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Abstract

Lithium aluminosilicate glass-ceramic powders were synthesized by the heat
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treatment of spray-dried sol-gel glassy nanobeads, obtaining quartz solid solution
(Qss) and keatite solid solution (Kss) crystals. Their composition ranged between

75 mol% SiO, and pure silica along the spodumene join. The metastable crystals
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displayed tunable coefficients of thermal expansion ranging from +30 x 107° to
-2.7 x 10°° K™

characterization. The solid solution boundaries of Kss could be extended to

at room temperature, as obtained from their crystallographic

85 mol% SiO,. Concurrently, X-ray diffraction measurements performed in situ
at high temperature and at cryogenic conditions confirmed the known linear shift
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of the high-low quartz inversion temperature upon increasing Al+Li doping. The
obtained results qualify aerosol synthesis as a very versatile method for the pro-
duction of glass-ceramic powders in the LAS system.
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1 | INTRODUCTION

this specific class of materials, lithium aluminosilicate
(LAS) crystals arguably count among the oldest and best

The availability of materials that can comply with strin-
gent thermal expansion specifications is essential for
numerous technological applications, spanning from
electronic packaging to dental restoration."” In many of
these cases, a macroscopic adjustment of the coefficient
of thermal expansion (CTE) can be attained through
the formulation of composite materials, relying on the
combination of the properties of multiple phases. Solids
exhibiting low or negative thermal expansion there-
fore represent a cornerstone of this approach®*; within

investigated.’

The structure of high quartz and keatite, two SiO,
polymorphs with CTEs respectively close to zero and neg-
ative,*” is indeed stabilized by a coupled Al+Li stuffing
over increasingly wide temperature ranges down to the
endmembers B-eucryptite (LiAlSiO,) and B-spodumene
(LiAlSi,04).*° Notably, the structural and thermal ex-
pansion characteristics of these phases (Li,ALSi;_0,)
display a continuous variation as a function of compo-
sition.’®'! Quartz solid solutions (Qss) and keatite solid
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solutions (Kss) have been therefore appreciated for de-
cades as the main crystalline constituents of zero thermal
expansion glass-ceramics, in which they typically pre-
cipitate from a multicomponent parent glass.'” Negative
thermal expansion is instead generally not attainable in
the compositionally analogous magnesium aluminosil-
icate (MAS) system, since the available silicate phases,
that is, Mg-bearing Qss at low temperatures and indial-
ite/cordierite at high temperatures, exhibit CTEs going
from slightly to noticeably positive values in the absence
of additional dopants.’**

Several attempts to synthesize LAS powders or mono-
liths via the sol-gel route are also reported in the liter-
ature, particularly stressing the technical difficulties
related to the drying and densification stages'>™'’; the
possibility of applying Qss thin films on glass surfaces
by dip-coating has also been examined.?® Spray-drying
is an established method for a controlled and easily up-
scalable synthesis of ceramic catalysts, food and phar-
maceutical products.”»** Although its potential use in
the formulation of glasses and glass-ceramics has been
only limitedly explored so far,”>* we have recently
described the production of functional glass-ceramic
nanobeads based on the photocatalytic properties of
TiO,(B) and anatase crystals.> In the present work, we
further demonstrate the versatility of the spray-drying
method by synthesizing a series of LAS glass-ceramic
powders exhibiting compositionally tunable CTEs at
room temperature, from mildly negative to strongly pos-
itive. Our detailed crystallographic characterization par-
ticularly reveals how this novel synthesis route enables
to access virtually any Qss stoichiometry in the stud-
ied system and, in the case of Kss, to even enlarge the
known compositional boundaries of the available solid
solutions.

Glass composition

2 | EXPERIMENTAL SECTION

2.1 | Preparation of the glassy nanobeads
The target compositions of the 10 samples synthesized
within this work are reported in Table 1. Tetraethoxysilane
(TEOS, >99%, Fluka) was pre-hydrolyzed in isopropanol
with a stoichiometric amount of deionized water, using
HNO; (1 M, 299%, Fluka) to set the pH to ~1. A Li,O ex-
cess (2.5% of the molar SiO, content) was introduced by
adding LiNO; (>98%, Merck), with the intent of facilitat-
ing the formation of Qss in the resulting glasses, as from
previous observations.*" Suitable amounts of LiNO; and
Al(NO;);"9H,0 (298.5%, Merck) were then solved 1:1 in
deionized water and added to the first solution under con-
stant stirring, further diluting it with deionized water to
5 wt% equivalent total oxide content. As similarly detailed
elsewhere,*® 50 ml of the so-obtained mixture were then
spray-dried in 2 h to obtain ~2 g of amorphous nanobeads.
The solution was thereby nebulized by an aerosol atom-
izer (Atomizer, AGK 2000, Palas) operated with pressur-
ized air (2.9 bar) into a tube furnace set at 500°C. A particle
filter placed at the other extremity of the furnace allowed
to retrieve the powders, which were then subjected to a
further heat treatment at 500°C for 1.5 h to complete the
decomposition of the precursors.

