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1 | INTRODUCTION
Structural analogies between the crystalline polymorphs of
Si0, and other natural or synthetic compounds of different
composition were already identified in the early days of X-ray
crystallography, such as cristobalite-like carnegieite' and try-
dimite-like nepheline2 (both with stoichiometry NaAlSiO,).
These structures have been specifically termed stuffed deriv-
atives if the partial substitution of Si** by AI** (or by other
lower valence cations) in the tetrahedral sites leads to the in-
corporation of additional extra-framework cations® to main-
tain overall charge neutrality.4

Prime examples of the above-described category of com-
pounds are the quartz-like solid solutions obtainable in the
magnesium aluminosilicate (MAS),S’6 lithium aluminosil-
icate (LAS),6’7 and zinc aluminosilicate (ZAS)6 composi-
tional systems, as well as in their mutual mixtures.®!” These
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Glass powder samples of cordierite composition (doped with 8 mol% TiO,) were
heat-treated to produce a series of increasingly SiO,-enriched Mg-bearing quartz
solid solutions (Qss). The obtained materials were then analyzed by X-ray diffrac-
tion: Rietveld structural refinements revealed that Mg-bearing Qss phases possess
trigonal symmetry and a compositionally dependent intermediate structural arrange-
ment between those of low and high quartz. High-temperature diffraction measure-
ments were performed up to 700°C to characterize the thermal expansion behavior of
the crystals. At SiO,-rich compositions, a reversible high-to-intermediate inversion
of the quartz structure is observed, which shifts with increasing stuffing to lower
temperatures than the conventional 573°C for pure quartz. Similarities and differ-

ences to the better-established Li-bearing Qss are discussed in the text.

glass-ceramics, magnesium aluminosilicate, quartz inversion, quartz solid solutions, X-ray

quartz solid solutions (Qss) are of particular interest in ma-
terials science for representing the major component of LAS
glass-ceramics with near-zero thermal expansion and high
thermal shock resistance.'' Moreover they act as crystal-
line precursors during the crystallization of cordierite from
glass5 1213, the production of high-strength materials based
on the formatlon of Si-rich Qss in MAS glasses has also been
suggested.m’15

Li-bearing Qss are by far the most investigated members
of this family: it is known that they display a high-quartz-
like structure (hereafter HQss) at room temperature, from the
composition of the endmember f-eucryptite (LiAlSiO4)16
down to approximately 82.5 mol% SiO, content."”? At a
lower extent of structural stuffing, however, the room-tem-
perature framework collapses into that of low quartz (hereaf-
ter LQss), as often indirectly identified through the positive
thermal expansion of the phases.6 These structural changes
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are relatively abrupt and they are mirrored by the linear com-
positional dependence of the quartz inversion temperature (7,
in the following), from the conventional value of 573°C in
pure quartz21 down to cryogenic tempc:ratures.lg’20

The structural relations of Qss in the MAS system ap-
pear less clear. The seminal work of Schreyer and Schairer’
identified their occurrence and reported, in the vicinity of the
Si0, endmember, about a downshift of the low-high quartz
inversion from the conventional value of 573°C.?! This lat-
ter observation has been then confirmed through dilatomet-
ric studies.'*!® The average structure was initially refined in
terms of a high-quartz-like lattice, with Mg accommodated
in octahedral cavities within the c-channels of the frame-
work.?. The position of the Mg atoms showed a temperature
dependence and was made responsible for the appearance
of broad superstructure reflections.” However, more recent
investigati0n324’25 assigned a trigonal symmetry to these
phases (ie LQss) even at a Mg- and Al-rich stoichiometry
(Mg 5AlSi0,) and from room temperature up to 1273 K.
This inference would better agree with the positive thermal
expansion displayed by Mg-bearing Qss, in contrast to the
negative one shown by Li-bearing HQss.>?

Consequently, a comprehensive investigation of Qss in the
MAS compositional system was formulated within this study
and performed mainly by X-ray diffraction (XRD). The re-
sults shed new light on the compositional variation of the av-
erage structure and thermal behavior of these phases, which
are of crucial importance for their technological applications
in glass-ceramics.

