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Abstract
This study investigates the effects of electrical loading on cubic 8YSZ (8 mol%
yttria-stabilized zirconia) under different atmospheric conditions with a focus
on electrical and structural changes, lattice modifications, and the formation of
new phases. Upon applying an electric field during various atmospheric transi-
tions fromoxygen to air to argon or nitrogen, an increase in oxygen extraction and
enhanced electrical conductivity was linked to the formation of an atmosphere-
dependent defective FCC rocksalt phase, ZrO in Ar, and Zr(O,N) in nitrogen,
as confirmed by EDS, X-ray diffraction, and Raman spectroscopy, with lattice
parameters consistent at approximately 0.458 nm. The microstructure of the
electrically loaded material showed elongated precipitates of this new phase,
particularly along grain boundaries, which were a few tens to hundreds of
nanometers in size. Furthermore, dopant segregation and microstructural insta-
bility due to this lattice modification and phase transformation were observed.
Comparison to the behavior of tetragonal 3YSZ revealed significant differences
between the two compositions. These findings highlight the role of electrochemi-
cal reduction in alteringmaterial properties, with potential implications for flash
sintering and energy applications like solid oxide fuel and electrolyzer cells.
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1 INTRODUCTION

Electrochemical reduction of yttria-stabilized zirconia
(YSZ) under an applied electric field at temperatures of
several hundred degrees, which are conditions where solid
oxide fuel cells (SOFC) or flash sintering (FS) operate, is
a mechanism that has been investigated for more than 40
years. One phenomenon that is well known in the con-
text of the electrochemical reduction of YSZ is graying or
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blackening of the usually white material due to the extrac-
tion of oxygen anions from the lattice,1–6 which is usually
attributed to removal of oxygen from the fluorite-based
lattice of ZrO2.
Recently, however, the possibility of a phase transfor-

mation in mainly cubic 8YSZ (8 mol% yttria-stabilized
zirconia) during electrical loading has been reported
during in situ synchrotron experiments by Charalam-
bous et al.7 In their DC tests, new peaks arose that are
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consistent with a cubic F Bravais lattice. Based on a report
by Schönberg from the 1950s,8 in which the existence of
FCC rocksalt ZrO was claimed, Charalambous et al. sug-
gested the novel phase being FCC rocksalt ZrO with a
lattice parameter of 0.46 nm. After the field was turned
off at elevated furnace temperatures, the new diffraction
peaks disappeared, so no further characterization of this
phase was possible.7
In a follow-up investigation, Charalambous et al.

reported the formation of nanopores and microstrains
along the grain boundaries of 8YSZ,7,9 leading to crack-
ing along the grain boundaries, which agrees with
observations by Dong and Chen,10 who reported such
a phenomenon for 8YSZ electrically loaded in Ar or
5%H2/95%Ar. The phase field simulations performed in
Charalambous et al.9 suggest an oxygen vacancy buildup
and the potential formation of reduced phases along the
boundaries, causing depletion of holes and release of
free electrons. As mentioned in Charalambous et al.,7
the electric field in Charalambous et al.9 and Dong and
Chen10 was turned off at furnace temperatures exceed-
ing 1100◦C, which potentially allowed modification of the
microstructure by reoxidation, diffusion or other effects
during furnace cool down.
In an investigation by Bechteler and Todd,1 where

the applied electric field was maintained during fur-
nace cool down, the phenomenon of blackening in 3YSZ
was associated with the electrochemically induced lattice
modification and phase transformation from its usually
tetragonal crystallographic structure to the FCC rocksalt
ZrO structure with a lattice parameter of 0.458 nm, if elec-
trochemically reduced in argon (Ar). If the same procedure
is conducted in a nitrogen (N2) containing atmosphere
such as air or pure N2, Zr(O,N) is formed,1 as has also been
reported by Morisaki et al.11
Recently, Sakamoto et al. observed the formation of 10-

to 20-nm-sized ellipsoidal Zr(O,N) grains in cubic 8YSZ
after electrical loading in air, which showed an alignment
with the cubic 8YSZ structure.12 Although it is clear from
this previous work that electrochemical loading can cause
a phase transformation in 8YSZ, the distribution of the new
phase on the scale of several grains, the distribution of the
yttrium dopant and other elements, and the crystallinity
of the new phase during and after electrical loading of
8YSZ remain to be investigated. These may be modified
if reoxidation of the material occurs during furnace cool
down. The present work avoids the problem of reoxi-
dation by maintaining an inert oxygen-free atmosphere
during cooling and investigates the other aspects men-
tioned using SEM-EDS, XRD, and Raman spectroscopy.
This also enables a comparison of the electrochemical
reduction behavior between the mainly tetragonal 3YSZ

reported previously and the mainly cubic 8YSZ in this
work.

