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bstract

races of OH groups have been identified in the infrared absorption spectra of a nominally anhydrous synthetic mullite single crystal. The OH
bsorption profiles were resolved with four peaks for polarizations E//a, E//b and E//c, respectively. The integrated absorption intensities correspond
o an H2O content of about 10 ppm (wt) using an average extinction coefficient according to the mean wavenumber relation. The length of O1–H· · ·O2

onds (O1–H hydroxyl groups with hydrogen bridging towards a neighboring oxygen, O2) range between 276 and 314 pm following empirical
elations for hydrogen bonding in aluminosilicates. According to lattice energy calculations the infrared peak positions can be associated with
wo different classes of hydrogen positions assuming a substitution Si4+ ⇔ 4H+: one type of H atoms is bound on tetrahedral faces of substituted
i-sites involving intense O1–H· · ·O2 hydrogen bridging. A second type of H atoms form more isolated O–H groups directed into the structural
hannels of mullite running along the crystallographic c axis. These OH dipoles show polarizations perpendicular to the c axis. A third type of OH
ipole is oriented parallel to the c axis and could be assigned to appropriate pairs of oxygen in two neighboring unit cells, e.g. Oc1–H· · ·Oc2.
Heating experiments for 12 h at 1200 ◦C, 6 h at 1300 ◦C and 4 h at 1400 ◦C reveal a significant decrease of OH concentration on ppm level.

H absorption profiles measured on cross-sections by infrared microscope technique yielded for example at 1300 ◦C diffusion coefficients of

a ≈ Db ≈ 8 × 10−9 (parallel to the a and b axis) and Dc ≈ 1.5 × 10−8 cm2/s (parallel to the c axis). The observation Dc > Da ≈ Db corresponds

o a preferred diffusion parallel to the structural channels in c direction. The temperature dependence of the diffusion coefficient Dc of hydrogen
utward diffusion is described with an Arrhenius activated behavior (190 kJ/mol). It includes the diffusion coefficient of hydrogen inward diffusion,
hich was obtained by submitting originally H-free mullite at 1670 ◦C to a water-rich atmosphere.
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. Introduction

During the past decades numerous studies have demonstrated
hat natural and synthetic nominally anhydrous samples can
ncorporate significant traces of OH species.1–5 Hydrous com-
onents in rock-forming nominally anhydrous minerals of the
arth mantle are very important for the understanding of many
eological processes concerning melt viscosity, crystallization
rocesses and the global cycle of hydrogen.6–8 A comprehen-
ive overview of properties of water in nominally anhydrous
inerals has been published recently.9 Investigations of the OH

ncorporation and OH content in the technical important mate-
ials like quartz, �-alumina and �-alumina ceramics show that
here exists a strong correlation between OH incorporation and

he mechanical properties.10–12

Mullite is an important phase in ceramics used for high
emperature applications.13,14 Traces of OH formation were

∗ Corresponding author.
E-mail address: c.ruescher@mineralogie.uni-hannover.de (C.H. Rüscher).
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bserved in initially OH-free crystals after treatment in water
apor-rich high temperature (1600 ◦C) environments.15 Eils et
l.16 related the formation of OH to bond breaking effects
f Si–O–Al by H2O involving diffusion of H and/or OH
pecies, and to a counter diffusion of positively charged impu-
ities (Li, Na). According to recent results with the micro-spot
A-ICP-MS technique (laser ablation inductive coupled mass
pectrometry) an impurity counter diffusion mechanism can be
uled out.17 These studies provided evidence for an inward but
o outward diffusion of Na and also of Mg. The foreign cations
re enriched in melt bottles at the surface of mullite indicating a
ignificant contamination coming from the furnace atmosphere
n these types of experiments. Charge compensation of inward

igrated H, Na, and Mg atoms can be achieved via the addition
f O2− anions through anion defects. Another even more likely
ompensation mechanism suggests an equivalent defect forma-

ion on cation sites of the form Si4+ ⇔ 4H+, Si4+ ⇔ Na+ + 3H+,
l3+ ⇔ 3H+, etc.18

For a better understanding of these complex processes, it is
ecessary to investigate the H bonding (OH formation) in mul-

mailto:c.ruescher@mineralogie.uni-hannover.de
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.018
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ite in more detail. A standard method to analyze OH species, i.e.
heir quantification and structural bonding, is infrared absorp-
ion spectroscopy, using empirical relations in both cases19–22

hich is applied here. This investigation is focussed on mullite
ingle crystal plates prepared from a suitable as grown sin-
le crystal which contains already suitable OH concentration
omogeneously distributed in the as received state. Specimens
ere specially designed in order to enable cross-section mea-

urements in two independent directions of outward diffusion
rofiles by microscope technique. Thereby an accurate determi-
ation of the anisotropic diffusion coefficients is possible. Due
o the close structural similarities of mullite and sillimanite, the
atter has been included in the discussion.

