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bstract

e present experimental evidence for shock-wave induced amorphization in polycrystalline and single crystal mullite, Al2
VI(Al2+2x Si2−2x)IVO10−x,

t peak pressures above 35 GPa. The transition proceeds along with a network of very thin glass lamellae (planar deformation features (PDFs))
f mullite-normative composition extending parallel to low-index crystallographic planes including {1 2 0}, {2 3 0} and {1 1 0}. Cumulative
icrostructural evidence from the PDFs derived via analytical transmission electron microscopy suggests a shear-induced formation mechanism.
xperimental PDFs match the relative minima of the calculated representation surfaces of the shear modulus suggesting that suitable PDF
rientations can be derived from the elastic anisotropy of mullite. PDFs in mullite are in good agreement with those reported for naturally shocked
illimanite.
Unlike the formation of shear-induced PDF-type glass lamellae in shocked mullite, the thermal decomposition of mullite following high post-
hock temperatures results in a fine-grained phase assemblage consisting of corundum plus amorphous silica, and represents the most abundant
ransformation mechanism in the shock regime investigated (20–40 GPa). No stishovite was observed. At shock levels beyond 35 GPa thermal
ecomposition of mullite may occur along with PDFs within the same specimen.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Dynamic compression of solid matter is a traditional domain
f the geological science community where primary interest is
irected towards the effects of shock metamorphism upon ter-
estrial crustal rocks and extraterrestrial impactites.1–5 Notably
he high strain rates released during shock loading bear a high
otential for materials processing. Shock-assisted compaction
as been employed successfully for the compaction of covalently
onded ceramic systems (e.g. SiC, BN, AlN, graphite, diamond)
f high purity which are difficult to densify otherwise. During
hock loading, different sources of energy dissipation such as

riction, fracture and partial melting are released upon acceler-
tion of the powder particles by the shock wave creating high
islocation densities and point defect concentrations.6–11
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In response to shock-induced compression either in the
aboratory or during a natural impact, crystalline constituents
evelop a variety of structural defects which are distinctively
ifferent from those introduced during static deformation12–14.
ith increasing pressure these characteristic defects include pla-

ar fracture, mechanical twinning, kink bands, mosaicism, and
he so-called planar deformation features (PDFs) introduced via
hock-induced amorphization.

PDFs define the most intriguing class of shock indica-
ors. They consist of straight, narrow glass lamellae exhibiting
he same chemical composition as the host crystal and have
een described for a number of shock-loaded rock-forming
inerals,12,15–17 but as discussed in the present study, they
ay form in ceramic compounds as well. PDFs reflect elastic

nstabilities on specific closely packed crystallographic planes

ollowing the breakdown of the general Born stability criterion
s defined by a positive definite matrix of the stiffness tensor
ij, once a critical shock level has been exceeded.18,19 While
estabilization of some crystal lattices upon shock compaction

mailto:wolfgang.braue@dlr.de
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ay be accomplished without a shear component,20 it is gener-
lly accepted that the very thin (of the order of ×10 nm) PDFs
re formed by a shear process during dynamic compression.21,22

hese findings are in line with the general conception that even in
niaxial compression state shear is always effective on selected
rystallographic planes. The PDF fine structure may be affected
y post-shock annealing effects and in some systems frictional
elting seems to be associated with PDFs.23 The orientation

f PDFs shows no pressure dependence. With increasing pres-
ure, thickening of PDFs may yield extended areas of so-called
iaplectic glasses.22,24 It has been emphasized that accommoda-
ion of the compressed volume behind the shock front can only
e achieved via regularly spaced lamellae of dense amorphous
aterial.20,22 Therefore PDFs must not be confused with amor-

hization of crystalline matter upon static compression.25–27

Although the shock response of Al2O3
28–30 and the Al2SiO5

olymorphs, particularly sillimanite, is well documented in the
iterature,31,32 dynamic compression of ceramic compounds
uch as the alumosilicate mullite has only attracted attention
n recent years.

The natural occurrence of mullite is rare. It was first reported
n the early 1920s from a high-level intrusion of an Al-rich clay
hale by a basaltic magma at the Isle of Mull in the Western
cottish Highlands.33 Not surprisingly, naturally shocked mul-

ite is presently unknown. However, the crystal structures of
ullite and sillimanite are very similar suggesting that an in-

epth comparison of the shock behavior of mullite derived in
he laboratory with naturally shocked sillimanites will provide

more detailed assessment of the shock performance of this
amily of compounds.

Mullite, Al2VI(Al2+2x Si2−2x)IVO10−x, (0.17 < x < 0.50) has
n oxygen-deficient orthorhombic structure with straight chains
f edge-sharing [AlO6] octahedra extending parallel to the c-
xis which are cross-linked by chains of doublets of [(Si/Al)O4]
etrahedra34,35 (see also Section 4, Fig. 9 for a presentation of
he mullite average structure). With the bulk composition rang-
ng from nominally 3Al2O3·2SiO2 (x = 0.25) to 2Al2O3·1SiO2
x = 0.40), mullite is the only stable phase in the binary system
l2O3–SiO2 under normal conditions.
Apart from the fact that sillimanite features no oxygen vacan-

ies, the structural differences between sillimanite and mullite
re basically related to the site occupation factor of the alu-
inum and silicon atoms in the tetrahedral double chains. In

illimanite these are fully occupied in an ordered manner. In
ullite they are only partially occupied (sites occupation factor
0.8) in a random manner which gives rise to bisection of the

-parameter. Moreover, sillimanite lacks the partially occupied
etrahedral chains extending parallel to the c-axis which involve
he T* sites with site occupation factors ∼0.2.

