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Abstract

Objectives. To obtain experimental data on the effect of activating additive type on the cold
sintering process of (MnFeCoNiCu),0, high-entropy ceramic. The following substances were used
as activating additives: ammonium acetate (CH,COONH,), acetic acid (CH,COOH), ammonium
chloride (NH,CIl), potassium fluoride dihydrate (KF-2H,0), lithium fluoride (LiF), sodium fluoride
(NaF), and sodium hydroxide (NaOH).

Methods. Synthesis of the initial powder by low-temperature self-propagating method;
investigation of the powder particles size distribution by laser diffraction method; analysis
of the particle shape and compacted sample microstructure by scanning electron microscopy;
investigation of the phase composition by X-ray phase analysis; high-entropy ceramic sample
consolidation by cold sintering process. The density of the initial powder and the relative density
of cold sintered samples were determined by the Archimedes method.

Results. Samples with a relative density of over 0.70 were obtained using distilled water,
CH,COONH, and NaOH during cold sintering at 300°C, with a holding time of 30 min and
pressure 315 MPa.
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Conclusions. For the first time, the effect of the type of activating additive on the relative density
of high-entropy ceramics (MnFeCoNiCu),0, samples obtained by cold sintering process has
been experimentally demonstrated. The samples microstructures have pronounced differences:
20 wt % distilled water does not lead to grain growth, with only their compaction to 0.71 relative
density observed; however, the addition of 0.1 wt % CH,COONH, and NaOH increases the
average grain size when reaching similar relative densities (0.70 and 0.71, respectively). X-ray
diffraction analysis showed that the cold sintering process does not lead to a change in the
phase composition of the initial (MnFeCoNiCu),0, powder, confirming the preservation of the
high-entropy structure.

Keywords: high-entropy ceramics, oxide ceramics, cold sintering process, sintering, phase
composition
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AHHOMAuus

Ienu. ITonyueHue sKkchepumMeHmMAlbHbIX OAHHBLIX O 8AUSTHUU suda axmusupyroweli dobasku
Ha npoyecc xon00H020 CneKaHusl 8blcoKosHmponuiinHoil kepamuru cocmasa (MnFeCoNiCu),O,.
B kauecmee axmugupyrouux 006aeok bbliu ucnonv3osarsl: ayemam ammorus (CH,COONH,),
yreycras kucroma (CH,COOH), ammoruil xnopucmeiii (NH,Cl), kanuil gpmopucmotil 2-x 600HbLU
(KF-2H,0), rumuii pmopucmelil (LiF), Hampuii pmopucmutii (NaF), 2udoporcud Hampus (NaOH).
Memoovt. Curmes ucxo0H020 NOPOULKA MEMOOOM HUSKOMEMNEPAMYPHO20 CAMOPACNPOCTPAHSL-
rOUle20Cs CUHmMesa; UCCAe008aHUE 2PAHYIOMEMPUUECKO20 COCMAB8A NOPOUKA MEemMOOOM Sasep-
HOU Jupparyuu; aHanu3 popmsbl UaAcMuly, U MUKPOCMPYKMYPblL CKOMNAKMUPOBAHHBLLX 00pa3u408
MEemoOoOM CKAHUPpYHOWeEll 271eKMPOHHOU MUKPOCKONUU, AHANU3 (pa308020 cocmasad Mmemooom
PpeHmMeeHoa308020 AHANUSA, KOHCOAUOAUUSL 00pA3108 8blCOKOIHMPONULHOU KepamMuKu mMemo-
00M XOJI00OH020 CneKaHusl, NJIOMHOCMb UCX00H020 NOPOULKA U OMHOCUMENbHASL NJIOMHOCMb 00-
Pasuy08 KepamuKu Xosi00H020 CNeKAHUSL ONpedessiiuce memooom Apxumeoa.

