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The chemical vapor deposition of carbon is perfom1ed onto a commercial yttria-stabilized zirconia (3YSZ) 

powder bed. This produces few-layered-graphene (FLG) film uniformly covering the 3YSZ grains, without the 

manipulation of any pre-existing nanocarbon in the form of graphene platelets. The powders are then consoli­

dated by spark plasma sintering, producing specin1ens where FLG is located along the grain boundaries of the 

3YSZ matrix, which is below 0.3 µm in grain size. The samples are characterized by Ran1an spectroscopy, X-ray 

photoelectron speccroscopy, scanning and transmission electron microscopy. The pure 3YSZ exhibits higher 

toughness and fracture scrength compared to composites, but the trend is chat their toughness increases upon the 

increase in carbon content. Crack-deflection and crack-bridging are observed. The composites are electrically 

conducting with a percolation threshold between 1.48 and 1.98 vol.% of carbon, reflecting the continuous nature 

of the FLG film over very long distances. 

1. Introduction

The dispersion of graphene into a ceramic matrix may give 1ise to 

composites [1-4]with veiy attractive mechanical and physical proper­

ties. The samples are usually prepared by lengthy routes that involve 

mixing a ceramic powder with agglomerates of more or Jess defective 

graphe!le prepared by graphite exfoliation [5,6], followed by sintering. 

This produces a microstrncture where few-layered-graphene (FLG) 

platelets of lintited lateral din1ensions are dispersed as discrete pa1ticles 

in the ceramic matrix. Graphene nanosheets or nano-platelets, which are 

thicker stacks up to about 100 nm, are also repo1ted. By contrast, a fast, 

one-step method has been reported where a magnesia [7] or aluntina [8, 

9] powder bed is subntitted to a thermal treatn1eI1t provoking the

decomposition of a carbon-containing gas, resulting in the unifom1

deposition of FLG films (1-8 layers) cove1ing the ceramic grains. The

nticrostructure aftei· sintering therefore consists in a continuous FLG film

located along the grain boundaries, in contrast to san1ples prepared by

the ntixing route. Other in siru routes have been reported but they are

restricted to the particular cases of SiC [10] and othei· carbides [11]. By

contrast, the present one-step method is inhei·eI1tly versatile and we here
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propose to apply it to stabilized zirconia powder bed. Zirconia ceramics, 

notably those stabilized in the tetragonal or cubic phase, show veiy 

interesting properties that pei·ntit some use in many high-value appli­

cation fields including biomaterials, aerospace, enei·gy and sensors 

[12-16]. The FLG/ZrO2 powdei·s are consolidated by spark plasma 

sintering (SPS) and their nticrostructure, mecilanical and electrical 

propeities are investigated. The specin1ens are compared to those pre­

pared by othei· authors using ntixing routes [17-33]. 

2. Material and methods

2.1. Raw marerials 

A conm1ei·cial 3 mol.%. Y2O3-Zr02 powder (Tosoh TZ-3Y-E, 40 nm) 

was used and deI1oted 3YSZ in the following. This compound is sold as 

mostly tetragonal-stabilized zirconia. A cheI1tical vapor deposition 

(CVD) treatment was perfom1ed in order to deposit carbon onto the 

3YSZ grains. For each san1ple, a powdei· bed (12 g) was heated in Ar (10 

L/h) up to 900 •c (15 °C/min). Upon reaching 900 •c, methane (CH4) 

was introduced (1, 3, and 4 L/h) while keeping the total gas flow-rate 

https:/ /doi.org/10.1 O 16/j.jeurceramsoc. 2022.01 .006 



constant (10 L/h). The flow-rates are monitored by mass-flow control
lers. After a 75 min dwell at 900 ◦C, cooling down to room temperature 
was performed in the same Ar/CH4 atmosphere. A powder bed was 
treated similarly but without introducing methane, for the sake of 
comparison with the untreated 3YSZ on the one hand and the other 
powders on the other hand. 

2.2. Sintering 

The untreated 3YSZ and the composite powders were consolidated 
by SPS (Dr Sinter 632LX, Fuji Electronic Industrial Co., Japan) with a 
direct current (on : off) pulse pattern of (40 ms : 7 ms). About 5.7 g of 
3YSZ powder or 4.7 g of composite powder were loaded into a 20 mm 
inner-diameter graphite die. A graphite foil (PERMA-FOIL®Toyo Tanso) 
was placed between punches and die and between die and powder for 
easy removal. Prior to the thermal cycle, a pre-compaction step (50 MPa, 
2 min) was performed at room temperature in the SPS cell to ensure that 
all samples have a similar green state. The temperature was raised up to 
600 ◦C in 3 min and maintained there for 3 min, in order to obtain a 
homogenous temperature in the entire sample. The temperature is 
controlled by an optical pyrometer with a 570 ◦C threshold detection 
focused on a hole (3 mm deep) at the external surface of the die. The 
temperature was increased with a heating rate of 100 ◦C/min to a set- 
point of 1150 ◦C and 1450 ◦C for the 3YSZ and composites powders 
respectively, where an 11 min dwell was performed. Upon reaching this 
temperature, a uniaxial pressure was applied in 1 min, equal to 100 and 
150 MPa for the 3YSZ and composites powders, respectively. It was 
maintained for 8 min and then released in 1 or 2 min for the 3YSZ and 

