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Abstract

Traces of OH groups have been identified in the infrared absorption spectra of a nominally anhydrous synthetic mullite single crystal. The OH
absorption profiles were resolved with four peaks for polarizations E//a, E//b and E//c, respectively. The integrated absorption intensities correspond
to an H,O content of about 10 ppm (wt) using an average extinction coefficient according to the mean wavenumber relation. The length of O;-H- - -O,
bonds (O;-H hydroxyl groups with hydrogen bridging towards a neighboring oxygen, O,) range between 276 and 314 pm following empirical
relations for hydrogen bonding in aluminosilicates. According to lattice energy calculations the infrared peak positions can be associated with
two different classes of hydrogen positions assuming a substitution Si* <> 4H*: one type of H atoms is bound on tetrahedral faces of substituted
Si-sites involving intense O;—H- - -O, hydrogen bridging. A second type of H atoms form more isolated O-H groups directed into the structural
channels of mullite running along the crystallographic ¢ axis. These OH dipoles show polarizations perpendicular to the ¢ axis. A third type of OH
dipole is oriented parallel to the ¢ axis and could be assigned to appropriate pairs of oxygen in two neighboring unit cells, e.g. O,—H: - -O,,.
Heating experiments for 12h at 1200°C, 6h at 1300°C and 4 h at 1400 °C reveal a significant decrease of OH concentration on ppm level.
OH absorption profiles measured on cross-sections by infrared microscope technique yielded for example at 1300 °C diffusion coefficients of
D,~Dj,~8 x 10~ (parallel to the a and b axis) and D, ~ 1.5 x 1078 cm?/s (parallel to the ¢ axis). The observation D.> D, &~ D,, corresponds
to a preferred diffusion parallel to the structural channels in ¢ direction. The temperature dependence of the diffusion coefficient D, of hydrogen
outward diffusion is described with an Arrhenius activated behavior (190 kJ/mol). It includes the diffusion coefficient of hydrogen inward diffusion,

which was obtained by submitting originally H-free mullite at 1670 °C to a water-rich atmosphere.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past decades numerous studies have demonstrated
that natural and synthetic nominally anhydrous samples can
incorporate significant traces of OH species.'™ Hydrous com-
ponents in rock-forming nominally anhydrous minerals of the
earth mantle are very important for the understanding of many
geological processes concerning melt viscosity, crystallization
processes and the global cycle of hydrogen.®® A comprehen-
sive overview of properties of water in nominally anhydrous
minerals has been published recently.? Investigations of the OH
incorporation and OH content in the technical important mate-
rials like quartz, a-alumina and a-alumina ceramics show that
there exists a strong correlation between OH incorporation and
the mechanical properties.'0-12

Mullite is an important phase in ceramics used for high
temperature applications.'>!% Traces of OH formation were
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observed in initially OH-free crystals after treatment in water
vapor-rich high temperature (1600 °C) environments." Eils et
al.!o related the formation of OH to bond breaking effects
of Si—O-Al by H,O involving diffusion of H and/or OH
species, and to a counter diffusion of positively charged impu-
rities (Li, Na). According to recent results with the micro-spot
LA-ICP-MS technique (laser ablation inductive coupled mass
spectrometry) an impurity counter diffusion mechanism can be
ruled out.!” These studies provided evidence for an inward but
no outward diffusion of Na and also of Mg. The foreign cations
are enriched in melt bottles at the surface of mullite indicating a
significant contamination coming from the furnace atmosphere
in these types of experiments. Charge compensation of inward
migrated H, Na, and Mg atoms can be achieved via the addition
of 0>~ anions through anion defects. Another even more likely
compensation mechanism suggests an equivalent defect forma-
tion on cation sites of the form Si** < 4H*, Si** < Na* + 3H*,
AP* & 3H*, etc.!8

