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Abstract

Fracturing in alkali feldspar during Na*-K* cation exchange with a NaCl-
KCl1 salt melt was studied experimentally. Due to a marked composition
dependence of the lattice parameters of alkali feldspar, any composition gra-
dient arising from cation exchange causes coherency stress. If this stress
exceeds a critical level fracturing occurs. Experiments were performed on
potassium-rich gem quality alkali feldspars with polished (010) and (001)
surfaces. When the feldspar was shifted towards more sodium-rich composi-
tions over more than about 10 mole %, a system of parallel cracks with regular
crack spacing formed. The cracks have a general (h0l) orientation and do not
correspond to any of the feldspar cleavages. The cracks are rather oriented
(sub)-perpendicular to the direction of maximum tensile stress. The critical
stress needed to initiate fracturing is about 325 MPa. The critical stress in-
tensity factor for the propagation of mode I cracks, Kj, is estimated at 2.30
to 2.72 MPa m'/2 (73 to 86 MPa mm'/?) from a systematic relation between
characteristic crack spacing and coherency stress. An orientation mismatch
of 18° between the crack normal and the direction of maximum tensile stress
is ascribed to the anisotropy of the longitudinal elastic stiffness which has
pronounced maxima in the crack plane and a minimum in the direction of
the crack normal.



Introduction

Feldspar is the most common mineral in the Earth’s crust. It is an abundant
rock forming mineral in igneous and metamorphic rocks and is also found
as clastic and authigenic component in sediments. Fracturing in feldspar is
a quite common phenomenon. Fracturing is important in a variety of geo-
logical processes. It determines the brittle strength, which is crucial in the
context of jointing or cataclasis. During rock deformation at conditions of
low and medium grade metamorphism feldspar usually yields by brittle fail-
ure (Paschier and Trouw 2005). Fracturing in feldspar is also common during
fluid mediated mineral replacement (Jamtveit et al 2009). The resistance of
a mineral against brittle failure is one of the most fundamental mechanical
properties. There is a wealth of literature on fracturing of glass and ceram-
ics. The data base for minerals is comparatively scarce. Broz et al (2006)
and Whitney et al (2007) used an indentation technique for determining the
so called fracture toughness of a number of rock-forming minerals. This
method yields consistent data for the fracture toughness of the rock forming
minerals, but the kinematics and mechanics of the fracturing process associ-
ated with indentation is rather complex, and quantifying fracture toughness
from indentation tests may be ambiguous (Quinn and Bradt 2007). Fur-
thermore, the indentation tests are usually done at ambient conditions and
the mechanical data must be extrapolated over large ranges in temperature
when applied to the analysis of the fracturing associated with deformation or
fluid mediated alteration at high temperature. In this study we make use of
the strongly anisotropic change in the lattice parameters that is associated
with composition change in alkali feldspar to estimate the critical stress that
is necessary for creating mode I cracks. To this end we analyze the crack
patterns forming during Nat-K* exchange between alkali feldspar and a salt
melt without application of externally imposed stress. Our approach entirely
relies on the elastic stress associated with the eigenstrain due change dur-
ing cation exchange, and in this respect it is complementary to mechanical
testing by indentation.

Most feldspars pertain to the ternary solid-solution series among the end-
member components NaAlSi;Og (albite), KAISi3Og (orthoclase), and CaAlySisOg
(anorthite). The feldspars belong to the group of framework silicates where
an (AlSi3Og)-network is formed by corner-shared TO, tetrahedra with T
= Al, Si. The Na*, K+, and Ca?" cations, which ensure charge balance,
are located in large, irregular cavities of the tetrahedral framework (Ribbe,
1986).

The two end-member components of the alkali feldspar solid-solution series,
albite and orthoclase, are related through Na™-K™ cation exchange. Misci-



bility in the alkali feldspars is complete at temperatures exceeding 550°C to
800°C, depending on pressure (Brown and Parsons, 1988). At lower tem-
peratures a miscibility gap opens leading to separation of alkali feldspar
with intermediate composition into a sodium- and a potassium-rich phase
(perthite formation). During cooling, heating or composition change the
alkali feldspars undergo a variety of phase transformations and structural
changes including a ferroelastic monoclinic - triclinic transformation, Al-
Si ordering on the tetrahedral sites, and exsolution. Due to the complex
sub-solidus phase relations the alkali feldspars show a wide variety of intra-
crystalline microstructures and textures, which potentially bear petrogenetic
information (Smith and Brown 1986). Experimental calibrations of the equi-
librium phase relations in binary alkali feldspars (Thompson and Waldbaum
1968; Hovis et al. 1991) and in the ternary feldspar system (Fuhrman and
Lindsley 1988; Benisek et al. 2010) have provided the basis for two-feldspar-
thermometry. The thermodynamics of alkali feldspar solid solutions was
coupled with diffusion kinetics to derive quantitative models for the dynam-
ics of phase separation during perthite formation (Yund 1984, Petrishcheva
and Abart 2009, 2012; Abart et al. 2009 a,b).

The lattice dimensions of the alkali feldspars are composition dependent
(Kroll et al. 1986; Angel et al. 2012). As a consequence, any chemical hetero-
geneity in a feldspar single crystal leads to coherency stress. The associated
strain energy contributes positively to the free energy and thus counteracts
exsolution (Robin 1974). As a consequence, a coherent solvus and the cor-
responding strain free solvus are discerned; where the miscibility gap ex-
tends to higher temperature in the strain free case than in the coherent case
(Brown and Parsons 1988). Coherency strain does not only affect the equi-
librium phase relations, but it can also influence microstructure evolution.
For instance, the exsolution lamellae in a perthite are oriented such that the
interface energy between host and precipitate is minimized (Bollmann and
Nissen 1968; Robin 1974).

Petrovic (1973) and Neusser et al. (2012) observed fracturing in alkali feldspar
during Na™-K™ cation exchange with NaCl-KClI salt melt, which they inter-
preted as coherency stress effects. Neusser et al. (2012) presented a mechan-
ical analysis of the stress state in a thin misfitting layer on a (010) surface
of an alkali feldspar and concluded that cracks formed sub-perpendicular to
the direction of maximum tensile stress.