First results on shock-induced phase transitions of polycrys-
alline mullite including (i) the formation of planar deformation
eatures as well as (ii) the thermal decomposition of mullite
ere reported in 1995.36 Recently, the Hugoniot elastic limit

f polycrystalline mullite was determined experimentally to be
6.1 GPa37 which compares well to the Hugoniot elastic limit
f sapphire (12–20 GPa28) for different crystallographic orien-
ations. A phase transition in mullite occurring at 30.4 GPa was
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eported38 while at 40 and 49 GPa, mullite nanocrystals were
ound to be embedded in a non-crystalline phase. Exposure to
till higher shock pressures above 65 GPa resulted in complete
ecomposition of mullite to form a very fine-grained mixture of
-alumina and amorphous silica.

The previous shock data for mullite still leave a variety
f open issues and inconsistencies within the literature which
re addressed in the present paper. The main focus of this
tudy is directed towards the assessment and interpretation of
lanar deformation features observed in polycrystalline and sin-
le crystal mullite materials as compared to mullite’s close
tructural relative sillimanite. The concept of a shear-induced
ormation process for PDFs proven successfully for a num-
er of shock-loaded rock-forming minerals21 is extended to
he mullite system employing sillimanite for benchmarking. It
ill be shown that the formation of PDFs in mullite planes

an indeed be rationalized via the elastic anisotropy of mullite
nd match with the ensemble of PDFs reported from nat-
rally shocked sillimanite.31 The thermal decomposition of
ullite introduced by the high post-shock temperatures repre-

ents the second transformation mechanism of shocked mullite
nd is discussed complementary to shock-induced amorphiza-
ion.

. Experimental procedure and materials

.1. Shock recovery experiments

The shock experiments were performed at the Ernst Mach
nstitute, Freiburg, Germany by planar impact techniques2,13

n the 20–40 GPa pressure range. The experimental setup is
epicted in Fig. 1a. The specimen was loaded in a cylindrical
RMCO (American Rolling Mill Company)-type iron sample

ontainer surrounded by intercalated steel plates which serve as
omentum traps. Dynamic compression was achieved through
steel flyer plate accelerated by an explosive device. The flyer
late was resting on a spacer ring. Upon impact of the flyer plate
n the upper sample container surface a plane shock wave was
ransmitted into the specimen. The specimens consisted of thin
olished mullite sections, typically 0.5 mm thick and 10 mm in
iameter, which were embedded in NaBr in order to suppress
arefaction waves from the lateral and bottom surfaces of the
ample container (Fig. 1b).

Peak pressures transmitted into the samples could be varied
y using different types of explosives and/or by modifying the
hickness of the flyer plate, respectively. Peak pressures were
etermined by separate calibration tests using the pin contac-
or technique via measuring the free surface velocity at the
pper container/sample interface as discussed elsewhere.13 The
ressure in the mullite sample was determined by impedance
atching in a multiple reflection mode using the Hugoniot data

f ARMCO-iron. Upon shock-loading the sample container
s usually slightly deformed at the impact surface. At pres-

ures above 30 GPa recovery of specimens for TEM preparation
ecomes progressively difficult due to complete fragmentation
f the mullite materials and/or strong adhesion to the container
aterial.
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typical for rather moderate shock pressures which may be asso-
ciated with brittle failure, independently of the nature of mullite
starting material. Typical mosaicism from a (0 0 1) single crys-
tal specimen is depicted in Fig. 2. The subgrain boundaries
ig. 1. (a) Experimental setup (schematic) employed for the shock recovery
xperiments. (b) Plane view of the sample container borehole holding a shocked
ingle crystal mullite specimen embedded in NaBr.

.2. Starting materials, characterization upon shock
ecovery

Three different synthetic mullite materials were employed
n this study: (i) a coarse-grained polyphase fused 2/1 mullite
efractory brick, (ii) (0 0 1) sections from a Czochralski-grown
/1 mullite single crystal, and (iii) a very fine-grained sintered
olycrystalline 3/2 mullite ceramic material.

The 2/1 mullite crystals of the fused mullite brick, some
0 �m in grain size, were located between large porous corun-

um laths and a continuous siliceous glassy phase holding
umerous zirconia particles. The non-crystalline phase acted as
sink for impurities such as sodium, calcium and iron. Due to the
bundance of corundum in the fused mullite brick, shock defor-
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ation features of corundum29 were analyzed and compared
o mullite. Directions [u v · w] in corundum electron diffraction
atterns refer to the 3-axis, 3-index Miller notation containing
he redundant dot symbol for fast recognition.