For a better understanding of these complex processes, it is
necessary to investigate the H bonding (OH formation) in mul-
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lite in more detail. A standard method to analyze OH species, i.e.
their quantification and structural bonding, is infrared absorp-
tion spectroscopy, using empirical relations in both cases!'®-2?
which is applied here. This investigation is focussed on mullite
single crystal plates prepared from a suitable as grown sin-
gle crystal which contains already suitable OH concentration
homogeneously distributed in the as received state. Specimens
were specially designed in order to enable cross-section mea-
surements in two independent directions of outward diffusion
profiles by microscope technique. Thereby an accurate determi-
nation of the anisotropic diffusion coefficients is possible. Due
to the close structural similarities of mullite and sillimanite, the
latter has been included in the discussion.

2. Experimental details

For the experiments a single crystal containing OH in the
as received state grown by the group of S. Uecker (Insti-
tute for Crystal Growth, Berlin-Adlershof, Germany) using the
Czochralski technique. Crystal plates cut from this material was
also used in previous studies'® together with a mullite single
crystal which does not show OH in equivalent thick plates in the
as received state. It was analyzed that the chemical composition
of the mullite single crystals corresponds closely to 2/1-mullite
(2A1p03-1Si02; Pbam; a =758 pm, b =768 pm, ¢ =289 pm).

For the heating experiments plane parallel crystal plates
of size Smm x Smm x 1.7mm were used. For the determi-
nation of the anisotropic diffusion coefficients single crystals
plates were cut into cuboids with edge length of about
1.7mm x 1.7mm x 5 mm. The surfaces were polished to high
optical quality as described earlier.'® The cuboid samples were
placed into a platinum crucible which has the form of a one side
open cylinder of 5 mm diameter and 8 mm height. The plate sam-
ples were placed as a hut on top of the crucible. Heating times
were 4, 6 and 12 h at T = 1400, 1300 and 1200 °C, respectively,
using different atmospheric conditions. For the experiment at
1200 °C a standard furnace (Nabertherm LO8/14 equipped with a
C 19 program controller) was used and the sample was heated in
usual air conditions of the oven. The other experiments were car-
ried out under well-defined conditions using a TG/DTA (thermo
gravimetrical/differential thermal analyzer) controlled device
(Setaram setsys evolution 1650). Before starting an experiment
the sample chamber was evacuated and then filled with He. Dur-
ing the experiments a constant He flow rate of 50 ml/min was
conducted. A heating/cooling rate of 15°C/min was used in
the range between 20 and 1000 °C and of 20 °C/min between
1000 °C and Tx.

All specimens were investigated by optical microscopy and
polarized infrared spectroscopy (IR) in the range between 400
and 7000 cm~!. Orientations were determined by infrared spec-
tra in reflection mode according to the known components.?3~2
For standard measurements crystal plates of suitable size were
measured under evacuated conditions (Bruker IFS 66v, MCT
detector and DTGS detector) using mm sized well defined
apertures. Smaller sized specimen and profile measurements
were investigated by microscope technique (Bruker IFS 88
with attached microscope IR scope II and equipped with an

MCT/InSb sandwich detector cooled by liquid nitrogen) before
and after the heat treatment. For the determination of diffu-
sion profiles cross-sections of suitable thicknesses (see below)
were cut perpendicular to the plate surface and for the cuboids
perpendicular to the long extension of the specimen axis with
defined main orientation. Surfaces were also polished to high
optical quality. Spectra were taken with rectangular apertures
of 0. mm x 0.0l mm using polarized light (KRS 5) in an
analogous way as described in the earlier diffusion profile
measurements.'® Further information of polarization depen-
dences are given in the text below.

Sillimanite specimen were cut from gem grade optically clear
sillimanite single crystals of locality Sri Lanka and are of the
same origin as used in previous study>* which were charac-
terized by IR reflection spectra and XRD data (a=748.8 pm,
b=768.1pm, ¢=577.7pm in Pbnm equivalently oriented to
mullite).

