
ХИМИЯ И ТЕХНОЛОГИЯ НЕОРГАНИЧЕСКИХ МАТЕРИАЛОВ

CHEMISTRY AND TECHNOLOGY OF INORGANIC MATERIALS

Effect of activating additives on the cold sintering process  
of (MnFeCoNiCu)3O4 high-entropy ceramics
Andrey V. Smirnov1,, Yuri D. Ivakin1,2, Maxim V. Kornyushin1,  
Anastasia A. Kholodkova1,2, Alexander A. Vasin1, Sofia Ayudinyan3,  
Hasmik V. Kirakosyan3

1Mobile Solutions Engineering Center, MIREA – Russian Technological University, Moscow, 
119454 Russia
2Faculty of Chemistry, M.V. Lomonosov Moscow State University, Moscow, 119991 Russia
3A.B. Nalbandyan Institute of Chemical Physics, National Academy of Sciences, Yerevan, 0014 
Armenia
Corresponding author, e-mail: smirnov_av@mirea.ru 

Abstract

Objectives. To obtain experimental data on the effect of activating additive type on the cold 
sintering process of (MnFeCoNiCu)3O4 high-entropy ceramic. The following substances were used 
as activating additives: ammonium acetate (CH3COONH4), acetic acid (CH3COOH), ammonium 
chloride (NH4Cl), potassium fluoride dihydrate (КF·2H2O), 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, 
CH3COONH4 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)3O4 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 % CH3COONH4 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)3O4 powder, confirming the preservation of the 
high-entropy structure.
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Аннотация 

Цели. Получение экспериментальных данных о влиянии вида активирующей добавки 
на процесс холодного спекания высокоэнтропийной керамики состава (MnFeCoNiCu)3O4. 
В качестве активирующих добавок были использованы: ацетат аммония (CH3COONH4), 
уксусная кислота (CH3COOH), аммоний хлористый (NH4Cl), калий фтористый 2-х водный 
(КF·2H2O), литий фтористый (LiF), натрий фтористый (NaF), гидроксид натрия (NaOH).
Методы. Синтез исходного порошка методом низкотемпературного самораспространя-
ющегося синтеза; исследование гранулометрического состава порошка методом лазер-
ной дифракции; анализ формы частиц и микроструктуры скомпактированных образцов 
методом сканирующей электронной микроскопии; анализ фазового состава методом 
рентгенофазового анализа; консолидация образцов высокоэнтропийной керамики мето-
дом холодного спекания; плотность исходного порошка и относительная плотность об-
разцов керамики холодного спекания определялись методом Архимеда.
Результаты. Образцы с относительной плотностью свыше 0.70 получены с применени-
ем дистиллированной воды, CH3COONH4 и NaOH в процессе холодного спекания при тем-
пературе 300°С, времени выдержки 30 мин и давлении прессования 315 МПа.

НАУЧНАЯ СТАТЬЯ
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Выводы. Впервые экспериментально показано влияние вида активирующей добавки 
на относительную плотность образцов высокоэнтропийной керамики (MnFeCoNiCu)3O4, 
полученных с помощью процесса холодного спекания. Микроструктуры образцов имеют 
выраженные отличия: 20 мас. % дистиллированной воды не приводит к росту зерен, 
наблюдается только их уплотнение до 0.71 относительной плотности; при добавлении 
0.1 мас. % CH3COONH4 и NaOH наблюдается рост среднего размера зерен при дости-
жении близких показателей относительной плотности (0.70 и 0.71 соответственно). 
Рентгенодифракционный анализ показал, что процесс холодного спекания порошка 
(MnFeCoNiCu)3O4 не приводит к изменению фазового состава исходного порошка, что 
свидетельствует о сохранении высокоэнтропийной структуры.

Ключевые слова: высокоэнтропийная керамика, оксидная керамика, процесс холодного 
спекания, спекание, фазовый состав
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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)3O4 [4, 5] 
and ferromagnetic (CoCrFeMnZn)3O4 and 
(CoCrFeNiZn)3O4 [6]; perovskites with rare earth 
elements (La(CoCrFeMnNi)O3), 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)3O4 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.

https://doi.org/10.32362/2410-6593-2022-17-5-439-449
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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 

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)3O4, 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)3O4 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)3O4. 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)3O4 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(NO3)n) 
(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 

Fig. 1. Scheme of the cold sintering process.

