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bstract

omposite materials formed by a LAS matrix reinforced with second phases are promising materials in many applications where better mechanical
roperties than those corresponding to conventional low thermal expansion coefficient materials are required. In this study we will show the
apability of the design of a LAS–alumina submicron composite. The main scope of this work is to test the sinterability of the composites and to
esign a composition for a very low thermal expansion submicron composite. For this purpose, Taimei alumina (TM-DAR) powders and an ad hoc
ynthesized �-eucryptite phase were used to fabricate the composite. XRD phase compositions and microstructures are discussed together with

ata from dilatometries in a wide temperature range. The results obtained show the possibility of designing a submicron composite with a very
ow thermal expansion coefficient and improved mechanical properties that can be used in oxidizing conditions.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Materials with a very low coefficient of thermal expansion
CTE) are of great interest because of their many different appli-
ations, from cookware to aerospace applications. There are two
ifferent approaches in order to obtain this kind of material: a
onolithic material with very low CTE can be used, or a material
ith a very low CTE can be designed, combining phases with
ositive and negative CTE.1 The second approach opens a wider
ange of possibilities in comparison with the use of monolithic

aterials. Apart from designing materials for a very low CTE,

ailoring of materials can be used for other specific functional
r structural properties.

∗ Corresponding author at: Centro de Investigación en Nanomateriales y
anotecnología (CINN), Principado de Asturias - Consejo Superior de Investi-
aciones Científicas (CSIC) - Universidad de Oviedo (UO), Spain.
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The lithium aluminosilicate family (LAS) is the most stud-
ed system to prepare materials with very low CTE properties.
ucryptite and spodumene are the most used and studied phases
ith these characteristics.2,3 It is well known4–6 that sintering of

hese materials to obtain dense ceramic bodies is quite compli-
ated. This is due to their narrow range of sintering temperatures
nd the easy formation of a vitreous phase, as the invariant points
n this system are found at relatively low temperatures. By con-
rast, they are usually employed as glass–ceramic materials.7–10

Therefore, by conventional methods of pressureless natural
intering, the ceramic materials thus obtained have low mechan-
cal properties and Young’s modulus.

The fabrication of submicron composites is proposed here
s a solution to this problem, using sintering methods that can
ead to high relative densities with little or no glassy phase.
omposites in the system LAS–alumina can be found in the
iterature.11,12 Nevertheless, in these cases they deal with an
lumina matrix with dispersed spodumene. In those composites,
he CTE value is low compared to that of monolithic alumina,
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Fig. 2. Difractogram of the synthesized LAS powders. Peaks are marked E for
�-eucryptite, S for spodumene and Q for quartz.

Table 1
Composition of the LAS–alumina composites with LAS 1:1.01:3.11. Same
nomenclature as in [10].

Composition Al2O3 Wt.% LAS Wt.%

TLAS1 Taimei 90 1:1.01:3.11 (LAS4) 10
TLAS2 Taimei 50 1:1.01:3.11 (LAS4) 50
TLAS5 Taimei 15.65 1:1.01:3.11 (LAS4) 84.35
TLAS4 Taimei 13 1:1.01:3.11 (LAS4) 87
TLAS3 Taimei 10 1:1.01:3.11 (LAS4) 90
S
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and sieved under 63 �m. An additional mixture was pre-
pared using a different alumina powder in order to observe
the influence of the alumina precursor on the chemical

Table 2
Composition of other the LAS–alumina composites with different LAS compo-
sitions. Same nomenclature as in [10].

Composition Al2O3 Wt.% LAS Wt.%
ig. 1. LAS composition and alumina–LAS composites represented in the phase
iagram after Roy.18

ut it is still far from zero values. Moreover, lowering the CTE
s done to the detriment of the mechanical properties of pure
lumina.

In this study, the capability of a sintering method for the fab-
ication of dense composites of submicron alumina dispersed
n a LAS matrix with a tailored composition for an ultra low
TE value of the composite will be shown. Firstly, the capabil-

ty of the design of LAS–alumina submicron composites will
e shown. Then, it is necessary to control the sinterability of
he composites and to design a composition for a very low
hermal expansion. For these purposes, Taimei alumina (TM-
AR) powders and an ad hoc synthesized �-eucryptite phase
ere used to fabricate the composite. XRD phase composi-

ions and microstructures are discussed together with data from
ilatometries in a wide temperature range. The spark plasma
intering (SPS) of composites, with an alumina reinforced LAS
atrix, is also studied and proposed as a solution to obtain rel-

tively high and improved mechanical properties compared to
he LAS ceramics obtained by conventional methods. The sin-
ering capability of this composite by SPS methods and the
omparison of the mechanical properties of the composites are
resented.