The sintered 3/2 mullite ceramic exhibited an average grain
ize of 1 �m and was employed in order to address possible
ffects of very small grain sizes on shock-induced microstruc-
ures.

Specimen fragments recovered from the shock experiments
ere embedded in epoxy glue and thinned by dimpling and stan-
ard argon-ion beam techniques. In most cases TEM specimens
ere sampled with the foil normal approximately parallel to the
ain direction of the primary shock wave. This might not be true

or heavily fragmented and tilted specimen areas and/or devia-
oric shock-wave components being effective during the shock
xperiment.

A FEG TEM/STEM operating at 300 kV acceleration volt-
ge (Tecnai F 30 ST, FEI Instruments, The Netherlands) was
mployed in the research. Phase analysis was performed via
elected area electron diffraction (SAD), convergent beam elec-
ron diffraction (CBED), and small probe X-ray microanalysis
EDS).

. Results

.1. Shock-induced mosaic structures and the formation of
lanar deformation features (PDFs) in mullite

Upon shock loading at 20 GPa the mullite materials were
ound to be devoid of shock-induced phase transformation or
ecomposition reactions. The individual mullite grains however
isintegrated into numerous domains (“mosaicism”) separated
y subgrain boundaries. This is considered a defect structure

2

ig. 2. Subgrain boundaries in shock-loaded (0 0 1) single crystal mullite
20 GPa) due to slight deviations of mullite domains (“mosaicism”) from the
ommon [0 0 1] zone axis orientation (TEM, bright field (BF)).
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Fig. 3. (a) Network of non-crystalline lamellae (PDFs) in mullite grain from fused-mullite refractory brick upon shock loading at 35 GPa (TEM, BF). Quantitative
analysis of EDS spectra collected from non-crystalline areas (circle symbol) indicated a mullite-normative composition. Local displacement of intersecting PDFs
upon shear is highlighted by white arrows. (b) HREM image of boxed region in (a). PDF lamellae are oriented edge-on and extend parallel to (1 2 0), (1̄ 2 0) and (2 3 0)
planes, respectively. A CBED pattern collected from a PDF is displayed in the inset emphasizing its amorphous nature. (c) Analysis of crystallographic directions
of the relevant shock waves giving rise to the simultaneous formation of shear-induced PDFs parallel to (1 2 0), (1̄ 2 0) and (2 3 0) mullite planes (b). Their poles and
traces (bold lines) are plotted in the mullite (0 0 1) standard stereographic projection which has been rotated into coincidence with the corresponding TEM bright
fi
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eld image (b).
ollowing Mohr’s construction PDFs on (1 2 0), (1̄ 2 0) and (2 3 0) planes are re
ationalized via decomposition of a single shock wave.

ay extend into numerous nanoscale microcracks which merge
nto a general [1 1 0] texture. At other locations of the speci-

en large cracks emerged from pronounced lattice compression
ites characterized by the typical strain whorls observed in
iffraction contrast. Dislocation networks were rarely observed.
lthough brittle fracture in shocked compounds may be crys-

allographically controlled, planar fractures or cracks parallel to
he preferred cleavage plane of mullite (0 1 0) were not observed.

At shock pressures exceeding 20 GPa the general microstruc-
ure changed significantly. Shock-induced amorphization is
ntroduced in the following while thermal decomposition is
iscussed in Section 3.2. At 35 GPa the mullite microcrystal dis-
layed in Fig. 3a exhibited a very obvious series of straight and
arrowly spaced planar defects. It is noteworthy that orienting
hese features edge-on required some 40◦ drum tilt off the foil
ormal of the TEM specimen which originally extended paral-
el to the direction of the primary shock wave. This observation
eld important implications with respect to the verification of

shear component being active during shock compaction (see
elow). Upon closer inspection via HREM and microdiffraction
he planar features proved to be an intersecting network of thin
morphous lamellae. EDS spectra collected from the lamellae

s

m
T

to shock-wave directions [1 2 6], [1̄ 2 6] and [2 3 9], respectively, which can be

nd the adjacent crystalline mullite area yielded virtually the
ame normative mullite composition. Thus, the lamellae were
learly identified as PDFs.2,5,12 In most cases the PDFs were
traight, but appeared slightly curved in thicker regions of the
pecimen. Fig. 3b displays a HREM image of the mullite micro-
rystal from Fig. 3a in [0 0 1] orientation. The PDFs are oriented
dge-on and extend parallel to the traces of {h k 0}-type prism
lanes including the (1 2 0), (1̄ 2 0) and (2 3 0) planes. Lamel-
ae displacement due to shearing was observed for intersecting
DFs, as highlighted by arrows in the center of Fig. 3a. Typi-
ally, PDF thickness was of the order of 10–15 nm. Most likely
heir true thickness was distinctly less. Mullite is known to be
ery prone to electron-beam induced radiation damage which
mposed a notable broadening effect on PDFs within minutes of
EM inspection. Great care must be taken not to confuse artifi-
ial amorphization introduced via prolonged radiation damage
ith true areas of shock-induced glasses.24 Leaving aside the
rst signs of radiation damage, Fig. 3a and b represent the early

tage of shock-induced amorphization in mullite.