. Experimental details

For the experiments a single crystal containing OH in the
s received state grown by the group of S. Uecker (Insti-
ute for Crystal Growth, Berlin-Adlershof, Germany) using the
zochralski technique. Crystal plates cut from this material was
lso used in previous studies16 together with a mullite single
rystal which does not show OH in equivalent thick plates in the
s received state. It was analyzed that the chemical composition
f the mullite single crystals corresponds closely to 2/1-mullite
2Al2O3·1SiO2; Pbam; a = 758 pm, b = 768 pm, c = 289 pm).

For the heating experiments plane parallel crystal plates
f size 5 mm × 5 mm × 1.7 mm were used. For the determi-
ation of the anisotropic diffusion coefficients single crystals
lates were cut into cuboids with edge length of about
.7 mm × 1.7 mm × 5 mm. The surfaces were polished to high
ptical quality as described earlier.16 The cuboid samples were
laced into a platinum crucible which has the form of a one side
pen cylinder of 5 mm diameter and 8 mm height. The plate sam-
les were placed as a hut on top of the crucible. Heating times
ere 4, 6 and 12 h at Tk = 1400, 1300 and 1200 ◦C, respectively,
sing different atmospheric conditions. For the experiment at
200 ◦C a standard furnace (Nabertherm L08/14 equipped with a
19 program controller) was used and the sample was heated in

sual air conditions of the oven. The other experiments were car-
ied out under well-defined conditions using a TG/DTA (thermo
ravimetrical/differential thermal analyzer) controlled device
Setaram setsys evolution 1650). Before starting an experiment
he sample chamber was evacuated and then filled with He. Dur-
ng the experiments a constant He flow rate of 50 ml/min was
onducted. A heating/cooling rate of 15 ◦C/min was used in
he range between 20 and 1000 ◦C and of 20 ◦C/min between
000 ◦C and Tk.

All specimens were investigated by optical microscopy and
olarized infrared spectroscopy (IR) in the range between 400
nd 7000 cm−1. Orientations were determined by infrared spec-
ra in reflection mode according to the known components.23–25

or standard measurements crystal plates of suitable size were
easured under evacuated conditions (Bruker IFS 66v, MCT
etector and DTGS detector) using mm sized well defined
pertures. Smaller sized specimen and profile measurements
ere investigated by microscope technique (Bruker IFS 88
ith attached microscope IR scope II and equipped with an
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CT/InSb sandwich detector cooled by liquid nitrogen) before
nd after the heat treatment. For the determination of diffu-
ion profiles cross-sections of suitable thicknesses (see below)
ere cut perpendicular to the plate surface and for the cuboids
erpendicular to the long extension of the specimen axis with
efined main orientation. Surfaces were also polished to high
ptical quality. Spectra were taken with rectangular apertures
f 0.1 mm × 0.01 mm using polarized light (KRS 5) in an
nalogous way as described in the earlier diffusion profile
easurements.16 Further information of polarization depen-

ences are given in the text below.
Sillimanite specimen were cut from gem grade optically clear

illimanite single crystals of locality Sri Lanka and are of the
ame origin as used in previous study24 which were charac-
erized by IR reflection spectra and XRD data (a = 748.8 pm,
= 768.1 pm, c = 577.7 pm in Pbnm equivalently oriented to
ullite).

. Results and discussion

.1. Hydrogen bonding in mullite

The infrared absorption (IR) spectra of 2/1-mullite single
rystals in the as received state display a significant OH con-
ent. The OH groups are homogeneously distributed through the
rystal plates. The IR spectra measured for polarizations E//a
nd E//b are in good agreement with the results obtained from
ll measurements of water vapor (at 1670 ◦C) treated samples
eing free of OH in the as received state.16 This implies that
ydrogen bonding is essentially of the same type in all mullite
amples investigated so far. Also the new measurements of the
//c component agree with spectra from mullite treated at high

emperature in water-rich atmosphere.15 An overview of all OH
bsorption characteristics is shown in Fig. 1 with the Lorentzian
rofile analyses. As can be seen a very good agreement between
easured and least square fitted Lorentzian is obtained using
minimum of four peaks for each component. The values of

he fit are given in Table 1. As shown by Eils et al.16 for the
//a and E//b spectra, an additional peak for the E//c component
ompared to the earlier result by Rüscher et al.15 has to be taken
nto account, too.

