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ABSTRACT

The thermal expansion behavior of pure, Ge-doped and Li-doped hexagonal
cordierites with respective compositions: 2MgO 2AI2O3 5SiO2, 2MgO 2AI2O3

4SiO2 GeO?, and 2MgO (2+x)Al2O3 (5-2x)SiO? xLioO with x = .174, was
investigated using time-of-flight neutron~powder diffraction at tempera-
tures from 22 to 750°C in vacuum. The data were refined in space group
P6/mcc using the Rietveld method. The lattice thermal expansion curves
of all 3 samples were quite similar. The negative c axis expansion is
associated with (1) displacement of the T2 cations generally toward the
c_ axis channels and (2) changes in the distortion of the coupled T^/M
tetrahedra/octahedra in the structure. Both contributions were present
in all 3 samples but the first was more dominant in the Ge doped sample.
The nature and origin of the distortions in T^ and M are discussed.

INTRODUCTION

Cordierite is a magnesium-aluminum-silicate with the formula 2MgO
2AI2O3 5SiO2» It exists in two stable structural forms: (1) the high
temperature hexagonal form with space group P6/mcc^^ isostructural with
beryl, stable from 1450-l460°C (the melting point),(D also known as
indialite and (2) the slightly distorted and ordered orthorhombic form
with space group Cccm,(3),(4) stable below 145O°C. The hexagonal form can
also be formed at lower temperatures by devitrifying a glass of cordierite
composition at temperatures near 1000°C. '-̂  The transformation of this
hexagonal form to the orthorhombic follows a TTT type of behavior and is
very slow below 1100°C: after 200 hrs at 1100°C the structure is still
hexagonal/6^ On devitrifying the glass at 980°C the first phase to form
is a meta stable stuffed f5-quartz structure of cordierite composition^ '
also refeired to as u-cordierite.'7' After about 2 hrs at 980°C this
transforms to the hexagonal form which is then stable for an indefinitely
long period of time/5'

In this study, only the low temperature hexagonal form was investi-
gated. The objective was to gain an understanding of the negative c axis

*Work supported by Division of Basic Energy Sciences, DOE, Washington, D.C.
on grant # DE-FG02-84ER45053.
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expansion exhibited by this structure and the effect of cation dopants on
the expansion mechanism.

EXPERIMENTAL

Samples were prepared from the component high purity oxide powders
(mostly > 99.999%) correcting for moisture present in these powders.
Compositions were, pure: 2MgO 2AI2O3 5SiO2, Li-doped: 2MgO (2+x)Al2O3
(5-2x)SiO2 xLi20 with x = .174 (about the limit of Li solubility) and
Ge-doped: 2MgO 2AI2O3 4SiO~ GeC^ (nominal). The Li was added as
LiA102- The well mixed powders were melted in Pt crucibles, homogenized
at 1650°C, quenched p.nd devitrified, using procedures described elsewhere.
Devitrification temperatures were: 1000°C for 20 hrs for the Li and Ge
doped samples and 1000°C for 24 hrs followed by 1100°C for 20 hrs for the
pure sample. Samples were hand ground wet to •>» -325 mesh. The Li-doped
sample was ground in 1% HF solution for 15 mins to remove a small amount
of Li2Al2Si3O10 (PDF #25-1183), then washed and filtered. Samples were
checked for phase content, homogeneity and chemical composition by X-ray
diffraction and SEM. All samples were homogeneous and essentially single
phase hexagonal cordierite with no evidence of the orthorhombic form,
i.e. no splitting or broadening of the (211) hexagonal peak at ^ 29.5°26

(65

For the neutron work, approximately 12 gms of sample powder were
packed into a thin walled vanadium can ̂  5 cms long x 1.2 cms in diameter
placed inside a Ta resistance furnace and mounted at the center of the
general purpose powder diffractometer (GPPD) at the Intense Pulsed Neutron
Source (IPNS) at Argonne National Lab. Details of this instrument and its
operation are given elsewhere.(9,10,11) j n brief, the source is a spalla-
tion type emitting pulses 30 times/sec. During each pulse, the neutrons
arriving at the detectors of the GPPD have wavelengths, X, which increase
linearly with time, t. Equating the de Bfoglie relation to the Bragg law
we obtain:

