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ABSTRACT

Composite powders were prepared by the chemical vapor deposition (CH4/Ar atmosphere) of carbon in
the form of 2—8 layers few-layered-graphene (FLG) covering the MgO powder grains, without any mixing
step. The composites were consolidated to nearly full (99%) density by spark plasma sintering with no or
little damage to the FLG. The FLG is located along the MgO grain boundaries, as opposed to be dispersed
as discrete particles or flakes. This causes a dramatic hindrance of the MgO grain growth, the average
grain size being considerably lower for the sample with 2.08 vol% carbon (200 nm) than for pure MgO
(3.7 um). The samples are investigated by Raman spectroscopy, scanning and transmission electron
microscopy. The composites are electrically conducting with a percolation threshold below 0.56 vol%.
Compared to pure MgO, the composites are simultaneously stronger (345 vs 200 MPa) and harder (9.8 vs
3.8 GPa). This could arise from reinforcement mechanisms such as crack-deflection and crack-bridging by

FLG, but also from MgO grain refinement.

1. Introduction

Graphene/ceramic composites are focusing worldwide atten-
tion because they allow combining some very attractive electrical,
thermal and mechanical properties as described in recent reviews
of the field [1—4]. The matrices investigated include borides (ZrB,
[5]), carbides (B4C [6], SiC [7—10], TiC [11], TaC [12,13]), nitrides
(AIN [14—17], Si3N4 [18—22], TiN [23]) and oxides (MgO [24], Al,03
[25—33], SiO; [34], ZrO [35] and hydroxyapatite [36,37]). Many
processing methods involve the preparation of graphene/ceramic
powders followed by a consolidation step performed by a variety
of techniques including pressureless sintering, spark plasma sin-
tering, hot pressing and hot isostatic pressing. One common
feature of several methods used to prepare the graphene/ceramic
powders, such as the powder processing route, colloidal pro-
cessing, salt precursor method and molecular mixing method, is
that they involve pre-existing graphene agglomerates prepared
from graphite. Therefore, the carbon in the composites is not
present as pristine single-layer graphene (SLG), but rather as few-

layered-graphene with 2—10 layers (FLG), or a mixture of SLG and
FLG, or also as stacks up to about 100 nm thick, denoted as gra-
phene nanosheets (GNS), graphene nano-platelets (GNP), gra-
phene platelets (GPL) or even graphite platelets. Other important
points to take into account are the lateral dimensions of the
platelets and the amount of defects within, sometimes repre-
sented as the carbon/oxygen (C/O) ratio [38]. Indeed, the chemical
exfoliation of graphite [39,40] produces defective graphene oxide
(GO), which is readily dispersed in water and organic media but
may not show the desired properties of graphene. GO may have to
be reduced to partially eliminate some defects in the so-obtained
reduced-graphene oxide (r-GO). As a typical example, Fan et al.
[28] used GO flakes prepared by a lengthy procedure involving the
treatment of graphite by solutions of HySO4 and KMnO4 (magnetic
stirring, 2 h), H,0, (decantation, a few hours), washing with HCl
solution, vacuum filtration (several times), dialysis for a week,
sonication and centrifugation (4000 rpm for 30 min) and these
authors readily admit that the elastic properties of their FLG have
been deteriorated severely by oxidation and reduction. The me-
chanical exfoliation of graphite [41] is also used for the prepara-
tion of GNS and GNP samples. It involves applying shear forces by
using high-energy ball-milling or sonication which may also
decrease the lateral dimensions of the platelets and even



