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bstract

ilicon nitride (Si3N4) composites containing carbon nanotubes (CNTs) or graphene nanoplateles (GNPs) are of great relevance in the electronic
nd aerospace industries where the search for new materials with enhanced and anisotropic thermal conductivity to work in harsh environments is

 strategic guideline. Here we study thermal conduction in Si3N4 composites with different amounts of carbon nanostructures. The effects of the
anostructure orientation respect the heat flux, the testing temperature and the �/�  Si3N4 phase ratio are analyzed. The addition of CNTs and GNPs

eads to an anisotropic thermal response, decreasing the through-thickness thermal conductivity of the Si3N4 composites and raising the in-plane
hermal conductivity, especially for GNPs that enhance it up to twice that of the monolithic Si3N4. This effect is related to the preferred orientation
f the nanostructures that gives a less resistive network in the in-plane direction and the intrinsic anisotropy of their thermal conductivity.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The thermal conductivity (κ) of the diverse carbon allotropes,
ncluding the latest discovered carbon nanostructures (C-n),
xtents over an extraordinary wide range of values, from the very
ow figures of amorphous carbon to the peak value reported for
raphene and carbon nanotubes (CNTs). Unusual large κ val-
es have been theoretically predicted for two dimensional and
ne dimensional carbon crystals, but experimental results are
ometimes contradictory as discussed in a recent review.1

Early studies on millimeter sized CNTs mats2–6 gave rela-
ively low κ values, 5–30 W m−1 K−1, but they lacked to provide
bsolute values for single CNTs as the numerous tube–tube
unctions and intrinsic defects within nanotubes became the
ominant barriers to thermal transport in the mat. Consequently,
o probe thermal transport free from interactions, microfabri-

ated suspended devices with both multi-walled (MWCNTs) or
ingle-walled (SWCNTs) nanotubes were developed.7–10 These
easurements reported a wide range of room temperature κ
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alues for individual CNTs, although commonly quoted values
ere ∼3000 and ∼3500 W m−1 K−1 for MWCNTs and SWC-
Ts, respectively. Both values were well above the bulk-graphite

imit but in the order of the theoretical predictions.1 From these
tudies, a phonon mean free path at room temperature (�) of
700–750 nm was calculated, which is shorter than the typical

ength for CNTs (>2 �m), meaning that the phonon transport is
till diffusive but close to the ballistic transition. Furthermore,

 for MWCNT decreased with the size of MWCNT bundles,
ecoming, for 200 nm, similar to the bulk measurement on a mat
ample, which infers that the interactions of phonons between
ulti-walled layers also affected thermal conduction.10

Recently, experimental studies done on large-area suspended
raphene layers attained κ  values exceeding 3000 W m−1 K−1

ear room temperature.1 The evolution of the thermal proper-
ies of few layer graphene has been examined as a function
f the number of atomic planes (n), showing that κ  decreases
ith n, even dropping below the bulk graphite limit for n  > 4
ue to the onset of the phonon-boundary scattering from the

op and bottom interfaces; but the graphite value was recovered
or thicker films.11 This κ(n) dependence agrees with current
on-equilibrium molecular dynamics calculations for graphene
anoribbons.12

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.026
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In spite of the numerous experimental and theoretical stud-
es on thermal conductivity of C-n, relatively few works can be
ound on the thermal transport in composites containing these
anostructures, and ever fewer devoted to ceramic matrices.
articularly, no papers could be found on ceramics contain-

ng either graphene nanoplatelets (GNPs) or nanosheets. For
NTs, κ has been measured for various ceramic matrix com-
osites without any conclusive result regarding the effect of the
-n.13–25 Of all these works, only one based on SWCNTs/Al2O3
anocomposites25 investigated both the through-thickness and
n-plane thermal conductivity, showing a decrease in the trans-
erse and no changes in the in-plane thermal diffusivity with
WCNTs content.