X = ̂  = 2d Sin9 (1)
mL

Here h is Planck's constant, m the neutron rest mass, L the total neutron
flight path from source to detector (21.46m) and d is a particular inter-
planar spacing. Fixed banks of detectors at 28 near 90° and 159° are used
and the neutron counts measured as a function of time from the start of each
pulse (time-of-flight method), rather than as a function of angle. Thus
from eq (1), d = C(e)*t. Since the scattering angle is slightly different
for each detector in a bank (the constant, C(0) is slightly different),
the counts for a particular d from all the detectors in a bank can be summed
in real time and normalized to a particular scattering angle (90° or 159°) ,
a technique known as time focussing. The range of d values covered in
each pulse for the 159° bank was .38 to 2.86A (4 to 30 msec). The resolu-
tion, Ad/d of the GPPD (measured as the FWHM of a peak in terms of d) is
.25% independent of d, compared with * 1% (at 20 = 20°) and -v .2% (at 29 =
80°) for conventional X-ray diffraction. An important advantage of the
IPNS is that the incident beam intensity increases rapidly with decreasing
time, i.e. with decreasing d, up to the top of the Maxwellian distribution
of neutron energies in the incident beam. Furthermore, the neutron scatter-
ing lengths are constant and do not depend on sin 8/X as scattering factors
do for X-rays.

Theseofeatures resulted in diffraction peaks being identifiable down
to d = .54A, whereas the corresponding limit for cordierite with a con-
ventional Guinier X-ray diffractometer and CuKa, radiation was d = 1.27A



(28 = 75°). Runs were made in vacuum (< 10"^ torr) at temperatures from
21°C to 75Q°C. Each run was terminated when the number of counts at the
top of the Maxwellian distribution for the time-focused 159° detectors
reached 2000 (about 3 to 3.5 hrs with the accelerator beam current at
^ 12 yA). The 159° diffraction spectra at each temperature were fitted
to calculated patterns using the Rietveld method^^) modified for time-
of-flight neutron / 1 3 ^

The structural refinements were carried out in the P6/mcc space
group, using the structural data of Meagher and Gibbs' ̂  as starting
values. The final refinement at each temperature utilized 36 variables:
lattice parameters (2), background (2), scale factor (1), profile
halfwidth (2), coordinates not fixed by the space group of the 5 atoms in
the asymmetric unit (7), extinction (1), occupancy of the T^ and T2 sites
constrained by stoichiometry (1), and anisotropic temperature factors (20),
The refinements done in several successive steps all converged to
weighted profile discrepancy factors, R, of less than 5%. R is defined
in eq (2):

R2 = Z Wi[Y-(obs) - S*Y.(calc)]
2/l w±[Y,(obs)]

2 (2)
i X i

where Y^(obs) and Y^(calc) are the observed and calculated counts in the
itn time channel, S is the overall scale factor for the calculated pat-
tern i-.id w^ a weighting factor for the itn channel.

The refined atom coordinates and lattice parameters were used to
calculate all bond distances <. 4A. and all bond angles involving bond dis-
tances _S 3A in the unit cell.

RESULTS AND DISCUSSION

A portion of the neutron diffraction pattern for the pure sample
illustrating a typical fit obtained is shown in Fig. 1. Lattice thermal
expansion data are shown in Fig. 2. The structure of hexagonal cordierite
has been described elsewhereA-^jS) Briefly, the structure consits of
6-membered rings of T2 (Si rich) tetrahedra stacked one above the other,
forming c_ axis channels (Fig. 3). Adjacent rings are rotated t» 30° rela-
tive to each other about the c_axis. Rings are linked to each other
laterally and vertically by T^ (Al rich) tetrahedra and M (Mg) octahedra.
Viewed normal to the c_axis, T2 and K polyhedra alternate, as shown in
Fig. 4.

Data from the refinements were examined to see which structural
features were changing significantly with temperature. The complete data
are listed elsewhere. ̂ ) xhe M-0^ bond lengths increased with a thermal
expansion coefficient of 9.8 t 1 x KT6/°C for all 3 samples. The 0]_(l)-
To-0^(9) bond angle(defined in Fig. 4) decreased from room temperature to
750°C for all 3 samples (107.82° to 106.79° pure, 107.74° to 106.95° Ge
doped, 108.22° to 107.5° Li doped). Similar changes were reported by
Hochella et al.(17) in orthorhombic cordierite. The O^-T^-0]^ angles in
tetra'aedron T^ changed as shown in Fig. 5. The T^ and T2 site occupan-
cies did not change much for the Ge and Li doped sample* (Table I) and
became slightly more random with temperature for the pure sample. For
the Ge doped sample, two models were tried: Ge associated with the Si
(Si model) or with the Al (Al model). The Si model gave slightly better
R values.



Fig. 1. A portion of the neutron powder diffraction pattern from d =
.573 to 1.161A for pure hexagonal cordierite at 22°C. (+) are
the measured data, the solid line is the best fit profile and the
vertical marks are the calculated positions of the reflections.
A difference curve is shown at the bottom. Background was sub-
tracted before plotting.