2 MATERIALS ANDMETHODS

8YSZ ready to sinter powder (Tosoh, TZ-8YB) with a parti-
cle size of 150 nm was used. This was uniaxially pressed
(200 MPa) into bar-shaped samples (30 × 5 × 3 mm3),
debinded in air at 600◦C for 1 h, and pre-sintered in air up
to >98% relative density at 1400◦C for 1 h.
Two holes near the ends of the samples were manually

drilled before sintering for attaching Pt-wires as electrodes.
Pt paste was applied to reduce contact resistance between
the wires and the sample.
Samples were placed in an alumina tube furnace, shown

in greater detail in Bechteler et al.,13 which was heated
at 600◦C/h to 800◦C in oxygen (O2). As soon as the fur-
nace reached the defined temperature, the electric field
was applied and increased stepwise to 30 V, which led to
an increase in current and power dissipation. LabVIEW
softwarewas used to control theDC-power supply (EA-PSI
9750–60; EA Elektro-Automatik GmbH & Co. KG) and to
record the electrical data. For experiments with a power
limit of 20 W, the power supply changed to power con-
trol as soon as this limit was reached. In the case of higher
power limits, the voltage was ramped up further to enable
the limit to be reached. Power dissipation was maintained
for 5 min before the atmosphere was changed to air and
for another 5 min before the atmosphere was changed to
argon (Ar) or nitrogen (N2). Atmospheric changes were
achieved by opening or closing the high-pressure gas cylin-
ders connected on one side of the furnace, resulting in
a continuous replacement of the original atmosphere,
which exited the furnace on the opposite side. After the
final atmospheric change, power dissipation was held for
another 5 min before the furnace was turned off and fur-
nace cool down started. The final atmosphere was main-
tained during cooling down and the electrical field was
turned off when the furnace temperature dropped below
50◦C.
When cooled, the electrically treated samples were

transferred directly into an Ar-filled air-tight glove box to
prevent reactionswith the atmosphere such as reoxidation.
Mechanical grinding and polishing of thematerialswere

performedwith a Buehler grindingmachine initially using
diamond abrasives. The final polishing stepwas performed
with colloidal silica. Thermal etching prior to some SEM
investigations was conducted at 1150◦C for 30 min in air
using a heating rate of 600◦C/h.
For the microstructural investigation before and after

electrical loading, SEM (Merlin (FEG) SEM, Zeiss) images
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were taken from sample surfaces. EDS (QUANTAX
FlatQUAD, Bruker) was conducted to determine the ele-
mental distribution in these regions. Samples were coated
with 3 nm Pt prior to the investigation.
Grain size was measured on polished surfaces using the

linear intercept method (>100 intercepts). No correction
factor was applied.
XRD characterization of the samples was conducted in

a rotating Ar-filled sample holder between 2θ = 20◦ and
120◦ with a scan rate of 0.04◦/s (Cu Kα λ = 1.5406 Å,
Empyrean, Malvern Panalytical GmbH). Furthermore, the
region between 33◦ and 44◦ was characterizedwith a lower
scan speed of 0.02◦/s to improve the signal-to-noise ratio.
Rietveld refinement of the XRD spectra was conducted
within Profex software.14 Cubic YSZ (space group 225, Fm-
3 m), FCC rocksalt structured ZrO (space group 225, Fm-3
m), and pyrochlore Y2Zr2O7 (space group 227, Fd-3 m)
were considered for the refinement.
Raman microspectroscopy was performed on as-treated

surfaces of bulk samples at room temperature using a Ren-
ishaw (UK) Raman 1000 System, equippedwith a 632.8 nm
50 mWHe-Ne laser.

3 RESULTS

3.1 Electrical loading procedure

Figure 1 shows the results for an 8YSZ sample electri-
cally loaded in changing atmospheres starting with a
stage in pure oxygen (O2), described as stage I. The ramp
of the electrical field up to 35 V (17.5 V/cm) at a fur-
nace temperature of 800◦C led to an increase in current
and power dissipation up to the point where the ini-
tially defined power limit of 30 W led to a change to
power-controlled stage II after ∼400 s. The sample resis-
tance reduced significantly during the transient stage
(Figure 1B). The increase in power dissipation also led to
a brighter sample appearance, from no electrical heating
shown in Figure 1C up to the defined power dissipation
limit in Figure 1E, due to emission of thermal radiation15–17
owing to the increase in sample temperature by Joule
heating.
Stage III is represented by an atmospheric change