In this communication we address chemically induced fracturing in alkali
feldspar. We focus on crack patterns that form during Nat-K* cation ex-
change in samples with well-defined starting geometry. The treatment of
Neusser et al. (2012) is extended to the stress analysis on a (001) surface and
use is made of the regularity of the system of parallel cracks emanating from



polished (010) and (001) surfaces to attain insight into the fracture mechan-
ics. We fully confirm the observations made earlier by Neusser et al. (2012)
and provide more quantitative relations between coherency stress induced by
cation exchange and fracturing.

Experimental

Starting material

Gem-quality sanidines from two different localities in the Eifel, Volkesfeld
and Rockeskyller Kopf, were used as starting materials. The composition
of sanidine from Volkesfeld can be described as OrgsAb5Csg; whereas the
sanidine from the Rockeskyller Kopf is more sodium-rich with a composi-
tion of OryaAbgCsge (see Table 1). Both sanidines are characterized as
monoclinic with space group C2/m, disordered (Al, Si) distribution (Xt1 =
61: Volkesfeld, ¥t1 = 0.58 - 0.62: Rockeskyll) and are homogenous on the
nanometer scale (Neusser et al. 2012; Demtroeder 2011). The crystals are
optically clear and, apart from the (010) and (001) cleavages, devoid of cracks
or any other flaws.

Two different sets of experiments were performed. On the one hand, crystal
fragments obtained from crushing and sieving to a size of 100 - 200 ym were
used to determine the critical composition shift needed to initiate fracturing
on the (010) and (001) cleavage planes. On the other hand, crystals were
machined to plates of 3 mm by 3 mm by 1 mm with polished (001) or (010)
faces for later use in experiments, where well-defined starting geometry is
important.

Cation exchange experiments

The Nat-K* exchange experiments were done between alkali felspar and an
NaCl-KCl salt melt at close to ambient pressure and without adding a fluid.
About 0.1 g of crushed feldspar or one feldspar plate together with a NaCl-
KCI salt mixture was sealed into quartz glass tubes with an outer diameter
of 9 mm and an inner diameter of 7 mm under vacuum. The NaCl/KClI ratio
of the salt mixture was chosen to produce the desired chemical shift of the
alkali feldspar based on the Na/K fractionation data for feldspar - salt-melt
equilibria at 850°C (Neusser et al. 2012). To ensure a constant composition of
the salt melt during the exchange experiments a 40-fold molar excess of Na*
and K™ cations in the salt relative to the feldspar was applied. The samples
were then annealed under ambient pressure at 850°C in a muffle furnace for



7 to 8 days (see Tables 2 and 3). After annealing the samples were quenched
in cold water within seconds. Then the tubes were opened, the salt was
dissolved with deionized water and the feldspar was quantitatively retrieved.
Grain mounts were prepared from the crystal fragments and the feldspar
plates were cut perpendicular to the polished surfaces and embedded in resin
for preparation of polished sections.

Analytical Techniques

Scanning electron microscopy

For BSE imaging an FEI Inspect S scanning electron microscope with a
tungsten filament was used. The images were taken at 10 kV and 15 kV
beam acceleration voltage and 8 nA beam current.

Electron back scatter diffraction (EBSD) analyses were performed using a
FEI Quanta 3D FEG instrument at the Department of Lithospheric Re-
search (University of Vienna, Austria). The system is equipped with a field-
emission electron source and an EDAX Digiview IV EBSD camera. The
software packages OIM Data Collection and Analysis have been applied for
EBSD data acquisition and processing. Prior to analysis single crystals were
embedded in epoxy resin, then first polished mechanically and subsequently
chemo-mechanically using a colloidal silica suspension with pH 9.2-10 as pol-
ishing agent on a rotary polisher. Conductivity of the sample surface was
established by thin carbon coating using a single carbon thread at a distance
of about 8 cm between thread and sample at vacuum conditions of < 107°
mbar during evaporation. For EBSD-analyses a working distance of 12 mm
or 14 mm and a sample tilt of 70° were applied. The edges of the crystals were
aligned parallel to the z- and y-directions of the scan reference system by
stage rotation. The electron-beam settings were 15 kV accelerating voltage
and 4 nA beam current in analytical mode (SEM aperture 1 mm). A 2 by 2
or 4 by 4 binning of the EBSD camera-resolution was applied, and the cam-
era exposure time and pattern contrast enhancement settings were adjusted
for each grain according to the pattern quality. Hough settings of 1° 20 step
size, a binned pattern size of 160 pixels and a minimum peak distance of 10
degrees were applied for indexing 6 - 14 Hough peaks. A medium (9 by 9) or
large (13 by 13) convolution mask was applied to the Hough space in order
to eliminate artifacts and enhance weak bands. Only the interior portion of
the EBSD pattern (p-fraction = 70% to 85% of the Hough space) was used
for indexing. EBSD mapping was performed by beam scanning across a 100
pm by 100 pgm or 150 pum by 150 pum sized sample area of each crystal using a



step size of 15 um. Thus 45 - 100 data points were collected for each crystal.
In case of inconsistent indexing results for single maps the data statistics as
well as the different solutions for single point analyses were checked in order
to detect the misindexed data points. All pole figures displayed in this work
refer to the upper hemisphere.

Mineral chemical analysis and element mapping

Mineral chemical analyses and element mapping were done on a Cameca
SX 100 electron microprobe at the Department of Lithospheric Research
(University of Vienna, Austria). The elements Na, K, Fe, Ba, Mg, Al, Si were
considered in mineral chemical analysis. The standards and spectrometer
settings are listed in Table 4. An acceleration voltage of 15 kV and a beam
current of 20 nA were applied. A 6 um defocussed beam was used to minimize
loss of Na by evaporation. For element mapping of Na, K, Al, Ba and Si an
accelerating voltage of 10 kV, a beam current of 50 nA, a dwell time of 60
ms per pixel, and stage scanning mode with 0.6 um step size were used.