2 | EXPERIMENTAL
PROCEDURES
2.1 | Sample preparation

The melting procedure of the parent glass has been described
elsewhere.'® The chosen stoichiometry was that of the min-
eral cordierite (2MgO-2A1,05-5Si0,), doped with 8 mol%
TiO, as a crystallization additive, since previous investiga-
tions revealed that this addition catalyzed the formation of
Qss and accelerated the evolution of its lattice parameters
towards those of low quartz during further annealing.'® The
glass was grinded into a powder (5 pm < D5y < 6.5 um and
Dyy < 35 pm, as from a Cilas 1064 laser particle size analyzer)
and ceramized according to the following time-temperature
program: a 5 K min~"! ramp to 950°C or 1000°C, an isother-
mal hold for up to 100 hours, passive furnace cooling. The
nomenclature of the samples was defined according to the
scheme: temperature in degrees centigrade_time in hours.
After its full characterization, specimen 1000_100 was sub-
jected to a further controlled annealing (in the XRD heating
chamber) at 1135°C for 30 minutes. The obtained powder,
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TABLE 1 Lattice parameters a and c, unit cell volumes (UCV) at
room temperature as well as critical inversion temperatures 7, obtained
for all investigated samples from (HT-)XRD. Numbers in parentheses

provide the uncertainty of the last digits

Sample a A) c(A) UCV (A%  T.(°C)
1155 4999 (2) 5421 (4)  117.33(9)  492(10)
1135 5012(2)  5416(3)  117.82(8) 394 (10)
1000_100  5.034(2) 54102  118.74(5)  323(10)
1000_66  5.051(2) 5405(2)  11942(7)  282(15)
100044 5060 (2) 5405(3)  119.83(7)  195(20)
1000_33 5082(2)  5393(3)  12061(7) —
1000_28 5080(2)  5395(1)  12059(5) —
100024  5.095(2) 5385(3) 121.07(7) —
1000_16  5.107(2)  5380(2) 12153 (7) —
1000_8 5124(2)  5374(2)  122.19(6) —
1000_4 5.141(1)  5368(2)  12285(6) —
950_100  5.119(2) 5370(3)  121.88(7) —
950_75 5125(2) 53672  12210(7)  —
950_50 5135(2)  5365(2)  12252(6) —
950_20 5149(1)  5360(2)  123.06(5) —
950_10 5.154(1)  5358(2)  12328(5) —
950_4 5168 (1)  5355(1)  12385(4) —

named 1135, was analyzed and then again heat-treated at
1155°C for 60 minutes, obtaining sample 1155. The ensem-
ble of all prepared samples is listed in Table 1.

2.2 | X-ray diffraction

Room-temperature characterization of the crystallized pow-
ders was performed on an X“Pert Pro MPD diffractom-
eter (Malvern Panalytical), operated at 40 mA/45 kV and
equipped with a copper X-ray tube, rotating powder sample
holder and a Pixcel1D detector (255 channels, 14 mm active
length). The incident beam optics included: 0.5° divergence
slit, 10 mm mask, 0.04 mm Soller slits and 1° antiscatter slit.
The diffracted beam optics included: 0.04 mm Soller slits
and a Ni filter. Measurements were performed in the range
5-140° 20 with a step size of 0.013° 20 and time-per-step of
51 seconds (total measurement duration of 35 minutes).

The high-temperature measurements took place on a
similar Empyrean diffractometer (Malvern Panalytical), op-
erated at 40 mA/40 kV (copper X-ray tube and PixcellD de-
tector) and equipped with a high-temperature chamber (HTK
1200N, Anton Paar), whose temperature calibration has been
previously described.”” The incident beam optics included:
a 0.125° divergence slit, a 4 mm mask, a BBHD mirror,
0.04 mm Soller slits and a 0.5° antiscatter slit. The diffracted
beam optics included: a 7.5 mm antiscatter slit and 0.04 mm
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FIGURE 1 A, Selected range of the diffractograms collected at room temperature from some of the samples (s for spinel, ¢ for

pseudobrookite-like Mg-Al-titanate, p for protoenstatite and Q for Qss); B, results of the Rietveld refinement performed for sample 1000_8 (p

labels the weak protoenstatite peaks neglected during this analysis) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 A, Evolution of the crystalline assemblage of the analyzed powders according to the applied time-temperature program (the

amorphous fraction is neglected); B, variation of the unit cell volume of Qss in the samples during isothermal holds at 950°C, 1000°C and the
further annealing of 1000_100 at 1135°C and 1155°C [Color figure can be viewed at wileyonlinelibrary.com]

Soller slits. The samples were measured at room temperature
and every 20°C between 60°C and 700°C, with the following
measurement parameters: range 5-100° 20, step size 0.026 °
20, time-per-step 40 seconds (total measurement duration of
10 minutes).

