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bstract

everal key topics on the current assisted sintering of Si3N4-based materials are reviewed. First, different proposed mechanisms for spark plasma
intered (SPSed) ceramics are presented, discussing the electric field effect on the liquid phase behaviour and how it may influence the liquid phase

intering of Si3N4 ceramics. Next, we show that the SPS is a powerful tool to develop new Si3N4-based materials with tailored microstructures,
uch as functionally graded materials (FGMs) and carbon nanotubes (CNTs) containing Si3N4 matrix composites. Si3N4 FGMs are fabricated
rom a sole homogenous Si3N4 mixture just modifying the SPS system punches set-up, thus creating a temperature gradient through the specimen.
inally, the capability of SPS to get dense Si3N4/CNTs composites overcoming both constraint densification and nanotubes degradation is proved.
2010 Elsevier Ltd. All rights reserved.

otube

p
f
s
t
w
n
i

(
l
c
d
c
m
o
p
i
w

eywords: Spark plasma sintering; Sintering; Microstructure-final; Si3N4; Nan

. Introduction

Among the general category of electric current activated
intering (ECAS) processes, the spark plasma sintering (SPS),
hich is a pressure assisted pulsed direct current sintering tech-
ique, is the most employed to consolidate powders of very
ifferent natures. Compared to conventional sintering (CS) tech-
iques such as pressureless sintering (PS), hot pressing (HP) or
ot isostatic pressing (HIP), SPS allows much faster heating
ates and shorter sintering times; together with commonly lower
intering temperatures. This technique extraordinarily enhances
he sinterability of most of the materials and extends the possibil-
ties for developing new advanced materials and tailoring their
roperties. Until now, SPS has successfully covered a wide spec-
rum of materials, from metals and alloys to ceramics, including
ifferent kinds of composites and coatings, as well as graded
aterials. A full appraisal of ECAS methods can be seen in

ecent reviews by Munir et al.1 and Orru et al.2
During the last 15 years, the number of papers dealing with
PS method (Fig. 1a), including papers and conference proceed-

ngs, has shown a seemingly exponential increase, reaching at
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resent the figure of ∼300 publications per year (data collected
rom ISI Web of Knowledge). During the first decade, the acqui-
ition of SPS equipment and the prompt fabrication of materials
o compare to well known materials processed by CS techniques
as the pattern. However, current publication efforts point to the
ew or complex materials development as well as gaining some
nsight into SPS process.

On the other hand, it is well known that silicon nitride
Si3N4) materials present good thermo-mechanical and tribo-
ogical properties, which enable them to sustain the wearing
onditions enduring some engineering parts, such as valves in
iesel engines, ball bearings, sealing rings or tools for metal
utting and shaping.3 The densification of these materials com-
only entails the use of �-Si3N4 powders plus rare earth

xides additives, and temperatures as high as 1700–1800 ◦C for
romoting the liquid-phase sintering (LPS).4 LPS mechanism
ncludes particle rearrangement, solution-precipitation and Ost-
ald ripening grain growth stages, which usually overlap. When
S techniques (PS, HP or HIP) are employed, � → �-phase

ransformation and grain growth jointly occur during Si3N4
ensification.5 The SPS technique can enhance the sinterabil-
ty of Si3N4 producing dense materials with controlled grain
rowth and phase transformation at reduced temperatures,6–10
ompared to CS processes. Since Nishimura et al.6 reported
n 1995 for the first time the densification of Si3N4 powders
y SPS, the number of publications associated to this sintering
echnique on Si3N4-based materials (including their derivative

dx.doi.org/10.1016/j.jeurceramsoc.2010.01.025
mailto:mbelmonte@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.025
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Fig. 2 depicts displacement rate, d(dz)/dt, versus tempera-
ture during SPS of the SN2A5Y specimen. Peaks at 1280 ◦C
and 1415 ◦C, linked to the particle rearrangement and the
solution-precipitation sintering stages, respectively, are clearly
ig. 1. Number of publications including papers and conference proceedings
n: (a) SPS and (b) SPSed Si3N4-based materials. Numbers collected from ISI
eb of Knowledge. Data for 2009 appear incomplete.

iAlON ceramics and composites containing other ceramics or
arbon-based structures)2 has continuously increased (Fig. 1b),
ooking for new materials and applications.

