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ABSTRACT 

 

The development of new carbon nanofibers-ceramic nanocomposite materials 

with excellent mechanical, thermal and electrical properties is interesting for a wide 

range of industrial applications. Among the ceramic materials, zirconia stands out for 

their excellent mechanical properties. The main limitations in the preparation of this 

kind of nanocomposites are related with the difficulty in obtaining materials with 

homogeneous distribution of both phases and the different chemical nature of CNFs and 

ZrO2 which causes poor interaction between them. CNFs-reinforced zirconia 

nanocomposites ZrO2/xCNFs (x=1-20 vol.%) were prepared by powder mixture and 

sintered by spark plasma sintering (SPS). ZrO2-reinforced carbon nanofibers 

nanocomposites CNFs/xZrO2 (x=20 vol.%) were prepared by powder mixture and a 

surface coating of CNFs by wet chemical route with zirconia precursor is proposed as a 

very effective way to improve the interaction between CNFs and ZrO2. After SPS 

sintering an improvement of 50% in fracture strength was found for similar 
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nanocomposite compositions when the surface coating was used. The improved 

mechanical properties of these nanocomposites are caused by stronger interaction 

between the CNFs and ZrO2. 

 

Keywords: Sol-gel method, carbon nanofibers, spark plasma sintering, mechanical 

properties, nanozirconia. 

 

1. INTRODUCTION 

 

The discovery of carbon nanotubes (CNTs) has generated considerable interest 

owing to their small size, high aspect ratio, low mass and excellent mechanical, 

electrical and thermal properties [1,2] but the low rate production of this kind of 

structures limit their applications. Carbon nanofibers appear as an alternative to CNTs 

showing similar properties, although with slightly different sizes [3]. Carbon nanofibers 

(CNFs) have cylindrical or conical structures that have diameters varying from a few to 

hundreds of nanometers and lengths ranging from less than a micron to tens of microns. 

The internal structure of carbon nanofibers is comprised of different arrangements of 

modified graphene sheets, and the main distinguishing characteristic of nanofibers from 

nanotubes is the stacking of graphene sheets of varying shape [4]. 

Concerning the design of composites with ceramics, research has been mainly 

focused on alumina-based composites, and only limited work has been done on other 

systems, e.g. silicon nitride or zirconia [5-7]. Furthermore, the carbon reinforcing 

element has generally been CNTs and only a few studies have involved CNFs. 

Therefore, the potential advantages of CNFs vs. CNTs (price, production rate) as 

reinforcing elements are still largely unexplored. Zirconia (3Y-TZB) is a material 
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extensively used for many structural applications due to its excellent mechanical 

properties. Zirconia and/or zirconia-based composites are interesting multifunctional 

materials that have been used for many applications, such as solid-oxide fuel cells, 

oxygen sensors and ceramic membranes, due to their good high-temperature stability, 

high breakdown electrical field or large energy bandgap [8].  

Some publications have recently appeared illustrating the advantages of CNFs as 

reinforcing elements in alumina, silicon carbide and hydroxyapatite-based composites 

[9-11] and only a limited number of publications dealing with the mechanical properties 

of CNTs/ZrO2 [12,13] and CNFs/ZrO2 [14,15] composites. Sun et al. [12] studied the 

mechanical and fracture behavior of MWCNTs/3Y-TZP composites containing 0.1-1.0 

wt.% MWCNTs and SWCNTs prepared by spark plasma sintering (SPS). They found 

that the addition of CNTs had a negative influence on the hardness of the composites 

and no influence or a negative influence on the fracture toughness. The CNTs often 

agglomerate at the ZrO2 boundaries, and the weak bonding between the CNTs and 

zirconia are the reasons why the reinforcing effect of the CNTs is limited. Additionally, 

according to the results of Dusza et al. [15], the presence of the CNFs makes 

densification more difficult. Consequently, the ZrO2+1.07wt.% CNFs nanocomposite 

prepared by Hot-press (HP), even if it shows significantly higher electrical conductivity 

compared with monolithic zirconia it exhibits lower mechanical properties. Regarding 

the densification of the CNTs/ZrO2 or CNFs/ZrO2 composites, authors have mainly 

used HP or SPS that has been already reported as a feasible technique for ceramic-