Improved thermal conductivity has been reported in the
ase of low thermal conductivity matrices containing MWC-
Ts, like in aluminoborosilicate glass13,14 (16 W m−1 K−1

or aligned MWCNTs versus the 1.2 W m−1 K−1 of the
atrix) or MWCNTs/SiO2 composites15,16 that showed κ  val-

es of 4.1 W m−1 K−1 for 10 vol.% MWCNTs compared to
.4 W m−1 K−1 of the silica matrix. For the high thermal con-
uctor AlN, the two found sources17,18 gave opposite results,
pparently depending on the processing method. Wang et al.17

eported reduced thermal-conductivity for MWCNTs/AlN com-
osites fabricated by hot pressing, which they attributed to the
NTs poor dispersion and degradation, whereas Datye et al.18

btained enhanced thermal conductivity for spark plasma sin-
ered (SPS) composites prepared by direct in situ growth of

WCNTs on AlN powders. Contradictory results were also
ound for MWCNTs/Al2O3 composites as both thermal con-
uctivity decrease19 and notably enhanced thermal properties20

ere reported, although in the later case, the CNTs were directly
rown on Al2O3 powders by chemical vapor deposition and,
herefore, the possible effect of the residual metallic catalysts
annot be disregarded.

As the properties of Si3N4 ceramics are strongly affected by
he development of large elongated �  grains, special attention
hould be paid to the �/�  phase ratio when comparing the ther-
al properties of different Si3N4 materials.26 Present authors22

lready reported a reduced thermal conductivity for Si3N4 com-
osites with 5.3 vol.% of MWCNTs densified using SPS and,
n a similar way, Corral et al.23 observed a 62% decrease in
he room temperature thermal conductivity over the monolithic

aterial for a composite with just 2 vol.% of SWCNTs. One
ork claimed improved thermal conductivity for Si3N4 compos-

tes containing nanotubes but without giving a precise account
f the �-phase content.24

Under this perspective, the aim of the paper is to deeply
nalyze thermal conduction in Si3N4 with different types of
-n. The effect of both CNTs and GNPs is presented and
valuated as a function of the C-n content, their possible ori-
ntation respect the heat flux, testing temperature and �/�
i3N4 phase ratio. The final objective is to extract the real
ffect of the C-n over the composites and to compare the

ffectiveness of the CNTs and GNPs in raising thermal con-
uction. Additionally, these kind of composites have shown
xtraordinary electrical27,28 and tribological29,30 responses,
hich make them interesting for engine components and
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EMs, being suitable for electro-discharging machining, as
ell.31

.  Materials  and  methods

The preparation of the Si3N4 monolithic materials and com-
osites containing different C-n is described elsewhere.22,28 In
hort, ceramic matrix powders of composition 93 wt.% of �-
i3N4 (SN-E10, UBE Industries, Japan) plus 5 wt.% of Y2O3
HC-Starck) and 2 wt.% of Al2O3 (SM8, Baikowski Chimie,
rance), as sintering aids, were attrition milled in isopropanol
edia. CVD synthesized MWCNTs of 30 nm diameter and

–5 �m length (Nanolab Inc., USA) in concentrations ranging
rom 0.9 to 8.6 vol.%, and GNPs of nominally 200 nm diam-
ter and 1 nm thickness (Angstron Materials LLC, USA) in
oncentrations ranging from 4.3 to 24.4 vol.%, were used for
reparing the composites. The nanostructures were thoroughly
ixed in alcohol media with the matrix powder suspension.
he compositions were spark plasma sintered (Dr. Sinter, SPS-
10CE, Japan) for 5 min in vacuum (6 Pa), applying a pressure
f 50 MPa, at temperatures within the intervals 1600–1700 ◦C
or the monolithic materials, 1585–1600 ◦C for the MWCNTs
omposites, and 1600–1625 ◦C for the GNPs composites. Sin-
ered specimens were discs of 20 mm diameter and about 3 mm
f thickness. All specimens showed densities (ρ), measured by
ater immersion, above 99% of the theoretical, with good C-n
ispersion and no evidence of C-n degradation.

The �-Si3N4 phase content was determined by X-ray diffrac-
ion (XRD, Bruker D5000, Siemens, Germany) procedures.32

icrostructures of the composites containing MWCNTs and
NPs were observed on fracture specimens using a field emis-

ion scanning electron microscope (FESEM, Hitachi S-4700,
apan). Transmission electron microscopy (TEM, 400 kV, Jeol
EM-4000 EX and JEOL 2000 FXII (200 kV)) was used for high
agnification observation of the nanostructures. Specimens for
EM observations were prepared by sectioning, polishing, dim-
le grinding and ion beam milling.

Through-thickness thermal diffusivity in the direction par-
llel to the SPS pressing axis (αthrough) was measured in Ar
tmosphere as a function of temperature, from 373 to 1073 K,
n 8.8 mm ×  8.8 mm square specimens of ∼1 mm in thickness
y the laser-flash method (Thermaflash 2200, Holometrix Net-
sch, USA). Data are averaged over at least three measurements.
o degradation occurs in the composites up to that tempera-

ure because no changes in thermal diffusivity were detected on
ooling.

