J. Am. Ceram. Soc., 93 [6] 15911596 (2010)
DOLI: 10.1111/j.1551-2916.2010.03618.x
© 2010 The American Ceramic Society

Journal

Reactions in Eucryptite-Based Lithium Aluminum Silicates
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The reaction sequence to synthesize P-eucryptite, LiAlISiOy,,
from the raw ingredients SiO,, Li,COj;, and ALQO; was
studied using thermal analysis and X-ray diffraction techniques.
Reactions were examined by heating the raw ingredients as two-
component and three-component mixtures in air, then cooling
for phase analysis. In some cases, cyclic heating was performed
to ensure a complete reaction. It was found that a complex se-
quence of reactions involving several intermediate phases occurs.
The single oxides (SiO; and Al,O3) react with Li,COj; to form
the binary oxides (Li,Si,Os, Li,SiO3, and LiAlO,); SiO, reacts
with Li;CO5; before Al;O3z. Subsequently, the binary oxides
form ternary oxides (LiAlSi,O¢ and LiAlSiO,). Finally,
the ternary oxides form the equilibrium product, -eucryptite
(LiAlSiOy4). These reactions are discussed in the context of the
thermodynamic properties of the various compounds.

I. Introduction

B-eucrypTITE, LiAlSiOy, has interest in a variety of applications
ranging from low coefficient of thermal expansion (CTE) ma-
terials to superionic conductors.'™ This material has a hexago-
nal crystal structure and belongs to the space group, P6422.
Polycrystalline B-eucryptite exhibits a slightly negative average
CTE, resulting from the thermal anisotropy (o, = 8.6 x 106
°C7!, o, = —18.4 x 1076 °C~1*3 between the two main crystal-
lographic directions of the hexagonal a-axis and c-axis. Com-
posites with near-zero CTE may be designed by combining
positive CTE materials with B-eucryptite. Aside from the un-
usual thermal properties, B-eucryptite also undergoes a pressure-
induced phase transformation at ambient temperatures. The
transformation has been observed by in situ synchrotron
X-ray diffraction (XRD) as well as in situ Raman spectros-
copy.®’ This unique behavior motivates fundamental studies to
understand better the material structure—property relationships.

Processing of B-eucryptite and its composites is typically
achieved by either a glass ceramic technique, whereby eucryptite
crystals are formed within a glass matrix during ceramming,’ or by
powder synthesis and subsequent powder metallurgy.> In the
latter case, control over stoichiometry, purity, and powder char-
acteristics such as morphology, size, and size distribution is im-
portant as these factors will influence the sintering behavior as well
as the final properties. Such a control may only be achieved if the
sequence of reactions during the powder synthesis is understood.

Previous studies™®® have shown that B-eucryptite forms when
the appropriate ratios of Li;CO3, Al,O3, and SiO, are heated to
about 1200°C according to the following reaction:

Li,CO; 4+ AL O3 + 2Si0; — 2LiAlSiO4 + CO;(g) M
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The mechanism by which this reaction occurs has not been
established. In air, the least stable of the three reactants in Re-
action (1) is Li,COs. Its decomposition in air is, as described by:

2

Reaction (2) is thermodynamically favorable when the concen-
tration of CO, decreases below a critical value that depends on the
temperature. For example, using the thermodynamic properties
for the compounds in Reaction (2),” at 727°C, the critical partial
pressure of CO, in air is about 0.13 torr.* Our calculations with the
program HSC Chemistry 5.1 (Outokumpo Research Oy, Pori,
Finland) on the relative thermodynamic stability of Li»CO; in
flowing air (~ 1 L/min) predict that decomposition begins to occur
at about 600°C, well below the melting temperature of Li,COj3
(T = 723°C'°). Thus, it is expected that the Li;COs in the three-
component mixture described in Reaction (1) decomposes at rel-
atively low temperatures and produces Li,O, which is highly re-
active with AlL,O3 and SiO», as described in more detail below.

It is well established that Al,O; and SiO, do not react with
each other for the temperatures and times used to calcine
B-eucryptite,!'"!? and thus the first reactions expected to occur
involve Li,COj; or its decomposition product, Li,O. Previous
research by Smirnov ef al.'® describes the physical behavior of
Li,CO;5 with regard to the decomposition toward Li>O. The
Li,CO5-Li,O system forms a eutectic at approximately 705°C
and 13 mol% of Li,O. Thus, a reactive liquid is expected to form
slightly below the Li;COj; melting point when the three reactants
in Eq. (1) are heated. The formation of lithium aluminates and
lithium silicates has been studied previously.'*!* However, it is
not well understood what sequence of reactions are present for
the three-component mixture, as shown in Reaction (1).

