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So far, ultrafast high-temperature sintering (UHS) has always been carried out in an inert environment. In the
present work, we investigated UHS of 3YSZ in nitrogen and argon atmosphere showing that “the atmosphere
matters”. Highly densified samples can be obtained in both environments but densification and grain growth are
significantly retarded in N5. Moreover, the phase evolution is strongly atmosphere-dependent with the samples

treated in Ar remaining tetragonal and those treated under Ny progressively reducing their tetragonality,
eventually converting into cubic zirconia and rock salt oxynitride. The results can be explained by the incor-
poration of nitrogen within the ZrO, lattice. Electrochemical impedance spectroscopy demonstrates that while
the ionic bulk conductivity are marginally influenced by the sintering atmosphere, the grain boundaries’
capacitive behavior strongly changes. After UHS under 30 A, excellent ionic conductors were obtained without
substantial grain boundary-blocking effects.

1. Introduction

In the decades, different non-conventional sintering strategies that
induce densification of ceramic materials with limited grain growth
have been introduced [1-6]. Despite they are based on different ap-
proaches to enhance densification (electric fields and currents [7,8],
electromagnetic radiations [9], solvent [6,10], pressure [11]), most of
them share a common feature: they allow rapid hating of the ceramic
body. Examples include microwave sintering [12], fast firing [13], spark
plasma sintering [2], blacklight sintering [14], ultrafast
high-temperature sintering [15], and flash sintering [16,17].

Among these, ultrafast high-temperature sintering (UHS), intro-
duced by Wang et al. in 2020 [15], has garnered particular interest. UHS
enables the densification of monolithic ceramics by radiative heating
(10%-10* Kmin~1) under an inert atmosphere, like argon, in extremely
short times (=~ 10-300s). To achieve this, the green body is placed

within graphite felt which is quickly Joule-heated by an electrical cur-
rent flow [15,18-31]. In addition, simultaneous solid-state synthesis and
sintering are possible in UHS using a mixture of different ceramic
powders as precursors [15,27,28,31,32-34]. UHS also aids the carbo-
thermal reaction due to the presence of carbon felt in contact with the
oxide sample at high temperatures (>1800°C) combined with an inert
atmosphere [35]. Therefore, blackening observed in previous works
could result from the carbothermal reaction promoted upon UHS as well
as possible carbon contaminations [26,35,36].

Due to its mechanical, thermal, and electrochemical properties,
doped zirconia is used in a wide range of applications, such as cutting
tools, dental implants, oxygen sensors, solid oxide fuel cells, and thermal
barrier coatings [21,37]. Pure zirconia possesses three polymorphs sta-
ble at different temperatures: monoclinic (T < 1170 °C), tetragonal
(1170 < T < 2370 °C), and cubic (T > 2370 °C). The latter possesses the
highest ionic conductivity and is employed in electrochemical devices,
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whereas the tetragonal phase is used for structural applications due to its
high fracture toughness [21,38].

The stabilization of the cubic and tetragonal polymorphs at room
temperature is usually achieved by doping with bivalent (CaO and MgO)
or trivalent oxides (Y503, ScaO3, and YboO3) [21,38]. Also, anion doping
is a practical approach to stabilize the high-temperature polymorphs
[39-41]. For instance, zirconia hot-pressed in N, atmosphere shows
partial substitution of nitrogen (N*) for oxygen ions (0%) [38,42]. Be-
sides hot pressing, nitridation of zirconia was observed in various heat
treatments [39,40,43,44-47], microwave plasma processing [48], laser
processing [49] and flash sintering [50] under a controlled atmosphere.

UHS has already been applied to YSZ [21,35]; nevertheless, the
process was carried out in an inert Ar atmosphere, with no substantial
reaction with the oxide. Besides the N-doping effect on phase stability,
the sintering atmosphere can also impact the densification process and
microstructure evolution, resulting in variable concentration, type, and
mobility of both ionic and electronic defects [51-54].

Although reactive UHS was studied using solid precursors, it has not
been applied to obtain reactions or doping from a gas phase, as for zir-
conia sintered under No. The present work aims to answer the following
questions: “Does UHS in Ny impact the phase stability of sintered YSZ
artifact? Does the atmosphere affect the microstructural evolution of YSZ?”.
For this reason, the simultaneous sintering and nitridation of 3 mol%
yttria-stabilized zirconia (3YSZ) upon UHS under N, atmosphere were
explored here and the obtained materials were compared with those
produced by more “conventional” UHS carried out in Ar.

2. Experimental procedure

3YSZ granulated (3% grades binder) ready-to-press commercial
powder (TZ-3YSB-E, Tosoh Corporation, Tokyo, Japan) was used in this
work. Cylindrical pellets, 8 mm in diameter, were obtained by uniaxial
pressing (300 MPa). Before UHS, the samples were debinded at 500°C in
static air for 30 min. The relative density of the green body was about
50 % after debinding (measured with a caliper, sensitivity 0.01 mm, and
an analytical scale, sensitivity 0.1 mg).