Pesynomamut. Obpasysl c omHocumenbHol haiomHocmeto cabliie 0.70 nonyueHsl ¢ NpuMeHeHU-
em oucmunnuposarnmoil eoost, CH,COONH, u NaOH & npoyecce x0/100H020 CneKaHus npu mem-
nepamype 300°C, epemeru gvldeprxrku 30 mur u odasreHuu npeccogarus 315 MIla.
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Bbleoodusl. Bnepebvle 9KCnepumMeHmasibHo NOKA3aHO eausiHue euda akmueupyroueil 006asKu
HA OMHOCUMENIbHYI0 NIOMHOCMb 00pA3yU08 8blcOKOIHMpoNnuUliHolU kepamuku (MnFeCoNiCu),0,,
NONYUEHHBLX C NOMOULBIO NPOUECCA XON00H020 cheKkaHus. Mukpocmpykmypusl 06pasyoe umerom
sulparkerHsble omauuus: 20 mac. % OUCMUANUPOBAHHOU 800bL HE NPUBOOUM K pOCMY 3epeH,
Habnirodaemest moavko ux yniomuerue 0o 0.71 omHocumenvHoli ntomHocmu; npu dobassieHuu
0.1 mac. % CH,COONH, u NaOH Habatwodaemcs. pocm cpedHez0 pasmepa 3eper npu 0ocmu-
JKeHuu 6auskux nokaszamesneti omHocumenoHot niomHoemu (0.70 u 0.71 coomeemcmeeHHO).
PermeeHOOUPPAKYUOHHDBLI GHANU3 NOKA3AJL, UMO NPOUECC XOJN00H020 CNEeKaHUsi NOpouwKa
(MnFeCoNiCu),0, He npueooum K USMEHeHUur pas3neo2o0 cocmasga UCXOOHO20 NOPOULKA, UMO
ceudemesnibcmayem 0 COXPAaHEeHUU 8bLCOKOIHMPONUUHOU cmpyKkmypbl.

Knroueewvle cnosa: echoxoanmponwiHaﬂ KepamMura, oKcuoHas Kepamura, npouyecc X0J100H020

cnexKaHust, cnekaHue, d)asoebui cocmas

Jna yumuposanua: Cvupno A.B., Usaxun FO.Jl., Kopurommu M.B., XomonkoBa A.A., Bacun A.A., Aronunsa C.,
Kupakocsn A.B. BiusHue akTHBHPYIOIIMX J00aBOK Ha IPOLECC XOJOAHOTO CIIEKAaHWS BBICOKOIHTPOIMHHON KepaMUKU
(MnFeCoNiCu),0,. Tonkue xumuueckue mexnonoauu. 2022;17(5):439-449. https://doi.org/10.32362/2410-6593-2022-17-5-439-449

INTRODUCTION

High-entropy materials were first described
in 2004 as innovative metallic disordered
multicomponent alloys having promising applications
[1]. The number of combinations of composition
components that can be covered using this approach
is almost limitless, and so far a very limited number
of options have been explored. However, several
high-entropy alloys have previously been shown
to have exceptional mechanical and performance
properties that are superior to conventional alloys
[2]. Later, in 2015, entropy stabilization in a mixture
of oxides was demonstrated, and the first samples
of the so-called high-entropy ceramics were obtained.
It has been shown that high-entropy ceramic
systems have promising properties for a wide range
of  applications:  thermal  barrier coatings,
thermoelectrics, catalysts, batteries, and wear-
resistant coatings [3]. In recent years, several
high-entropy oxide systems have been studied,
such as ferrimagnetic (CoCrFeMnNi),O, [4, 3]
and ferromagnetic (CoCrFeMnZn),0O, and
(CoCrFeNiZn),0, [6]; perovskites with rare earth
elements (La(CoCrFeMnNi)O,), which exhibit
a complex magnetic state with a predominance
of antiferromagnetic interactions [7]. It has been
found that a high-entropy oxide ceramic material with
a rock-salt type structure (MgCoNiCuZn)O exhibits
long-range magnetic order despite the structural
disorder of randomly distributed magnetic ions. It
is assumed that similar magnetic properties can be
realized in high-entropy oxide ceramic materials

with different types of crystal lattice and different
compositions of elements, in particular, in the
(MnFeCoNiCu),0, system [8].