3. Results and discussion
3.1. Hydrogen bonding in mullite

The infrared absorption (IR) spectra of 2/1-mullite single
crystals in the as received state display a significant OH con-
tent. The OH groups are homogeneously distributed through the
crystal plates. The IR spectra measured for polarizations E//a
and E//b are in good agreement with the results obtained from
all measurements of water vapor (at 1670 °C) treated samples
being free of OH in the as received state.'® This implies that
hydrogen bonding is essentially of the same type in all mullite
samples investigated so far. Also the new measurements of the
E/lc component agree with spectra from mullite treated at high
temperature in water-rich atmosphere.'> An overview of all OH
absorption characteristics is shown in Fig. 1 with the Lorentzian
profile analyses. As can be seen a very good agreement between
measured and least square fitted Lorentzian is obtained using
a minimum of four peaks for each component. The values of
the fit are given in Table 1. As shown by Eils et al.'® for the
Ella and E//b spectra, an additional peak for the E//c component
compared to the earlier result by Riischer et al.'> has to be taken
into account, too.

Knowing the total intensity of the OH absorption the total
OH content was estimated using the Lambert—Beer law:

1.8024;

c(HyO, wt%) = deipnt
1

ey

where A; is the integral absorption, d the sample thickness (cm),
om the density of mullite: 3.166 g/cm® and &; is the integral
molar absorption coefficient in (1 mol~! cm2).

Since the specific single peak absorption coefficients are
unknown for mullite a “mean wavenumber relation” has been
used for the integral molar absorption coefficient following
Libowitzky and Rossman®® as

2 ViAj

e = 246.6(3753 —v), v = Sy
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Table 1
Results of Lorentzian peak fitting of OH profiles of polarizations E//a, E//b, and E//c
Peak Peak position (cm_]) Peak height (cm_]) Damping (cm_') Integral intensity (cm_z) O;-H---Oz (pm) H---O; (pm)
Ella
1 3346 0.02 119 4 277 188
2 3448 0.11 100 18 284 197
3 3550 0.07 66 8 300 214
4 3600 0.09 58 8 oo 235
Ellb
1 3370 0.02 132 4 278 190
2 3460 0.16 107 27 285 199
3 3537 0.17 73 20 296 211
4 3592 0.07 40 4 oo 230
Ellc
1 3367 0.02 180 6 278 189
2 3457 0.07 100 10 285 198
3 3510 0.09 76 10 291 206
4 3577 0.02 45 2 314 223

O;-H- - -O; and H- - -O; distances are calculated using peak positions and Eqgs. (4) and (5), given further in the text below.

where v is the mean wavenumber of the OH stretching bands,
v; the wavenumber for peak j and A;; is the peak area for peak
i=1,2,3;j=1,2,3,4.

The calculation reveals an absolute H>O content of about
10 ppm for the mullite single crystals containing OH in the as
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Fig. 1. Infrared absorption spectra in the range of OH stretching excitation
of mullite for polarizations E//a, E//b, and E//c (scattered line) and results of
Lorentzian curve fitting with four peaks and their sum spectra (solid lines) for
each component.

received state. The components for E//a, E//b and E//c contribute
to about 32, 55 and 23%, respectively, to the total OH content
of the mullite. Each component of the OH spectra (Fig. 1) may
enclose a significant distribution of OH dipoles according to the
complex real structure of mullite.!?!#?8 The data in Table 1
collects the results using a minimum number of four peaks for
each direction which provides a suitable approximation of the
spectra. The question is if each of the four peaks belongs to a
component of the same OH dipole. In an orthorhombic crys-
tal matrix containing an isolated OH dipole of fixed frequency
and defined orientations to the crystallographic axis the relative
intensity contribution for E//a, E//b and E//c can be used for the
determination of their orientation according to®’:

