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bstract

any space systems such as satellite mirrors and their supporting structures require to be made from very low-thermal expansion materials
ombining both high hydrostability and relatively high mechanical properties. In this study, we have applied the “composite concept” in order
o explore the possibility of fabricating near zero thermal expansion silicon nitride based ceramics. Consequently, a negative thermal expansion

aterial belonged to the lithium aluminosilicate family (LAS powder crystallized under de �-eucryptite structure) was introduced in an alpha-
ilicon nitride fine powder (5 and 20 vol% of LAS) and the resulting composite system was sintered by Spark Plasma Sintering (SPS) at 1400 and
500 ◦C. In the case of 20 vol% LAS compositions, relatively well-densified ceramics (94.4% of the theoretical density) were produced without
dding any further sintering additive. The addition of yttria and alumina oxides allowed enhancing the densification level up to 98.2% (20 vol% LAS
ompositions) or from 62.3% up to 96.7% of the theoretical density in 5 vol% LAS materials. Nevertheless, it was impossible to full consolidate
ilicon nitride/LAS composite ceramics at temperatures lower than the temperature at which �-eucryptite melts, even by using SPS technology.

oreover, because of the relatively low temperatures involved in SPS, the � to �-Si3N4 transformation was avoided, resulting in microstructures
omposed of fine equiaxed �-Si3N4 grains (<200 nm) and of a glassy phase. Even if the effect of having a very large negative thermal expansion

aterial was lost during the sintering step (because of the �-eucryptite melting), ceramics containing only 20 vol% of LAS-based phase exhibited

ery interesting values as regards of mechanical properties (strength, hardness, toughness, and Young’s modulus), thermal conductivity and thermal
xpansion coefficient. We discuss in this work why we are so interested in developing dense silicon nitride/LAS ceramics sintered without any
urther additive addition, even though �-eucryptite is melted during the process and the transformation to the � phase is avoided.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si3N4) is a very interesting ceramic material
or structural applications due to its excellent properties such as
igh creep resistance, fracture toughness and bending strength.
his material crystallizes in the hexagonal system under two
olymorphs called alpha (� at low temperatures) and beta (�

t high temperatures). The � to � transformation takes place
round 1400 ◦C and leads to the development of a rod-like or
longated �-Si3N4 microstructure.1 This is one of the reasons

∗ Corresponding author.
E-mail address: helen.reveron@insa-lyon.fr (H. Reveron).
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hy �-Si3N4 ceramics exhibit interesting mechanical properties
xplained on the base of crack bridging, pull out or crack deflec-
ion mechanisms. In addition to these conventional crystalline
hases, a cubic-type structure (c-Si3N4) has been also observed
ut just at high pressure and temperature.2 Moreover, silicon
itride material has a quite low thermal expansion coefficient or
TE (α = 3.1 × 10−6/◦C at 20 ◦C) and exhibits high dimensional

tability under wet atmospheres. For all these reasons, silicon
itride ceramics could be used in some current space applica-
ions requiring both dimensional stability and good mechanical

roperties. However, in order to develop the future generation of
ilicon nitride based materials for optical and structural spatial
ystems, it is necessary to further reduce its thermal expansion,
pproaching null bulk expansion behaviour if possible.

dx.doi.org/10.1016/j.jeurceramsoc.2010.10.026
mailto:helen.reveron@insa-lyon.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.10.026
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Since silicon and nitrogen atoms are strongly covalent linked,
he silicon nitride densification is hard to be achieved by using
onventional sintering processes. Therefore, an external addi-
ional sintering driving force must to be considered for sintering
ilicon nitride ceramics. Among all available methods allowing
i3N4 densification the most frequently used are: gas pressure
intering (GPS), hot pressing (HP), hot isostatic pressing (HIP)
nd natural sintering (NS). Regardless of the sintering method,
intering aids are commonly added to help densification by
orming liquid phases at relatively low temperatures.3–5 Nev-
rtheless for economic reasons, GPS with sintering additives
as become the most popular process used for preparing well-
ensified Si3N4 ceramics.6 During sintering, sintering additives
eact with silica still present on the surface of silicon nitride
articles, forming a silica-rich eutectic melt which allow the
iquid phase sintering of the material. A mixing of alumina
nd yttria oxides is the most used sintering aid for silicon
itride.