introduce contamination or undesirable structural defects.
Moreover, the yield is of the order of 1%. Moreover, it is most
important to note that the preparation of the graphene/ceramic
powders still involves many further steps. For example, GNS/MgO
composites [24] were prepared by a mixing route involving son-
ication of a graphene slurry, milling of a MgO slurry using ZrO,
balls, mixing the two slurries, another cycle of grinding, filtration,
drying, sieving, and hot-pressing. As opposed to these routes, in
situ methods have been proposed for the formation of graphene/
SiC composites, consisting either in the epitaxial graphene growth
on SiC grains during the densification by spark plasma sintering
(SPS) [42] or in the nucleation of a graphene network from a Si-
preceramic polymer such as a polysilazane, polysiloxane or pol-
ycarbosilane during sintering at high temperatures [43,44]. Here,
we report a fast and easy, one-step, route for the production of
graphene/ceramic powders, which does not require pre-existing
graphene or any mixing step and can be applied to many
different ceramics or even metals. It is based on the chemical
vapor deposition (CVD) of FLG through the decomposition of a
carbon containing gas (methane) onto a ceramic powder and the
sintering of the so-obtained powder. It is analogous to a route
reported earlier for the direct synthesis of carbon nanotubes
within a ceramic powder [45—52], only simpler because it does
not involve any transition metal catalyst. Aside from the field of
catalysis where accumulation of carbon on the surface of solid
catalysts is a well-known poison, the deposition of carbon onto
metal and oxide powders has already been reported, as FLG
[53,54], heavily distorted graphene layers [55] or ultra-thin
(1-5nm) graphitic carbon layers [56] but to the best of our
knowledge it has not been reported specifically for the production
of graphene/ceramic composites. The present sintered FLG/MgO
samples show strengthening and hardening compared to pure
MgO as well as a very low electrical percolation threshold. The
microstructure and properties will be compared to those of GNS/
MgO composites [24] and double-walled carbon nanotube
(DWCNT)/MgO composites [52].

2. Experimental methods
2.1. Powders synthesis

A commercial MgO powder (Sigma Aldrich, > 99.9%,
100 + 30 nm) was divided into four batches. Three of them were
submitted to the CVD treatment performed in order to decompose
a carbon-containing gas (CH4) onto the MgO grains. The samples
(12 g) were heated in argon (10 L/h) up to 900 °C (15 °C/min) and
upon reaching this temperature CH4 was introduced (1, 2.5 and
5 L/h, respectively, while keeping the total gas flow-rate equal to
10L/h). The flow-rates were monitored using mass-flow control-
lers. A dwell time of 1.25 h was applied at 900 °C. Cooling down to
room temperature was performed in the same CHgy/Ar
atmosphere.

Table 1

2.2. Spark plasma sintering

The MgO and composites powders were consolidated by SPS
(Dr. Sinter 2080, SPS Syntex Inc., Japan). The samples (about 3.2 g)
were loaded into a 20 mm inner-diameter graphite die. A sheet of
graphitic paper was placed between the punch and the powder and
between the die and the powder for easy removal. This ensemble is
known as the stack. The powders were sintered in vacuum (residual
cell pressure<10Pa). A pulse pattern of twelve current pulses

Fig. 1. FESEM (a) and low-magnification TEM (b) image typical of the G56 powder.

Characteristics and properties of the specimens: CVD atmosphere (CHy4/Ar), carbon content (C,, and C,) measured for the powders, Raman Ip/I¢ and I,p/I ratios for the powders

and dense samples.

Sample CHg4/Ar Cn C, In/lg Lp/lg In/lg Lap/le
L/h/L/h wt.% vol% powder powder dense dense

MgO 0/10 0 0 - - - -

G56 1/9 0.33 0.56 0.6+0.2 0.42 +0.04 1.0+0.1 0.2+0.1

G193 2.5/7.5 1.14 1.93 1.74+0.05 0.35+0.05 1.50+0.04 0.30+0.03

G208 5/5 1.23 2.08 1.49 +0.02 0.17 +0.02 1.56 +0.07 0.21+0.01




followed by two periods of zero current was used. An optical py-
rometer, focused on a little hole at the outer surface of the die, was
used to control the temperature. A heating rate of 300 °C/min was
used from room temperature to 600 °C, where a 1 min dwell was
applied in order to stabilize the temperature reading of the py-
rometer, which has a detection threshold of 580°C. Then, the
temperature was raised (100 °C/min) to 1300°C, where a 3 min
dwell was applied. A uniaxial load was applied in 1 min (from 1000
to 1100 °C) and maintained until the end of the dwell. The corre-
sponding uniaxial pressure is equal to 150 MPa. A cooling rate of
100 °C/min was applied down to room temperature and the uni-
axial load was gradually released during the same time. Note that in
the SPS process, there is no resistor surrounding the stack as in hot-
pressing. The temperature ramp is regulated by the electrical cur-
rent program and it is thus possible to regulate the cooling of the
stack through the electrical current program because there is no
thermal inertia of the chamber. The sintered specimens were in the
form of pellets 20 mm in diameter and about 3 mm thick. The
graphitic paper remaining on the surface was removed by
machining. Carbon diffusion into the sample is estimated to be no

more than 100 pum deep because of the short SPS thermal cycle.
About 250 pm are machined of each side of a pellet before further
characterization and testing in order to avoid this issue.

