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Abstract 

The tribological behavior of graphene nanoplatelet (GNP) reinforced 3 mol% yttria 

tetragonal zirconia polycrystals (3YTZP) composites with different GNP content (2.5, 5 

and 10 vol%) was analyzed and discussed. Their dry sliding behavior was studied using 

a ball-on-disk geometry with zirconia balls as counterparts, using loads between 2 and 

20 N at ambient conditions and compared to the behavior of a monolithic 3YTZP 

ceramic used as a reference material. The composites showed lower friction coefficients 

and higher wear resistance than the monolithic 3YTZP. An outstanding performance 

was achieved at 10 N, where the friction coefficient decreased from 0.6 to 0.3 and the 

wear rates decreased 3 orders of magnitude in comparison with the monolithic ceramic. 

A layer adhered to the worn surface was found for all the composites, but it did not 

acted as a lubricating film. The composites with the lowest GNP content showed an 

overall improved tribological behavior. 
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1. Introduction 

Carbon-based nanomaterials, such as carbon nanotubes (CNTs) and graphene, have 

been proposed as ideal reinforcements for polymers, metals and ceramic matrices due to 

their small size, high aspect ratio and exceptional mechanical, electrical and thermal 

properties as well as their biocompatibility1-6. Their incorporation into different 

ceramic matrices has been extensively studied in the hope of obtaining tough, strong, 

electrically and thermally conductive materials. Various structural ceramics, like Al2O3, 

Si3N4 and ZrO2, have been reinforced by CNTs and graphene-based fillers improving 

different properties, such as fracture toughness, thermal and electrical conductivities, for 

a detailed review see Ahmad et al7. 

Zirconia-based ceramics have a wide range of structural and functional applications in 

industry, including cutting tools, bearing parts, solid oxide fuel cells, oxygen sensors, 

ceramic membranes and medical prostheses owing to their excellent mechanical 

properties, good ionic conductivity and high temperature stability. Although the 

inherent brittleness of these materials limits their extensive use in applications where 

tribological aspects are involved, the use of CNTs8,9 and graphene10,11 as 

reinforcements has a positive impact in fracture toughness. Besides, carbon-based 

nanomaterials are prone to exhibit good lubricating properties due to the well-known 

behavior of graphite as a solid lubricant12. 

Despite the technological relevance of the wear behavior of these carbon-based 

nanomaterials zirconia composites, there are relatively few studies that deal with this 

problem, either with CNTs/zirconia composites13-16 or graphene/zirconia materials17.  

Shin et al.13 studied the tribological properties of fully dense yttria-stabilized zirconia 

(YSZ) reinforced with 1.0 wt% of single wall carbon nanotubes (SWCNTs). They 

found that, although the frictional behavior was unaffected by the incorporation of the 

carbon nanotubes, the wear resistance was noticeably improved, reducing the wear rate 

from 1.3×10-4 mm3/Nm for YSZ to 9.6×10-6 mm3/Nm for the composite. This 

improvement in wear resistance was associated with the corresponding improvement in 

fracture toughness. Shim et al.14 studied composites of ZrO2 with additions up to 9 vol% 

of multiwalled carbon nanotubes (MWCNTs). The friction coefficient () showed the 

lowest value for the composite with 6 vol% of CNTs, with a moderate increment of this 

parameter for higher MWCNT content. The friction coefficient reduction (from 0.6 for 

the monolithic ceramic up to 0.25) occurred in composites with a significant level of 
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porosity (91-93% relative density). Denser materials (94-96% relative density) showed 

a more modest diminution in the friction coefficient (0.3 for the 3YTZP ceramic vs 0.25 

for the composite with 6 vol% CNT addition) which was attributed to the suppression of 

crack formation and propagation at the contact zone. Similar results were obtained by 

Kasperski et al.15 for zirconia with up to 5.16 wt% MWCNTs. They reported a 3.8-fold 

decrease (from 0.57 to 0.15) of the friction coefficient for the composite with 5.16 wt% 

carbon nanotubes with respect to yttria-stabilized zirconia, which was attributed to the 

formation of a lubricating film due to the exfoliation of the carbon nanotubes. Melk et 

al.16 also reported the presence of such lubricating film in 3YTZP reinforced with up to 

2 wt% MWCNTs on reciprocating friction tests. The effect of this layer was to decrease 

both the friction coefficient (from 0.85 to 0.57) and the wear rates (from 3×10-5 to 5x10-

6 mm3/Nm). To the best of our knowledge, only one study, carried out by Li et al.17, has 

dealt with the tribological behavior of graphene based nanomaterial-reinforced zirconia, 

which reported the wear and friction behavior of a graphene nanosheet (1 wt% GNS) 

reinforced zirconia coating. These authors found a GNS-rich transfer layer on the wear 

tracks, which was more effective in reducing friction and wear at higher contact loads. 