When studying the properties of the above-
described promising high-entropy oxide ceramic
materials, one of the main arising problems is
how to preserve the high-entropy structure of the
initial powder materials during their sintering. High
sintering temperatures (usually more than 1000°C)
lead to disruption of the high-entropy structure as
a result of the phase transformations, evaporation
and chemical reactions, as well as the decomposition
of high-entropy phases [3]. For stable production
of high-entropy ceramic samples, it is necessary
to use consolidation methods at temperatures not
exceeding the synthesis temperature of initial
high-entropy ceramic powders, which are within the
range of 350-750°C [3, 9].

The cold sintering process (CSP), an innovative
ceramic sintering method that uses a liquid phase,
compression-molding pressure and temperatures
below 550°C, is under active study and development
[10, 11]. It has been found that the participation
in CSP of a liquid phase (most often water or
aqueous solutions of acids and alkalis) can
significantly reduce the sintering temperatures
of oxide ceramic materials down to the range
of 200-400°C and lower, in some cases even to
room temperature [12]. In addition, some materials,
such as ZnO, can be compacted to more than 90%
of their theoretical density in less than 15 min
at temperatures below 300°C [13]. The scheme
of the CSP is shown in Fig. 1.
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Fig. 1. Scheme of the cold sintering process.

The main CSP parameters are: pressing force;
temperature in the mold; time of exposure under
the action of a given pressure and temperature;
activating additive type and concentration; liquid
phase concentration; ceramic powder material
properties  (its  solubility, particle size and
granulometric composition (Fig. 2) [14]. These
parameters are selected for each specific material
experimentally. The mechanism or mechanisms
of the CSP are under study. To date, three
mechanisms of mass transfer in the CSP are
proposed in the literature: dissolution—precipitation
[11]; mass transfer due to surface diffusion in
a layer with a high content of defects formed as a
result of dissociative adsorption of water by oxide
particles [13]; mass transfer due to surface spreading
and coalescence of particles owing to the appearance
of solid-phase mobility of the oxide structure
as a result of the exchange of water molecules
between the medium and the forms of water bound
in the structure of oxide particles [15].

The choice of additives for CSP activation is
based on theories concerning the process mechanism.
These can be additives that increase the oxide particles
solubility in an aqueous medium due to a change in
pH. The addition of NaOH increases the aqueous

Powder
Size and solubility

/ \
s N
o Cold - o
Activating additive sintering Holding time
: " process —; g
\ /
s N
Temperature __ _| Compression-molding pressure é
] { =

J

Fig. 2. Main parameters of the cold sintering process [14].

Clamp heater or induction coil

solution pH, creating an alkaline environment.
Acetic acid reduces the solution pH and promotes the
dissolution of oxides in the acidic environment.
When adsorbed on oxide particles, the acid proton
increases the content of hydroxyl groups (bound
forms of water in the structure of oxides) in them
to increase structural mobility [16]. Ammonium
acetate or ammonium chloride added to water
also create an acidic environment due to hydrolysis
when the temperature rises. In addition, studies
on CSP have shown that the acetate ion is able
to diffuse into the volume of oxide particles
and exchange with the medium thus causing
an increase in structural mobility [16, 17]. The
addition of fluorides during hydrolysis leads
to the formation of HF, which can increase the
solubility of oxides also due to the formation of
fluoride complexes [18]. Currently, there is an
absence in the CSP literature of works about the
effect of activating additives on the composition
(MnFeCoNiCu),0,, as well as a lack of works on
high-entropy ceramics in general.

In [19], the fundamental possibility of
obtaining samples of high-entropy ceramics
(MnFeCoNiCu),0, by CSP using 20 wt % of
distilled water as a liquid phase was experimentally
shown for the first time. Ceramic samples with
a porosity of 28-31% were obtained at 300°C,
holding times of 3, 30, and 60 min and a compression-
molding pressure of 315 MPa.

The purpose of this study is to obtain new
experimental data on the effect of the activating
additive type on the CSP of high-entropy
ceramics  (MnFeCoNiCu),0,. The influence of
the activating additive type was evaluated by the
samples relative density. The densest samples
were subjected to analysis of the microstructure and
phase composition.