2.2 | Heat treatments

All samples were crystallized at 760°C for 30 min in a
lab furnace to obtain glass-ceramics containing preva-
lently Qss; this temperature was selected after some ex-
plorative high-temperature X-ray diffraction (HT-XRD)
measurements, aiming at maximizing the crystallinity of

TABLE 1 Nominal compositions
(mol%) of the spray-dried glasses, which

Li,0 AlL,0; Sio, Target Qss/Kss contained a Li,O excess to foster the
Sample (mol%) (mol%) (mol%) stoichiometry formation of quartz solid solutions (Qss).*!
LAOO 24 0.0 97.6 100 Si0, The actual target stoichiometry of the Qss

and keatite solid solution (Kss) phases

LAO5 4.8 2.4 92.8 2.5Li,0 - 2.5 AL,05 - 95 SiO, forming in the samples, controlled by the
LA10 7.1 49 88.0 5.0 Li,O - 5.0 ALO; - 90 SiO, Al/Si ratio of the glass, is additionally
LA15 9.4 7.4 83.2 7.5 Li,0 - 7.5 AL, 05 - 85 SiO, reported
LA18 10.8 8.8 80.4 9.0 Li,O - 9.0 AL,O, - 82 SiO,
LA19 11.3 9.3 79.4 9.5 Li,0 - 9.5 AL,O; - 81 SiO,
LA20 11.8 9.8 78.4 10.0 Li,O - 10.0 ALO, - 80 SiO,
LA21 12.2 10.3 77.5 10.5 Li,O - 10.5 AL,O; - 79 SiO,
LA22 12.7 10.8 76.5 11.0 Li,O - 11.0 AL,O5 - 78 SiO,
LA25 14.1 12.3 73.6 12.5 Li,O - 12.5 AL,O; - 75 SiO,
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the powders (see Figure 2A for an example). In the case
of samples LA15 and LA10, another heat treatment was
additionally applied to maximize the amount of Kss ob-
tainable in the materials. The two samples, already crys-
tallized at 760°C, were heated with a rate of 10 K min™*
respectively to 850 and 1050°C in the HTK 1200N heat-
ing chamber (Anton Paar) mounted on our diffractometer
(see following). HT-XRD measurements were run in par-
allel to monitor the Qss-Kss transformation, which was
concluded after ~30 min in both cases.

23 |
(TEM)

Transmission electron microscope

Samples LAO5 and LA20, both in the untreated and crys-
tallized form, were dispersed in ethanol and deposited
on carbon-coated copper grids. They were measured in a
JEOL JEM2100 TEM, operated at 160 kV.

2.4 | X-ray diffraction (XRD)

Crystallographic characterization of the samples was
performed using a Panalytical Empyrean diffractometer,
mounting a Cu X-ray tube operated at 40 kV and 40 mA
and a PIXcel 1D detector (255 channels, 14 mm active
length). Silicon (=5 wt%) was added as internal standard
to each powder to facilitate the determination of lattice
parameters, performed by Rietveld refinements using the
software HighScore Plus (Malvern Panalytical). Relative

©

FIGURE 1 TEM micrographs of: (A)
sample LAO5 and (B) sample LA20, after
the preliminary calcination at 500°C; (C)
sample LAO5 and (D) sample LA20, after
crystallization heat treatments at 760°C
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length changes in the crystals were averaged over all di-
rections in the unit cell according to Equation (1):

W=

ATy _ [€@(n)P oD = [a2, - o

l 2 L ’
[aref : Cref] 3

@

where a(T) and c(T) stand for the length of the respective
lattice parameter obtained at temperature T and a,.; and ¢
for the reference values at room temperature.

