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(that is, alkanes from C1 to C6 nonphenolic ox-
ygenates and aromatics from phenolic compounds),
requires 14 to 15 g of Hy/100 g of carbon in the
feed, if the catalyst coking problems are over-
come. In comparison, increasing the H/C, ratio
of pyrolysis oil from 0 to 1.4 requires 11.7 g of
H,/100 g of carbon in the feed, reducing the
hydrogen requirements as compared to complete
hydrodeoxygenation by 20%. Furthermore,
during the hydrotreating process, large amounts
of undesired methane are produced, which also
can substantially increase the hydrogen require-
ments. Hydrogen required in these processes
should preferably be obtained from renewable
sources, such as by the reforming of biomass-
derived feedstock (74, 40, 41). Alternatively,
hydrogen can be obtained from coal gasification
or from water splitting driven by carbon-free en-
ergy sources, such as solar, nuclear, and wind
energy, as suggested by Agrawal et al. (42). Zeolite
catalysts convert the biomass feedstocks into
aromatics and olefins, which can fit easily into
the existing infrastructure. Increasing the yield of
petrochemical products from biomass therefore
requires hydrogen. Thus, there exists an optimum
solution for the economical maximum yield of
petrochemical feedstocks products that is dictated
by the cost of hydrogen. It is expected that future
advances in the field of metal and zeolite cat-
alysts, combined with reaction engineering, will
allow us to design even more efficient and eco-
nomical processes to convert biomass resources
to renewable chemical industry feedstocks.
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The Core Structure

Sapphire (a-Al,05)

A. H. Heuer, *t C. L. Jia,?* K. P. D. Lagerlof*

of
Basal Dislocations in Deformed

The atomic structure of dislocation cores is decisive for the understanding of plasticity in
crystalline solids. The core structure of dislocations in sapphire introduced by high-temperature
plastic deformation has been investigated with the use of the negative spherical-aberration
imaging technique. The ability of this technique to discriminate oxygen columns from aluminum
(AD columns, combined with reproduction of subtle contrast features by image simulation, leads
to a markedly detailed atomic model of the dislocation cores. The partial dislocations are
Al-terminated, with electrical neutrality being achieved because half of the Al columns are
missing. These partials also undergo core spreading, which results in random occupancy of both
tetrahedrally and octahedrally coordinated sites, though Al in tetrahedral coordination never
occurs in a perfect crystal. Unusual dislocation core structures may be present in other

technologically important nonmetallic solids.

Ithough ceramics are notorious for their
brittle behavior under normal service
conditions, plastic deformation in such
materials can be realized at elevated tempera-
tures, under circumstances in which friction and
wear occur, and wherever cracking is suppressed
by confining pressures, such as under an inden-

tation. Under all of these conditions, the behavior
of dislocations, the principal “carrier” of plastic
deformation in crystalline materials, assumes par-
amount importance.
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Aluminum oxide (0-Al,O;) in both single-
crystal form (sapphire) and as dense polycrys-
tals finds utility in a wide range of important
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applications, from laser hosts (Ti-sapphire) to inert
ultrahard substrates. Plastic deformation at high

temperatures by basal slip ((0001) %(1150)) in

sapphire (0-Al,O3) was first reported by Wachtman
and Maxwell in 1954 (7). Shortly thereafter,
Kronberg (2) suggested that dissociation of basal
dislocations into half partials could occur

- - 1 -
3(1120) — 3¢1010) + =(01T0) (1)

with further dissociation into quarter partials also
possible.

- - -
F(1070) — SQTT0) + ((1120)  (2)

Equation 1 involves faulting only in the cation
sublattice, as % (1010) is a translation vector of the
anion sublattice. Nevertheless, the fault arising
from reaction (1) on the basal plane has a very high
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stacking fault energy (SFE), ~1.5 J/m? (3), and
such glide dissociation has never been observed.
However, the 1(1010) SFE is very anisotropic,
and climb dissociation of basal dislocations at ele-
vated temperatures is ubiquitous, due to the SFE
being ~5 to 10 times smaller on the prism planes
(4). Equation 2 involves an even higher SFE but
may occur in the core of the 1 (0110) partials [core
spreading (5)].