In the present work, the potential of SPS to develop new
i3N4-based materials is studied in depth. First of all, we
iscuss the possible effect of pulsed direct current on the
iquid phase formed during the sintering of Si3N4 ceramics.
ext, we illustrate the capability of SPS for getting con-

inuous functionally graded materials (FGMs) from a sole
omogenous Si3N4 mixture just modifying the SPS system
unches set-up in order to create a temperature gradient
ithin the specimen. Finally, the use of SPS as the best
ption to attain fully dense carbon nanotubes (CNTs) con-
aining composites avoiding the nanotubes degradation is
hown.

. SPS on Si3N4 ceramics

At present, the phenomena responsible for the enhanced

intering in SPS systems are still under debate.11–21 One of
he first hypothesis was the local generation of a plasma
etween particles when current is applied, which would cause
he particle surface cleaning and then the improvement of the

F
l
c
[
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ass transport.16 This hypothesis has been particularly con-
roversial because the lack of experimental evidence of such
lasma formation.14 Among the numerous SPS mechanisms
roposed, there is a general consensus on the important role
f both the rapid Joule heating17 and the intrinsic electric field
ffects.15,17,18 For Sialon materials, Nygren’s group8,19,20 pro-
osed a dynamic ripening mechanism to explain the very fast
n situ formation of tough interlocking microstructures by SPS
nnealing dense compacts. Accordingly, the motion of charged
pecies was enhanced by the electric field and rapid heating,
hich increased diffusion and homogenization in the liquid
hase.20 This mechanism may be considered as an enhanced
olution-precipitation process involving a rapid grain growth.
n the other hand, Salamon et al.21 questioned the influence of

lectric field on �-phase formation in Sialon materials, claiming
hat the temperature was the main influence.

In the present work, we focus mainly on the particle rear-
angement stage during the densification process of SPSed
-Si3N4 powders with liquid forming oxide additives. As stated
bove, unlike CS processes, SPS allows shortening of Si3N4 sin-
ering time from hours to minutes, getting total densification with
egligible grain growth and/or phase transformation.7,8,10,22

sing a composition with 2 wt.% of Al2O3 and 5 wt.% of
2O3 as sintering aids (SN2A5Y specimen), relatively dense

drel > 95%) specimens with reduced phase transformation (76%
-phase) and negligible grain growth (190 nm) at temperatures
s low as 1500 ◦C (Table 1) are achieved. At 1600 ◦C, complete
ense materials that also retain high �-phase content (41%) are
bserved. That is, densification mainly takes place by particle
earrangement in these specimens, particularly for the low trans-
ormed specimen. However, when same composition is sintered
y HP, temperatures of 1750 ◦C and holding times of 90 min
re required to get full densification, therefore, leading to the
omplete � → �-phase transformation (Table 1).
ig. 2. Displacement rate (d(dz)/dt) curves versus temperature for SPSed mono-
ithic materials with different additives contents (SN2A5Y and SN0.5A2Y
ompositions), and SN1.8CNT composite. Petzow’s data re-plotted from Ref.
5]5 are also included.
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Table 1
Sintering technique and maximum sintering temperature (Tmax), apparent (d) and relative densities (drel), �-phase content, average particle size (d50) and aspect ratio
(AR50), both estimated on FESEM micrographs by image analysis techniques, for SN2A5Y and SN0.5A2Y materials.

