatelets (OGNP) 

using bamboo pyroligneous acid as a source, with thickness ranging between 25 and 60 nm 

and different oxygen contents and sp2/sp3 hybridization ratios. For the nanoplatelets 

synthesized at the highest carbonization temperature, they found that the oxygen content 

was reduced to 5% and the structure was mainly in sp2 bonding configuration (sp2 fraction 

of 87%). Nevertheless, the conductivity temperature dependence showed typical 

semiconductor behavior, and was described by the Mott three-dimensional VRH 

mechanism (3D-VRH) [28].   

To the best of our knowledge, only two studies approaching the analysis of the electric 

transport properties in GNP/ceramic composites can be found in literature. The electrical 

conductivity as a function of temperature in composites with Si3N4 [4] and SiC [6] matrices 

and GNPs as filler was studied in two different configurations: in the direction perpendicular 

to the pressing axis during sintering, and in the direction parallel to this axis. Different 

conduction mechanisms were apparent for the two orthogonal orientations and they were 

related to the microstructural features in each case. The charge transport along the GNP ab-
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plane was explained by the 2D-VRH model, assuming that the GNPs behave in a similar 

way as chemically derived graphene monolayers.  

In recent years, the study of composites with yttria stabilized zirconia matrix and graphene 

nanoplatelets has emerged as an interesting research topic [10,20,21,29-33], given that this 

ceramic is a technologically significant material used in many structural and biomedical 

applications and it is expected that its performance will be enhanced by the incorporation 

of GNPs. Recent studies have mainly focused on the microstructural and mechanical 

characterization of the composites, revealing an enhancement of properties such as hardness 

and fracture toughness for GNP contents up to 3 wt% [29-33]. Despite the promising values 

of electrical conductivity obtained for these composites [20,21], the published works 

including electrical characterization are still scarce and none of them deals with the analysis 

of the transport mechanisms.   

This study is devoted to the understanding of the electrical conduction mechanisms in 

GNP/3YTZP composites. To this aim, composites with 5, 10 and 20 GNP vol% nominal 

contents were prepared by SPS. The microstructure was characterized by SEM and Raman 

spectroscopy. Electrical conductivity studies as a function of temperature were carried out 

in the directions perpendicular and parallel to the SPS pressing axis.  

The electrical transport properties in each configuration were modeled and related to the 

microstructure of each composite.   

  

2. Experimental procedure.  

2.1. Composites fabrication.  

The composites were prepared following a procedure described in a previous work [10].  

Briefly, a dispersion of the GNPs (≤ 5 μm planar diameter and 50–100 nm thickness, 

Angstron Materials, Dayton, Ohio, USA) in isopropyl alcohol was subjected to ultrasonic 

agitation for 15 min by means of a ultrasonic probe (Model KT-600, Kontes Inc., Vineland, 

NJ, USA) at 20 kHz and 95% amplitude, in time intervals of 5 min to avoid heating of the 

suspension to over 30 °C. The 3YTZP powder (40 nm particle size, Tosoh Corporation, 

Tokyo, Japan) was added to the GNP suspension and sonicated for 5 min in order to 

homogenize the mixture. After drying on a hot plate with continuous magnetic stirring, the 

composite powders were homogenized in an agatha mortar and sintered by SPS (Model 
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515S, SPS Dr Sinter Inc., Kanagawa, Japan) at 1250 ºC for 5 min with an applied uniaxial 

pressure of 75 MPa. The temperature was measured by means of an optical pyrometer 

focused on the side of the graphite die. In this way, composites with 5, 10 and 20 vol% 

GNPs were fabricated. The sintered composites of ~15 mm in diameter and ~2 mm in 

thickness were manually ground to eliminate the surface graphite from the SPS moulding 

system.  

 

2.2. Characterization of the starting powders and the sintered composites.   

During the wet powder processing, in the different steps there is a possibility of GNP or 

ceramic powder losses (adhered to the sonication tip or to the different containers), so the 

real GNP content could be different than the nominal one. In order to account for this 

variations, elemental microanalysis (Elemental Analyzer TruSpec micro LECO) was 

performed to evaluate the total C content (and consequently, the GNP content) in the 

composite powders prior to sintering. Approximately 1–3 mg of the composite powder 

were placed in Sn capsules and completely burned in a pure oxygen environment at 

temperatures between 100 and 1000 °C. The combustion product (CO2) was quantified by 

an infrared cell.   