The present study is motivated by the desire to determine and
ultimately control the calcination process in the synthesis of
B-eucryptite. The three different two-component raw mixtures
comprising the reactants in Reaction (1) were prepared and
characterized with thermal analysis and XRD, with the goal of
better understanding how the two-component reactions may in-
fluence reactions in the three-component raw system.

Li,CO; — Li,O + CO, (g)

11
(1) Powder Preparation

Experimental Procedure

Raw powders were mixed with a specific composition target of
LiAlSiO,4. As provided by Reaction (1), the ratio of Li>,COs,
Al,O3, and SiO; is [1:1:2], respectively. The mass ratio corre-
sponding to this molar ratio is [1:1.38:1.63]. Lithium carbonate
(Li,COs—Alfa Aesar, Ward Hill, MA), aluminum oxide
(Al,O5—CoorsTek, Golden, CO), and silicon oxide (SiO,—
Sigma Aldrich, St. Louis, MO) were weighed and then mixed
to achieve the ratio [1:1:2]. Because the Sigma Aldrich SiO,
contains excess H,0," the mass ratio used to weigh the powders

In ambient air in Golden, Colorado, where the present experiments were performed,
this corresponds to about 200 parts per million (ppm) CO,. For comparison, the average
CO, concentration in the Earth’s atmosphere in 2009 is about 387 ppm (source: http://
www.esrl.noaa.gov/gmd/ccgg/trends)).

STt was determined in separate thermogravimetric experiments conducted by the authors
that the Sigma Aldrich contains about 9% by mass H,O which is bonded to SiO»; all of the
excess H,O leaves as a vapor when the specimen is heated to 400°C, and thus the H,O is
thought not to participate in any higher temperature reactions.
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Table 1. List of Prepared Samples
Material/mixture Molar ratio
Li,CO3 Pure
A1203 Pure
SiO, Pure (plus water)
L12C03*SIOZ [1 2]

Al,03-SiO, [1:2]
Li2C03*A1203*Si02 [1 .1 2]
Li,O-Al,05-SiO, [1:1:2]

was [1:1.38:1.85]. The particle sizes of the raw materials are:
Li,CO;, ~1 pm; Al,O3, ~1 um; and SiO,, 50-70 pm. For the
present study, two-component mixtures were studied to isolate
specific reactions. Three two-component raw mixtures and one
three-component raw mixture were prepared, approximately 30
g of each, as shown in Table I. One three-component raw mix-
ture sample was prepared using lithium oxide (Li,O—Alfa
Aesar) rather than Li,CO;. Each powder mixture was blended
by ball milling with aluminum oxide media for 24 h to ensure
proper dispersion before analysis. Scanning electron microscopy
with energy-dispersive spectroscopy was performed on the
mixed powders to ensure intimate mixing.

(2) Differential Scanning Calorimetry (DSC) and XRD
Analysis

DSC was used to determine the initial energy profiles of each
raw powder, two-component raw mixtures, and the three-com-
ponent raw mixtures. A Netzsch STA 409C (Netzsch Instru-
ments Inc., Burlington, MA) was used to gather DSC and
thermogravimetric analysis (TGA) data concurrently. High-
purity aluminum oxide crucibles (purity level 99.7% Al,O;)
obtained from Netzsch Instruments Inc. were used to contain
the specimens. Platinum crucibles, also obtained from Netzsch
Instruments Inc., were also used in some cases to confirm that
the aluminum oxide crucibles did not contaminate the speci-
mens. The heating profile for each run began at 20°C and was
heated to 1200°C at 10°C/min. All experiments were performed
in air that flowed through the apparatus at a rate of about
1 liter/minute. Because of the small specimen size required for
the DSC, no soak at temperature is required. The raw mixtures
were thermally cycled either twice or thrice to ensure a complete
reaction during analysis.

Data gathered from the DSC instrument were used to gen-
erate a set of furnace treatments for each of the raw mixtures.
The heat treatment procedure for each sample followed the
same format. Furnace conditions consisted of a ramp rate of
5°C/min to the target temperature with a soak for 3 h followed
by a furnace cool. Sufficient powder was used so that enough
material was available for accurate XRD analysis (2-5 g). The
XRD analysis was completed using a Philips X’Pert Pro
Diffractometer (PANalytical Inc., Westborough, MA) with a
copper source, with A = 1.54 A, and a nickel filter. The detector
used for all of the XRD analyses was an X’Celerator (PANa-
lytical Inc.). The XRD data were characterized using both peak
and profile data and a reference International Centre for
Diffraction Data (ICDD) database.

