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Abstract

Tailoring the electrical conductivity of functional ceramics by introducing
dislocations is a comparatively recent research focus, and its merits were
demonstrated through mechanical means. Especially bulk deformation at high
temperatures is suggested to be a promising method to introduce a high
dislocation density. So far, however, controlling dislocation generation and
their annihilation remains difficult. Although deforming ceramics generate
dislocations on multiple length scales, dislocation annihilation at the same
time appears to be the bottleneck to use the full potential of dislocations-
tailoring the electrical conductivity. Here, we demonstrate the control over
these aspects using a micromechanical approach on yttria-stabilized zirconia
- YSZ. Targeted indentation well below the dislocation annihilation tempera-
ture resulted in extremely dense dislocation networks, visualized by chemical
etching and electron channeling contrast imaging. Microcontact-impedance
measurements helped evaluate the electrical response of operating individual
slip systems. A significant conductivity enhancement is revealed in dislocation-
rich regions compared to pristine ones in fully stabilized YSZ. This enhancement
is mainly attributed to oxygen ionic conductivity. Thus, the possibility of
increasing the conductivity is illustrated and provides a prospect to trans-
fer the merits of dislocation-tuned electrical conductivity to solid oxygen
electrolytes.
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1 | INTRODUCTION

Dislocations (one-dimensional defects) are classically
known for their key role in the mechanical properties of
metals."” The dislocation motion in a slip system, occur-
ring at first on a micro and then macro level through
the crystal, stimulates the plastic deformation.®* Never-
theless, in the case of ceramics, dislocation motion is
rather restricted due to the limited slip systems. Fur-
thermore, high-temperature sintering of ceramic materials
usually leads to the annihilation of dislocations existing
within the raw powder. Collectively, this renders dislo-
cations often irrelevant to the mechanical properties of
ceramics.”® However, it was demonstrated decades ago
that many ceramics, particularly single crystals, can be
plastically deformed due to dislocation introduction and
their movement.”'” Some ceramic single crystals, for
example, CaF,,'"'? MgO,'>!* and LiF,” are deformable
at room temperature,'® whereas others show plasticity
only at elevated temperatures.!” It was the knowledge
of dislocation mechanics that brought ceramic plastic
deformation into vogue for a long time, mostly dealing
with the influence of dislocations on ceramic mechanical
properties.?0~26

Recently, doping-like properties have been achieved
in functional ceramics by inducing dislocations as an
alternative to point defects.”’~2° It was illustrated that the
control of the mesoscopic structure of dislocations is the
key to tuning the functional properties, for example, elec-
trical conductivity.”®*° These reports address the complex
set of influencing factors in terms of mesoscopic dislo-
cation structure, their arrangement, core structure, and
surrounding space charge.?®3° Especially for rutile (TiO,),
it was established that engineering the inter-dislocation
spacing may induce several orders of magnitude higher
electrical conductivity on a local scale.’®?° This indicates
the potential of dislocations in tuning the electrical con-
ductivity beyond the solubility limits of chemical doping
and encourages applying this strategy to other material
systems.

Yttria-stabilized zirconia (ZrO, doped with Y,05; YSZ)
is an excellent oxygen-conducting ceramic material®"-*?
and acts as a model material representing fast oxide ion
conductors. Its application in solid oxide fuel/electrolysis
cells (SOFC/SOECs) and oxygen sensors gives YSZ
technological importance.”> However, modern and

efficient SOFCs demand a reduction in their current oper-
ating temperatures (<800°C). To achieve this, research
is invested in designing an electrolyte material system
that is more or equally conductive at a lower temperature
(<800°C).** To this end, the electrical conductivity of
YSZ is mostly modified by point defect engineering.®>—*
Nevertheless, conventional doping strategies suffer from
poor solubility limits or vacancy-dopant interactions,
decreasing oxygen diffusion.’**! Therefore, no conduc-
tivity enhancement can be obtained above ca. 8-9 mol%
yttria doping in Zr0,.***>* However, considering the
early developments, tuning the electrical properties of
YSZ by mechanically induced dislocations could be an
option.*+45