from O2 to air, highlighted with a gray background in
Figure 1A,B, starting after a total time of 700 s without
changing the electrical parameters. Compared to stage II,
a slight drop in resistance can be detected but no major
changes can be seen in the electrical response.
Stages IV and V are defined by an increase in power

dissipation from 30 to 35 W after 1000 s, and 40 W after
1300 s, respectively, whereby the electrical resistance of

the sample decreased with increased power dissipation.
Dependent on the power dissipation, the estimated sam-
ple surface temperature, assumed uniform,18–20 reaches
1043◦C for 20 W, 1197◦C for 40 W, and 1314◦C for 60 W
power dissipation at a furnace temperature of 800◦C.
After a total time of 1500 s, the atmosphere was changed

from air to nitrogen (N2) or argon (Ar), described as stage
VI, highlightedwith a blue background inFigure 1A,B. Fol-
lowing this atmospheric change, therewas a slight increase
in specimen resistance for approximately 10 s after which
the sample resistance dropped quickly, plateauing at less
than half its previous value in air after about 300 s, as
shown in Figure 1B for Ar. During this time, the applied
voltage dropped and the current increased significantly to
maintain the 40 W power limit. The sample heating in
this stage became even more inhomogeneous as shown
in Figure 1F,G, which started on the cathode (left) side of
the sample (Figure 1F) and shifted more toward the anode
(right) side of the sample (Figure 1G).
Finally, following stage VI, the furnace was turned off

after a total time of 2100 s. During furnace cool down,
power dissipation was still maintained in Ar or N2 to
the point where the furnace temperature dropped below
50◦C,which took approximately 2 h,whereupon the power
supply was turned off. The electrically heated sample,
just before turning off the power supply, is shown in
Figure 1H and shows a comparable localized heating to
the sample at an environmental temperature of 800◦C
(Figure 1G).
The electrical resistance at a power dissipation of 40

W in Ar during furnace cool down decreased from ≈6 Ω
at 800◦C furnace temperature, estimated sample tempera-
ture of 1197◦C, to ≈3 Ω at 50◦C furnace temperature, esti-
mated sample temperature of 1080◦C, between the point
where the furnace was turned off and when the sample
was taken from the furnace, indicating that the electri-
cal resistance of the sample decreased with decreasing
sample temperature (PTC behavior). The sample showed
some cracking on the surface, which sometimes even led
to through-thickness cracking of the sample during such
electrical loading processes.
The sample taken from the furnace after electrical

loading in Ar, as shown in Figure 1I,J, shows a metal-
lic golden brown and black coloring with some finger-
shaped regions, as reported by others for electrochemically
reduced YSZ.1–3,11,12
The electrical results, as well as the sample appearance,

for electrical loading during an atmospheric change from
air to nitrogen (N2) at 60 W power dissipation, includ-
ing sample appearance post-treatment, are shown with
expanded time scales in Figures S1 and S2. The main
difference in N2 compared with Ar is a more golden color.
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F IGURE 1 Electrical loading procedure on 8YSZ (8 mol% yttria-stabilized zirconia) in changing atmosphere, starting in oxygen (O2),
and transitioning into air and argon (Ar) with the cathode being located on the left and the anode on the right; (A and B) the electrical
parameters including applied voltage and current in (A), and calculated power and resistance in (B); (C to H) the sample at various points
throughout the loading procedure; (I and J) the sample after electrical loading, whereby (I) shows the sample surface facing the camera and J)
the opposite side facing away from the camera.

3.2 Microstructure

3.2.1 Surface

All of the following SEM images are taken from an 8YSZ
sample electrically loaded with Ar as the final atmosphere
and with a maximum power dissipation of 40 W. Samples
electrically loaded in N2 exhibited similar morphologies
and structures without significant deviations, and some of
them are shown in the Supporting Information.
Figure 2 shows the surface of an 8YSZ sample, which at

lower magnification (Figure 2A) still shows the grain size
and shape of the conventionally sintered material (grain
size 1.8± 0.2 µm). At higher magnifications (Figure 2B–F),
the surface consists of many small crystals approximately
100 nm in size. Furthermore, there are several macro-
(Figure 2A) and micro-cracks (Figure 2C,D) along grain
boundaries and through several grains. A few pores, as
can be observed in conventionally sintered 8YSZ without

electrical loading (Figure S3), can be seen at triple points,
as shown in Figure 2A. However, there are no submicron
pores along the grain boundaries.
If the surface of electrically loaded 8YSZ was lightly

polished to remove the surface relief (1 µm diamond and
colloidal silica), the ∼100 nm crystals mentioned above
could be seen as bright regions within a darker matrix, as
shown in Figure 3.
In Figure 4, a SEM image and EDS elemental distribu-

tion maps of the electrically loaded and lightly polished
sample surface show the 100 nm structures within the
matrix material. As shown in Figure 3, in some grains,
the concentration of the 100 nm structures is significantly
higher than it is in others, which could be caused by an
inhomogeneous reduction of some areas or grains. The
oxygen (O) distribution in Figure 4B shows that these
submicron regions contain significantly lower oxygen and
yttrium (Y) concentrations than the matrix, whereas the
signal of zirconium (Zr) is increased.
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F IGURE 2 SEM image of the surface of an 8YSZ sample after electrical loading in Ar with a power of 40 W at various positions and
magnifications.