III. Results

(1) DSC Characterization

DSC of the raw powders is shown in Figs. 1 and 2. Both Al,O3
and SiO, are stable across the temperature range examined. The
Al,O3 exhibited no mass loss and the SiO, exhibited a minor
mass loss due to water. However, Li,COs; demonstrated a sharp
melting peak and a set of peaks, which correspond to the loss of
CO,, consistent with previous studies.'®> The only raw material
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Fig.1. The differential scanning calorimetry/thermogravimetric analy-
sis data from lithium carbonate exhibiting a sharp melting peak and a
broad CO, loss doublet, mass loss becomes significant just before the
doublet at ~900°C.

that exhibited significant mass loss was Li,COs;. The DSC data
from the two-component raw mixtures are shown in Figs. 3-5.
The two-component raw mixtures that contained Li,CO;3 not
only exhibited peaks corresponding to the melting of Li,COs;,
but also showed subsequent chemical reactions. For example,
Li,CO5-Al,0O5 leads to three DSC peaks at approximately 800,
950, and 1100°C, and the Li,CO3;-SiO, mixture exhibits endo-
thermic peaks at approximately 1000° and 1050°C. The dashed
lines on these diagrams indicate the temperatures from which
specimens were cooled with the goal of performing XRD to es-
tablish the phases present. The DSC data from the two-compo-
nent raw mixture of Al,O3 and SiO, revealed no reaction up to
1200°C (Fig. 5). It is apparent from Figs. 3 and 4 that the mass
loss in two-component raw mixtures containing Li,COj; occurs
at a substantially lower temperature. For example, when Li,COj3
is heated with Al,Oj3, the mass loss is significant at about 800°C,
and when it is combined with SiO,, the mass loss occurs below
800°C. In contrast, Li;COs5 alone exhibited significant mass loss
at temperatures above 900°C.

DSC of the three-component mixture of raw materials ex-
hibited multiple peaks, similar to the two-component raw mix-
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Fig.2. The differential scanning calorimetry data from Al,O; and
SiO, with no significant peaks. The thermogravimetric analysis data
were omitted because a significant mass loss was not measured in either
sample.
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Fig.3. The differential scanning calorimetry/thermogravimetric analy-
sis data from the two-component mixture of Li,CO3:Al,O5 showing the
major reaction peak at ~740°C and the corresponding heat treatment
temperatures of 780°, 850°, 1000°, and 1100°C.

tures, shown in Fig. 6. There are two main endothermic peaks;
the first occurred at ~700°C and the second at ~1000°C. The
three-component raw mixture that contained Li,O contained a
similar endothermic peak at ~1000°C. However, the Li,O mix-
ture revealed an exothermic peak at ~600°C in contrast to the
endothermic peak observed in the Li,COj-containing three-
component mixture (Fig. 7). The mass loss for the Li,O mix-
ture is negligible and attributed to the bonded water within the
SiO, powder. The dashed lines in Fig. 6 pertain to the temper-
atures used to heat treat the powder mixture. Table II provides a
comprehensive list of each temperature used for the heat treat-
ment processes of the two-component mixtures. The three-com-
ponent mixture heat treatments are described in Table III.

(2) XRD Characterization

XRD was performed on each specimen that was heat treated to
the temperatures indicated by the dashed lines in Figs. 4-6, and
these data are shown in Figs. 8-10. The diffraction data for the
Li,CO5-Al,05 mixture confirmed the existence of the equimolar
compound LiAlO, above 850°C. The heat treatments at 1000°
and 1100°C show LiAlO; as a pure phase. The two-component
mixture of Li,CO;-SiO, produced a mixture of two phases,
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Fig.4. The differential scanning calorimetry/thermogravimetric analy-
sis data from the two-component mixture of Li,CO5:SiO, showing a
major reaction peak at ~730°C and the corresponding heat treatments
at 755°, 950°, 1010°, 1100°C. The significant peak at 1050°C was deter-
mined to be the melting of one of the species present.
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Fig.5. The differential scanning calorimetry data from the two-com-
ponent mixture of Al,03:Si0, with no reaction peaks. The thermogravi-
metric analysis data were omitted because they revealed only a minor
mass loss due to water.