In-plane measurements of radial thermal diffusivity at room
emperature were done using a special arrangement that fits into
he equipment. In this way, heat source is confined into a cir-
le of radius r0 = 2.5 mm in the center of a large thin sample
20 mm in diameter and thickness below 1 mm), the heat flows
ut radially and is detected at a intermediate radius r  larger than
0 as defined by a mask of η  = r/r0 = 2.2. Thus heat detected has

adial and axial components as heat flowing through the sample
s blocked by the mask. The temperature rise measured at this
nnulus is fitted by a two-dimensional model33 included in the
oftware of the equipment, having as inputs the through-plane
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Fig. 1. Experimental values (symbols) of the specific heat as a function of
temperature of three selected samples measured by DSC, and corresponding
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alculated values (lines) from the chemical composition and the heat capacity
ata of each phase.34

hermal diffusivity, sample thickness, r0 and r  to determine the
n-plane thermal diffusivity. Data were averaged over at least 5

easurements.
The specific heat (Cp) as a function of temperature was esti-

ated by the rule of mixtures from the chemical composition
nd the heat capacity data of each phase computed using the
SC Outokumpu code.34 For the carbon nanostructures, Cp

as assumed to be that of graphite as measurements were done
bove room temperatures.4 As an example, Cp calculated for
he monolithic (Si3N4 plus additives) and the composites con-
aining 5 wt.% and 18 wt.% of C-n is plotted as a function of
emperature in Fig. 1, where the Cp increase with the amount of
arbon is predicted. To obtain additional experimental support of
his appraisal, Cp values were measured with a differential scan-
ing calorimeter (DSC; model: Q200, TA Instruments, USA) in
he 320–873 K temperature range using a crystal of Sapphire
s reference. A representative selection of specimens was cho-
en for the Cp experiments, namely the monolithic material,
ne composite with nanotubes (5 wt.% of MWCNT) and one
omposite containing graphene structures (18 wt.% of GNPs).
he predicted increase of Cp with C-n additions was confirmed,
lthough experimental data are always higher than the calculated

nes (Fig. 1), the differences are quite reasonable for this kind of
easurements. In all cases, deviations maintain within ∼15%,

nd they are smaller (5%) for temperatures below 473 K.

p

m

ig. 2. FESEM micrographs of the fracture surfaces of the Si3N4 composites contain
icrostructure is shown.
eramic Society 32 (2012) 1847–1854 1849

Thermal conductivity (k) was then calculated from the ther-
al diffusivity, the density, and the calculated specific heat,

sing the following expression:

 =  α  · ρ  · Cp (1)

Error bars in graphs represent the estimated accuracy of the
aser flash technique, which is 7% for thermal conductivity, in
he case of the through-thickness data, and the standard deviation
f the values for the in-plane measurements.

In order to confirm the anisotropy in thermal conduction
f MWCNTs and GNPs, similar measurements were done
n commercially available buckypaper of similar nanotubes
CNP175x 225, Nanolab Inc., USA) and bulk specimens of
ressed graphene nanoplatelets. In this way, discs of compressed
latelets were fabricated by filling a graphite die with GNPs and
pplying 40 MPa of pressure at room temperature. Two types of
NPs of different sizes were used: the one used in the com-
osite fabrication (Angstron Materials) of nominally 200 nm
iameter and 1 nm thickness and larger platelets (XG sciences)
ith dimensions of 10 nm in thickness and 5 �m in diameter.
inally, the MWCNTs sample mat was prepared introducing
our sheets of buckypaper (0.1 mm thickness) into a graphite
ie and spark plasma sintering at 1000 ◦C applying 30 MPa of
ressure. These three bulk C-n specimens were thermal charac-
erized in the through-thickness, up to 673 K, and the in-plane,
t room temperature, directions.