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

(H2O, wt%) = 1.802Ai

dεiρM
(1)

here Ai is the integral absorption, d the sample thickness (cm),
M the density of mullite: 3.166 g/cm3 and εi is the integral
olar absorption coefficient in (l mol−1 cm−2).
Since the specific single peak absorption coefficients are

nknown for mullite a “mean wavenumber relation” has been
sed for the integral molar absorption coefficient following

ibowitzky and Rossman26 as

i = 246.6(3753 − ν), ν =
∑

νjAij∑
Aij

(2)
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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−1) Peak height (cm−1) Damping (cm−1) Integral intensity (cm−2) O1–H· · ·O2 (pm) H· · ·O2 (pm)

E//a
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 ∞ 235

E//b
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 ∞ 230

E//c
1 3367 0.02 180 6 278 189
2 3457 0.07 100 10 285 198

O (4) an

w
ν

i

1

F
o
L
e

r

3 3510 0.09 76
4 3577 0.02 45

1–H· · ·O2 and H· · ·O2 distances are calculated using peak positions and Eqs.

here ν is the mean wavenumber of the OH stretching bands,

j the wavenumber for peak j and Aij is the peak area for peak
= 1, 2, 3; j = 1, 2, 3, 4.

The calculation reveals an absolute H2O content of about
0 ppm for the mullite single crystals containing OH in the as

ig. 1. Infrared absorption spectra in the range of OH stretching excitation
f mullite for polarizations E//a, E//b, and E//c (scattered line) and results of
orentzian curve fitting with four peaks and their sum spectra (solid lines) for
ach component.
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d (5), given further in the text below.

eceived state. The components for E//a, E//b and E//c contribute
o about 32, 55 and 23%, respectively, to the total OH content
f the mullite. Each component of the OH spectra (Fig. 1) may
nclose a significant distribution of OH dipoles according to the
omplex real structure of mullite.13,14,28 The data in Table 1
ollects the results using a minimum number of four peaks for
ach direction which provides a suitable approximation of the
pectra. The question is if each of the four peaks belongs to a
omponent of the same OH dipole. In an orthorhombic crys-
al matrix containing an isolated OH dipole of fixed frequency
nd defined orientations to the crystallographic axis the relative
ntensity contribution for E//a, E//b and E//c can be used for the
etermination of their orientation according to27:

Ia

Itot
= cos2(Θa),

Ib

Itot
= cos2(Θb),

Ic

Itot
= cos2(Θc),

and Itot = Ia + Ib + Ic (3)

here Ia,b,c are the absorption peak intensities of the OH dipole
arallel to the a, b and c axis and Θa,b,c are the angles of the OH
ipole axis relative to the a, b and c axis. Since the half width
f the peaks becomes very large for peaks 1 and 2 their peak
osition seems to be most uncertain compared to those of peaks
and 4 in Table 1. It may be suggested that peak 1 coincides in
eak position for E//a, E//b and E//c. The same could be true for
eak 2. Therefore, the appropriate (average) orientations of OH
ipole axes towards the crystallographic axis may be calculated
sing Eq. (3) for peak 1 (Θa,b,c = 57◦, 59◦, 48◦) and for peak 2
Θa,b,c = 55◦, 45◦, 64◦). Similarly the peak 4 could be adjusted
o the same maximum position implying major components in
//a and E//b and a smaller one in E//c, revealing Θa,b,c = 40◦,
7◦, 71◦. Assuming that peak 3 of E//a and E//c coincides which
uggests an orientation of about 45◦ with respect to the a and b
irections with a negligible component parallel c. On the other

and peak 3 of E//c does not show any counterpart in E//a and
//b which implies an orientation parallel to c. According to

his there are “only” five different OH dipoles of distinct main
rientations in mullite. However we may also note, that the qual-
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ty of fit becomes less good using fixed average peak positions.
ncreasing the number of peaks was also unsuccessful.