So far, the detailed knowledge was mostly limited to
theoretical studies postulating that the strain field around
dislocations might weaken the local oxygen-cation (0%~
Zr**, Y3*) bonds, resulting in an increase in the migration
space for oxygen vacancies and thus contributing to the
decreased charge diffusion barrier.***° A previously deter-
mined minor increase in electrical conductivity (~10%)
due to dislocations also hints toward higher ionic conduc-
tivity; nevertheless, the difference in electrical transport
was not extensive.***> Based on transmission electron
microscopy results and additional computational evalua-
tions, it was rationalized that the strain field surrounding
the dislocations in YSZ should be high enough to generate
high oxygen conductivity.****4° Nevertheless, convincing
experimental proof has been provided only recently.”® It
was shown that an extremely dense mesoscopic dislocation
structure could be induced by utilizing a notch in YSZ. The
stress concentration around the notch helped generate a
dislocation density of ca. 9 X 10"* m~2 on a local scale.””
Targeted electrical investigations on these regions (with
high dislocation density) revealed an increase in electri-
cal transport by a factor of three compared to undeformed
(pristine) areas.”® Time-of-flight secondary ion mass spec-
trometry provided further evidence that oxygen-ion trans-
port was responsible for the change in conductivity in
the specimens containing a high density of dislocations.*
Even though no transport coefficients (oxygen diffusion
or incorporation coefficients) were evaluated, it was illus-
trated that the oxygen transport in dislocation regions is
high.

Generating dislocations in YSZ typically consider the
high-temperature bulk deformation method, as thermal
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activation of dislocation mobility favors plasticity at ele-
vated temperatures.’’>* This technique probes the large
bulk volume by activating a favorable slip system and gen-
erates dislocation networks. However, bulk deformation
method limitations arise from the process control itself,
that is, with this method, although reasonably high plastic
strains could be achieved,”* yet this does not guarantee a
maximum dislocation density in the deformed specimens.
The fundamental reason for this is the creep-controlled
deformation mechanism.>® During deformation, disloca-
tions are generated and multiplied; however, dislocations
start to annihilate at some point until their genera-
tion, and annihilation rates become the same.>> This
situation worsens, particularly at higher deformation
temperatures,”> when a seemingly deformed specimen
(with an apparent large plastic strain) may have already
lost a substantial fraction of dislocation density. Thus,
the plastic deformation is carried by the instantaneously
available dislocation density.>>* This calls for an alter-
native approach, limiting the dislocation annihilation or
deforming YSZ at relatively-low temperatures in the first
place.

The indentation technique with its nano/micro-
mechanical variants is becoming much more applicable
and feasible due to its compatibility with many func-
tional devices and materials.>*> This method possesses
great potential for probing small volumes yet provid-
ing dense dislocation networks, as also exemplified for
YSZ.°% Targeted indentation is achievable not only
at room temperature *° but can also be expanded to
high temperatures.”® Moreover, customized loading
and control over the (center-to-center) indentation
spacing make this technique even more power-
ful in generating localized and dense dislocation
networks.*®

This study employs a micro-mechanical (indentation)
approach to induce dislocation networks in YSZ at
drastically lower temperatures (i.e., room temperature
and 600°C) than those needed for bulk deformation
(e.g., at 1400°C).°° Controlled indentation conditions
are optimized to activate multiple slip systems.’
Large plastic zones expanding to different lengths
with extremely dense mesoscopic dislocation density
are obtained far beyond the ones achieved by bulk
deformation at relatively high temperatures. Through
this approach, we further investigate the -electrical
response of indentation-induced dislocations by prob-
ing individual slip systems with the help of targeted
microcontact-impedance spectroscopy.®’ This way, an
alternative method is explored to avoid creep-controlled
dislocation annihilation, so far acting as a bottleneck in
accessing the full potential of dislocation-tuned electrical
conductivity.

2 | EXPERIMENTAL PROCEDURES

2.1 | Sample preparation

Skull melt grown ~9 mol% Y,0;-ZrO, (9YSZ) single
crystals with the geometry of 4 X 4 x 8 mm?® were pur-
chased from MaTeck Material-Technologie & XKristalle
GmbH, lJiilich, Germany. The original orientation of
the crystals was (110) (011) and c¢-(100); however, due to
their optimal etchability,® {111} planes were extracted
(Wire Saw Solutions Group LLC, PA, USA), followed by
sequential polishing (Phoenix 4000, Jean Wirtz GmbH,
Diisseldorf, Germany) and fine Vibro-polishing (OP-S
from Struers, Copenhagen, Denmark) to achieve scratch-
free surfaces. This way, dislocations could be visualized
by the facile chemical etching technique (details in the
following section). The final orientation of the single
crystal specimens was (111), (1 1 0), and (11 2) (Figure 1A).
The symmetry of the planes was further verified with Laue
Back-Reflection analysis (Figure S1).°! It has to be noted
that the top images in Figure 1 are from laser microscopy
investigations and are thus treated as measurement data
embedded in a larger schematic.