The shear character of the observed PDFs on mullite planes
ay be conveniently rationalized by applying Mohr’s circle.
hus, shear stresses within a plane will be maximal if this plane



an Ceramic Society 29 (2009) 3135–3146 3139

i
P
e
P
t
o
a
F
F
4
s
D
l
a
p
p
r
a
c
w
g
s

w
w
i
F
f
t
1
d

3

f
r
f
a
s
r
m
3
P

(
f
f
z
f
a
o
c
s
d

p

Fig. 4. (a) PDFs extending parallel to {1 1 0} planes in (0 0 1) single crystal mul-
lite upon shock-loading at 40 GPa (TEM, BF). (b) HREM image of boxed region
in (a). The glass lamellae are oriented edge-on exhibiting a thickness variation
between 1.5 and 4.5 nm. (c) Analysis of the crystallographic direction of the
relevant shock wave giving rise to the formation of shear-induced PDFs parallel
to {1 1 0} mullite planes (a). Their poles and traces (bold lines) are plotted in
the mullite (0 0 1) standard stereographic projection which has been rotated into
coincidence with the corresponding TEM bright field image (b).
Following Mohr’s construction relevant shock-wave directions for the {1 1 0}-
type PDFs include [3̄ 3 11] and [3 3 11] which can be rationalized via
decomposition of a single shock wave.
W. Braue et al. / Journal of the Europe

s tilted by 45◦ to the compression direction, therefore initiating
DFs. Note that this scenario exactly corresponded to the nec-
ssary tilting of the TEM specimen for edge-on imaging of the
DFs in Fig. 3b. Consequently, possible crystallographic direc-

ions of the relevant shock waves introducing the experimentally
bserved PDF could be derived from stereographic projections
s shown in Fig. 3c for the polycrystalline mullite specimen (see
ig. 4c for the single crystal mullite case as discussed below).
or convenience, the stereographic projections (Figs. 3c and
c) were rotated into coincidence with the corresponding real
pace images with the PDFs oriented edge-on (Figs. 3b and 4b).
ue to the appearance of non-symmetric equivalent PDFs, at

east in Fig. 3b, different shock-wave directions must have been
ctive during PDF formation. In Fig. 3c the shock-wave com-
onent parallel to [2 3 9] which gave rise to PDFs on {1 2 0}
lanes is 46.7◦ off the [0 0 1] direction. On the other hand, [1 2 6]
elated to PDFS on the (2 3 0) plane is off by 44.7◦, both in good
greement with Mohr’s circle. These different direction vectors
ould be considered as components of a single primary shock
ave upon transformation. Their common location lies on the
reat circle segment of the plane they span in the corresponding
tereographic projections.

Shock-induced formation of PDFs in mullite single crystal
as investigated for a (0 0 1) specimen at 40 GPa only. A net-
ork of PDFs extending parallel to {1 1 0} planes is displayed

n Fig. 4a. A HREM image of the boxed region is displayed in
ig. 4b. Apart from {1 1 0} no other family of PDFs was derived
rom the (0 0 1) specimen. As shown in the stereographic projec-
ion (Fig. 4c), Mohr’s circle applied to this scenario yields [3 3
1] as the relevant shock-wave direction, 45.5◦ off the [0 0 1]
irection.

.2. Shock-induced thermal decomposition of mullite

The second transformation observed in shock-loaded mullite,
or both the polycrystalline and the single crystal starting mate-
ial, involved the decomposition of individual mullite grains to
orm �-Al2O3 and amorphous silica. No stishovite was observed
s stated elsewhere for similar experiments.37 Within the pres-
ure range investigated (20–40 GPa) thermal decomposition
epresented the dominant type of microstructural response of
ullite to shock loading. Once the shock level has exceeded

5 GPa, it may even occur simultaneously with the formation of
DFs within the same specimen.

For a single crystal mullite (0 0 1) substrate shocked at 30 GPa
Fig. 5a), the shock-induced breakdown of mullite to a newly
ormed alumina plus amorphous silica phase assemblage was
ound to be restricted to a small fine-grained transformation
one. The SAD diffraction pattern (see inset in Fig. 5a) collected
rom the transformed area revealed strong corundum {1 1 · 3}
nd {0 3 · 0}Debye Scherrer rings (among others) superimposed
n (0 0 1) mullite reflections. No crystalline silica polymorph
ould be detected. Silica must be present in the amorphous

tate as EDS spectra collected from corundum-rich locations
id always depict a distinct Si K� signal.