For the UHS process, a carbon felt (SGL Carbon Co., Germany) with
19x70x6 mm® (nominal thickness 5mm, measured thickness ~6 mm)
was clamped between two steel electrodes, resulting in an electrode
span of 30 mm and a cross-section of 19x6 mm? The green pellets were
introduced into the carbon felt through a small hole produced using a
spatula on the felt side. The hole was closed with a felt fragment to
prevent thermal gradients and reduce heat losses. UHS was carried out
in a borosilicate flask filled with nitrogen or argon (99.999 % purity) for
“reactive” and “conventional” experiments, respectively. An electric
current was applied to the felt using DC power supply (Agilent Tech-
nologies, model 6674 A, Santa Clara, CA, USA), the power source always
worked in current control. Different currents were applied, ranging from
15A up to 35A, for different holding times (1-3min). The power
dissipation under the different currents is reported in Table S1. No sta-
tistically significant differences can be observed between the two
atmospheres.

In order to estimate the process temperature in the UHS system,
finite element modeling (FEM) simulations were performed using
COMSOL Multiphysics software. The electrothermal properties of the
felt were determined by testing the heating under different imposed
currents and with materials of varying melting points. The resistivity
and its temperature dependence were calibrated by simulating the
voltage drop profile for each imposed current, both before and after the
materials reached their melting points. Details about the calibration
procedures and boundary conditions used for FEM are available in the
reference [30], with the validation data provided in the supplementary
materials. This model has also been successfully applied for higher
temperatures, as detailed in reference [29], providing a reasonable
estimation of the melting point of boron carbide. Two different ap-
proaches were used to simulate the quality of the felt aperture: the
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“contactless” and “full contact” configurations. The “full contact”
configuration assumes ideal contact with the sample and no convective
heat losses on the felt inner surfaces, while the “contactless” configu-
ration incorporates the calibrated convective losses from inside the felt.
The actual temperature is expected to be closer to the “contactless”
configuration, which aligns with the calibration setup. However,
depending on the quality of the felt closure, the heating can be higher
and approach the “full contact” configuration, especially at high current
densities where radiation is dominant.

The density of the samples was determined using Archimedes’
principle in a water medium at 25°C using an analytical balance with
0.1 mg sensitivity. The relative density was calculated based on a
theoretical density of 3-YSZ equal to (6.05g cm~3) [55].

The polished cross-sections of samples produced under currents
exceeding 30 A were thermally etched by performing a UHS under a
relatively low current (24 A) for 30 s under the same atmosphere used
for the original consolidation (Ar or Ny). The samples sintered at lower
currents (< 30 A) were thermally etched in a conventional furnace at
950°C for 30 min to avoid possible further densification. The cross-
sections were observed by SEM (SUPRA V40, Carl-Zeiss, Germany)
after being coated with Pt/Pd. Grain size measurements were carried out
using the linear intercept method.

X-ray diffraction was carried out on the surface of the samples using
an Italstructures IPD3000 diffractometer, with copper anode source (. =
1.5406 A, 40kV, 30 mA) coupled to a collimating Goebel mirror on the
primary beam side and a Dectris Mythen 1 K detector on the diffracted
beam side; Rietveld analysis was performed using the Maud software
[56] by refining phase scale factors as well as lattice and average domain
size parameters.

Raman measurements were carried out at room temperature using a
micro-Raman spectrometer (Horiba Jobin-Yvon LabRam HR 800) on the
external surface of the UHS samples. The exciting radiation was pro-
vided by a He-Ne laser (ex. = 632.8 nm) operating at 6 mW with a spot
size of about 1.5 ym. A narrow-band notch filter was used to cut the
signal from the Rayleigh line to 200 cm™!. The scattered radiation was
filtered by using a grating with 600 lines mm™?, and detected by a
nitrogen-cooled CCD detector (1024 x256 pixels).

Electrical Impedance Spectroscopy (EIS) measurements were per-
formed in air using a Frequency Response Analyzer (MTZ35, Biologic,
France) at 100 mV in the frequency range of 10-10° Hz. The obtained
data were fitted using ZView software considering an equivalent circuit
consisting of R-CPEs (Resistance-Fixed Phase Elements) connected in
series. Fittings lead to the adjustment of three parameters per R-CPE
element, R, Q and n. These values were used to calculate the conduc-
tivity as ¢ =t/RA, t and A being the sample’s thickness and surface area;
the capacitance was obtained as C= Q" R(I-™W/™ and f =

(22RC)~*. Pt sputtered layers on the polished surfaces of the specimen
were used as electrodes.

X-ray Photoelectron Spectroscopy (XPS) was carried out on a Ko
Thermo Scientific Spectrometer using an Al-Ka radiation. Angle-
resolved measurements were performed at take-off angle § = 90° (e.g.,
normal to the sample surface). Before the analysis, the samples were
ionically etched to remove surface contaminations. For the survey
spectra, pass energy was fixed at 160 eV and at 40 eV for high-resolution
spectra. The background was calculated using the Shirley method and
peaks were fitted using a Gaussian shape. A flood gun was also applied to
avoid charge effects.

3. Results

The relative density evolution of 3YSZ is reported in Fig. 1(a) as a
function of the UHS current and atmosphere. The density increases with
the applied current, reflecting the higher temperature achieved by the
ceramic body, which exceeds 2000°C in the case of treatments under
currents above 32.5 A. FEM simulations point out that the sample
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Fig. 1. (a) Relative density of 3YSZ samples treated under Ar and N, atmosphere as a function of current (each single point corresponds to a different sample); (b)
Full contact, and (c) contactless simulation of the temperature range evolution upon UHS at different applied currents. The highest temperature is simulated by the
Fem full-contact configuration and the lowest one by the contactless. Details about FEM are available in ref [30]. The relative density was calculated assuming the

density of YSZ constant (6.05 g cm™3).

reaches the equilibrium within about 1 min (Fig. 1(b&c)) the heating
rates being well above 10% °C min~1.