. Experimental procedures

.1. Materials

�-Eucryptite s. s. powders with a composition between
ucryptite and spodumene were synthesized for this study as
t was described in a previous work (see [13] for details). The
hemical composition is shown in Fig. 1 and corresponds to a
i2O:Al2O3:SiO2 relation of 1:1.01:3.11. Although other LAS
ompositions such as those described in [13] were also tested,
he main results were obtained using this composition.

The LAS powders thus synthesized are composed of �-
ucryptite s. s. and traces of quartz and spodumene as shown

n the difractogram of Fig. 2. The powders have a mean grain
ize of 1 �m and were characterized for their CTE behavior as
escribed in a previous paper.13 CTE values of the samples were

T
T
T

LAS10 Sasol 15.65 1:1.01:3.11 (LAS4) 84.35

sed to design composites with very low expansion in a wide
emperature range.

Composites of the aforementioned LAS matrix and a second
hase of dispersed submicron alumina were formulated accord-
ng to the compositions shown in Table 1 and projected in the
iagram of Fig. 1. Composites TLAS1, 2, 3, 4 and 5 have the
ame LAS matrix composition mixed with alumina Taimei TM-
ar. Other LAS compositions were used to test compatibility
ith alumina and are shown in Table 2.
The composites formulated as described above were

abricated by mixtures of LAS and alumina powders by
ttrition milling in ethanol. Synthesized LAS powders were
ixed with Taimei (TM-DAR) �-alumina, with a mean

rain size of 160 nm. The slurry thus obtained was dried
LAS6 Taimei 8 1:0.91:3.48 (LAS14) 92
LAS7 Taimei 18.5 1:1.17:3.04 (LAS15) 81.5
LAS8 Taimei 8 1:1.17:2.49 (LAS8) 92
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Fig. 3. Grain size distribution of (a)

ompatibility. For mixture SLAS10, Ceralox SPA-0.5 Sasol
-alumina, with an average grain size of 440 nm was
sed.

Grain sizes of both mixtures with different alumina precur-
ors were estimated by laser diffraction in a Coulter LS 13320
pparatus, with a measurement range of 40 nm to 2000 �m.
esults are shown in Fig. 3. Similar particle size distribution is
bserved for both samples showing bimodal distributions. The
eak around 1–2 �m is due to LAS grains, whereas the submi-
ronic size peak corresponds to alumina grains. It can be seen
ow Taimei alumina mixtures (TLAS5) have a wider grain size
istribution starting from 60 nm.

.2. Sintering and characterization

The powders were pressed to form green bodies by cold iso-
tatic pressing at 200 MPa for natural sintering experiments and
niaxially pressed in 20 mm diameter graphite dies for Spark
lasma Sintering experiments.

In the first case a conventional furnace was used for the
intering process of the green bodies in air at atmospheric pres-
ure. The sintering temperature was chosen after studying the
ynamic sintering curves of samples with different alumina con-
ent in a Netzsch DIL402C dilatometer.

For the Spark Plasma experiments a HPD25/1 from FCT
pparatus was used. The SPS apparatus generates electrical
ower which is delivered through the die in rapid pulses. A
acuum was maintained in the apparatus during the sintering
rocess. The external force applied to the die was 16 kN. The
amples were fired at a heating rate of 100 K/min to temperatures

◦
etween 1100 and 1200 C with a short dwell time of 2 min, and
ree cooling.

X-ray diffraction (XRD) analysis was used to identify the
hases present in the powdered and sintered materials. XRD

I
e
a

5 and (b) SLAS10 powder samples.

atterns were obtained using a diffractometer (Model D5000,
iemens, Karlsruhe, Germany) with CuK� radiation operating
t 40 kV and 30 mA (λ = 0.15418 nm). Patterns were recorded
ver the goniometer range of 10–65◦ with a step size of 0.02◦
nd a counting time of 1 s per step. The levels of the �-eucryptite
nd glass phases in the ceramic materials were determined by
RD Rietveld phase composition analysis. Rietveld refinement

alculations were done with MAUD program.14 Absolute levels
f the glass phase for the �-eucryptite ceramics were derived
sing a Rietveld procedure, with Aldrich 99.99% CaF2 as exter-
al standard material. The crystal structure model used for the
-eucryptite was that corresponding to ICDS code 24896, and
2707 for fluorite. The glassy phase content was determined
ndirectly by the difference between the total phase levels and
00%.