Figure 1A is a schematic representation of
dislocation motion in sapphire. A 90° (edge) dis-
location is shown gliding on a basal plane with a
narrow stacking fault (width of 2b, where b is the
Burgers vector); this dislocation would appear
undissociated if it could be imaged with a trans-
mission electron microscope (6). The cores of the
%(10T0> partials have probably undergone core
spreading, as suggested earlier (9), but again, this
would not be discernable by conventional trans-
mission electron microscopy (TEM). If a glissile
dislocation were immobilized for any reason, the
anisotropic SFE would lead to the configuration
shown in Fig. 1A (iii), due to the much lower
SFE for a 1(1010) fault on {1120} compared
with (0001).

In proposing the importance of dislocation
dissociation to the glide of basal dislocations in
sapphire, Kronberg used an idealized version of

the structure of sapphire: a perfect hexagonal close-
packed (hep) oxygen sublattice and flat cation
sheets. In reality, and as shown in supporting on-
line material (SOM) fig. S1 (7), the oxygen sub-
lattice is slightly distorted away from perfect hcp
stacking, and the cation layers are “puckered.”

Although not discussed by Kronberg in his
1957 paper, this model of dislocation motion in
sapphire required the motion plane to be between
cation and anion layers and thus involves charge
transport during dislocation motion. In spite of
the fact that this must represent a substantial im-
pediment to slip in a material with such strongly
ionic bonding as 0-Al,Os, this aspect of dislo-
cations in sapphire was ignored by Kronberg
and the several other groups who subsequently
studied deformation in a-Al,O5 for the next four
decades.

Using the actual, as opposed to the idealized,
version of the crystal structure of sapphire, Bilde-
Serensen et al. (8) in 1996 presented a model for
basal slip, again involving the %(10T0) half par-
tials of Eq. (1), but also a motion plane within
the puckered cation layer. In this model, each
1(1010) partial dislocation, as it moves to the
half-slipped position, transports only half of the
cations and, thus, does not involve any net charge
transport, with the trailing partial restoring a

A E . . [210]._
90° Edge Dislocation 30° Dislocation ’
[2T10] ‘ < __
L TTo —>1[10T0]+ 100 [1120]
3 3 \ 3 ‘
. 60° Partial 3 _ fq
1 1= 0° Screw
1120 =1 1010 [+—| ) : 1210
B ” 3[ \ J 1/' / Partial [ ] ¢ Cross-slip
60° Partials [T210] {1120}
Stacking
Fault
) i) i) {1120} ) W | i)
; Stacki 0001 1 0001
(0001) Slle;gm{lg (0001) tlggui{lg ( ) St;ggi{lg ( ) (0001)
Self-Climb

Fig. 1. (A) Schematic draw-
ing of an edge dislocation:
(i) a perfect dislocation glid-
ing on the basal plane, (i)
hypothetical core spreading
leading to a stacking fault of
limited width, and (i) after
dissociation onto a {1120}
prism plane via self-climb. (B)
NCSI image of sapphire along
[1700]. The image shows a
perfect crystal in a sample
deformed to ~5% strain at
1400°C. The projection of
the structure along [1100]
is superimposed on the im-
age. Note that the oxygen
columns in the image show
brighter contrast than do the
Al columns. (C) NCSI image
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of a climb-dissociated edge dislocation in the foil used for (B). Arrows indi-
cate the cores of the partial dislocations. (D) NCSI image of a 30° dislocation.
(E) Schematic drawing of a 30° mixed dislocation: (i) a perfect dislocation

via cross-slip.

gliding on the basal plane, (ii) hypothetical core spreading leading to a stacking
fault of limited width, and (iii) after dissociation onto a {1120} prism plane
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perfect lattice. Even though the SFE for basal slip
is too large to allow resolvable glide dissociation
(6), the Bilde-Serensen et al. model describes the
atomic motion within the dislocation core as the
dislocation moves one Burgers vector.

Shibata et al. (9) used scanning TEM to study
climb-dissociated basal dislocations within a small-
angle bicrystal boundary in sapphire and con-
cluded that the core structures of the dissociated
dislocations were nonstoichiometric and there-
fore electrically charged. They further suggested
that these charged, nonstoichiometric partials
were characteristic of glissile basal dislocations
that are active during high-temperature plastic
deformation in 0-Al,Os, and they developed a
variant of Kronberg’s synchoshear model to de-
scribe the motion of the nonstoichiometric par-
tials. They did not consider the implications of
charged dislocations on basal slip in sapphire.