Using further on as one parameter the empirical relations for
he effective hydrogen bonding O1–H· · ·O2 (O1–H and H· · ·O2
enote the shorter and longer length in a hydrogen bond) and the
ong H· · ·O2 distances (both in pm) as given by Libowitzky22:

OO (cm−1) = 3592 − 304 × 109 exp

(−〈O1–O2〉
13.21

)
(4)

HO (cm−1) = 3632 − 1.79 × 106 exp

(−〈H· · ·O2〉
21.46

)
(5)

he frequencies would correspond to values in the range between
76 and 314 pm and between 188 and 235 for wOO and wHO,
espectively (Table 1). A possible way of finding the proton sites
s to compare all O–O distances of mullite and the suggested
ipole orientations which may separate specific localization of
rotons in the structure. A similar strategy was followed by
talder29 for OH formation in enstatite. Following this for mul-

ite the calculated O1–O2 (Table 1) are consistent with O–O
istances on the faces of the tetrahedron (T) type polyedron
277–288 pm) and longer distances involving neighbouring oxy-
en through the channels (293–312 pm) (for structural details
ompare Angel and Prewitt28). According to Eq. (4) peak 3 in
//c corresponds to a linear O1–H· · ·O2 distance of 291 pm,
hich is very close to the c lattice parameter of 2:1 mullite

289 pm). Therefore, this peak could be assigned to proton local-
zations between corresponding oxygen pairs of two neighboring
nit cells along c, e.g. as Oc1–H· · ·Oc2 along the tetrahedral
ouble chains (see below).

Sillimanite, Al4Si2O10, is structurally and chemically closely
elated to mullite, Al4+2xSi2−2xO10−x. Both minerals are charac-
erized by chains of edge-connected [AlO6] octahedral running
arallel to the crystallographic c axis. The octahedral chains are
inked by (Al,Si)O4 tetrahedral double chains with ordered Al
nd Si in the case of sillimanite. For mullite the double chains
re disturbed in a way that a number of Si is substituted by
l formally described by 2Si4+ + O2− ⇒ 2Al3+ + V (V = oxygen
acancy). This means that for charge compensation a bridging
xygen of the tetrahedral double chains becomes removed (V)
nd related tetrahedral cations are moved to new T* sites. 2:1
ullite, x = 0.25, contains one oxygen vacancy per four unit

ells. It is interesting to compare the sillimanite OH absorption
pectra to those of mullite as shown in Fig. 2. The sillimanite
pectra are in very good agreement with the results of earlier
nvestigations,30,31 both in peak positions and anisotropy and
ven tentatively in the order of magnitude of total absorption.
rom heating experiments Beran et al.31 estimated a maxi-
um amount of bound OH in sillimanite of about 200 ppm

wt, H2O). Compared to sillimanite the total OH absorption
ntensity for the mullite is lower, corresponding to 100 ppm (wt,

2O) for the here measured sillimanite. Beran et al.30 assigned
he E//a polarized peaks between 3200 and 3300 cm−1 to Al

acancies on tetrahedral sites (Al2) and corresponding hydro-
en bridging along the “Al2”O4-tetraeder edge (Ob–Oc) being
bout 289 pm in length. The peak at 3550 cm−1 has components
n E//a and E//b. The corresponding OH dipole could be ori-
esponding components of sillimanite single crystal plates (gem quality). Note
hat the mullite spectra were multiplied by a factor of 3 for better comparison.

nted from one Ob position near an empty tetrahedral site Al2
o another Ob in a further distance away (b/2).30 This implies
hat the bridging O1b–H· · ·O2b is weaker (higher wavenumber
eak) compared to the O1b–H· · ·Oc one (lower wavenumber
eaks). Natural sillimanite contains significant amounts of impu-
ities, e.g. Fe, Cr,30 and the OH absorptions could be influenced
y such substitutions29 for the strong peaks between 3200 and
300 cm−1 and at 3550 cm−1. For mullite OH absorption occurs
etween 3350 and 3600 cm−1. It could be associated to similar
bsorption peaks of sillimanite which underlie the strong peak
t 3550 cm−1 but could not further be separated.