The powders were found to be virtually fully crystal-
line using a weighed-in CaF, standard, that is, the resid-
ual amorphous fraction was estimated as <5 wt%. Rietveld
refinements also enabled to estimate the relative mass
fractions (wt%) of the main crystalline phases and the av-
erage crystallite size of the Qss crystals, determined with
respect to a LaB, standard (NIST 660a). Room tempera-
ture measurements were performed on an adjustable x-y-z
platform with a back-loading powder holder (10-90° 26,
0.026° 20 stepsize, 50 s per step). Between 50 and 650°C,
the data (15-80° 26, 0.026° 20 stepsize, 50 s per step) were
collected by heating the powders in Al,O; crucibles using
a HTK 1200N heating chamber (Anton Paar), whose cal-
ibration was described elsewhere.”” Below ambient, the
measurements (15-80° 26, 0.026° 20 stepsize, 50 s per
step) were performed in a TTK 600 chamber (Anton Paar)
cooled with liquid N, and operated in vacuum or in N,
atmosphere, as tested in a previous publication.*” For this
latter investigation, the powders were mixed with some
Apiezon N cryogenic vacuum grease (Demaco), creating a
paste that was then applied on the metallic sample holder.

(B)

100 nm
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3 | RESULTS originating from the slight Li,O excess added to the glass
stoichiometry to foster the formation of Qss.*! Due to their
3.1 | Microscopic characterization low total amount (invariably <5 wt%) and broad diffrac-

The morphology of the spray-dried materials was char-
acterized by transmission electron microscopy (TEM)
(Figure 1). After a calcination at 500°C, the amorphous
powders still consisted of nanobeads with a radius rang-
ing from 20 to 100 nm, as similarly reported for SiO,-TiO,
glass-ceramics.®® On the contrary, the crystallization heat
treatment at 760°C induced extensive agglomeration and
sintering, leading to the formation of irregularly shaped
grains and slabs, in agreement with early studies on spray-
dried aluminosilicate powders.?®

3.2 | Quartz solid solutions

X-ray diffraction (XRD) measurements of the materials
treated at 760°C revealed that the powders were virtually
fully crystalline, as suggested by preliminary explorative
HT-XRD measurements (Figure 2A); metastable Qss was
invariably the predominant phase. However, Li,O- and
Al,O;-richer samples developed a non-negligible frac-
tion of Kss (Table 2 and Section 3.3). All diffraction peaks
shifted to lower 20 angles with increasing Al,O; and Li,O
doping (Figure 2B), due to the related expansion of the
unit cells of both Qss and Kss. Weak reflections assignable
to Li-metasilicate (Li,SiO;) and Li-disilicate (Li,Si,O5)
were additionally detected in all samples, most likely

tion features, these secondary phases were excluded from
the Rietveld refinements, to avoid a possibly adverse im-
pact on the reliability of the Qss and Kss lattice param-
eters determination.

Average crystallite sizes computed from Rietveld re-
finements did not display a definite trend and invariably
resulted between 50 and 80 nm, possibly mirroring the
average size of the initial glassy nanobeads. The room-
temperature lattice parameters of Qss, instead, agreed
closely with the values obtained from literature (Figure 3),
confirming that the stoichiometry of the crystals (Table 1)
could be essentially controlled by adjusting the Al/Si ratio
of the parent glass, as shown previously.>"** The known
transition from a low-quartz-like (LQss) to a high-quartz-
like (HQss) structure was particularly evident in the
trend displayed by the c lattice parameter, whose value
increased steadily in the range 100-82.5 mol% SiO, and
subsequently displayed a persistent stagnation at lower
Si0, contents.”**?*

We monitored the LQss-HQss transformation also as
a function of temperature, as detailed in Figure 4: the
positive expansion of trigonal LQss brought about a vis-
ible gradual peak shift to the left, which ceased as soon
as the crystals assumed the high-temperature hexagonal
symmetry of HQss, whose thermal expansion typically
approaches zero. The phase transition was also empha-
sized by evident intensity changes; the determined critical

TABLE 2 Relative crystalline fractions, lattice parameters, and average crystallite sizes of quartz solid solution (Qss) and keatite solid
solution (Kss) obtained from Rietveld refinements (neglecting minor secondary phases) of X-ray diffraction measurements performed at
room temperature. The critical inversion temperatures (T,) of Qss are also reported, as inferred from the expansion curves in Figure 5. In the
column “Other phases”: m for Li,SiOs, d for Li,Si,Os, c for cristobalite