Fig. 2. Lattice thermal expansion of pure, Li-doped and Ge-doped hexagonal
cordierites. Standard error bars on the individual points are 20
to 40. ppm.



Fig. 3. Projection along the c_axis of the hexagonal cordierite (beryl)
structure in space group F6/mcc. The five atoms in the asymmetric
unit: Ti, T£, M, 0^ and O2 are shown together with the 3 basic
polyhedra: T2, T^ and M from which the structure is built. Each
tetrahedron T^ shares 2 edges with adjacent M octahedra. Each M
shares 3 edges with adjacent T^'s. Origin is at 0.

Fig. 4. Schematic representation of a portion of the hexagonal cordierite
structure viewed normal to the c_ axis. Octahedra M and tetra-
hedra T, alternate along the c_ direction. Tetrahedra T^ (which
share edges with M) are not shown for clarity.

Table I; Fractional Al Occupancies in T^ and T£
(Si model). Standard deviations in the
last digit are given in parentheses.

Temp. °C

Tl

Pure

22

.70(7)

.32(3)

750

.52(10)

•41(5)

Ge

26

.53(3)

.40(2)

Doped

750

.55(5)

-39(5)

Li

21

.85(8)

.24(4)

Doped

75Q

.85(10)

.25(5)

For the Li-doped sample, the Li content was too low to affect the refine-
ment. A model with the Li in the c_ axis channels gave excessively large
temperature factors for the Li; the Li was therefore omitted from the
refinements other than to increase the Al/Si ratio.



Fig. 5. Changes in the 0^-T^O^ bond
angles in tetrahedron T^ with tem-
perature in pure and doped samples
containing Ge and Li. (a) Angle sub-
tended by t*>e top or bottom edges of
T-L (the diagonal lines on T-j. in
Fig. 3). (b) Angle subtended by the
two free (unshared) edges of Tj_. (c)
Angle subtended by the two M-shared
edges of T^.

Fig. 6. Expansion components along
ĉ  in pure and doped samples. (a)
The height, % , of octahedron M
along c_. (b) The height, HT , of the
01(l)-01(9) edge(parallel to c) in
tetrahedron T£. (c) Hjyj + Hj
compared with cQ/2 (dotted).2

Expansion Behavior

The expansion of the structure was resolved into components parallel
and normal to the c_ axis.'**) Expansion parallel to ĉ  consisted of expan-
sion of heights % and HT (defined in Fig. '.-) as shown in Fig. 6. %
decreased with temperature to a shallow minimum around 400°C for all 3
samples while Bj. decreased with temperature above about 400°C. Thus both
Ĥ j and HT are involved in the negative c_ axis expansion. The sum % +
Hr agrees well with half the c lattice parameter as shown in Fig. 6(c).
2 -

Expansion normal to c_ was conveniently expressed as the expansion of
polygons in the basal plane of the unit cell, defined in Fij. 7. Changes
in the areas of these polygons with temperature are shown i: F.g. 8. It
is evident that areas M and P expand with temperature for all 3 samples,
while the area H of the six-merabered rings stays constant or decreases
slightly.



Fig. 7. Division of the basal plane area into hexagons, H, formed by the
outermost (C^) oxygens of a ring of T2 tetrahedra, triangles M
formed by the top or bottom surfaces of octahedra and parallelo-
grams P bounded by H and M, The total area of one unit cell
base = H + 2M + 3P.

Fig. 8. (a),(b),(c). Contributions of the polygons shown in Fig. 7 to
the expansion of the unit cell base for the pure, Li-doped and
Ge-doped samples. The sum: H + 2M + 3P of the contributions is
compared with the cell base area calculated from the a0 lattice
parameter in (d).

An alternate way of showing the expansion effects is shown in Fig. 9.
Here displacements of the 750°C atom coordinates (in the basal plane)
relative to coordinates at 22°C were magnified 20x to reveal the expansion
effects. If expansion in the basal plane were isotropic, on the atomic
scale, displacements of all atoms in Fig. 9 would be radial from the
origin and would increase with increasing distance from the origin. This
is clearly not the case.