On a local scale the fine-grained corundum plus amor-
hous silica phase assemblage may develop a strong texture
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Fig. 5. (a) Local transition of (0 0 1) single crystal mullite to corundum and amorphous silica upon shock deformation at 30 GPa (TEM, BF). The composite SAD
pattern inserted reveals strong corundum {1 1 · 3} and {0 3 · 0} Debye Scherrer rings (among others) superimposed on [0 0 1] mullite reflections. (b and c) Thermal
decomposition of shock-loaded single crystal (0 1 0) mullite specimen (40 GPa) yielding a highly textured 〈corundum plus amorphous silica〉 phase assemblage, (b)
defocused BF image (referring to the specimen orientation prior to the shock experiment), (c) corundum SAD pattern (B = [1 0 · 0]) from 〈corundum plus amorphous
silica〉 phase assemblage. Note pronounced streaking in the diffraction pattern parallel to [0 0 · 1] which corresponds to the needle-shaped grain morphology of the
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orundum grains extending parallel to the original mullite [0 0 1] direction in re

ielding a single crystal-type corundum SAD pattern which
s believed to be related to pressure gradients within the
pecimen. Inhomogeneous pressure distribution is a common
eature reported from shocked ceramic compounds giving
ise to grain rotation and strong textural effects within the
pecimen.6 This effect was demonstrated for a single crys-
al mullite (0 1 0) section exposed to 40 GPa shock pressure
Fig. 5b). Corundum was tilted to a [1 0 · 0] zone axis orien-
ation with elongated nanocrystals exhibiting grain dimensions
f the order of 10 nm × 30 nm. Note the pronounced streaking
arallel to [0 0 · 1] in the diffraction pattern (Fig. 5c) which is
ue to the needle-shaped corundum grain morphology extend-
ng parallel to the original mullite [0 0 1] direction in real space
Fig. 5b). Numerous phase boundaries filled with amorphous sil-
ca become visible in the transformed region upon defocusing
he objective lens. Considering the original mullite orienta-

ion prior to thermal decomposition, similar [0 1 0]//[1 0 · 0] and
1 0 0]//[0 0 · 1]-type mullite/corundum orientation relationships
s described elsewhere39 were locally established in shocked
ullite crystal.

4

m

ce (b).

Shock compression of the fine-grained sintered mullite
eramic at 35 GPa resulted in thermal decomposition of mullite
nly (Fig. 6). On a nanometer scale the clustered arrangement
f the corundum plus amorphous silica-rich phase assemblage
eemed to follow the grain texture of the starting material prior
o shock deformation. No evidence for PDFs was derived from
his experiment.

At 35 GPa the corundum grains from the fused mullite brick
xhibited shock-induced basal twin lamellae, as shown in Fig. 7.
orundum orientation is parallel to [1 1 · 0] thus imaging the
asal plane twins edge-on. The corresponding SAD pattern
see inset in Fig. 7) is a mixture of fundamental [h h · 0] spots,
asal twin spots and overlapping matrix/twin reflections. No
DFs were observed in corundum, in agreement with previous
esearch.29,30
. Discussion

Microstructural and crystallographic evidence from PDFs in
ullite suggested that the crystalline-to-amorphous phase tran-
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Fig. 6. Thermal decomposition of a former mullite grain (original grain size
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Table 1
Elastic coefficients of 2/1 mullite and sillimanite41,42 single crystals at room
temperature employed in the calculation of shear modulus anisotropy. Elas-
tic stiffnesses cij and elastic compliances sij are given in Voigt notation (see
Appendix A).

Composition
Al4+2xSi2−2xO10−x

2/1-Mullite ≈ 2Al2O3·SiO2,
x = 0.385

Sillimanite,
Al2O3·SiO2, x = 0.0

c11 [GPa] 291.3 287.3
c22 232.9 231.9
c33 352.1 388.4
c44 110.3 122.4
c55 77.39 80.7
c66 79.90 89.3
c12 112.9 94.7
c13 96.22 83.4
c23 121.9 158.6

s11 [TPa−1] 4.314 4.042
s22 5.995 6.515
s33 3.540 3.590
s44 9.066 8.170
s55 12.922 12.392
s66 12.516 11.198
s12 −1.801 −1.467
s13 −0.556 −0.269
s

o
a
s
l
l
i
m

pproximately 1 �m) from the fine-grained sintered 3/2 mullite starting material
pon shock-loading at 35 GPa (TEM, BF). Numerous nanoscale alumina grains
re incorporated in a siliceous amorphous phase.

ition was introduced by a shear component during dynamic
ompression. In their classic case study on quartz, Goltrant et
l.21,22 showed that the shear modulus decreased with increas-
ng pressure and discontinuities giving rise to PDFs appeared
n the {1 0 · n} type-rhombohedral planes (n = 1, 2, 3, 4) above
shock level of 10 GPa.