2.3. Characterization

The carbon content in the powders was measured by the flash
combustion method with an accuracy of +2% (standard deviation
calculated on ten measurements). The density of all specimens was
measured by Archimedes' method. The relative density was
calculated using 3.58 g/cm? for MgO and 2.1 g/cm® for graphene.
Selected samples were observed by field-emission-gun scanning
electron microscopy (FESEM, JEOL JSM 6700F and 7800F) and
transmission electron microscopy (TEM, JEOL JEM 2100F). The
samples were coated with platinum (a few nanometers thick) prior
to FESEM observations, in order to increase the contrasts. For the
G208 sintered sample, a thin foil for TEM observations was pre-
pared using a routine involving grinding with SiC paper, dimpling
(GATAN 656) with a 1 um diamond suspension and cold ion milling
at 4kV (GATAN PIPS 691). Raman spectra were recorded at

Fig. 2. TEM images typical of the G56 (a), G193 (b) and G208 (c, d) powders.



632.82 nm (LabRAM 800, Jobin-Yvon) and they were averaged on
three spectra. The electrical conductivity was measured at room
temperature with direct currents applied on (1.8 x 1.8 x 5mm?)
specimens, parallel to their length, i.e. perpendicular to the SPS
pressing axis. A 2-probe method was used. A silver paste was
applied on the 1.8 x 1.8 mm? sections at the tips of the test samples
in order to connect the conducting electrodes. The current densities
used were lower than 160 mA/cm? (Keithley 2400). The indentation
tests (200g (1.96N) for 10s in air at room temperature) were
performed on the polished surface of the specimens by loading
with a Vickers indenter (Mitutoyo HM 2000). The values reported
are the average of 10 measurements. The transverse fracture
strength (of) 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 x 1.8 x 18 mm?>. The span between the two
supporting pins is equal to 13 mm. Cross-head speed was fixed at
0.1 mm/min. The values reported are the average of measurements
conducted on seven or eight specimens.

3. Results and discussion
3.1. Powders

The carbon content (C,, - Table 1) in the powders is equal to 0.33,
1.14 and 1.23 wt% for the samples prepared using 1, 2.5 and 5 L/h of
CHj, respectively. Using 2.1 and 3.58 g/cm> for the densities of
graphene and MgO, respectively, the carbon content is equal to
0.56, 1.93 and 2.08 vol% for the samples prepared using 1, 2.5 and
5L/h of CHy, respectively. For the sake of brevity, these powders
will be denoted hereafter as G56, G193 and G208, respectively. A
typical FESEM image (Fig. 1a) shows the 100—200 nm MgO primary
grains forming agglomerates. Graphene platelets were not
observed on such images. They were not observed either on low-
magnification TEM images of the primary grains (Fig. 1b). Both
images (Fig. 1) are from G56 but the G193 and G208 powders look
exactly the same.

Higher-magnification TEM images (Fig. 2) reveal that for all
three powders, which still could not be distinguished from each

Fig. 3. HRTEM image of G208 revealing the (200) planes of the MgO lattice and 2—3
graphene layers at the surface.

other, the surface of the MgO crystals is covered by a few graphene
layers, evaluated in the range 2—8 layers. This is in agreement with
earlier results [53] reporting the encapsulation of MgO nano-
crystals by graphitic nanostructures and showing that changing the
carbon feedstock (ethanol or CH,), oxide (SiO», Al;03, MgO, Ga03),
crystal size or increasing the reaction time does not alter the
number of graphitic layers (1—8). Changing the composition of the
gas atmosphere, for a given carbon source, was not reported in
Ref. [53].

A high-resolution TEM (HRTEM) image of G208 (Fig. 3) reveals
the (200) planes of the MgO lattice and 2—3 graphene layers at the
surface. According to these observations (Figs. 2 and 3), the amount
of disorganized carbon that may be present in the powders should
be very low and we do not expect that it may have any significant
influence on the properties of the final material.