In 1995, the Spark Plasma Sintering (SPS) method has
een reported as a powerful tool for sintering silicon nitride
eramics at lower sintering temperatures and soaking times
han conventional GPS or hot pressing methods. This decrease
f temperature and time minimized the grain growth during
intering and allowed the fabrication of dense silicon nitride
ano-ceramics as reported by Nishimura et al.7 These authors
howed that relative densities of 98.5% could be attained at
550 ◦C in only 5.5 min and under 49 MPa by using �-Si3N4
anopowders mixed with 5 wt% Y2O3 and 2 wt% MgO as sin-
ering aids. The grain size in these first SPS sintered �-Si3N4
eramics was about 200–300 nm. Nonetheless, this work also
howed that fully dense �-Si3N4 nanoceramics cannot be pre-
ared from commercial �-Si3N4 nanopowders even if SPS is
pplied because temperatures as high as 1650 ◦C are required
o obtain at least 98.2% of density. Herein, the � to � transfor-

ation occurred partially and the final microstructure consisted
f a mixing of elongated grains with a diameter <5 �m (most
robably made of �-Si3N4) embedded in a nanosized matrix.
nfortunately, neither XRD analysis was performed on those
PS treated �-Si3N4 nanopowders nor the ratio of � to � phase
as reported.
Since this first study, further works have reported the use of

PS on sintering �-silicon nitride based ceramics; few works
ave used the SPS technology for obtaining silicon nitride
eramics containing the �-phase. Belonging to the first cat-
gory (that is �-Si3N4 based ceramics), we quote here the
nly three existing works involving: (1) the use of the “rapid”
PS sintering (1600 ◦C–5 min–30 MPa) of �-Si3N4 high-energy
echanical milled powders with Y2O3 and Al2O3 additives

one by Xu et al. in 20058 which resulted in fully dense
00% �-Si3N4 nano-ceramics with an average grain size of
bout 70 nm; (2) the rod-like micrometer-sized �-Si3N4 pow-
ers synthesized by Bai et al. in 20079 and sintered by SPS
1500 ◦C–5 min–20 MPa with Y2O3 and Al2O3 as sintering

dditives) that developed rod-like �-Si3N4 micrometer-sized
icrostructures; and finally (3) the 30 wt%BAS/Si3N4 compos-

te fabricated via SPS (1800 ◦C–5 min–25 MPa) by Ye et al. in
00810 and characterized by a microstructure composed of rod-

t
c
w
e

Ceramic Society 31 (2011) 645–652

ike micrometer-sized �-silicon nitride grains randomly oriented
n a continuous BAS matrix.

Referring to the second category and in particular to ceram-
cs containing both �/�-Si3N4 prepared by SPS, no more than
wo works dating from 2009 (Peng et al.11,12) have reported that
ery hard �/� composites were prepared by SPS using 5 wt%
gSiN2 as sintering additive and �-Si3N4 as starting powder.
treatment at 1450 ◦C–6 min–60 MPa allowed full densifica-

ion of very hard 79 wt% �-Si3N4 materials (Vickers hardness
f 21.4 GPa). Regarding silicon nitride ceramics formed mainly
y fine �-Si3N4 grains, only one work published by Chen et al.
n 200813 has reported the use of 4 wt%MgO–16 wt%AlPO4 as
intering additives for SPS sintering (1500 ◦C–5 min–30 MPa)
f �-Si3N4 powders which reached 98% of density and grain
izes of about 500 nm. The sintering mechanism in these �-
i3N4 based ceramics is supposed to be governed by both
eaction between MgO and SiO2 present on the powders (which
romotes the powders adherence) and the solid state sintering
f AlPO4. Based on XRD diffraction patterns, authors have
tated in a qualitative way that the major phase was �-Si3N4
hen the sintering was performed at 1300 ◦C but that at higher

emperatures, a little conversion from � to �-Si3N4 was took
lace.