CNTs composites densification [16,17]. The SPS, also known as field assisted sintering 

technique (FAST), is a sintering technique which can consolidate powder compacts by 

applying an on-off dc electric pulse under uniaxial pressure [18]. This technique can 

work at heating rates of the order of hundreds of degrees per minute, reaching high 
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temperatures in very short time, leading to dense materials after cycles of 

heating/cooling of the order of a few minutes [19]. These features allow achieving 

microstructures unattainable by other sintering techniques. Zirconia particles in the 

nano-size range have been synthesized using various routes such as sol-gel [20,21], co-

precipitation [22,23], ball milling [24], hydrothermal process [25,26], gas phase 

synthesis and microemulsion methods [27-29]. Among the various synthesis methods, 

sol-gel method is the most promising and thus has been widely investigated because it 

produces solid particles of high purity and high specific surface area.  

The aim of the present contribution is to investigate the preparation of two types 

of nanocomposites based on zirconia-carbon nanofibers system: zirconia matrix 

reinforced with carbon nanofibers and carbon matrix reinforced with zirconia 

nanoparticles. In the second case, two synthesis routes are compared: mixture of 

commercial powders and sol-gel method using a zirconia precursor. Sol-gel process is 

used to disperse zirconia nanoparticles homogeneously in CNFs matrix by entrapping 

the dispersed CNFs in the gel network formed by ZrO2 precursor. The powders obtained 

by the two different routes have been sintered by SPS and the composites obtained were 

compared in terms of mechanical and electrical properties. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Preparation of composite powders 

2.1.1. Mixed powders 

The materials used in this study were commercial carbon nanofibers (CNFs) having 

average outer diameter of 20-80 nm and lengths >30 microns, supplied by Group 

Antolin Engineering (Spain), and ZrO2 (TZ-3YB) nanopowders (Tosoh Corp., Japan) 
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with average particle size of 180 nm. The CNFs are generated via the vapor growth 

method (VGCNFs) [30] using a floating catalyst of nickel in solution (6-8%). Powders 

mixtures of ZrO2/CNFs = 99/1 - 93/7 - 80/20 vol.% and CNFs/ZrO2 = 80/20 vol.%, 

were dispersed in ethanol (Panreac Quimica) in a high energy attrition milling (Union 

Process, EE.UU) using zirconia media of 2 mm in diameter at 400 rpm and milling time 

of 1 hour. After milling, the resultant homogeneous mixture (ZrO2/CNFs or 

CNFs/ZrO2) slurry was dried at 60 ºC and the dried powder was sieved under 60 

microns. 

 

2.1.2. Surface coating of CNFs 

The surface coating of CNFs was carried out employing sol-gel processing route. 

Zirconium oxychloride octahydrate ZrOCl2 8H2O (Merck, p.a. grade) was used as 

zirconia precursor. Under magnetic stirring the appropriate amount of zirconium 

oxychloride was firstly dissolved in 400 mL of distilled and deionized water in order to 

obtain 20 vol.% of ZrO2 on the final composite powder (CNFs+20vol.% ZrO2). 

Subsequently, the CNFs were added to the zirconium precursor solution under stirring. 

Finally, the pH was adjusted to 10.5 with a buffer NH4OH solution (28 wt.%). The 

mixture was heated up to 60-70 ºC in order to evaporate the solvent leading to the gel 

formation. The gel was dried in air at 120 ºC for 24 h and the dried powder was sieved 

under 60 microns to achieve a uniform distribution of particle sizes. Thermogravimetric 

analysis of the modified powder (TGA Star System, Mettler Toledo) was carried out up 

to 1000 ºC at 5 ºC min-1 heating rate under argon atmosphere in order to determine the 

temperature for chlorides removal. The powder was then pirolized under inert 

atmosphere at the selected temperature. In order to obtain tetragonal stabilized zirconia 

in the final composite powder an additional composition was prepared by sol-gel 
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method. The composition of this composite powder was CNFs+20vol.% (3Y-ZrO2) that 

will be designed as CNFs+20vol.% YSZ. The procedure was similar to the previously 

described, in which the appropriate amount of yttrium chloride YCl3 6H2O was used as 

yttria precursor to achieve a 3mol.% Y2O3 in the zirconia particles. 