Composition Sintering technique Tmax (◦C) d (g cm−3) drel (%) �-Phase (%) d50 (nm) AR50

SN2A5Y
SPS

1500 3.08 95.4 76 190 1.4
1600 3.23 100.0 41 300 1.8
1650 3.23 100.0 6 570 2.4

HP 1750 3.23 100.0 0
SN0.5A2Y SPS 1675 3.19 100.0 15
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HP 1750 3.12

PS tests were carried out at a heating rate of 133 ◦C min−1 for 5 min of holding
ere performed at heating rate of 10 ◦C min−1 for 90 min of holding time, usin

istinguished. Petzow and Herrmann’s shrinkage rate data5 for
Sed Si3N4 with similar Y2O3/Al2O3 additive ratio (2.0) are

e-plotted in Fig. 2 for comparison. The maximum shrinkage
ate for CS occurs at higher temperature than for SPS speci-
ens (SN2A5Y), in spite of the larger additive content of the CS

pecimen (6.0 vol.% versus 4.9 vol.%) and lower CS heating rate
10 ◦C min−1 versus 133 ◦C min−1). Another interesting obser-
ation from Fig. 2 is that the intensity ratio (0.50) between both
eaks, Irerrangement/Isol-prec, is twice larger for the SPSed speci-
en than for the CS sample (0.25). This unusual enhancement of

he particle rearrangement relative to the solution-precipitation
ould be attributed to the existence of an electric field. Sim-

larly as electromigration has been considered as one of the

ain effects in SPS of solid particles,11,12,15 electromechani-
al forces acting on liquids that are in contact with a surface
hould be taken into account when liquids are present, such in

a
i
a
o

ig. 3. FESEM micrographs of the different grain boundary glassy phase distribution
agnification SPSed SN0.5A2Y compositions.
97.8 13

, using an uniaxial pressure of 50 MPa, and a vacuum pressure of 6 Pa. HP runs
niaxial pressure of 50 MPa, under 0.1 MPa of N2.

iquid phase sintering. These forces classically act when either
ielectric or aqueous liquids are in contact with a dielectric film
nd a voltage (ac or dc) is applied to the system. Experimen-
ally, they manifest by a reduction of the liquid contact angle
electowetting) and by the height of rise effect,23,24 both phe-
omena directly depend on the squared applied voltage, V2, and
he inverse thickness of dielectric film, d, and have been experi-

entally observed at room temperature in dc and ac conditions
or voltages as low as 6–15 V25,26 when d was between 20 and
0 nm. Characteristic voltages in SPS experiments are in the
–6 V range, but considering the small particle size (200 nm) of
he Si3N4 powders, high electric field strengths may be reached

t the nano-scale contacts. As particle rearrangement shrinkage
s governed by capillary forces developed in the grain bound-
ry liquid phase, the existence electromechanical forces acting
ver the liquid would be a plausible explanation of the increased

attained for: (a) low and (b) high magnification HPed, and (c) low and (d) high
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Fig. 4. FESEM micrographs of the polished and plasma etched surfaces corre-
sponding to SPSed SN2A5Y specimens as a function of SPS temperature: (a)
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intering rate generally observed during first sintering stage in
PSed Si3N4.

A direct experimental proof of the enhanced wetting is not
n easy task as temperatures of 1400 ◦C, voltage application
nd a recording device will be necessary. Nevertheless, an indi-
ect proof of the better wetting by the grain boundary liquid
hase in SPS ceramic is obtained by comparing materials from
he same powder batch, SN0.5A2Y, with a low additive content
0.5 wt.% of Al2O3 plus 2 wt.% of Y2O3), sintered alternatively
y hot pressing and SPS at 1750 ◦C and 1600 ◦C, respectively.
his particular composition was selected attending to its high
2O3/Al2O3 weight ratio (∼4), thus expecting a poor liq-
id wettability.27 Effectively, the HPed SN0.5A2Y specimen
howed inhomogeneous distribution of the grain boundary phase
ith large glassy pockets like that shown in Fig. 3a and b. Con-
ersely, the SPSed SN0.5A2Y sample has an homogeneously
istributed grain boundary glassy phase like that seen in rep-
esentative microstructures of Fig. 3c and d, clearly indicating
he better wetting of the liquid phase if an electric field was
resent during sintering. Even considering the uncertainties on
he real specimen temperature in SPS runs, models give a maxi-

um difference between the surface die temperature and centre
f the specimen of 150 ◦C, the temperature cannot be claimed as
esponsible of the better wetting as in the worst case specimens
ould have been subject to the same temperature (1750 ◦C) but

