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ABSTRACT

A rising interest in entropy-stabilized oxides in recent years has been driven by their attractive
functional properties. Their synthesis usually requires prolonged exposure at high tempera-
ture to promote solid-state diffusion without the application of pressure. In this work, we
report the synthesis of a high entropy perovskite, Sr((Zrp.04Y0.06)0.25N0.2Tio.2Hfo.2Mng )O3, in
a relatively short time (minutes instead of hours) using a spark plasma sintering (SPS) furnace.
Comparative analysis showed that conventional pressureless sintering at 1500°C for 2 h
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results in porous materials with large thermodynamically stable pores (tens of pum), while
SPS processing produces dense materials in a single step by reactive sintering at 1475°C in
9 min. SPS is therefore an attractive route for the production, synthesis and sintering of dense

high-entropy oxides.

1. Introduction

Although high entropy alloys have been known for
several years in the field of metallurgy [1-3], high
entropy ceramics, in particular oxides, were synthe-
tized only as recently as 2015. Starting with pioneer-
ing work by Rost et al. [4], this a class of novel
ceramics has attracted growing attention in the scien-
tific community. Configurational entropic stabiliza-
tion opens up a broad field of study aimed at
facilitating the production of materials in completely
novel compositional spaces. The possibility of intro-
ducing “n” different elemental components into an
oxide structure allows ultra-fine tuning of material
properties by changing their composition in a space
with “a—1" degrees of freedom. The same concept has
also been applied to other ceramics, such as carbides
[5-7] and other covalent compounds [8,9].

In the past few years, research in the field of
entropy-stabilized oxides (E-SOs) has diversified
into four main topics. The first is aimed at exploring
their potential in terms of functional properties [8];
these include their dielectric constant and loss tan-
gent [10], thermal conductivity [11,12], lithium ion
conductivity [13] and energy storage [14]. Other
research has focused on reaching a deeper under-
standing of the structural and thermodynamic prop-
erties of these materials [15-19]. Recent research has
investigated the synthesis of new E-SOs and sought
to identify a correlation between their crystal

structures and compositions [11,20-24]. Finally,
novel synthesis routes suitable for E-SOs have been
investigated [25-29].

E-SOs are generally produced by solid-state synth-
esis, where long (several hours), high-temperature ther-
mal treatment allows the formation of a single phase
material starting from a mixture containing different
oxide powders. However, this approach involves some
weaknesses, including the following: (i) thermal treat-
ments usually involve long dwell times at high tempera-
ture (in the order of hours), which might affect the final
composition because of the preferential volatilization of
one of the phases; (ii) the pellets obtained after the
thermal treatment are often porous [13,16], possibly
requiring further pulverization and sintering treatment;
and (iii) high-temperature phase transformation may
be competitive with sintering, thus contributing to the
formation of internal stresses and physical defects.

Conducted with the aim of reducing the synthesis
time and producing dense, defect-free components in
a single step, this study investigated the application of
spark plasma sintering (SPS) to reactive sinter an
E-SO. This report focuses on the high entropy
Sr((Zro.94Y0.06)0.25M0.2Tig ,Hfy 2Mny 5)O5_ perovskite,
whose conventional synthesis had already been inves-
tigated [22] but whose sintering behavior has not
been previously analyzed. Both conventional and
SPSed samples were produced to elucidate the SPS
effect on synthesis and sintering of Sr((Zrp.94Y0.06)0.2
Sn 2 Tig 2 Hfo 2Mng 2) O3y
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2, Experimental procedures

The raw materials used were as follows: MnO,
(Shanghai Yunfu Nanotechnology Co., China, manga-
nese dioxide 99.9%, 1 um), SnO, (244,651 Sigma
Aldrich, 99.9, <50 pm), 3YSZ (Tosoh, TZ-3YS-E,
Japan, SSA = 7 m%g), SrO (Shanghai Yunfu
Nanotechnology Co., China, 99.9%, 1 pm), TiO,
(Sigma Aldrich, Anatase, 99.8%, <5pm) and HfO,
(ABCR Gute Chemie, Gemany, dgg = 1). All of the
components were mixed in the appropriate amount to
obtain 20 g of the target composition Sr((Zrp 94Y0.06)0.2
Sny,Tip,Hfy,Mng,)O;_,. The powder mixture was
ball-milled in a polyethylene jar for 24 h using 10 g
alumina balls. Since the process was low-energy rotary
ball-milling, no significant modification of the granu-
lometric distribution was expected.