In order to observe only the carbon species, MgO was dissolved

Fig. 4. TEM images after a mild acid treatment dissolved MgO, showing graphene in
the form of curved carbon veils (some are arrowed).



by a mild acidic treatment by soaking the powder overnight in an
HCl aqueous solution (36%, room temperature) [57] and the solid
residues obtained after filtering and drying were observed by TEM
(Fig. 4). Typical images show graphene in a form that could be
described as carbon veils or a crumpled FLG particle, with marked
curvatures (arrowed in Fig. 4) which could reveal that it was
wrapped, at least partly, around the MgO grains, in agreement with
observations of other acid-treated samples [53,58]. Obviously this
is very different from the classical CVD deposition on planar sub-
strates where the graphene domain size can be easily measured.

The Raman spectra of the FLG/MgO powders (Fig. 5) are
normalized with the G band at 100%. The high-frequency range of
the spectra shows the D band (ca. 1320cm™!), the G band (ca.
1580 cm™!) and the 2D band (ca. 2650 cm™1).

The Raman spectrum of the MgO powder is also shown. It is
dominated by two bands of roughly the same intensity, at about
1557 and 1930 cm ™. The band at 1557 cm ™! could overlap with the
carbon G band in the other spectra. Note also that a fairly weak MgO
peak is superposed with the carbon D band. However, a comparison
of the MgO spectrum with the spectra for G56, G193 and G208
could indicate that the contribution of MgO to these spectra is very
weak. The Ip/I¢ ratio for G56 has a large uncertainty (0.6 + 0.2) but
is significantly lower than for G193 (1.74+0.05) and G208
(1.49 + 0.02), a higher value denoting more disorder (Table 1). An
Ip/lg ratio equal to about 1.67 was reported [53] for FLG/MgO
samples with 1—8 graphene layers (mostly 2—5), which is fairly
close to the present values for G193 and G208. Therefore, these
results could indicate that, for G56, the carbon was deposited in
forms closer to BLG than 5—10 layers graphene, which would be in
agreement with using a CVD atmosphere poorer in CHs4. However,
the MgO powder grains are faceted and this could provoke the
formation of defects (kinks) in the deposited FLG and thus the

Intensity (a.u.)

1000 1500 2000 2500 3000

Frequency (cm™)
Fig. 5. Raman spectra of the MgO powder and FLG/MgO powders (G56, G193 and

G208). The dashed lines are guides to the eye. (A colour version of this figure can be
viewed online.)

proportion of defects could also be higher for G56. Fine-tuning the
CVD conditions could provide a greater control. The 2D band po-
sition for G56 at about 2650 cm ™! is similar to a value reported for
bilayer graphene (BLG) investigated at the same wavelength [59].
The 2D band position for G193 and G208 (2620 and 2602 cm™!,
respectively) is downshifted compared to the previous one and also
to values commonly observed for FLG with 5—10 layers [59]. This
could result from the presence of strains within the FLG stacking.
Indeed, a downshift of the 2D band with increasing strain was re-
ported for a graphene monolayer [60,61]. The Ip/I; ratio for G56,
G193 and G208 is reported in Table 1. It is a complex contribution
from the number of graphene layers, the stacking order and the
defects [59,62] and precise determination requires measurements
with two different excitation energies or by carefully comparing
weaker combination Raman modes [62], which is outside the scope
of this work.

3.2. Dense samples

The sintered specimens are denoted like the corresponding
powders. The relative density of all specimens is equal to 99 + 1%.
The Raman spectra are reported in Fig. 6. The spectrum for G56 only
reveals weak D, G and 2D bands of FLG in addition to stronger MgO
bands and thus the contribution of MgO to the G56 spectrum is
important. The spectrum for pure MgO was subtracted from the
G56 spectrum and the resulting spectrum (noted G56-MgO in
Fig. 6) shows the D, G and 2D bands as well as some other bands
(1083 and 1520 cm™! for example) that we did not attempt to
identify. A band at 1083 cm~! was observed for carbon-implanted
highly oriented pyrolytic graphite [63]. The spectra for G193 and
G208, both normalized with the G band at 100%, still show the main
MgO peak at 1500cm~!. Note that this value is downshifted
compared to that for the MgO powder (1557 cm™!), thus causing
much less overlap with the G band.