2.2 | Room-temperature (Vickers)
indentation and subsequent polishing

Room-temperature Vickers-indentation tests were per-
formed on non-etched (111) planes of YSZ single crystals
with an optimized load of 0.1 N and a dwell time of 10 s
to mark an array of 5 X 5 indents with a center-to-center
spacing of 5 um. During these tests, the diagonal of
the indenter was kept parallel to the [11 2] direction
(Figure 1A,B, and Figure S2A). To remove the indentation
damage, specimens were mechanically polished (Phoenix
4000, Jean Wirtz GmbH, Diisseldorf, Germany) using
0.06 um colloidal silica (MasterMet 2, Buehler, Illinois,
USA) with a rotational speed of 150 rev. min~' at a pres-
sure of 1.6 bar. Later, Vibro-polishing (Jean-Wirtz GmbH,
Diisseldorf, Germany) was done in a 40 mL solution of
water and 0.04 um colloidal silica (OP-S from Struers,
Copenhagen, Denmark) with an optimized ratio of 8:1.
This step was performed to remove any stresses or disloca-
tions related to polishing before further analysis (polishing
depths are provided in the respective images/sections).

2.3 | High-temperature (Berkovich)
indentation

Another set of 4 X 4 indents was marked with a
Berkovich indenter (Hysitron TI950 TriboIndenter, Bruker,
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(A) Pristine region

(B) Vickers indentation (25 °C)

(C) Berkovich indentation (600 °C)

Pristine dislocations

FIGURE 1

indentation enhanced dislocations

Schematic illustration of geometry and orientation of the 9YSZ specimens indented at room temperature and 600°C along

with respective indenter configurations. The actual laser microscopy images for each region are provided on top of the schematic: (A) laser
microscope image of a scratch-free pristine (111) plane; (B) 5 x 5 array of 0.1 N Vickers indents marked at a (center-to-center) distance of 5 um
at room temperature; (C) set of 4 X 4 Berkovich indentation imprints, center-to-center 100 um apart, marked at 600°C. Material pile-up is

visible when indentation is performed at high temperatures.

Massachusetts, US) using a 4 N load with a dwell time
of 15 s, this time with a sample temperature of 600°C
(Figure 1C). The indentation parameters, that is, load, sub-
strate temperature, and spacing between the indents, were
optimized for crack-free deformation before performing
the final experiments. Similar to the room-temperature
indentation, the Berkovich-indenter tip was also kept par-
allel to the [11 2] direction (Figure 1C). However, the
polishing time of the high-temperature indented speci-
mens was slightly different than the ones indented at
room temperature. This is because of the longer time
needed to eliminate the surface pile-up and the indent
imprint. Total polishing depth was measured by using
a laser microscope (LEXT; OLS5000, Olympus Corpora-
tion, Japan) after a regular interval of polishing. Nev-
ertheless, due to the high fracture toughness and low
removal rate of YSZ,” an initial coarse polishing step was
performed using 1/4 um diamond paste (DP Paste M,
Struers, Copenhagen, Denmark) coated polishing discs
(MD-System, Struers, Copenhagen, Denmark) for 1 min
using the same rotational speed and pressure described
earlier.

2.4 | Mesoscopic dislocation density and
arrangement

Chemical etching combined with laser microscopy was
employed to evaluate the pristine dislocation density and
image the deformation structures around the indents. For
this, fine polished, pristine specimens with (111) planes
were immersed in a molten KOH bath (at 500°C) for
15 min. During the etching process, dislocation lines
exiting the surface were more strongly attacked than
the defect-free bulk material. The dislocations are then
imaged in the form of etch pits at the (111) surface,
providing pristine dislocation density in these speci-
mens (refer to Figure S4).° A similar etching process

revealed slip traces around the post-polished indents
(details in Section 3). Field emission-scanning electron
microscopy (FESEM: XL30FEG, Philips, Amsterdam, the
Netherlands) was used to image the small-spaced slip
traces and dislocation arrangements (Figure 2). Atomic
force microscopy was employed to evaluate the surface
roughness of pristine specimens. Further investigations on
dislocation density were performed via electron channel-
ing contrast imaging (ECCI) and the electron backscatter
diffraction (EBSD) technique. These have been shown
to be able to distinguish dislocation lines within about
10 nm separation.®>% For this purpose, an SEM (MIRA3
XMH, TESCAN, Brno, Czech Republic) equipped with
a 4-quadrant BSE detector (DEBEN, Woolpit, UK) was
employed. Later, the dislocation density was quantified
by using the commercial software CrossCourt 4 (Acu-
tance Scientific, Tunbridge Wells, UK) (Figure 3 and
Figure S3).