Well-densified bodies were obtained within 1 min UHS treatments
both in Ar and N3 but the current needed to achieve full densification is
substantially different in the two cases, 20 A in Ar and 25 A in N». In
general, the samples treated in Ny require a higher current to sinter if
compared with those treated in Ar.

The densification of the YSZ artifacts by UHS is confirmed by SEM

micrographs taken on polished and thermally etched cross-sections
(Fig. 2, taken at the sample center). Samples sintered under Ar at 20
and 22.5 A are already almost fully dense and show grain sizes of 0.24 +
0.04 pm and 0.43 £+ 0.15 pm, respectively. On the other hand, the
samples treated under the same current under Nj are still partially
porous, in agreement with the density trend (Fig. 1(a)), and exhibit
smaller grain size (0.11 £ 0.02 pm and 0.19 + 0.06 pm under 20 and
22.5 A, respectively). It is worth noting that the sample produced in Ny

Fig. 2. SEM micrographs of polished cross-sections of the samples produced under different currents (A), dwell time (min), and environmental conditions (Ar or N5).
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at 22.5 A possesses a grain size similar to the sample fired in Ar under
20 A, although the Ar-treated sample is much denser (Fig. 1(a)). The
result suggests that treatments in Ar are more efficient in promoting
densification over coarsening. When UHS is carried out at higher cur-
rents (>30 A), exaggerated grain growth occurs (note that the magni-
fication increases 20 times in the different micrographs in Fig. 2). As
expected, samples treated for 3 min are characterized by larger grains
compared with those treated for 1 min (Table 1). Besides, the samples
sintered under Ar generally possess larger grains than under N for the
same sintering conditions. Therefore, one can infer that the atmosphere
(N3 or Ar) impacts the microstructural evolution of YSZ during UHS.

We questioned whether these differences in densification and grain
growth kinetics might originate from differences in the sample tem-
perature under Ar and N or form a reaction between nitrogen and YSZ,
causing a substantial modification of the defect chemistry. To exclude
the first hypothesis, we checked the current needed to melt a small piece
of copper, platinum, and alumina within the UHS apparatus in Ar and
Ns. No statistically reproducible difference between the two atmo-
spheres was detected, thus pointing out that the same current results in
the same felt temperature in Ar and Nj (Fig S1). Also, the power dissi-
pation in the two atmospheres is analogous under the same current
density (Table S1). Hence, one can infer that thermal effects play a
minor role and, consequently, some specific reactions between the oxide
and the atmosphere must take place under Ny. Moreover, the melting
point of the different compounds was compared with the simulated
temperatures by FEM (Fig. S1), confirming that the FEM results are
reliable and robust. Interestingly, the melting points of Pt and Al,O3 are
very close to the upper temperature bound represented by the full
contact configuration, this likely originating from the fact that at high
temperatures most of the heat is quickly exchanged by radiation. On the
other hand, the melting point of Cu lays more or less in the center of the
simulated temperature interval reflecting the higher relevance at “low
temperature” of the convective and conduction heat transfer.

XRD was used to point out possible reactions between zirconia and
Ny (Fig. 3). As expected, all the samples produced under Ar show clear
diffraction features related to t-ZrOy (PDF-2 Card 96-210-0389), this
result being also consistent with previous work on UHS of additively-
manufactured 3YSZ structures [30]. On the other hand, the samples
fired under N5 remain tetragonal only at the lowest currents and then
convert into c-ZrOy (PDF-2 Card 00-027-0997). This can be detected by
the disappearance of the peaks doublet at around 20 ~ 35° and 60° for
currents > 30 A. In the most severe UHS conditions, we also observe the
appearance of a rock salt-structured phase. The complete quantitative
analysis is reported in Fig. 4(a). The rock salt phase is consistent with
ZrN (PDF-2 Card 00-035-0753), ZrO (PDF-2 Card 00-020-0684), or Zr
(N,0) solid solution. These phases derive from an FCC Zr sublattice with
the non-metals, either N and/or O, in the interstitial octahedral sites. It is
not easy to differentiate between them by XRD since the lattice pa-
rameters are very similar to each other (0.4578 [57], 0.4577 [58], and
0.4580 nm [58] for ZrN, Zr(N,0O), and ZrO, respectively). A certain un-
certainness can also exist in the lattice parameter as a result of possible
non-stoichiometry.

Furthermore, the Rietveld refinement of the patterns points out that
tetragonality (Fig. 4(b)) of t-ZrO, progressively decreases from

Table 1

Grain size (in pm) after UHS under different currents/times in Ar and N».
Current / Time Argon Nitrogen
20 A /1 min 0.24+0.04 0.11+£0.02
22.5A /1 min 0.43+0.15 0.19+0.06
30A /1 min 5.4+2.9 1.4£0.1
30 A/ 3min 8.7+1.2 2.3+0.2
32.5A /1 min 8.5+0.7 4.8+1.4
32.5A /3 min 9.6+1.0 4.9+0.9
35A/1min 8.6+0.8 8.1+1.3
35A /3 min 12.0+1.5 12.8+0.7
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~1.014-1.015 to ~1.09-1.10 as the current increases for UHS carried
out in Ng (note that the tetragonality was calculated only for samples
where the amount of t-ZrO, was > 20 %, the refinement being not
reliable for lower tetragonal phase load). Here, the tetragonality is
defined as c/av/2, where ¢ and a are the cell parameters of tetragonal
zirconia. The ratio is equal to one for cubic crystals. In addition, the
samples produced in Ar just show the diffraction features of t-YSZ (Fig. 4
(c)). The tetragonality in Ar is quite stable though a slight decrease can
be detected at increasing applied current.

