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Abstract

Single-phase high entropy fluorite (Ceo.2Zro.2Y0.2Gdo2Lao20;- s) samples were synthesized by co-

precipitation and consolidated by ultrafast high-temperature sintering (UHS) in less than 2 min.
The chemical homogeneity of the sintered materials was confirmed by X-Ray Diffraction (XRD),
Energy Dispersive X-ray Spectroscopy (EDXS), high-resolution EDXS in Transmission Electron
Microscopy (TEM), and Raman spectroscopy. Compared to conventional sintering, UHS of high
entropy ceramics was a hundred times faster and it resulted in extremely dense microstructures

(relative density > 93%) with nanometric grains. Ceo2Zro2Y02Gdo2Lao20;- s densifies when the

UHS current passes from 20 to 25 A. On these bases, an optimized step-wise UHS schedule was
developed to get dense, single-phase pellets with a reduced amount of defects. The extreme heating
rates appear beneficial both for microstructural and phase evolution.

Keywords: ultrafast high-temperature sintering; UHS; high entropy oxides; fluorite; co-
precipitation
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Main Body

Processing materials from powders into dense bodies at high temperature is commonly known as
sintering and dates back to the Paleolithic age [1]. It is a highly energy-consuming process as it
requires long dwell time (some hours) at a very high temperature to promote diffusion and reach
full densification. In recent years, novel sintering routes have been developed to reduce the carbon
footprint of the ceramic industry, many of them involving high heating rate processes such as spark
plasma sintering [2,3], microwave sintering [4,5], flash sintering [6-8], fast-firing [9,10] and, more
recently, ultrafast high-temperature sintering (UHS) [11]. Among these techniques, UHS is of
particularinterest particularly interesting as it allows reaching very high temperatures (>2000°C)
[12,13] within a few seconds/minutes while-aHewing-te and processing samples with complex
shapes [11] and different electrical/dielectric properties [11-18]. A typical UHS setup includes a
carbon felt strip in an inert atmosphere, within which the green body is positioned and heated by
the Joule energy developed by an electric current passing through the felt, whose low thermal
inertia guarantees very fast heating/cooling.

Other strategies aiming at reducing the sintering temperature involved the development of highly
sinterable nanopowder, the sintering rates being inversely proportional to a power law of the grain
size [19]. In addition, by applying fast heating to ceramic nanopowder, it is possible to obtain fully
dense materials [20] with fine-grained microstructure and, consequently, novel
mechanical/functional properties.

Entropy-Stabilized Oxides (ESO) are a new class of materials introduced by Rost et al. in 2015
[21], who demonstrated the configurational entropy stabilization of a 5-component oxide
(Mg0.2C00.2Nio.2Zno.2Cuo.2)O. Following Rost’s work, many other multicomponent oxide systems
have been proven to be entropy-stabilized [22-32] and characterized by unexpected and
fascinating properties [33-44].

High entropy fluorites are of particular interest because of the presence of several cations in solid
solution which allows tuning their thermal conductivity [45], which-is-being of pivotal importance
in applications like thermal barrier coatings. Nevertheless, these materials are relatively difficult
to be manufactured by solid-state synthesis (i.e., annealing of mono-element oxide powders) and
sintering, this requiring temperature as high as 1800°C [30] or extremely prolonged dwell time (10
h) at lower temperatures (1400°C) [45]. Therefore, they represent an ideal system to validate the
effectiveness of UHS to produce single-phase multielement ceramics.

In the present work, we investigated the feasibility of UHS to obtain dense

Ceo0.22Zr02Y02Gdo2Lao20,-5 samples using nanopowder synthesized by co-precipitation. The

composition was selected folewing according to a previous study [46] which—cenfirmed
confirming that the system is entropy stabilized (this means that the multi-phase to single-phase
transition is reversible upon cooling).



Ce(NH4)2(NO3)s, ZrO(NOs3)2 (Carlo Erba, Milan, Italy), and Y(NOs)s;:6H20, Gd(NOs)s:6H20,
La(NO3)3-6H20 (Sigma Aldrich, Milan, Italy) were used as metal precursors for the synthesis of

Ce0.2Zr0.2Y0.2Gdo.2Lao.20,- 5 , while ammonium carbonate (J.T. Baker, The Netherlands) was used

as precipitating agent. The whole synthesis process, based on the optimization of the co-
precipitation step, was transposed from a previous work [8] where the detailed procedure is
described; the only difference is in the use of 0.5 M ammonium carbonate solution (whose volume
is fixed by the molar ratio carbonate/total metal = 2.5) instead of diluted ammonia solution as
precipitating agent. Bearing in mind the thermal behavior of the as-synthesized

Ceo0.2Zr02Y0.2Gdo2Lao20,- 5 , characterized by a two-step complete decomposition completed at

about 700°C (Figure S1), these powders were calcined at 750°C for 1 h to allow the embodied
water and CO- evolution.