 

2.2. SPS and characterization of sintered bodies 

The powder samples were placed into a graphite die with an inner diameter of 20 mm 

and cold uniaxially pressed at 30 MPa. Then, they were introduced in a spark plasma 

sintering apparatus HP D 25/1 (FCT Systeme) under low vacuum (10-1 mbar) and 

sintered at different temperatures for 1 min under an applied pressure of 80 MPa and a 

heating rate of 100 ºC min-1. The samples are regular disks and bulk density of the 

sintered bodies was measured by the geometric method. The fracture strength was 

measured using biaxial testing employing the equations of Kirstein and Woolley [31], 

Vitman and Pukh [32], and the standard specification ASTM F394-78 [33]. All tests 

were carried out at room temperature using the universal machine Instron (Model 8562) 

with a cross-head displacement speed of 0.002 mm s-1. X-ray diffraction (XRD) 

analysis was performed on a Siemens X-ray diffractometer (Model D 5000), which has 

a geometry type “Bragg-Brentano” with Cu-k radiation ( = 0.15418 nm, 40 kV, 30 

mA). The measurements were done in the 15-80º range and the step size and time of 

reading were 0.02º and 0.3 s, respectively. The electrical resistivity of monolithic and 

composite materials studied in this work was determined according to ASTM C611. 

The specimens were placed between two sheets of copper connected to a power supply 

which allowed working at different current intensities. The measures were carried out 

by fixing the intensity of the current at 0.5 A using a multimeter of fixed pegs (9.55 mm 

separation), determining the voltage drop. 
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3. RESULTS AND DISCUSSIONS 

 

3.1. Composites obtained from mixing powders 

Table 1 summarizes the density and fracture strength of the monolithic zirconia, CNFs 

and the ZrO2/CNFs composites sintered by Spark Plasma Sintering at 1200 and 1500 

ºC. It is worth to note that monolithic zirconia sintered by SPS either at 1200 or 1500 ºC 

show almost the same fracture strength value and close to the theoretical value for 

zirconia (1200 MPa). In the literature it can be found that optimum sintering 

temperature by SPS for this type of materials is around 1200 ºC [34]. However, higher 

temperatures allow obtaining slightly higher properties when (3Y-TZP) is used and 

operation conditions adjusted. As it can be seen in the micrograph of Figure 1 where the 

fracture surface of zirconia material sintered at 1500 ºC is shown, the grain growth in 

comparison with starting powder (180 nm) even after treatment at 1500 ºC is negligible. 

The microstructure is maintained in the nanoscale and thus the mechanical properties 

are similar or even better. 

 

Nevertheless, the density and therefore the fracture strength of ZrO2/CNFs 

composites sintered at 1500 ºC are higher than corresponding to those sintered at 1200 

ºC. As it can be seen in Table 1 the fracture strength of 100% CNFs material is 

considerably higher at 1500 ºC. This fact has been shown in previous work [35], thus 

the ZrO2/CNFs properties show the strong influence of the sintering temperature due to 

the presence of CNFs. The addition of this soft phase results in lower density and 

fracture strength in the composites. Other authors have demonstrated that CNFs hinder 

grain growth in the composite during sintering giving rise to higher mechanical 
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properties [14,36]. As it has been previously shown, zirconia grain growth is negligible 

even in the monolithic material and we have not observed further hindering of grain 

growth due to CNFs addition. Then, the mechanical properties decrease proportionally 

to the soft carbon phase (CNFs) content. Other reason for this lack of reinforcement of 

zirconia materials with CNFs could be the difficulty in dispersing both phases 

homogeneously [14]. Additionally, it can be expected a poor cohesion between CNFs 

and zirconia because of their very different chemical nature. These problems become 

more marked in carbon matrix composite (ZrO2+80vol.% CNFs) which is not possibly 

to densify. 

 

Fracture surfaces of the composites sintered at 1500 ºC were examined by 

scanning electron microscopy as shown in Figure 2. SEM micrographs (a) and (b) show 

the microstructure of the composites with lower contents of CNFs. The grain size is 

very close to the raw ZrO2 powder and there is no porosity. As other authors observed, 

it can be appreciated in the SEM micrographs (c) and (d) that the zirconia grain size is 

smaller in composites with high CNFs percentages due to the big dispersion of the 

ceramic particles into the carbon nanofibers. The sintered monolithic zirconia was fully 

dense and the composites with low CNFs contents show high density (99%) but the 

(ZrO2+80vol.% CNFs) composite shows porosity, as it can be seen in Figure 1(d). This 

porosity is associated with clustering of the CNFs. The process of carbon matrix 

composites (CNFs/ZrO2) fabrication should be improved. 