The powder used for conventional sintering was
mixed with 2.5 wt% of binder (QPAC® 40) dissolved
in acetone. After drying, the powders were shaped by
uniaxial pressing at 250 MPa into bar-like specimens
with cross-sections of 3 x 20 mm? The weight of
each sample was about 0.8 g. Conventional sintering
was carried out by heating the specimens to 1400°C
and 1500°C for 2 h (heating rate 2°C/min up to 400°C
and 10°C/min from 400°C to the final sintering tem-
perature). About 6 g of loose powder was used to
produce SPS samples of 20 mm diameter. The con-
solidation was carried out in a Chenhua 10-20 SPS
furnace (China). The thermal and pressure cycles are
reported in Table 1. The temperature was measured
using a pyrometer with a 1 cm thick wall pointed at
the die surface (hollow cylinder). The SPS sintering
temperatures were set at 1450°C and 1375°C, which
are slightly lower than those used for conventional
sintering. Application of external pressure during SPS
allowed a reduction of the consolidation temperature.

The density of the sintered samples was measured
by the Archimedes’ method using an analytical scale
with a sensitivity of 10~ g. Phase analysis was carried
out by XRD (Bruker D8 Advance A25X (XRD,
Bruker AXS GMBH, Cu Ka radiation, 20 = 20-80°).
SEM micrographs were taken of the fracture surfaces
of the sintered ceramics using an FEI Inspect F50
(secondary electrons imaging, 10 kV electron source).

Table 1. Thermal and pressure schedule used for SPS cycles.

3. Results and discussion

Figure 1 shows the SPS piston displacement during
the thermal cycle for a sample treated up to 1450°C.
One can observe the presence of four main shrinkage
events indicated by Greek letters (Figure 1(b)). The
first event, a, which took place at room temperature
and corresponded to the application of pressure, was
due to compacting of the powder. The second, B, took
place just before the sample temperature reached 600°
C (note that temperatures below 600°C cannot be
measured with an SPS pyrometer). This phenomenon
appears likely to be related to the melting of MnO,,
which has a melting temperature of 535°C. The for-
mation of the liquid phase causes particle rearrange-
ment and volumetric shrinkage corresponding to the
early stage of liquid phase sintering [30,31]. The
molten MnQO, did not leak out of the die but, rather,
filled the porosity. The third event, y, observed
between 1000°C and 1250°C, appears to have been
related to the densification of the ceramic. Here,
a plateau was reached that lasted up to 1450°C,
where the high temperature combined with an
increase in external pressure produced further
shrinkage and densification. Note that some shrink-
age also took place during cooling, due to the thermal
contraction of the SPS graphite tooling.

Phase analyses of the various samples are pre-
sented in Figure 2. Most of the materials are present
as the main target high entropy perovskite phase
(peak indexing from crystallographic data in [26]).
Undesirable secondary phases (indicated by arrows)
can still be detected, in particular in the sample
treated by SPS at 1375°C for 9 min; the presence of
secondary phases was negligible for the sample trea-
ted by SPS at 1450°C. SPS therefore appears to be an
effective synthesis route for production of these mate-
rials, allowing effective reactions between the differ-
ent components in relatively short times. In fact, in
the case of the SPS-treated samples, the reaction
produced an almost completely perovskite phase in
less than 10 min, while conventional synthesis routes
usually require hours [22]. This is likely due to the
fact that the application of external pressure results in
more rapid sintering (by increasing the driving force