2.5 | Microcontact electrochemical
impedance spectroscopy

To access the local electrical response, microcontact-
impedance spectroscopy was performed in the
indentation-induced plastic zone and the regions away
from it. For microcontact fabrication purposes, a thin layer
(~150 nm) of Lag ¢Sty 4Co05_s (LSC) was deposited onto
the specimens via pulsed laser deposition at 0.04 mbar
O, background pressure and a substrate temperature of
600°C.*> LSC was employed as an electrode material
due to its high-temperature stability and large chem-
ical capacitance, leading to a much better separation
of electrode impedance and the response from bulk
YSZ.°+%5 Further details on LSC target preparation are
provided elsewhere.® Photolithography and chemical
etching techniques®” helped furbish microelectrodes
(ME) in the desired regions, whereas fired Pt served as a
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FIGURE 2

\[115]

Indentation-induced mesoscopic dislocation structure: (A) field emission-scanning electron microscopy (FESEM) image of

3 X 3 array of Vickers indents shown in Figure 1B, at a polishing depth of ca. 2 um, taken after chemical etching; (B) image of the same

specimen in (a), now at a total polishing depth of ca. 5 um and re-etching; (C) slip traces under a crack-free Vickers indent; (D) laser
micrograph of a 4 N indent, created at 600°C substrate temperature, with a Berkovich pyramidal-shaped indenter on the same specimen as

(A) taken after polishing down to ca. 40 um and etching; (E) the plastic zone with the mesoscopic structure of dislocations is visualized via

etch pit technique, imitating the “Star of David” pattern;* (F) dislocation etch-pits arrangement directions are sketched and labeled.

FIGURE 3

Electron channeling contrast imaging (ECCI) micrographs depicting mesoscopic dislocation density of specimen indented at

a substrate temperature of 600°C, with Berkovich indenter: (A) a larger region is scanned next to the indentation imprint, accounting for the

plastic zone; (B) narrowed down region, now focused within the plastic zone; (C) targeted ECCI micrograph depicting significantly higher

dislocation density.

counter-electrode (CE) on the bottom for the specimens
(Figure 4B,C). As chemical etching of LSC is prone to
“over-etching” the structures, a photomask with 40 um
structures was used to obtain approx. 20 um point contacts
when optimizing the etching time. This was later con-
firmed with the help of an optical microscope (Figure S5).
Sharp Pt-Ir needles were used to contact the ME inside
an airtight chamber (Figure 4B,C). Electrical properties
were investigated at 300°C via microcontact-impedance
spectroscopy (Novocontrol Alpha-A Analyzer, Novocon-
trol, Montabaur, Germany) in the frequency range of
1 Hz-3 MHz with a voltage amplitude of 1 V.

3 | RESULTS AND DISCUSSION
3.1 | Room-temperature indentation and
influence of dislocation slip on cracking

Room-temperature Vickers-indentation (with 0.1 N load)
on YSZ (111) planes (Figure 1A,B) expectedly generated
dislocations and activated two slip systems, with their
respective Schmid factors (SF) of 0.47 for {001} (110) and
0.27 for {111} (1 1 0) slip system.’® A SF of 0.5 implies the
highest shear stress that can be applied on a slip plane
in the slip direction; thus, optimum activation of the slip
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(A) YSz (111) indented at 600 °C
{001}<110> {111}<110>

(B) M Counter electrode (CE)

Micro manipulator

Alumina Pt/Ir needle

LSC microelectrodes/ME

{001}<110> - type
dislocations penetrating
into the specimen

C)seraten microelect}o{es in bulk region

microelectrodes

ﬂ in dislocation region

’

{1113<170>
] {001}<110>

Pt/Ir
needle

A

100 pm  Berkovich indentation imprint & (111)

FIGURE 4

Heating stage
Impedance analyzer
m Bulk T=300°C
A {111)<110>
3x10%] ® {001}<110> ~ _
e {001}<110> {111}<110>
|| {001)<110> {111}<170>
2x10 1
1x106_ .‘.‘IAIA A A A :Al.  ’“30 HZ_
0 i \f A‘\L—
0 1x10°  2x10°  3x10°  4x10°
Pspr. /€2.CM

Indentation-induced slip traces and electrical analysis of pristine and dislocation regions: (A) schematic representing the slip

traces when yttria-stabilized zirconia (YSZ) (111) planes are indented at high temperatures (e.g., 600°C); individual slip systems are traced,

with dislocations percolating into the specimen (B) microcontacting setup illustration, depicting the YSZ specimen with an actual micrograph
on top along with deposited LSC microcontacts; (C) top view of the same specimen; black triangles (A) highlighting the 4 X 4 array of
Berkovich indentation imprints. Respective slip systems are traced with triangles (in red and blue), similar to Figure 2F. LSC microcontacts
are furbished in a targeted manner onto the indentation-induced dislocation region and in bulk. Individual slip systems were electrically

probed via sharp Pt/Ir microcontact needles; (D) Nyquist plot of electrical resistivity for representative electrodes measured at T = 300°C.

planes for plastic deformation can be reached.”” Figure
S2A strongly suggests the presence of dislocation arrays
around the marked indents. However, performing indenta-
tion at room temperature also indicates the brittle fracture
behavior in YSZ specimens, as severe cracking is observed
on the indented surface (Figure S2A gives an enlarged view
of Figure 1B). Both radial and lateral cracking can be seen
with threefold radial crack symmetry along [11 2] direction
(highlighted in Figure S2A).”° The cracking pattern sym-
metry can be understood by envisioning the interaction of
dislocations. However, it is important first to comprehend
the slip traces, potentially triggered by room-temperature
indentation.>®