F IGURE 3 SEM image of the gently polished surface of an 8YSZ sample after electrical loading in Ar with a power dissipation of 40 W at
various magnifications.

EDS spectra taken from four different points, high-
lighted in the SEM image in Figure 4A, are shown in
Figure 4E. The spectra are normalized to 1 for the Zr Lα
signal around an energy of 2.04 keV to identify the rela-
tive change in O and Y concentration between a matrix
region (8YSZ, black) and three submicron regions (ZrO-
1, red; ZrO-2, green; ZrO-3, blue). The detailed O region
of the spectra shown in Figure 4F shows that compared to
thematrix region (8YSZ, black), which shows a normalized

O signal of 0.87, the submicron regions are significantly
lower in O concentration, down to 0.56 normalized inten-
sity for ZrO-2 (green). The Y signal is also diminished in
the submicron regions shown in Figure 4G, though some
Y remains. A background-subtracted and isolated Y signal
is shown in Figure S4.
SEM images and EDS maps of the polished surface and

the fractured cross-section of an 8YSZ sample loaded in N2
are shown in Figures S5 and S6.
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F IGURE 4 SEM image (A) and elemental
distribution maps showing (B) oxygen in green,
(C) zirconium in red, and (D) yttrium in blue;
(E) four EDS spectra taken from several points
highlighted in (A) with the corresponding color
with the spectra being normalized to 1 at the Zr
signal; (F) the section of the EDS spectra where
the signal for oxygen is located; (G) the EDS
spectra region where yttrium is located. All
images and spectra are taken from an 8YSZ
sample electrically loaded at 40 W in Ar.

3.2.2 Cross-section

Fractured cross-section
Figure 5A–I shows the central region of the fractured
cross-section of an electrically loaded 8YSZ sample at
40 W in Ar at different magnifications. SEM images

of the near-surface fractured cross-section of an electri-
cally loaded 8YSZ sample are shown in Figure 5J–M,
which resemble the appearance of the central cross-
section. The average grain size is 1.7 ± 0.3 µm, which is
very similar to that of the conventionally sintered 8YSZ
sample without electrical loading (1.8 ± 0.2 µm). Clear



BECHTELER and TODD 7 of 14

F IGURE 5 Fractured cross-section of an electrically loaded 8YSZ sample at low magnification (A) and other higher magnifications and
regions. The red boxes indicate the area of the sample shown in the following SEM image at higher magnification in the central cross-section
of the sample from image (B) to (I). Images (H) and (I) show a central cross-section of the sample with a focus region around grain boundaries
showing precipitations. Regions shown and highlighted in blue boxes, from (J) to (M), are located on the near surface cross-section.

signs of cracking can be seen throughout the sample in
the SEM images. Furthermore, the fracture was mainly
transgranular, with some randomly located regions of
intergranular fracture, which vary in size and account
for only ≈20% of the cross-section. This contrasts with
the 8YSZ sample without electrical loading, as shown
in Figure S3, in which fracture was almost completely
intergranular.
Figure 5B–I shows the central cross-sections at higher

magnifications to show the precipitates more clearly,
which can also be seen close to the surface as shown in
Figure 5M. The precipitates tend to be alignedwith the stri-
ations evident on the fractured matrix surrounding them.
The alignment is not perfect, however, suggesting that the

precipitates lose their relationship with the matrix as they
grow.
Within submicron grains, fewer such structures can be

found, as shown in Figure 5H. Compared to the inside of
the grains, where these structures are more or less evenly
distributed, a higher concentration of such precipitates can
be found along the grain boundaries, which are almost
fully covered as shown in Figure 5H,I. As well as the rather
big pores located on the triple points shown inFigure 5L,M,
a few small pores can be detected on the grain boundaries,
which show similar shape and size to the precipitates. One
of the larger of these is highlighted with a white arrow in
Figure 5I, and Figure S7 shows smaller pores around and
between the grain boundary precipitates.
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F IGURE 6 SEM images of the polished unetched (A) and etched (C) cross-section of conventionally sintered 8YSZ without electrical
loading; (B and D) SEM images of the polished cross-section of an electrically loaded 8YSZ.