Although the Born stability criteria for the orthorhombic
ase was reported in a general, yet not fully expanded ana-
ytical expression,40 a similar estimate on the limiting shock
ressure in mullite cannot be accomplished as the pressure
ependence of the elastic stiffness coefficients cij is currently

nknown for mullite and sillimanite as well. If, however, the
ressure dependence is neglected as a first approximation, cal-
ulation of the anisotropy of mullite’s shear modulus at normal
onditions (see Appendix A) with simultaneous consideration

ig. 7. Deformed corundum grain from the fused-mullite brick material dis-
laying basal plane twinning upon shock loading at 35 GPa (TEM, BF). The
lectron beam is parallel to the [1 1 · 0] zone axis (see inset) thus imaging the
wins edge-on.
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23 −1.584 −2.346

f the specific planes relevant for PDFs is quite similar to the
pproach employed in21 for addressing shear instabilities on
elected quartz planes. Extrapolation to actual shock regimes
imits the applicability of the shear modulus anisotropy in mul-
ite to a qualitative argument, but as discussed in the following
t is nevertheless suited to address shear instabilities on specific

ullite planes.
The elastic stiffness coefficients cij of mullite employed in the

alculation of shear modulus anisotropy are compiled in Table 1
n comparison with the sillimanite data from the literature.41,42

onsidering the close structural relationship between mullite
nd sillimanite the similarity between the corresponding elastic
tiffness coefficients is not surprising. Mullite and sillimanite
hare high longitudinal stiffness coefficients c33 caused by load-
earing continuous tetrahedral and octahedral chains extending
arallel to the c-axis. The softer octahedral chains41–44 stabilize
he tetrahedral chains against tilting and vice versa. Such contin-
ous chains do not exist perpendicular to the c-axis. Therefore,
he longitudinal stiffness coefficients c11 and c22 are signifi-
antly lower than c33 which can be rationalized by the alternating
equences of soft octahedral and hard tetrahedral units arranged
n any direction perpendicular to the c-axis. The c11 coeffi-
ient exceeds c22 because the octahedral Al–O bonds are more
ompliant parallel to the b-axis than to the a-axis.

Shear stiffness coefficients of mullite increase in the sequence
55 < c66 < c44 reflecting increasing resistance against shear
eformation within the planes (0 1 0), (0 0 1) and (1 0 0), respec-
ively. The shear stiffness coefficients of mullite are lower
han those in sillmanite as the partial substitution of sili-

on by aluminium and initiation of oxygen vacancies via
Si4+ + O2− → 2Al3+ +� (oxygen vacancies�) causes a reduc-
ion of the mean tetrahedral bond strength.
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Fig. 8. Sections through the representation surfaces of the shear modulus G (l) in single crystal mullite (Table 1, solid line) in polar (a, c, d) and Cartesian coordinates
(b), respectively. Sillimanite (Table 1, dotted line) is shown for comparison. Zero points are suppressed. (a, b) Central (0 0 1) section. Note the distinct relative minima
of G (l) at approximately ± 30◦ off the a-axis, in agreement with the traces of the experimentally observed PDFs (bolt lines) in mullite. (c) Central (0 1 0) section. Note
t tral (1
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he distinct relative minima of G (l) oriented parallel to 〈1 0 0〉 and 〈0 0 1〉. (d) Cen

Given the elastic stiffness coefficients cij (Table 1) the shear
odulus for the orthorhombic phase mullite was calculated from
q. (1) as derived in the appendix. The three-dimensional rep-

esentation surface of the shear moduli is conveniently depicted
hrough the central (0 0 1), (0 1 0) and (1 0 0) sections, as shown
n Fig. 8a, c and d in polar and in Fig. 8b in Cartesian coordinates,
espectively. Here, the length of the radius vector in the direction
f the unit vector l is proportional to shear modulus G(l) = 1/sij(l)
or arbitrary directions l = (l1, l2, l3) with the elastic compliance
oefficients sij. Zero points in Fig. 8a–d are suppressed in order
o highlight the relative changes of G(l). As shown in Fig. 8a
nd b, the traces of the PDFs on (h k 0) planes match the relative
inima within the (0 0 1) plane of the calculated representation

urface of the shear modulus G(l) indicating that the formation of

DFs complies with the soft modes in the shear modulus. From
umerous planar features characterized by optical microscopy
n naturally shocked sillimanite crystals, Stoeffler24 found PDFs

v
p
s

0 0) section. Note the distinct relative minima of G (l) oriented parallel to 〈0 1 1〉.

ost frequently on {h k 0} prism planes including (1 1 0), (1 2 0),
1 3 0), (2 3 0) and (3 2 0) and less frequently on {h k l}bipyramid
lanes and (0 1 0)-type prism planes. Thus, the agreement in
DF-orientation between mullite and sillimanite is evident. The
istinct relative minima in the (0 1 0) and (1 0 0) sections of the
epresentation surface of the shear modulus as shown in Fig. 8c
nd d suggest that additional sets of PDFs may occur in shocked
ullite which were not accessible in our experiments.
Other than the formation of PDFs, the thermal decompo-

ition of shocked mullite represents a typical phenomenon
nown from shocked ceramic systems controlled by high post-
hock temperatures during the decompression phase of the
hock experiment.13 As emphasized previously2 post-shock
emperatures exceeding the decomposition-, melting- and even

aporization temperatures of solid compounds may occur on
ressure release from all shock states. Thermal decompo-
ition of shocked mullite to form an intimate mixture of
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lumina and amorphous silica is actually enhanced by the
ffects of high pressures due to the decrease in molar volume
nvolved.