Qss Kss
Cr. size Cr.size Other

Sample wt%  a(A) c(A) (nm) T, (°C) wt%  a(A) c(A) (nm) phases
LAOO 100 4.9195(7) 5.408(1)  51(5)  565(10) m,d
LAO5 100 49745(6)  54190(9) 64(6)  365(10) m,d
LA10 100 5.0239(7) 5432(1)  78(8)  255(10) m,k
LA1S 76(4)  5.0919 (9) 5.448(1)  74(7)  90(10) 242) m
LAI8 76(4)  5.1286(5)  54571(9)  72(7)  —15(10) 24(2)
LA19 86(4) 5.1364(7) 5457(1)  69(7)  —45(10) 14(1) m
LA20 71(4)  5.1449(5)  54574(9)  75(7)  —70(10) 29(3) 7.505(2) 9.040(3) 62(6) m
LA21 60(3)  5.1504 (6) 5458(1)  74(7)  —100(10) 40(4) 7.507(2) 9.051(3)  59(6) m
LA22 78(4) 51579 (6) 5457(1)  63(6)  —135(10) 22(2) m
LA25 66(3) 5.1697(6) 5457(1)  66(7)  <—165 34(3)  7.517(2) 9.082(4) 53(5) m
LA10,1050°C 24 (2) 44(4) 7.483(2) 8.988(3) 54(5)  cm
LA15,850°C  6(1) 88(4) 7.482(1) 9.011(2) 68(7) d



ZANDONA ET AL.

(A)

=l m § a9
o 5 - 725°C
c H
g .
£ 7 700°C ]
650 °C
i 600 °C ]
500 °C
PR IS S S SN [N SR SR SR TR [N SN SR TR SR N TR SN S S SN SR T T
20 25 30 35 40 45
Diffraction angle (°26)
® M gk "o | LA25,760 °C|

Intensity (a.u.)
x

dad, |

20 25 30 35 40 45
Diffraction angle (°26)

©) ||k}|||
. " |LA10, 1050 °C
B LA15, 850 °C
: q
3 |
< \ e cl/s/k
2 ( \
: | \‘\
g k l\
£ ﬂ | P\ P & cla gk
Loom s m ) f omk [l kmak kckkd
sik P

15 20 25 30 35 40 45
Diffraction angle (°26)

inversion temperatures (7;) in Table 1 agree closely with
the values specified in previous works, marked by hori-
zontal broken lines in Figure 4.2
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FIGURE 2 (A) Crystallization of sample LAO5 monitored

by in situ high-temperature X-ray diffraction. (B) Diffractograms
collected at room temperature from samples annealed at 760°C

to obtain quartz solid solutions (Qss); (C) similar measurements
acquired from samples treated at higher temperatures to crystallize
keatite solid solutions (Kss) (labels: q for Qss, k for Kss, s for

the weighed-in silicon standard, d for Li,Si,Os, m for Li,SiO5, ¢

for cristobalite; * marks an artifact stemming from the Lo, -line

of the tungsten X-ray cathode)

3.3 | Keatite solid solutions
As noted above, a heat treatment at 760°C induced the
formation of some Kss in the Li,O- and Al,O5-richer sam-
ples, as expected from the thermodynamic stability of this
phase and from previous investigations of similar compo-
sitions.******> The lattice parameters obtained at room
temperature (the determination was considered reliable
only for Kss fractions >25 wt%) agreed closely with the
trends known from literature (Figure 3),'%*" illustrating
also in this case how the Al/Si ratio of the base glass di-
rectly determined the composition of the obtained crystals.
In addition, we tested the possibility of extending the
known solid solution boundaries of Kss, by treating LA10
and LA15 at higher temperature. These samples displayed
an evident tendency to form Kss at 760°C, thereby locating
substantially beyond the compositional field of previous
systematic investigations.'®*> We therefore tentatively an-
nealed these powders at 1050 and 850°C, increasing their
Kss fraction to 44 and 88 wt%, respectively. Due to the ex-
pectable partial segregation of SiO, in secondary phases
such quartz and cristobalite at these higher temperatures,®
the lattice parameters obtained for Kss in the two samples
clearly diverged from the trends reasonably inferable from
the extrapolation of literature data in this previously un-
explored compositional range.'®*>*® The values plotted
however substantially lower than the references, confirm-
ing that a lower degree of Al+Li stuffing was attained.
Depending on the assumed adherence to a simple linear
trend or to a more complex continuous variation down to
the values determined for unstuffed keatite by Shropshire
et al., the composition of Kss in the two samples could
be estimated as follows: 82.5-83.0 mol% SiO, in sample
LA15, 84.3-85.4 mol% SiO, in sample LA10 (see Figure 3B,
i.e. the projected horizontal lines connecting the nominal
compositions with the linear and polynomial trends).