The apparent densities of resulting materials were measured
y the Archimedes method and the real density by He pycnom-
try. For conventional sintering, with low theoretical density
amples, fracture surfaces were observed for microstructure. In
he case of close to theoretical density samples (composites with
he lower alumina content), samples were cut, polished, ther-

ally etched and Au-coated to observe the microstructures. For
he SPS sintered samples, with near theoretical density samples,
he microstructures have been obtained from polished and chem-
cally etched surfaces. Both SEM (Zeiss DSM) 950 and field
mission-scanning electron microscopy (FE-SEM (Zeiss Ultra-
lus)) were used to obtain the images of the microstructures. The
racture strength of materials was tested by the four point bend-
ng and biaxial tests in polished surface finished bars and discs,
mploying the equations of Kirstein and Woolley,15 Vitman and
ukh,16 and the ASTM standard specification F394-78,17 using

NSTRON (model 8562) equipment. The coefficient of thermal
xpansion was checked in a Netzsch DIL402C between −150
nd 450 ◦C.
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Fig. 5. Difractograms of the composite TLAS5. TLAS5 is the starting powder
XRD pattern, 1350 ◦C corresponds to the sample sintered at that temperature by
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ig. 4. Dynamic sintering of LAS–alumina composites with 10 (TLAS1), 50
TLAS2) and 90 (TLAS3) wt.% LAS.

. Results and discussion

.1. Pressureless conventional sintering

Dynamic sintering of three selected composites in the
AS–alumina system was performed. The sintering curves are
hown in Fig. 4. These curves show densification of the green
odies with 10 (TLAS1), 50 (TLAS2) and 90 (TLAS3) wt.%
AS up to 1400 ◦C. The composite with highest LAS content

TLAS3) melts at a temperature close to 1400 ◦C. Then, it was
ecided to sinter the composites at 1350 ◦C for all the com-
ositions described above for comparison. The temperature was
aised at 5 K/min and maintained at 1350 ◦C for 4 h. Cooling was
ontrolled at 5 K/min down to 900 ◦C. The results are exposed
n Table 3.

The phase composition of sintered samples was studied by
RD. In Fig. 5, it can be observed that no reaction occurred
etween the LAS phase and alumina, avoiding the formation
f third phases such as mullite or lithium aluminate, as could
e expected from the Li2O–Al2O3–SiO2 equilibrium phase
iagrams.18–20 This was confirmed for all the composites tested,
ither with different LAS–alumina contents or for different
AS compositions synthesized ad hoc (Table 2). Moreover,

n additional LAS–alumina composite was tested using a dif-
erent alumina powder and once more no reaction between
lumina and the LAS phase was observed, at least for the for-

able 3
xperimental results of the conventionally sintered samples. Composite TLAS5

84.35% LAS) gives near zero CTE values in a wider temperature range and
ood density values and has been chosen for further sintering studies.

intering
ethod

Composition T (◦C) Density
(%)

CTE
−150 to
450 ◦C
(×10−6)

CTE
25–450 ◦C
(×10−6)

onventional TLAS1 1350 <80.0 5.77 6.81
onventional TLAS2 1350 <80.0 2.84 3.60
onventional TLAS3 1350 95.4 −0.58 0.04
onventional TLAS5 1350 98.8 −0.14 0.56
onventional TLAS4 1350 93.7 −1.08 0.46
onventional SLAS10 1350 99.7 −0.13 0.43
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PS at that temperature. Only corundum peaks are marked (A), the rest of the
eaks correspond to �-eucryptite (see Fig. 2).

ation of third phases, including glassy phase. Quantification
f constituent phases was performed for two sintered samples:
LAS5-1350 ◦C and SLAS10-1350 ◦C, both with 84.35 wt.%
AS, with Taimei and Sasol alumina powders respectively.
ietveld refinement and quantification gave negligible amounts
f glass phase (below 2%).

.2. Densities and microstructure

As described in Table 3, pressureless sintering lead to den-
ity values which are in some cases far from 100% theoretical
ensity, especially when the alumina content is ≥50% (TLAS1
nd TLAS2). When the LAS content is ≥80%, composites with
ensity >90% t.d. can be obtained. Concerning the influence of
he alumina precursor, when the same composition (84.35 wt.%
AS), and the same sintering temperature are used, the compos-

te prepared with Sasol alumina (SLAS10) has slightly higher
ensity than composite TLAS5, with Taimei alumina. The main
ifferences between both alumina precursors are grain size and
pecific surface. Sasol alumina grain size distribution (Fig. 3b)
eems to be the more suitable for obtaining denser composites,
lthough in both cases, the final density is >98% t.d.