While our results on shock-induced transformations of mul-
ite provide a consistent pattern of the interplay of PDF formation
nd thermal decomposition above 35 PGa, they do not comply
ith recent studies on polycrystalline shocked mullite.37,38,45–48

awai et al.37 claimed thermal decomposition of mullite to form
orundum and stishovite at 30.4 GPa. This finding has not been
erified via microstructural analysis but derived indirectly by
tting the cusps in their p–V mullite Hugoniot curve with shock
ata from the corundum plus stishovite phase assemblage which
sually forms upon decomposition of kyanite Al2SiO5. Shock
ecovery experiments from the same group extended to 49 GPa
ielded mullite and a considerable amount of non-crystalline
hase in the X-ray diffraction patterns.38 Unfortunately amor-
hization of mullite is addressed qualitatively only with no
etailed crystallographic information furnished, so the signif-
cance of the microstructures displayed (Figs. 2 and 3 in ref. 38)
s difficult to comprehend.

Furthermore, it has been argued that a shock induced
rystalline-to-amorphous transition in mullite may be enhanced
y some sort of phase instability related to the oxygen
acancies.38 Moreover this instability should give rise to distinct
icrostructural differences in shock-loaded mullite as compared

o sillimanite, as stated recently.43 However, our results pro-
ided no significant microstructural differences between the
hock response of mullite as compared to the published data
n sillimanite.24 While it is true that oxygen vacancies may
ontribute to a relative overall reduction of both longitudinal
nd shear stiffness in mullite as compared to sillimanite, the
ell documented PDFs in shocked sillimanite31 which is devoid
f oxygen vacancies clearly prove that they are not related
o PDF formation. This study and previous related work41,42

ndicate that it is the interaction of all structural units in the mul-
ite structure and less likely the effect of randomly distributed
oint defects such as oxygen vacancies which give rise to the
nisotropy of the shear modulus in mullite. Notably the [AlO6]
ctahedra present the softest structural units during compres-
ion of Al2SiO5 polymorphs.44 Our present study emphasizes
hat they are most compliant against shear as well. As high-
ighted in the [0 0 1] projection of the mullite average structure
Fig. 9), the high density of octahedra located on mullite planes
1 1 0}, {1 2 0}, {2 3 0} holding PDFs may furnish a supplemen-
ary structural argument for the calculated minimal values of the
hear modulus (Figs. 8a and b) and the propensity of mullite to
hock-induced amorphization.

Furthermore, the argument that amorphization of mullite may
e induced by the kinetic hindrance of the thermal decomposi-
ion reaction38,46 is in disagreement with our observation that
DF formation and thermal decomposition of mullite may occur
ithin the same specimen at shock levels beyond 35 GPa. The

bundance of corundum over transition aluminas (e.g. �-Al2O3,

-Al2O3) in our experiments which would rather be expected
n the reaction mullite → alumina + silica, is explained via high
ost-shock temperatures (1000 ◦C estimated) exceeding the sta-
ility range of transition aluminas.49

i
t
m
s

ccupancy ∼0.8 in medium gray and tetrahedra with (Si, Al) site occupancy
0.2 in light gray, respectively.

While the relative minima of the representation surface of
he shear modulus provide a general guideline for suitable PDF
rientations, supplementary constraints have to be considered
efore PDFs are likely to be retrieved in a shocked ceramic
aterial. Firstly, it is well known from natural impact structures

hat the ratio of shocked-to-unshocked grains in a deformed vol-
me increases with increasing grain size.50 Secondly, control
f the shock direction parallel to a crystallographic direction
s less stringent in natural shock events as compared to a lab-
ratory experiment thus introducing not only one, but several
ets of PDF lamellae.16 Moreover, in the fine-grained sintered
ullite ceramic, the grain boundary-to-bulk volume ratio is
uch higher than for the coarse-grained mullite brick suggest-

ng that high shear stresses necessary for PDF formation tend
o relax in the mechanically rather soft grain boundaries. In the
xtreme case of very small grain sizes the applied mechani-
al field will rather correspond to a hydrostatic pressure state
no shear components) instead of an uniaxial stress field. In
onclusion, these findings suggest that very fine-grained syn-
hetic starting materials may fail to produce PDFs even at a
ufficiently high shock level. This grain size effect is demon-
trated in Fig. 6 for the fine-grained mullite ceramic upon shock
oading at 35 GPa. Prior to dynamic compression the average
rain size was of the order of 1 �m. Instead of PDF forma-
ion, thermal decomposition of mullite grains defined the only
hock response mechanism yielding textured clusters of corun-
um microcrystals embedded in a continuous amorphous SiO2
hase, in agreement with shock-induced thermal decomposition
f andalusite and sillimanite.51–53 No evidence for stishovite
ormation was found in this experiment.

The present study suggests that shock-induced amorphiza-
ion via PDFs and thermal decomposition of mullite should be
onsidered as complementary response mechanisms to shock
oading and appreciated as a totality. While nucleation of PDFs

s a sensitive function of original grain size and grain orienta-
ion relative to the shock direction, thermal decomposition of

ullite only relies on high post-shock temperatures and can
uperimpose its effects on any shock-induced microstructure.
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. Conclusions

This research provided detailed insight into the unique
esponse of mullite to dynamic compression in the laboratory.
he two principal shock-induced transformation mechanisms
f mullite including (i) PDFs, and (ii) thermal decomposition
ere evaluated for both, polycrystalline and single crystal mul-

ite starting materials. At shock pressures exceeding 35 GPa
oth transformation mechanisms may occur within the same
pecimen.