The Ip/Ig values were calculated (Table 1) and the one obtained
for the (G56-MgO) subtracted spectrum (1.0 +0.1) is significantly

500
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0 T T 7
1000 1500 2000 2500 3000

Frequency (cm™)

Fig. 6. Raman spectra of the MgO and FLG/MgO samples (G56, G193 and G208) sin-
tered by SPS. The subtraction of the G56 and MgO spectra (noted G56-MgO) is also
shown. The dashed lines are guides to the eye. (A colour version of this figure can be
viewed online.)



lower than those obtained for G193 (1.50+0.04) and G208
(1.56 + 0.07), although the difference is not as marked as for the
corresponding powders. The Ipp/lg values (Table 1) are also in
agreement with the values found for the powders although there is
a higher uncertainty. Variations in the 2D band position, 2640-
2650 cm™! for G193 and G208 and 2620 cm™! for G56 (determined
on the subtracted spectrum) could reflect variations in the presence
of strains within the FLG stacking as noted above.

TEM observations of a thin foil of the G208 specimen (Fig. 7a and
b) show MgO grains about 200 nm in size separated by sharp grain
boundaries, appearing in white contrast on the images and also an
interphase present at all grain boundaries (arrowed in Fig. 7b).
HRTEM images of the grain boundaries (Fig. 7c and d) indeed reveal
fringes corresponding to fairly well-organized FLG about 2—5 nm
thick. The number of graphene layers at the grain boundaries is
thus ranging from 6 to 12, which is a reasonable agreement with
twice the number of graphene layers, the FLG-covered MgO grains
in the corresponding G208 powder (Fig. 2c and d) being side to side
in the dense sample. High-magnification grain boundaries images
similar to the present ones (Fig. 7c and d) have been reported for
GNS/MgO samples [24], showing that the interface with MgO is not
different if the carbon is in the form of FLG or GNS, at least at the
scale of the GNS length. These observations confirm the above
Raman spectroscopy results revealing no or little damage to the FLG
upon sintering by SPS.

The fracture surfaces of the samples (Fig. 8) were observed by
FESEM. The average MgO matrix grain size (d - Table 2), determined
from such images, is equal to 3.7 um for MgO (Fig. 8a). The average

MgO matrix grain size is lower (2.1 um) for G56 (Fig. 8b) and very
significantly lower (200—225 nm) for both G193 (Fig. 8c) and G208
(Fig. 8d), which could show that the graphene layers around the
MgO grains hamper the motion of grain boundaries during sinter-
ing and thus strongly limit matrix grain growth, in agreement with
earlier results on graphene-ceramic composites [1—4,28,33,45,46].
The direct formation of FLG on the powder grains appears to be
much more efficient than the addition of GNS to limit grain growth.
Indeed, for GNS/MgO specimens, the MgO grain size only decreased
from 25 to 10 um upon addition of 7 vol% carbon [24]. This could
reflect the continuous-film nature of the present FLG as opposed to
discrete particles dispersed within a matrix otherwise free of car-
bon. These images and higher-magnification images reveal a
transgranular-intergranular mixed fracture mode for MgO (Fig. 8e).
For G56, the fracture mode is intergranular and some areas are
covered by a relatively large carbon coating, extending over several
um? (Fig. 8f). This could correspond to the graphene layers forming
an extended film over several MgO grains, possibly thicker than
elsewhere in the sample, which could act as a defect and thus be
observed on the fracture surface. This would be in qualitative
agreement with a report for 1.5 vol% GPL-Si3N4 samples [ 18], where
GPL wrapping and anchoring themselves around the individual
SisN4 grains, form in some regions a single layer (or possible few
layers) veil of graphene that drapes over the fracture surface. This
extended film is however not continuous, which could explain that
grooves are observed on the image (arrowed in Fig. 8f). For G193,
areas covered by a carbon film are also faintly observed (upper right
part of Fig. 8c) but higher-magnification images for G193 (Fig. 8g)

Fig. 7. TEM images (a, b) of a thin foil of the G208 specimen sintered by SPS and HRTEM images (c, d) of the grain boundaries. Arrows point to an interphase present at all grain

boundaries.