At 100 N normal load, the friction coefficient was reduced from 0.27 for the monolithic 

sample to 0.19 for the composite. The wear rate of the composite was 1.17×10-6 

mm3/Nm, showing a 50% decrease from the value obtained for the monolithic 3YTZP. 

Tribological studies using graphene as reinforcement in other ceramic bodies (mainly 

Al2O3 and Si3N4) are far more numerous18-29. In general, the incorporation of graphene 

to the composites improves their wear resistance and reduce their friction coefficient.  

Different mechanisms have been proposed to explain this behavior; such as the 

formation of a graphene-rich lubricating tribolayer due to the exfoliation of the 

embedded graphene platelets18,23-29 or a graphene-induced fracture toughness 

improvement that positively affects the wear resistance19,24.  

In the present work, the tribological behavior of GNPs-reinforced zirconia composites is 

described. The friction and wear results of the composites are compared to the obtained 

ones from a monolithic 3YTZP ceramic used as a reference material. Energy-dispersive 

X-ray spectroscopy (EDX) and Raman spectroscopy analysis were performed to 

determine the nature of a transfer layer deposited on the wear track of the composites. 

To the best of our knowledge, this is the first study on the tribological properties of 

graphene nanoplatelets-reinforced bulk zirconia.  
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2. Experimental. 

2.1. Materials Processing. 

GNP/3YTZP composites with different GNP contents (2.5, 5 and 10 vol%) were 

prepared from 3 mol% yttria stabilized zirconia powder (40 nm particle size) supplied 

by Tosoh Corporation (Tokio, Japan) and graphene nanoplatelets from Angstron 

Materials (Dayton, Ohio, EEUU) with the following parameters: 50-100 nm average 

platelet thickness, 5 m average lateral size, and 30 m2/g specific surface area. 

The ceramic powders were in a first place annealed at 850 ºC for 30 min in air. The 

nanoplatelets were dispersed in isopropyl alcohol, as it has been previously shown that 

this solvent assures a good GNP dispersion30, and subjected to ultrasonic agitation by 

means of a high power ultrasonic probe (~750 W) (Model KT-600, Kontes Inc. 

Vineland, NJ) at 20 kHz and 95% amplitude applied for 15 min with 5 min cycles, 

refrigerating between cycles. After mixing with the ceramic powder, the suspensions 

were tip sonicated for 5 minutes. Drying of the suspensions was carried out on a hot 

plate while being stirred. Finally, the composite powders were homogenized in an agate 

mortar. 

The composites were spark plasma sintered (Model 515S, SPS Dr Sinter Inc., 

Kanagawa, Japan) using a 15-mm diameter cylindrical graphite die/punch setup in 

vacuum atmosphere. A sheet of graphite paper was placed between the powders and the 

die/punches to ensure their electrical, mechanical and thermal contact. Graphitic paper 

was also placed along the circumference of the die for easy removal. The sintering 

processes were carried out at 1250 ºC with a holding time at peak temperature of 5 min, 

under a uniaxial pressure of 75 MPa. The heating and cooling rates were 300 and 50 

ºC/min, respectively. For the sake of comparison, a monolithic 3YTZP ceramic was 

sintered in identical conditions. Sintered materials of 15 mm in diameter and ~ 3 mm in 

thickness were ground to eliminate the surface carbon.  

The bulk densities were measured using the Archimedes’ method, with distilled water 

as immersion medium. The theoretical density values for the composites were 

calculated by the rule of mixtures assuming density values of 6.10 g cm−3 for 3YTZP 

and 2.20 g cm−3 for GNPs. 
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2.2. Microstructural characterization. 

Microstructural observations of the worn tracks were performed by high-resolution 

scanning electron microscopy (HRSEM), using a Teneo microscope (FEI, USA). This 

microscope was equipped with an X-ray energy dispersive spectrometer where chemical 

microanalysis on untested and worn areas of the composites was carried out. 