composites powders, respectively. After the pressure release, the tem
perature was decreased down to 600 ◦C at 60 ◦C.min− 1 and then under 
natural cooling. For the 3YSZ samples, the residual graphitic foil was 
removed by a long thermal treatment at 800 ◦C (4 h heating, 4 h dwell 
and 4 h cooling). For the composite samples, the residual graphitic foil 
was removed by polishing. The final samples are about 2 mm thick. 

2.3. Characterization 

The carbon content in the powders was quantified by means of the 
flash combustion method (±2 % accuracy). Raman spectra (Confocal 
microscope RAMAN Labram HR 800 Yvon Jobin) were recorded for the 
powders, sintered specimens and on the fracture profiles, using a 633 nm 
laser (each spectrum presented is the average of three spectra). The low- 
frequency range (100–700 cm− 1) was investigated in order to evaluate 
the proportions of monoclinic and tetragonal zirconia [34,35]. The 
high-frequency range (1000 3000 cm− 1) was investigated in order to 
detect the presence of graphene and evaluate its structural quality. The 
X-ray photoelectron emission spectra were recorded using a mono
chromatised Al Kα (hν 1486.6 eV) source on a Thermo Scientific
K-Alpha system. The X-ray spot size was about 400 μm. The pass energy
was fixed at 30 eV with a step of 0.1 eV for core levels and at 160 eV for
surveys (step 1 eV). The spectrometer energy calibration was done using
the Au 4f7/2 (83.9 ± 0.1 eV) and Cu 2p3/2 (932.8 ± 0.1 eV)

Table 1 
Ar/CH4 atmosphere composition, carbon proportion in weight (Cn) and volume (Cv), volume fraction of monoclinic phase (fm), calculated density (ρcalc), Raman ID/IG 
ratio, I2D/IG ratio and 2D band position with their standard deviation, for the samples in powder form.  

Specimen Ar/CH4 (L/h) Cn (wt.%) Cv (vol.%) fm (vol.%) ρcalc (g. cm 3) ID/IG I2D/IG 2D (cm 1) 

3YSZ – 0 0 23 6.06 – – – 
G0 10/0 0 0 3 6.12 – – – 
G148 9/1 0.52 1.48 2 6.07 1.76 ± 0.05 0.45 ± 0.02 2650 ± 3 
G198 7/3 0.70 1.98 8 6.03 1.56 ± 0.06 0.48 ± 0.07 2646 ± 2 
G252 6/4 0.89 2.52 12 5.99 1.49 ± 0.05 0.43 ± 0.05 2648 ± 3  

Fig. 1. Low-frequency Raman spectra of the 3YSZ, G0, G148, G198 and G252 
powders. The spectra are normalized with the more intense band at 100 %. 

Fig. 2. High-frequency Raman spectra of the G0, G148, G198 and G252 
powders. The G0 spectrum is normalized with the more intense band at 100 %. 
The G148, G198 and G252 spectra are normalized with the G band at 100 %. 



Fig. 3. XPS spectra of the G0, G148, G198 and G252 powders. A’: C––C; A’’: C–C; C–H; A’’’: C–O; A’’’’: O––C–O; A’’’’’: C––O; B’: Zr3d5/2 Zr-O ; B’’: Zr3d3/2 Zr-O.  



Fig. 4. XPS spectra of the G0, G148, G198 and G252 powders (G148, G198 and G252). C’: Lattice O, oxides; C’’: O Vacancies, CO; C’’’: CO; D’: Y3d5/2 Y-O; D’’: Y3d3/ 

2 Y-O. 



photoelectron lines. XPS spectra were recorded in direct mode N (Ec) 
and the background signal was removed using the Shirley method. The 
flood gun was used to neutralize charge effects on the top surface. 
Selected samples were observed by field-emission-gun scanning electron 
microscopy (FESEM, JEOL JSM 7800 F) and transmission electron mi
croscopy (TEM, JEOL JEM 2100 F). Platinum coating was performed in 
order to increase the contrast by enhancing secondary electrons emis
sion of carbon. For TEM observations, a thin foil was prepared using a 
procedure involving grinding with SiC paper, dimpling (GATAN 656) 
with a 1 μm diamond suspension and cold ion milling at 4 kV (GATAN 
PIPS 691). 