Iy

1 1

L =cos}(@,), - =cosA(Op), = =cos}(O),
ot ot liot

and Lo =1I,+ I+ Ic (3)

where I, 5 . are the absorption peak intensities of the OH dipole
parallel to the a, b and ¢ axis and @, . are the angles of the OH
dipole axis relative to the a, b and c axis. Since the half width
of the peaks becomes very large for peaks 1 and 2 their peak
position seems to be most uncertain compared to those of peaks
3 and 4 in Table 1. It may be suggested that peak 1 coincides in
peak position for E//a, E//b and E//c. The same could be true for
peak 2. Therefore, the appropriate (average) orientations of OH
dipole axes towards the crystallographic axis may be calculated
using Eq. (3) for peak 1 (®,p,=57°, 59°, 48°) and for peak 2
(Bup=55°45°, 64°). Similarly the peak 4 could be adjusted
to the same maximum position implying major components in
E//a and E//b and a smaller one in E//c, revealing ©,p =40°,
57°,71°. Assuming that peak 3 of E//a and E//c coincides which
suggests an orientation of about 45° with respect to the a and b
directions with a negligible component parallel c. On the other
hand peak 3 of E//c does not show any counterpart in E//a and
E//b which implies an orientation parallel to ¢. According to
this there are “only” five different OH dipoles of distinct main
orientations in mullite. However we may also note, that the qual-
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ity of fit becomes less good using fixed average peak positions.
Increasing the number of peaks was also unsuccessful.

Using further on as one parameter the empirical relations for
the effective hydrogen bonding O;—H- - -O; (O;—H and H- - -O»
denote the shorter and longer length in a hydrogen bond) and the
long H.- - -O2 distances (both in pm) as given by Libowitzky??:

—(01-02))

13.21 @

woo (em™ 1) = 3592 — 304 x 10° exp (

WHO (cm_l) =3632—1.79 x 10° exp <_<HO2>> (®)]

21.46
the frequencies would correspond to values in the range between
276 and 314 pm and between 188 and 235 for wop and wyo,
respectively (Table 1). A possible way of finding the proton sites
is to compare all O-O distances of mullite and the suggested
dipole orientations which may separate specific localization of
protons in the structure. A similar strategy was followed by
Stalder?® for OH formation in enstatite. Following this for mul-
lite the calculated OO, (Table 1) are consistent with O-O
distances on the faces of the tetrahedron (T) type polyedron
(277-288 pm) and longer distances involving neighbouring oxy-
gen through the channels (293-312 pm) (for structural details
compare Angel and Prewitt?®). According to Eq. (4) peak 3 in
E/lc corresponds to a linear Oj—H. - -Oy distance of 291 pm,
which is very close to the c lattice parameter of 2:1 mullite
(289 pm). Therefore, this peak could be assigned to proton local-
izations between corresponding oxygen pairs of two neighboring
unit cells along c, e.g. as O,1—H---O. along the tetrahedral
double chains (see below).

Sillimanite, Al4Si>O19, is structurally and chemically closely
related to mullite, Al442,Sir_2,010—x. Both minerals are charac-
terized by chains of edge-connected [AlOg] octahedral running
parallel to the crystallographic c axis. The octahedral chains are
linked by (ALSi)O4 tetrahedral double chains with ordered Al
and Si in the case of sillimanite. For mullite the double chains
are disturbed in a way that a number of Si is substituted by
Al formally described by 2Si** + 0%~ = 2AI** + V (V = oxygen
vacancy). This means that for charge compensation a bridging
oxygen of the tetrahedral double chains becomes removed (V)
and related tetrahedral cations are moved to new T* sites. 2:1
mullite, x=0.25, contains one oxygen vacancy per four unit
cells. It is interesting to compare the sillimanite OH absorption
spectra to those of mullite as shown in Fig. 2. The sillimanite
spectra are in very good agreement with the results of earlier
investigations,>*3! both in peak positions and anisotropy and
even tentatively in the order of magnitude of total absorption.
From heating experiments Beran et al.’! estimated a maxi-
mum amount of bound OH in sillimanite of about 200 ppm
(wt, HyO). Compared to sillimanite the total OH absorption
intensity for the mullite is lower, corresponding to 100 ppm (wt,
H,0) for the here measured sillimanite. Beran et al.° assigned
the E//a polarized peaks between 3200 and 3300cm™' to Al
vacancies on tetrahedral sites (Aly) and corresponding hydro-
gen bridging along the “Al,”O4-tetraeder edge (Op—O,) being
about 289 pm in length. The peak at 3550 cm™! has components
in E//a and E//b. The corresponding OH dipole could be ori-
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Fig. 2. Mullite spectra for E//a, E//b, and E//c from Fig. 1 compared to cor-
responding components of sillimanite single crystal plates (gem quality). Note
that the mullite spectra were multiplied by a factor of 3 for better comparison.