or different time scales.
Furthermore, the solution-precipitation peak shifts ∼200 ◦C

o lower temperatures in SPS compared to the CS. Addition-
lly, the microstructure of SPSed SN2A5Y specimens (Fig. 4
nd Table 1) rapidly evolves with temperature from sub-micron
quiaxed grains with negligible grain growth (d50 = 190 nm and
R50 = 1.4) at 1500 ◦C, towards coarse bimodal microstructures

t 1600 ◦C and 1650 ◦C (d50 = 300 and 570 nm, AR50 = 1.8 and
.4, respectively). Grain growth during this step is linked to
he corresponding � → � transformation, showing a significant
ecrease in the �-phase content from 76% at 1500 ◦C to 6% at
650 ◦C (Table 1). The increased sintering rate and grain coars-
ning also observed in the solution-precipitation stage can be
ttributed to the dynamic ripening mechanism.21

. Advanced Si3N4 structures

The use of the SPS technique in the particular case of
i3N4-based ceramics offers new possibilities for tailoring
icrostructures. Although there are few papers28,29 dealing with

he possibility of processing continuous graded materials by
PS, this technique allows the development of temperature gra-
ients across the compacted powders by creating a difference
n the effective current intensity per unit area along the die.
his can be a chance for developing unique Si3N4 FGMs with
raded mechanical properties like high toughness and hard-
ess values in a sole specimen, which have great technological
nterest.
On the other hand, SPS can have a great impact in the den-
ification of bimodal systems like composites containing fibres
r other large aspect ratio particles. During bimodal sintering
nternal stresses opposing densification develop due to the sin-

b
g
t
p

500 ◦C, (b) 1600 ◦C and (c) 1650 ◦C.

ering rate differential between the ‘non-densifying’ inclusions
nd the matrix. Among ceramic composites, those containing
NTs are particularly promising but troublesome as temper-
ture restrictions related to carbon nanotubes degradation are
uperimposed to constraint densification issues. These draw-
acks can be overcome by SPS technique, and the possibility of
etting complete densification in Si3N4/CNTs composites (up

o 8.6 vol.%) without nanotubes degradation is described in this
aper.
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Fig. 5. (a) Symmetric and (b) asymmetric SPS con

.1. Functionally graded Si3N4 materials

Materials with compositional and/or microstructural gradi-
nts, commonly known as functionally graded material (FGM),
an show better performance under demanding technological
pplications.30,31 Most of the published works on Si3N4-based
GMs consist in layered systems step-wise fabricated by stack-

ng a number of layers with gradual variations in particle size
r composition.33–36 However, this processing method is cum-
ersome for mass production, and more prone to the nucleation
f interfacial stresses that would compromise the reliability of
he component under operating conditions. Present authors32

rocessed continuous in situ functionally graded Si3N4 mate-
ials from a sole homogenous starting composition using an

symmetric arrangement of the SPS graphite punches to get

temperature gradient, which turned into �/� ratio32 and,
herefore, into property gradation through the Si3N4 speci-

en.

ig. 6. Low-magnification cross-section views for: (a) FGM-1550 and (b) FGM-
650. Disc samples dimensions of 20 mm diameter and 4 mm thickness.

a

d
c
t

F

tions showing the graphite die and punches set-up.

Fig. 5 compares the schemes of the SPS graphite die
nd punches set-up used to produce homogeneous temper-
ture distribution with a symmetric configuration (Fig. 5a)
nd temperature gradients with asymmetric one (Fig. 5b).
wo FGMs were fabricated at different temperatures, 1550 ◦C
nd 1650 ◦C. For the 1550 ◦C temperature set point speci-
en (FGM-1550) two different coloured areas were clearly

bserved: a dark-grey fully dense thick one and a white
orous thin layer of ∼600 �m with maximum porosity of
.5 vol.% at the bottom (Fig. 6a). Therefore, the experimen-
al setting gave a decreasing temperature gradient within the
pecimen from top to bottom. For the 1650 ◦C (FGM-1650) the
pecimen, complete densification, as the homogeneous dark-
rey colour along the cross-section evidenced (Fig. 6b), was
ttained.