The density of the sintered samples was evaluated using Archimedes’ 
method (hydrostatic balance Sartorius MSE224S-YDK03). The relative 
density was calculated using 5.817 g.cm− 3 for m-ZrO2, 6.134 g.cm− 3 for 
t-ZrO2 and 2.1 g.cm− 3 for graphene. Indentation tests were performed
with a 200 g pressure for 10 s on the polished surface of the specimens by
loading with a Vickers microindenter (Mitutoyo HM 2000). The trans
verse fracture strength (σf) was measured, parallel to the SPS pressing
axis, by the three-point bending method (Material Testing Systems MTS
1/M) on specimens about 1.8 × 1.8 × 18 mm3 machined with a diamond
blade. The span between the two supporting pins is equal to 13 mm.
Cross-head speed was fixed at 0.1 mm/min. The toughness (KIc) was
evaluated, also parallel to the pressing axis, by the single-edged notched
beam (SENB) method on similar specimens notched with a diamond
wire 0.17 mm in diameter. The notch depth/sample thickness ratio was
verified to be slightly higher than 0.4. A calibration factor was used to
calculate the SENB toughness from the experimental results [36]. For
the carbon-free (untreated) 3YSZ, 25 samples were tested for σf and 23
for KIc. For the composites, five samples were tested for both. The
electrical conductivity was measured, using a two points probe, at room
temperature with a direct current applied on parallelepipedic specimens
(1.8 × 1.8 × 5 mm3), machined from the pellets in directions perpen
dicular and parallel to the SPS pressing axis, respectively. A silver paste
was applied in order to connect the conducting electrodes. The current
densities used were lower than 160 mA/cm2 (Keithley 2400).

3. Results and discussion

3.1. Powders

The carbon content for the composites prepared using 1, 3 and 4 L/h 
of CH4 is equal to 1.48, 1.98 and 2.52 vol.%, respectively (Table 1). For 
the sake of brevity, theses samples will be denoted as G148, G198 and 
G252 hereafter. The 3YSZ powder prepared without introducing CH4 
contains no carbon and therefore will be denoted as G0. The low- 
frequency range of the Raman spectra were normalized with the most 
intense band corresponding to the t-ZrO2 phase (around 260 cm− 1) at 
100 % (Fig. 1). The volume fraction of m-ZrO2 (fm, Table 1) was 

determined from the spectra using Eqs. (1) and (2) [34,35]: 

xm
Im(180 cm 1) + Im(192 cm 1)

Im(180 cm 1) + Im(192 cm 1) + It (148 cm 1)

(1)  

where, I represents the intensity of bands accounting for the monoclinic 
(m) or tetragonal (t) phases.

fm 0, 19
0, 13

xm 1, 01

√

0, 56 (2)  

where fm is the volume fraction of m-ZrO2 and xm is the intensity ratio as 
determined by Eq. (1). 

The untreated (commercial) 3YSZ powder contains about 23 vol.% of 
m-ZrO2 (fm - Table 1). For G0, the proportion of m-ZrO2 is significantly
lower (fm 3 vol.%). The monoclinic to tetragonal (m →t) phase
transformation, normally occurring at 1170 ◦C, is observed at a lower
temperature (900 ◦C) probably because of the nanometric size of the
grains [37]. No significant difference is observed between G148 and G0,
while for G198 and G252 powders, an interesting fm increase is noted
upon the increase in carbon content. This could indicate a partial inhi
bition of the m →t phase transformation by graphene as evidenced [38]
for nanometric graphene-pure ZrO2 composite powders. The density of
the powders, calculated using the proportions of m-ZrO2, t-ZrO2 and
carbon, decreases slightly upon the increase in carbon content (ρcalc -
Table 1).

The high-frequency range Raman spectra are shown in Fig. 2. For G0, 
no band that could correspond to graphene or any carbon species could 
be detected. The double band at about 1400 cm− 1 is characteristic of 
Al2O3 [39], which is the main impurity in the sample (0.253 wt.%, as 
given by the supplier). 

The Raman spectra of the composite powders show the D, G and 2D 
bands characteristic of carbon at about 1330 cm− 1, 1606 cm− 1 and 2650 
cm− 1, respectively. The spectra were normalized with the G band at 100 
%. The Al2O3 bands are no more detected on these spectra, probably 
because they are masked by the intense D band. The ID/IG ratio de
creases and the I2D/IG ratio is constant (Table 1) upon the increase in 
carbon content, which could reflect fewer defects in the graphene layers 
and a more or less constant number of layers, respectively [40]. The 
ID/IG values are higher than those found for graphene grown by CVD on 
metallic substrates because of several factors contributing to increase ID 
(sp3 like carbon): i) this is FLG, not pristine single-layer graphene, and 
thus more defects are present; ii) the FLG film is curved, not flat, because 
the "substrate" is a powder bed constituted of 3YSZ grains 40 nm in 
diameter; iii) these grains are locally faceted, which could provoke the 
formation of defects (kinks) in the deposited FLG and thus increase the 
proportion of defects. The I2D/IG ratio and the position of the 2D band do 
not change (Table 1) upon the increase in carbon content, which could 
indicate that the number of graphene layers is not markedly different 

Table 2 
Curve fitting results of the XPS C1s, Zr3d5/2, Zr3d3/2, O1s, Y3d5/2 and Y3d3/2 spectra of the powders: binding energy (BE), full width at half-maximum (FWHM) and 
proportion (P).   