Raman spectra of the composites before and after wear tests were recorded using a 

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

5.25.15 data acquisition software. The source was a 20 mW He–Ne green laser (532.14 

nm). The microscope used a 600 lines per mm diffraction grid, a 100x objective and a 

confocal pinhole of 100 μm. The Raman spectrometer was calibrated using a silicon 

wafer.  Six to eight spectra were acquired from each specimen. This spectroscopy was 

carried out in facilities belonging to the Instituto de Ciencia de Materiales de Sevilla 

(ICMS, CSIC-US).  

2.3. Mechanical and tribological characterization. 

Vickers indentation tests were carried out with a diamond Vickers microindenter 

(Duramin Struers, Germany) to establish the hardness at room temperature under 10 

kgf, on samples polished up to 1 m using diamond paste. At least 10 valid indentations 

were carried out on mirror-like finished surfaces for each sample, in well-separated and 

randomly selected regions on the surfaces latter subjected to wear testing. The hardness 

value, HV (in GPa), was calculated from the indentation load, P, and the diagonal of the 

Vickers imprint, a:  

HV = 1.854(P/a2) 

Friction and wear tests were performed on a ball-on-disc tribometer (Microtest, Spain) 

to evaluate the tribological behavior of the fabricated samples. The tests were carried 

out using normal loads of 2, 5, 10 and 20 N and a sliding speed of 0.1 m/s at ambient air 

(40-60% relative humidity, room temperature) on polished surfaces (up to 1 m using 

diamond paste, corresponding to surface roughness Ra below 0.01 m). A zirconia ball 

12.70 mm in diameter was used as a counterpart. The tests were stopped at a final 

sliding distance of 1000 m. The frictional force transferred to a load cell and the z-

displacement of the center of the ball were recorded throughout the test. Each test was 

repeated at least twice for reproducibility. The wear rates and friction coefficients are 



6 
 

given as an average of the obtained results. The cross sectional area of the worn tracks 

was determined using confocal microscopy (DM3D, Leica, Germany) using at least 12 

different profiles form different regions of each worn track. The wear rate (mm3/Nm) 

was calculated using the following equation: 

𝑉 =
2𝜋𝑟𝑆

𝐹𝐿
 

where r (mm) is the radius of the wear track, S the cross sectional area (mm2) as 

determined by confocal microscopy, F the normal load (N) and L the sliding distance 

(m). 

 

3. Results. 

The microstructural features (density, grain size and GNP distribution) of the studied 

materials have been described elsewhere31. Briefly, all fabricated materials possessed 

densities near their theoretical values, and the composite materials showed grain sizes 

similar or slightly lower than the monolithic material (table 1). The values of the 

Vickers hardness are also presented in table 1. A decrease of Hv with increasing GNP 

content can be observed. This effect has been observed by different  authors 18,31-34 and 

it has been related to the softer nature of the GNPs compared to the monolithic 

ceramic32 and to GNP induced grain yielding and grain slipping33,34. Other authors have 

found an increase in hardness with increasing GNP content, but that effect was 

attributed to grain size refinement due to the graphene dispersion on the ceramic matrix 

rather than to any intrinsic effect of the GNPs on the hardness35. Typical curves 

representing the friction coefficient vs the sliding distance for a load of 10 N are shown 

in Fig. 1.a. Different behaviors can be observed in this plot for the different materials. 

The friction coefficients of both the monolithic material and the composite C2.5 show 

an almost constant steady-state value throughout all the test duration (0.65 and 0.25, 

respectively). On the other hand, the composites with a higher fraction of GNPs (C5 and 

C10) show a running-in period, marked by a sharp increment of . After this period, an 

intermediate regime characterized by a decrease of the friction coefficient before 

reaching the steady-state value can be observed. This intermediate regime extends for 

more than 200 m in C10. Then, a steady-state value of the friction coefficient is 

attained. A similar behavior, although much less marked, is visible for C5: a sharp peak 
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value of 0.31 followed by a decrease to 0.26 before reaching its steady state value of 

=0.29, similarly to the steady state friction coefficient for C10.   