Fig. 2. Main parameters of the cold sintering process [14].
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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)3O4 
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)3O4 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 μm) (VladPromash, 
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].  

Fig. 3. (a) Steel mold with induction heater on hydraulic press; (b) mold parts.

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 (CH3COONH4) (Khimprom-M, 
Russia), acetic acid (CH3COOH) (RKhZ “NORDIKS,” 
Russia), ammonium chloride (NH4Cl) (Khimprom-M, 
Russia), potassium fluoride dihydrate (KF·2H2O) 
(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  

(a) (b)
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of cold production was performed on an XRD-6000 
X-ray diffractometer (Shimadzu, Kyoto, Japan)  
with CuKα radiation in the range of 10° ≤ 2θ ≤ 70°  
at a step of 2θ = 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)3O4 
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 dM = 45.9 µm. 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/cm3.

As a result of a series of CSP experiments 
of (MnFeCoNiCu)3O4 powder it was found that 
the relative density of samples ≥0.70 can only be 
achieved using distilled water or aqueous solutions  
of CH3COONH4 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 (CH3COONH4 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 CH3COONH4 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 CH3COONH4 and NaOH. When using 

Fig. 4. SEM image of the (MnFeCoNiCu)3O4 powder.

Table 1. Results of the granulometric composition measurement for (MnFeCoNiCu)3O4 powder

No. Conditions dМ, µm d10, µm d50, µm d90, µm Ssp, * cm2/cm3

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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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  
CSP of a powder of the composition (MnFeCoNiCu)3O4 
at a temperature of 300°C for 30 min. When  
adding 0.1 wt % CH3COONH4 (Fig. 6b) and NaOH 
(Fig. 6c), 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 CH3COONH4 and NaOH. In the case of 
a powder of the composition (MnFeCoNiCu)3O4 
these activating additives initiate the dissolution 
of the powder particles surface and/or increase  

Table 2. Effect of activating additives on the relative density of cold-sintered samples 

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

H2O
250

P = 315 MPa
t = 30 min

0.69

300 0.71

CH3COONH4

250 0.68

300 0.70

CH3COOH
250 0.65

300 0.67

NH4Cl
250 0.64

300 0.65

КF·2H2

250 0.54

300 0.55

LiF
250 0.60

300 0.59

NaF
250 0.63

300 0.64

NaOH
250 0.70

300 0.71

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

Fig. 5. Cold-sintered ceramic sample from  
(MnFeCoNiCu)3O4 powder, relative density 0.71  

(temperature 300°C, 0.1 wt % of NaOH).
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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 CH3COONH4 and NaOH on the microstructure  
and properties of high-entropy cold-sintering 
ceramics of the composition (MnFeCoNiCu)3O4, 
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)3O4 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)3O4 can 
vary significantly. In general, it can be stated that  

the CSP of (MnFeCoNiCu)3O4 powder at 300°C  
using an aqueous medium with the addition of  
0.1 wt % of CH3COONH4 and NaOH does not  
lead to a change in the initial powder phase 
composition. This indicates that the high-entropy 
structure has been preserved.

(c)(а) (b)

Fig. 6. Microstructure and particle size distribution histogram of cold-sintered (MnFeCoNiCu)3O4 ceramic samples  
obtained at different compositions of the liquid phase: (a) H2O; (b) 0.1 wt % CH3COONH4; (с) 0.1 wt % NaOH.   

Temperature 300 °C, compression-molding pressure 315 MPa, dwell 30 min.

Fig. 7. XRD patterns of:  
(a) initial powder (MnFeCoNiCu)3O4;  

(b) cold-sintered sample, 0.1 wt % of NaOH;  
(c) cold-sintered sample, 0.1 wt % of CH3COONH4;  

(d) cold-sintered sample, H2O.  
Phase types indicated: 1—spinel; 2—rock salt. Temperature 300°C, 

compression-molding pressure 315 MPa, dwell 30 min.
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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)3O4 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 CH3COONH4 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 CH3COONH4 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)3O4 powder at  
a temperature of 300°C and using an aqueous  
medium with the addition of 0.1 wt % of CH3COONH4 
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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