Lagerlof et al. (5) subsequently considered the
implications of nonstoichiometric and charged dis-
location cores on the motion of glide dislocations
in a bulk sapphire crystal undergoing basal defor-
mation at elevated temperatures and concluded
that such nonstoichiometric dislocations cores
are unlikely to be involved in high-temperature
basal deformation. However, it may be possible
for nonstoichiometric charged dislocation cores
to exist in a periodic array in a manufactured small-
angle boundary.

The purpose of the present work was to de-
termine the core structure of basal dislocations in
a sapphire single crystal deformed to ~5% strain
at 1400°C with the use of the negative spherical-
aberration imaging (NCSI) technique (/0). In the
image of a perfect crystal from such a specimen

Fig. 2. Experimental (A) and
simulated (B) images of a 60°
partial dislocation in deformed
sapphire. The simulated image
is calculated for a sample thickness
of 4.1 nm, defocus = 5 nm, two-
fold astigmatism = 2 nm, three-
fold astigmatism = 30 nm, coma =
30 nm, crystal tilt of 2.0 mrad,
and vibration of 0.03 nm. The
simulation is based on a struc-
ture model with Eshelby twist.
The details of the dislocation core
are shown in the [1100] projec-
tion in (C) and in a basal projec-
tion in (D). Open circles denote
50% occupancy. Vertical arrows

shown in Fig. 1B, the projection of the sapphire
structure along the [1100] viewing direction is
superimposed on the image, allowing identifi-
cation of the atomic positions of both oxygen
and Al columns. Along this viewing direction,
the puckered Al cation layers are seen to consist
of pairs of columns in the structure projection. In
the image, the pairs of Al columns in the puckered
layers cannot be resolved due to the resolution
limit of the instrument (~80 pm).

An NCSI image of an edge dislocation that
had dissociated by climb into two $(1010) par-
tials is shown in Fig. 1C; these must be 60° par-
tials. We have previously measured the SFE of
climb-dissociated edge dislocations with conven-
tional TEM (/7) and found (from the separation
of %(IOTO) partials) the SFE to be between 0.1
and 0.25 J/m?; the image in Fig. 1C (assuming
the partials are at a friction-free equilibrium) sug-
gests a SFE of 0.21 J/m? (12).

Other dislocations in this TEM foil appeared
with a single %(IOTO) partial visible (Fig. 1D).
The second partial must have either a Burgers
vector parallel to the viewing direction (% (1010))
or pure screw character, as such an image would
not be possible for a pure edge dislocation. Given
the edge component visible at the bottom of the
image, this dislocation must be a 60° §(1010)
partial. At a distance of 2.5¢ (where c is the unit
cell parameter along <0001>) above the § (1010)
partial, faint contrast is evident, similar to that of
the dislocation core in Fig. 1C. However, there is
no edge component of the Burgers vector at this
position. We believe that the dislocation imaged
in Fig. 1D is a 30° dislocation that had dissociated
to a 60° partial and a screw partial; the config-

indicate the modest contrast of
the terminating Al column; hori-
zontal arrows indicate the strongly
reduced contrast of the Al col-
umns on the right-hand side of the °
terminating column. Z denotes rel-
ative positions in nanometers.
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uration imaged in this figure probably formed by
cross slip after the 30° glissile dislocation had
been immobilized (Fig. 1E). The separation of the
two partials suggests a SFE of 0.17 J/m* (13).

We focused on these 60° %(IOTO) partials for
determining the dislocation core structure at atomic
resolution; in particular, the images of such 60°
partials contained a similar set of contrast features
(see fig. S2). These include (i) modest contrast of
the terminating Al columns in comparison with
the equivalent columns on the left-hand side of the
dislocations; (ii) strongly reduced contrast of the
Al columns on the right-hand side of the termi-
nating columns, in comparison with the equiv-
alent columns in areas of perfect lattice, as denoted
by the lateral arrows; and (iii) similar image con-
trast of the oxygen columns at the cores compared
with that in perfect crystal.