A similar trend is observed for all other loads. On the one hand, constant values of the 

friction coefficient for the monolithic ceramic and the C2.5 composite at low and 

intermediate loads (≤10N) are found. On the other hand, a running-in stage, 

characterized by a sharp increase and a gradual reduction of the friction coefficient 

followed by an increase of  until its steady-state value, is observed in C10 for all 

normal loads, in C5 for the tests performed at 10 and 20 N and also in C2.5 for 20 N 

normal load. This can be seen in Fig. 1.b, where the friction coefficient of the composite 

C10 is represented vs the sliding distance for different normal loads. The running-in 

characteristics are dependent on the test load. Namely, the sliding distances where the 

minimum value of both the friction coefficient and the steady-state friction coefficient 

are reached, decrease with load. For example, at 2 N neither the minimum nor the 

steady-state friction coefficient are attained within the duration of the tests (1000 m) 

while at 5, 10 and 20 N the minima occur at 625, 225 and 75 m, respectively. 

The steady-state values of the friction coefficient obtained for the studied materials at 

the different loads are given in Fig. 2.  These values of were calculated as the average 

over the last 200 m of each experiment, when a steady-state value was certainly 

attained. In certain tests, i.e. C10 composite at 2 N (Fig. 1.b), the friction coefficient did 

not reach any steady-state and consequently no value is presented in Fig. 2.  The friction 

coefficient at normal loads higher than 5 N is lower for all composites when compared 

to the monolithic sample. In particular, the C2.5 composite shows a remarkable 

decrease of this parameter when compared to the 3YTZP ceramic (0.26 vs 0.7 at 5 N 

and 0.25 vs 0.65 at 10 N normal load). Focusing on the composites, the friction 

coefficient decreases when increasing the normal load for all compositions, being this 

variation more marked when the graphene phase content increases. For the C2.5 

composite, varies from 0.29 at 2 N to 0.23 when tested at 20 N, while for the C5 

composite, the variation is from 0.49 to 0.25, at 5 N and 20 N normal load, respectively. 

No tests were performed for monolithic 3YTZP at 20 N due to the possible deterioration 

of the testing equipment related to the mechanical vibrations associated to the high 

degree of wear of this sample. 

Fig. 3 shows the wear rates of the monolithic 3YTZP ceramic and the composites for 

tests performed at 5, 10 and 20 N. Data for 2 N are not included as the topographic 
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studies performed using confocal microscopy revealed that the worn tracks on all 

samples tested under 2 N normal load were undetectable. Two facts can be inferred 

from this diagram: on the one hand, the wear rate for the monolithic 3YTZP is much 

higher than that of the composites, for example, at 10N the wear rate for the monolithic 

sample is almost three orders of magnitude higher than for C2.5 (1.4×10-5 vs 2.9×10-7 

mm3/Nm). On the other hand, the composites wear rates for a given normal load 

increases with the GNP content; with C2.5 showing the overall best wear resistance. In 

addition, the wear rates for a given composite increases with normal load (for example, 

for C2.5 from 2.9×10-7 mm3/Nm at 5N to 4.5×10-7 mm3/Nm at 20N). 

Fig. 4 shows scanning electron micrographs of the wear tracks on 3YTZP ceramic (4.a) 

and C10 composite (4.b) tested under 5 N normal load. The wear damage in the C2.5 

and C5 composites at this load level is almost undiscernible; only some plastic 

deformation grooves could be observed. The wear damage in the monolithic 3YTZP is 

typical of abrasive wear: brittle fracture particles produced due to tensile stresses on the 

contact zone were compacted to generate a heavily deformed surface. Plenty of loose 

debris was also found after the completion of the tests, further demonstrating that brittle 

fracture plays a major role on the wear mechanism of these samples. Severe wear could 

also be observed in C10 composite tested under the same normal load, although the 

wear rate is five times lower than in the monolithic ceramic (2.3×10-6 vs. 1.4×10-5 

mm3/Nm). Fig. 4.b shows a worn rough surface typical of brittle fracture. However, this 

surface is different from the one for the monolithic 3YTZP (Fig. 4.a), dark areas 

(indicated by arrows) are visible and a deposited layer is partially covering them. The 

roughness on this deposited layer is lower than on the bottom of the track indicating that 

it had been plastically deformed during the successive passes of the ball during the test. 

Grooves present on this layer are also an indication of plastic deformation.  