. Result  and  discussion

FESEM observations of the composites containing MWC-
Ts and GNPs give interesting information on their
icrostructure (see Fig. 2 as an example). Both C-n show

 homogenous dispersion in the composites as observed on
he images of the fracture surfaces, where nanotubes and
anoplatelets are seen protruding from the matrix. One partic-
larity of the later composite that can be clearly perceived in
ig. 2b is the preferential in-plane orientation of the GNPs owing

o the fabrication process, as has been previously discussed.28
rocess as it was confirmed by micro-Raman spectroscopy.22,28

As shown in Fig. 3, the through-thickness ther-
al conductivity decreased with temperature in all the

ing 3 wt.% of: (a) MWCNTs and (b) GNPs. In the right corner a detail of each
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ig. 3. Through-thickness thermal conductivity as a function of temperature for (
omposites and (c) GNPs/Si3N4 composites. The amount of C-n and the relativ

aterials. Independently of the presence of C-n, materials
ith similar κ  values at room temperature (in the range
3–15 W m−1 K−1) showed analogous temperature dependence
T−B; B  = 0.25–0.28), except for the material with 24.4 vol.%
f GNPs that presented a stronger κ  (T) dependence (B  = 0.33).
onolithic materials exhibited higher κ values than materials

ontaining C-n for equivalent phase ratios. The MWCNTs
omposites, with lower �-content, gave the lowest thermal
onductivity values that depended on the MWCNTs content,
hereas materials containing GNPs had very similar κ  values

or different additions.
Both the through-thickness and in-plane room tempera-

ure thermal conductivities of the monolithic Si3N4 materials
ncreased with the amount of �-phase (Fig. 4), showing quasi
sotropic and low κ  values for �-phase contents lower than 60%
k ∼15 W m−1 K−1 in both directions), whereas materials with
-phase contents ≥70% exhibited an increased thermal conduc-

ivity and also anisotropy, with κin-plane/κthrough ratio of 1.25.
26,35
his trend agrees with previous results on Si3N4 ceramics.

he increased anisotropy is associated to both the growth and
rientation of the �-Si3N4 grains with respect to the pressing

ig. 4. In-plane and through-thickness thermal conductivity at room tempera-
ure, and the ratio between both (κin-plane/κthrough), of monolithic Si3N4 materials
ith different amount of �-phase.
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nolithic Si3N4 materials with different amount of �-phase, (b) MWCNTs/Si3N4

hase content in each composite are included in the legends.

irection during sintering,36 and the intrinsic anisotropy in the
hermal conductivity of the Si3N4 crystals.37 The low κ  values
t room temperature of the present Si3N4 materials (lower than
8 W m−1 K−1) are explained by the solid solution of aluminum
nd oxygen ions in the Si3N4 crystals that act as phonon scat-
ering sites, as it has been previously reported for Al2O3 doped
i3N4.38

Fig. 5 shows the effect of the C-n content on the through-
hickness and in-plane thermal conductivities of Si3N4, putting
pecial care in comparing materials with similar �-phase
ontent. As seen in Fig. 5a, thermal conductivity in the through-
hickness direction decreases with the C-n content, but the
eduction for MWCNTs is significantly stronger than for GNPs.
or instance, a 3 wt.% of C-n (equivalent to 5.3 vol.% of MWC-
Ts and 4.3 vol.% of GNPs) led to a decrease of 33% and 11% in

he thermal conductivity for MWCNTs/Si3N4 and GNPs/Si3N4,
espectively. This reduction reaches 40% for the highest MWC-
Ts content (8.6 vol.%), whereas it is ∼20% for the composite

ontaining 16.7 vol.% of GNPs. These results indicate that ther-
al barriers associated to CNTs and GNPs exist for the heat
owing across the specimen, which corresponds to the SPS
ressing axis direction and, in addition, that the associated ther-
al resistances are lower for nanoplatelets than for nanotubes.

 62% decrease in the κ at room temperature versus the mono-
ithic material has been observed for a composite with 2 vol.%
f SWCNTs,23 whereas, in the present case, a 11% reduction is
bserved for a similar MWCNTs content of 1.8 vol.%. It should
e mentioned that for present materials we are comparing speci-
ens with very similar �-phase content (44 and 47%, see Figs. 3a

nd b).
The through-thickness κ reduction of the MWCNTs compos-

tes confirms the important role of the tube–tube junctions and
ntrinsic defects within nanotubes as barriers to thermal trans-
ort in ceramic composites as occurred in CNT mats.3,5 The
ormation of intrinsic defects within nanotubes takes place in
reas where twisting and bending occur,39 which could reduce
he phonon mean free path and affect thermal conductivity. In

resent materials, TEM observations indicate that MWCNTs are
ommonly bent and twisted at Si3N4 grain boundaries (Fig. 6a).
n fact, Shi and Pettes40 found that the thermal conductivity of
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Fig. 5. Through-thickness (a) and in-plane (b) thermal conductivity at room
temperature, and the κin-plane/κthrough ratio (c), for the Si3N4 composites
c
s

M
t

s
i
a
w
t
p
�
f
fi

F
a

b
S
w
c
b
s
i
(

M
m
a
m
a
d
S
e
t
t
t
r
i
m
C
i
r
A

ontaining MWCNTs and GNPs, as a function of the C-n content. Black
quares = MWCNTs and blue triangles = GNPs composites.