Ab initio molecular orbital calculations on a variety of hypo-
hetical aluminosilicate molecules by Kubicki et al.21 reveal
nteresting correlations of OH frequencies and O1–H· · ·O2 dis-
ances and angles which have to be taken into account for the
se of empirically determined relations. The results may be
ummarized as follows:

i. The OH frequency decreases linearly between 2100 and
3800 cm−1 for a variation in O1–H length between 104 and
92 pm.

ii. For H· · ·O2 distances larger than 200 pm the OH frequency
dependence is cut off above about 3750 cm−1.

ii. O1–H· · ·O2 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
O1–H· · ·O2 distances and angles of energy minimized 2 × 2 × 2 sillimanite unit cell with an exchange of 1Si4+ ⇔ 4H+ using GULP

Hydrogen Position O1–H (pm) O2–H (pm) O1· · ·O2 (pm) Angle O1–H–O2 (◦) OH-dipole angle
with respect to a/b/c

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
H
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he absolute energy arrived at −1147.22 eV (unrelaxed lattice) compared to the
ata for sillimanite. T*: proton close to tetrahedral site where the Si4+ has been

v. Correlations among H bond distances, O1–H· · ·O2 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
346 cm−1 and according to the relation in (i) imply O1–H bond
ength between 95 and 99 pm. For a further understanding of
he hydrogen bonding in mullite some first steps of calcula-
ions were carried out using the computer program GULP.32

he basic idea was to start from a 2 × 2 × 2 sillimanite lat-
ice cell and to substitute one Si4+ by 4H+ with some arbitrary
lacements. The preliminary results show (Table 2) a very good
nergy minimum. The final result is shown in Fig. 3. Two pro-
ons (H1/H2) are localized within the vacancy—or to be more
ccurate, they occupy sites on the tetrahedron faces. Two fur-
her protons (H3/H4) are localized within the channels running
arallel to the c axis of mullite (Fig. 3). Following these results
eaks 1 and 2 (Table 1) can be assigned to stronger hydrogen
ridges between oxygen on tetrahedral faces whereas peaks 3
nd 4 are assigned to O–H dipoles directed into the channel.

he calculations show optimised O1–H lengths (Table 2) of
15/113 pm (H1/H2) and 105/100 pm (H3/H4) related to OH
ipoles in tetrahedral sites and terminal directed OH, respec-
ively. Conclusively H1/H2 and H3/H4 possess stronger and

ig. 3. Projection of an energy minimized 2 × 2 × 2 sillimanite structure along c
ncluding an exchange of 1Si4+ ⇔ 4H+ using GULP (compare Table 2 and text).
hown are the hydrogen localizations H1–H4 and the sillimanite tetrahedra and
ctahedra units.
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optimized sillimanite structure of −1155.19 eV, which well agree to published
e.

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

.2. Hydrogen diffusion in mullite

Investigations on the hydroxylation of mullite single crys-
al (0 0 1) plates have shown a significant inward diffusion of
pecies within short periods of times (<12 h) at high temper-
ture in a water-rich slowly flowing reaction atmosphere.15,16

ry conditions at the end of the experiment indicated strong
utward diffusion profiles. This implies immediately that a mul-
ite sample containing homogeneously distributed OH groups
s characterized above can be used for quantifications of out-
ard diffusion profiles arrived in systematic investigation under
ry conditions. Results of such investigations are collected in
igs. 4–7. Diffusion data were calculated according to the solu-

ion of Fick’s second law for a constant surface concentration33

t different temperatures:

(x) = (n0 − ns) erf

(
x

2
√

Dt

)
+ ns (6)

here n is the concentration, n0 the concentration in the bulk, ns
he concentration at the surface, x the distance, D the diffusion
oefficient and t is the time.

Calculated diffusion curves are shown for one half of the
pecimen (Figs. 4, 5 and 7). In a first step relatively large (0 0 1)
rystal plates (5 mm × 5 mm × 1.7 mm) were used for diffusion
xperiments parallel to the c axis (Dc). Diffusion profiles were
easured in cross-sections of the crystal cut parallel to the b

xis being heated at 1200 ◦C (12 h) and 1300 ◦C (6 h), which are
iven in Fig. 4 (top and bottom), respectively. The profiles were
easured for the absorption components with the electrical field

olarized parallel to the b axis. The level of sensitivity was suffi-
iently increased by measuring the change in spectra relative to
he midpoint of the profile section and calibrating the absolute
alue to the spectra of the untreated mullite given in Fig. 1. The