Fig. 8. FESEM images of the fracture surface of the specimens prepared by SPS: a) MgO; b) G56; c) G193 and d) G208. Higher-magnification images: e) MgO; f) G56; g) G193 and h)
G208. A carbon film is arrowed in Fig. 8c. Dotted arrows in Fig. 8f point to grooves in the FLG film. Solid arrows in Fig. 8f, g, h point to the FLG observed in a transverse orientation.

and G208 (Fig. 8h) are thought to show the MgO surface covered by
a film of graphene which cannot be identified in the FESEM images.
For all three samples, there are some areas where FLG is observed in
a transverse orientation (arrowed in Fig. 8f, g, h). Note that the Pt-
coating a few nanometers thick used for SEM samples preparation
results in an overestimation of the FLG thickness. There is obviously
no particular orientation with respect to the pressing axis, unlike in
composites prepared by mixing GNPs or GNSs with the matrix
powder or precursor, where the GNPs or GNSs are mostly aligned in
the plane perpendicular to the pressing direction [1—4,24].

The electrical conductivity (ce - Table 2) of the composites,
measured perpendicular to the pressing axis, increases upon the
increase in carbon content, reaching 3.80 S/cm for G208. Note that
the value for G56 (0.12 S/cm) shows that the percolation threshold
is below 0.56 vol%, in line with data reported for fillers with a high
aspect ratio, such as exfoliated GO/Al,03 [27] and CNT-MgAl,04
[64] composites (0.38 and 0.64 vol%, respectively). This could again
confirm that the carbon in the present samples is in the form of FLG
film extending well over the MgO grain boundaries. For GNS/Al,03
samples with a GNS thickness in the range 2.5—-20nm, the



Table 2

Characteristics and properties of the sintered specimens: carbon content (C,),
relative density (p), MgO matrix grain size (d), electrical conductivity (o), fracture
strength (of) and Vickers microhardness (HV).

Sample or Ref.  C, p d Oe of HV?
vols % nm S/cm MPa GPa
MgO 0 99 3700+600 — 198+20 3.8
G56 0.56 99 2100+ 180 0.12 194 + 41 8.0
G193 1.93 99 225+39 2.74 233 +41 9.4
G208 208 99 201+18 3.80 345+25 9.8
[24] 0 99.44 2500 — 193 0.53
[24] 1 99.25 1600 - 250 0.50
[24] 2 99.06 1500 - 265 0.47
[24] 3 98.87 1400 - 240 0.44
[52] 0 98.3 31000 0 91 7.5
[52] 23 96.3 200 1.9-2.1 276 12.2
[52] 7.1 93.4 60—70 63-69 218 74

¢ Measured under loads corresponding to 1.96 N (this work), 9.8 N [24] and 5N
[52].

percolation threshold was found around 3 vol% [26]. By contrast, for
GNP/Si3Ny4, the percolation threshold was found [3,65] to be
significantly higher, 7.3 and 8.7 vol% (measures perpendicular and
parallel to the SPS pressing axis, respectively), in very good agree-
ment with the geometrical percolation threshold of randomly
distributed overlapping ellipsoids with an aspect ratio of 10. Note
that the conductivity values measured in the perpendicular direc-
tion (with respect to the SPS pressing axis) by other authors were
found to be higher than those measured in the parallel direction in
the case of SiC [10] and Si3N4 [65] but where found to be the same
in the case of AIN [17] and Al,03 [33].

The transverse fracture strength (of - Table 2) is similar for MgO,
G56 and G193 (about 200 MPa) but is higher (345 MPa) for G208. It
is still unclear why there such a difference between G193 and G208
and further work is warranted. The value for G208 (345 MPa) is
higher than those reported for GNS/MgO (265 MPa) [24] and
DWCNT/MgO composites (276 MPa) [52] with similar carbon con-
tents (2 and 2.3 vol%, respectively). Using the present method, the
FLG is wrapped around the MgO grains in the powders (Figs. 2 and
3) and is located along the grain boundaries in the dense samples
(Fig. 7), as opposed to be dispersed as discrete particles This could
provide a stronger interfacial bonding than between GNS clusters
and MgO, for which a poor interfacial bonding was reported [24].
The Vickers microhardness (HV - Table 2) of the three composites
(8.0—9.8 GPa) is significantly higher than that of MgO (3.8 GPa).
This could mostly reflect the much lower MgO grain size noted
above, as was also observed for DWCNT-MgO composites [52]
prepared by SPS (1650 °C, 5 min) of a powder within which the
DWCNTs were grown directly. By contrast, no evolution or only a
small microhardness decrease is reported upon the increase of
carbon content when there is only a minor decrease in matrix grain
size [24,28,33,66]. Fan et al. [28] concluded that it is reasonable to
expect that the hardness will decrease with increasing graphene
content even though a much finer matrix grain size has been
achieved, i.e. the opposite from the present conclusion, but this may
reflect key differences in microstructures arising because the
preparation method of the powders are so different as noted above.