WCNTs samples correlated well with the defects concentra-
ion within the nanotubes.

Regarding GNPs composites, GNP–GNP contacts and intrin-
ic defects within GNPs also act as barriers to thermal transport
n the through-thickness direction. In fact, GNPs are also bent
nd twisted at the ceramic grain boundaries (Fig. 6b), which
ould limit the phonon mean free path. The reduction in

hrough-thickness κ  seems to be independent of the matrix �-
hase content as we are comparing materials from 53 to 84% of

-Si3N4. Furthermore, the thermal conductivity even increases

or the 24.4 vol.% of GNPs composite, which cannot be justi-
ed by the slightly higher �-phase content of this material (84%)

w
M
a

ig. 6. TEM micrographs of the Si3N4 composites containing MWCNTs (a)
nd GNPs (b) sorrounding the Si3N4 grains.

ut by the improved inter-GNP contacts in the direction of the
PS pressing axis for higher GNPs contents. This phenomenon
ould lead to a less resistive GNPs network in that direction,

onversely to what happens for nanotubes. The increased num-
er of GNP–GNP contacts would also be responsible for the
lightly stronger κ dependence with temperature of this compos-
te compared with other GNPs composites of similar κ values
Fig. 3c).

Provided the intrinsic one- and bi-dimensionality of the
WCNTs and the GNPs, and the observed orientation adjust-
ent of the nanoplatelets during the SPS process (Fig. 2b),

 possible anisotropy in the thermal conduction measure-
ents of these specimens cannot be ruled out. In order to

scertain this prospect, we also performed in-plane thermal
iffusivity measurements in the direction perpendicular to the
PS pressing axis. From Fig. 5b and c, a clear anisotropic
ffect is indeed observed for GNPs composites. In particular,
he composite containing 16.7 vol. % of nanoplatelets shows
hrough-thickness and in-plane κ  values about 0.9 times and
wice those of the monolithic material, respectively. These
esults lead to an enlarged anisotropy of the GNP compos-
tes, with κin-plane/κthrough-thickness up to 2.7, compared to the
onolithic Si3N4, which presented a maximum ratio of 1.3.
onversely, the in-plane thermal conductivity is scarcely mod-

fied by the presence of nanotubes. Zhan and Mukherjee25 also
eported no increase for in-plane thermal conductivity of an
l2O3 matrix composite. As the through-thickness κ decreases

ith MWCNTs additions, an increased anisotropy with the
WCNTs content is observed for the MWCNTs/Si3N4 materi-

ls (Fig. 5c), and then, a slight orientation of MWCNTs bundles
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Table 1
Physical properties used for the thermal conductivity calculations of different n-C bulk mats and the ratio between in-plane and through-thickness thermal
conductivities.

MATERIAL P (g cm−3) Фa �-Through (cm2 s−1)b �-In plane (cm2 s−1) [b] κin-plane/κthrough

Buckypaper 0.5 0.72 0.0056 0.1199 11.9
GNP-602 1.5 0.32 0.0158 0.3292 7.6
GNP-XG 1.8 0.18 0.0283 0.0657 11.6
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Ф is porosity fraction calculated using a theoretical density of 1.8 and 2.2 g
b α is the experimental thermal diffusivity.

n the network is also inferred to occur during sintering process,
lthough in lesser extent than for GNPs composites. It can be
onsidered that either the contribution of the thermal conduction
long nanotubes c axis is higher for heat flowing in the direc-
ion perpendicular to SPS pressing axis or less thermal resistive
ube–tube contacts exists in that plane, being both phenomena
ssociated to the orientation effect.