3.4 | Thermal expansion behavior

XRD measurements performed in situ at high tempera-
tures (up to 650°C) and under cryogenic conditions (down
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to —165°C) allowed to precisely characterize the thermal
expansion of the main crystalline components of the glass-
ceramics, namely Qss and Kss. Anisotropic expansion
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FIGURE 3 Lattice parameters obtained at room temperature
for the (A) quartz solid solution and (B) keatite solid solution (Kss)
phases crystallized in the samples, plotted as a function of their
nominal SiO, content. Error bars are smaller than the depicted
symbols; values from relevant literature references are provided

7.10:32.33.35.36 The extrapolated trends of the c lattice

for comparison.
parameter (linear: only data from Ostertag et al.; polynomial: data
from Ostertag et al. and Shropshire et al.) were used to estimate
the actual SiO, content of Kss in the samples LA15 and LA10,

respectively, treated at 850 and 1050°C

regimes characterized the crystals along a and c, as known
from literature'®** and exemplified for Qss in the range
—50 to +50°C (Figure 5). Nevertheless, the values of the
lattice parameters determined by Rietveld refinement at
each temperature (Tables S1 and S2) could be used to cal-
culate an average relative linear expansion of the crystals
according to Equation (1). As anticipated, strong positive
thermal expansion was invariably observable in the sam-
ples containing LQss, gradually increasing its slope until
the abrupt transition into HQss, characterized instead by
a slight thermal contraction. As the SiO, content of the
samples reduced, the range of negative/zero thermal ex-
pansion enlarged to lower and lower temperature, until
full stabilization of HQss in the investigated temperature
range was accomplished (samples LA22 and LA25). The
closest curve to virtually zero thermal expansion was
the one derived in the range 25-650°C for Kss in sample
LA15, while the lower Kss content of sample LA10 did not
allow a reliable evaluation.

Between —50 and +50°C, the linear CTEs obtainable
for Qss phases varied from +30 X 10~ ° to —2.7 x 107 ° K™,
satisfactorily agreeing with the trends extracted from liter-
ature.* Since all Qss displayed the highest thermal expan-
sion right before the LQss-HQss transition, the CTEs grew
as the transformation shifted toward room temperature,
from pure SiO, to the mentioned threshold of 82.5 mol%
SiO,; at higher levels of Al+Li doping, thermal contrac-
tion prevailed. As for Kss in sample LA1S5, it exhibited a
CTE of approximately —1.0 x 107° K™, again lining up
well with the available literature sources.>'® (Figure 6).

4 | DISCUSSION

The results of our investigation qualify spray-drying as a
very versatile method for the production of glass-ceramic
powders in the LAS system. A broad range of composi-
tions, spanning from almost pure silica to less than
75 mol% SiO,, could be sprayed, calcined, and crystallized
without the need of adjusting the experimental procedure
in any of its stages. This is particularly impressing if one
considers that the obtainment of similar glasses by the
melt-quench route involves coping with liquidus temper-
atures up to 1700°C and very high viscosity, preventing
easy pouring and forming.**” On a laboratory scale, the
spray-dryer used in this work effectively schematizes the
design of large-scale hot-wall reactors already in use for
the aerosol production of commercially available ceramic
powders,*® indicating an easy upscalability of this synthe-
sis route. Moreover, our process substantially accelerates
the drying and condensation stages as compared to other
sol-gel techniques, minimizing the risk of heterogeneities
arising in the sol.
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The LAS crystals formed in the glass-ceramic powders
exhibited CTEs going from slightly negative to strongly
positive, allowing free compositional pinpointing of a
suitable thermal expansion behavior. We fully demon-
strate this tailorability in the case of Qss phases: we were
able to produce powders with Qss as the main crystalline
phase over the whole studied compositional field, despite
the well-known metastability of these phases, obtained
by other authors using more complex high-temperature
high-pressure synthesis at similar compositions.** As for
Kss, its formation is rather favored below approximately
80 mol% SiO, because of its thermodynamic stability; for
this reason, we concentrated our efforts on the metastable
enlargement of this compositional range. While sample
LA10 yielded a complex crystalline assemblage for locat-
ing too deep in the cristobalite+Kss stability field, LA15
could be successfully crystallized prevalently in Kss with
a SiO, content of 82.5-83.0 mol%. It still remains unclear
whether Kss phases could be attainable at even higher SiO,
contents, given the theoretical complete isostructurality of
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p-spodumene and keatite.***’ In fact, the clear divergence
of the lattice parameters and CTEs from a perfect linear
trend down to the pure silica endmember (as shown in
Figure 3) suggests a higher complexity of crystallographic
relations in this region.