G0 G148 G198 G252  

BE (eV) FWHM (eV) P (at. %) BE (eV) FWHM (eV) P (at. %) BE (eV) FWHM (eV) P (at. %) BE (eV) FWHM (eV) P (at. %) 

C1s C––C – – – 284.4 1.0 19.6 284.4 0.9 26.8 284.4 1.0 27.2 
C1s C–C, C–H 285.1 1.5 17.9 285.0 1.4 12.5 284.9 1.5 13.4 285.0 1.4 15.2 
C1s C–O 286.2 1.7 2.5 286.3 1.5 3.2 286.2 1.4 1.8 286.3 1.6 3.6 
C1s C––O 287.3 1.6 0.7 – – – – – – – – – 
C1s O––C–O 289.1 1.6 2.2 288.9 1.8 3.4 288.8 1.4 2.2 289.1 1.6 3.0 
Zr3d5/2 Zr-O 182.1 1.5 12.9 182.1 1.4 10.1 182.3 1.2 9.0 182.2 1.2 8.2 
Zr3d3/2 Zr-O 184.5 1.5 8.6 184.5 1.4 6.7 184.7 1.2 6.0 184.6 1.2 5.5 
O1s Lattice O oxides 529.9 1.5 40.5 529.8 1.4 32.3 529.9 1.3 29.1 530.0 1.3 25.8 
O1s O Vacancies,CO 531.7 1.6 10.9 531.6 1.6 8.2 531.6 1.5 7.7 531.7 1.6 7.3 
O1s others CO 533.2 1.5 1.3 533.3 1.5 2.1 533.3 1.4 2.3 533.3 1.6 2.6 
Y3d5/2 Y-O 157.3 2.0 1.5 157.2 1.8 1.2 157.3 1.7 1.1 157.4 1.7 1.0 
Y3d3/2 Y-O 159.4 2.0 1.0 159.3 1.7 0.8 159.4 1.6 0.7 159.4 1.6 0.7  



from one sample to the other. The position and shape of the 2D band are 
in agreement with values commonly observed for FLG with less than 5 
layers [41–43]. 

The XPS spectra are presented in Figs. 3 and 4. A graphene sample 
prepared in-house was used as a reference for carbon environments. The 
semi-quantification of each chemical group contribution is reported in 
Table 2. The range 280 290 eV shows the response of carbon C1s 
(Fig. 3). The different C1s contributions in the spectra are denoted by A 
symbols: A’: 284.4 eV for C––C, A’’: 285 eV for C–C, C–H, A’’’: 286.2 
eV for C–O, A’’’’’: 287.0–288 eV for C––O and A’’’’: near 289 eV for 
O––C–O. The C1s signals for G148, G198 and G252 are similar to each 
other and show an asymmetrical carbon at low binding energy (A’) 
highlighting the presence of graphene (sp2 carbon hybridization). 

Hydrocarbon (A’’), C–O (A’’’) and carbonyl/ester groups (A’’’’ and 
A’’’’’) contributions are detected too. 

The C1s response for G0 comes from atmospheric pollution. No zir
conium carbides (C-Zr, C1s contributions < 283 eV) neither zirconium 
oxycarbides (C-Zr-O-C) were detected. The 180 185 eV range describes 
the presence of zirconium Zr3d (Fig. 3). For all samples, the values at 
182.1–182.3 eV (B’ component) and 184.5–184.6 eV (B’’ component) 
indicate mainly that the Zr4+ environment is similar to the one in pure 
zirconia. The O1s (Fig. 4) gives three components, an oxide response at 
529.8 530 eV (C’) corresponding to O-Zr and O-Y, another at 
531.6–531.7 eV (C’’) for oxygen vacancies, organics (CO) and at 
533.2–533.3 eV (C’’’) for others organics (CO). The values at 
157.2–157.4 eV (component D’) and 159.3–159.4 eV (component D’’) 

Fig. 5. FESEM images of the G0 (a, b) and G252 (c, d) powders. Grain size distribution for G0 (e) and for G252 (f).  



show mainly the presence of yttrium oxide (Y3+ form) (Fig. 4). 
Typical FESEM images for G0 (Fig. 5a, b) show non-agglomerated 

grains. The size distribution (Fig. 5c), as deduced from the measure
ment of hundreds of grains on such images, is in the range 25 75 nm, 
with an average size equal to 47 ± 11 nm. For G252, the images (Fig. 5d, 
e) and size distribution (Fig. 5f) are similar. No graphene film is
observed at these magnifications. Typical TEM images for G148 (Fig. 6)
reveal the presence of 2–4 graphene layers uniformly wrapping the 3YSZ
grains. It is possible that the disordered carbon that may be observed,
although rarely, results from some degradation under the electron beam.