MATERIALS AND METHODS

The powder of high-entropy oxide ceramic
material (MnFeCoNiCu),0, synthesized by low-
temperature self-propagating synthesis (or bulk
combustion) in air from an equimolar mixture
of Mn, Fe, Co, Ni, and Cu metal nitrates was used
as a starting material. To prepare a mixture of
precursors, metal nitrate hydrates (Me(NO,))
(Sigma-Aldrich, USA) were dissolved together
with organic fuel (citric acid) in own-made
deionized water to obtain a saturated solution. The
homogeneous mixture was poured into a quartz
glass beaker and heated on an electric heater.
After the evaporation of water, a viscous liquid
(sol, then gel) was formed, which spontaneously
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ignited at a temperature above 200°C (so-called
bulk combustion accompanied by gas evolution and
smoke). To monitor the reaction in various thermal
conditions, we used measurements with a chromel-
alumel thermocouple (NPP “Etalon,” Russia).
The maximum synthesis temperature was about
450°C. After cooling, the synthesis product
was removed from the beaker and ground in an
agate mortar.

The CSP was carried out in a steel mold
with induction heating (Fig. 3a). The mold assembly
contained three punches: upper, middle and lower
(11 mm in diameter). A mixture of (MnFeCoNiCu),0,
powder with a liquid phase was located between
the upper and middle punches, while a copper
sealing ring was placed between the middle and
lower punches (Fig. 3b). The seal was used to
prevent the mixture from being squeezed out
of the gaps in the mold during compression 0.4 g
of (MnFeCoNiCu),0, powder and 0.08 mL of
water (20 wt %) were mixed in a bowl under
thorough stirring immediately before placing
into the mold. The thermocouple was fixed in the
mold in a cavity next to the sample. The mold
with the induction heater was installed along
the hydraulic press axis. The powder shrinkage
in the mold was controlled by measuring the
axial displacement of the hydraulic press lower
platform by using a mechanical dial indicator
(with a division value of 10 um) (ViadPromash,
Russia) mounted on the hydraulic press frame.

The following modes of the cold baking
process were used: baking temperature—250 and
300°C, time of heating to baking temperature—
20 min, and holding time—30 min. The modes
were chosen on the basis of the results of [19].

In all the experiments, the amount of the liquid
phase was 20 wt %: distilled water or an aqueous
solution of 0.1 wt % of an activating additive. The
following substances were used as activating additives:
ammonium acetate (CH,COONH,) (Khimprom-M,
Russia), acetic acid (CH,COOH) (RKhZ “NORDIKS, "
Russia), ammonium chloride (NH,Cl) (Khimprom-M,
Russia), potassium fluoride dihydrate (KF-2H,0)
(RKhZ  “Nordiks,” Russia), lithium fluoride
(LiF) (Alfa Aesar, USA), sodium fluoride (NaF)
(Alfa Aesar, USA), and sodium hydroxide (NaOH)
(Alfa Aesar, USA). All the reagents were of
purissimum or analytical quality.

Characterization of the initial powder by
particle size distribution was carried out using
a laser particle size analyzer LS 13 320 MW
(Beckman Coulter, USA). Before measuring the
granulometric composition, the initial powder
sample was deagglomerated by placing it in a glass
tube with water and subjecting it to ultrasound
in an ultrasonic bath at a power of 60 W. The
density of the initial powder and the relative
density of samples of cold-sintered ceramics were
estimated according to the Archimedes method.
The morphology of the initial powder and the
microstructure of the ceramic samples were studied
by scanning electron microscopy (SEM) using
a JSM-6390 LA microscope (JEO, Tokyo, Japan).
The average grain size of the ceramic samples
was determined by the analysis of SEM images
of the samples fractures. The diameter of samples
with a distinct contour was measured. In the end,
the results of the measurements contain both
the sizes of rare particles and the sizes of their
dense aggregates. Phase analysis of the
synthesized powder and ground ceramic samples

Fig. 3. (a) Steel mold with induction heater on hydraulic press; (b) mold parts.
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of cold production was performed on an XRD-6000
X-ray diffractometer (Shimadzu, Kyoto, Japan)
with CuKo radiation in the range of 10° < 20 < 70°
at a step of 20 = 0.02°. The samples diffraction
patterns were compared with the data of
PDF-2 database [20].