The density of the sintered composites was measured by the Archimedes method using 

distilled water as immersion medium. The theoretical density of the composites was 

calculated using the rule of the mixtures, considering ρ = 6.1 g cm−3 for 3YTZP and ρ = 2.2 

g cm−3 for the GNPs (data from the suppliers). The GNP volume fractions obtained from 

the elemental microanalysis were used.  

The Raman spectra of the fracture surfaces of the sintered composites were obtained using 

a dispersive microscope (Horiba Jobin Yvon LabRam HR800, Kyoto, Japan) equipped with 

a He-Ne green laser (532.14 nm) at 20 mW power as the source. The microscope used a 

100x objective and a confocal pinhole of 100 μm. The Raman spectrometer was calibrated 

using a silicon wafer. Six to eight spectra were taken for each sample.  

Microstructural observations of the sintered composites were carried out on polished 

surfaces by scanning electron microscopy (SEM, FEI-Teneo microscope, FEI, USA) with 

the aim to assess the GNP distribution in the 3YTZP matrix. Cross-section (c.s.) and in-

plane (i.p.) slices, i.e. surfaces parallel and perpendicular to the SPS pressing direction, were 
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polished with diamond paste up to 1 μm for morphological studies, in order to account for 

any degree of anisotropy.   

Electrical characterization was carried out by impedance spectroscopy using an Agilent 

4294A analyzer in the frequency range 100 Hz - 2 MHz. In order to collect data in a 

temperature range from 25 to 450 ºC, the samples were placed in an alumina tubular furnace. 

The electrical measurements were carried out in argon atmosphere to avoid oxidation of the 

samples and subsequent degradation of the GNPs during the process.   

Two different electrode configurations were used with the aim to acquire electrical 

conductivity in the directions parallel () and perpendicular () to the SPS pressing axis, 

in order to account for any degree of electrical anisotropy. Colloidal silver paste was applied 

on both sides of the samples and electrodes were fired at 600 ºC for 30 min under argon 

flow.  

3. Results and discussion.  

3.1. Composition and microstructure.  

Fully dense composites were obtained for the three GNP contents (Table 1). The relative 

densities were calculated using the real GNP vol% obtained from the elemental 

microanalysis study. There were only small losses of GNP or 3YTZP powder during the 

composite powder processing (Table 1). The GNP content is ~0.5 vol% lower than the 

nominal one for composites with 5 and 10 vol% GNP (due to GNP losses during processing) 

and the GNP content is ~3 vol% higher than the nominal one for the composite with 20 

vol% GNP (due to 3YTZP powder losses during processing). The relative densities obtained 

in this study reveal the adequacy of the selected SPS conditions for sintering this type of 

composites, and are higher than reported values for GNP/3YTZP composites with lower 

GNP contents and SPSed at higher temperatures [29,32]. Also, these authors reported a 

decrease in relative density when increasing GNP content.  

Low-magnification scanning electron micrographs obtained using backscattered electrons 

illustrate the GNP distribution into the ceramic matrix in the polished i.p. and c.s. surfaces 

of the composites (Fig. 1). The light and dark phases observed in the micrographs 

correspond to the 3YTZP matrix and the GNPs, respectively. Both phases can be clearly 

differentiated because of the high contrast due to the average atomic number difference 
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between them. The GNPs appear well distributed along the ceramic matrix, and some 

groups of interconnected or piled up GNPs can also be observed. A higher presence of the 

dark phase is observed in the micrographs when increasing the GNP content, revealing 

better percolating networks.  

In the composites with 5 and 10 GNP vol%, while the GNPs present a random orientation 

on the i.p. surface (Fig. 1a and 1c), a preferential alignment is clearly observed from 

micrographs on the c.s. plane (Fig. 1b and 1d), with their ab-plane disposed perpendicular 

to the direction of applied pressure during sintering. A more remarkable alignment is 

observed in the composite with 10 GNP vol% (Fig. 1d). This structural anisotropy has been 

previously shown for composites with different ceramic matrices sintered under uniaxial 

pressure conditions [4,6,8,9,34,35]. The uniaxial load applied during sintering and the high 

aspect ratio and stiffness of the GNPs have been pointed out as the key factors for this 

preferential alignment.   