Results

Characteristics of the cracks

When a grain of alkali feldspar is exposed to a NaCl-KCl salt-melt Na™-K+
cation exchange produces a chemically altered zone on the surface of the
grain, and the alteration front progresses into the grain interior with time.
Associated with the chemical change is the formation of cracks. As already
described by Neusser et al. (2012) two fundamentally different crack patterns
form depending on the direction of composition shift (see Figure 1).

When the feldspar is shifted towards more sodium-rich compositions a reg-
ular hierarchical pattern of cracks forms (Figure 1a). The first hierarchical
level is represented by a system of sub-parallel cracks, which extend approx-
imately parallel to a (hOl) plane. These cracks are not perfectly planar but
are somewhat uneven. They enclose an angle of 8° - 18° with the posi-
tive c-axis, measured towards the positive a-axis. This corresponds to an
angle of 73° - 83° with the negative a-axis measured towards the positive
c-axis, given that § = 116° (see Figures 2 and 3). It is important to note
that the cracks follow a general plane in the feldspar lattice, which is not
related to any of the cleavages. Chemical alteration extends into the grain
interior along the cracks (see Figure 4) indicating that the cracks formed dur-
ing cation exchange and cannot be interpreted as quench phenomena. The



observed chemical patterns suggest that the salt melt penetrated into the
grain interior along the cracks and chemical alteration further spread into
the crystal from the crack surfaces. The cracks of the second hierarchical
level are perfectly straight and run parallel to the (010) and (001) cleavages
(see Figure 1a). These cracks are devoid of any alteration haloes indicating
that they formed very late during the experiment and may be interpreted as
quenching-effects. The orientation of the cracks slightly differs between the
Volkesfeld sanidine and the sanidine from the Rockeskyller Kopf. For the
sanidine from Volkesfeld with its original X, = 0.84 the angle between the
cracks and the negative a-axis is measured as 83° (o= 2.0%; 48 measurements
in 3 samples), and for the sanidine from the Rockeskyller Kopf with its orig-
inal Xp, = 0.72 the angle is 73° (0 = 2.8°; 33 measurements in 2 samples).
During the incipient stages of cation exchange a few short cracks emanate
perpendicular to the surface of the grains. With increasing run duration the
number of cracks increases, the cracks become longer and they are deflected
into the common (hOl) plane. Eventually no more cracks develop; at this
stage a characteristic crack spacing between 10-50 pm has been established,
depending on the extent of composition shift (see below).

In contrast, when the sanidine is shifted towards more potassium-rich com-
positions a potassium-enriched rim develops, which is separated from the
unaltered grain interior by a more or less diffuse transition zone. The lattice
parameters in the potassium-enriched rim are larger than in the unaltered
substratum. The lattice mismatch leads to coherency stress and eventually
cracks form along the transition zone between core and rim, a phenomenon
that is particularly pronounced at the grain edges (Figure 1b).

Critical shift for fracturing

To identify the critical composition shift needed to initiate fracturing frag-
ments of crushed sanidine with initial X, = 0.84 were exchanged with NaCl-
KCl salt-melt at 850°C for 7 days. The X of the salt-mixture was varied
from 0.35 to 0.31 in 1 mole % steps to achieve successively increasing com-
position shifts towards more sodium-rich compositions in the feldspar (see
Table 2). The first cracks formed on the (010) and (001) (cleavage) surfaces,
when Xge; was 0.34 corresponding to an exchanged feldspar with Xp, =
0.71. The first cracks were thus observed when the original feldspar was
shifted over 13 mole % from its original composition.



Dependence of the crack spacing on the chemical shift

It was already noted qualitatively by Neusser et al. (2012) that the charac-
teristic crack spacing decreases with increasing extent of chemical shift, i.e.
with increasing coherency stress between the unaltered and the exchanged
portions of the crystal. This relation could, however, not be verified quantita-
tively by the latter authors, because only crystal fragments were investigated
where the fracture patterns were substantially influenced by irregularities on
the grain surface. In our investigation crystal plates with polished (001) or
(010) faces were used to avoid the influence of surface topography on the
nucleation of cracks. The initial compositions of the crystals were Xg, =
0.84 and Xo, = 0.72, and the NaCl/KCl ratio of the salt-melt was varied
systematically to attain composition shifts between 20 mole % and 55 mole
%. The run durations were varied between 8 days and 32 days. The long time
runs produced rather complex crack patterns and only the results from 8 day
experiments were used for establishing the relation between crack spacing
and chemical shift (see Table 3).

Figures 6 and 7 show the system of parallel cracks emanating from the pol-
ished (010) and (001) surfaces of sanidine from Volkesfeld and from the Rock-
eskyller Kopf, respectively. The crystals were mounted in resin in such a way
that the polished surfaces of the crystals, either (010) or (001), were oriented
perpendicular to the surface of the mount. The crystal orientations were
determined using EBSD and the corresponding pole figures are shown as
inserts. As the cracks run parallel to a (hOl) plane they are always perpen-
dicular to the polished (010) surfaces of the crystals, and the traces of the
cracks that are visible on the surface of a particular sample are perpendicular
to the trace of the polished (010) surface of the crystal. In general, the cracks
are, however, not perpendicular to the surface of the polished mount, and the
spacing between the traces of the cracks does not correspond to the actual
spacing between the cracks. We denote the observed spacing between the
crack traces as h'. Given that the crystal orientation has been determined
from EBSD analyses and the true angle ¢ of intersection between the cracks
and the (001) surface is known (¢ = 83° for the sanidine from Volkesfeld,
and ¢ = 73° for the sanidine from the Rockeskyller Kopf) the true angle ¢
between the sample surface and the cracks can be determined. The crack
spacing h is then obtained from e and A’ according to

h =sine-h'.