The calcined powder (0.2 g) was uniaxial pressed under 150 MPa (diameter = 8 mm) and then
sintered both conventionally at 1550 °C (heating rate = 10°C min) for 2 h (followed by cooling
at 20°C min™) and via UHS using different conditions (Table 1). UHS was carried out in an Ar-
filled borosilicate glass flask using graphite felt (SGL carbon Co., Germany) connected by means
of copper wires to a Sorensen XG6025 power source. The felt cross-section was 6.5 x 29.5 mm,
the electrode span was 33 mm. The green sample was introduced in the center of the felt within a
small incision produced by cutting the center of the felt parallel to the current flow by a razor
blade.

The sintering shrinkage of the green body during conventional heating cycle (10°C min™ up to
1550°C) was quantified using a horizontal alumina dilatometer Linseis L75.

X-Ray Diffraction (XRD) patterns were obtained on an X’Pert Phillips diffractometer equipped
with a PIXcel 1D detector operating at 40 kV and 40 mA with Cu Ka radiation (scanning resolution
20 = 0.026°, time per step: 2 s) on the sintered samples.

The relative density was estimated as the ratio between the density measured by the Archimedes’
method and the theoretical one, estimated according to the following general crystallographic
correlation:

Yi M
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where n; is the number of atoms i in the unit cell, M; the molar mass in g mol™* of the element i, a
the lattice parameter (determined by XRD) and N, the Avogadro number.

SEM micrographs were taken on fresh fracture surfaces using a field-emission scanning electron
microscope (SUPRA 4, Carl Zeiss Microscopy GmbH). The chemical analysis by electron-
dispersive X-ray spectroscopy (EDXS) was carried out using a Jeol IT300 SEM equipped with
XFlash 630 M detector (Bruker Quantax). Before SEM analysis, the samples were made
conductive by sputtering a thin carbon layer.



Raman spectra were acquired with an In-Via Reflex micro-Raman spectrometer (Renishaw plc,
Wotton-under-Edge, UK) equipped with a cooled CCD camera and a 785 nm laser source. A 50x
objective was used to collect the spectra in backscattering configuration, by mapping the pelletized
samples surface on a region of 100 um x 80 pm with a step size of 20 um (~20 spectra). The
following conditions were employed to collect the spectral maps of Conv_1550 and UHS 5
sintered samples: 0.5 mW and 5 mW laser power,1 s exposure time and 10 accumulations. Average
spectra calculation and baseline subtraction were performed using Wire 5.1 software.

The optimized UHS sample was observed by transmission electron microscope (TEM) to confirm
the solid solution homogeneity. Since the ion milling process to obtain a TEM ultrathin section
resulted quite challenging aftera-few-trials, the sample was milled in an agate mortar to produce
thin powder. The obtained powder was placed on a C-coated Cu grid and analyzed using
Thermofisher TALOS F200S equipment in bright field mode. Energy Dispersion X-ray
Spectroscopy (EDXS) maps were acquired in scanning transmission electron microscope (STEM)
mode.

Table 1. Labeling of the Ceo2Zro2Y02Gdo2La020,- s samples sintered using different
conditions.

Labeling Sintering Sintering/UHS conditions
method

Conv_1550 Conventional | 1550 °C (heating rate 10 °C min%, cooling rate 20 °C min™?)

UHS_0 UHS 25A, 60 s

UHS_1 UHS 10A 20s + 15A 20s + 20A 20s

UHS_2 UHS 10A 20s + 15A 20s + 20A 20s + 25A 10s

UHS_3 UHS 10A 20s + 15A 20s + 20A 20s + 25A 20s

UHS 4 UHS 10A 20s + 15A 20s + 20A 20s + 25A 60s

UHS_5 UHS 10A 20s + 15A 20s + 20A 20s + 22A 20s + 23.5A 20 s + 25A 20s

The sintering behavior of the calcined powder is shown in Figure 1. The onset sintering

temperature (determined by tangent method) is = 1180°C, whereas the maximum sintering rate is
achieved at = 1330°C. At 1550°C the material continues to shrink although the linear shrinkage is
already = 30%.
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Figure 1. Linear sintering strain (e)) and its derivative as a function of temperature.