RESULTS AND DISCUSSION

A micrograph of the initial (MnFeCoNiCu),0,
powder after synthesis is shown in Fig. 4. As typical for
powders obtained by low-temperature self-propagating
synthesis (bulk combustion), the powder consists of
large particles of porous agglomerates. An analysis of
the granulometric composition (Table 1) confirmed
the presence of predominantly large agglomerates
with a modal diameter d,, = 45.9 um. After ultrasonic
treatment, the average particle size decreased by about
half, that is, the use of ultrasonics led to the destruction
of a considerable amount of large agglomerates and
aggregates. The pycnometric density of the powder as
measured by the Archimedes method was 5.14 g/cm?.

As a result of a series of CSP experiments
of (MnFeCoNiCu),0, powder it was found that
the relative density of samples >0.70 can only be
achieved using distilled water or aqueous solutions
of CH,COONH, and NaOH (Table 2). When

applying a compression-molding pressure of
315 MPa, a holding time of 30 min, a heating
time of 20 min, and an additive concentration of
0.1 wt %, the highest relative density of the
samples was consistently achieved at 300°C.
The samples had sufficient transport strength
for extraction from the mold, measurement of
relative density by the Archimedes method,
and subsequent measurements of electrical and
magnetic properties. (The results of studies on the
physical properties of samples of high-entropy
ceramics will be presented in a separate publication.)
It is possible that the process temperature could
be reduced by increasing the concentration of
effective activating additives (CH,COONH, and
NaOH) while maintaining relative density values
above 0.70. However, under such experimental
conditions, an increase in the CSP temperature
is impossible due to the strong adhesion of the
sample to punches at 350°C [19].

The densest CSP (Fig. 5) obtained using
water and aqueous solutions of CH,COONH, and
NaOH, were studied by SEM and X-ray diffraction
analysis. An analysis of the microstructures of
samples (Fig. 6) obtained at different compositions
of the liquid phase and identical CSP conditions
indicates a noticeable effect of activating
additives CH,COONH, and NaOH. When using

1Brm BEGE

®Z, B8a

Fig. 4. SEM image of the (MnFeCoNiCu),0, powder.

Table 1. Results of the granulometric composition measurement for (MnFeCoNiCu),0, powder

No. Conditions d , pm d,,, nm d_, pm d,,, pm Ssp, * em?*/em?
1 Without ultrasonic treatment 45.9 8.9 32.0 73.8 3466
2 After ultrasonic treatment 20.4 6.0 18.1 36.4 5145

* SSp is the specific surface area.
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Table 2. Effect of activating additives on the relative density of cold-sintered samples

Activating additive Temperature, °C Cold sintering modes* Relative density

250 0.69
H,0

300 0.71

250 0.68
CH,COONH,

300 0.70

250 0.65
CH,COOH

300 0.67

250 0.64
NH,CI

300 0.65

P=315MPa
¢t =30 min

250 0.54
KF-2H,

300 0.55

250 0.60
LiF

300 0.59

250 0.63
NaF

300 0.64

250 0.70
NaOH

300 0.71

* P is the compression-molding pressure; ¢ is the holding time.

distilled water, there is a change in the morphology
of the initial powder particles, the formation of
grains, their compaction, and a slight increase
in size (Fig. 6a). It can be concluded that the presence
of 20 wt % of distilled water and a mechanical
pressure of 315 MPa are sufficient to initiate the
CSPofapowderofthe composition(MnFeCoNiCu),0,
at a temperature of 300°C for 30 min. When
adding 0.1 wt % CH,COONH, (Fig. 6b) and NaOH
(Fig. 6¢), a pronounced grain growth is observed
upon reaching close values of relative density
(0.70 and 0.71, respectively). The CSP proceeds
more intensively in an aqueous medium
containing CH,COONH, and NaOH. In the case of
a powder of the composition (MnFeCoNiCu),0,
these activating additives initiate the dissolution
of the powder particles surface and/or increase