Figure S2B features a cross-sectional schematic of the
YSZ specimen; now, view from (100)-direction, whereas
the indents are marked on {111} planes.”® This repre-
sentation makes it possible to understand the threefold
cracking symmetry observed for room-temperature inden-
tation experiments (Figure S2A). First, the potentially
activated slip systems, that is, {001} (110) and {111} (1 1 0)
are traced at respective angles, with dislocations gliding
on them. It is plausible that dislocations gliding on respec-
tive planes converge at {111} planes and form an immobile
barrier (junction) that essentially acts as an obstruction
against other dislocations moving in the plane.®® This

immobile barrier then results in crack formation normal to
(111) directions.”®% For better illustration [111]-directions
are sketched as dotted lines in Figure S2B (going from
top to bottom). Using simple vector algebra, the crack-
ing directions can now be rationalized, which are either
[1 1 0] or [11 2] directions. As both are perpendicular
to [111], one of them can be visualized going into the
plane of the paper/symbolized as ®.°%°® The reason for
these cracks is this immobile barrier of dislocations, also
known as the Lomer-Cottrel junction or the Lomer lock.
In literature, this phenomenon is reported as the "Cottrel
mechanism".>%~7? Briefly, based on this mechanism, the
threefold crack symmetry on {111} planes and the direction
of crack traces can be understood. Additionally, this shows
the importance of dislocation generation, their move-
ment, and their interaction with the indentation-cracking
properties of YSZ at room temperature.

3.2 | High-temperature indentation,
plastic zones, and surface uplift

High-temperature indentation experiments were per-
formed on YSZ (111) planes with the help of a Berkovich
indenter (4 N load) at a substrate temperature of 600°C
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(Figure 1C). For these experiments, cracking was success-
fully avoided. Instead, a material “pile-up” was observed
around the indents, indicating high plastic flow in YSZ
when indented at elevated temperatures (Figure 1C).
This behavior was expected since dislocation glide
becomes much easier at high temperatures with thermal
activation.”” A closer look at the regions around the
indents revealed relatively large plastic zones (ca. 60 um)
with a hexagonal symmetry of slip traces (Figure 1C). This
hints toward the existence of dense dislocation regions
around and underneath the indents (further details follow
in the next section).

3.3 | Indentation-induced mesoscopic
dislocation structure

Figure 2 presents the indentation-induced mesoscopic
dislocation structures on different length scales, includ-
ing room (A-C) and high temperature (D-F) indented
specimens. FESEM imaging (Figure 2A) of the specimen
indented at room temperature (first polished down to
2 um depth, followed by chemical etching) shows a plastic
zone of ca. 5 um in diameter; nevertheless, the cracks are
still visible. Intuitively, the obtained plastic zone appears
to be forming two opposite triangles (Figure 2A). This
interesting feature can be associated with two slip systems
activated based on the SF calculation while deforming YSZ
in (111) direction.”” More precisely, these slip systems are
{001} (110) (SF 0.47) and {111} (11 0) (SF 0.27). Early studies
on YSZ indentation suggest these slip systems are active
only above 600°C.7*>"-% However, no detailed description
exists on the possibility of activating these slip systems
at room temperature. This was presumably due to severe
lateral and radial cracking, as presented in Figure S2A. As
aresult, limited attention was paid to the dislocation struc-
tures underneath the cracked surfaces. Nevertheless, our
approach of sequential polishing of the indented (cracked)
sample surfaces indicates that multiple slip systems can
be activated even with indentation at room temperature.
Regardless of the severe surface cracking, a controlled pol-
ishing rate, followed by chemical etching, reveals a plastic
zone with dislocation clusters underneath (Figure 2A).
Serial polishing steps of the same specimen to an
overall depth of ca. 5 um removed the triangle-like slip
traces (Figure 2A,B). However, the indentation-induced
cracks are deemed grown enough, as they exist even at
two—fold polishing depth. Nevertheless, another “lily
flower”-like feature is observed at a polishing depth of ca.
5 um (Figure 2B). Three individual bands of petals-like
symmetry appear with a collective plastic zone size of
<5 um, which continues to the bottom of the plastic zone
(Figure 2B,C). These petals of “lily flower”-like features

are found to be tangent to [1 2 1], [21 1], and [1 1 2] set
of directions (as highlighted in Figure 2F). However, at
this polishing depth, that is, ca. 5 um (Figure 2C), only the
predominant {001} (110) slip system is likely to be active,
as indicated in the literature.”’