The structuring of the matrix fracture surfaces sur-
rounding the small precipitates, exhibited most clearly in
Figure 5F,G, was not seen in the few grains with transgran-
ular fracture in as-conventionally sintered 8YSZ. Because
of that, it can be assumed that this phenomenon is also
related to the electrical loading process.

Polished cross-section
Figure 6A,C shows SEM images taken from polished
unetched (A) and etched (C) cross-sections of a conven-
tionally sintered 8YSZ sample with no electrical loading.
One pore can be seen at the bottom of Figure 6A with
no other unusual features and a similar contrast through-
out the image. Figure 6C shows some small pores at the
triple points, however no pores are visible along grain
boundaries.
A polished unetched cross-section of an electrically

loaded 8YSZ sample at 40W in Ar is shown in Figure 6B,D
at different magnifications, where submicron pores can be
observed along almost every grain boundary, and a few
submicron pores can also be found within some of the
grains. Furthermore, in a few grains the grain interiors
themselves show a different contrast to each other, which
was not observed in the unloaded sample (Figure 6A). This
could potentially point toward a change in the interior of
some of the grains due to the electrical loading procedure,
which might be caused by the extraction of oxygen from
the grains and a changing ratio of cations and anions. As
remarked in connectionwith Figure 5, small pores can also
be seen on the grain boundaries.

3.3 Phase structure

3.3.1 XRD

Figure 7A–C shows the background corrected XRD spec-
tra obtained from a conventionally sintered 8YSZ sample
(Conv., black) with a refined lattice parameter of 0.514
nm. Only one phase (FCC fluorite) was needed for the
refinement, which is shown in Figure S8.
The samples electrically loaded inN2 show a loss of clear

separation of the {200} Kα1 and Kα2 peaks located around
35◦ indicating peak broadening, though there was little
change in peak position. Furthermore, new peaks, mostly
identified as the rocksalt structure Zr(O,N) phase, were
present after electrical loading. Results containing refined
phase contents and lattice parameters are summarized in
Table 1.
The general trend of the samples investigated showed

that the lattice parameter for the FCC fluorite phase
remained constant at 0.514 nm for all atmospheres and
power dissipations. With an increase in power dissipa-
tion in N2, the proportion of Zr(O,N) increased from 8
to 51 wt.%, mainly at the expense of the fluorite matrix.
At a power dissipation of 60 W, an additional diffraction
peak at 29.50◦, shown with higher resolution in Figure S9,
emerged, which could most likely be associated with the
formation of pyrochlore Y2Zr2O7 and itsmost intense peak
{222}.21–23 According to the refinement, a concentration
of 5 wt.% and a lattice parameter of 1.049 nm were esti-
mated from this single peak, which is comparable to other
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F IGURE 7 X-ray diffraction (XRD) spectra of conventionally sintered (Conv.) and electrically loaded 8YSZ; (A) the XRD scan between
25◦ and 120◦ for conventionally sintered and in N2-loaded 8YSZ with a power dissipation of 20, 40, or 60 W; (B) the detailed scan between 28◦

and 42◦, with an even higher grade of detail shown in (C) from 33◦ to 36◦; (D) the XRD scan between 25◦ and 120◦ for in Ar-loaded 8YSZ with
a power dissipation of 40 W, with more detail of selected regions shown in (E) and (F).

TABLE 1 Rietveld refinement results for the X-ray diffraction (XRD) scans shown in Figure 8 including refined lattice parameters (a)
and ratios of phase content in wt.% for FCC fluorite 8YSZ (8 mol% yttria-stabilized zirconia), FCC rocksalt Zr(O,N), and pyrochlore zirconate
(Y2Zr2O7).

FCC fluorite YSZ FCC rocksalt Zr(O,N) Y2Zr2O7

Sample a (nm) Ratio (wt.%) a (nm) Ratio (wt.%) a (nm) Ratio (wt.%)
Conventional 0.514 100 – – – –
20W-N2 0.514 92 0.458 8 – –
40W-N2 0.514 56 0.458 44 – –
60W-N2 0.514 44 0.458 51 1.049 5
40W-Ar 0.514 53 0.457 47 – –

theoretically and experimentally suggested lattice param-
eters for this phase, ranging from 1.03424 to 1.0474 nm.21
If the conventionally sintered 8YSZ sample was loaded

with 40 W in Ar, a content of 53 wt.% of FCC fluorite
YSZ was calculated, again with a lattice parameter of 0.514
nm. However, the {200} Kα1 and Kα2 peaks around 35◦
merged to one single peak at 34.88◦ (Figure 7D–F), indicat-
ing considerable peak broadening. Since no nitrogen was
available to form Zr(O,N), the rocksalt structure identified
is described as ZrO, with a lattice parameter of 0.457 nm
and a content of 47 wt.%.