In the frame of these previous results, here we report for the
rst time the use of LAS (�-eucryptite) for the SPS sintering of

he finer �-Si3N4 based ceramic never before prepared. As we
xplain below, the final goal of our work will be to recrystallize
he LAS based melt onto the �-eucryptite phase. Neverthe-
ess, these fine �-Si3N4 ceramics could be very interesting for
ielectric applications. In fact, it is reported that alpha silicon
itride phase has lower dielectric constant than beta which could
ave a promising application. For instance, �-Si3N4 ceramic
dielectric constant ε = 5.6 and dielectric loss tgδ = 0.003 at
oom temperature, compared to �-Si3N4 properties of ε = 7.9
nd tgδ = 0.005) can be utilized as an electromagnetic wave-
enetrating material.14

To date, the system Li2O–Al2O3–SiO2 (LAS) has been suc-
essfully used in conventional sintering of silicon carbide at
ery low temperatures (<1177 ◦C for compositions contain-
ng 40 vol% of LAS) but to our knowledge, no work in the
iterature has reported the use of LAS powders and SPS for
intering silicon nitride ceramics. In this context, some advan-
ages could be derived from the use of only LAS based powder
or sintering fine �-Si3N4 ceramics: (1) since LAS (for example
rystallized under �-eucryptite structure) melts at relatively low
emperatures (about 1250 ◦C), �-Si3N4 liquid-phase sintering

ay begin at lower temperatures compared to liquid-phase sin-
ering driven by conventional additives addition (metal oxides
uch as alumina, yttria, silica, lithia, magnesia or their mixing);
2) after sintering, LAS amorphous melt can be recrystallized
y applying specific heat treatments into �-eucryptite (which
as a negative thermal expansion coefficient), thus enhancing
he composite final mechanical properties and decreasing the

hermal expansion coefficient of silicon nitride (this is the prin-
ipal reason why the further additive addition is not suitable,
ith the purpose of keep as much as possible the same �-

ucryptite composition in the melt); (3) the use of Spark Plasma
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intering allows reduction in time and sintering temperatures
compared with more classical HP, HIP, GPS or natural sinter-
ng methods), avoiding in this manner the � to � silicon nitride
ransformation7 (particularly interesting for dielectric applica-
ions), the grain growth (enhancing the mechanical properties)
nd the crystallization of secondary phases (which could also
odify the composition of the LAS melt). The no use of further

intering additives besides LAS phase with the �-eucrytite com-
osition and preventing secondary phase crystallization from the
elt are the two main important facts which would govern the
nal composition of the melt and consequently the possibility
f recrystallize the �-eucryptite phase during a second thermal
reatment.

�-Eucryptite is the most anisotropic negative thermal expan-
ion phase in the lithium aluminosilicate system or LAS
LiAlSiO4), with coefficients of thermal expansion in the a
nd c crystallographic directions of 8.2 and −17.6 × 10−6/◦C,
espectively.15 Because of its high anisotropic structure, the
olume expansion coefficient of the �-eucryptite unit cell is
ery slightly negative. Nevertheless, in the case of polycrystals,
his anisotropy leads to thermal residual stresses which cause
pontaneous microcracking. Therefore, the thermal expansion
f sintered �-eucryptite polycrystals can tend toward the value
iven for the c crystallographic direction (i.e. large negative
hermal expansion).

The guiding principle for this work is to apply the “composite
oncept” in order to prepare well densified silicon nitride-

eucryptite based composites with very low or null bulk
hermal expansion. In this paper we report the possibility of
rocessing dense silicon nitride ceramics from fine �-silicon
itride powders and �-eucryptite particles (5 and 20 vol%) by
sing SPS. A maximum �-eucryptite content of 20 vol% was
xed on the base of the negative thermal expansion coefficient
easured on sintered �-eucryptite ceramics. Moreover, addi-

ional samples with identical �-eucryptite contents but with
urther addition of sintering aid oxides (Y2O3, Al2O3) were
intered as well, in order to study its effect on enhancing the
nal density. The SPS sintering behaviour, phase composition,
icrostructure, Vickers hardness, Young’s modulus, flexural

trength, fracture toughness, thermal conductivity and thermal
xpansion of selected 5 and 20 vol%LAS-Si3N4 materials were
ere investigate. The choice for study only these two selected
amples was based on their potentiality to be applied in spa-
ial applications such mirrors and its structural supports. The
ost-sintering thermal treatment of crystallization that must to
e realized in 20 vol% LAS samples to further reduce ther-
al expansion coefficient will be covered in a forthcoming

aper.