Even though room-temperature indentation reveals the
activation of multiple slip systems with a strong interaction
with each other (Figure 2A—C). The minuscule plastic zone
(<5 pum) achieved after sequential polishing (to remove
cracks) hinders the quantification of the mesoscopic dislo-
cation structure. Moreover, such a localized region makes
it hard to investigate any change in the functional proper-
ties potentially induced by dislocations. Therefore, further
experiments were performed at a high-temperature inden-
tation setup at 600°C. The images, taken before removing
the indentation damage, already hint toward a relatively
large plastic zone (ca. 60 um) compared to the one at room
temperature (Figure 1B,C). Additionally, the indentation
was possible without causing cracks. A sequential pol-
ishing down to ca. 40 um depth of the indented surface,
followed by chemical etching of the obtained surface,
revealed a 16 times larger plastic zone (now ca. 80 um)
compared to room-temperature indentation, that is, ca.
5 um (comparing Figure 2A,D). Nevertheless, we note here
that a load of 0.1 N was employed for indentation at room
temperature (intended to minimize the cracking) but 4 N
for high temperature. Therefore, an observed large plastic
zone, in this case, should not be only associated with the
indentation temperature but an increased load as well.

A more detailed investigation of the induced plastic
zone exhibited three distinct features (Figure 2E). First,
straight rows of dislocation etch pits parallel to the [11 0],
forming a triangle with its vertices along [121],[211], and
[11 2]. This is associated with the activated {001} (110) slip
system with SF 0.47.°° Second, for the relatively smaller
triangle, the vertices’ directions are found to be [11 2],
[121], and [2 11] and correspond to the {111} {1 1 0) slip
system with SF 0.27.°° Third, a hexagonal array around the
indent is formed by rows of etch pits along the (1 1 0) and
(100) corresponding to {111} and {100}, respectively.’*->"-68
These slip traces are featured schematically in Figure 2F;
the two opposite triangles imitate a “Star of David,” as
observed earlier for room-temperature indentation as well
(Figure 2A).°

Furthermore, a “curved” etch-pit configuration exists
for both slip systems; refer to etch-pits in Figure 2E and the
corresponding sketch in Figure 2F. The curved etch-pits
are likely to be part of the triangles from the “Star of David”
and hence related to the individual slip systems. However,
the question arises on how the dislocation etch-pits align
in a curved fashion. Holmes et al.,”’ described the reason
being the different directions of the Burgers vector b. The
curved etch-pit rows were associated to dislocation glide
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on the, {001} (110) and {111} (1 1 0) slip systems, however,
with Burgers vectors b inclined to the (111) surface.”” The
argument was further supported by Farber et al.,® which
explains this phenomenon, considering the dislocation
character in detail.”%

It should be noted that the indenter geometry does not
play a significant role in our experimental methodology;
that is, in both cases (4-sided pyramid Vickers indenter
at room temperature and 3-sided pyramid Berkovich
indenter at 600°C), identical slip systems get activated
(Figure 2A,D). However, in the latter case, the generated
plastic zone and respective triangles were comparatively
larger due to high load and higher dislocation mobility at
elevated temperatures.”

3.4 | Mesoscopic dislocation density
Although an indentation-induced dense mesoscopic
dislocation structure can be visualized in the form of
etch pits around the indents (Figure 2D,E), a quantitative
description of the dislocation density is difficult. This is
because, inside the high-temperature indentation-induced
plastic zone, the spacing between individual dislocations
is so narrow that it can no longer be resolved by chemical
etching (Figure 2E). To cope with this, ECCI was per-
formed as with this technique dislocations can be imaged
with a much larger field of view.®> Systematic imaging
was performed next to the indentation imprint accounting
for the dislocation region (Figure 3A-C). A randomly
distributed extremely dense dislocation structure with an
overall dislocation spacing of ca. 50-70 nm was observed
(Figure 3C), which leads to an average dislocation den-
sity of about 1 x 10 m~2 within the scanned region.
Given the technique’s above-described limitations, the
quantification is certainly correct within the order of
magnitude, if not even better. Such a high-dislocation
density within the plastic zone is realistic, as previously
reported (ca. 3 X 10 m™2) in the bulk YSZ specimens,
deformed at 1400°C.>° Furthermore, in the current work,
the deformation/indentation experiments are performed
at relatively-low temperatures (600°C). Therefore, the
low deformation temperature, in this case, also reduced
the dislocation annihilation phenomenon, thus reducing
the recovery of the dislocation structures and resulting in
even higher dislocation density.>*>