Rietveld analysis was executed on the software HighScore
Plus (Malvern Panalytical), employing structural models
for Qss (based on the trigonal structure (P3,21) of Mg-
bearing LQss**), Mg-Al-titanate [COD 2002319], spinel
[COD 9001364], rutile [COD 9015662] and indialite [COD
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FIGURE 3 A, Plot of the room-temperature lattice parameters obtained for Mg-bearing Qss within this work and from some literature

references,5 14,24,26

as well as for pure quar[z3 ! (* labels the value pertaining to high quartz at 600°C). The plot contains also the values obtained

from literature sources for Li-bearing st,lo‘lg'20 for the purposes of comparison. Lines are only meant as a guide to the eye. B, Compositional

dependence of the unit cell volume (UCV) of Qss, including the data from this work (SiO, content computed from the Mg sof in Table 2) and from

some literature references (nominal compositions of the parent glasses) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2  Atomic coordinates and Mg site occupation factor (sof) fitted during Rietveld refinements of the XRD measurements performed at

room temperature on all samples. The last column reports the inferred average SiO, content of the crystals from the values of the Mg sof. Numbers

in parentheses provide the uncertainty of the last digits

Sample Si/Al, x 0, x 0,y

1000_100 0.476 (1) 0.6008 (9) 0.754 (1)
1000_66 0.480 (1) 0.5969 (8) 0.756 (1)
1000_44 0.481 (1) 0.5951 (8) 0.762 (1)
1000_33 0.484 (1) 0.5919 (8) 0.764 (2)
1000_28 0.483 (1) 0.5987 (8) 0.763 (1)
1000_24 0.487 (1) 0.5934 (8) 0.765 (1)
1000_16 0.485 (1) 0.5938 (7) 0.766 (1)
1000_8 0.488 (1) 0.5924 (7) 0.766 (1)
1000_4 0.490 (1) 0.5925 (7) 0.767 (1)
950_100 0.486 (2) 0.5923 (8) 0.767 (2)
950_75 0.483 (1) 0.5937 (7) 0.767 (2)
950_50 0.488 (1) 0.5926 (7) 0.767 (1)
950_20 0.487 (1) 0.5938 (6) 0.772 (1)
950_10 0.489 (1) 0.5934 (6) 0.772 (1)
950_4 0.492 (1) 0.5922 (6) 0.772 (1)

1529492]%; the peaks assignable to protoenstatite were con-
versely too weak to be reliably fitted. The background was
approximated by linear interpolation through setpoints. After
this, scale factors, lattice parameters, specimen shift, Caglioti
profile and shape parameters were manually and successively
added to the refinement, ascertaining convergence of the cal-
culation after each step. The structure of Qss was then refined,

Sio,
0,z Mg, x Mg, sof (mol%)
0.804 (1) 0.177 (8) 0.09 (2) 81 (16)
0.811 (1) 0.151 (9) 0.08 (2) 84 (17)
0.815 (2) 0.143 (8) 0.09 (2) 81 (16)
0.808 (1) 0.114 (7) 0.11 (2) 79 (16)
0.816 (2) 0.100 (9) 0.09 (2) 82 (16)
0.812 (2) 0.097 (6) 0.13 (3) 75 (15)
0.815 (2) 0.089 (6) 0.13 3) 74 (15)
0.814 (2) 0.073 (6) 0.14 (3) 72 (14)
0.816 (2) 0.061 (5) 0.17 (3) 67 (13)
0.814 (2) 0.054 (8) 0.13 (3) 74 (15)
0.818 (2) 0.069 (6) 0.13 (3) 73 (15)
0.814 (2) 0.049 (6) 0.16 (3) 68 (14)
0.813 (1) 0.073 (4) 0.19 (4) 62 (12)
0.814 (1) 0.057 (4) 0.20 (4) 61 (12)
0.810 (1) 0.049 (4) 0.19 (4) 62 (12)

enabling the sof of Mg and all symmetrically unconstrained
atomic coordinates; refinement of the atomic displacement
parameters proved instead unstable and was therefore omit-
ted, fixing their values to those previously determined by
other authors.”* The uncertainty of the values was obtained
multiplying by 3 the estimated standard deviations provided
by the program. The obtained structures were sketched using
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the software VESTA.? No structural refinement of Qss was
applied in samples 1135 and 1155, due to their more complex
phase assemblage.