ented from one Oy, position near an empty tetrahedral site Al
to another Oy, in a further distance away (b/2).3° This implies
that the bridging O1,—H- - -O,;, is weaker (higher wavenumber
peak) compared to the Ojp—H---O, one (lower wavenumber
peaks). Natural sillimanite contains significant amounts of impu-
rities, e.g. Fe, Cr,%% and the OH absorptions could be influenced
by such substitutions®® for the strong peaks between 3200 and
3300 cm~! and at 3550 cm ™. For mullite OH absorption occurs
between 3350 and 3600 cm™!. It could be associated to similar
absorption peaks of sillimanite which underlie the strong peak
at 3550 cm™~! but could not further be separated.

Ab initio molecular orbital calculations on a variety of hypo-
thetical aluminosilicate molecules by Kubicki et al.>! reveal
interesting correlations of OH frequencies and O1—H- - -O, dis-
tances and angles which have to be taken into account for the
use of empirically determined relations. The results may be
summarized as follows:

i. The OH frequency decreases linearly between 2100 and
3800 cm™! for a variation in O;—H length between 104 and
92 pm.

ii. For H- - -O, distances larger than 200 pm the OH frequency
dependence is cut off above about 3750 cm™!.

iii. O;—H---O; bonding angles larger than 100° produce a
broader range of OH frequencies as compared to OH vibra-
tions with smaller angles. Also, larger angles allow for
stronger H bonding, which means that frequency shifts can
be larger with increasing angles.
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Table 2

O;-H. - -0, distances and angles of energy minimized 2 x 2 x 2 sillimanite unit cell with an exchange of 1Si** < 4H* using GULP

Hydrogen Position O;-H (pm) 0O,-H (pm) O1---02 (pm) Angle O1-H-0, (°) OH-dipole angle
with respect to a/blc

H1 T 114.9 156.0 259.5 146 25.9/73.5/70.1

H2 T 112.9 166.8 271.6 151 79.0/49.9/42.2

H3 Terminal 105.2 211.1 284.7 125 18.6/71.7/86.8

H4 Terminal 99.7 201.4 264.2 118 64.6/25.6/87.1

The absolute energy arrived at —1147.22 eV (unrelaxed lattice) compared to the fully optimized sillimanite structure of —1155.19 eV, which well agree to published
data for sillimanite. T": proton close to tetrahedral site where the Si** has been before.

iv. Correlations among H bond distances, O;—H- - -O; angles
and O1-H bond lengths can obscure the effect of any one
parameter calculation on vibrational frequencies.

From our observations of peak positions between 3600 and
3346 cm™! and according to the relation in (i) imply O1-H bond
length between 95 and 99 pm. For a further understanding of
the hydrogen bonding in mullite some first steps of calcula-
tions were carried out using the computer program GULP.>?
The basic idea was to start from a 2 x 2 x 2 sillimanite lat-
tice cell and to substitute one Si** by 4H* with some arbitrary
placements. The preliminary results show (Table 2) a very good
energy minimum. The final result is shown in Fig. 3. Two pro-
tons (H1/H2) are localized within the vacancy—or to be more
accurate, they occupy sites on the tetrahedron faces. Two fur-
ther protons (H3/H4) are localized within the channels running
parallel to the ¢ axis of mullite (Fig. 3). Following these results
peaks 1 and 2 (Table 1) can be assigned to stronger hydrogen
bridges between oxygen on tetrahedral faces whereas peaks 3
and 4 are assigned to O-H dipoles directed into the channel.
The calculations show optimised O1—H lengths (Table 2) of
115/113 pm (H1/H2) and 105/100 pm (H3/H4) related to OH
dipoles in tetrahedral sites and terminal directed OH, respec-
tively. Conclusively HI/H2 and H3/H4 possess stronger and