3.3.2 Raman spectroscopy

Conventionally sintered 8YSZ shows the expected Raman
spectrum for fluorite structure ZrO2

25 with a relatively

strong signal between the two diffuse “peaks” located at
150 cm−1 and 622 cm−1, as shown in Figure 8A. Otherwise,
no distinct peaks were detected for this sample.
If the material was electrically loaded in N2, the

Raman spectrum became more intense as the power limit
increased, and distinct peaks at 167 cm−1 and 224 cm−1

developed as shown in Figure 8A, along with a broad peak
at around 500 cm−1 with several shoulders. Another less
intense peak emerged at 984 cm−1. Similar peaks were
detected in the cross-section of the sample.
A comparable Raman spectrum was obtained from

an 8YSZ sample loaded with 40 W in Ar, as shown in
Figure 8B. However, the peaks at 167 and 220 cm−1 are less
clear compared to the samples loaded in N2. Furthermore,
the shoulders of the broad 500 cm−1 peak of the N2 sam-
ples became resolved into clearer peaks at Raman shifts of
331, 394, 485, 583, and 975 cm−1 after loading in Ar.
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F IGURE 8 Raman spectra of conventionally sintered (Conv.) and electrically loaded 8YSZ in (A) N2 with a power dissipation of 20, 40,
or 60 W; (B) Ar with a power dissipation of 40 W.

4 DISCUSSION

4.1 Electrical loading response

The application of an electric field of 35 V (17.5 V/cm) in
O2 caused a rapid increase in current and power dissipa-
tion up to a defined power limit of 30 W, which led to a
transition from voltage to power control and a transition
from stage I to stage II. In stage II, the sample heating and
emission of thermal radiation15–17 is rather homogeneous,
with localized heating at the Pt-paste/8YSZ interface.
After changing atmospheres from O2 to air, marking

the beginning of stage III, the resistance of the material
slightly decreased, which can most likely be associated
with an ongoing electrochemical reduction of the mate-
rial and an increase in conductivity by such a process,
since the power dissipation and estimated sample tem-
perature did not change. This assumption is supported by
the comparatively long time (>50 s) that it takes for the
resistance to decrease and the fact that densification and
a significant change in power dissipation/sample tempera-
ture can be ruled out. Further increase in power dissipation
in stages IV and V in air leads to an increase in estimated
sample temperature and drop in resistance, which is com-
monly attributed to the corresponding increase in sample
temperature.
An atmospheric change from air to argon (Ar) (Figure 1)

or nitrogen (N2, Figures S1 and S2), thereby reduc-
ing the oxygen partial pressure, led initially to an
increase in specimen resistance but after a short time,
the resistance decreased rapidly as observed in previous
investigations.6,7,12 This behavior can be explained by an
initial decrease in ionic conduction owing to the lack of
oxygen immediately after the atmospheric change, which

quickly transitioned into a stagewhere the electrochemical
reduction, confirmed by the microstructural and crystallo-
graphic results, led to an increase in electronic conduction,
first by extraction of oxygen from the fluorite lattice, and
then by formation of the electronically conducting rocksalt
phase.7,26–28

4.2 Inhomogeneity of electrochemical
reduction

The macroscopic localization of heating toward the anode
and the centere of the cross-section is well known and
originates, respectively, in the electrochemical reduction
near the cathode lowering the resistivity, and heat loss
at the specimen surface concentrating the current in the
hotter interior, the latter also being exacerbated by the
decreased resistivity along the electrochemically reduced
current path. The inhomogeneity of the particle content
and fracturemode suggests that the electrochemical reduc-
tion during electrical loading was also inhomogeneous on
a mesoscopic length scale, several grains in dimensions.
Janek and Korte3 showed that the higher conductiv-
ity of electrochemically reduced YSZ leads to instability
at high electric fields, causing the dendritic growth of
fingers of reduced material from the cathode. Percola-
tive conductive pathways in green bodies have also been
predicted numerically owing to electrochemical and inter-
facial effects.29 Although our materials were pre-sintered,
the effects of grain boundaries, triple points, and differ-
ent grain orientations can still be expected to encourage
such percolative pathways. It is therefore suggested that
the increased electronic conductivity of reduced 8YSZ cou-
pled with microstructural effects is responsible for the
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non-uniform electrochemical reduction observed in this
work.