ntensities given in Figs. 4–7 are taken at a fixed frequency, which
s useful since the shape of the absorption characteristics remains
ssentially the same over the crystal. There is a clear plateau of
he intensity in the middle of the crystal (Fig. 4). As verified
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y the calculation using Eq. (3) the plateau indicates no loss
f OH concentration in this part of the crystal. The calculated
bsolute value of the diffusion coefficient depends sensitively
n the concentration variation close to the surface in the range
.1–0.2 mm which is difficult to obtain with higher accuracy
han ±50% of the absolute value. Another reason for surface
lteration of the mullite plates during the heating experiments
ertainly is contamination from the furnace atmosphere. If, for
xample mullite is annealed in air furnaces in alumina tubes and
lumina crucibles often local surface melting and recrystalliza-
ion of �-alumina within such melt bottles is observed.16,17 This
ffect is not restricted to water-rich slowly flowing atmosphere
ut can also be seen in dry air conditions as well (photograph
nside Fig. 4, top). On the other hand, in high temperature inert
as experiments (e.g. He atmosphere), the surface alteration is
educed the cleaner the total environment is. The very weak sur-
ace alteration observed typically in such type of experiments is
hown in the photograph inside Fig. 4 (bottom).

Further diffusion experiments were carried out using sam-

les cut into cuboids of 1.7 mm × 1.7 mm × 5 mm in size. This
echnique enables diffusion profile evaluation for the determi-
ation of diffusion components of sufficient high precession in
wo directions perpendicular to the long extension of the spec-

ig. 4. Absorption profiles for diffusion component Dc as measured for polar-
zation E//b of cross-section cut from mullite (0 0 1) plates heat treated at
200 ◦C/12 h (top) and 1300 ◦C/6 h (bottom) as denoted. Solid lines show profile
alculation using Eq. (6) and diffusion coefficient as given. Optical micrographs
nside show the plates after the heating experiment in air furnace atmosphere
1200 ◦C) and under flowing He (1300 ◦C), respectively.

Fig. 5. Absorption profiles for diffusion components Da (top) and Dc (bottom) as
measured for polarization E//a of cross-section cut from mullite [0 1 0] cuboids
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eat treated at 1300 ◦C/6 h, in flowing He. Solid lines shows profile calculation
sing Eq. (6) and diffusion coefficient as given (note different thicknesses of
ross-section for Da and Dc).

mens (Figs. 5–7). Strong anisotropic diffusion is obtained at
300 ◦C with Dc = 1.5 × 10−8 cm2/s being much larger com-
ared to Da = 8 × 10−10 cm2/s (Fig. 5). Presently we cannot
xplain the difference of the outward diffusion curves parallel to
near the surface under the same conditions (6 h, 1300 ◦C) for

he cuboid and platy sample (Figs. 5 and 4, bottom). The differ-
nt curves could be related to different surface related effects but
lso to changes in the diffusion mechanism during the experi-
ent. However, both profile forms can be described with the

ame diffusion coefficient. A strong anisotropy with Da < Dc is
bserved in the 1400 ◦C samples, too (Fig. 6, compare profiles
or diffusion //a and //c at 4 and 5 h, respectively). Additionally
he results obtained from the 3 and 4 h experiments show the
ime dependent progress of diffusion. In diffusion experiments
arallel c (D//c) there is evidence that the diffusion slows down
ith time. Tentative calculations using Eq. (6) yield a diffusion

oefficient Dc ≈ 3 × 10−8 cm2/s ignoring the flattening effect
owards the surface. For diffusion parallel to the a axis a value
f Da ≈ 8 × 10−9 cm2/s is estimated. It is interesting to see that
or the diffusion parallel to a and b any anisotropy is within
he experimental error with a calculated diffusion coefficient of
a,b ≈ 9 × 10−9 cm2/s (Fig. 7).
The obtained diffusion coefficients from outward diffusion

xperiments (depletion of OH) are collected in Fig. 8 together
ith earlier results obtained at higher temperature for inward
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Fig. 6. Absorption profiles for diffusion components Da (top) and Dc (bottom) as
measured for polarization E//a of cross-section cut from mullite [0 1 0] cuboids
heat treated at 1400 ◦C/3 h (closed symbols) and 1400 ◦C/4 h (open circles, con-
n
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Fig. 8. Arrhenius plot of 2/1-mullite single crystal tracer diffusion coefficients
of 30Si (filled circle), 26Al (filled square) and 18O (open triangle) from Fielitz et
al.,34 OH formation at 1670 ◦C in H2O rich gas and OH depletion at 1400, 1300
and 1200 ◦C heating under dry atmospheric conditions from Eils et al.16 and this
work (open circles and + for Dc and x for Da, Db). Thick solid line, thin solid lines
and dashed line mark Arrhenius behaviour for, Dc-OH formation/depletion and
1

a
O

T
a

D

w
D
T
w
t
(

ected by solid line). Note individual length in each case, the systematically
dvanced diffusion for the 4 h with respect to the 3 h treatment and for diffusion
arallel to c, compared to diffusion parallel to a.