In samples where crystals with polished (001) faces have been mounted the
traces of the cracks are generally not perpendicular to the traces of the pol-
ished (001) planes, and the observed spacing between the traces of the cracks
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differs from the actual crack spacing. Again, we denote the spacing between
the crack traces as h’, and we denote the angle between the crack traces and
the trace of the (001) surface as ¢'. Given that ¢ the true angle of inter-
section between the cracks and the (001) surface is known, the actual crack
spacing h is determined from the observed h' and ¢’ according to

h— COSs @ N

cos ¢’

The cracks emanating from the polished surfaces show a very regular spacing.
In Figure 5 the crack spacing is plotted as a function of composition shift.
The crack spacing systematically decreases with increasing composition shift
for both sanidines and for cracks emanating from both the (010) and (001)
faces.

Discussion

Stress in a thin misfitting layer on a planar surface

It is inferred from the experimental evidence that formation of the cracks is
related to the shift in composition caused by Na®-K* exchange. Although
chemically induced fracturing is observed with both directions of chemical
shift, we restrict our analysis to the case with the chemical shift towards more
sodium-rich compositions. This is due to the fact that regular crack patterns
with simple geometry only occur in this case and based on a straightforward
mechanical analysis material properties can be extracted from the observed
crack patterns. The cracks produced by shifts towards more potassium-
rich compositions have irregular shape and extracting material parameters
from an inverse approach does not appear to be feasible. Numerical forward
modeling could potentially reproduce the observed crack patterns, for such
modeling the material properties would have to be known as input parameters
though.

The lattice parameters of alkali feldspar depend on composition. A shift of a
potassium-rich alkali feldspar towards more sodium-rich compositions leads
to an anisotropic contraction of the lattice and a change in the angle 5. We
only consider composition shifts small enough to ensure that the monoclinic
symmetry is preserved. The lattice contraction is most pronounced in the
a-direction and by a factor of about five smaller along the b- and ¢- directions
(Kroll and Ribbe 1983; Kroll et al. 1986). During Nat-K* exchange a zone in
equilibrium with the salt melt develops at the grain surface and successively
spreads into the grain interior by the interdiffusion of Na™ and Kt on the



alkali sublattice. Along the transition zone between the exchanged rim and
the grain’s interior the concentration of the cations varies while the tetrahe-
dral framework remains coherent. This produces elastic strain and therefore
coherency stress that compensates for the lattice misfit. If this coherency
stress exceeds a critical value, fracturing is initiated. Cracks start to form
at an early stage of cation exchange when only a thin layer of chemically
altered feldspar has been produced at the grain surface. At this stage the
unaltered domain in the grain interior is volumetrically by far dominant and,
as a consequence, mechanically much stiffer than the thin misfitting surface
layer. In this situation, the elastic strain and the associated coherency stress
are localized in the thin misfitting surface layer. The unaltered substrate
may be approximated as rigid.

The mechanical analysis of the stress state associated with the development
of a thin misfitting layer due to composition change at the surface of a rigid
substrate involves two basic tasks: Firstly, the eigenstrain due to composi-
tion change is calculated from the composition dependent change in lattice
parameters. Secondly, the elastic stress induced by the eigenstrain due to
composition change is calculated for specific boundary conditions that re-
flect the orientation of the surface. We will restrict our analysis to planar
surfaces of a monoclinic crystal.

Eigenstrain by composition change

As usual, we describe the crystal lattice with three vectors a, b, and ¢, where
for the monoclinic system under consideration b is the diad axis and a =
v = 90° and 8 > 90°. We employ the orthogonal coordinate system Ozyz
generated by a, b, and c*, where ¢* || a x b. Let the composition induced
change in lattice parameters in a monoclinic alkali feldspar be (see Figure 8)

ap, by, co, Bo — a1, b1, c1, P

According to the monoclinic symmetry we have for the corresponding eigen-
strain tensor, €;;
en 0 e3
€ij = 0 €2 0 )
i3 0 es3
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with (for a detailed derivation see the appendix)
ai

11 = — — 1,
Qo
by
€99 = — — 1,
bo
c1 sin B
€33 = —— 5 —
o sin (3
€1 €os (31 ay cos By
€13

T 2csin By 2agsin By’

The composition dependence of the lattice parameters for disordered alkali
feldspar was documented by Kroll et al. (1986). We use the lattice parameters
that are given by the latter authors for the compositions Xo, = 0.84 and X,
= 0.69 (see Table 5), because they most closely represent the composition
range of interest in the context of our experiments. Based on these data,
we obtain €17 = —7.6 X 1073, £99 = —5.1 x 1074, £33 = —5.9 x 1074, 135 =
—1.9 x 1072 for a composition shift of Xo, = 0.84 — 0.69.

Stress and strain in a thin misfitting layer on a (010) surface

We now consider formation of a thin misfitting layer on a (010) surface of
monoclinic alkali feldspar. The geometry of the system to be analyzed is
shown schematically in figure 9. We follow the analysis of Neusser et al.
(2012) and only a brief summary of the approach is given here. The total
strain €j$* results from a combination of the eigenstrain due to composition
change ¢;; and elastic strain £

tot
]

g :Sij+€?;. (1)

When a thin misfitting layer forms on a (010) surface of a stiff, i.e. for-
mally rigid alkali feldspar substratum, coherency of the tetrahedral frame-

work across the transition zone requires that the in-plane components of the

total strain vanish, i.e. el}' = %3’ = &% = 0 (see Figure 9). The components

tot tot

€19 and €53 vanish because of the monoclinic symmetry. Applying equation
(1) we obtain for the elastic strain tensor £§; = e{** — &5
—en 0 —e3
el el
—c13 0 —es3

The strain component 5, remains unspecified and must be calculated from
additional constraints. We introduce Voigt notation

el el
€ij 7 &

11



where the indices transform as: 11 — 1, 22 — 2, 33 — 3, 23, 32 — 4,
13, 31 — 5, 12, 21 — 6 (see Figure 9). According to Hooke’s law we have

el
o; = Cijgj s (2)
where

o1 E‘il

09 5;1

1

o €5
o=|"? and €9 = | 3,
j 1_e

0’4 264
1 _el

J5 5€5
1 _el

are the components of stress and elastic strain, and ¢;; is the matrix of elastic
constants, respectively, in Voigt notation, and Einstein summation is implied.
As cation exchange took place in a liquid environment, i.e. no shear stresses
are transferred, and at close to ambient pressure, the out of plane stress
components on the crystal surface vanish, and we have o9 = 04 = g4 = 0.
Applying equations (1) and (2) we obtain a system of linear equations

o1 cii c2 3 0 c¢5 0 —€1
1
0 Cop C2 Co3 0 cp5 O €9
o3|  |e1 32 33 0 ¢35 O —&3
0 0 0 0 Cq4 0 C46 0
0 0 —1
Os5 Cs1 Cs2 Cs3 Cs5 5€5
0 0 0 0 Ce4 0 Ce6 0