3.2. Dense samples 

The Raman spectra of the sintered samples in the low-frequency 
range are shown in Fig. 7. 3YSZ and G148 present only the peaks 
characteristics of the tetragonal phase, indicating that all the monoclinic 
phase present in the corresponding powders (Table 1) transformed into 
the tetragonal one during sintering which is performed at temperatures 
equal or higher than 1150 ◦C. For G198 and G252, the volume fractions 
of monoclinic phase (Table 3) are similar to those determined on the 

corresponding powders (Table 1). As observed for the powders, gra
phene inhibits the m →t phase transformation for a volume content 
around 2 vol.% as already reported [29]. This also shows that no t →m 
transformation occurs during cooling from the maximum SPS temper
ature. The Raman spectra of the sintered samples in the high-frequency 
range are shown in Fig. 8. For 3YSZ, the spectrum is fairly noisy, which 
makes the interpretation difficult but, as for the corresponding powder, 
the more intense bands around 1400 and 1600 cm− 1 are characteristic of 
alumina impurities. Both the ID/IG and I2D/IG ratio as well as the 2D 
band position (Table 3) are close to those found for the corresponding 
powders (Table 1), which could indicate that no or little damage 
occurred to the graphene films during SPS. 

The relative density (d - Table 4) is equal to 99 % for 3YSZ and 
slightly decreases upon the increase in carbon content, reaching 97 % for 
G252. The average grain size (g - Table 4) was calculated from mea
surements on low-magnification FESEM images of fracture profiles 
(Fig. 9). The average zirconia grain size was determined from such im
ages by the mean linear intercept method described by Mendelson [44]. 
The average grain size is equal to 0.20 ± 0.06 μm for 3YSZ (Fig. 9a), 
which was sintered at 1150 ◦C, as mentioned above. It is similar for 
G148 (Fig. 9b), 0.20 ± 0.07 μm, despite a sintering temperature of 1450 
◦C and is slightly higher upon a further increase in carbon content: 0.25

Fig. 6. TEM images of the G148 powder. Insert: graphene layers at zirconia 
grain surface. 

Fig. 7. Low-frequency Raman spectra recorded on the surface of the 3YSZ, 
G148, G198 and G252 samples after sintering. The spectra are normalized with 
the more intense band at 100 %. 

Table 3 
Ar/CH4 atmosphere composition, carbon content (Cn - wt.%, Cv - vol.%), volume 
fraction of monoclinic phase (fm) and Raman ID/IG ratio, I2D/IG ratio and 2D 
band position with their standard deviation, for the samples after densification 
by SPS.  

Specimen Ar/ 
CH4 

(L/h) 

Cn 

(wt. 
%) 

Cv 

(vol. 
%) 

fm 

(vol. 
%) 

ID/IG I2D/IG 2D 
(cm 1) 

3YSZ 10/0 0 0 0 – – – 
G148 9/1 0.52 1.48 0 1.44 ±

0.04 
0.52 ±
0.04 

2650 ±
3 

G198 7/3 0.70 1.98 9 1.75 ±
0.10 

0.44 ±
0.05 

2650 ±
3 

G252 6/4 0.89 2.52 12 1.50 ±
0.07 

0.49 ±
0.09 

2650 ±
3  



± 0.08 μm and 0.29 ± 0.10 μm for G198 (Fig. 9c) and G252 (Fig. 9d), 
respectively. These results could reflect that the graphene film sur
rounding the 3YSZ grains strongly limits the movement of the grain 
boundaries and thus hampers grain growth while for the same powder in 
similar conditions grains sizes higher than 400 nm were observed in the 
absence of graphene [35]. Moreover, the uniform grain size for the 
composites could reflect the homogeneous dispersion of graphene at the 
3YSZ grain boundaries and hence the homogeneous dispersion of the 
FLG films around the 3YSZ powder grains. The fracture is intergranular 
with some transgranular zones occasionally observed for 3YSZ and 
G148. FESEM images also reveal partly debonded FLG films (arrowed in 
Fig. 9). HRTEM images of a thin foil of G252 (Fig. 10) show fringes 

corresponding to fairly well-organized FLG, about 5–10 nm thick, 
located at the grain boundaries. Locally, about 4–30 graphene layers 
could be observed. 

No electrical conductivity could be measured for 3YSZ and G148 
(Table 4), whatever the direction of measurement is perpendicular (σ⟂) 
or parallel (σ//) to the pressing axis. For G198 and G252, σ⟂ is about four 
times higher than σ//. A similar behavior has already been observed for 
FLG-magnesia [7] and FLG-alumina [9] samples prepared by the same 
method, reflecting an anisotropy which would have originated either 
from the alignment of some of the FLG and/or defects in some areas of 
FLG both induced by a uniaxial pressing effect during the SPS densifi
cation of the composites”. Indeed, when the granular body is densified 
by SPS, the friction between the grains along the z-axis, corresponding to 
the direction of application of the load, is probably higher than that 
between the grains in the x-y plane. As a result, tearing off of some FLG 
may occurred and/or defects can be created on FLG along the z-axis, 
which may alter their electrical conductivity and consequently induces 
anisotropy of the electrical properties of the samples. Unfortunately, the 
presence of such defects cannot be evidenced experimentally. The 
maximum value for σ⟂ is 0.98 S. cm− 1 for G252. Values only slightly 
higher (1.1 S. cm− 1) are reported for composites with a much higher 
carbon content (9 10 vol.%) [19–21]. This could reflect the difference 
in microstructure, either a continuous FLG film over long distances in 
the present specimens as opposed to discrete submicron-sized FLG 
platelets. 