Microstructures observed by SEM images show porosity in
ost of the samples. Fig. 6 illustrates some examples of these
icrostructures in fracture and polished surfaces for the sam-

les sintered by conventional methods for 10, 50 and 84.35 wt%
AS composites. The dispersion of the nanoparticles in the
AS matrix can be observed in Fig. 6d in a polished surface
f a close to theoretical dense sample. The alumina submicron
articles are embedded in the micrometric LAS particles and
re distributed homogeneously both as intra- and intergranular
articles, indicating growth of the �-eucryptite crystals dur-

ng sintering. Residual porosity can also be observed in these

icrophotographs, especially in Fig. 6c, in agreement with the
elative density values obtained.
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ig. 6. FE-SEM secondary electron images of fracture surfaces of (a) TLAS1, (b
icrostructure (d) corresponds to sample TLAS5 in polished surface after therm

.3. Spark plasma sintering (SPS)

Spark Plasma Sintering of the composites TLAS5 and
LAS10, both with the same composition (84.35 wt.% LAS)
ut with different alumina precursor, was performed. The SPS
as used in order to obtain better final densities in the com-
osites and also to lower the sintering temperatures. Results for
ensity and CTE values are described in Table 4. It was proved
he strong effect of maximum temperature selected in SPS tests
n densification of this type of materials. It can de observed
ow the density raise from 80% t.d. to 100% t.d. by increasing
00 ◦C the final temperature. Moreover, the temperature used
or full densification (1200 ◦C) is considerably lower than cor-
esponding to pressureless sintering (1350 ◦C) even if in the later

ase there is residual porosity.

Lowering the sintering temperatures would affect the amount
f glassy phase formed during sintering and this would have a

able 4
PS sintered samples results.

intering
ethod

Composition T (◦C) Density
(%)

CTE −150
to 450 ◦C
(×10−6)

CTE 25 to
450 ◦C
(×10−6)

PS TLAS5 1100 80.7 −0.36 0.24
PS TLAS5 1150 92.4 −0.14 0.57
PS TLAS5 1200 100.0 −0.15 −0.52
PS SLAS10 1200 100.0 −0.24 0.44

p
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S2 and (c) TLAS5 composites pressureless sintered. Magnification is 12,500×.
ching in a SEM secondary electron micrograph.

ositive effect on the final mechanical properties of the materials,
s described below. Quantitative phase estimation performed in
he samples sintered by conventional methods show the initial
ormation of glass phase, with amounts below 2%. The glass
hase contents are null for the SPS sintered samples which sin-
ering temperature was 150 ◦C below, and the total time for
PS cycle is around 30 min. Furthermore, theoretical density
alues were reached thanks to the pressure applied during heat-
ng.

Microstructures of the SPS sintered samples are shown in
ig. 7 for 10, 50 and 84.35 wt% LAS composites. The samples
ith 10 and 50 wt.% LAS are chemically etched with Borax pro-
ucing a borate glaze at 900 ◦C.21 This can be shown in Fig. 7a
nd b, where the alumina grains are revealed while the LAS
hase has been dissolved. This microstructures can be com-
ared with the ones shown in Fig. 6a and b for conventional
intering in fracture surfaces. The submicron nature of the raw
lumina is preserved. For greater LAS content, 84.35 wt.% LAS,
he chemical etching was made using the vapors of a heated HF
issolution in water (28%), in order to reveal the microstruc-
ure. This is shown in Fig. 7c for the composite prepared with
he Taimei alumina raw material and in Fig. 7d for the Sasol
lumina one. It can be observed the initial submicron alumina
ize preserved after sintering and the differences in grain size of
oth precursor. For both samples, dense bodies were obtained

lthough some residual porosity can be observed in the Sasol
lumina composite, which is possibly magnified after the chem-
cal etching. In any case there has been observed any kind of
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ig. 7. FE-SEM secondary electron images of polished surfaces of samples si
issolved all the LAS grains (dissolved grains marked with a discontinuous whit
lumina TLAS5 and (d) for Sasol alumina SLAS10.

lassy phase (which dissolution would be greatly favored) in
hese sintered samples.