The BSE images corresponding to the i.p. and c.s. surfaces of the composite with 20 GNP 

vol% (Fig. 1e and 1f) also show microstructural anisotropy in this composite. However, in 

this case the GNPs are distributed surrounding GNP-free ceramic areas, which show a 

rounded shape (~40 m diameter) on the i.p. surface (Fig. 1e) and an oval one with the 

largest axis (~30-100 m) in the direction perpendicular to the SPS compression axis on the 

c.s. surface (Fig. 1f). The existence of GNP-free ceramic areas is consequence of the 

formation of ceramic powder clusters without GNP incorporation in the composite powders 

before sintering. These spherical clusters are distorted by the pressure applied during 

sintering giving place to the oval areas observed in the c.s. surface.   

Despite the described arrangement of the GNPs in the matrix, with a preferential alignment 

in the direction perpendicular to the SPS pressing axis, in all the composites some GNPs 

with their ab-plane disposed in the direction parallel to the SPS pressing axis, that is, 

disposed in a perpendicular way with respect to most of the GNPs, can be found (see detail 

for the composite with 5 GNP vol% in Fig. 1g).  

The Raman spectra acquired on the fracture surfaces of the studied composites are shown 

in Figure 2. The characteristic bands for graphene nanoplatelets, D, G and 2D, are observed 

for the three composites, being located at the same positions in all the spectra. The shape of 

the spectra, together with the observed IG/I2D ratios (IG > I2D), confirm the multilayered 
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character of the nanoplatelets, as it has been shown that for graphene-based structures 

(multilayer graphene, graphene nanosheets, GNPs, ...) with more than 10 layers the Raman 

spectra resembles the corresponding one for bulk graphite [36].  

The presence of the characteristic bands and the relatively low ID/IG ratios (included in Fig. 

2) confirm the structural integrity of the GNPs after the powder processing and sintering. 

The D-band is considered a disorder-induced band in graphitic materials, and high ID/IG 

values are associated to crystal disorder or defects in these materials [37]. Thus, the low 

values obtained in the present study and the small increase with respect to the value 

corresponding to the GNPs before composite processing [10] reveal that, although some 

structural defects could have been introduced during processing and sintering, significant 

damage to the GNPs in the composites has not taken place.   

   

3.2. Room temperature electrical conductivity.  

Table 1 presents the conductivity data measured at room temperature in the two different 

electrode configurations,  and . It can be observed that the composites with 5 and 10 

vol% GNP present significant electrical anisotropy with  > , as previously reported by 

other authors for composites with different ceramic matrix [4,6,8,9]. This fact has been 

related to the preferential alignment of the GNPs in the direction perpendicular to the SPS 

pressing axis, and to the intrinsic electrical anisotropy in graphene and graphene-related 

materials. The electrical anisotropy factor is more remarkable in the composite with 10 vol% 

GNP ( / = 6.84 ± 0.11) in comparison with the corresponding one for the composite 

with 5 vol% GNP  = 3.36 ± 0.05) as a consequence of the interconnections between 

the GNPs in the ab-plane that are taking place when increasing the GNP content from 5 to 

10 vol%. A much higher conductivity in the ab-plane in comparison with the one along the 

c-axis has been reported for different graphitic materials as graphite single crystals [23], 

HOPG [24,38,39] or nano-laminates [40]. These differences in conductivity, together with 

the alignment of the GNPs (Fig. 1d) promote the significant enhancement in  while the 

increase is just slight for  in this composite. However, the electrical anisotropy factors 

reported here are not as high as the ones reported by previous authors for GNP/Si3N4 

composites, with  ratios in the range 10-25 [4]. This difference could be due to several 

effects, as the different matrix with different microstructure (the ceramic grains in Si3N4 are 

more elongated than those of 3YTZP) or the different GNP characteristics.  
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Also, the lower electrical anisotropy factors here reflect that the preferential alignment of 

the GNPs in the composites under study is not as remarkable as the one achieved in the 

mentioned GNP/Si3N4 composites.  

When the GNP content increases up to 20 vol%, a significant increase of both  and  is 

found (Figure 3). However, in this case the most remarkable conductivity enhancement is 

observed for , promoting even the decrease of the anisotropy factor to a value of 1.18 ± 

0.05. Thus, this composite is almost an electrically isotropic material.  

The electrical performance of this composite is clearly related to its microstructure (Fig. 1e 

and 1f), formed by GNPs surrounding oval GNP-free ceramic areas. In contrast with the 

composites with lower GNP content, the GNP-free oval regions are much better defined 

because the GNPs surrounding them are much better interconnected (they present a higher 

degree of interconnection). The presence of GNPs aligned in different directions other than 

perpendicular to the SPS pressing axis is much higher in this composite, so the GNPs 

situated in the direction parallel to the SPS pressing axis greatly contribute with their ab-

plane to .  