Fig. 5 shows images of the worn tracks on the composites tested at 20 N. In these 

images, it can clearly be seen that the wear damage increases with the GNP content as it 

was quantitatively put forward in Fig. 3. Fig. 5.a shows that the wear damage in C2.5 

composite is limited even at this load level, and that it is concentrated around the dark 

areas indicated by arrows. Fig. 5.b shows that the worn surface in C5 composite has the 

same features that the one in C10 composite tested at 5N (Fig. 4.b), namely a smooth 

deposited layer partially covering the rougher bottom of the track. The darker areas are 

also present in a higher proportion. Fig. 5.c shows that the presence of this deposited 
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layer in the C10 composite is residual, and most of the worn surface is produced by 

abrasive wear.  

In order to elucidate the nature of the dark regions present on Fig. 4.b and Fig. 5, EDX 

analysis was performed on the C10 composite. The results shows that these dark regions 

present a higher amount of carbon than the rest of the surface (42±4 wt% C and 45±5 

wt% Zr for dark region, and 25±5 wt% C and 65±5 wt% Zr for the rest of the surface).  

The Raman study on the composites was performed before and after the tribological 

testing in order to analyse the GNP evolution during the wear tests and their role in the 

friction and wear behavior of the materials. Fig. 6 shows the Raman spectra acquired on 

the deposited layer and on the bottom of the worn track compared with the spectra 

obtained on the untested regions for all the composites. The characteristic D, G and 2D 

bands corresponding to the graphene stacks36,37 are clearly observed in both untested 

and worn zones for all composites. The intensity ratio between D and G peaks is also 

included in the figures. This ratio can be used as an indication of the presence of defects 

in graphitic materials30,38. An increase of ID/IG is observed in all spectra acquired in the 

worn areas in comparison with the untested materials, accompanied by a slight growth 

of the D’ peak which is also associated to defects. This increment is even higher for the 

deposited layer. In all the composites, similar values of ID/IG were obtained for similar 

regions, around 0.2 for the untested samples, 0.5 for the bottom of the worn track and 

0.8 for the deposited layer. From these analyses, it is possible to affirm that the darker 

regions correspond to GNP clusters or agglomerations. 

 

4. Discussion. 

The friction and wear behavior of the monolithic zirconia in the whole range of normal 

loads used in this study can be described as severe wear regime (wear rates larger than 

10−6 mm3/Nm) according to the wear maps presented by Kato and Adachi39. Hvizdos et 

al.40 have previously reported this wear regime for 3YTZP with similar experimental 

conditions. The wear mechanism is dominated by grain boundary fracture and grain 

pull-outs. The formation of a surface layer by severe plastic deformation and 

compaction of accumulated wear debris and subsequent delamination can also take 

place. 
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The composites friction coefficient is lower than that of the monolithic sample for 

normal loads higher than 5N, as it can be seen in figure 2.  When comparing composites 

with different GNP content, the trend on  with load could be explained using the 

hardness of the corresponding materials. It is a well-known fact that the friction 

coefficient increases when the hardness of one of the bodies intervening in the friction 

process decreases, while the hardness of the other body does not change41. This trend 

can be observed for 2 and 5 N normal load tests (Fig. 2), where the friction coefficient 

for C2.5 composite (HV=13.0 GPa) is lower than for C5 composite (HV=10.8 GPa). 

However, as the normal load increases, the steady-state friction coefficient for all the 

composites converges to a similar value. The explanation for this observation can be 

found in Fig. 1.b, where the evolution of the friction coefficient for the composite C10 

with sliding distance at different loads is shown. For this composite, two friction 

regimes are observed: an initial stage with a high value of (higher than for the other 

harder composites), due to the softer nature of the sample (HV=6.6 GPa). As the sliding 

proceeded, a second mechanism can be distinguished, when the surface was worn and 

wear debris started playing an important role on the friction process, reducing the 

friction coefficient. This fact was analyzed by monitoring the z-position of the zirconia 

ball that acted as counterpart in the test (not shown) which gave us an indication of 

where the deterioration of the surface began – since an increase in the z-value means 

material removal from ball and sample. The data showed that while the friction 

coefficient remained constant the z-value did not change significantly. However, when 

 started to decrease the z-value also decreased, indicating that some layer was being 

deposited on the worn surface. As expected, the duration of this initial stage, 

characterized by a high friction coefficient and low surface damage, decreased with 

normal load. This is because higher loads produced more damage on the surface and, 

consequently, foments the presence of the wear debris necessary for the low friction 

stage that takes place for the rest of the test. Once the friction coefficient stabilizes in its 

steady-state value, the z-value starts to increase moderately, indicating material 

removal. 