.4. Thermal and mechanical properties

The coefficient of thermal expansion of some of the sintered

amples is pictured in Tables 3 and 4 for different alumina–LAS
roportions and different sintering methods. Elongation versus
emperature curves are shown in Fig. 8, for the compos-

ig. 8. Thermal expansion of the LAS–alumina composites showing the range
f CTE within which materials with any CTE, including zero, can be made.
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by SPS. (a) TLAS1 and (b) TLAS2. The chemical etching with borate glaze
). Greater LAS content, for both alumina precursors are shown in (c) for Taimei

tes described in Table 1 with Taimei alumina, for a wide
ange of LAS–alumina compositions from 100 wt.% alumina to
00 wt.% LAS. It can be observed how the CTE can be adjusted
etween the values of alumina and LAS pure phases, mixing
ifferent proportions to obtain the desired final CTE in the com-
osite. The lack of reaction between alumina and LAS phase
llows predicting the final phase composition and therefore, it
s possible to design different properties in the material such as
ts CTE.

Fracture strength values were measured for the alumina–LAS
omposite with the closest to zero CTE values, i.e. compositions
LAS5 and SLAS10, for both sintering methods: conventional
nd SPS. Results are summarized in Table 5.
For both composites, TLAS5 and SLAS10, the strength val-
es obtained by SPS methods are better than those obtained by
onventional pressureless sintering. There is a close relation-

able 5
trength values of sintered samples by SPS and conventional pressureless sin-

ering methods.

intering method Composition Temperature (◦C) �f (MPa)

PS TLAS5 1100 74.2 ± 4.3
PS TLAS5 1150 142.1 ± 6.3
PS TLAS5 1200 163.8 ± 6.1
onventional TLAS5 1350 138.5 ± 3.7
PS SLAS10 1200 165.9 ± 5.4
onventional SLAS10 1350 140.2 ± 6.1
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hip between strength and microstructure. Comparison between
icrostructures shown in Figs. 6a and 7 gives us an idea of how

he residual porosity present in conventional sintered samples
ay affect the mechanical properties. In addition, for similar

ensity values obtained by conventional and SPS sintering meth-
ds, the glass proportion, if any, is lower in the SPSed samples
s it was estimated by Rietveld quantifications, that is due to
he lower sintering temperature employed. Both features, glass
ontent and remaining porosity, are drastically decreased using
PS sintering, giving place to better �f values for the same
omposition.

The resulting strength values in these composites are in
he range of alumina–spodumene composites in the literature12

or samples with much higher alumina proportions (85% alu-
ina sintered at 1600 ◦C gave 178 MPa). Other studies,11 with
AS proportions in the range of the compositions tested in

his study, gave even lower strength values (148 MPa). The
intering temperatures of those studies are higher than the melt-
ng point of LAS phases (around 1400 ◦C) and the presence
f glass phase may affect the mechanical properties of those
omposites. Glass–ceramics in22 have a maximum LAS phase
ontent of 45 wt.% (with a CTE value around 4 × 10−6 K−1)
nd the flexure strength values obtained for compositions four
imes richer in alumina than our compositions are half the
trength values obtained in our study. The relatively low sin-
ering temperatures needed to obtain theoretical density values
n our composites are essential, as they make the strength val-
es increase due to the low proportion of glassy phase formed
uring sintering. Moreover, in both cases, the CTE values of
he composites obtained in the present study are closer to zero
nd in a wide temperature range, including cryogenic condi-
ions. This adjustment of the CTE of the composites has been
uccessful for both sintering methods and very close to zero
alues (see Table 3) were obtained for the 84.35 wt.% LAS
omposite.

All these features can be combined for designing an ultra
ow CTE composite. This had already been achieved by using
lass–ceramic materials such as Zerodur7 or even pure LAS
eramics13 and the NZP family,23–25 but the strength values
f the LAS–alumina composites presented here fulfill more
emanding requirements for the final application of these mate-
ials. The LAS–alumina composites proposed here open the
pportunity of tailoring the CTE of materials with improved
roperties. It is important to note that materials with close
o zero CTE value commonly used for different applications
re glass–ceramic materials with poor mechanical properties
r reinforced with carbides such as SiC or TiC. This kind
f reinforcements limits the use of these materials to non-
xidizing atmospheres. The materials presented in this work
ave improved mechanical properties, tailorable CTE and sta-
ility in oxidizing conditions.

. Conclusions
The LAS–alumina composites proposed in this study have
hown the capability of the simple fabrication of ultra low and
ailored CTE materials with improved mechanical properties.
an Ceramic Society 31 (2011) 1641–1648 1647

he formation of third phases was avoided opening the possi-
ility of tuning the CTE value.

The composites comprising 15.65 wt.% alumina and
4.35 wt.% �-eucryptite gave the closest to zero CTE value for
wide temperature range.

These composites can be sintered by conventional methods
btaining high density bodies with relatively good mechanical
roperties. By Spark Plasma Sintering of the same powders they
btained theoretical density bodies with higher strength values
t lower temperatures.
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