. Experimental procedure

.1. Starting materials
The silicon nitride powder used in the present study was
he �-Si3N4 grade SN-E10 from Ube Industries Ltd. of Tokyo,
apan. This powder is equiaxed, has a mean particle size of
bout 0.2 �m, a specific surface area of 0.8 m2/g and is 99.5%
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rystalline, with less than 5% crystallized under the �-phase
in accordance with UBE specifications). The composition of
i3N4 is: N > 38.0 wt%; O = 1.30 wt%; Fe and Cl < 100 ppm
ach; Ca and Al < 50 ppm each; and C < 0.2 wt%. High purity
owders of Al2O3 (grade CR1-Baikowski) and Y2O3 (Alfa-
esar) were used as sintering aids (noted “sa” by the following)

nd of LiAlO2 (Sigma–Aldrich) and SiO2 (Sigma–Aldrich) for
reparing LAS powders.

.2. Ceramic preparation

LAS powder was prepared by mixing lithium aluminate and
ilica in order to have a molar ratio of Li:Al:Si = 1:1:1. This
ixing was first ball-milled in water for 24 h, dried and then

alcined at 1050 ◦C in air. After calcination, the LAS powder is
omposed of only well crystallized �-eucryptite phase. For the
reparation of silicon nitride based compositions, Si3N4, LAS
owder and in some cases sintering additives (yttria + alumina
owders) were used as shown in Table 1. For ceramic process-
ng, powder mixtures were ball-milled in distilled water for 16 h,
sing an anionic commercial dispersant (0.15 wt% of Darvan C
ith respect of silicon nitride), 55 wt% of solid loadings and

lumina balls as grinding media (2 mm in diameter). After ball-
illing, the slurries were dried, passed through a 140 mesh

ieve and thermal treated at 1 ◦C/min up to 600 ◦C for 1 h (air).
inally, powders were loaded in a graphite die (inner diame-

er of 40 mm) and sintered by SPS (FCT System GmbH HP
-25/1) at 1400 and 1500 ◦C, using 5 min of holding time and

pplied pressures of 50 or 75 MPa (for all experiments the heat-
ng rate was fixed at 160 ◦C/min). Pressure was applied from
he start of the thermal cycle until reaching a temperature of
100 ◦C during cooling. Throughout the SPS treatment; the
emperature was measured by means of an optical pyrometer
ocused on the upper graphite punch, at about 4 mm from the
ample.

.3. Ceramic characterization

Bulk densities were determined by Archimedes method using
istilled water and three different weight measurements (dried
ass, mass in water and mass imbedded in water) by following

he C373-88(2006) ASTM standard test method. The relative
ensity was obtained by correlating the bulk density with the
heoretical density of mixtures. Phase identification on sintered
amples was performed by means of X-ray diffraction (X-ray
ruker D8 diffractometer) using Ni-filtered Cu K� radiation

0.1541 nm) between 20◦ and 80◦ (step width of 0.05◦ and an
xposure time of 1 s). The � and � Si3N4 phase content was
uantitatively evaluated using the relative peak intensity method
escribed by Dai et al.16 Microstructural features were exam-
ned by SEM (ESEM-FEG XL-30 FEI apparatus) on fractured
urfaces. For hardness measurements, indentations were made
n polished surfaces using a Vickers Hardness Tester (Type

V-7) with a load of 49 N during 10 s. The indentation frac-

ure toughness (KIC) was determined from indentation fracture
engths by applying the equation proposed by Anstis et al.17

lexural strength and Young’s modulus were measured at room
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Table 1
Ceramic compositions (vol%) prepared using sintering aids (sa) and without sintering aids.