Fig. 5. Cold-sintered ceramic sample from
(MnFeCoNiCu),0, powder, relative density 0.71
(temperature 300°C, 0.1 wt % of NaOH).
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Fig. 6. Microstructure and particle size distribution histogram of cold-sintered (MnFeCoNiCu),O, ceramic samples
obtained at different compositions of the liquid phase: (a) H,0; (b) 0.1 wt % CH,COONH,; (¢) 0.1 wt % NaOH.
Temperature 300 °C, compression-molding pressure 315 MPa, dwell 30 min.

the number of defects in the surface layer of
the particles of the powder material and, as a
result, increase the solid-phase mobility of its
crystal structure. For a detailed study of the effect
of CH,COONH, and NaOH on the microstructure
and properties of high-entropy cold-sintering
ceramics of the composition (MnFeCoNiCu),0,,
further studies of grain size distribution using
SEM image analysis, characterization of the
electrical and magnetic properties of samples
depending on the activating additive concentration
and process modes are planned.

Figure 7 shows the results of X-ray diffraction
analysis of the phase composition of the initial
powder (Fig. 7a) and cold sintering samples
(Figs. 7b—7d). All diffraction patterns have identical
reflection patterns corresponding to the phase
with the spinel structure and additional reflections
indicating the presence of a second phase with
the rock salt structure. The presence of two phases
distinguishes the high-entropy oxide ceramic
(MnFeCoNiCu),0, studied in this work from
the material of similar chemical composition
described in [21], but having only one phase with
a spinel structure. This fact is of considerable
interest, since the properties of one- and two-
phase high-entropy ceramics (MnFeCoNiCu),0, can
vary significantly. In general, it can be stated that

Intensity, a.u.

10 20 30 40 650 60 70
26,°

Fig. 7. XRD patterns of:
(a) initial powder (MnFeCoNiCu),O,;
(b) cold-sintered sample, 0.1 wt % of NaOH;
() cold-sintered sample, 0.1 wt % of CH,COONH,;
(d) cold-sintered sample, H,O.
Phase types indicated: 1—spinel; 2—tock salt. Temperature 300°C,
compression-molding pressure 315 MPa, dwell 30 min.

the CSP of (MnFeCoNiCu),0, powder at 300°C
using an aqueous medium with the addition of
0.1 wt % of CH,COONH, and NaOH does not
lead to a change in the initial powder phase
composition. This indicates that the high-entropy
structure has been preserved.
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CONCLUSIONS

For the first time, the influence of the activating
additive type on the relative density of samples of
high-entropy ceramics (MnFeCoNiCu),O, obtained
by the CSP is shown experimentally. Ceramic samples
with a relative density of 0.70-0.71 were obtained
using 20 wt % of distilled water or an aqueous solution
of 0.1 wt % of CH,COONH, or NaOH as a liquid
medium. Samples of high-entropy ceramic material
were obtained at a temperature of 300°C, a holding
time of 30 min, and a compression-molding pressure
of 315 MPa. The microstructures of the samples
have pronounced differences: 20 wt % of distilled
water does not lead to a pronounced growth of grains,
only their compaction to 0.71 relative density is
observed. When adding 0.1 wt % of CH,COONH, and
NaOH, a noticeable grain growth is observed upon
reaching close values of relative density (0.70 and
0.71, respectively). For a more detailed study of this
effect, further studies on the grain size distribution
and physical properties of samples depending on
the activating additive concentration and process
modes are necessary. X-ray diffraction analysis
showed that the CSP of (MnFeCoNiCu),0, powder at
a temperature of 300°C and using an aqueous
medium with the addition of 0.1 wt % of CH,COONH,
and NaOH does not lead to a change in the phase
composition of the initial powder, which indicates
the preservation of the high entropy structure.
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