3 | RESULTS

All the samples that were ceramized at 950°C and 1000°C
contained a similar crystalline assemblage after the anneal-
ing procedure, namely Qss, spinel, pseudobrookite-like
Mg-Al-titanate and a very weak additional signature assign-
able to protoenstatite (Figure 1). The samples obtained after
treatment at 1135°C and 1155°C also contained rutile and
indialite, in agreement with previous investigations of glass-
ceramics of the same composition.l3’30 Increasing annealing
temperatures and time induced a growth in the amount of

are reported for the purposes of comparison. (* labels the values pertaining to high quartz at 600°C) [Color figure can be viewed at

spinel that was accompanied by a shift of the Qss diffrac-
tion peaks to higher angles (Figure 2). The observed shift
mirrored an overall shrinkage of the unit cell (Figure 2B),
consistent with a gradual Si-enrichment of this phase and
similarly inferred by other authors.'>!*

The mutual variation of the a and c lattice parameters
obtained in the samples at room temperature is compiled
in Table 1 and evaluated in Figure 3: the data exhibit a co-
herent trend, in good agreement with the values from Xu
et al (2015)24 and within the scatter range of other available
references for Mg-bearing Qss.>'**® An increase in a is inter-
estingly accompanied by a decrease in ¢ in the MAS system,
whereas a contemporary overall growth of both parameters is
known from the LAS system and here reported for compari-
son.” 820 n addition, the MAS data does not seem to directly
converge toward the values of pure low or high quartz.*' The
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FIGURE 5
of the structures of: A, high quartz,” B,
Mg-bearing Qss in sample 1000_4, C, Mg-
bearing Qss from 24, D, Mg-bearing Qss

Schematic representation

in sample 1000_24, E, low quartz32 (mind
the author’s different origin choice) and F,
Mg-bearing Qss in sample 1000_100, all
viewed along the ¢ direction (red spheres are
O atoms, blue tetrahedra stand for the mixed
Si/Al site and partially filled orange spheres
represent the Mg atoms with corresponding
site occupation factor) [Color figure can be
viewed at wileyonlinelibrary.com]

LQss-to-HQss transition of the LAS samples is particularly
manifested by an evident and abrupt change in the slope of the
data points; in the data produced within this work, a change in
slope is barely visible at an a value of approximately 5.08 A.
An overall dependence of the structural parameters of Qss
on the composition of the crystals is expected from literature.>
Within this work, the Qss stoichiometry had to be estimated
through the sof of Mg obtained during Rietveld refinements,
since all specimens were obtained from the same parent glass.
The computed values (Figure 3B and Table 2) matched satisfac-
torily the scattered trend of the available literature sources,s’24’26
which were indicated based on the nominal composition of the
parent glass annealed to form Qss. However, the determination
using the sof proved less successful at comparatively high SiO,
content (see the four rightmost data points in Figure 3B). Since
the determination of sof’s during Rietveld refinements is far less
reliable than that of unit cell volumes, the latter values were em-
ployed as a “compositional proxy” to plot the variation of some
key structural features of Qss in Figure 4. The corresponding

ournal L=
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values obtained from literature for pure low and high quartz**
and a Qss of composition MgO.SAISiOAt24 are also reported.

As in the latter reference, the trigonal character of the Mg-
bearing Qss structure emerges also from the results of this
work (Figure 5). Moreover a gradual transition is discernible
from a low-quartz-like configuration towards high-quartz-
like features, although the process appears to saturate at an
intermediate state. Si-O-Si angles are strongly affected at
low unit cell volumes (ie high SiO, content) (Figure 4A) and
soon stabilize around ~148°, in accordance with the recent
results of Xu et al.** The longer-range Si-Si-Si angles within
the Qss helical chains parallel to ¢ show a continuous varia-
tion over the studied compositional range (Figure 4B), man-
ifesting a gradual tetrahedral tilt that leads to an increasing
“pseudo-hexagonality” of the c-channels (see the progres-
sion in Figure 5F,D,B,C). Such relations are in agreement
with the description provided by Xu et al,*** who referred
to a tetrahedral rotation angle 6 and remarked the interme-
diate value obtained for Mg-Qss at 299 K (~9.4°), between
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those of room-temperature low quartz (15.8°) and high
quartz (0°). In turn, the distorted octahedral oxygen coor-
dination of Mg appears to achieve progressively higher reg-
ularity with increasing unit cell volume (ie decreasing SiO,
content, Figure 4C). The remarkable x-displacement of the
Mg positions from the center of the c-channels at high SiO,
(well visible in Figure 5F) may indeed only represent an ar-
tefact of the Rietveld refinements, possibly coupled with the
above-mentioned unreliable determination of the Mg sof.
Subsequently, HT-XRD measurements were applied to
some representative samples to investigate the LQss-HQss
transition previously described by other authors>!*1 Figures 6
and 7 report the obtained a and c lattice parameters from room
temperature to 700°C: all samples display positive thermal
expansion, which appears invariably almost linear along the
c-direction, possibly due to the comparatively higher uncer-
tainty associated with these values. In turn, the a parameters