Samplea Sintering aids Si3N4 LAS Y2O3
b Al2O3

b LAS + Y2O3 + Al2O3

5%LAS-sa
√

89.5 4.7 4.7 1.1 10.5
5%LAS × 95.0 5.0 – – 5.0
20%LAS-sa

√
76.1 19.0 4.0 0.9 23.9

20%LAS × 80.0 20.0 – – 20.0

t
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a The ratio of LAS phase was fixed at 5 and 20 vol% according to Si3N4.
b Sintering aids: 8 wt% Y2O3 + 1.5 wt% Al2O3 based on Si3N4 mass.

emperature on bar specimens (4 mm × 4 mm × 30 mm) using
four-point bend fixture with an inner and outer span of 10

nd 20 mm, respectively. The thermal conductivity was evalu-
ted using the steady-state conductivity setup shown in Fig. 1.
t consisted of one hot and one cold plate placed inside a struc-
ure working under vacuum. Eight thermocouples were used to

onitor and to identify the steady-state temperatures, among
hich four were used for calculating the thermal conductivity
y applying the following relation:

= P · L

S · �T
(W m−1 K−1), (1)

here P is the powder applied to one of the end of the sample, L

nd S are the cross-sectional area and tested length of the sample
espectively and �T is the temperature difference between the
wo tested points of the sample. We used rectangular section
amples (4 × 2 × 30 mm), a powder of 0.17 W and a vacuum of

f
1
w
a

Fig. 1. Setup for the measureme
.5 × 10−6 mbar. Under these conditions, the uncertainty of the
easure was estimated to 0.6 W m−1 K−1.
A dilatometer (ADAMEL DI20) was used for thermal expan-

ion coefficient measurements.

.4. Sample abbreviation

Throughout this paper, samples will be identified as fol-
ows: %LAS(vol of �-eucryptite added to the system)-sintering
ids (sa)/or not-SPS applied pressure (MPa)-soaking time(min)-
intering temperature (◦C). For example, a sample containing
vol% of LAS, with sintering aids and SPS treated under 50 MPa
or 5 min up to 1500 ◦C will be indicated as 5%LAS-sa-50-5-
500; the same composition but without any sintering additive
ill be: 5%LAS-50-5-1500 if the SPS experimental conditions

re kept the same.

nt of thermal conductivity.
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ig. 2. Shrinkage sintering behaviour under a 50 MPa applied load as a function
f the sample composition (heating rate 160 ◦C/min, T = 1500 ◦C–5 min).

. Results and discussion

.1. Densification kinetics

Fig. 2 shows the variation of the linear shrinkage for
%LAS–Si3N4 based samples (with and without sintering aids)
nd for 20%LAS–Si3N4 based materials (without any further
dditive) during the SPS sintering treatment performed under
0 MPa with a soaking time of 5 min and up to 1500 ◦C.

From this figure it can be noticed that for 5% LAS composi-
ion, the densification starts at lower temperatures when alumina
nd yttria are added, i.e. the temperature of the shrinkage begin-
ing is shifted from 1240 ◦C (5%LAS) to 1230 ◦C (5%LAS-sa).
n the other hand, for 20%LAS composition, densification

hrinkage starts at a temperature of 1265 ◦C. Moreover, what-
ver the composition studied, densification is not completed at
he end of the soaking time and continues during cooling (curve
ecording was stopped at 1100 ◦C when pressure was released).

e observe that for all samples, the beginning of the shrinkage
ccurs at temperatures lower than the expected temperature of
iquid formation (i.e. around 1350 ◦C for �-eucrytite melting
r 1370 ◦C for ternary Al2O3–Y2O3–SiO2 melt). The expected
nhancement of densification in materials containing 20%LAS
id not take place. Only a faster consolidation rate was achieved
etween 1265 and 1400 ◦C, but after that, the densification rate

ecreased, resulting in lower final densification compared to
%LAS-sa sample.