The relative density of the different UHS samples is reported in Table 2. \We-can-observe-that
Treatments under 25 A (UHS 0, 2, 3, 4, and 5) always led to well-densified microstructure
(relative density exceeding 93%), regardless of the processing time (10, 20, or 60 s). On the other
hand, the sample treated under 20 A for 20 s (UHS 1) remained in an “almost green state”, with
final density below 70%, this pointing out that only the early sintering stages occurred. On these
bases, it can be concluded we-can-conclude that most of the sintering process takes place when the
current increases from 20 A to 25 A. As such, UHS cycles quickly crossing this relatively “narrow”
current interval (UHS 0, 2, 3, and 4) caused the development of large defects and cracks,
regardless of the current schedule up to 20 A. In fact, large flaws were detected in samples UHS_0
and UHS_2, 3, 4 where the former was directly heated under 25 A and the others were treated
using a 5 A-step schedule. The absence of any crack in sample UHS 1 (20 A) further confirms
that the “critical” current interval lies is between 20 and 25 A, i.e. where differential sintering
strains can arise due to the surface/core thermal gradients. ©n-this-basis-Accordingly, an optimized
sintering schedule was developed by progressively increasing the current between 20 and 25 A
(UHS_5), this procedure allowing to obtain almost defect-free components. Thus Fhis-petrts-out
that, when dealing with UHS, in order to lower the thermal stresses and to obtain well-sintered and
defect-free pellets, a particular care to define a properly “slow” current schedule in the temperature
interval where sintering occurs should be taken, whereas the heating schedule up to such

temperatures has a lesser impact on such characteristics ean-be-“as-quiek™as-youwant.

To compare the UHS temperatures with the conventional sintering ones, some metals (= 20-40
mg) not reacting with carbon were introduced within the felts to check whether or not they melted
during UHS (Table 1). Copper (Tm = 1085 °C) was melted in all cases, thus pointing out that 20
A for 20 s (UHS1) is sufficient to reach temperatures of = 1100°C. To understand “how close”



was sample UHSL1 to the melting point of copper, we carried out an additional test at 20 A for 15
s, which did not result in Cu melting. This suggests that the temperature reached during UHS 1 is
relatively close to the melting point of copper. The conclusion seems quite consistent with the
dilatometric plot (Figure 1) and the density measurement (Table 1), the sample UHS_1 remaining
in the early sintering stages, and also with diffraction data as discussed below.

High purity nickel (Tm=1455°C) melted when 25 A were applied for a dwell time ranging between
10 and 20 s. In other words, the UHS_2 cycle remained below 1455°C whereas UHS_3 exceeded
such temperature. It appears quite “surprising” that the UHS 2 sample, whose relative density
exceeds 93%, remained well below 1500°C with a dwell time of only 10 s (at such temperature
the sintering shrinkage is still not completed upon conventional heating). Although the uncertainty
of the temperature estimation remains quite wide and the temperatures are not very far from those
leading to full densification, these results suggest that the fast heating procedures of the

Ce0.2Zr0.2Y0.2Gdo2La0.20,- s nanopowder upon UHS has some beneficial effect on sintering. Sne

cah-observe-that Thus, it seems very unlikely that sample UHS_2 could have exceeded the melting
point of Ni (Tm = 1455°C) since the thermal inertia of the ceramic sample is expected to be much
larger than that of the metallic ones (whose weight is less than 1/5 with respect to the ceramics).
Similar heating rates effects on sintering have been observed also in other fast-heating processes
like fast-firing [9,10] and flash sintering [47,48]. Finally, melting of Pt (Tm = 1768 °C) did not
occur even in severe conditions (UHS_0 and 4).

The excellent level of densification of the sample treated with the optimized UHS cycle (i.e.,
UHS_5) is confirmed by the SEM micrographs in Figure 2. The microstructure appears nearly
fully dense with small amounts of tiny polygonal pores located at the grain boundaries. The
fracture mechanism is intergranular and points out the formation of polygonal grains with sharp
grain boundaries as fingerprints of an effective sintering process. Furthermore, the grain size
appears well-submicrometric with modest differences between the sample surface and interior;
such data well agree with the crystal size calculated by the Scherrer formula on the (220) reflection
and which is equal to 347 nm. On the other hand, the sample sintered under conventional
conditions results in an exaggerated grain coarsening with grains exceeding 10 um.

Therefore, UHS, similarly to other rapid sintering technologies [6,49], stands as an effective route
for achieving high densification levels while maintaining a fine-grained microstructure.