Four of the six equations are independent, they can be solved to provide the
unknown stresses o1, 03, 05, and the unknown elastic strain £5!. We interpo-
late the elastic constants for monoclinic alkali feldspar given by Schreuer et
al. (in prep.) for T' = 850° C (see Table 6). For the composition change of
Xor = 0.84 — 0.69 we obtain the stress

039 0 —-0.025
Uij/GPa = 0 0 0
—-0.025 0 0.27

and the elastic strain
0.076 0 9.6 x 1074
el = 0 —0.0021 0

1] )

9.6 x 10~ 0 5.9 x 1074

again adopting tensor notation. According to the monoclinic symmetry of
the feldspar only the o, principle axis of the stress tensor is parallel to the £
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principle axis of the elastic strain tensor, and they are both parallel to the
crystallographic b axis (diad axis). The oy and o3 principle axes of the stress
tensor and the £§' and £§ principle axes of the strain tensor lie in the a — ¢
plane. They are, however, in general not parallel to the crystallographic a
or ¢ axes, neither are the principle axes of the stress and the strain tensors
parallel to each other. The principle components of the stress tensor and the
direction of principle axes are given by the well-known relations (Nye 1995)

2
oy = T8 \/(M) + 02, = 0.40 GPa,

2 2
2
e — o1 —2|r 033 \/(011 —;— 033) + 02, = 0.27GPa,
2
¢ = — arctan o1 41790,
2 011 — 033

The representation quadric of the derived stress tensor is shown in Figure
10. The crack direction is roughly perpendicular to the oy principle axis of
the stress. The latter corresponds to the largest principle component oy, i.e.
to the maximum tensile stress. Noting that fracturing is first initiated after
a composition shift of 0.13 X,, the critical tensile stress that is needed to
initiate fracturing on a (010) surface of alkali feldspar is derived from the
above example, which was calculated for a composition shift of 0.16 Xo,, as
o1 = 0.13/0.16 o1 = 0.325 GPa.

Stress and strain in a thin misfitting layer on a (001) surface

We now investigate the strain and associated stress induced by chemical
change in a thin layer on a (001) surface of monoclinic alkali feldspar. The
conditions for the total stress imposed on a thin misfitting layer on a (001)
surface through a coherent contact with a mechanically stiff, i.e. formally

rigid substratum are €' = &53' = &9 = 0 (see Figure 9). Applying again
equation (1) and noting that {3 = %' = 0 because of the monoclinic sym-

metry we have for the elastic strain tensor

In this case, two strain components £55 and 55 must be calculated from
additional constraints. Again, due to the fact that the chemical alteration
took place in a liquid under a pressure of less than one atmosphere the out of
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plane stress components vanish and 013 = 093 = 033 = 0. Applying Hooke’s
law (in Voigt notation) we obtain a system of linear equations

og} ci1 c2 a3 0 ¢ 0 —&1
) Co1 Cy C3 0 co5 O —&2
1
O _fecs cs2 33 0 c35 0 €3
0 0 0 0 Cy4 0 Cq6 0 ’
1_el
0 Cs1 Cs2 53 0 55 O 5€5
Og 0 0 0 Ce4 0 Ce6 0

which can be solved for the unknowns oy, a9, 06, €5 and €¥'. For the compo-
sition change of X, = 0.84 — 0.69 we obtain again adopting tensor notation

042 0 0
0;;/GPa= | 0 038 0],
0 0 0
and
7.58 x 1073 0 —2.34 x 107°
€5y = 0 5.07 x 1074 0
—2.34 x 1072 0 —2.31 x 1073

The diagonal form of ¢ implies that the principal axes of the stress tensor
coincide with the axes of the orthogonal coordinate system. The maximum
tension stress is represented by oy, i.e. it is parallel to the z-direction.. The
cracks in the (001) surface are indeed perpendicular to the z-direction.

Fracture mechanics

One can assume that several crack nuclei (e.g. defects) are distributed on
the surfaces of the specimen, especially along the edges, providing sites from
where cracks can propagate through the chemically altered surface layer.
Cracks form only when the chemical shift towards more sodium-rich compo-
sitions is 13 mole % or more. Referring to our stress analysis, this corresponds
to a critical tensile stress of about 325 MPa that is necessary to induce frac-
turing. Cracks emanating from the (001) surface are exactly perpendicular
to the direction of the maximum tensile stress on this surface, and they may
thus be regarded as pure mode I cracks. With cracks emanating from the
(010) surface the crack normal and the direction of maximum tensile stress
enclose an angle of about 18°. If the stress is resolved on the crack plane, a
shear stress component parallel to the line of the crack tip results, and the
cracks only approximately correspond to mode I with a minor component
of mode III (out of plane shear component). The experimental observation
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shows a system of parallel cracks that emanate from the surfaces and prop-
agate through the entire specimen with time. It is intuitive to assume that
fracturing is due to the tensile stress that is localized in the misfitting surface
layer and the following analysis builds on the simplifying assumption that
a homogeneous tensile stress in the surface layer provides the only driving
force for fracturing. The analysis does, however, not account for the fact that
chemical exchange also takes place at the crack surfaces (see Figure 4). The
envelopes of altered feldspar accompanying the cracks have an influence on
the stress field at the crack tip and provide additional driving force for crack
propagation. Considering this effect is beyond the scope of this communica-
tion. Our analysis thus can only deliver A rough estimate for the parameter
characterizing the fracture mechanics.