This could also account for the value of the electrical percolation 
threshold : between 1.48 and 1.98 vol.% of carbon with the present 
continuous FLG film, lower than what was reported (between 2.2 and 
4.4 vol. %) for FLG-platelets containing samples [19]. Percolation 
thresholds below 1 vol.% were reported for carbon nanotube - oxide 
composites [45–47], including 3YSZ-matrix composites [48,49], 
because the carbon nanotubes, with a very high length/diameter ratio 
and being much longer than the matrix grains, offer a very large con
nectivity and provide a conducting path in the insulating matrix. Also, it 
is worth noting that by contrast to the present results, it has been re
ported [50] that the existence of an interconnected, or close to inter
connected, network of carbon nanotubes at the 3YSZ grain boundaries, 
as evidenced by a measurable electrical conductivity, seems to be the 
key point in promoting the t →m transformation during the SPS cooling 
stage because of the lack of enough elastic constraint provided by the 
neighboring zirconia grains in these areas. 

The Vickers microhardness (Hv - Table 5) for 3YSZ is equal to 15.4 
GPa. It decreases progressively, reaching 10.6 GPa for G258, upon the 
increase in carbon content and the corresponding decrease in relative 
density. This is in line with reports by other researchers (Table 5). The 
fracture strength (σf - Table 5) for 3YSZ is equal to 733 ± 267 MPa, 
which is lower than reported values [21,27]. It is almost twice lower for 
the composites, without much difference between them, which could 
reflect some weakening of the grain boundaries. The toughness (KIc - 
Table 5) for 3YSZ is equal to 15.7 ± 4.0 MPa.m1/2, which is significantly 
higher than SENB values reported elsewhere [17, 21 25]. For the com
posites, the toughness is lower than for 3YSZ, unlike in other reports [17, 
21 25]. Several groups have reported [24,26,27,29,31–33] toughness 
values calculated from indentation cracks, but it has been reported that 
this method overestimates toughness [51,52], for example for carbon 
nanotube - ceramic samples [53–55] and carbon nanofiber - zirconia 
samples [56,57]. SENB [58] and SEVNB [59] techniques are to be 
preferred, for sub-micron and nanometric ceramics, respectively. Note 
however that for one report in particular [17], it is fairly difficult to 
understand how adding only 0.01 wt.% of graphene could give a 61 % 
increase in toughness over the unreinforced zirconia, as claimed. 
Interestingly, for the composites, the toughness tends to increase upon 
the increase in carbon content, being equal to 4.3, 4.7 and 6.5 MPa.m1/2 

for G148, G198 and G252, respectively. This could be related to the t → 
m transformation during cooling from the SPS maximum temperature 
and/or to the stress-induced t →m transformation. Indeed, it has been 

Fig. 8. High-frequency Raman spectra recorded on the surface of the 3YSZ, 
G148, G198 and G252 samples after sintering. The spectra are normalized with 
the more intense band at 100 % for G0 and the G band at 100 % for G148, G198 
and G252. 

Table 4 
Characteristics and electrical conductivity of the sintered specimens: carbon 
content (Cn and Cv), relative density (d), matrix grain size (g), electrical con
ductivity perpendicular (σ⊥) and parallel (σ//) to the SPS pressing axis.  

Specimen Cn Cv d g σ⟂ σ// 

or Ref. (%) (%) (%) (μm) (S. cm 1) (S. cm 1) 

3YSZ 0 0 99 0.20 ± 0.06 – – 
G148 0.52 1.48 99 0.20 ± 0.07 – – 
G198 0.70 1.98 98 0.25 ± 0.08 0.69 0.19 
G252 0.89 2.52 97 0.29 ± 0.10 0.98 0.23 
[19] 0 0 100 0.29 – –  

1.7 4.4 99 0.21 0.38 0.14  
3.7 9.5 100 0.25 1.11 0.16 

[20] 3.5 9.0 100 0.25 1.13 0.17  
3.7 9.4 98 0.22 1.24 1.25  
3.6* 9.2 96 0.18 4.71 4.06 

[21] 1.7 4.4 99 – 0.45 0.13  
3.7 9.5 100 – 1.13 0.17  
10 23.4 100 – 2.76 2.34 

[26] 0 – 95 0.142 – –  
1 – 96 0.130 0.09 –  
3 – 95 0.096 0.98 – 

[30] 2 – – – – 2.80  

* This particular sample was prepared by a "dry method" and its characteristics
and electrical conductivity are markedly different from the other samples in the 
report [20]. 