All this considered, the crystallization of spray-dried
LAS glasses enabled to easily access an extensive interval
of metastable crystalline states (and therefore properties),
in addition to the ones favored by thermodynamics. The
initial glassy nanobeads were likely to contain some resid-
ual water and organics even after a calcination at 500°C,
as observed previously in spray-dried SiO,-TiO, glass-
ceramics.”® This volatile content may have effectively
lowered glass viscosity, facilitating the initial stages of
crystallization and sintering and causing the grain coars-
ening and agglomeration documented by TEM (Figure 1).
Concurrently, we employed an excess of Li,O to foster the
crystallization of the samples into Qss and to suppress the
formation of cristobalite, as documented in the past31;
please note that we demonstrated that Li,O volatilization

(©) (D)

30 40
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A
o
S

Diffr. angle (°20)
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FIGURE 4 Excerpts of the X-ray diffraction measurements performed at high temperature and at cryogenic conditions, manifesting the
high-low inversion of quartz solid solution in samples: (A) LA0O, (B) LA05, (C) LA10, (D) LA15, (E) LA19, (F) LA21, (G) LA22, (H) LA25.

Horizontal lines indicate the expected value of T, as from previous studies

20,32,34
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FIGURE 5 (A)Linear coefficient of thermal expansions along
the a and c directions of the quartz solid solution (Qss) crystals
(samples LA00O, LAO5, LA10, LA15, LA19, LA22, LA25 annealed
at 760°C), plotted against the respective values of the lattice
parameters at room temperature. (B) Relative length change as a
function of temperature, averaged over all directions in the unit
cell volumes of Qss (see above) and keatite solid solution (sample
LA15 annealed at 850°C; the lower amounts contained in the other
samples prevented a reliable determination). The length changes
were computed by Rietveld refinements of X-ray diffraction
measurements acquired between —165 and 650°C. Error bars are
smaller than the depicted symbols

in similar glasses is negligible even for samples melted
conventionally at 1650°C.**' The compositional ap-
proach used in this work is distinctly different from that
of commercial monolithic LAS glass-ceramics, containing
a molar excess of Al,0; over the sum (Li,0+MgO+ZnO),
a lower amount of SiO, and a number of additional com-
ponents (such TiO,, ZrO, and Sn0,***) to induce suffi-
cient volume nucleation and control the properties of the
residual glassy phase.'

70 75 80 85 90
SiO, content (mol%)

FIGURE 6 Coefficient of thermal expansions computed

from the curves shown in Figure 5A for: (A) Quartz solid solution
crystals between —50 and +50°C, plotted as a function of their
nominal SiO, content; (B) keatite solid solution crystals in sample
LA15 between 25 and 300°C, plotted as a function of the SiO,
content inferred from Figure 3. Values obtained from the literature
are also reported.>!%3* Error bars are smaller than the depicted
symbols.

In the crystalline state, the Li,O excess appeared to
mostly segregate in the form of Li-metasilicate and Li-
disilicate (invariably <5 wt%). Due to these secondary
phases, one may hypothesize a slight SiO, depletion of
the Kss and Qss crystals compared to the target stoichi-
ometry; however, we have estimated the maximum overall
expectable deviation as ~0.5 mol% SiO,, that is, virtually
unresolvable by laboratory X-ray diffractometry. In fact,
only the Qss forming in LAOO displayed a visible discrep-
ancy in the value of T, with respect to literature: the in-
version temperature of pure quartz is typically located at
573°C, while the sample exhibited zero thermal expansion
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starting from the measurement at 550°C. Nevertheless,
the inversion temperature of pure quartz is known to be
strongly affected by even minor impurity levels*; in the
other samples, the coupled Al+Li substitution probably
prevailed over the possible effect of minor deviations from
stoichiometry, yielding a good agreement with the litera-
ture references.

5 | CONCLUSION

We demonstrated how “aged” and well-known functional
materials, that is, LAS glass ceramics, can acquire an un-
precedented compositional versatility if obtained using
alternative synthesis methods. Spray-dried glass-ceramic
powders enable to access the formation of Qss and Kss
crystals with a whole range of compositionally tunable
CTEs, from mildly negative to strongly positive.
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