In order to confirm that this anisotropy in thermal conduc-
ion is related to the orientation of the carbon nanostructures,
imilar measurements were done in CNTs and GNPs bulk
pecimens prepared by uniaxial pressing the raw C-n (Fig. 7).
he physical properties used for the thermal conductivity cal-
ulations of the different C-n bulk materials are given in
able 1. As seen in Fig. 7, thermal conductivity is signifi-
antly higher for the GNPs bulk material than for the MWCNTs
uckypaper, which can be associated to the presence of large
hermal resistances in the later, in agreement with data previ-
usly reported in the literature.1–6 Through-thickness thermal
onductivity of the MWCNTs slightly increases with tem-
erature and the κ  value at room temperature is relatively
ow (0.2 W m−1 K−1) compared with data reported that are
round 20–30 W m−1 K−1 for unaligned mats of SWCNTs2–4

nd 5–15 W m−1 K−1 for MWCNTs5,6 but the density of the
resent specimen is significantly lower (0.51 g cm−3 compared
ith the reported 1.36 g cm−3). MWCNTs mats showed larger

nisotropy than the composites (Fig. 5c), with a thermal con-
uctivity ratio similar to those of the GNPs pressed compacts

Table 1). This confirms that increased tube–tube thermal resis-
ances, as well as a larger contribution of the off-axis thermal

ig. 7. Through-thickness (open symbols) and in-plane (full symbols) thermal
onductivity as a function of temperature of different C-n compacts.
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for MWCNTs and GNPs, respectively.

onductivity, occurs in the load direction leading to very low
hrough-thickness κ  values and, therefore, explaining the exper-
mental anisotropy observed in the MWCNTs composites. Sinha
t al.41 reported values as low as 1.5 W m−1 K−1 for the off-axis
hermal conductivity of MWCNTs films. A high anisotropy in
hermal conductivity (differences of ∼5 times) has also been
bserved in ultrathin SWCNTs films.42

GNPs pressed compacts had higher density (>1.5 g cm−3)
han the MWCNTs buckypaper (Table 1) and their through-
hickness κ  values (Fig. 7) are higher and of the same
rder of magnitude as those reported for cross-plane pyrolitic
raphite1 (∼5 W m−1 K−1 at room temperature), and within
he range observed for compacted expanded graphite of similar
ensity.43,44 However, even considering that GNPs might not be
erfectly oriented respecting the pressing axis, the in-plane κ  val-
es are much lower than it could be expected taking into account
hat values around 200 W m−1 K−1 and above 300 W m−1 K−1

ave been reported for polycrystalline graphite1 and compacted
arge exfoliated graphite particles,44 respectively. Therefore, it
s evident that thermal resistances associated to GNP–GNP con-
acts also limit heat conduction in nanoplatelets bulk materials.
he larger size nanoplatelets (XG) allow getting compacts with
igher density and thermal conductivity than the lower sized
NP (602), which could be explained by a reduction in the num-
er of GNP–GNP contacts. In fact, κ  values of graphite has been
eported to be strongly limited by a reduced grain size.1 Consid-
ring the GNPs compacts formed by two phases, the porosity and
he GNPs network, an estimation of the through-thickness and
n-plane thermal conductivities could be done applying the rule
f mixtures, giving values of 2.5–4.5 and 20–50 W m−1 K−1,
espectively. Through-thickness κ values lower than that of
he Si3N4 matrix and in-plane values higher than the matrix
xplain that the through-thickness thermal conductivity of the
omposites slightly decreased with GNPs addition while the
n-plane κ  significantly increased. Furthermore, in-plane κ val-
es above those measured for the compressed samples were
bserved for the ceramic composites, indicating that a low
hermal resistive GNPs network exists in this plane. A simi-
ar anisotropy in the electric response was observed in these
omposites by contact scanning force microscopy28 that was
lso associated to a less resistive network in the graphene
lane.

From literature survey13–25 and present results, the effect of

-n on the through-thickness thermal conductivity of ceramic
omposites depends on the original thermal conductivity of the
atrix, that is, for ceramic with low thermal conductivity, κ
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nhancements can be predicted whereas in the case of high
onductive ceramics noticeable increases are not to be expected.

. Conclusions

The addition of carbon nanostructures to Si3N4 compos-
tes fabricated by spark plasma sintering strongly affects their
nisotropic thermal response, which depends on the type of
anostructures. The addition of both carbon nanotubes and
raphene nanoplatelets reduces the thermal conductivity in the
hrough-thickness direction leading to an increased anisotropy
n ceramic composites. This increase is significantly larger for
anoplatelets additions as it enhances thermal conduction for
he in-plane direction up to 40 W m−1 K−1, twice the thermal
onductivity of the Si3N4 matrix. It has been confirmed that the
oad applied during spark plasma sintering provokes the nanos-
ructures orientation which, jointly to the intrinsic anisotropy in
he thermal conductivity of the C-n, leads a less resistive network
n the plane perpendicular to the pressing axis.
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