Further information considering the dislocation density
statistics was accessed using the EBSD technique, allowing
lattice misorientation characterization in terms of map-
ping the geometrically necessary dislocations (GNDs).%™
This provides information on the dislocations remaining
after unloading and being responsible for the local misori-
entations. Therefore, a semiquantitative analysis is feasible

for these structural units (dislocations) on a larger scale to
better evaluate the indentation-enhanced dislocation
density. Figure S3 provides EBSD maps of bulk and
dislocation-rich areas, depicting each region’s GNDs
density. A significant difference is observed by comparing
the pristine GNDs (ca. 4 X 10! m~2) to the GNDs inside
the plastic zone (ca. 2 x 10" m~2). To estimate an “exact
dislocation density,” evaluation of the Nye tensor is
plausible”>’®; however, this is beyond the scope of this
work, as EBSD data supports the ECCI results and is in
excellent agreement with the images obtained via chem-
ical etching (Figure 2D,E). We also note that the EBSD
analysis was performed on an unetched specimen after
fine polishing with a surface roughness <30 nm. There-
fore, any artifacts potentially introduced by polishing
damage or chemical etching were omitted.

3.5 | Local electrical investigations
(microcontact electrochemical impedance
spectroscopy)

The electrical response of indentation-induced mesoscopic
dislocation structures was investigated using microcontact
electrochemical impedance spectroscopy for the speci-
mens with large plastic zones/indented at 600°C. This
technique allows quantifying the local electrical response,
as most of the applied voltage is expected to drop just under
the probed microcontact.?® In this case, the electrical resis-
tivity (o) could be estimated in terms of the spreading
resistivity pg,, = 2dR, assuming a homogeneous resis-
tance in the probed region.’>-”7® However, this is still
rather a qualitative investigation, as we do not have a fully
homogeneous phase with constant resistivity below the
ME.®%7° This means that the measured resistance depends
on the density and the extent of the dislocation network
below the electrode. The large back surface was used as the
CE. Figure 4A presents the cross-sectional schematic, illus-
trating the activated slip traces when YSZ (111) planes were
indented with a Berkovich indenter (similar to Figure 2F)
and further models the dislocation arrangement on respec-
tive slip planes.’® Both slip systems, that is, {001} (110)
(blue) and {111} (1 1 0) (red), are sketched at respective
angles with (111) planes to demonstrate the dislocation
propagation into the specimen. With this configuration,
the dislocation lines are likely to percolate into the spec-
imen, as shown in a pseudo-3D schematic of the specimen
in Figure 4B. The same specimen is now portrayed in
Figure 4C, with LSC ME furbished onto and between
the dislocation-rich regions, which are later probed with
Pt/Ir needles (Figure 4C). It should be noted that inden-
tation imprints are still discernible, and this helps locate
the plastic zone, earlier found to be at least ca. 80 um
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(Figure 2D,E). Taking this into account, the so-called "Star
of David" is traced around the indent imprints for better
visualization. The large plastic zone around the indent and
the minuscule ME of 20 um allowed for measuring the
apparent electrical response of the individual slip systems
(Figure 4C).

Nyquist plots of spreading electrical resistivity (o)
were measured at T = 300°C for the pristine (bulk) and
indentation-enhanced dislocation regions on the same
specimen and provided in Figure 4D. When measuring the
bulk region, a single semicircle was recorded (data points
in black), along with a serial electrode arc at lower fre-
quencies in the range of 30-1 Hz. The data was found to
be imitating a depressed semicircle and, therefore, was fit-
ted using an equivalent circuit consisting of a resistance (R)
with a constant phase element (CPE) in parallel (i.e., R ||
CPE).*" Later, the true capacitance “C” value was extracted
from “CPE,” which was found to be 2 x 1072 F. This capac-
itance indicates that the corresponding resistance reflects
abulk property and not an electrode process.®' There exists
a difference in the electrical response when measuring the
microcontacts located onto the {111} (1 1 0) slip system
or sketched (red) triangle, pointing upward (Figures 2F
and 4C). A decrease in the py), is realized when compared
to the bulk data (black and red curves in Figure 4D). A
further decrease in the p;, is recorded when measuring
on the {001} (110) slip system or triangles marked in blue,
pointing downward (Figures 2F and 4C). Remarkably, the
trend of reduction in the resistivity is even more prominent
in the collective impedance response of these slip systems
(comparing black to orange/green curves in Figure 4D).

The difference between the electrical resistivity of the
bulk region and the {111} (11 0) slip system may be mislead-
ing, as this is still in the range of the error bar. However, a
significant change in the resistivity is induced by the {001}
(110) slip system compared to the bulk, which remains
below a factor of 2. Nevertheless, a substantial decrease
in the resistivity can be observed in the regions where
both {001} (110) and {111} {1 1 0) slip systems are suppos-
edly operating. It should be noted that this is a similar
region scanned by ECCI in Figure 3A-C, depicting an
extremely dense mesoscopic dislocation structure. There-
fore, these differences in electrical resistivity evolve from
higher dislocation density. In other words, the dense dis-
location networks under the indents enhanced the local
electrical conductivity by many factors. The exact magni-
tude of enhancement, however, remains elusive because
quantification requires a homogeneous material below the
ME. To ensure reproducibility, at least two microcontacts
were measured in the respective regions, with Figure 4D
presenting the representative data.