A number of fracturing criteria have been considered for brittle solids includ-
ing concepts based on crystal structure, bond density and bond strength,
elastic moduli and surface energy (Schultz et al. 1994). Each of these con-
cepts provides reasonable fracture criteria for specific materials, but none
is universally applicable. The latter authors suggested the stress intensity
factor, which is a measure for the stress field around a crack tip, as the most
suitable parameter for describing fracturing. With regard to our samples,
it is important to note that the spacing of the cracks emanating from the
polished surfaces is quite constant for a given composition shift and that the
characteristic spacing varies systematically with the extent of composition
shift. We also note that the stress induced in the thin, misfitting layer is
directly proportional to the eigenstrain due to composition shift. Our obser-
vation thus documents a relation between the crack spacing and the induced
stress. From this line of evidence we infer that the crack spacing is primarily
controlled by the induced stress rather than by the occurrence of pre-existing
randomly distributed defects, which would produce a more irregular crack
pattern. We make use of the observed relation between the extent of compo-
sition shift and characteristic crack spacing to estimate the critical value of
the stress intensity factor Kp., which may also be referred to as the ”fracture
toughness“, for mode I cracks. In all crack patterns that we produced the
relation between crack length a and crack spacing 2h is so that the crack
spacing factor s = a/(a+h) > 0.25. According to Tada et al. (2000) (p. 264,
Part III) the corresponding stress intensity factor for mode I cracks in this
regime is

K; =~ 0\/5, (3)

with the stress o acting along the edge, i.e. orthogonal to the cracks. The ob-
served relation between crack spacing and chemical shift, i.e. between crack
spacing and coherency stress nicely reflects this proportionality (see Fig-
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ure 5). For the cracks emanating from the (001) surface of sanidine from
Volkesfeld, a fit of equation (3) to the data given in table 3 yields an estimate
of K;, = 2.72 MPa m'/?2/86 MPa mm'/2. The corresponding estimate for
cracks emanating from the (010) surface is K. = 2.30 MPa m'/?/73 MPa mm?/2.
These estimates are different from what was found by Broz et al (2006) and
by Whitney et al (2007) using an indentation technique for measuring the
fracture toughness of rock forming minerals. Thereby the fracture toughness
is determined from the length of radial cracks emanating from the corners
of a load mark produced with a Vickers indenter. For orthoclase single crys-
tals an indentation fracture toughness of 0.88 + 0.13 MPa m'/? (Broze et
al. 2006) and of of 1.1 4+ 0.4 MPa m'/? (Whitney et al. 2007) was found,
which is considerably lower than the values obtained in our study. Bernardo
et al (2007) give an indentation fracture toughness of 1.5 to 2.0 for sintered
KAISi3Og glass ceramics, the indentation fracture toughness for aluminium-
oxide ceramics is 3 to 5 MPa m'/2. There are several possible reasons for the
discrepancy between the toughness estimates from this study and those from
Broz et al (2006) and Whitney et al (2007). The cracks associated with the
load mark of a Vickers indenter have a complex 3D geometry. No analytical
solution exists for the associated stress field, and the "fracture toughness”
obtained from indentation experiments merely rests on an empirical relation
among the length of radial cracks from indentation, the applied load, the in-
dentation hardness, and the elastic modulus, but it does not directly confer
to the continuum mechanical definition of the stress intensity factor (Quinn
and Bradt 2007). The nature (mode I, II, or III) of the cracks produced from
indentation is not well defined, but the continuum mechanical definition of
the stress intensity factor clearly discerns a K;, K7, and K;;; for mode I,
mode II, and mode III cracks, respectively (Quinn and Bradt 2007). The ”in-
dentation fracture toughness” is thus not directly comparable to the critical
value of the stress intensity factor that we obtained form our analysis, and
the comparison of numerical values must be made with caution. Furthermore
the sample used by Broz et al (2006) had a perthitic microstructure and may
differ in its mechanical properties from our gem-quality sanidines, which are
chemically and structurally homogeneous down to the nm scale. Finally, due
to the potential contribution of the lattice strain associated with chemical
alteration next to the crack walls, there is also some uncertainty with our ex-
periments, which has not yet been evaluated. Nevertheless, we think that our
experiments do present an interesting alternative to conventional mechanical
testing which rests on a well defined geometry of the crack pattern for which
analytical solutions or approximations are available (Tada et al. 2000).
Since K7 is nearly independent of crack length at s > 0.3, which is charac-
teristic for the observed crack patterns, the crack length cannot be predicted
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using equation (3). The growth of an initial crack (say a crack with s > 0.3)
is controlled by the stability behavior of the growth process itself as it has
been treated in the literature. We refer to e.g. Muhlhaus (1996) and do not
concentrate on this aspect.

Finally, the question arises up to the reason for the approximately 18° ori-
entation mismatch between the plane normal of the cracks and the direction
of maximum tensile stress. There is no obvious relation to the anisotropy of
the crystal’s bonding system as represented in terms of periodic bond chains.
However, the crack plane almost coincides with the plane defined by the di-
rections of the two pronounced maxima of the longitudinal elastic stiffness
(see Figure 11). One maximum points into the b-direction, the other lies
in the a-c plane pointing into a direction that encloses an angle of approx-
imately 78° with the negative a axis measured towards the positive ¢ axis.
Thus, the longitudinal elastic stiffness is generally high in a plane that is
subparallel to the cracks (Figure 11) and has its lowest values in the direc-
tion sub-perpendicular to the cracks. Although the atomistic mechanisms
underlying this relation are not known, it appears likely that the anisotropy
of the longitudinal elastic stiffness at least partially controls the orientation
of the cracks and is responsible for the mismatch between the crack normal
and the direction of maximum tensile stress.