n

Fig. 3. Projection of an energy minimized 2 x 2 x 2 sillimanite structure along ¢
including an exchange of 1Si** < 4H* using GULP (compare Table 2 and text).
Shown are the hydrogen localizations H1-H4 and the sillimanite tetrahedra and
octahedra units.

weaker hydrogen bonding, respectively. Additionally it comes
out that the latter OH bonds are polarized with components paral-
lel to the (0 0 1) planes whereas the former show angles between
30° and 80° with respect to the direction of the crystallographic
axis. Similar observations were discussed above. The results of
these calculation cannot explain a dipole orientation parallel to
the crystallographic ¢ axis implied by peak 3 for E//c, which
becomes, however, not energetically favourable.

3.2. Hydrogen diffusion in mullite

Investigations on the hydroxylation of mullite single crys-
tal (00 1) plates have shown a significant inward diffusion of
species within short periods of times (<12h) at high temper-
ature in a water-rich slowly flowing reaction atmosphere.'>16
Dry conditions at the end of the experiment indicated strong
outward diffusion profiles. This implies immediately that a mul-
lite sample containing homogeneously distributed OH groups
as characterized above can be used for quantifications of out-
ward diffusion profiles arrived in systematic investigation under
dry conditions. Results of such investigations are collected in
Figs. 4-7. Diffusion data were calculated according to the solu-
tion of Fick’s second law for a constant surface concentration®3
at different temperatures:

n(x) = (ng — ng) erf ( (6)

X
2Dt > s
where n is the concentration, ng the concentration in the bulk, rg
the concentration at the surface, x the distance, D the diffusion
coefficient and ¢ is the time.

Calculated diffusion curves are shown for one half of the
specimen (Figs. 4, 5 and 7). In a first step relatively large (00 1)
crystal plates (5 mm x 5 mm x 1.7 mm) were used for diffusion
experiments parallel to the ¢ axis (D). Diffusion profiles were
measured in cross-sections of the crystal cut parallel to the b
axis being heated at 1200 °C (12 h) and 1300 °C (6 h), which are
given in Fig. 4 (top and bottom), respectively. The profiles were
measured for the absorption components with the electrical field
polarized parallel to the b axis. The level of sensitivity was suffi-
ciently increased by measuring the change in spectra relative to
the midpoint of the profile section and calibrating the absolute
value to the spectra of the untreated mullite given in Fig. 1. The
intensities given in Figs. 47 are taken at a fixed frequency, which
is useful since the shape of the absorption characteristics remains
essentially the same over the crystal. There is a clear plateau of
the intensity in the middle of the crystal (Fig. 4). As verified
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by the calculation using Eq. (3) the plateau indicates no loss
of OH concentration in this part of the crystal. The calculated
absolute value of the diffusion coefficient depends sensitively
on the concentration variation close to the surface in the range
0.1-0.2 mm which is difficult to obtain with higher accuracy
than +50% of the absolute value. Another reason for surface
alteration of the mullite plates during the heating experiments
certainly is contamination from the furnace atmosphere. If, for
example mullite is annealed in air furnaces in alumina tubes and
alumina crucibles often local surface melting and recrystalliza-
tion of a-alumina within such melt bottles is observed.!®!7 This
effect is not restricted to water-rich slowly flowing atmosphere
but can also be seen in dry air conditions as well (photograph
inside Fig. 4, top). On the other hand, in high temperature inert
gas experiments (e.g. He atmosphere), the surface alteration is
reduced the cleaner the total environment is. The very weak sur-
face alteration observed typically in such type of experiments is
shown in the photograph inside Fig. 4 (bottom).