Besides, it is worth discussing the role of individual slip
systems in the observed electrical conductivity enhance-

ment. For example, one may argue that if the dislocation
density is the only responsible parameter, then why do
the individual slip systems show a different electrical
response? Furthermore, the dislocation penetration depth
into the specimen remains unclear so far, as Figure 4A,B
only provides a schematic of the slip systems percolating
into the specimen. To address this, we consider the
results by Heuer et al.,,’*>® where indentation-induced
dislocation structures in ~9YSZ are investigated in detail.
The side-view of post-indentation and etched {100} planes
revealed a remarkably high dislocation density, with an
experimental indication that the predominant {001} (110)
slip system penetrates deeper compared to {111} (1 1 0)
slip systems.”® The difference in the penetration depth of
these two slip systems® thus should explain the observed
different electrical responses (Figure 4D). In other words,
the {111} (1 1 0) slip system percolates to a shorter depth
below the ME, which only leads to a minor impact on
measured conductivity. On the other hand, the {001} (110)-
type slip system penetrates the specimens comparatively
deeper, which extends the highly conductive region below
the electrode. Moreover, in the areas where these two slip
systems, that is, {111} (1 1 0) and {001} (110) interact with
a multiplied dislocation density, a substantial increase in
electrical conductivity is conceivable. Remarkably, this
conductivity enhancement is above what can be achieved
by point defect engineering in 9YSZ. If this could solely be
attributed to oxygen diffusion, this outclasses the solubil-
ity limits of YSZ concerning the point defect doping and
renders dislocations a powerful tool to engineer electrical
conductivity. In previous work, we at least found evidence
for high oxygen transport in dislocation-rich regions pro-
duced by activating the secondary (110) {110}, (111) {110} slip
systems.”® However, no actual diffusion or incorporation
coefficient could be obtained because the diffusion profile
at the dislocation extended deep into the sample and could
not be fully resolved. This means that we cannot attribute
the higher electrical transport to oxygen diffusion at this
point. There is, nevertheless, certainly a contribution from
higher oxygen incorporation or diffusion due to the pres-
ence of dislocations. Moreover, just because dislocations
from these two slip systems allow for higher oxygen trans-
port, it does not automatically mean that the {001} (110) slip
system induces high oxygen conductivity. As mentioned,
the electrical properties can be very different depending on
the slip system, dislocation type (edge, screw, or mixed),
and dislocation core structure.”®3° The induced disloca-
tions are never straight for YSZ and show looping, kinks,
and jogs. Thus, the character of the dislocations changes
significantly even within the same slip plane. This counts
for any slip system.*** As a result, the dominant mobile
charge carrier could even change along a single disloca-
tion. Nevertheless, given the previous computational data
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and experimental evidence, oxygen transport is highly
likely to dominate electrical transport.*>° Electromotive
force measurements with deformed YSZ will be necessary
to ultimately prove this and are currently prepared.

A broader application of dislocation-tuned conductiv-
ity concept calls for developing methodologies to produce
even larger plastic zones. To this end, we suggest marking
indents closer to each other in a way that their plas-
tic zone overlap or performing cyclic indentation in the
same region to enhance the dislocation density further,
as recently reported by Okafor et al.*” Nevertheless, spe-
cial attention needs to be paid to experimental details, as
overlapping plastic zones or cyclic loading may induce
severe work hardening and result in cracking, especially
in the case of ceramic electrolytes. Further design parame-
ters would include thinning the rear side of the specimen,
as it is hypothesized that if dislocations percolate all the
way through, an even higher electrical conductivity can be
achieved.” Indeed, there are ample opportunities to tai-
lor the dislocation structures in ceramics and tune their
electrical conductivity by mechanical deformation.

4 | CONCLUSIONS

In summary, we demonstrate a significant increase in the
electrical conductivity of 9YSZ by mechanically induced
dislocations at the mesoscale. Employing the microme-
chanical approach well below the dislocation recovery
temperature helped generate extremely dense disloca-
tion structures. This reduced dislocation annihilation and
allowed tailoring of the dislocation structures much more
effortlessly compared to bulk deformation. This tech-
nique also helped the individual analysis of activated slip
systems, which is impossible in bulk deformed speci-
mens. The control over mesoscopic dislocation structures
revealed the potential of dislocations to enhance the elec-
trical conductivity in ceramic electrolytes even higher than
achieved by chemical doping strategies. Nevertheless, the
final proof of high oxygen conductivity being the only
reason for the higher electrical transport in YSZ is still
required.
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