Stage SPS 1450°C, 9 min

SPS 1375°C, 9 min

1 From 25°C to 600°C, heating rate not controlled From 15 to 30 MPa,
1.36 MPa/min

(35% of the maximum power output)
From 600 to 700°C, 10°C/min

2 From 700°C to 1450°C, 70°C/min
3 1450°C for 9 min

2.2 MPa/min
4 From 1450°C to 700°C, From 50 to 30 MPa,
—90°C/min —2.40 MPa/min
5 Free cooling 0 MPa

30 MPa constant
From 30 to 50 MPa,

From 25°C to 600°C, heating rate not controlled From 15 to 30 MPa,
(35% of the maximum power output) 1.36 MPa/min

From 600 to 700°C, 10°C/min
From 700°C to 1375°C, 70°C/min 30 MPa constant

1375°C for 9 min From 30 to 50 MPa,

2.2 MPa/min
From 1375°C to 700°C, From 50 to 30 MPa,
—90°C/min —2.86 MPa/min
Free cooling 0 MPa
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Figure 1. (a) Temperature and pressure and (b) linear shrink-
age recorded during SPS cycles of the powder mixture (tem-
peratures below 600°C are not reported because
undetectable by SPS pyrometer).

for densification), and the more rapid neck growth
enlarges the path through which inter-diffusion takes
place. It is therefore expected to accelerate the solid-
state reactions leading to formation of the high
entropy perovskite structure. However, additional
field-induced effects or phenomena associated with
the strong reduction conditions inside the SPS appa-
ratus cannot be excluded a priori.

T T T T T T T T T
O
O Entropy-stabilized perovskite

1 Secondary phase
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Figure 2. XRD patterns of the materials produced by SPS and
conventional sintering.
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The results of density and porosity measurements
of the sintered samples are reported in Table 2. It can
be observed that both the samples treated by SPS
achieved an extremely high level of densification
with negligible presence of open porosity. The final
density remained substantially unchanged whether
the treatment was carried out at 1450°C or 1375°C,
suggesting that the densification process was almost
completed at 1375°C. This indicates that the densifi-
cation during SPS was concluded before conversion
to the high entropy perovskite was completed; peaks
associated with secondary phases were still clearly
visible in the sample processed by SPS at 1375°C
(Figure 2). Under these conditions E-SO formation
must have taken place only through solid state diffu-
sion, other such phenomena as evaporation-
condensation or surface diffusion being excluded.
The theoretical density of the E-SO, as estimated
from the XRD cell parameter measured on the sam-
ple processed by SPS at 1450°C (a = 4.032984 A), is in
the range 5.91-5.92 g/cm’, depending on the charge
compensation mechanism for trivalent Y doping.
This theoretical density is closely similar to that mea-
sured after SPS at 1450°C. This calculation cannot be
replicated for specimens undergoing SPS at lower
temperatures because of the presence of secondary
phases. On this basis, an SPS cycle at 1450°C repre-
sents the optimal sintering route, allowing: (i) forma-
tion of an almost pure single-phase material; and (ii)
completion of the densification process with few resi-
dual pores. Lower sintering temperatures, as in the
case of the sample processed by SPS at 1375°C, did
not allow a complete reaction between the powders,
whereas sintering at a higher temperature is less
environmentally efficient and promotes grain
coarsening.

The bulk density of the conventionally sintered
sample treated for 2 h at 1500°C is about 84% of
the sample processed by SPS at 1450°C for 9 min.
An even lower density was achieved in the case of the
sample conventionally treated at 1400°C, where the
bulk density was only ~60%. The decrease in appar-
ent density when increasing the sintering temperature
from 1400 to 1500°C is consistent with a transition
from open to closed porosity, which is in agreement

Table 2. Bulk and apparent density and open porosity (Popen)
of samples processed at different temperatures by SPS and
conventional sintering.

Bulk density [/ Popen

Apparent dsensity [a/

cm’] % cm’]
SPS 1450°C, 5.90 0.04 5.91
9 min
SPS 1375°C, 5.89 0.04 5.90
9 min
Conv 1500°C, 497 9.00 5.47
2h
Conv 1400°C, 3.58 37.27 5.71
2h
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'Cony:3400°C, 2 h

Figure 3. Low-magnification SEM micrographs of fracture surfaces of sintered samples.

with the Significant decrease in the former as
reported in Table 2.