The phase evolution of the samples produced under Ny was addi-
tionally investigated by Raman spectroscopy (Fig. 5). Raman is not very
sensitive in differentiating between tetragonal and cubic zirconia but
offers additional insight into the rock salt phase formation. The spectra
for samples treated at low currents (17.5 A and 20 A) show the typical
feature of t-ZrO, with the 321, 467 cm ! (Eg modes) and strong
641 cm™! peaks (A1 ) [59]. If the current exceeds 25-27.5 A in Ny, the
spectra show clear features that can be ascribed to a rock salt phase,
which becomes dominant under 30 A. These features include a shoulder
at about 336 cm ™! (2TA), 390 cm ! (TA+LA, weakly detected), the TO
mode at about 460 cm™! and the strong LO mode at 500 cm™!. The
broad feature at higher frequencies (560-659 cm™!) is dominated by the
TO-LA and LO+LA modes [60]. The Raman spectra are in general
consistent with the XRD findings with one main difference: the forma-
tion of the rock salt is already detected at 27.5 A or even 25 A by Raman,
whereas it can be identified only above 30 A by XRD, such a difference is
not surprising since Raman being certainly more sensitive to the sample
surface.

If the spectra of the rock salt are analyzed in more detail, one can
observe that (i) the main peak (=460 cm ™)) shifts at higher wave-
numbers when increasing the treatment time and current, (ii) the Raman
features become broader and less defined. The result seems consistent
with the evolution of the rock salt phase from an O-rich to an N-rich one
and in agreement with the spectra reported in the literature for YSZ flash
sintered in Ar and Ny [61].

The reaction between Ny and YSZ is further confirmed by the sample
coloration change during UHS (Fig. 6). In Ar, YSZ remains white up to
17.5 A, whereas at 20 A the oxide starts to darken, similarly to previous
UHS results [31]. The blackening can originate from carbon contami-
nation or oxide reduction which introduces donor levels a fraction of eV
below the conduction band [62-64]. In the present work, no carbon
contamination could originate from the binder burnout since the sam-
ples were pre-sintered before UHS. Contamination from the felt is
possible, but this does not explain why the darkening onset in Nj is
delayed (between 22.5 A and 25 A). As a matter of fact, if the treating
time or the current is increased, the darkening in Ar becomes more
evident. On the other hand, the samples treated under N> at the highest
currents turn goldish, acquiring a metallic aspect. Such gold-like
coloration is a clear indication of ZrN or Zr(O,N) formation [58,65] as
the ZrO rock salt appears as metallic dark grey [58].

XPS analyses were conducted on two samples sintered under the
same conditions (30 A — 1 min) in Ar and Ny. The high-resolution N1s
spectrum reveals a clear presence of nitrogen in the sample treated
under No, such contribution missing in the Ar-processed sample (Fig. 7).
Moreover, the position of this peak, with a maximum at 395.6 eV, is
slightly lower than the expected 397.8 eV energy for a pure Zr-N
bonding [66], very likely fitting with the expected value for oxynitride
(2r0)-N* in Zr(O, N) [66,67].

Zr3d spectrum was also collected on the same samples (Fig. 8). Clear
low-energy Zr3d contributions (<181 eV) in the samples UHSed in Ny
are identified. The datasets were fitted using 2 (Ar) and 4 (N3) Gaussian
contributions. The two main peaks are located at 181.57(1) / 183.94(1)
eV and 181.58(3) / 183.89(1) eV for Ar and Ny-sintered sample,
respectively. These correspond to the Zr3ds,; and Zr3ds/, contributions
and are very close to the literature values found for Y-doped ZrO, (181.6
and 184.0 eV) [68]. The energy separation between the two features is
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Fig. 3. XRD patterns for 3YSZ samples sintered at different currents and durations under (a) Ar and (b) N, atmosphere. The peaks are indexed as follows: t =

tetragonal zirconia, ¢ = cubic zirconia, r = rock salt.

Fig. 4. (a) phase composition and (b) t-YSZ tetragonality evolution after UHS in Ny; (c) tetragonality for UHS in Ar atmosphere. Data obtained by Rietveld-

refinement of the patterns in Fig. 3.

2.31 and 2.37 eV for the Ny and Ar-processed samples respectively,
which is close to the expected 2.4 eV [68]. The limited energy separation
(2.31 eV) in Ny is consistent with the formation of neighboring Zr-N
bonding.

In the case of the Nj sintered sample, however, additional contri-
butions were fitted at 178.5(1) and 180.2(3) eV, which can be attributed
to Zr-N binding energies [67,69]. These XPS data, both in the case of
Zr3d and N1s spectra, confirm the reactivity between ZrO; and N» to
form oxynitride compounds, as detected by Raman spectroscopy and
XRD.