Table 2 provides the relative final density for samples treated
y SPS at 1400◦ or 1500 ◦C for 5 min under 50 or 75 MPa

able 2
elative density of the Spark Plasma Sintered LAS-Si3N4 ceramics.

ample Density (%)

%LAS-sa-75-5-1400 96.6
%LAS-sa-75-5-1500 96.7
%LAS-sa-50-5-1500 96.6
%LAS-50-5-1500 62.3
0%LAS-sa-75-5-1400 96.6
0%LAS-sa-75-5-1500 98.2
0%LAS-sa-50-5-1500 97.3
0%LAS-50-5-1500 94.4

s
5
(
w
r
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t
t
t
p
t

5
t
s
b
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oad. SPS treatments performed on 5%LAS-sa compositions
ave relative densities of about 97% regardless of the sinter-
ng conditions when additional yttria and alumina were added
s sintering aids. Nonetheless, the relative low densification
chieved in pure 5%LAS ceramics (only ∼62%) suggests that
or this LAS composition, the use of further sintering aids is
trictly necessary for enhancing the quantity of liquid formed
uring sintering and thereby the liquid-phase sintering densi-
cation. It is known that the liquid phase is formed by means
f a reaction taking place between the additives and the sil-
ca layer present in silicon nitride starting powders. Regarding
ur compositions containing yttria and alumina powders (“sa”
ompositions in Table 2), i.e. in the SiO2–A12O3–Y2O3 ternary
ystem, the lowest liquid formation temperature (ternary eutectic
emperature) predicted from the phase diagram was determined
t 1371 ± 5 ◦C,18 temperature from which the ceramic densifica-
ion proceeds via a transient liquid-phase.19 On the other hand,
n samples containing 20%LAS phase, the densification takes
lace thanks to the LAS based melt formed during sintering. The
ffectiveness of LAS as sintering additive is moderate compared
o yttria–silica–alumina ternary eutectic melt, since the densifi-
ation in systems prepared with additives was always higher.
onetheless, after SPS sintering at 1500 ◦C (5 min–50 MPa)
f 20%LAS based compositions, densification was slightly
ecreased from 97.3% to 94.4% when no additional sintering
ids were used. It means that for this LAS composition, it should
e possible to well-densify silicon nitrides ceramics containing
nly LAS-based glassy phase.

In contrast with 5%LAS compositions, relative densities in
0%LAS compositions containing sintering additives depend
n the sintering conditions in a traditional way: they can be
ncreased by increasing the temperature and/or the pressure
pplied during the SPS treatment. Therefore, a maximum rel-
tive density of 98.2% was reached after sintering at 1500 ◦C
or 5 min under 75 MPa.

.2. Structural, mechanical and thermal characterization
f selected samples

Among all the samples and compositions prepared by SPS,
nly two compositions and conditions were selected for the
tructural, mechanical and thermal characterization: 5%LAS-sa-
0-5-1500 (96.6% theoretical density) and 20%LAS-50-5-1500
94.4% theoretical density). As previously discussed, this choice
as based on the potentiality of these materials to be used in cur-

ent spatial applications, even without applying the �-eucryptite
rystallization post-sintering thermal treatment. Although it is
rue that in the case of 5%LAS-sa we certainly have modified
he composition of �-eucryptite melt because of the use of sin-
ering additives, this material could shown superior mechanical
roperties compared to 20%LAS. In the following, the results
o be discussed are just related to these two selected samples.

As shown in Fig. 3, X-ray diffraction patterns obtained on

%LAS-sa and 20%LAS silicon nitride based ceramics sin-
ered at 1500 ◦C for 5 min and under 50 MPa have shown the
ame characteristics: both sintered samples were characterized
y the occurrence of mainly the �-Si3N4 form (identified from
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Fig. 3. X-ray diffraction patterns obtained on samples sintere

CPDS file 41-0360) and a little of �-Si3N4 (JCPDS file 33-
160). Peaks related to the sintering additives (Y2O3–Al2O3) or
-eucryptite phase are not visible, corroborating its melting dur-

ng sintering. The amount of � phase (�/(� + �)) on the starting

ilicon nitride powder was estimated from XRD peak intensi-
ies as 5.9%. This value is slightly higher to that given by UBE
ndustries (<5%). After sintering, the � phase content was 9.1%

ig. 4. SEM micrographs of SPS sintered samples: (a) 5%LAS-sa-50-5-1500
nd (b) 20%LAS-50-5-1500.
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PS: (a) 20%LAS-50-5-1500 and (b) 5%LAS-sa-50-5-1500.