A continuous �-phase gradation was confirmed by X-ray

iffraction (XRD) analyses recorded every 250 �m along the
ross-section from bottom to top specimen surfaces (Fig. 7). In
his sense, �-content for FGM-1550 gradually changed from

ig. 7. �-Phase content along FGM-1550 and FGM-1650 cross-sections.
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5% at the bottom to 12% at the top surface. On the other
and, for FGM-1650 specimen, �-phase content ranged from
1 to 4% (bottom to top). Comparing these percentages with
hose obtained using a symmetric configuration of the punches,
emperature differences along the axial direction of 150 ◦C
nd 50 ◦C for FGM-1550 and FGM-1650, respectively, were
stimated.32

Microstructural gradients along the specimens were con-
rmed by field emission scanning electron microscopy
FESEM) observations along FGM-1550 and FGM-1650 cross-
ections (Fig. 8). In this way, at the bottom of FGM-1550
Fig. 8a), the porous region presented a narrow distribution
f fine equiaxed Si3N4 grains and, once the full dense region
as reached (Fig. 8a, centre position), grain growth gradu-

lly progressed towards the top surface, leading to a bimodal

icrostructure of large elongated �-grains embedded into a
atrix of equiaxed smaller grains. As a result, the average par-

icle size, d50, changed from 180 nm (a value similar to the
riginal Si3N4 crystallite size that was ∼200 nm) to 380 nm

t
o
3
w

ig. 8. FESEM micrographs of the polished and plasma etched cross-section surfac
ottom of each specimen.
Ceramic Society 30 (2010) 2937–2946

rom bottom to top, which represents an increase of ∼110%;
hile the average aspect ratio, AR50, augmented from 1.4 to
.3 (∼60%). At the highest temperature, FGM-1650 sample
Fig. 8b), a larger gradation in the microstructure was observed,
50 increasing from ∼200 to 500 nm (150%), and AR50 from
.5 to 2.3 (∼50%).

These gradients, in �-phase content as well as in the
icrostructural parameters, determined the contour lines of

ardness (H) and fracture toughness (KIC) in the materials.
hese properties were determined by Vickers indentation meth-
ds along the cross-sections of the FGM specimens. As seen
n Fig. 9a, H continuously increased up to 30% from top to
ottom for both FGMs, which correlates with an augment in
he harder phase content, i.e., �-phase. In the case of FGM-
550 specimen, H abruptly decreased in the porous area. On

he other hand, a continuous KIC gradient along the thickness
f the fully dense FGM-1650 specimen (Fig. 9b), ranging from
.5 MPa m1/2 (bottom) to 5.7 MPa m1/2 (top), was established,
hich represents more than 60% increase in KIC from side

es corresponding to: (a) FGM-1550 and (b) FGM-1650, at the top, centre and
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Fig. 9. (a) Hardness (H) along the cross-section of the FGM-1550 and FGM-
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o side. This increase is due to the development of bimodal
icrostructure towards top surface, then following a reverse

rend to hardness.

.2. Si3N4/CNTs composites

Soon after carbon nanotubes were first synthesised,37

heir extraordinary physical and mechanical properties38,39

ade them promising fibres for a wide range of composite
aterials,39,40 especially in polymer composites and to a lesser

xtent in ceramic matrix composites.41,42 Focusing on the latter,
he properties reported until now are widespread and, some-
imes, contradictory, especially for mechanical properties42;
esides, they strongly depend on the type of matrix, the nan-
tubes kind and the processing conditions. The main efforts
n the processing of ceramics/CNTs composites deal with: (i)
he homogeneous dispersion of CNTs within the matrix; (ii)
he complete densification of the composite avoiding nanotubes
egradation; and (iii) the improvement of matrix/nanotube inter-
ace.