clearly display two expansion regimes in the SiO,-richer
specimens, manifesting a structural transition. This transition
shifted towards lower temperatures and became less abrupt
with decreasing SiO, content, until it was invisible in samples
1000_16, 1000_4 and 950_4 (as also reported by Xu et al*).
The critical inversion temperatures 7, (Table 1) were extracted
from the curves pertaining to samples 1155, 1135, 1000_100,
1000_66, and 1000_44 using the double-tangent method; in
the case of specimen 1000_28, T, resulted instead too close to
room temperature to enable a reliable determination.

4 | DISCUSSION

The obtained results demonstrate that stuffing of the struc-
ture of quartz in the MAS system leads to remarkably differ-
ent effects than in the LAS one. Although an increase in the
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amount of dopants produces in both cases an expansion of the
unit cell, the mutual variations of a and ¢ show strikingly dif-
ferent behaviors. From a structural point of view, Li-bearing
Qss are typically characterized in terms of either fully low-
quartz- or high-quartz-like structures, respectively, at high
and low SiO, content,'®* whereas recent results by other
authors have already pointed out that this views are not ap-
plicable to Mg-bearing Qss.** In fact, according to the results
of the present work, the average structure of these phases
clearly resembles low quartz only at very low Mg + Al con-
tent and approaches a “pseudo-hexagonal” character with
increasing doping, though never actually accomplishing the
fully hexagonal symmetry typical of high quartz (at least at
room temperature).

The occurrence of a compositionally triggered struc-
tural transition at room temperature in the samples analyzed
within this work is deducible from the change in slope in the

a-against-c plot (Figure 3 and more in detail Figure 8A), as
this change is absent in the corresponding values at 600°C.
The high-temperature points moreover agree well with the
high quartz reference,’! suggesting a certain continuity in
their structural evolution, if not a fully high-quartz-like lattice
at this temperature. Concerning the room-temperature data,
they fail to align with either the high or the room-temperature
low quartz references, again supporting the idea of an inter-
mediate structural configuration.

Similar conclusions can be drawn from a correlation be-
tween unit cell volumes and critical inversion temperatures
T.. While T, represents a single value only dependent on
composition, unit cell volumes are also temperature-depen-
dent through the thermal expansion of the crystals, closely
connected to the low- or high-quartz-like character of their
underlying structure. Consequently, only data points corre-
sponding to crystals possessing the same basic framework (ie
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low or high quartz) and collected at the same temperature
can possibly be in mutual accordance. This is in fact the case
in the LAS system (Figure 8c): isothermal and isostructural
straight lines could be drawn for 7, values plotted against unit
cell volumes collected at —173°C (only LQss) and 500°C
and above (only HQss). Room-temperature data are instead
affected by the compositionally controlled LQss-HQss tran-
sition and do not plot on a simple straight line. Concerning
Mg-bearing Qss (Figure 8B), the data points at 600°C agree
reasonably with pure high quartz, while they plot between
low and high quartz at room temperature. This observation
further supports the assertion that Qss, at least at room tem-
perature, cannot be treated as a directly isostructural phase
with either low or high quartz, but rather as a derivative struc-
ture of low quartz (see also the discussion of the tetrahedral

'; C, a similar diagram for Li-bearing Qss, with values determined at —175°C, 25°C and 500/600°C

rotation angle § in Xu et al®). The identified structural dis-
similarities may then account for the positive thermal expan-
sion of these crystals, in fact substantially lower than that of
low quartz but much higher than that of high quartz,*' as pre-
viously pointed out by other authors. >

5 | CONCLUSION

Careful examination of the average structure of Mg-bearing
Qss crystallized in TiO,-doped MAS glass-ceramics con-
firmed the trigonal character of these crystals24 at room
temperature and revealed intermediate structural features
between those of pure low and high quartz. These observa-
tions were expanded by HT-XRD measurements, providing
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a clear characterization of the thermal expansion of the crys-
tals up to 700°C. Critical quartz inversion temperatures 7,
were systematically determined in several samples at SiO,-
rich compositions and included in the crystallographic dis-
cussion. At temperatures above T, a high-quartz-like lattice
is inferable.
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