Fig. 9. FESEM images of the 3YSZ (a), G148 (b), G198 (c) and G252 (d) samples after sintering. See text for sintering conditions.  

Fig. 10. HRTEM images of the G252 sample after sintering. Insert: graphene layers at grain boundaries.  



reported [50] for carbon nanotube - zirconia composites that an increase 
of KIC should be expected as the t →m transformation during cooling is 
increased upon the increase in the carbon nanotube content at the grain 
boundaries. However, as noted above, no t →m transformation occurs 
during cooling from the maximum SPS temperature in the present 
samples. The Raman spectra in the low-frequency range were recorded, 
for all the sintered samples, on the fracture surface of toughness test 
samples (Fig. 11). The spectra were compared to those recorded on the 
surface of the samples (Fig. 7). The volume fraction of monoclinic phase 
as deduced from the Raman spectra on the surface of the sintered 
samples and on the fracture surface is reported in Table 6. For 3YSZ, no 
monoclinic phase is detected for both cases. 

The high fracture toughness obtained for 3YSZ sample (obtained on 
several specimen) is probably a consequence of high densification (99 
%), low grain size (< 300 nm) and modified grain boundaries structure 
due to SPS process. However, this result deserves more work to be fully 
explained. For G148, there is a very strong difference (0 and 66 vol.%, 
respectively), which could reflect the presence of graphene, as compared 
to no graphene at all, favors the stress-induced t →m phase trans
formation. However, upon the increase in graphene content, the extent 
of transformation becomes lower for G198 (9 and 57 vol.%, respec
tively) and then insignificant for G252 (12 and 14 vol.%, respectively). 
Other authors [60] reported a similar trend for carbon nanotube - 3YSZ 
composites, or no transformation at all [49], but other researchers re
ported the contrary [50,61]. More local characterizations could be 

Specimen Cn Cv d g HV0.2 σf KIc 

or Ref. (%) (%) (%) (μm) (GPa) (MPa) (MPa.m1/ 

2) 

3YSZ 0 0 99 0.20 ±
0.06 

15.4 733 ±
267 

15.7 ±
4.0 

G148 0.52 1.48 99 0.20 ± 
0.07 

13.9 393 ±
58 

4.3 ± 0.2 

G198 0.70 1.98 98 0.25 ±
0.08 

11.3 351 ±
33 

4.7 ± 0.5 

G252 0.89 2.52 97 0.29 ±
0.10 

10.6 424 ±
54 

6.5 ± 1.6 

[17] 0 – 99.2 – 12.5 – 9.5
0.01 – 99.4 – 12.3 – 15.3
0.03 – 99.2 – 12.6 – 13.5
0.05 – 98.9 – 13.0 – 10.5 

[19] 0 0 100 0.29 13.9 –   
1.7 4.4 99 0.21 11.7 –   
3.7 9.5 100 0.25 8.1 –  

[21] 0 0 99 – – 1080 7.4  
0.5 3.29 99 – – 1045 7.7  
1.0 6.41 99 – – 1000 8.6  
1.5 9.36 99 – – 975 7.8 

[24] 0 0 97.7 0.90 11.0 – 4.1 *
0.5 2.81 97.5 0.14 12.4 – 5.6 *
0.8 4.17 96.3 0.13 12.1 – 5.3 *
1.0 5.49 96.0 0.11 11.7 – 4.7 * 

[25] – 0 99.6 0.385 12.2 – 6.1
– 0.51 98.3 0.138 13.1 – 6.9
– 0.76 97.0 0.125 13.5 – 8.0
– 1.02 96.8 0.103 13.9 – 8.6
– 1.27 95.6 0.132 12.3 – 8.3 

[26] 0 – 95 0.142 – – 1.5 *  
1 – 96 0.130 – – 5.1 *  
3 – 95 0.096 – – 7.0 * 

[27] 0 0 99 < 0.5 14.5 1425 4.8 *  
0.4 1.0 99 – 13.0 900 4.9 *  
0.8 2.0 99 1.0 11.5 775 4.9 *  
1.1 3.0 98 > 1.0 9.5 600 4.7 *  
1.5 4.0 97 > 1.0 9.0 525 4.5 * 

[29] 0 0 99.1 – 13.6 – 7. 8 *
0.1 0.2 99.2 – 14.4 – 8.1 *
0.2 0.5 99.1 – 14.5 – 8.5 *
0.4 1.0 99.1 – 14.6 – 11.0 *
0.7 2.0 98.0 – 13.3 – 12.8 * 