Table 2. The density of the sintered samples, presence of crack, and temperature estimation

Sample Relative Cracks Temperature estimation
density [%0] Cu Ni Pt
(Tm=1085°C) | (Tm=1455°C) | (Tm=1768°C)
Conv_1550 | 99.1 Marginal -
on the edge




UHS 0 93.4 Abundant | Melted Melted Not Melted

UHS 1 67.7 None Melted Not Melted Not Melted

UHS 2 93.7 Abundant | Melted Not Melted Not Melted

UHS 3 93.1 Abundant | Melted Melted Not Melted

UHS 4 95.4 Abundant | Melted Melted Not Melted

UHS 5 94.5 Marginal Melted Melted Not Melted
on the edge

To detect the phase produced during UHS and conventional sintering, diffractometric analyses
were directly carried out on the sintered pellets; the corresponding patterns are shown in Figure
3a. The diffraction pattern of the powders calcined at 750°C for 1 h shows few really broad peaks
all associated with a fluorite structure and indicating a poorly crystallized phase; the broadness of
the peaks can also mask the presence of an amorphous phase and/or other minor crystalline phases.
The sample Conv_1550 shows a single-phase fluorite-like structure (referred to CeO - ICDD card
n. 034-0394), as expected based on “standard deviation predictor” [29] and considered the
sintering conditions. Secondly, all other samples, with the exception of UHS_1, also exhibit a
single-phase fluorite-like structure; UHS 1 specimen is a multiphase material including a small
amount of a secondary phase. The identification of the minor phase(s) is really difficult due to the
very low intensity of the peaks which interferes with the detection limits of XRD and the probable
overlapping to the peaks of fluorite. Anyway, the presence of some Bixbyite appears likely
according to published results [46] (see the peaks marked with "B" in Figure S2). The other peaks,
marked with Z and H in Figure S2, could be tentatively assigned to ZrO> (either tetragonal or
cubic), and hexagonal Ln,Og, respectively. Finally, the lattice parameter of UHS samples (0.5426-
05430 nm) is very similar to that of conventionally sintered (0.5432 nm)

Ceo.2Zr02Y0.2Gdo2Lao20,- 5, although some small differences can be detected. In particular, the

cell in UHS samples appears slightly smaller and this might be related to the different treating
atmosphere (reducing in UHS vs. oxidizing in conventional sintering) or to the different cooling
rates (for instance, rapid cooling upon UHS might have quenched the high-temperature defect
chemistry). Further investigations are needed to provide a detailed understanding of the lattice
parameter evolution during UHS.



Figure 2. (@) SEM micrograph, and (b,c) EDXS elemental maps of conventionally sintered
(1550°C, 2h) and UHS_5 samples. All pictures refer to fracture surfaces. The small variations in
the light element EDXS counts in (b) can be attributed to the surface topology.

Despite its shortness, optimized UHS treatment appears very effective in obtaining densified
pellets of Ceo.2Zro2Y02Gdo2Lan20,-5 (chosen as representative of Fluorite-structured Entropy-

Stabilized Oxides - F-ESOs) stabilized in a single-phase fluorite-like crystal structure. -addition
te Other than the beneficial effect on sintering, the present findings point out that UHS allows
reaching the chemical equilibrium very quickly, even in complex ceramic systems manufactured
by wet-chemical synthesis. This might be related to the fast heating path through the low-
temperature region (<1150°C) where phase separation takes place (the starting material is



chemically homogeneous as precipitated from solution), thus facilitating the synthesis and
sintering of single-phase materials. The presence of a secondary phase in the UHS_1 sample can
be easily explained #-ene—considers by considering the lower processing temperature which
remains likely below (or just above) the threshold temperature for the single-phase stabilization
(between 1100 and 1200 °C [29]).

The EDXS characterization results of the optimized UHS specimen reveal a highly homogeneous
distribution of all cations both at the micron (Figure 2, SEM) and sub-micron (Figure 3, STEM)
scale further confirming the XRD results which indicate the presence of an entropy-stabilized
single-phase fluorite-like structure. Moreover, the TEM micrograph points out the presence of
small grains thus proving that UHS is very effective to obtain dense and fine grained
microstructures.

Figure 3. BF-TEM micrograph and EDXS elemental maps acquired in STEM mode on UHS 5
sample. Only topological variations of the EDXS counts can be detected. The micrograph on the
right bottom corner reports a magnification of the same image highlighting the presence of small
grain (= 150 nm).