Li,SiO5 and Li,Si,Os. Before the first endothermic peak seen in
the DSC, trace amounts of Li,SiO; were found in the heat
treatment at 585°C. Based on differences in peak heights in
Fig. 9, it is deduced that the heat treatment at 1100°C led to
differences in the relative quantity of phases present from
the heat treatments at 950° and 1010°C. However, the qualita-
tive phase analysis is identical to the previous heat treatments.
The difference in peak heights is likely due to the melt/solidifi-
cation of the powder during this heat treatment, which may lead
to preferential ordering of the material. The XRD data from the
two-component mixture of Al,Oz and SiO» after heat treatment
(not shown here) revealed only two phases, which are identical
to the starting constituents, consistent with published phase
diagrams.!"'? Included in Table II is the phase information
gathered from the XRD analysis for each mixture. The two-
component mixtures containing Li,COj3:SiO, and Li,CO5:Al,04
contained a small fraction of the raw materials, SiO, and Al,O3
respectively, even after exposure to 1200°C and were excluded
from Table III.

The XRD data gathered from each of the heat treatment
temperatures for the LiCOj-containing three-component
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Fig.6. The differential scanning calorimetry/thermogravimetric analy-
sis data from the three-component mixture of Li;CO5:Al1,05:Si0; show-
ing major reaction peaks at ~700° and ~ 1000°C. The corresponding
heat treatment temperatures are shown here and listed in Table II1.
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Fig.7. The differential scanning calorimetry/thermogravimetric analy-
sis data from the three-component mixture of Li,O:Al,05:SiO; exhibit-
ing an exothermic 600°C peak and an endothermic 1000°C peak and no
significant mass loss.

mixture expose multiple compounds that appear and disappear
during the calcination process. The major phases in the heat
treatments at higher temperatures are the compounds contain-
ing all three cations (Li, Al, Si): B-spodumene (LiAlSi,Og) and
B-eucryptite. Table III shows the transformation from raw ma-
terials to the existence of ternary oxide species, and ultimately
pure LiAlISiOy.

IV. Discussion

The experiments presented above reveal that a complex set of
intermediate reactions occurs during the calcination described
by Reaction (1). These are discussed next in the context of the
thermodynamic properties of the various phases.

During heating, all mixtures containing Li,COj; exhibit an
endothermic peak at about 730°C, which corresponds to the
melting of Li,CO5.'% It is further evident that at about the same
temperature (i.e., ~730°C), a chemical reaction occurs when
Li,CO; is present. Based on the DSC data from the different
two-component mixtures (Figs. 3 and 4), the product of the
reaction that occurs at ~730°C is either LiAlO, or Li,SiOs,
depending on whether Li,COj is present with Al,O3 or SiO,.
XRD analysis of the heat treatments from the three-component
mixtures shows that the reaction with SiO, occurs at a lower
temperature. In fact, relatively small amounts of Li,SiO3 are
even detected in the three-component mixture after a heat treat-
ment of only 585°C. In this same temperature range where
Li,CO3 melts and chemically reacts, a significant mass loss is
observed. The mass loss is likely due to the release of CO,, which
might occur by several mechanisms, as described below. In con-
trast, pure Li,CO3 decomposes at a significantly higher temper-
ature. Figure 11 reproduces the TGA data for pure Li,CO5 and
the various mixtures. In the light of these observations, the fol-
lowing are the possible reactions. The free energies of formation
were calculated using HSC Chemistry 5.1 software at 700°C,
and are indicated

Li,CO;3; + 2Si0O; — Li,Si,05 + CO, (g) 3)
AG = —17.10 kcal

Li,CO; + Si0; — LixSiOs + COx(g) )
AG = —15.75kcal

Li,CO; + Al,O3 — 2LiAIO;, + CO;, (g) (5)
AG = —11.13 kcal

The following reactions are also considered in the context of
Reaction (2), which has been reproduced again along with the

The decomposition of Li,CO3 must result in the formation of
a reactive lithium-containing species, which is likely Li,O (Re-
action (2)). This decomposition to Li,O and CO; correlates with
the specimen mass loss (shown in Figs. 1, 3, 4, and 6). Similarly,
the reactions indicated by Reactions (2)—(5) are also accompa-
nied by the loss of CO, (g). By comparing the DSC data from
the three-component raw mixture containing Li,CO; to the
three-component raw mixture with LiO, it is concluded that
the endothermic reactions (Reactions (3)—(5)) are favored over
the exothermic Li,O-based reactions (Reactions (6)—<8)). How-
ever, the net free energy for the decomposition of Li,COj3
(Reactions (2)) and the subsequent Li,O reactions (Reactions
(6)—(8)) are very similar to the values for the direct Li,COj3;
reaction (Reactions (3)—(4)) making them indistinguishable ex-
perimentally. Despite the difference in mechanism between the
two synthesis routes, both sets of reactions involve the release of
CO; (g) and produce identical intermediate compounds.