In order to check the possible carbon contamination in the specimen
sintered at 30 A, Cl1s spectra were recorded on the surface of the sample
and after 75 s etching. This (Fig. S2) shows a clear reduction of carbon
content in the sample after a few seconds of etching, thus confirming
that the contamination is restricted to the very top surface of the
ceramic. Moreover, the presence of Zr-C bonding should be observed
both in the Zr3d spectrum at 179.3 and 181.7 eV [70,71], which is not
detected in Fig. 8 a and b, regardless the sintering atmosphere.

AC electrochemical impedance spectroscopy (EIS) was carried out
from 200°C to 400°C in air. Fig. 9(a,b) shows the EIS Nyquist plots of
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Fig. 5. Raman spectra of samples sintered under N, atmosphere. The peaks are
indexed as follows: ¢ = cubic, t = tetragonal YSZ, r = rock salt.

Fig. 6. Image of the samples under different current, time, and atmospheric (Ar
and N,) conditions.

impedance measured at 300°C for samples sintered in Ar and Nj at
various currents, along with the corresponding fits. For all samples, two
contributions (semi-circles) are observed. The higher frequency one (left
side) can be associated with bulk, while the lower frequency one (right
side) corresponds to microstructural defects (grain boundaries, cracks,
porosity, impurities) [72,73]. The right part of the plot at very low
frequency corresponds to the electrode polarization in blocking condi-
tions, thus confirming the ionic nature of the main charge carriers.
The bulk contribution is almost similar, with a resistivity of ~
0.15 MQ.cm, for the three samples sintered in Ar (Fig. 9(a)) at 20, 22.5,
and 30 A,. This suggests no major density evolution, as confirmed by the
densification data in Fig. 1(a). The low-frequency contribution shows a
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Fig. 7. XPS spectrum of N1s for samples sintered in Ar and N at 30 A — 1 min.

Fig. 8. XPS spectrum of Zr3d for samples sintered at 30 A for 1 min in (a) Ar
and (b) No.

similar behavior from 20 to 22.5 A, then almost vanishes at 30 A. This
confirms the elimination of microstructural defects, i.e. grain bound-
aries, in these sintering conditions (30 A in Ar). It is also consistent with
the grain growth described previously (see Table 1) with an average
grain size of 5.4 um (30 A, Ar, 1 min).

Conversely, the samples sintered in Ny (Fig. 9(b)) show a more
important evolution of bulk contribution, with an impedance decrease
visible between 20 A and 22.5 A. It can be explained by the density
evolution of both samples, as demonstrated by Steil et al. [73]. Ac-
cording to the data obtained in 8 mol% doped YSZ, the density evolution
fits with ~75 % of the bulk conductivity evolution. However, the
incorporation of nitrogen ions influences the oxygen vacancy content,
which may also contribute to the conductivity increase. A detailed
description of the defects equilibria taking place in Ny is reported in the
Discussion section. Concerning the low-frequency contribution, the
evolution between 20 A and 22.5 A is consistent with the density dif-
ference and the data becomes more complex at 30 A.

The impedance data from samples sintered at 30 A both in Ar and N,
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Fig. 9. Nyquist plot of complex impedance (300°C) of samples sintered under
different currents in (a) Ar and (b) N,. The fitting is represented by the
solid lines.

are compared to the data obtained by M'Peko et al. [74] on 3YSZ
powder sintered by Flash Sintering at 1A-900°C-60 s and presented in
Fig. 10. As one can observe, the bulk contribution (left side) is of similar
magnitude, thus confirming that the samples exhibit similar bulk ionic
conductivity. However, the limited conductivity decrease observed in
the samples can be related to the addition of partial electronic conduc-
tion in the material due to its partial reduction (see the blackening effect
in Fig. 6). The main difference occurs at lower frequencies and it is
related to the microstructure defects [72,73] in the samples. The
flash-sintered sample exhibits higher resistivity, probably due to grain
boundary (GB) blocking effects, while the samples sintered in UHS have
lower resistivity. In the case of Ny atmosphere, the sample faces partial
phase change, which must explain the change in low-frequency contri-
bution. This latter one cannot be fitted with a classical R-C or R-CPE
contribution since the data are smeared over a wide range. The origin of
such cannot be identified based on these measurements only but seems
consistent with the formation of a secondary phase, namely Zr(O, N).
The impedance data (for the samples sintered under 10, 22.45, 30 A
in Ar, and 20, 22.5 A in Ny) were fitted using two R-CPE contributions in
series associated with bulk and GB parts. The results were used to
calculate the conductivity, relaxation frequency, and capacitance
(Fig. 11). Data for the sample sintered in N3 at 30 A (see Fig. 10) could
not be fitted in the low-frequency region, and only the data for the grain
contribution are presented. Similarly, data for the sample sintered in Ar

Fig. 10. Nyquist plot for impedance data of UHS sintered samples at 30 A in Ar
and N3 and data obtained by M’Peko et al. in Flash Sintering of 3YSZ at 900°C-
1A-60s [74].
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at 30 A display a very low GB contribution compared to the bulk,
therefore leading to a larger margin of error, which explains the varia-
tions observed especially in 6gg and Cgp.