Experimental PDF lamellae were shear-induced and formed
arallel to densely packed {h k 0}type-prism planes in mullite.
DFs in mullite were correlated to the relevant shock-wave
irections via Mohr’s circle. Orientation of PDFs in mullite
as in good agreement with PDFs reported from sillimanite,
ullite’s close structural relative. Corundum crystals present as
inor constituents in the mullite brick starting material, exhib-

ted intensive twinning on the basal planes. High post-shock
emperatures gave rise to thermal decomposition of mullite
haracterized by a corundum plus amorphous silica phase
ssemblage. No stishovite was observed. Even at sufficiently
igh shock levels no PDFs were obtained from a very fine-
rained sintered mullite ceramic emphasizing the significance
f the grain size of the starting material.

The crystallographic orientation of experimental PDFs can
easonably be explained via the anisotropy of the shear mod-
lus in mullite. PDFs parallel to {1 2 0}, {2 3 0} and {1 1 0}
lanes match the relative minima of the representation surface
f the shear modulus G(l) in the (0 0 1) section. These planes
eld a relative high density of [AlO6] octahedra. As the soft-
st structural units in the mullite structure the octahedra are
oremost affected by high shear stresses acting at ±45◦ off
he main shock direction ([0 0 1] mullite in most cases). Due
o the lack of data on the pressure dependence of the elastic
tiffness coefficients, this approach remains qualitative. Nev-
rtheless, it is well suited to identify possible soft modes in
he shear deformation characteristics of mullite and predict
DF orientations which may be inaccessible for experimental
easons.

ppendix A. Deriving the anisotropy of elasticity for
rthorhombic crystals (mullite)

Analytical expressions for the orientation dependence of
he rigidity (shear) modulus G including Young’s modulus

(as well as the reciprocals 1/G and 1/E) for the gen-
ral triclinic case were derived by Voigt54 employing the
atrix notation for the forth-rank elasticity tensors. Nowadays
oigt’s matrix notation is widely adopted in crystal physics.55,56

oigt introduced factors of 2 or 4 in the definition of spe-
ific compliance matrix elements sij (two indices) which are
elated to corresponding tensor components sijkl (four indices):
i,j ↔ siijj; si,9-k-l ↔ 2·siikl; s9-i-j,9-k-l ↔ 4·sijkl (known as multi-

licity rule). As a consequence, all equations in matrix notation
dopt the same compact form as in the corresponding tensor
otation, including the inversion relation between cij and sij

sij = cij
−1).
eramic Society 29 (2009) 3135–3146

Analytical expressions for 1/G (and 1/E) using Voigt’s matrix
otation were published in 1950 by Schmid and Boas57 for the
ubic and hexagonal systems, and by Boas and Mackenzie58 for
he cubic, hexagonal, trigonal, and tetragonal crystal systems. In
is book Nye54 gave a summary of the expressions for 1/E for all
rystal systems. In 1938 Wooster59 published expressions 1/G
and for 1/E) for the cubic, hexagonal, trigonal, and orthorhom-
ic systems applying his matrix notation. (It should be noticed,
hat in contrast to Voigt, Wooster introduced a different matrix
otation by relating all tensor components sijkl unmodified to
he corresponding matrix elements sij, that is without introduc-
ng factors of 2 or 4. This fact has to be taken into account when
omparing formulas and numerical values in the literature.)

The relevant formula for 1/G, the reciprocal of the shear mod-
lus in the orthorhombic crystal system (mullite), is listed below
Eq. (1)) utilizing Voigt’s matrix notation convention with nine
ndependent elastic stiffnesses cij or elastic compliances sij (s11,
22, s33, s44, s55, s66, s12, s13, s23), respectively. The representa-
ion surfaces of the shear modulus G as displayed in Figs. 7a–c
ave been calculated from this approach.

1

G
= s′44 + s′55

2

= l41
1

2
(s55 + s66) + l42

1

2
(s44 + s66) + l43

1

2
(s44 + s55)

+ l22 · l23

[
2·(s22 + s33 − 2 · s23)+1

2
(s55 + s66 − 2 · s44)

]

+ l21·l23
[

2 · (s11 + s33 − 2 · s13)+1

2
(s44 + s66 − 2 · s55)

]

+ l21·l22
[

2 · (s11 + s22 − 2 · s12)+1

2
(s44 + s55 − 2 · s66)

]

(1)

For completeness, the corresponding formula for 1/E, the
eciprocal of Young’s modulus in orthorhombic systems is given
y

1

E
= S′

33

= l41 · s11 + l42 · s22 + l42s33 + l22 · l23 · (2 · s23 + s44)

+ l21 · l23 · (2 · s13 + s55) + l21 · l22 · (2 · s12 + s66) (2)
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