The intermediate species formed during the synthesis of
B-eucryptite are not the only possible reaction products. Lith-
ium aluminate species such as LiAlsOg and LisAlO, are
thermodynamically favored as well (AG =—9.66 and = —9.26
kcal, respectively). These species were not found during the
XRD analysis and were thus eliminated as intermediate com-
pounds. The absence of these products suggests that the lithium
compounds (i.e. Li,COj5 or Li,O) react with the SiO, completely
before the reaction with alumina begins. It is recognized that
local equilibrium conditions may vary, leading to the formation
of compounds not thermodynamically predicted considering the
overall composition.

In the present experiments, the aluminum-containing
lithium silicates, B-spodumene (LiAlSi>Og), and B-eucryptite
(LiAlSiOy4), only formed above about 1000°C. Their for-
mation corresponds to the second endothermic peak in the
three-component raw mixture DSC data (~1000°C, Fig. 6).

Table III. Heat Treatments—Li,CO;3; Three Component

Raw Mixture

Temperature
(°C) Phases Detected
RT Li,COs, SiO», ALO;

585 Li,CO3, SiO,, Al,O3, Li,SiO;

750 Si0,, Al,O3, Li,Si03, LiAIO,

800 Si0,, Al,Os3, Li,SiO3, LiAlO,

950 Si0,, Al,O3, LiSi03, LiSi,0s, LiAIO,
1050 Si0,, Al,O3, Li,SiO3, LizSi;Os, LiAlSi;O,

LiAISiO4
1100 Si0,, Al,O3, Li;SiOs, LiAlSi>Og, LiAISiO4

1100 (15 h) LiAISiO4
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tion data showing the formation of only LiAlO, (®) at the expense of
ALO; (O).

The possible reactions to produce these include:

Li;SiO3 + SiO, + AlLbO3 — 2LiAISiO4 (10)
AG = —14.87 kcal

Li»Si,O5 + AL,O3; — 2LiAISiOs AG = —12.85kcal  (11)

Li;SiO3 + Al O3 + 3Si0O, — 2LiAlSi;O¢ (12)
AG = —12.14 kcal

The product of Reaction (11) may react with the product of
Reaction (8) to produce B-eucryptite according to the HSC cal-
culations:

LiAlO, + LiAlSi,Og¢ — 2LiAISiO4 (13)
AG = —10.37 kcal
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Fig.9. The comparison of Li;CO3:SiO; heat treatment X-ray diffrac-
tion data, which shows the formation of the two lithium silicate phases.
The phases are marked as follows: Li,SiOs (@), Li,Si>Os (V), and SiO,
(V). The difference in appearance of the 1100°C scan is likely due to
melting of the sample.
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Fig.10. The comparison of the three-component mixture, containing
Li,COs, heat treatment X-ray diffraction data, the onset of binary and
ternary oxides are marked with 4 and ®, respectively. The uppermost
scan, labeled pure, is the result of a full calcination of this mixture.
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Fig.11. The comparison of thermogravimetric analysis data from
Li,COs-containing mixtures showing the earlier onset of mass loss cor-
responding to CO, leaving the system. This illustrates the reaction be-
tween Li,CO;3; and SiO, occurring at a lower temperature than the
reaction between Li,CO5; and Al,Os.

This final reaction is revealed in the DSC data between the
1050°C and the 1100°C heat treatments (Fig. 6). The progres-
sion of Reaction (12) was also confirmed by the XRD patterns
of samples heat treated at these two temperatures (Fig. 9).
The published and referenced procedure for synthesizing
B-eucryptite by calcination calls for 15 h at 1100°C.>*® This
soak time at 1100°C allows any nonequilibrium products to
reach their equilibrium counterparts, and thus B-eucryptite as a
pure phase.

V. Conclusion

The present study illuminates the reaction sequence for the ca-
Icination of Li,COs, SiO,, and Al,O5 to produce B-eucryptite.
By using DSC in combination with XRD, it is possible to draw
the following conclu‘sions. The reaction sequence for the given
set of raw materials (Li,COs, SiO», and Al,O3) is as follows: The
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single oxides (SiO, and Al,O3) react with Li;COj3 to form the
binary oxides (Li»Si,Os, Li»SiO3, and LiAlO,), SiO, reacts with
Li,COj; before Al,O3. Subsequently, the binary oxides form ter-
nary oxides (LiAlSi,O¢ and LiAlSiOy). Finally, the ternary ox-
ides form the equilibrium product, B-eucryptite (LiAlISiO,).
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