The GB conductivity drastically increased after sintering under 30 A
in Ar (as highlighted in Fig. 9(a)). The activation energy for both bulk
(b) and grain boundaries (GB) assumes similar values regardless of the
UHS atmosphere, with the bulk between 0.84 and 0.88 eV and the GB in
the range 0.96 — 1.00 eV. The only exception is the grain boundary
contribution for the samples sintered under 30 A, which shows a slightly
lower activation energy ~ 0.9 eV. These values must be handled with
care since they reflect an uncertainty related to its meager contribution
to impedance. However, it has been shown before that the activation
energy switches from ~ 1 eV for ionic conductivity to 0.03 — 0.06 eV for
electronic conductivity [75]. Therefore, the measured activation en-
ergies in this work confirm that the conduction is mainly driven by ionic
conductivity, although a slight decrease (0.9 eV) for the sample sintered
at 30 A might suggest a mixed conduction mechanism. Nevertheless, no
sample is dominated by electronic conductivity. All relaxation fre-
quencies are perfectly aligned both for bulk and GB contributions,
confirming the similar nature of the relaxation phenomena. Finally, the
bulk capacitances show temperature-independent values, similar for all
samples (Fig. 11(c,f)). Conversely, one can notice the GB capacitance
evolves with the UHS current. In particular, it increases with increasing
applied current in both atmospheres. This can be associated with the
evolution of microstructural defect nature and quantity [73]. GB ca-
pacitances for samples sintered in Ar are noticeably higher than in Nj.
This suggests that these GB are affected by the atmosphere, probably by
diffusion/reaction with Ny preferentially in the GB even at the lowest
currents (20 and 22.5 A).

Finally, we would like to remark that the EIS data points were
collected by merging half data recorded while heating and half while
cooling. The fact that the different contributions follow a regular trend
points out that the sample evolution while EIS measurements are
negligible from an electrochemical point of view. Besides, interpreting
the Nyquist plots of complex impedance in Ny atmosphere is challenging
due to the complex phase and microstructural evolution occurring with
increasing current (i.e., temperature). It should be clearly stated that
future transmission electron microscopy (e.g., HRTEM and EELS) studies
are necessary to understand the nitridation process including tetragonal-
cubic phase transformation, and the nucleation and growth of the Zr(O,
N) phase, in order to elucidate the various contributions to the observed
low-frequency response. Consequently, further work is required to
clarify these aspects.

4. Discussion

The temperature measurement upon UHS is a challenging issue as
discussed previously, with strong experimental limitations when both
thermocouples or pyrometers are used [76]. As such, calibrated FEM
simulations represent a valuable approach for estimating the sample
temperature. Since the main goal of this work was to observe the dif-
ferences induced by UHS in Nj, the most important aspect is that the
temperature achieved in Ar and Ny is the same under the same applied
current. This hypothesis was confirmed by some specific experiments
where copper, platinum, and alumina were melted at the same current
in the UHS setup under the two different atmospheres (Fig. S1).
Furthermore, no statistically relevant differences in terms of power
dissipation were identified when UHS was carried out in Ar and Ny
(Table S1).

The main outcome of this work is that the atmosphere plays a
fundamental role when 3YSZ is processed by UHS. Substantial changes
in terms of microstructural (Figs. 1 and 2) and phase evolution (Fig. 3)
were detected.

Ruling out thermal effects as major sources for the different micro-
structure, one can infer that YSZ reacts with Ny thus determining a
substantial modification of the defect chemistry and self-diffusion
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Fig. 11. Data obtained from EIS measurements fits for samples produced in (a-c) Ar and (d-f) N, (a, d) conductivity, (b, e) relaxation frequency (c, f) equivalent

capacitance.

kinetics. The reaction between YSZ and nitrogen is further confirmed by
the fact that after UHS one can observe that (i) t-ZrO, decreases its
tetragonality, (ii) c-ZrO5 forms, (iii) a rock salt oxynitride is produced
and (iv) the grain boundary capacitance varies. The formation of the
rock salt phase is confirmed by Raman spectroscopy (Fig. 5) and XRD
(Fig. 3), its oxynitride nature being detected by XPS (Figs. 7 and 8) and
corroborated by the chromatic alteration (Fig. 6) of the samples after
UHS. The results resemble those obtained by Morisaki et al. [65] and,
more recently, by Bechteler and Todd [58] in YSZ produced by flash
sintering in No. In those cases, the sample reduction was forced by an
electric current application; herein, by the high temperature combined
with a highly reducing environment (presence of graphitic carbon).

Said structural features are typically accounted for by oxygen va-
cancy formation, which tends to stabilize the fluorite structure and
reduce the tetragonal distortion of the lattice [77,78]. In fact, the for-
mation of O vacancy in most cases is a result of doping with trivalent
cations:

M,0522%2Mry, + Vi + 305 ¢3)

although, it could also originate from the doping of the anionic site with
trivalent cations, like nitrogen:

2N, + 60522 4Nl + 2V5 + 30, @

Therefore, N° anionic site doping has an effect analogous to Y+
cationic site doping. If one looks at the literature, 3YSZ sintered under
conventional conditions possess a tetragonality of about 1.014, such
value agrees with our measurements on the samples UHSed at the lowest
currents in Ny (Fig. 4). However, higher UHS currents in N5 lead to a
substantial drop in tetragonality, it can be as low as 1.009 in N3 (=30 A),
which corresponds to Y-doping between 4 and 5 mol% [77]. The

“additional doping” effect must originate from the reaction with the
atmosphere, i.e. the incorporation of N in the lattice. If the current and
the UHS time increase further, a heavy reduction occurs, leading to the
formation of the rock salt phase in Ny. On the other hand, the tetra-
gonality in Ar is quite stable; nevertheless, a slight decrease can be
identified when the current increases. Reducing conditions (which
create oxygen vacancies) are known to shift the system to lower tetra-
gonality phases [79]. The impact of UHS in Ar on tetragonality is
definitively smaller than in Ny, suggesting a lower concentration of
oxygen vacancies as discussed below.