iffusion16 and for 18O, 26Al, and 30Si tracer diffusion exper-

ments by Fielitz et al.34 It can be seen that the diffusivities
eading to OH formation (at 1670 ◦C) and to decreased OH
oncentrations (at 1400–1200 ◦C) are four to five orders of mag-
itude larger compared to tracer diffusivities of lattice atoms.

ig. 7. Absorption profiles for diffusion components Da (closed symbol) and

b (open circles connected by solid line) as measured for polarization E//a of
ross-section cut from mullite [0 0 1] cuboids heat treated at 1400 ◦C/4 h, in
owing He. Thin solid line shows profile calculation using Eq. (6) and diffusion
oefficient as given (note different length of specimen for Da and Db).
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8O, 26Al, 30Si tracer diffusion, respectively. Line connecting Da,b components
t 1400 and 1300 ◦C indicate higher activation energy compared to Ea of Dc for
H depletion.

he data for outward diffusion can be described by an Arrhenius
ctivated behaviour:

= Do exp

(
− Ea

kBT

)
(7)

here kB is the Boltzmann constant (1.38066 × 10−20 kJ/K),
o the pre-factor (T = ∞ value), Ea the activation energy and
is the temperature (K), with Ea of about 197 kJ/mol (2 eV)
hich includes the value for inward diffusion at T = 1670 ◦C,

oo. Data extrapolation implies a pre-factor in the range 0.1 < Do
cm2/s) < 0.01 for the diffusion component Dc which is of the
ame order also obtained for 18O diffusivity.34 For diffusion per-
endicular to the c axis the data imply a higher value of Ea (and
o) which indicates a different mechanism of diffusion with a
igher effective activation energy of corresponding defect for-
ations compared to Dc. The activation energies of diffusion

f 30Si, 26Al and 18O are given by 612, 517 and 433 kJ/mol,
espectively,34 which are more than twice as large as the acti-
ation energy for diffusion of OH forming species for the Dc

omponent.

. Summary

Hydrogen bonding in mullite is characterized by four
orentzian peaks for E//a, E//b and E//c, respectively. The
eak positions imply three different classes of hydrogen sites:
i) on tetrahedron faces with stronger hydrogen bonding; (ii)
ithin the structural channels forming relatively isolated OH
roups polarized perpendicular to the crystallographic c axis;
iii) OH dipoles strictly polarized parallel to the c axis, which

re assigned to O1–H· · ·O2 pairs of corresponding oxygens
n two neighboring cells along c. Lattice calculations show
nergetically favorable proton localization for the first two
ases. Polarized infrared spectra for the structurally closely
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elated natural mineral sillimanite support earlier results.30,31

he peaks of much stronger absorption intensities for sillimanite
ompared to mullite which are also at different peak positions
re explained with coupled substitutions involving transition
etal impurities. The weaker absorptions characteristics in the

illimanite spectra in the range between 3400 and 3600 cm−1

re similar to those obtained for mullite.
Hydrogen diffusion shows a significant anisotropy

c > Da ≈ Db evaluated for depletion of OH bonds in dry
tmospheric conditions at 1400 and 1300 ◦C. Arrhenius acti-
ation energy for hydrogen diffusion parallel to the c axis is
bout 192 kJ/mol when the data obtained for inward diffusion
t 1670 ◦C are included, suggesting the same mechanism in
oth cases. For diffusion parallel to a and b a higher activation
nergy is indicated implying a different mechanism. The tracer
iffusivities of the lattice species 18O, 26Al and 30Si were related
o appropriate vacancy formations [V′′′′

Si], [V′′′
Al], and [VO

••]
Kröger–Vink notation)34 which requires more than twice as
uch in activation energy compared to the activation energy

ecessary for hydrogen diffusion along c. Therefore hydrogen
iffusion mechanism for Dc may involve a coupled mechanism
f vacancy formation enabling an enhanced effective proton
iffusion which is related to the structural channels along c.
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