Vickers indentations were performed on the MgO and G208
surfaces using a deliberately high load (1 kg) in order to produce
cracks, which were observed by FESEM (Fig. 9). For MgO (Fig. 9a),
the crack path is both transgranular (dotted arrow in Fig. 9a) and
intergranular (solid arrow in Fig. 9a). For G208 (Fig. 9b and c), the
path of the cracks is intergranular, very tortuous along the MgO
grains, revealing crack-deflection, which could reflect the much
lower MgO grain size (200 nm for G208 vs 3.7 um for pure MgO). As

Fig. 9. FESEM images of a) MgO: the dotted arrow points to the transgranular part of
the crack and the solid arrow to the intergranular part; b) and ¢) G208 showing crack-
deflection and crack-bridging (arrowed). Note the different grain size between MgO
and G208.

mentioned above, grain growth was hampered by the presence of
FLG along the grain boundaries. Crack-bridging by FLG is also
observed (arrowed in Fig. 9b and c). Other authors have also re-
ported [2—4,8,19,24,29—33] crack-deflection and crack-bridging as
toughening mechanisms. Interestingly, Walker et al. [18] have re-
ported a toughening mechanism where GPL wrapping and



anchoring themselves around individual SisN4 grains show a
resistance to pullout. Moreover, they reported that the resulting
cage-like graphene structures that encapsulate the individual
grains result in the formation of a continuous wall of graphene
along the grain boundaries that arrests and forces cracks to prop-
agate in not just two but in three dimensions in order to continue to
propagate through the material. The similarity of the so-described
microstructure with that of the present samples makes this
toughening mechanism a possibility here. Nevertheless, further
work is warranted to discriminate the influence of grain refinement
and such possible mechanisms on the mechanical properties of the
composites.

4. Conclusions

We report a novel, one-step, route for the preparation of FLG/
MgO composite powders without any mixing step, thus avoiding
the possibility of damage to any pre-existing graphite or graphene
and reasonably ensuring its homogeneous dispersion within the
sample. It involves the CVD of carbon onto the MgO powder grains.
We show that the thermal decomposition of methane produces
carbon wrapping the MgO grains, in the form of FLG with about
2—8 layers. Composites are consolidated to 99% densification by
SPS with no or little damage to the FLG. The FLG is located along the
grain boundaries in the dense samples, as opposed to be dispersed
as discrete particles. This causes a dramatic hindrance of the MgO
grain growth, the average grain size being considerably lower for
the sample with 2.08 vol% carbon (200 nm) than for pure MgO
(3.7 um). The electrical percolation threshold for the FLG/MgO
nanocomposites is below 0.56 vol%., confirming that the FLG is
forming a kind of continuous-film along the grain boundaries. The
FLG/MgO specimens also show a strong increase in strength and
microhardness compared to pure MgO. Observations of cracks
(made on purpose) and of the fracture surface of the samples re-
veals features that could indicate reinforcement mechanisms such
as crack-deflection and crack-bridging by FLG. Further work is
warranted to discriminate the influence of these possible mecha-
nisms from that of the MgO grain refinement on the mechanical
properties of the composites.

The present method for the direct preparation of FLG-containing
powders is fairly simple to perform and up-scale, in any case much
simpler than the multi-step methods reported so far, and fine-
tuning the CVD conditions could most certainly provide an
enhanced control. In particular, the carbon source could be changed
to a gas with a lower decomposition temperature such as ethylene
or acetylene, should the need arise for a powder other than MgO, in
particular for a metal powder, thus making the method really
versatile.
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