4.3 Fracture behavior and pore
formation

Prior to electrical loading, the fracture mode of the
8YSZ was almost completely intergranular (Figure
S3) but the fracture mode of the electrically loaded
ceramic was about 80% transgranular (Figure 5) with
regions of intergranular fracture. This inhomogeneity
in fracture mode may be associated with the non-
uniform distribution of the Zr(O,N) nanoparticles
shown in various figures in this work, as almost all
regions with transgranular fracture showed the pres-
ence of these particles and few particles could be seen
on the grain boundaries in regions of intergranular
fracture.
One reason for the change in fracture mode in the heav-

ily reduced regions may be that the intergranular Zr(O,N)
particles perturb the propagation of cracks traveling along
the grain boundaries, causing deflection into the grains.
This is a common observation in ceramic nanocomposites
andmay occur if the particles are tougher or stiffer than the
fluorite matrix, are well bonded to the grains, or are under
compressive thermal residual stress.30–32 Zr(O,N) and ZrN
have higher stiffness and lower thermal expansion coef-
ficient than cubic 8YSZ,33,34 so the stiffness and thermal
residual stress criteria support this explanation.
The bonding of the particles to the matrix is more diffi-

cult to assess but the fracture surfaces do not show holes
indicating extensive pullout of particles from one half of
the fracture surface, suggesting that the particles were suf-
ficiently well bonded for the cracks to pass through most
of them. This is also consistent with the involvement of the
particles in the change of fracture mode.
When the cross-section was mechanically polished the

microstructure showed some grain boundary porosity
(Figure 6) and although limited particle pullout during pol-
ishing or preferential erosion of the rocksalt precipitates
cannot be ruled out, some of the pores in the polished
surface presumably correspond to the gaps between and
around the particles shown in the fracture surface (Figure 5
and Figure S7). It has been suggested1,12 that the FCC
cation sublattice initially remains in place during transfor-
mation from fluorite to rocksalt, and a simple explanation
for the pores associated with the particles is provided by
the large volumetric change of −29% for the unit cell cal-
culated from the lattice parameters in Table 1. In other
investigations, submicron pores along the grain bound-
aries have been associated with the direct condensation of
oxygen vacancies9,10 but the present observations suggest

an additional mechanism involving the formation of the
rocksalt phase.
The macro- and micro-cracking observed has also been

observed by other studies7,10 and can be related to residual
stresses caused by the change in crystallographic struc-
ture, lattice parameter, and volume during formation of
the rocksalt phase. Given the large volumetric change and
inhomogeneity of the phase transformation, it is easy to
see how very large internal stresses may result to add to
the thermal stress caused by the non-uniform heating of
the sample shown in Figure 1 and Figure S1.
The SEM images of transgranular fracture surfaces

in Figure 5 show striations within the fluorite grains,
which were not present in the previously published STEM
images12 or in the few transgranular fractures in the as-
sintered 8YSZ (Figure S3). Sakamoto et al. who found that
the Zr(O,N) particles nucleate as crystals of 10–20 nm in
size, aligned with their {001} planes parallel to those of the
original 8YSZ grains12 so the alignment of the striations
with the particles in this work suggests that they are crys-
tallographic in origin. The broadening of the XRD peaks
(Figure 7) shows that the originally highly crystalline flu-
orite structure of 8YSZ became more defective during
electrical loading. This could be attributed to the forma-
tion of oxygen vacancies by electrochemical reduction and
the segregation of the Y dopant from the Zr(O,N) shown
by the EDS results in Figure 4 and Figures S5 and S6. Flash
sintering has also been shown to increase the density of dis-
locations and other lattice defects.35,36 The striations could
be related to the limited ordering of the excess oxygen
vacancies or the Y rejected from the Zr(O,N). The defec-
tive nature of the grainsmay reduce their toughness,which
would also favor transgranular fracture. However, the rea-
son for this structuring of the fracture surfaces remains to
be confirmed and requires further investigation.

4.4 Formation and structure of rocksalt
Zr(O,N) in YSZ

The generation of a rocksalt phase during DC FS of cubic
8YSZ in air noted by Charalambous et al.7 and Sakamoto
et al.12 was confirmed by the XRD and Raman results in
this investigation. The presence of N was demonstrated by
EELS in Sakamoto et al.12 and since the experiments of
Charalambous et al.7 were also conducted in air, it seems
likely that Zr(O,N) rather than ZrO was the phase present
in their work. Nevertheless, the present work strongly
suggests that the formation of ZrO is also possible after
electrical loading if N2 is excluded by loading in Ar and
follows a comparable behavior as for Zr(O,N).7,9,12
As for Zr(O,N) formed in tetragonal 3YSZ,1 a rocksalt