for 5%LAS-sa) and 11.2% (for 20%LAS). It means that SPS
intering occurred with reduced � to � transformation, certainly
ue to the low temperature and time here employed. Effectively,
t is well known that in silicon nitride systems sintered con-
entionally with the help of conventional sintering additives,
he conversion of �-Si3N4 to �-Si3N4 generally starts at tem-
eratures above 1500 ◦C. For instance, it has been shown that
his phase transformation occurred rapidly from 1550 to 1600 ◦C
nd ended at 1600 ◦C during the sintering of Si3N4–MgO–CeO2
eramics.20 In the present study, since we used a sintering tem-
erature below 1500 ◦C, the transformation was prevented. From
mechanical point of view, this fact must affect negatively the

oughness of the ceramic. Nevertheless, our choice of working
ere at low temperatures is justified as regards of preventing
econd phase crystallization, which we know could modify the
omposition of the �-eucryptite melt and thereby complicate its
ecrystallization process.

Fig. 4 shows the typical microstructure on the fractured
urface of sintered materials. Both specimens exhibited a
icrostructure composed of small equiaxed grains having a
ean size of about 160 nm (5%LAS-sa) or 166 nm (20%LAS).
ccording to the XRD results, these equiaxed grains are mainly
-Si3N4 grains. Moreover, some elongated grains are also vis-

ble imbedded onto the matrix phase which could be related to
he �-Si3N4 grains. The measured grain size indicates that den-
ification took place with almost no grain growth. Since melting
emperature of sintering additives (system Y2O3–Al2O3–SiO2)
nd LAS phase are both far below 1500 ◦C, an intergranular
morphous phase should be present in both materials, a fact that
ould explain the smooth aspect of the fractured surfaces.

The mechanical and thermal properties of the selected 5%
nd 20%LAS-Si3N4 based ceramics are shown in Table 3. The
ickers hardness of the 5%LAS-sa and 20%LAS compositions
ere about 16 GPa and 14 GPa, respectively. These values are in
ood agreement with Vickers hardness values commonly mea-

ured on hot-pressed silicon nitride materials.21,22 The decrease
f Vickers hardness in samples containing 20%LAS could be
elated to both its relatively low densification and high content
f amorphous phase.
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Table 3
Summary of properties for 5% and 20% LAS-Si3N4 ceramics sintered by SPS.

Sample Density (%) �transf (%) Grain size (nm) Vickers hardness (GPa) E (GPa) σf (MPa) KIC (MPa m1/2) λ (W m−1 K−1) α(20–40 ◦C) (/◦C)
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%LAS-sa-50-5-1500 96.6 3.2 159 ± 48 16.2 ± 0.4
0%LAS-50-5-1500 94.4 5.3 166 ± 52 13.8 ± 0.2

Despite of we expected based on the level of densification,
he mechanical properties of 5%LAS-sa sample are significantly
ower than that classically measured on hot-pressed or gas-
ressure sintered silicon nitride materials, or even the values
easured in 20%LAS material. Moreover, the Young’s mod-

lus of 275 MPa and the flexural strength of 308MPa which
haracterized 20%LAS material can be enough for some cur-
ent spatial applications. As expected, the fracture toughness
emains too low (3.3 MPa m1/2) and principally attributed to the
evelopment of a very fine equiaxed microstructure. It is rec-
gnized that the fracture toughness in silicon nitride is highly
ependent on microstructure features.10 For example, it can
e increased in �-Si3N4 materials by increasing the diameter
f the elongated �-grains (by means of crack bridging/pullout
nd/or crack deflection mechanisms) or by introducing resid-
al stresses using secondary phases (Si3N4 under compression
tress can promote grain bridging and pullout mechanisms).
racture toughness values on well developed �-microstructures
re usually located between 4 and 6 MPa m1/2. In the present
tudy, the fact of developing fine �-phase particles without either
ransformation or grain growth is detrimental to the develop-

ent of high-toughness ceramics. Since the main goal of our
pproach is to develop near zero thermal expansion compos-
tes, the use of low sintering temperatures was here justified
ooking for the �-eucryptite recrystallization step, in which hav-
ng a melt with almost the same �-eucryptite composition is
ssential. If necessary, toughness could be further increased
y putting on another phase/material, for instance some car-
on nanotubes that also could play a role in enhancing thermal
onductivity.