 

The electrical resistivity of the composites was measured at room temperature 

and no significant changes have been found on the values of sintered composites at 

1200 or 1500 ºC as its electrical resistivity only depends on the material composition. 
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The electrical resistivity values of the composites with 1, 7, 20 and 80 vol.% of CNFs 

were >1010, 102, 10-1 and 10-2 Ω cm, respectively. Ceramic matrix composites with very 

low electrical resistivity have been produced thus ZrO2+7vol.% CNFs shows an 

electrical resistivity only one order of magnitude higher than the CNFs raw material and 

nine order lower than the zirconia. Therefore, a promising composite for electrical 

discharge machining (EDM) has been designed as it was possible to obtain a 

nanocomposite with ~600 MPa fracture strength and very low electrical resistivity. The 

EDM is a potential and attractive technology for the machining of ceramics if these 

materials are provided with sufficiently high electrical conductivity [37]. 

 

3.2. Wet chemical route (sol-gel) composites  

Figure 3 shows the thermogravimetric analysis of the CNFs+20vol.% ZrO2  and 

CNFs+20% YSZ powders synthesized by sol-gel process. Both curves are very similar 

the small amount of yttria precursor added is not reflected in the weight loss. 

Four main weight losses can be easily observed in the DTG analysis. In the first step 

Tmax takes place at 85 ºC and the weight loss is less than 5% which may be attributed to 

the water used as solvent in the mixture process. In the second step the main weight loss 

occurs between 200-350 ºC and is due to the removal of chlorides residuals of the 

zirconia precursor. The weight loss is around 20%. Third step has a small weight loss 

between 450-550 ºC which corresponds to the elimination of ammonium chloride 

formed between the buffer solution and the precursor. Finally the very small weight loss 

at 650 ºC was previously observed in TG analysis of CNFs dried from water slurry. 

Then this small weight loss is related with water adsorbed in carbon nanofibers not with 

the precursors used in this research. Considering these results, the powder was 
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thermally treated at 800 ºC for 2 h in argon atmosphere, in order to remove residuals, 

without CNFs combustion. 

 

The sol-gel powders were sintered up to 1500 ºC by SPS in order to compare 

with mixture powders composites of the same composition. The XRD analysis in Figure 

4 shows that zirconia was formed during the sintering process at 1500 ºC, in the 

CNFs+20vol.% ZrO2 composite fabricated by sol-gel method. As it can be expected an 

important amount of monoclinic zirconia is formed after cooling due to the stabilizing 

absence. In nanocomposites prepared by mixing powder and sol-gel (yttria-stabilized) 

methods it appears virtually pure zirconia tetragonal phase. 

 

Table 2 shows the density and fracture strength of the materials sintered at 1500 

ºC. As reference the characteristics of CNFs+20vol.% ZrO2 composite obtained by 

mixing powders are included in this table.  

 

The relative density of CNFs+20vol.% ZrO2 nanocomposite prepared by sol-gel 

is slightly higher than the density of CNFs+20vol.% ZrO2 material prepared by mixing 

powders. Nevertheless, the surface coating of CNFs with a zirconia precursor leads to 

considerably higher fracture strength materials. From a chemical point of view, sol-gel 

process allows the formation of a three dimensional network which perfectly 

interconnect the particles in the hole volume. Consequently, as carbon nanofibers have 

been well dispersed in the sol, they were homogeneously coated by the gel layer. Heat 

treatment will lead to the formation of zirconia nanoparticles very well dispersed in the 

composite powder. Although, the non-stabilized sol-gel powder lead to monoclinic 

zirconia phase after sintering in the composite, it shows similar fracture strength to the 
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yttria-stabilized (CNFs+20% YSZ) composite and almost 50% higher than the mixed 

powders composite. This increase in the mechanical properties is not accompanied by a 

decrease in the porosity of the material (only 1% difference in relative densities). 