The common image-contrast features at the
dislocation cores have been successfully repro-
duced by means of quantum-mechanical and
optical image simulation (/4). As a representative
example, the experimental image of Fig. 2A has
been selected for direct comparison with image
simulation. A trial defect structure is assumed, and
images are calculated by solving the Schrodinger
equation for the electron wave function, taking
into account effects of specimen thickness and
crystal tilt. The image intensity distribution is
calculated, also considering the effects of residual
lens aberrations. By the use of an established
comparison procedure (/5), the atomic structure
model is modified in an iterative manner until an
optimum fit to the experimental image-contrast
distribution is obtained (Fig. 2B). Furthermore,
surface relaxation around a dislocation intersect-
ing a free surface, the so-called Eshelby twist
(16-19), is possible in a TEM foil because of the
shear stresses associated with the screw com-
ponent of the dislocation. This effect has been
included in the simulation.

The atomic positions at the dislocation core
are displayed in a [1100] projection in Fig. 2C
and in a basal plane projection in Fig. 2D; the
core extends over four atomic planes. For clarity,
three (0001) atomic layers, including the disloca-
tion core and involving the puckered Al layer sand-
wiched between two oxygen layers, are shown in
Fig. 2C. The displacements due to the extra half
plane of the partial dislocation are confined to the
two lattice planes on either side of the partial dis-
location; a number of Al atomic columns—those
shown as open circles—have 50% occupancy of
the Al cations with respect to a perfect lattice.
Some of the Al cations are in tetrahedral coor-
dination in the dislocation core, and the Al cations
are randomly distributed between sites with tetra-
hedral and octahedral coordination. The model of
the core structure clearly shows that the low con-
trast of the terminating Al column at the dislo-
cation core is caused by the absence of half of a
column pair. The reduced contrast of the Al col-
umns on the right-hand side of the terminating Al
column arises from relative displacement of the Al
atoms away from the regular column positions.
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On the basis of the satisfactory fit of the struc-
ture model to the experimental image, we suggest
that the dislocation cores are neither charged nor
nonstoichiometric. We note, however, that small
changes in contrast occur at the individual dis-
location cores in these 60° partials, which must
reflect the randomness of the Al atoms in tetra-
hedral and octahedral coordination near the dislo-
cation core (see fig. S2). In turn, these changes
must depend on details of the associated local
strain and lattice distortion.

The notion of A" in tetrahedral coordina-
tion at a dislocation core was first suggested by
Lagerlof ez al. (5) in a discussion of core spread-
ing of a partial dislocation. They assumed that
Eq. 2 occurred in the core of the $(1010) partials

>

b=1/3[1010]

Partial Core-spreading

30° Dislocation (mixed)

b=1/3[1010]

Partial Core-spreading

Fig. 3. Schematic representations of the structure of Al,03 viewed along
[1100] (A) and (C) and also along [0001] (B) and (D), after removal of
two planes of atoms. (A) and (B) show an edge partial, whereas (C) and
(D) show a 30° partial. Note that a stacking fault of width 2b is assumed,
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Stacking Fault | Projectionalong [1100] B

Partial Core-spreading

b=1/3[1100]

Screw Partial Dislocation

and argued that steric constraints were sufficiently
modest that such core spreading was likely. Figure
2 provides good evidence that their speculation
was correct.

Assuming that the core structure portrayed in
Fig. 2 is correct, we can now provide plausible
atomistic models for glissile edge and 30° dis-
locations in sapphire. Consider an edge disloca-
tion formed by the removal of two planes of atoms
(as shown in Fig. 3, A and B) viewed along
[1T00] and [0001], respectively, or the similarly
formed 30° dislocation (shown in Fig. 3, C and D)
(20). (Perfect crystal in these orientations is shown
in fig. S1, B and C.) The terminating plane of AI**
ions shows only 50% occupancy, and the spread-
ing of the cores of the 1 (1010) partials results in
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tetrahedral coordination of the AI** cations (com-
pare with Fig. 2).

The structure models in Fig. 3 make clear that
the relative displacements present in the dis-
located crystal occur in the puckered Al layer
(that is, between the two halves of the column
pairs), consistent with the Bilde-Serensen et al.
model (8). The puckered Al layer consists of
upper and lower sublayers of Al cations parallel
to (0001). The upper halflayer is strongly bonded
to the oxygen layer above it and the lower half
layer to the oxygen layer below it. Because of the
shear stress introduced by the dislocation, in-
sertion or removal of half of an atomic plane
causes a relative displacement between the two
parts above and below the center of the dis-
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location core, which occurs in the plane with rel-
atively weak bonding (that is, between the upper
and lower layers of the puckered Al layer). As no
charge transport is involved, the Peierls barriers
are smaller than if the dislocations were charged.