The comparison between the Raman spectra of Conv_1550 and UHS_5 samples is reported in
Figure 4b. The two materials show similar Raman features providing an additional confirmation
that UHS allows obtaining te-ebtain, in extremely short times, structural features analogous to that
obtained in conventional processes. It is worth mentioning that Raman is very sensitive to short-
range order, thus being substantially complementary to XRD (long-range order) and proving the



material purity at a smaller scale. Moreover, being each spectrum the result of the average of about
20 spectra acquired on different points of the pellets, the homogeneity of the material structure is
assessed.

The Raman spectra show the typical CeO, band corresponding to the F2g Raman mode from the
space group Fm3m of cubic fluorite structure and attributed to symmetric breathing of mode of
the O atoms around each cation[50]. The peak is however shifted to lower frequencies (centered
at 440 cm™) due to the crystal lattice expansion of CeO, because of the introduction of larger ionic
dopants [51](La* and Gd** have an ionic radius larger than Ce**) and the increasing number of
oxygen vacancies. In particular, the vibrational modes at about 530 cm™ and 630 cm, are assigned
to extrinsic and intrinsic oxygen vacancies, respectively [52], being the former due to the charge
compensation arising from the substitution of Ce** ions by lower oxidation number ions and the
latter to Ce®* ions. This last mode appears slightly asymmetric thus suggesting that a second
component at a higher frequency (645 cm™) can be singled out and ascribable to cubic Zr** in the
fluorite structure [53,54]. The other two bands, at 287 and 358 cm™, are related to YSZ, as reported
in the literature [53], thus suggesting that the presence of Zr** and Y3* ions generates a further
increase of the lattice disorder in fluorite structure. Finally, Raman characterization gives evidence
of the high number of oxygen vacancies induced by the presence of a high number of cations that
substitute substituting M#* in the fluorite lattice positions.

Samples UHS_0, 2-5 showed an evident blackening on the external surfaces not influencing the
diffraction pattern. This could be either attributed to a partial reduction of the specimens (UHS is
carried out in Ar within C felts) or the carbon contamination from the felts. To identify the origin
of such chromatic alterations (conventionally sintered samples were always yellowish), a TGA
analysis was carried out in air on sample UHS_5. The thermogravimetric plot (Figure 4c) reveals
a really small but clear increase of mass (around 0.25 %) in the range 300°C — 700°C. On the other
hand, the conventionally sintered sample does not show any substantial mass variation in TGA.
The weight gain after UHS can be attributed to the absorption of molecular oxygen from the
atmosphere due to the oxidation of some Ce3* (previously formed during UHS) according to the
following defect reaction:

2Cee +3 0y + Vo' = 2Cef, + 0F )

One can observe that if the blackening was related to carbon contamination, this would have
resulted in a weight loss upon heating in air (which was not observed).

10



| . F ; |
I N R
1 Conv_1550 ]

Intensity / a.u.

3
u ] ]
b ] T ] T T T T T ]
i 300 400 500 600 700
S Raman shift / cm™
E | | 0'4 T T T T T T
- ] [ _ . o .4
] (C) air, 20°C min™ |
0.3 e
2
®
g
0.2 1
-
(%]
£
-a 0‘1 A -
=
Conv_1550
0.0 - : : J
T T T T T T T
30 40 50 60 70 0 150 300 450 600 750 900
2 ¢/ deg Temperature / °C

Figure 4. (a) XRD pattern of the calcined powder, UHS, and conventionally sintered samples; (b)
Raman scattering spectra of conventionally sintered and UHS_5 samples; (c) TGA analysis (air,
20°C mint) of UHS_5 samples. Fluorite is labeled as “F”, the secondary phases as “*”.

ta—summary Definitely, highly reactive powders of Ceo.2Zro2Y02Gdo2Lao20,-5 (chosen as

representative of Fluorite-structured Entropy-Stabilized Oxides - F-ESQO), prepared by using a
simple and low-cost co-precipitation-based synthesis route, were sintered for the first time by
UHS.

By optimizing the UHS cycle (in terms of applied current and exposure time) it was possible to
obtain, in just about 2 min, nearly fully dense high-entropy ceramics completely converted and
stabilized in a single-phase fluorite-like structure. Raman spectroscopy revealed the remarkable
similarity between the UHS sample and the conventionally sintered one. Furthermore, the UHS
specimens maintained their original nanometric features, owing to a perfectly homogeneous grain
structure with grains whose size is in the order of a few hundreds of nanometers.
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Figure S1. Thermogravimetric analysis of the as-synthesized Ceo.2Zro.2Y02Gdo2La0.20;- 5.
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Figure S2. XRD pattern of sample UHS_1, highlighting the presence of several secondary
phases (labeled as Z, H and B, respectively).
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