Although the addition of CNTs to Si3N4 could presumably
nhance the properties of this ceramic, scarce references can
e found on this topic.43–48 Furthermore, most of the works
eported insufficient CNTs dispersion, lack of density espe-
ially for large CNTs contents, and/or nanotubes degradation,
he last two problems being associated to the use of conventional
intering techniques. The first problem is due to the difficulty
n getting homogenous dispersions of Si3N4 powders, the sin-
ering additives and the CNTs. Osendi et al.48 obtained quite
omogenous Si3N4/CNTs composites with up to 5.3 vol.% of
ulti-walled carbon nanotubes (MWCNTs) by separately dis-

ersing the ceramic slurry and the MWCNTs and, afterwards,
ixing both suspensions in ethanol combining sonication and
echanical stirring procedures.
Full densification of these composites is another challenge

ue to the high temperatures and long times usually required for
intering Si3N4 materials when CS techniques are employed,
hich bring doubts about the possible degradation of nan-
tubes throughout the sintering process. In this context, SPS
ith their fast heating rates and lower temperatures appears

s the unique technique to overcome this problem. At present,
ust few attempts to sinter Si3N4/CNTs composites using SPS
ave been reported44,46,48 and more studies are needed. Next,
he quite promising results obtained by the present authors are
ummarized.

Following the procedure detailed in a previous paper,48

omposites containing 1.8, 5.3 and 8.6 vol.% of MWCNTs,
abelled as SN1.8CNT, SN5.3CNT and SN8.6CNT, respec-
ively, were fabricated by SPS. The addition of the highly
lectrical conductive CNT second phase to Si3N4 modified the
hrinkage behaviour during SPS of composites compared to
lectrical insulator monolithic Si3N4 (Fig. 2). Just by intro-
ucing 1.8 vol.% of MWCNTs the peak temperature linked

o the particle rearrangement stage of SN2A5Y composition
ecreased ∼60 ◦C. The changes in the dc electrical conductivity
n Si3N4 ceramics from electrical insulator to semiconductor
ith small MWCNTs additions45,49 would modify the SPS

(
(
w
fi

650 specimens and (b) fracture toughness (KIC) along the dense FGM-1650
pecimen. H and KIC were determined by Vickers indentation methods using
oads of 49 and 490 N, respectively.

ehaviour, affecting not only the specimens Joule heating but
lso the liquid wetting as nanotubes may now act as local
lectrodes, then explaining the shift of the particle rearrange-
ent peak to lower temperatures. Besides, the temperature of

he solution-precipitation peak for the composite is ∼100 ◦C
igher than for the monolithic material (Fig. 2), probably
ecause the MWCNTs network envelops Si3N4 grains hinder-
ng further densification.50,51 The Irerrangement/Isol-prec ratio for
ll the composites was around 0.50, which is similar to the
alue for the SPSed monolithic material of same composition
Fig. 2).

SPS allowed attaining complete densification for all the
omposites, avoiding at the same time nanotubes degradation
s micro-Raman spectroscopy data confirmed (Fig. 10). In
act, the intensity ratios between the characteristics bands of

WCNTs, i.e., D/G and G′/G,52 were quite similar in the com-
osites and original nanotubes. As the plasma etching procedure
sed for revealing polished surface microstructures in Si3N4

CF4/5 vol.% O2 at 100 W for 40 s) damages the MWCNTs
Fig. 11a), these are better detected on fresh fracture surfaces
here the outcropping of CNTs is evident (Fig. 11b–d). In this
gure, the good dispersion of MWCNTs is plain, even for rel-
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ig. 10. Micro-Raman spectra for the original MWCNTs and SN5.3CNT com-
osite. D/G and G′/G intensity ratios are depicted on top left corner.

tively high nanotubes contents (up to 8.6 vol.%, Fig. 11d).
ransmission electron microscopy (TEM) observations con-
rmed that MWCNTs were bent and twisted at Si3N4 grain
oundaries (Fig. 12).