It is not clear whether the core structure of
glissile basal dislocations shown in Fig. 3 should
be expected for dislocations present in a low-
angle boundary (9). The periodic electrostatic
and stress fields present in such a boundary could
well lead to a different core structure for its con-
stituent dislocations.

The NCSI studies have also revealed a stack-
ing fault on the basal plane (fig. S4), but only in
the thinnest regions of the TEM foils; such faults
have not been reported for 0-Al,Os as yet. Partial
dislocations are present at the ends of the three
distinct faults in this image. At the dislocation
cores, similar contrast to that of the dislocation
core in Fig. 2A is observed: Low contrast occurs
in the puckered Al layer. The details of the con-
trast feature of the experimental image have been
reproduced in the calculated image, indicating a
rearrangement of the Al atoms in the puckered
layer (fig. S5) (7).

The NCSI technique has been used to image,
at atomic resolution, partial dislocations bound-
ing prism-plane stacking faults in sapphire de-
formed at high temperatures. The dislocations
appear to be stoichiometric and uncharged, and
the cores exhibit 50% occupancy of the Al cations
to achieve electrical neutrality. Because of core
spreading, the Al ions at the termination of the
extra half planes exhibit random occupancy of

sites showing tetrahedral and octahedral coor-
dination. It is likely that the motion plane is
within the puckered Al sublattice, following the
Bilde-Serensen et al. model (8) for gliding basal
dislocations.
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How Cats Lap: Water Uptake

by Felis catus

Pedro M. Reis,*>* Sunghwan Jung,* Jeffrey M. Aristoff,** Roman Stocker'*t

Animals have developed a range of drinking strategies depending on physiological and
environmental constraints. Vertebrates with incomplete cheeks use their tongue to drink; the
most common example is the lapping of cats and dogs. We show that the domestic cat (Felis catus) laps
by a subtle mechanism based on water adhesion to the dorsal side of the tongue. A combined
experimental and theoretical analysis reveals that Felis catus exploits fluid inertia to defeat gravity
and pull liquid into the mouth. This competition between inertia and gravity sets the lapping
frequency and yields a prediction for the dependence of frequency on animal mass. Measurements
of lapping frequency across the family Felidae support this prediction, which suggests that

the lapping mechanism is conserved among felines.

errestrial animals have evolved diverse

I means to acquire water, including absorp-
tion through the skin (/) or extraction of
moisture from food (2), but most rely on drinking
(3—12). Drinking presents a challenge to land ver-
tebrates, because fresh water occurs mainly as
horizontal liquid surfaces, such as puddles, ponds,
lakes, or streams, and animals must displace water
upward against gravity to drink it. Crucial in the
drinking process is the role of the tongue, which in
vertebrates is used in two distinctly different ways.
Vertebrates with complete cheeks, such as pigs,

sheep, and horses, use suction to draw liquid up-
ward and use their tongue to transport it intraorally
(13, 14). In contrast, vertebrates with incomplete
cheeks, including most camivores, are unable (af-
ter weaning) to seal their mouth cavity to generate
suction and must rely on their tongue to move
water into the mouth (/3). When the tongue
sweeps the bottom of a shallow puddle, the process
is called licking (4). When the puddle is deeper
than the tongue excursion into the liquid, it is called
lapping (15). Here, we report on the lapping mech-
anism of the domestic cat (Felis catus).

Almost everyone has observed a domestic cat
lap milk or water. Yet casual observation hardly
captures the elegance and complexity of this act, as
the tongue’s motion is too fast to be resolved by the
naked eye. We used high-speed imaging to capture
the motion of both the tongue and liquid during
lapping [Fig. 1 and movie S1 (/6)]. With the cat’s
face oriented downward, the tongue extends from
the jaw (Fig. 1A) and its tip curls sharply caudally
(Fig. 1B). At the lowest position of the tongue’s tip,
its dorsal side rests on the liquid surface, without
piercing it (Fig. 1B). When the cat lifts the tongue,
liquid adhering to the dorsal side of the tip is drawn
upward, forming a column (Fig. 1C). This liquid
column is further extended by the tongue’s upward
motion (Fig. 1D), thinning in the process (Fig. 1E),
and is finally partially captured upon jaw closure
(Fig. 1, E and F). Inside the mouth, cavities
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