Conclusions

It has been confirmed experimentally that fracturing in alkali feldspar may
occur due to coherency stress associated with composition change in the
course of Na™-K™* cation exchange. This phenomenon is due to a substantial
composition dependence of the lattice parameters of alkali feldspar and its
marked anisotropy. The mechanical analysis of a thin misfitting surface layer
under tensile stress, that is the situation corresponding to a composition shift
towards more sodium-rich compositions, delivers an estimate of ~ 325 MPa
for the critical tensile stress needed to initiate mode I cracks. The regularity
of systems of parallel cracks that emanate from polished (010) and (001)
surfaces indicates that the characteristic spacing between cracks is controlled
by the induced coherency stress rather than by irregularly distributed defects
or flaws in the crystal structure. This allows extraction of the stress intensity
factor, K; = 2.3 MPa m'/2/73 MPa mm?/? to 2.72 MPa m'/? /86 MPa mm!/?
from the relation between characteristic crack spacing and induced stress.
A slight orientation mismatch between the crack normal and the direction
of maximum tensile stress is tentatively ascribed to the anisotropy of the
longitudinal elastic stiffness. With our experiments on the chemically induced
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fracturing in alkali feldspar an alternative means of investigating fracturing
behavior in brittle materials is documented.
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Appendix

Eigenstrain due to composition change

Let r and R indicate the position of a specific point in the crystal lattice
before and after composition change, respectively,

r = (ml,xg,xg,) , R= (Xl,XQ,Xg)
The two vectors are related through the displacement vector u(r)
R=r+u(r).
The associated strain tensor ¢;; is defined as a symmetric sum

8Ui

1
Eij = —(Il‘j -+ I]Z) with Iij = %,
J

2

where [;; denotes the displacement gradient. If the strain is homogeneous,
I;; = const, one can explicitly find the components of u(r)

U; = [ijxja Xz — T, = Iija;j.

The linear transformation from r to R can now be written in a compact
matrix notation

R=Mr, M=1I+id (4)

where id denotes the 3 x 3 identity matrix.

We now consider a monoclinic coordinate system with axes a, b, ¢ and
corresponding angles v = v = 90°, 5 # 90°. Let i, j, k be the unit vectors
along the Ox, Oy, and Oz axes of the orthogonal coordinate system, and
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let the monoclinic coordinate system be oriented such that a || Oz, b || Oy,
c* || Oz (see figure 12). The vectors a, b, and ¢ can be related to i, j, k by
the matrix equation

a a 0 0 i i
c ccosfB 0 csinf k k

where S = S(a,b,c, () is the transformation matrix. In what follows we
denote S(CL(), b(), Cg,ﬁo) by S() and S(al, bl, 01,51) by Sl.

For the vector r we have

i aq i
r = (33'1 To .1'3) J = (m n p) b0 = (m n p) SO j )
k Co k
such that
T m
| =S | n
T3 p

Similarly, the components of R with respect to Ozyz are related to the
components referring to the monoclinic system through

X, m Ty T
Xo | =S n| =570y [22] = (Sy'S)" | 22|,
X3 p T3 T3
such that
R = (S;'9)"r. (5)
Comparing Eqgs. 4 and 5 we obtain an explicit expression for M
M = (S;*S))".

For the displacement gradient we thus have
I=(Sy'8)" —id,

and the strain tensor reads

o S S +2(50151)T i

For the case at hand the components of the strain tensor are calculated as

ar ] 0 c1 €08 [ W cos fy
ao 2cosin By 2aq sin Py
0 ——1 0
c1 co8 B a1 cos Py c1 sin Bq
2¢q sin [y " 2qgsin 5o m
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Figures
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Figure 1: Cracks formed from Na™-K* cation exchange between gem-quality
sanidine from Volkesfeld and a NaCl-KCl salt-melt; run duration was 16 days:
(a) BSE image of a system of parallel cracks emanating from a polished (001)
surface of sanidine shifted from Xp, = 0.84 — 0.64; the dark shades of grey
along the cracks reflect low potassium contents in the exchanged portions;
(b) BSE image of cracks along the transition zone between the alterated rim
and the unexchanged core of a sanidine shifted from Xo, = 0.84 — 1.00;
the light grey shade in the outermost zone reflects the increased potassium
content in the chemically altered domain.
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Figure 2: Schematic sketch of a plate with parallel cracks of the first hierar-
chical level and subordinate cracks of the second hierarchical level; (a) view
onto the (001) surface, view direction parallel ¢*; (b) oblique view, planes
with light grey and dark grey shades represent cracks of the first- and second
hierarchical level, respectively, (c¢) view onto the (010) surface, view direction
parallel b.

Tables

Table 1: Representative chemical analyses of the starting materials; PR:
Volkesfeld sanidine, EPR: Rockeskyller Kopf sanidine

phase SIOQ A1203 FeO BaO NaQO KQO MgO Tot. XOr XAb XCs

PR 63.98 19.06 0.16 088 1.84 13.61 0.00 99.51 0.84 0.15 0.01
EPR 64.08 1897 0.15> 1.31 281 1210 0.01 99.44 0.72 0.26 0.02
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Figure 3: System of parallel cracks in a sanidine from Volkesfeld; run duration
8 days; (a) sanidine with polished (001) faces shifted from X, = 0.84 — 0.64;
view onto the (010) plane; (b) sanidine with polished (010) faces shifted from
Xor = 0.84 — 0.60; view onto the (100) plane.
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Figure 4: (a) BSE image; (b) K-distribution map, (c) Na-distribution map
showing cracks with halos enriched in sodium and depleted in potassium
indicating that the cracks indeed formed during cation exchange; numbers
on the color lookup tables indicate counts per second.

26



crack spacing [um]

0 0.1 0.2

0.3 0.4

A Xo

A (001)
H (010)

60

50

40

30

20

crack spacing [pm]

b)

A (001)
A M (010)

Figure 5: Crack spacing as a function of the chemical shift AX = Xzt — Xfin.
(a) sanidine from Voklesfeld, XIi* = (0.84; (b) sanidine from the Rockeskyller
Kopf, X3t = 0.72.

