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The article discusses the physicochemical principles for the production of alumina cements
based on nickel and cobalt spinel. The results of tetrahedration of the CaO–Al2O3–CoO–
NiO system, which undergoes changes due to solid-state exchange reactions in the high-
temperature region of the CaO–Al2O3–CoO subsystem at a calculated temperature of
1439 K, as well as the decomposition of the Ca3CoAl4O10 ternary compound near 1530 K,
are presented. Thermodynamic analysis establishes the stability of the conodes of the
above system, allowing for its triangulation. Modifications of the subsolidus structure are
combined and given for the temperature of 1530 K. All binary, ternary, and quaternary
combinations thermodynamically stable in the subsolidus region of the system under
study are presented. Topological graphs depicting the interconnection of elementary
tetrahedrons, which allow the prediction of solid-state processes in multi-component
systems, have been constructed. Based on the study of the structure of the CaO–Al2O3–
CoO–NiO system, the possibility of technological forecasting of heterophase materials
with high-performance characteristics is substantiated.
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Introduction
The unchanging task of the cement industry,

even in times of military conflicts and exacerbated
environmental contamination, is the enhancement of
cement quality, improvement of its properties, and
an increase in the production efficiency. Special
attention is paid in this context to the development of
novel types and compositions of refractory cements
and materials based on them. Additionally, the
exploration of potential applications of resource-
efficient technologies is a topical issue. Most frequently,
refractory materials utilize aluminous and high-alumina
cements as binders, which constitute an integral
component of refractories, providing strength post-
hardening and forming a wear-resistant structure. The
primary drawback of such binding systems is a
significant heat evolution during the setting process

and a reduction in strength during solidification.
Avoiding this can be achieved by varying the phase
composition of the cement, providing the resulting
material with increased strength, low porosity,
refractoriness, heat resistance, and resistance to the
influence of aggressive environments. Within the
composition of calcium aluminates, which form the
basis of aluminous cements, it is expedient to substitute
calcium oxide with other oxides of elements having
higher melting temperatures. Additionally, partial
replacement of aluminum oxide can be considered,
allowing the resulting binding materials to acquire
unique properties.

A promising system for obtaining modified
aluminous cements and heterophase materials with a
complex of magnetic properties is the CaO–Al2O3–
CoO–NiO system (the following abbreviations are
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further used: «A», «C», «Co» and «Ni» stands for
Al2O3, CaO, CoO, and NiO, respectively). Materials
based on subsystems of the above system have practical
applications in various industrial sectors, including
lime production, production of lime binders and
refractories, production of enamels incorporating classic
«bonding» oxides, CoO and NiO; aluminum
production; corundum abrasive materials and
refractories; high-temperature catalysts; structural and
functional ceramics with specific electromagnetic
properties [1–3].

At the same time, information about the structure
of the four-component phase diagram of the CaO–
Al2O3–CoO–NiO system is absent in reference
literature and scientific articles. Therefore, preparation
of such materials is complicated by insufficient
knowledge of the regularities in the determined
multicomponent system, which does not allow
predicting the phase composition of spinel-containing
aluminous materials. Thus, theoretical and practical
research into the structure of the CaO–Al2O3–CoO–
NiO system is a relevant task.

Theoretical analysis
Binary and ternary subsystems of the

experimental system have been investigated with
varying degrees of reliability of the obtained
experimental and computational results. The phase
diagram of Al2O3–CaO has been studied most
comprehensively, and its modern representation is
outlined in ref. [4]. In this system, the following
binary oxide compounds have been reliably identified:
Ca3Al2O6, Ca12Al14O33, CaAl2O4, CaAl4O7 and
CaAl12O19.