The highest conductivity value achieved in this work (~276 S·m-1) is not as high as the 

reported ones for ceramic composites with similar GNP contents. Conductivities of 1000, 

4100 and 4378 S·m-1 were reported for Al2O3/15 GNP vol% [13], Si3N4/24 GNP vol% [4] 

and SiC/20 GNP vol% [6] composites, respectively. Also, it is similar to the reported value 

for yttria stabilized zirconia composites with much lower GNP contents (280 S·m-1 for 

composites with 5.5 GNP vol%) [21]. This could be related to the different size and type of 

GNPs used in the different studies, as it has been reported that the GNP electrical 

conductivity is highly dependent on the number of graphene layers forming the nanoplatelet. 

Nanoscale mappings [41] and numerical simulations [42] have shown that the electrical 

conductivity of few-layer graphene and graphene nanoplatelets decreases with increasing 

thickness. The conductivity rapidly decreases for thicknesses from 0.67 to 4.4 nm, then 

slowly decreases from 4.4 to 55-100 nm, and remains constant for higher thicknesses, 

ultimately approaching that of bulk graphite [42].  

Whereas graphene nanoplatelets with thickness ranging from 1 to 10-20 nm were used in 

the mentioned studies [4,6,13,21], nanoplatelets with 50-100 nm thickness and thus, with 

lower electrical conductivity, were used in the present study, and consequently, the 
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electrical conductivity of the composite would be lower. Moreover, as revealed in the 

microstructural analysis, the GNPs in the composite with 20 vol% are not preferentially 

aligned in such a remarkably way as they are in the composites reported in literature [4,6].  

3.3. Dependence of the electrical conductivity with temperature.  

The analysis of the temperature dependence of the conductivity is essential in order to 

understand the conduction mechanisms in these materials. Fig. 4 shows the experimental 

conductivity data as a function of temperature. The conductivity values have been plotted 

versus T-1/3 according to the 2D-VRH model (Eq. (1)). This type of thermally-assisted 

conduction through disordered regions has been successfully applied to describe the 

electrical transport in GNP/Si3N4 and GNP/SiC composites [4,6]. However, as it will be 

presented below, this model does not describe properly the behaviour of the more 

conductive composites of our study.  

When analysing the conductivity measured in the direction perpendicular to the SPS 

pressing axis () it is observed that only the composite with 5 GNP vol% presents a 

semiconductor-type behavior, whereas the composites with higher GNP contents show a 

metallic-type behavior (Fig. 4a). Thus, the 2D-VRH model only describes properly the 

composite with the lowest GNP content. Taking into account the preferential alignment of 

the GNPs (Fig. 1) it is clear that when measuring in this direction the charge transport will 

take place along the ab-plane of the aligned GNP. The metallic-type behavior is strongly 

revealing that the charge transport is taking place through defect-free GNPs in a well 

percolated network in the composites with 10 and 20 GNP vol%. This makes sense as the 

commercial GNPs used in this study were not chemically derived from GO layers, and thus, 

are formed by pristine graphene layers. When the GNP content is lower, the interconnection 

between nanoplatelets is not as good as for 10 or 20 GNP vol%. The insulating ceramic 

areas situated between the GNPs can be considered as defects embedded in regions with 

metallic conduction and the conduction would take place via the variable range hopping of 

the carriers between the GNPs. The hopping parameter obtained for these 3YTZP 

composites (B = 5.75 ± 0.03 K-1/3) is lower than the reported one for GNP/Si3N4 composites 

[4] with GNP content ranging from 11 to 24 vol% (B = 9.5 ± 0.5 K-1/3), suggesting a lower 

energy cost associated to the charge hopping.  
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On the other hand, when analysing the conductivity measured in the parallel direction () 

a quite different scenario is found. The composites with 5 and 10 GNP vol%, which show 

much lower conductivity values, present a semiconductor-type behavior, whereas only the 

composite with the highest GNP content shows a metallic-type behavior (Fig. 4b). In the 

latter case, it is worth mentioning again the special microstructure of this composite (Fig. 

1e and 1f), with the GNPs closely surrounding GNP-free ceramic areas.  