Two reactions —reduction and nitridation— are required to convert
tetragonal zirconia into cubic zirconia and then oxynitride. The first one
takes place also in Ar and can be written as:

ZrOgy

C+0,—CO + Vg + 2¢ 3

where C can come from the felt. Native reduction is also possible though
less likely:
205230, + 25 + 4/ 4

As such, UHS under both Ar and N causes the formation of oxygen
vacancies and free electrons. One must note that both reactions move to
the right at high temperatures due to the evolution of a gas phase.
However, due to the high and negative formation energy of ZrO,, the
reactions cannot proceed to the right “forever”. It is important to
remember that zirconia lies below CO in the Ellingham diagram even at
2300°C; therefore, in standard conditions, its total reduction to metallic
zirconium is not possible [80].

On the other hand, the electrons created by Eqs.3 and 4 can react
with Ny, reducing it into nitrogen ions, which can be incorporated into
the YSZ lattice (as previously reported in the literature [65,81]):
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3Ve + 6e + N, Z3Ve + 2N/, )

Such a reaction removes the electrons (and, partially, the oxygen
vacancies), which are the product of Egs. 3 and 4; therefore, it allows
them to prosecute and move further to the right. The overall reaction in
nitrogen can be written as:

3C + N, + 30:2%3C0 + Vi + 2N/ (6)
or
2N, + 60: 252 Ve + 4Ny, + 30, @

As O, is indeed more oxidant than N, we expect that Eq. 6, where the
oxygen release is mediated by the formation of CO, is dominant. In
summary, one can infer that the presence of Ny in the UHS atmosphere
(i) allows the formation of a higher amount of oxygen vacancies
compared to Ar as they are stabilized by the net negative charge on the
nitrogen dopants, and (ii) the conditions are “less reducing” considering
that the free electrons from Eqs. 3 and 4 are partially consumed by Eq. 5
and are not available to reduce the average oxidation state of cations.
This is testified by the fact that the overall reactions (Eqs. 6 and 7) do not
contain any free electrons on the right side and do not involve any
change in the oxidation state of the cations.

The abovementioned reactions perfectly match the experimental
results: the formation of extra oxygen vacancy through the reaction in
Egs. 6 and 7 are in agreement with a reduction of the cell tetragonality
and with the stabilization of the fluorite cubic structure. Indeed, when
reactions in Eqs. 6 and 7 move to the right, approaching the solubility
limit of N in YSZ, rock salt oxynitride precipitates [44].

Considering the formation of the rock salt phase we can infer that it
could form through different reactions which are listed below (assuming
for convenience that its final composition is ZrN for which we found
thermochemical data):

2Zr0; + Ny(g) > 2ZrN + 20, ®
2Zr0, + 4C + Ny(g)—2ZrN + 4COy, 9
2710, + 2C + Ny —2ZrN + 2COx (10)
27r0; + 4CO(g) + Ny —2ZrN + 4COq 11

The first reaction assumes a native reduction of zirconia with
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spontaneous release of molecular oxygen at high temperatures. Egs. 9
and 10 assume that the reduction of zirconia is promoted by the pres-
ence of graphitic C, releasing carbon monoxide or dioxide. In Eq. 11, the
reducing agent is CO. Using the thermochemical data available in [82]
we can calculate the standard free energy change associated with the
different reactions, the results are reported in Fig. 12(a). We can observe
that in standard conditions the only reaction moving to the right at high
temperature, with the formation of ZrN, is the one where zirconia is
reduced by carbon releasing CO (Eq. 9). In particular, AG® becomes
negative for temperatures exceeding ~ 1600°C. Moreover, we can
calculate the partial pressure of the different gasses at the thermody-
namic equilibrium for the reactions in Egs. 8, 9, 10, and 11 as follows:

(pO2)” = keqsas = eXp(~AGY,q /RT) 12)
(PCO)" = kequrgo = €Xp(—AGY, /RT) (13)
(PCO2)? = keqiqio = exp(~AGY /RT) (14)
(PCO2/pCO)* = kegrqu1 = exp(—AGY,,, /RT) (15)

The equilibria in the previous equations were written under the
following assumptions: (i) the chemical activity of the solids is assumed
equal to one; (ii) the activity of Ny is close to one (partial pressure of Ny
is close to ambient pressure); (iii) the activity of the gases can be
approximated with their partial pressure. The results reported in Fig. 12
(b) confirm that: (i) it is thermodynamically impossible to form ZrN
through the spontaneous reduction of ZrO, (Eq. 8); (ii) the reaction
including CO, as a product is extremely unlikely with the partial pres-
sure of CO, at the equilibrium < 0.01 atm even at temperature
approaching the melting point of zirconia; (iii) the reaction in Eq. 9 is
possible and spontaneous. On these bases, we can infer that the forma-
tion of the rock salt phase is mainly mediated by the formation of CO as a
result of the reaction between carbon and the oxide.