Distortion of Polyhedra

From Fn'.q. 9 jt if? evident that with increasing temperature the T2
atom moves significantly inward towards the c_ axis channels for all 3
samples, rather than radially outward from the origin. The 0£ atoms also
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Fig. 9. c. Axis projection of the 3 basic polyhedra M, Tj_ and T- at 22 and
750°C for (a) pure, (b) Li-doped, and (c) Ge-doped hexagonal
cordierite. Displacements of the 750°C atom positions from the
22 C positions have been magnified 20X. Origin is at 0.

move inward towards the origin while the 0^ atoms in tetrahedron T~ move
small amounts approximately circumferentially about the origin. These
movements produce changes in the bond angle distortion index, a, for
tetrahedron T2, as shown in Fig. 10(b). a is defined in eq. 3( 1 8)

{ i o ) ^ ) (3)

where 8^ is the bond angle subtended by an edge of the distorted polyhedron
at the interior atom, 6O is the corresponding angle for the undistorted
polyhedron (109.47° for a tetrahedron, 90° for an octahedron) and n is
the total number of edges. a passes through a shallow minimum around
400°C for the 3 samples. With increasing temperature above ̂  500°C, the
increasing a correlates for all 3 samples with the decreasing H^ (Figs.
6(b) and 10(a)). One can envisage that the inward movement of Tf, length-
ens the T2-01 bonds causing the O1(l)-T2-O1(9) bond angle to decrease and



Fig, 10. Variation of the bond angle distortion index, cj, (degrees) with
temperature for (a) tetrahedron T2, (b) tetrahedron T± and
(c) octahedron M.

% to decrease. The movement of T2 with increasing temperature in Fig.
7 is approximately away from the Mg atom at M in all 3 cases. Possible
reasons are discussed elsewhere.' » ^

The distortion of the 1± tetrahedron is much more severe than that
of the T2, and decreases with increasing temperature as shown in Fig. 10(a)
and (b). The distortion is torsional about an axis parallel to £ and
passing through the Ti atom such that one pair of Oi-Ti-O^ bond angles
(the pair subtended by the free edges of T^) is much larger, at ̂  124° than
the second pair at ^ 96°, subtended by the M-shared edges (Fig. 5). The
angles subtended by the top and bottom edges are relatively undistorted.
The distortion of the K ictahedra is also severe and increases with increas-
ing temperature (Fig. 10(c)).

The cause of the M and T-̂  distortions appears to be that the M and T^
polyhedra form rings surrounding the rather rigid 6-membered rings of T2

tetrahedra (Fig. 3). The circumference of the M-T^ rings would be too
small to fit around the 6-membered rings if the M and T^ polyhedra were
undistorted; to fit around the 6-membered ring the M and T^ must be stretched
circumferentially into their distorted shapes. Hence these polyhedra are
extended in the circumferential direction and shortened in the c_ direction.
M and T^ are constrained to have the same heights in the c_ direction by
the space group.

With increasing temperature, the M-0^ bonds expand, relieving some
of the torsional distortion in T, but increasing the distortion in M. Pos- .
sible reasons for the negative expansion of HM up to 400°C are discussed
elsewhere.(8»16>
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Effect of Dopant Cations

The Ge and Li doped samples had larger T2 tetrahedra and larger Hx
values (Fig. 6(b)) than the pure sample, due to the larger Ge"™ ion size
and the increased Al/Si ratio in the Li doped sample. The average T2-0
bond lengths at room temperature were; 1.6481 pure, 1.655A Li doped and
1.658A Ge doped. The size of the 6-membered T2 ringo was also larger in
the doped samples (Fig. 8(c)) for the same reason. As a result of the
larger T 2 ring size, the distortion of the T^ polyhedra was also larger
in the doped samples (Fig. 10(b); however, the H^ values for all 3 samples
were about the same (Fig. 6(a)). Evidently the expected decrease in H^
from the increased distortion has compensated for the expected increase in
Ufa from the larger T^ cation size in the doped samples.

The changes in % and H^ with temperature are quite similar for the
3 samples. The Ge doped sample shows a slightly smaller negative con-
tribution from Ufa and a slightly larger one from Hx than the pure sample
(Fig. 6). Experiments with dopants producing large? effects are in
progress.

CONCLUSIONS

Lattice thermal expansion coefficients for the samples investigated
are all very similar: pure; aa = 2.781, ac = -1.351 x 10'^c"

1, Li doped;
aa = 3.155, ac = -1.228 x lO"

6^ 1, Ge doped; aa = 2.943, cxc = -1.545 x
10~6c~l from room temperature to 750°C,

The negative c_ axis expansion results from two contributing effects:
(1) displacement of the T2 cations generally inward towards the c_ axis
channels and (2) changes in the distortion of the coupled T^ and M poly-
hedra. Both contributions are present in all 3 samples with the first
more dominant in the Ge doped sample.

The severe bond angle distortion of the T^ and M polyhedra apparently
results from the fact that these polyhedra form rings which are stretched
around -the circumference of the 6-membered rings of T2 tetrahedra in
the structure.
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