The comparison of microstructural parameters, d50 and AR50,
etween the monolithic and the composites with similar �-
hase contents (∼40%), revealed a Si3N4 grain size refinement

ttributable to the MWCNTs (Table 2), which can be quan-
ify as 22% and 13% for d50 and AR50, respectively, due to
he hindering of the solution-precipitation stage by the bimodal
intering.

i
c
w
v

ig. 11. FESEM micrographs showing polished and plasma etched surface of SN8
ontaining: (b) 1.8 vol.%, (c) 5.3 vol.% and (d) 8.6 vol.% of MWCNTs. Arrows in (a)
ig. 12. TEM micrograph for the SN5.3CNT composite. The nanotubes are
ointed out by arrows.

Controversial results can be found in the literature regard-
ng the supposed reinforcement capability of CNTs in ceramic

omposites.42,53,54 As an example, for Al2O3/10 vol.% single-
alled carbon nanotubes (SWCNTs),53,54 disparate toughness
alues, 3.354 and 9.753 MPa m1/2, were reported. For present

.6CNT composite (a) and fracture surfaces of Si3N4/MWCNTs composites
point nanotubes.
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Table 2
�-Phase content, average particle size (d50), aspect ratio (AR50), and electrical
conductivity (σ) for Si3N4/MWCNTs composites.

Sample ID �-Phase (%) d50 (nm) AR50 σ (S m−1)

SN2A5Y 41 297 1.79 3 × 10−13

SN1.8CNT 41 245 1.67 3 × 10−1

SN5.3CNT 34 237 1.51 14
SN8.6CNT 43 233 1.56 17

d50 and AR50 were estimated on FESEM micrographs by image analysis tech-
n
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21. Salamon D, Shen Z, Sajgalik P. Rapid formation of �-Sialon during
iques. Either two of four probe methods under dc conditions were used to
easure σ.

aterials,48 KIC data, determined by Vickers indentation at
96 N, slightly increased from 4.5 MPa m1/2 for the monolithic
aterial to 4.8 MPa m1/2 in the SN1.8CNT composite. How-

ver, for larger MWCNTs contents (5.3 vol.%), KIC decreased
o 4.2 MPa m1/2, which could be associated to a poorly bonded
atrix/nanotube interface. Published data for Si3N4/CNTs com-

osites report either negligible changes in KIC
44,45 or large

ncreases.46,47 Corral et al.46 reported an increase in KIC from 5.3
o 8.5 MPa m1/2 just by adding 2 vol.% of SWCNTs, although
he composite presented larger porosity than the monolithic and

icrostructural data were not provided. Pasupuleti et al.47 also
eported an increase in KIC from 4.8 to 6.6 MPa m1/2 with 1 wt.%
f MWCNTs, but this increase may be as well due to the greater
raction of elongated Si3N4 grains in the composite producing
he well known in situ toughening. It is important to remark that
he mechanical properties of Si3N4 ceramics are very sensitive
o microstructure (porosity, �/� ratio, grain size and aspect ratio
istributions), and therefore it is very difficult to determine the
eal toughening effect of CNTs if dissimilar microstructures are
ompared.

Conversely, much agreement is found when comparing the
lectrical conductivity data for Si3N4/CNTs composites. As
een in Table 2, the dc electrical conductivity of the present
i3N4/MWCNTs composites showed a raise of twelve orders of
agnitude for SN1.8CNT specimen compared to the monolithic
aterial, reaching a saturation value of 17 S m−1 for the material
ith the largest nanotubes content (SN8.6CNT). These results

re similar to those reported by Tatami et al.45 The turning of
i3N4 ceramics from highly electric insulator to conductor at
ery low CNTs concentrations, instead of the larger amounts
30–40 vol.%) needed in the case of other electric conductive
econd phases, such as TiN,55 can have exciting technological
pplications such as the electric discharge machining (EDM)
f Si3N4 components, which could reduce the machining costs
uring manufacturing processes.

In summary, SPS technique is currently a powerful research
ool for developing new materials. However, the complete under-
tanding of the phenomena that take place during the sintering
rocess is one step behind and new models including the electric
led effects are needed. The SPS technique has strong potential
or designing Si3N4 materials with tailored microstructures and

roperties. Besides, it appears as the best tool to achieve full
ensification of new ceramic composites containing graphite
tructures (CNTs, graphene) avoiding their degradation.
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