The binary Al2O3–NiO system has been
investigated, and the results are summarized in ref.
[5]. There is one compound in the system, nickel
aluminate spinel NiAl2O4, which melts congruently
at 21100C, with a cubic crystal lattice parameter of
0.80461(3) nm [6]. This spinel does not form solid
solutions with nickel oxide, but it does with Al2O3,
starting at 13000C. At 18000C, it contains up to 65
mol.% of Al2O3 due to isomorphic substitution, where
three bivalent nickel cations are replaced by two
trivalent aluminum cations, leading to the formation
of a cationic vacancy in the crystal lattice. The noted
phase δ-NiO⋅13Al2O3 is a solid solution with a limited
homogeneity range, existing only above 20000C. It
belongs to the tetragonal crystal system
(a=0.7958 nm, c=11.768 nm). In addition, j- and
ϕ-phases are mentioned, these should be considered
metastable, forming during the decomposition of spinel
solid solutions [5].

The CaO–CoO system belongs to the type of
simple eutectic systems (eutectic near 14000C) with

the presence of solid solutions based on CoO (up to
30 mol.% CaO) and based on CaO (up to 18 mol.%
CoO) [5].

The CaO–NiO system is analogous to the
CaO–CoO system. In this system, double oxide
compounds also do not form, and the eutectic point
is at 17200C (the melting temperatures of individual
NiO and CaO oxides are reported to be 1960 and
25800C, respectively). Solid solutions based on NiO
achieve CaO concentrations of up to 23 mol.% at the
eutectic temperature, while those based on CaO reach
up to 42 mol.% NiO [5].

The binary system Al2O3–CoO is analogous to
the Al2O3–NiO one; it also contains one double oxide
compound, cobalt aluminate spinel, with a melting
temperature around 1960±100C and a cubic crystal
lattice parameter of 0.8086 nm [6]. The similarity of
the mentioned subsystems is reflected in the common
nature of the structure of more complex systems
involving them, for example, Al2O3–NiO–SiO2 and
Al2O3–CoO–SiO2 [7].

Oxides of nickel and cobalt, similar in structure,
form a continuous series of solid solutions, which is
particularly characteristic of phase diagrams in binary
systems of alkaline earth oxides [4].

Information on the study of the phase diagram
of the CaO–CoO–NiO system is not found in literary
sources. Given that limited and unlimited series of
solid solutions are formed in the mentioned binary
subsystems and that there are no double oxide
compounds, the nature of the structure of the specified
ternary system is determined by these circumstances:
it is simple and not triangulated.

The ternary subsystem CaO–Al2O3–NiO has
been triangulated elsewhere [8], by using the results
of thermodynamic calculations for phase equilibria
and experimental studies on samples with controlled
compositions of synthesized materials.

The subsolidus structure of the CaO–Al2O3–
CoO subsystem has been investigated using known
experimental data and computational methods based
on the fundamental laws of equilibrium
thermodynamics [9]. The thermodynamic analysis
of the solid-phase reaction involving cobalt aluminate
and nickel aluminate spinels in the All2O3–CoO–
NiO subsystem resulted in establishing the stability
of binary combinations of the system compounds:
NiO and CoAl2O4, CoAl2O4 and NiAlO4. Considering
these conditions, the subsolidus structure of this system
has been determined and its characteristics have been
provided [10].

Results and discussion

The triangulated subsystems of the investigated
system CaO–Al2O3–CoO–NiO are shown in Fig. 1.
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Given the non-triangulatability of the CaO–CoO–
NiO subsystem, the presence of only one double oxide
compound in the binary Al2O3–CoO and Al2O3–
NiO subsystems, as well as the relatively simple nature
of the subsolidus structure of the ternary subsystems
(Fig. 1), the tetrahedrization of the investigated system
poses no difficulties and does not require labor-intensive
calculations. The consolidation of ternary subsystems
in the high-temperature range (greater than 1439 K)
into a concentration tetrahedron of the CaO–Al2O3–
CoO–NiO system automatically tetrahedrizes it
without the involvement of «internal» connodes passing
through the concentration space. The subsolidus
structure of the CaO–Al2O3–CoO–NiO system is
presented in Fig. 2,a, and the constructed topological
graph characterizing the interrelation of all elementary
tetrahedral (1)–(8) are shown in Fig. 2,b.