SEM investigation of the sintered samples’ micro-
structures confirmed the results of the density mea-
surements. The low-magnification micrographs in
Figure 3 indicate that conventional sintering produces
porous microstructures with relatively large pores (on
the order of a few tens of um). The porosity appears to
be interconnected in the sample treated at 1400°C,
whereas it becomes more closed in that sintered at
1500°C. The origin of this large porosity is not com-
pletely clear. It seems unlikely that it originated during
pressing as a result of poor-plastic deformation of the
powder granules; in fact, no granules can be identified
in the sintered microstructures. Its origin might be
connected to the formation of the MnO,-based liquid
phase, as a result of inhomogeneous wetting of the
solid particles or of the dissolution of the liquid phase
within the solid during the reactive sintering process.
Indeed, it is well-known that if a liquid phases dis-
solves inside a solid during sintering it causes the
formation of abundant porosity (a phenomenon also
known as “swelling”) [30,31]

The higher magnification micrographs (Figure 4)
indicate that in conventional sintering the material
between these large pores is substantially dense in the
cases of both the 1400 and 1500°C treatments.
A significant coarsening phenomenon can also be
observed in the sample treated at 1500°C, with the

grain size approaching about 5 pm. The grain mor-
phology at the pore surface assumes a convex shape
as a result of the large pore-to-grain size ratio. The
curvature-induced stresses on the material surround-
ing the surface are therefore compressive, leading to
thermodynamic stabilization of the pores themselves
[30]. This kind of porosity cannot therefore be elimi-
nated by increasing either the sintering time or tem-
perature, until the grain coarsening phenomenon
becomes sufficient to reduce the number of grains
surrounding a single pore significantly. In fact, the
pore stability/instability conditions can be easily
described in light of some definitions reported by
Rahaman [30] using simple geometric and algebraic
manipulations. In particular, we can state that pores
become unstable and shrink during pressure-less con-
ventional sintering only when:

360

S 1809 v

where m is the number of grains surrounding the
pores and ¢ is the dihedral angle in degrees.
Conversely, micrographs of the materials pro-
duced by SPS show a long-range homogeneous
microstructure with just a few residual pores in the
case of the sample treated at 1375°C. Such densifica-
tion levels can be achieved because the application of
an external pressure of just several MPa overcomes
the thermodynamic stabilization of the large pores
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Figure 4. High-magnification SEM micrographs of fracture surfaces of sintered samples.

observed during conventional sintering. A fracture
mechanics transition from trans- to inter-granular is
also observed when increasing the SPS processing
temperature (Figure 4): the sample processed by SPS
at 1375°C presents a “flat” fracture surface with clea-
vages passing through the grains, whereas in the
sample processed by SPS at 1450°C the crack is pro-
pagated between the grains. The origin of the fracture
mechanism transition in SPS processed samples is
still not clear. This seems to be related not just to
the processing temperature, which causes a more
complete development of the E-SO phase or might
produce grain boundary segregation; in fact, trans-
granular fracture appears to be dominant in both the
conventionally sintered samples, including the single-
phase sample processed at 1500°C for 2 h. We can
tentatively suggest that this might be an effect of the
strong reduction conditions in SPS (low oxygen par-
tial pressure and the presence of graphitic carbon and
electric currents), which promote modification of the
point defect chemistry (and their grain boundary
segregation), especially at high temperatures.
Further investigation is needed to clarify this issue.

4. Conclusions

SPS is a valuable technology for the production of
a high entropy perovskite in the Sr((Zrp.94Y0.06)0.
Sny ,Tig ,Hfy ,Mng 5)O5_, system. It allows

a substantial reduction in the reaction time needed
for conversion into a high entropy structure, and
remarkably improves the densification process. In
particular, SPS allows reactive sintering in asingle
step to produce dense components, which cannot be
attained by conventional sintering.
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