For the C5 composite, the similar observed trend can be explained using the 

intermediate value of the hardness for this composite. Similarly to the C10 composite, 

an initial stage characterized by higher friction coefficient was observed (Fig. 1.a), 

although much shorter, at 10 and 20 N normal loads. The steady-state friction 
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coefficient takes an intermediate value between the one for the initial stage of the softer 

C10 composite and the value for the harder C2.5 composite. As observed in the C10 

composite, the friction coefficient decreases with the damage level and, consequently, 

with the normal load.  

For the C2.5 composite,  is independent on the normal load due to the higher hardness, 

as it has been argued. An initial stage, similar to the one described above, is observed 

for tests performed under 20 N for this composite.  

The wear rate of the GNP composites is lower than that of the monolithic sample for all 

the experimental conditions, as it can be observed in Fig. 3. The composite wear rate 

increases moderately with load and most notably with GNP content, as it has been 

found by Rutkowski et al.22 and Zhang et al27 in composites with other matrices. 

Rutkowski et al. 22 found that additions larger than 4 wt% GNP to Si3N4 led to an 

increase of the mass loss. Zhang et al. 27 explained the lower wear rates for Al2O3 with 

0.5 vol% GNP when compared to Al2O3 with 5 vol% GNP using the fact that in the 

latter material the GNPs were poorly dispersed and agglomerated. They claimed that 

these agglomerations acted as defects that weaken the structure and induced fracture in 

the adjacent region27. Fig. 5.a, illustrates damage located near the GNP agglomerations 

(indicated by black arrows) in the C2.5 composite tested at 20 N, supporting the idea 

that a similar process is acting in our materials. 

In spite of these differences with the GNP content, the wear mechanisms are similar for 

all GNP volume fractions and all experimental conditions. For normal loads below a 

certain level that depends on the GNP content, the friction coefficient is low and the 

wear rates are below 10-6 mm3/Nm. This wear regime can be described as mild wear. 

The wear mechanism in this regime is characterized by microabrasion and plastic 

deformation. Fine grooves produced by these wear modes are clearly seen in Fig. 7.a, 

for the C2.5 composite tested at 10 N. A transient regime is observed at the beginning 

of the tests above this load level, which is distinguished by a higher friction coefficient 

and a moderate wear damage. The load level for the transition between these two 

regimes decreases with the GNP content (20 N for C2.5, 10 N for C5 and 2 N for C10 

composites) and it is associated with the decreasing value of the composite hardness. 

Grain-boundary fracture and grain pull-outs taking place during the friction process in 

this regime produce debris. This debris forms a layer that partially covers the wear track 

(Fig. 4.b). This deposited layer was present in all composites and experimental 
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conditions (Fig. 5). EDX analysis showed that its chemical composition (25±5 wt% C 

and 55±5 wt% Zr) was similar to the composition of the untested sample and of the 

bottom of the worn track. In the same sense, Raman spectra taken at the bottom of the 

worn track in composites with different GNP content showed no significant differences, 

and spectra from deposited layers on different samples tested under different 

experimental conditions displayed similar features.  

From the increase of the ID/IG ratio on the Raman analysis on the wear track, it could be 

signaled that the deposited layer presents more defective GNPs than the polished 

surface. However, this does not necessarily imply a damage suffered by the GNPs 

during the wear process, as a higher D band has also been related to a major 

contribution of exposed GNP edges42,44.  Recently, Román-Manso et al42 have published 

Raman maps of pristine GNPs in which it can be observed how the defects are mostly 

concentrated over the edge of the GNP. Therefore, the GNPs in the deposited layer 

could maintain their structural quality but with a higher exposition of the GNP edges in 

comparison with the GNPs in the untested materials. 