Further diffusion experiments were carried out using sam-
ples cut into cuboids of 1.7 mm x 1.7 mm X 5 mm in size. This
technique enables diffusion profile evaluation for the determi-
nation of diffusion components of sufficient high precession in
two directions perpendicular to the long extension of the spec-
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Fig. 4. Absorption profiles for diffusion component D, as measured for polar-
ization E//b of cross-section cut from mullite (00 1) plates heat treated at
1200 °C/12 h (top) and 1300 °C/6 h (bottom) as denoted. Solid lines show profile
calculation using Eq. (6) and diffusion coefficient as given. Optical micrographs
inside show the plates after the heating experiment in air furnace atmosphere
(1200 °C) and under flowing He (1300 °C), respectively.
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Fig.5. Absorption profiles for diffusion components D, (top) and D, (bottom) as
measured for polarization E//a of cross-section cut from mullite [0 1 0] cuboids
heat treated at 1300 °C/6 h, in flowing He. Solid lines shows profile calculation
using Eq. (6) and diffusion coefficient as given (note different thicknesses of
cross-section for D, and D).

imens (Figs. 5-7). Strong anisotropic diffusion is obtained at
1300°C with D.=1.5 x 1078 cm?/s being much larger com-
pared to D, =8 x 107'%cm?/s (Fig. 5). Presently we cannot
explain the difference of the outward diffusion curves parallel to
¢ near the surface under the same conditions (6 h, 1300 °C) for
the cuboid and platy sample (Figs. 5 and 4, bottom). The differ-
ent curves could be related to different surface related effects but
also to changes in the diffusion mechanism during the experi-
ment. However, both profile forms can be described with the
same diffusion coefficient. A strong anisotropy with D, <D, is
observed in the 1400 °C samples, too (Fig. 6, compare profiles
for diffusion //a and //c at 4 and 5 h, respectively). Additionally
the results obtained from the 3 and 4 h experiments show the
time dependent progress of diffusion. In diffusion experiments
parallel ¢ (D//c) there is evidence that the diffusion slows down
with time. Tentative calculations using Eq. (6) yield a diffusion
coefficient D~ 3 x 1078 cm?/s ignoring the flattening effect
towards the surface. For diffusion parallel to the a axis a value
of D, ~ 8 x 107 cm?/s is estimated. It is interesting to see that
for the diffusion parallel to a and b any anisotropy is within
the experimental error with a calculated diffusion coefficient of
Dap~9 x 107% cm?/s (Fig. 7).

The obtained diffusion coefficients from outward diffusion
experiments (depletion of OH) are collected in Fig. 8 together
with earlier results obtained at higher temperature for inward
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Fig. 6. Absorption profiles for diffusion components D, (top) and D, (bottom) as
measured for polarization E//a of cross-section cut from mullite [0 1 O] cuboids
heat treated at 1400 °C/3 h (closed symbols) and 1400 °C/4 h (open circles, con-
nected by solid line). Note individual length in each case, the systematically
advanced diffusion for the 4 h with respect to the 3 h treatment and for diffusion
parallel to ¢, compared to diffusion parallel to a.

diffusion'® and for 130, 2°Al, and 3°Si tracer diffusion exper-
iments by Fielitz et al.>* It can be seen that the diffusivities
leading to OH formation (at 1670 °C) and to decreased OH
concentrations (at 1400—1200 °C) are four to five orders of mag-
nitude larger compared to tracer diffusivities of lattice atoms.
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Fig. 7. Absorption profiles for diffusion components D, (closed symbol) and
Dy, (open circles connected by solid line) as measured for polarization E//a of
cross-section cut from mullite [00 1] cuboids heat treated at 1400°C/4h, in
flowing He. Thin solid line shows profile calculation using Eq. (6) and diffusion
coefficient as given (note different length of specimen for D, and Dj).