structure with a refined lattice parameter of 0.458 nm for
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Zr(O,N) in 8YSZ loaded in nitrogen (N2), and 0.457 nm for
ZrO in 8YSZ loaded in Ar was formed. The similarity in
unit cell sizes is because the Zr atom is large compared
to O or N and defines the overall unit cell size.1 These
results show that the extraction of oxygen by electrical
loading in an inert atmosphere leads to the formation of
the same rocksalt ZrO or Zr(O,N), depending on the atmo-
sphere applied, independent of the original zirconia phase
or power dissipation.
There are also some differences, however. In the present

work, it is evident that Y was rejected from the Zr(O,N)
into the matrix. This was not observed in the case of 3YSZ.
The implication is that the limit of solubility of Y in the
ZrO loaded in Ar and Zr(O,N) loaded in N2 atmosphere
is between a cation content of 6 mol% (in 3YSZ) and 16
mol% (in 8YSZ). Using the EDS spectra in Figure 4, the
Y concentration of the rocksalt phase can be estimated
as ∼50% of the conventionally sintered fluorite structure
sample (shown in Figure S4), giving a solubility limit of Y
cations in the Zr(O,N) phase of about 8mol%, which agrees
with the above estimate. The ejection of Y from the Zr(O,N)
regions to the surrounding grains is the likely explanation
for the formation of small amounts of Y2Zr2O7.
The Raman spectra obtained from the Zr(O,N)-

containing samples are comparable to Raman spectra
obtained from Zr(O,N) films reported by other
researchers,37 adding further support to the phase
identification. Since a defect-free FCC rocksalt structure
should not show any Raman signal,7,37–41 these results
indicate that the ZrO and Zr(O,N) are highly defective.
The segregation of Y due to the formation of Zr(O,N) is

interesting in the perspective of energy applications such
as solid oxide fuel and electrolyzer cells (SOFCs, SOECs),
where 8YSZ is often used as a solid electrolyte, because
an electric field is applied for a long time at elevated tem-
peratures in such applications42–44 and the formation of
the rocksalt phase and the segregation of stabilizers could
lead to a change of the material’s electrical behavior and
microstructure. Although the voltages in fuel cells (∼0.1–
1 V) are much lower than those applied here, the zirconia
electrolytes used are very thin (∼10 µm). The correspond-
ing mean electric fields of 100–1000 V/cm significantly
exceed the maximum electric field applied in this work
of 20 V/cm and also the minimum electric field to cause
blackening of approximately 2 V/cm reported by Janek and
Korte.3 Although the electrode reactions and operating
conditions in SOFCs and SOECs are different fromours, an
ongoing electrochemical reduction during operation and
reoxidation of the reduced material during interruptions
where no field and current were applied would be con-
sistent with, for example, the increase in cell voltage and
resistance after such interruptions reported in Fang et al.42
This effect is probably less important during FS because

of the rather short process times and the potential reox-
idation, diffusion, and restructuring during furnace cool
down, where usually no electric field is applied.
Another apparent difference between the 8YSZ investi-

gated here and 3YSZ investigated in Bechteler and Todd1
is that in the present case, many of the rocksalt particles
are at grain boundaries and on the surface of the sample.
This was not the case in tetragonal 3YSZ, where whole
grains transformed into the rocksalt phase.1 This could be
related to differences in the stability of the original phase
or grain boundary structure and composition segregation,
but could also relate to the grain size of the matrix phase,
which is approximately five times the size in the present
case compared with the tetragonal 3YSZ grains shown in
Bechteler and Todd.1 The smaller grain size of the 3YSZ
would tend to mask the difference between the particles
and the grains and to spread the rocksalt phase formed
more sparingly over the greater area of grain boundary.
The solubility of other common dopants for zirco-

nia, such as magnesium (Mg), in Zr(O,N) remains to be
investigated and is the subject of a follow-up study.

5 CONCLUSIONS

1. Originally fluorite structure 8YSZ formed defective
rocksalt structure ZrO or Zr(O,N) with lattice parame-
ters of 0.457 and 0.458 nm during DC electrical loading
in an Ar or N2 atmosphere, respectively.

2. In cubic 8YSZ, the Zr(O,N) phase formed precipitates
approximately 100 nm in size. Some of these were
locatedwithin the grains butmainly formed along grain
boundaries and surfaces, in contrast to the case in 3YSZ.

3. The reduction and particle formation were inhomoge-
neous on all length scales between the grain size and
the dimensions of the sample.

4. The reduction and rocksalt particle formation caused
a change in fracture mode from intergranular in unre-
duced material to transgranular.

5. The large volume reduction on the formation of the
ZrO or Zr(O,N) was associated with pore formation and
cracking.

6. Compared to tetragonal 3YSZ, the cubic 8YSZ material
showed strong segregation of the Y dopant from the
Zr(O,N) precipitates into the matrix.
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