In these composites, the deposited layer is not the reason for obtaining a low friction 

coefficient, as is has been argued by many authors18,23-29 for different systems, since low 

friction is also obtained for experimental conditions where this layer is not predominant 

(i.e. the C2.5 composite at low loads). The low friction coefficient in this case is 

attributed to the presence of the GNPs embedded in the 3YTZP matrix, present both in 

the worn surface and in the deposited layer. Moreover, Kim et al.21 have reported a 

similar reduction of the friction coefficient without the presence of a tribolayer for 

graphene/alumina nanocomposites. They argued that continuous exposition of new 

graphene surface from the graphene embedded in the ceramic matrix during the wear 

tests originated this reduction in the friction coefficient.  

The retention of the deposited layer on the worn surface is related to the presence of 

graphene-based nanostructures, as it can be seen in detail in Fig. 7.b where a dark area 

(corresponding to a carbon-rich phase) appears between the worn track and the 

deposited layer. This carbonaceous film could be acting as a glue for this layer44, reason 

why the wear rate of the composites with higher GNP content is not as high as the one 

found for the monolithic 3YTZP. This deposited layer acts partially protecting the worn 

surface from further wear loss. Because of the presence of this layer, the wear rates for 

the composites in this regime are in the range of 10-6 mm3/Nm - 10-5 mm3/Nm, and fall 
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within the transition from mild to severe wear, according to Kato and Adachi’s wear 

maps39. 

Overall, the composite that shows the best tribological behavior is C2.5, marked by a 

low friction coefficient and mild wear for all experimental conditions. The tribological 

behavior of this composite makes it an excellent candidate for technological  

applications (cutting blades, valves and impellors, ceramic membranes, medical 

prostheses, etc.). As the GNP content increases, so does the wear rate. In our 

composites, the wear damage is related to GNP agglomeration and the role that these 

agglomerates play as fracture initiation points, as it was suggested by Zhang et al.27 for 

Al2O3 composites. The higher the GNP content, the higher the GNP agglomeration31 

and, consequently, more damage is produced during the friction process, as it has been 

found in our materials. 

 

5. Conclusions. 

 

The tribological behavior of GNP reinforced 3YTZP composites with different GNP 

content (2.5, 5 and 10 vol%) has been studied. The obtained results lead to state the 

following conclusions: 

- The composites show a better tribological behavior in comparison with the 

monolithic sample, showing lower friction coefficient and wear rates. 

Particularly, the composite with 2.5 vol% GNP presents a wear rate 300 times 

lower than the monolithic 3YTZP when tested using a 10 N normal load. 

- In all the composites, for normal loads below a certain level, the friction 

coefficient depends inversely on hardness, and wear proceeds by microabrassion 

and plastic deformation (mild wear regime).  

- For higher loads, the wear damage increases, proceeding by microfracture and 

grain pull-outs, while the friction coefficient remains low. The wear debris 

originated in this process produces a deposited layer partially covering the worn 

surface, which limits the degree of wear. The wear rates are in the transition 

from mild to severe wear regimes. 
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Table 1 

GNP content, relative density, grain size and hardness of the studied materials 

  

Material 
GNP content 

(vol%) 

Relative 

density 
Grain size (m) Hv (GPa) 

3YTZP 0 100% 0.26±0.11 13.39±0.15 

C2.5 2.5 100% 0.22±0.10   13.0±1.4 

C5 5.0 99% 0.21±0.09   10.8±0.3 

C10  10.0 100% 0.25±0.11     6.6±0.6 
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Figure captions 

Figure 1: Friction coefficient vs. sliding distance for (a) the monolithic ceramic and the 

GNP composites tested at 10 N, and (b) the C10 composite at all normal loads. 

Figure 2:  Steady-state friction coefficient for all composites and all normal loads used 

in the tests.   

Figure 3: Average wear rates under different loads for all composites. 

Figure 4: Scanning electron micrographs of the wear tracks on a) 3YTZP and b) C10 

tested under 5 N normal load.  

Figure 5: Scanning electron micrographs of the worn tracks on composites tested at 20 

N: a) C2.5, b) C5 and c) C10. 

Figure 6: Raman spectra of the untested and worn surface acquired on the composites: 

a) C2.5, b) C5 and c) C10. ID/IG ratio has been included above each spectrum 

Figure 7: a) Microgrooves typical of mild wear generated on the worn surface after a 

test performed at 10 N in C2.5. b) Detail of a typical worn track in the mild/severe 

regime showing two distinct areas, the bottom of the track and a deposited layer. 
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Figure 1.a 
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Figure 1.b 
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Figure 2  
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Figure 3  
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Figure 4  
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Figure 6 
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