For spatial applications such as mirrors or structural systems
here high dimensional stability is needed, low thermal expan-

ion and good mechanical properties are demanded together
ith high thermal conductivity. The thermal conductivity of

ilicon nitride ceramics sintered by GPS with oxide additives
s around 25–30 W m−1 K−1. The decrease on the thermal
onductivity obtained for 20%LAS material can be related
o the introduction of a further oxide-based glassy phase to
he system. Nevertheless, the value of 21.4 W m−1 K−1 is cer-
ainly very low compared to previous reports done by Peng et
l.11,12 by using non-oxide additives (MgSiN2). This reduction
ould be attributed to the presence of oxygen23,24 in LAS or
AS/Y2O3–Al2O3 compositions and the development of very
ne equiaxed �-phase microstructures instead of elongated �-
rains.

The thermal expansion coefficient of silicon nitride/LAS

ased ceramics is decreased compared to the thermal expan-
ion coefficient of pure silicon nitride (3.1 × 10−6/◦C) and is in
he range of classical silicon nitride ceramics sintered by GPS
ith additives. Based on these observations we can conclude

m

fi
d

142 168 1.9 – 1.16 × 10−6

275 308 3.3 21.4 ± 0.6 1.11 × 10−6

hat the oxide-based amorphous phase retained after SPS sin-
ering (LAS–Y2O3–Al2O3–SiO2 based or LAS based) can also
ontribute to reducing the thermal expansion of silicon nitride
eramics. With the aim of further decrease the thermal expan-
ion coefficient on 20%LAS ceramic here prepared, a second
hermal treatment could be applied in order to crystallized the
arge negative thermal expansion �-eucrytite phase within the
-Si3N4 matrix. This recrystallization treatment would be more
asily controlled in samples containing only LAS powder.

. Conclusions

This study confirmed the unique possibility of obtaining
ell densified and very fine �-Si3N4 based ceramics by using

he Spark Plasma Sintering (SPS) technology and �-eucryptite
owder (LAS). The use of SPS allows the densification of sil-
con nitride based compositions containing 5 vol%LAS with
dditives or 20 vol% of LAS based phases at relatively low
emperatures (<1500 ◦C) and time (5 min of soaking time).

During SPS at temperatures <1500 ◦C, densification took
lace without silicon nitride grain growth or the � to � phase
ransformation. The SPS treatment promoted the development
f well densified �-Si3N4 based ceramics composed of very fine
-Si3N4 equiaxed grains (mean size of 159 or 166 nm in ceram-

cs with 5 vol%LAS-sa and 20 vol%LAS, respectively) and an
ntergranular oxide-based phase of amorphous nature.

The use of sintering additives such as Y2O3–Al2O3 in addi-
ion to LAS was necessary for sintering compositions containing
vol% of LAS. In contrast with that, in the case of 20 vol% of
AS system, the liquid phase formed from the LAS melting was
nough to promote its densification. Moreover, sintering at rela-
ively lower temperatures prevented the crystallization of other
econdary phases.

In these SPS sintered silicon nitride materials, the fine
quiaxed �-Si3N4 microstructure and the use of oxide
ad a detrimental effect on the thermal conductivity and
oughness. Nonetheless, the thermal expansion coefficient of
i3N4–20%LAS based ceramic was reduced to 1.1 × 10−6/◦C
nd could be further decreased by applying a second thermal
reatment for �-eucrytite recrystallization. This topic will be the

atter of a forthcoming paper.
Mechanical and thermal properties appeared highly depen-

ent on sample compositions. The bending strength of 308 MPa,
oung’s modulus of 275 MPa and Vickers hardness of 14 GPa
easured on Si3N4–20 vol%LAS system allow the use of this

aterial in some existing spatial applications.
Because of ceramics here prepared are mainly composed of

ne equiaxed �-Si3N4 grains, they would be also interesting for
ielectric applications.
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