Al2O3–CaAl12O19–CoAl2O3–NiAl2O4,  (1)

CaAl12O19–CoO–CoAl2O4–NiAl2O4,  (2)

CaAl12O19–CaAl4O7–CoO–NiAl2O4,  (3)

CaAl4O7–CaAl2O4–CoO–NiAl2O4,  (4)

CaAl2O4–CoO–NiO–NiAl2O4, (5)

CaAl2O4–Ca12Al14O33–CoO–NiO, (6)

Ca12Al14O33–Ca3Al2O6–CoO–NiO, (7)

Ca3Al2O6–CaO–CoO–NiO. (8)

It can be observed from Fig. 2,a that all 
elementary tetrahedra in the subsolidus structure of 
the CaO–Al2O3–CoO–NiO system at the temperature 
above 1439 K are sequentially connected through 
common faces, which determines the linear nature of 
the topological graph (Fig. 2,b). There are no 
embedded elementary tetrahedra in the subsolidus 
structure (none of the faces extends to the faces of the 
concentration tetrahedron of the system), which is 
due to the relatively simple triangulation of the ternary 
subsystems. Each of the elementary tetrahedra, except 
for No. 1 and No. 8, shares two faces with its adjacent

а                                                                              b 

Fig. 1. Triangulated subsystems of the system CaO–Al2O3–CoO–NiO: a – above 1439 K; b – below 1439 K
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tetrahedra, while the remaining two faces belong to
the corresponding faces of the concentration
tetrahedron of the system (for elementary tetrahedra
No. 1 and No. 8, three faces extend to the faces of
the system’s tetrahedron); these elementary tetrahedra
form the outer, so-called «hanging» vertices in the
topological graph.

The subsolidus structure of the system
CaO–Al2O3–CoO–NiO above 1439 K and topological
graph depicting the interrelation of elementary
tetrahedra of the system are presented in Fig. 2.

following elementary tetrahedra are present in the
low-temperature range (10)–(19):

Al2O3–CaAl12O19–CoAl2O4–NiAl2O4,  (10)

CaAl12O19–CoAl2O4–NiAl2O4–CaAl4O7,  (11)

CoAl2O4–NiAl2O4–CaAl4O7–CaAl2O4,  (12)

CoAl2O4–NiAl2O4–CaAl2O4–CoO,  (13)

NiAl2O4–CaAl2O4–CoO–NiO, (14)

CaAl2O4–CoO–NiO–Ca3CoAl4O10,  (15)

CoO–NiO–Ca3CoAl4O10–Ca12Al14O33,  (16)

NiO–Ca3CoAl4O10–Ca12Al14O33–CaAl2O4,  (17)

CoO–Ca12Al14O33–NiO–Ca3Al2O6,  (18)

CoO–Ca3Al2O6–NiO–CaO. (19)

The interrelation of elementary tetrahedra is
represented by a topological graph (Fig. 3,b), which
is also not complex. No embedded tetrahedra are still
observed in the low-temperature subsolidus structure,
and the topological graph also has two hanging vertices.
The topological graph is planar, without false edge
intersections, and passes the adequacy check according
to Euler’s formula (20), providing a calculated value
of the number of edges in the graph equal to 10.

10
2

236221R =⋅+⋅+⋅= . (20)

The subsolidus structure of the system
CaO–Al2O3–CoO–NiO below 1439 K (a) and
topological graph depicting the interrelation of
elementary tetrahedra of the system (b) are presented
in Fig. 3.

Conclusions
To sum up, the analysis and the complex of

studies of the sub-solidus structure of the system
CaO–Al2O3–CoO–NiO allow us to theoretically
predict various thermodynamically stable combinations
of compounds, control the synthesis processes and
form a given set of properties in the materials of this
system. The subsolidus structure of the investigated
system has been established over the entire temperature
range, both below the melting temperature of the
triple oxide compound Ca3CoAl4O10 at 1439 K and
in the higher-temperature region. The coexistence of
phases, united by connodes, elementary triangles, and
tetrahedra, forms the basis for technological design of

Fig. 2. a – Subsolidus structure of the system

CaO–Al2O3–CoO–NiO above 1439 K;

b – Topological graph depicting the interrelation of elementary

tetrahedra of the system

Verification of the correctness of tetrahedrization
according to Euler’s formula leads to an identity (9)
when compared to the number of edges in the graph
(R) in Fig. 2,a:

, (9)

where zi is the number of vertices in the graph with
degree i, determined by the number of edges at the
corresponding vertex; and ni=1, 2, 3, 4 according to
the degree of vertices in the graph.