[31] 0 0 87.8 0.15 13.2 – 3.8 ± 0.2 
*  

0.1 0.27 88.2 0.15 14.4 – 4.2 ± 0.3 
*  

0.2 0.54 90.4 0.19 15.2 – 4.4 ± 0.3 
*  

0.5 1.34 89.9 0.17 16.1 – 4.4 ± 0.2 
*  

1 2.66 94.2 0.19 16.6 – 4.6 ± 0.3 
*  

2 5.23 95.1 0.17 14.9 – 4.5 ± 0.2 
* 

[32] 0 – 99.6 0.45 12.7 – 6.1 ± 0.6 
*  

0.05 – 99.3 0.35 13.4 – 9.0 ± 0.1 
*  

0.09 – 99.5 0.30 13.4 – 10.6 ±
0.8 *  

0.2 – 99.3 0.26 13.8 – 8.2 ± 0.9 
* 

[33] – 0 99 0.19 13.9 – 3.0 *
– 1.0 99 0.09 13.8 – 4.0 *
– 3.0 99 0.08 13.7 – 5.3 *
– 5.0 99 0.07 13.7 – 6.2 *

Fig. 11. Low-frequency Raman spectra recorded on the fracture surface of the 
3YSZ, G148, G198 and G252 toughness test samples after sintering. The spectra 
are normalized with the more intense band at 100 %. 

Table 6 
Relative density (d), volume fraction of monoclinic phase (fm) as deduced from 
the Raman spectra in the powders (also in Table 1) on the surface of the sintered 
samples (also in Table 3) and on the fracture surface and toughness (KIc).  

Specimen d (%) fm powder 
(vol.%) 

fm surface 
(vol.%) 

fm fracture 
surface (vol.%) 

KIc (MPa. 
m1/2) 

3YSZ 99 23 0 0 15.7 ±
4.0 

G148 99 2 0 66 4.3 ± 0.2 
G198 98 8 9 57 4.7 ± 0.5 
G252 97 12 12 14 6.5 ± 1.6  

Table 5 
Characteristics and mechanical properties of the sintered specimens: carbon 
content (Cn and Cv), relative density (d), matrix grain size (g), Vickers micro-
hardness (HV0.2 for this work but not necessarily for other authors), fracture 
strength (σf), toughness (KIc) from the SENB method or the indentation method 
(*).  



useful in order to confirm the absence of any stress-induced t →m 
transformation near the cracks. Note that the observed decrease in 
stress-induced transformability also reflects the decrease in relative 
density (d - Table 6). The differences in porosity and t →m trans
formability could account for the differences in toughness but the re
lationships between these phenomena are too complex [62,63] and need 
further investigations to be discussed in the present article. High-load (2 
kg) Vickers indentations were performed on the polished surface of 
G252 in order to produce cracks (Fig. 12). The cracks are intergranular 
and the images reveal crack-deflection, the debonding of the FLG film 
between two 3YSZ grains (inset in Fig. 12a) and crack-bridging (inset in 
Fig. 12b). Such reinforcement mechanisms have indeed been reported 
for different graphene-oxide composites [7–9,17,21,25]and therefore 
this could account for the moderate toughness increase observed here 
for the composites upon the increase in graphene content. 

4. Conclusion

We have reported the preparation of graphene-3YSZ composite
powders by a single-step method using the chemical vapor deposition of 
carbon onto the grains of a commercial nanometric 3YSZ powder. 
Therefore, there are no lengthy mixing processes with the possibility of 
damaging any pre-existing graphite or graphene platelets. The carbon is 
deposited in the form of few-layered-graphene films around the 3YSZ 
grains. The samples consolidated by SPS show a moderate decrease of 
the relative density upon the increase in carbon content. It is shown that 
a FLG film, as opposed to discrete particles, is located along the grain 
boundaries of the 3YSZ grains, which are less than 0.3 μm in size. The 
high connectivity of the electrically conducting graphene allow some 

composite samples to be conducting, the percolation threshold being 
between 1.48 and 1.98 vol.% of carbon. The untreated, carbon-free 
3YSZ sample is hard (15.4 GPa), strong (733 MPa) and very tough 
(15.7 MPa.m1/2). The so-obtained composites exhibit lower mechanical 
properties than pure 3YSZ, however it is clearly shown that between 
them, the trend is that the toughness increases (from 4.3 to 6.5 MPa.m1/ 

2) upon the increase in carbon content (from 1.48 to 2.52 vol.%). It is
shown that this could be due to a combination of the differences in
relative density and increasing inhibition of the stress-induced t →m
transformation, which warrant further studies. Moreover, intergranular
crack-deflection, crack-bridging and the debonding of the FLG film be
tween two 3YSZ grains have been observed, which could reflect a direct
reinforcing role of the graphene film. Finally, it seems reasonable to
think that the reinforcement of a zirconia matrix is all the more difficult
when its toughness is already very high, because the presence of the FLG
film could be detrimental to the involved reinforcement mechanisms.
Therefore work is in progress to apply this method to cubic-zirconia
samples, which are known to show a very low toughness in addition
to interesting electronic- and ionic-conductivity properties.
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