1670°C 1400°C  1300°C 1200°C

0.50 0.55 0.60 0.65 0.70
1000/T [1/K]

Fig. 8. Arrhenius plot of 2/1-mullite single crystal tracer diffusion coefficients
of 308 (filled circle), 2°Al (filled square) and 180 (open triangle) from Fielitz et
al.,>* OH formation at 1670 °C in H,O rich gas and OH depletion at 1400, 1300
and 1200 °C heating under dry atmospheric conditions from Eils et al.'® and this
work (open circles and + for D, and x for D,,, D},). Thick solid line, thin solid lines
and dashed line mark Arrhenius behaviour for, D.-OH formation/depletion and
180, 26Al, 39S tracer diffusion, respectively. Line connecting D, components
at 1400 and 1300 °C indicate higher activation energy compared to E, of D, for
OH depletion.

The data for outward diffusion can be described by an Arrhenius
activated behaviour:

Ey
D = D, exp <_kBT> 7
where kg is the Boltzmann constant (1.38066 x 10~20kJ/K),
D, the pre-factor (T=o0 value), E, the activation energy and
T is the temperature (K), with E; of about 197 kJ/mol (2eV)
which includes the value for inward diffusion at 7=1670°C,
too. Data extrapolation implies a pre-factor in the range 0.1 < D,
(cm?/s)<0.01 for the diffusion component D, which is of the
same order also obtained for 130 diffusivity.3* For diffusion per-
pendicular to the ¢ axis the data imply a higher value of E, (and
D,) which indicates a different mechanism of diffusion with a
higher effective activation energy of corresponding defect for-
mations compared to D.. The activation energies of diffusion
of 30Si, 2°Al and '80 are given by 612, 517 and 433 kJ/mol,
respectively,>* which are more than twice as large as the acti-
vation energy for diffusion of OH forming species for the D,
component.

4. Summary

Hydrogen bonding in mullite is characterized by four
Lorentzian peaks for E//a, E//b and El/c, respectively. The
peak positions imply three different classes of hydrogen sites:
(i) on tetrahedron faces with stronger hydrogen bonding; (ii)
within the structural channels forming relatively isolated OH
groups polarized perpendicular to the crystallographic ¢ axis;
(iii) OH dipoles strictly polarized parallel to the ¢ axis, which
are assigned to Oj—H---Oj pairs of corresponding oxygens
in two neighboring cells along c. Lattice calculations show
energetically favorable proton localization for the first two
cases. Polarized infrared spectra for the structurally closely
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related natural mineral sillimanite support earlier results.3%-3!
The peaks of much stronger absorption intensities for sillimanite
compared to mullite which are also at different peak positions
are explained with coupled substitutions involving transition
metal impurities. The weaker absorptions characteristics in the
sillimanite spectra in the range between 3400 and 3600 cm™!
are similar to those obtained for mullite.

Hydrogen diffusion shows a significant anisotropy
D.>D, = D;, evaluated for depletion of OH bonds in dry
atmospheric conditions at 1400 and 1300 °C. Arrhenius acti-
vation energy for hydrogen diffusion parallel to the ¢ axis is
about 192kJ/mol when the data obtained for inward diffusion
at 1670°C are included, suggesting the same mechanism in
both cases. For diffusion parallel to a and b a higher activation
energy is indicated implying a different mechanism. The tracer
diffusivities of the lattice species 180),26 A] and 3°Si were related
to appropriate vacancy formations [V”gi], [V"], and [Vo**]
(Kroger—Vink notation)>* which requires more than twice as
much in activation energy compared to the activation energy
necessary for hydrogen diffusion along c. Therefore hydrogen
diffusion mechanism for D, may involve a coupled mechanism
of vacancy formation enabling an enhanced effective proton
diffusion which is related to the structural channels along c.
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