The defect reactions also explain why blackening is observed at
higher currents in Ny if compared with Ar (Fig. 7). YSZ darkening is
associated with the visible light absorption by free electrons, Zr>* (Zry),
F (V) and F+ (Vg) centers which form through the following reactions:

Ity +€— ZIr, (16)

Fig. 12. a) Standard Gibbs free energy change associated to different possible reaction leading to the formation of ZrN in UHS; b) partial pressure of the different
gasses at the equilibrium calculated using Eqs. 12-15. Thermochemical data taken from [82].
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Vg +26— Vy+e— Vg 17

Zr,, is a donor state located only 0.2 eV below the conduction band
edge. F and F' centers represent deeper levels, about 2 eV below the
conduction band [64], but can still absorb most of the visible light
(~1.7-2.7 eV). Indeed, the free electron consumption by nitrogen
reduction (Eq. 5) hinders reactions in Egs. 16 and 17 by reducing the
concentration of one of the reagents. On the other hand, Eq. 5 causes the
formation of N, which is an acceptor level laying 2.8 eV above the
valence band edge [83] thus being optically inactive in the visible
spectrum.

The effect of the atmosphere on the phase evolution appears there-
fore consistent and robust. It is less straightforward the reason why we
observe a substantial change in the densification and grain growth ki-
netics in different atmospheres (Figs. 1 and 2). Although the conclusion
is not definitive, one can point out that there is already solid literature
evidencing the beneficial effect of reducing conditions on mass trans-
port, especially referred to as grain growth, in fluorite-structured oxides
[84-88]. For instance, Dong [88] reported a decrease in the energy
barrier for Zr diffusion in YSZ along the [1 1 0] direction from 4.31 to
3.17 eV for the unreduced Zr** and reduced Zr>* cations, respectively.
In a recent paper, Martin et al. [89] have also shown the beneficial effect
of reducing conditions on the sintering of YSZ. In the UHS experiments
carried out in the present work, the treatments in Ar are more reducing
than those in No: the free electrons are consumed to reduce nitrogen and,
therefore, are not available for the reaction in Eq. 16, which allows the
formation of Zr3*. Hence, one can infer as a possible explanation that the
reduction-induced boosting effect on densification observed in Ar
cannot be reproduced to the same extent in nitrogen.

Along with these observations, impedance data show that the bulk
ionic conductivity is not affected by the atmosphere, and the measured
values are substantially consistent with what is expected from the
literature for both conventional and flash-sintered samples [74].
Nevertheless, the grain boundaries show an important modification of
their impedance behavior. In particular, Ny atmosphere modifies the
phase compositions, which in turn influences the impedance data of GB
contributions. This is particularly visible at 30 A, with a low-frequency
response containing various different contributions (Fig. 10). However,
differences can be spotted also in terms of grain boundary capacitance
values which are reduced in Ny even under modest UHS currents. This
suggests once again that N5 interacts with the material even at relatively
low UHS currents. Despite the result could seem in partial contradiction
with XRD data (not showing a substantial formation of c-ZrO; at such
currents), one should bear in mind that EIS provides resistivity infor-
mation and, therefore, it is highly sensitive to phases present in the grain
boundaries or on the local GB defect chemistry (the difference between
GB specific conductivity and bulk conductivity is around 1.5 order of
magnitude). Consequently, it is much more sensitive to what happens at
the interfaces, including chemical or structural changes, although their
volume or quantity is not sufficient to be detected by XRD or Raman
spectroscopy.

The differences in GB capacitance between UHS in Ny and Ar point
out that the properties of UHS sintered samples (or flash sintered) do not
originate from the rapid heating/cooling only, but must probably ac-
count also for additional effects. We could speculate that the heavily
reducing conditions generated by flash and UHS in Ar (already discussed
that UHS in Ny is “less reducing”) play a role. The samples UHSed under
30 A show, in any case, a remarkable effect: an increase of ionic con-
ductivity, particularly in Ar, leading to negligible blocking effect at the
grain boundaries. UHS therefore enables the production of an ionic
conductor whose conductivity is driven by the bulk properties only.

5. Conclusions

The UHS atmosphere impacts both the microstructural and phase
evolution of 3YSZ. In Ny, highly densified samples can be obtained at
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25 A, whereas in the Ar atmosphere densification is anticipated at
around 20 A. A similar trend is shown also in terms of grain growth.
While the samples treated under Ar always remain tetragonal, those
treated in N exhibit at first a reduction of the cell tetragonality and then
the stabilization of cubic zirconia, and eventually the formation of a rock
salt oxynitride.

The results can be explained by assuming the incorporation of ni-
trogen in the ZrO, lattice which was further confirmed by XPS. The
anionic solid solution results in the formation of oxygen vacancies for
charge compensation which stabilize cubic zirconia and reduce the
tetragonality of t-ZrO,. Furthermore, molecular N reduction to N> jons
incorporated in the lattice can also explain the different chromatic
alteration of the specimen and, at least partially, the delayed densifi-
cation under Nj.

In addition to the phase and microstructural evolution, UHS in dis-
similar atmospheres leads to different electrochemical properties of YSZ
at the grain boundaries. Remarkably high values of ionic conductivity
were obtained after UHS under 30 A with substantially negligible
blocking effect from the grain boundaries.
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