Table 2: Results of the experiments conducted for determining the critical
composition shift needed for initiation of fracturing.

label Xt Yo X shift  cracks
SPR7-35-850 0.84 0.35 0.72 0.12 no
SPR7-34-850 0.84 0.34 0.71 0.13  yes
SPR7-33-850 0.84 0.33 0.69 0.15  yes
SPR7-32-850 0.84 0.32 0.68 0.16 yes
SPR7-31-850 0.84 0.31 0.66 0.18  yes
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Figure 6: BSE images showing the relations between crack spacing and chem-
ical shift in sanidine from Volkesfeld with initial Xo,=0,84; run duration: 7
days; the Xkq of the salt melt was changed systematically; plate with (001)
(a - d) and (010) (e - f) polished faces were used; (a) Xo, (exchanged) =
0.27; (b) Xo, (exchanged) = 0.50; (c) Xo, (exchanged) = 0.60; (d) Xo, (ex-
changed) = 0.64; (e) Xo, (exchanged) = 0.27; (f) Xo, (exchanged) = 0.50;
(g) Xor (exchanged) = 0.60 (h) Xo, (exchanged) = 0.64.
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Figure 7: BSE images showing the relations between crack spacing and chem-
ical shift in sanidine from Rockeskyller Kopf with initial Xo,=0,72; run du-
ration: 7 days; the Xk of the salt melt was changed systematically; plates
with (001) (a - d) and (010) (e - f) polished faces were used; (a) Xo, (ex-
changed) = 0.27; (b) Xo, (exchanged) = 0.50; (¢) Xo, (exchanged) = 0.60;
(d) Xo, (exchanged) = 0.64; (e) Xo, (exchanged) = 0.27; (f) Xo, (exchanged)
= 0.50; (g) Xor (exchanged) = 0.60 (h) Xo, (exchanged) = 0.64.

29



Z/\

Co

B,
- LN
C1 <Bo

S
(= -
|

a, 3,
Figure 8: Monoclinic coordinate system with unit vectors ag, by, ¢y and angle
Bo before and a;, by, c¢; and angle (3, after transformation; view direction

is along the positive crystallographic b-axes; also shown is the orthogonal
coordinate system Ozyz with Ox || a, Oy || b, Oz | c*.

a

Figure 9: Schematic sketch of the geometric setting of a misfitting surface
layer on a (010) (left) and (001) (right) surface of alkali feldspar.

30



c*p

8%~ alX

‘\“‘-\§t\\j7é11;z:
X

l

Figure 10: Crack direction and representation quadric of the stress tensor in
the x — z plane; X’ and Z’ correspond to the direction of o1 and o3, i.e., to

the directions of maximum and minimum tensile stress, respectively, in the
(010) plane.

200 200- !
100
e
3 0 e3 0
zZ
-100+
-200+ X 200 2007
- —
-200 0 e -200 -100 0 100 200
0 2200 e
200 1

€1

Figure 11: Representation surface of longitudinal elastic stiffness [GPa
(Schreuer et al in prep.), yellow dashed lines indicate range of observed
crack orientations, red arrow indicates direction of maximum tensile stress
o1, dashed red line: trace of normal plane to the direction of maximum tensile
stress.
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Figure 12: Monoclinic and orthogonal coordinate systems with a || Oz, b ||
Oy, c* || Oz viewed down the crystallographic b-axes, i, j, k are the unit
vectors along the Oz, Oy, and Oz axes.

Table 3: Relation between crack spacing and chemical shift; AS: apparent
crack spacing; AA: apparent crack angle; CS: crack spacing; CL crack length.

EPRb8-20-850
EPb8-22-850
EPRDb8-25-850
EPRb8-28-850

010
010
010
010

0.72  0.20 0.27 045 8 17 8 80
0.72  0.22 0.37 0.35 23 17 12 32
0.72  0.25 0.50 0.22 35 17 37 21
0.72  0.28 0.60 0.12 145 17 152 18

label polished Xor Xgcr Xor shift AS AA CS CL
faces  init. melt exch. [pm] [pm] [pm] [um]
PR&8-20-850 (001) 0.84 0.20 0.27  0.57 14 80 9 101
PR8-25-850 (001) 0.84 0.25 050 034 24 83 24 82
PRS-28-850 (001) 0.84 0.28 0.60 024 40 83 40 65
SP8-30-850 (001) 0.84 0.30 0.64 0.20 50 83 50 104
PRb8-20-850 (010) 0.84 0.20 0.27  0.57 10 7 10 151
PRb8-25-850 (010) 0.84 0.25 0.50 0.34 15 7 15 80
PRb8-28-850 (010) 0.84 0.28 0.60 0.24 30 7 30 62
SPb-30-850 (010) 0.84 0.30 0.64 0.20 45 7 45 46
EPR8-20-850 (001) 0.72  0.20 0.27 045 15 73 15 80
EP8-22-850 (001) 0.72  0.22 0.37 0.35 18 73 18 100
EPRS8-25-850 (001) 0.72  0.25 0.50 0.22 23 73 23 32
EPRS-28-850 (001) 0.72  0.28 0.60 0.12 55 73 55 28

(010)

(010)

(010)

(010)
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Table 4: Instrument setting and standard materials used for reference in
electron microprobe analysis

element spectrometer standard counting time counting time

crystal peak [s] peak [s]

Na TAP Albite 8 4

K PET Orthoclase 8 4

Fe LIF Almandine 20 10
Ba PET BaSO4 25 15
Mg TAP Olivine 20 10
Al TAP Almandine 8 4

Si TAP Quartz 15 7.5

Table 5: Composition dependence of lattice parameters after Kroll et al.
(1986)

Xor =0.85 X, = 0.69

a [A] 8.54 8.47

b [A] 13.026 13.02

c [A] 7.171 7.168
& 115.99° 116.01°

Table 6: Elastic constants [GPa] from J. Schreuer et al. (in prep.) referring to
the standard orientation Oz || a, Oy || b (diad axis), Oz || ¢* and calculated
for T'= 850° C.

Ci1 Ci2 Ci3 Cia Ci5 Ci6
c; | 61.8 438 34.0 0 -4.4 0
coj; | 43.8 159.5 14.6 0 1.5 0
c3; | 340 146 129.2 0 -28.9 0

;| 00 0 145 0 03
Gy |44 15 289 0 294 0
;| 00 0 03 0 364
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