In this configuration, there are also GNPs with the ab-plane in the direction parallel to the 

SPS pressing axis, and thus, taking into account the excellent percolation of the network, 

metallic-type conduction through the GNPs ab-plane takes place also in this direction, for 

this composite.  

The positive d/dT slope in the composites with the lowest conductivity could be explained 

in two different ways. On the one hand, a contribution of the c-axis conductivity should be 

considered in the GNPs, as they are formed by a stacking of more than 10 graphene layers, 

and this contribution has been shown to be semiconductor-type for different types of 

graphite (single crystal, HOPG, nanolaminate…) [23,38,39,40]. On the other hand, we have 

shown that despite the preferential alignment of the GNPs in the direction perpendicular to 

the SPS pressing axis, some GNPs appear disposed with their ab-plane in the direction 

parallel to the SPS pressing (Fig. 2) and could also contribute to . The hopping parameters 

obtained for these two composites (B = 8.4 ± 0.1 K-1/3 and B = 9.7 ± 0.2 K-1/3 for the 

composites with 5 and 10 GNP vol%, respectively) are similar to the previously reported 

one for GNP/Si3N4 composites [4].  

4. Conclusions.  

Fully dense yttria tetragonal zirconia composites with 5, 10 and 20 GNP vol% were 

fabricated by SPS. Anisotropic microstructures were observed in the composites as a 

consequence of the uniaxial applied pressure during the sintering process. A preferential 

alignment of the GNPs was observed in the composites with 5 and 10 GNP vol%, with their 

ab-plane disposed perpendicular to the direction of the applied pressure.  A different 

microstructure, with interconnected GNPs surrounding GNP-free ceramic areas with oval 

shape was observed in the composite with 20 GNP vol%.  
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The creation of a higher number of GNP interconnections in the direction perpendicular to 

the SPS pressing axis when increasing the GNP content from 5 to 10 vol% resulted in a 

significant increase of the electrical anisotropy factor, . On the contrary, the nearly 

isotropic electrical behavior in the composite with 20 GNP vol% is consequence of the 

presence of GNPs aligned in different directions other than perpendicular to the SPS 

pressing axis in this composite, since the GNPs situated in the direction parallel to this axis 

greatly contribute with their ab-plane to .  

Charge transport through the ab-plane in the well percolated defect-free GNPs gives place 

to a metallic-type behavior of for the composite with 10 GNP vol% and both  and  

for the composite with 20 GNP vol%. The semiconductor-type behavior for  in the 

composite with 5 GNP vol% is explained by a two dimensional variable range hopping 

mechanism between defect-free GNPs. The positive d/dT slope in the composites with 5 

and 10 GNP vol% has been related to two effects: the contribution of the c-axis conductivity 

and a hopping mechanism between GNPs with their ab-plane situated in the parallel 

direction.  
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Figure captions  

Figure 1: Backscattered scanning electron (BSE) microscopy images from the composites 

i.p. (a), (c), (e), and c.s. surfaces (b), (d), (f) for different nominal GNP 10 contents: (a) and 

(b) 5 vol%, (c) and (d) 10 vol%, (e) and (f) 20 vol%. (g) BSE-SEM image showing a detail 

from the c.s. surface of the composite with 5 GNP vol%. Compression axis during SPS is 

indicated in (b) by arrows.  

Figure 2: Raman spectra of the 3YTZP composites with 5, 10 and 20 GNP vol%. The ID/IG 

ratios are also indicated. *From Ref. [10].  

Figure 3: Electrical conductivity at room temperature as a function of the GNP vol% for 

both electrode configurations:  (solic circles) and  (open circles).  

Figure 4: Electrical conductivity as a function of temperature for the GNP/3YTZP 

composites, plotted according to the 2D-VRH model, (a)  and (b) .  
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Table 1 

Table 1: Measured GNP content, density, electrical conductivity and anisotropy ratio for 

the GNP/3YTZP composites.  

  

GNP 

vol%  

Real GNP vol%  

± 0.1  

ρ (g/cm3)  

± 0.1  

ρrelative (%) 

± 2  
 (S·m−1)  (S·m−1)   /    

5  4.4  5.8  99  13.49 ± 0.09  45.3 ± 0.3  3.36 ± 0.05  

10  9.5  5.7  100  16.57 ± 0.11  113.3 ± 1.1  6.84 ± 0.11  

20  23.4   5.15   100  234 ± 7  275.9 ± 1.9  1.18 ± 0.05  
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