Additionally, the similar properties of both nanocomposites prepared by sol-gel method 

points out that no significant reinforcement by phase transformation of zirconia 

nanoparticles is needed for getting this improvement. Then, the strength improvement is 

related with a stronger interaction between components. 

 

The value of the electrical resistivity of the composites obtained by sol-gel 

method is 10 -2 Ω cm, being this value the same as corresponding to the material 

obtained by powder mixing. The electrical resistivity was measured in both directions, 

parallel and perpendicular to the direction of the applied pressure during sintering, and 

in both directions were achieved similar results. This is indicative of a homogenous 

dispersion of CNFs and zirconia. Then, zirconia-reinforced CNFs nanocomposite with 

improved mechanical properties and maintaining very low electrical resistivity have 

been obtained by combining chemical synthesis routes and new sintering techniques. 

These results show that in some cases conventional ceramic processes such as 

traditional powder mixing are relieved by chemical synthesis methods that allow 

reactions control, and the nucleation and growth of nanocrystals at the molecular level. 

 

4. CONCLUSIONS 

Dense ZrO2/carbon nanofibers composites which exhibit high mechanical properties 

and significantly higher electrical conductivity compared with monolithic zirconia have 

been developed. ZrO2+7vol.% CNFs composite showed ~600 MPa fracture strength and 

high electrical conductivity which allow machining the composite by EDM. In spite of 
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the high ceramic phase content the electrical conductivity of the new composites is 

similar to the carbon material. In order to achieve a good densification of the 

composites, the sintering temperature must be 1500 ºC. The surface coating of carbon 

nanofibers using a zirconia precursor is a very interesting method to obtain carbon 

matrix CNFs/ZrO2 composites with enhanced interaction between ceramic and carbon 

phases. By sol-gel process CNFs+20vol.% ZrO2 nanocomposite has been prepared with 

close to 50% higher fracture strength than that prepared by conventional mixing 

powders. Phase agglomeration and weak cohesion bonding with zirconia grains have 

been avoided with this method. 
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Captions: 

 

Fig. 1. Fracture surface of monolithic zirconia sintered by SPS at 1500 ºC/80 MPa/1 

min. 

 

Fig. 2. Fracture surface of composites sintered at 1500 ºC: (a) 1, (b) 7, (c) 20 and (d) 80 

vol.% of CNFs. 

 

Fig. 3. TG and DTG analysis of the powders synthesized by sol-gel method solid line; 

non-stabilized powder and dot line; yttria-stabilized powder. 

 

Fig. 4. XRD diffractograms of the powders prepared by mixing powders and sol-gel 

methods, sintered by SPS at 1500 ºC. 
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Table I. Characteristics of ZrO2/CNFs composites materials obtained from powders 

mixing sintered by SPS at 1200 ºC and 1500 ºC and 80 MPa for 1 min under vacuum. 

Samples Relative density (%TD) Fracture strength (MPa) 

 1200 ºC 1500 ºC 1200 ºC 1500 ºC 

ZrO2 99.9 99.9 998 ± 10.9 1082 ± 11.2 

ZrO2+1vol.% CNFs 98.4 99.9 663.3 ± 4.1 900.8 ± 6.3 

ZrO2+7vol.% CNFs 95.7 99.7 588.4 ± 3.8 591.8 ± 5.2 

ZrO2+20vol.% CNFs 92.7 98.8 284.7 ± 2.5 335.0 ± 2.1 

ZrO2+80vol.% CNFs 83.4 92.3 40.8 ± 1.8 57.2 ± 2.4 

CNFs 82.1 89.4 38.0 ± 2.1 60.8 ± 2.7 
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Table II. Characteristics of the different CNFs+20vol.% ZrO2 composites sintered by 

SPS at 1500 ºC and 80 MPa for 1 min. 

Samples 
Relative density 

(%TD) 

Fracture strength 

(MPa) 

CNFs+20vol.% ZrO2 

(powders mixing) 
92.3 57.2 ± 2.4 

CNFs+20% YSZ 

(sol-gel yttria stabilized) 
93.7 90.2 ± 2.1 

CNFs+20vol.% ZrO2 

(sol-gel without yttria) 
93.9 99.5 ± 2.8 

 

 