The low-temperature (less than 1439 K)
tetrahedrization of the CaO–Al2O3–CoO–NiO system
takes into account the presence of the triple compound
Ca3CoAl4O10 and also does not pose difficulties due to
the unambiguous closure of all tetrahedra and the
unique arrangement of the «internal» connode
NiO – Ca3CoAl4O10 (Fig. 3,a, dotted line). The
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heterophase materials in the investigated system.
Results of the structural study of the CaO–Al2O3–
CoO–NiO system allows using the compositions of
the rational domain to produce materials with an
elevated operating temperature, which can be used in
various industries for protective areas of thermal units
or for the manufacture of heat-resistant structures, as
well as in the production of refractories, enamels,
high-temperature catalysts, and structural and functional
ceramics.
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Ô²ÇÈÊÎ-Õ²Ì²×Í² ÏÐÈÍÖÈÏÈ ÑÒÂÎÐÅÍÍß
ÃËÈÍÎÇÅÌÍÈÕ ÖÅÌÅÍÒ²Â ÍÀ ÎÑÍÎÂ²
Í²ÊÅËÅÂÎ¯ ÒÀ ÊÎÁÀËÜÒÎÂÎ¯ ØÏ²ÍÅË²

Å.Â. Õðèñòè÷, Ã.Í. Øàáàíîâà, À.Ì. Êîðîãîäñüêà,
Ñ.Ì. Ëîãâèíêîâ, ª.Î. Ìèõàéëîâà

Ó ñòàòò³ ðîçãëÿíóòî ô³çèêî-õ³ì³÷í³ ïðèíöèïè îäåð-
æàííÿ ãëèíîçåìíèõ öåìåíò³â íà îñíîâ³ í³êåëåâî¿ òà êî-
áàëüòîâî¿ øï³íåë³. Íàâîäÿòüñÿ ðåçóëüòàòè òåòðàåäðàö³¿ ñèñ-
òåìè CaO–Al2O3–CoO–NiO, ÿêà çàçíàº çì³í ó ðåçóëüòàò³ 
ïðîò³êàííÿ òâåðäîôàçíèõ ðåàêö³é îáì³íó ó âèñîêîòåìïåðà-
òóðí³é ä³ëÿíö³ ï³äñèñòåìè CaO–Al2O3–CoO ïðè ðîçðàõóí-
êîâ³é òåìïåðàòóð³ 1439 Ê, à òàêîæ â ðåçóëüòàò³ ðîçêëàäàííÿ 
ïîòð³éíî¿ ñïîëóêè Ca3CoAl4O10 ïîáëèçó 1530 Ê. Çà äîïî-
ìîãîþ òåðìîäèíàì³÷íîãî àíàë³çó âñòàíîâëåíà ñòàá³ëüí³ñòü 
êîíîä âèùåíàâåäåíî¿ ñèñòåìè, ùî äîçâîëÿº ïðîâåñòè ¿¿ 
òð³àíãóëÿö³þ. Çì³íè ñóáñîë³äóñíî¿ áóäîâè ïîºäíàí³ òà íà-
âåäåí³ äëÿ òåìïåðàòóðè 1530 Ê. Íàâåäåí³ âñ³ á³íàðí³, 
ïîòð³éí³ òà ÷åòâåðí³ êîìá³íàö³¿, òåðìîäèíàì³÷íî ñòàá³ëüí³ 
ó ñóáñîë³äóñí³é ä³ëÿíö³ äîñë³äæóâàíî¿ ñèñòåìè. Ïîáóäîâà-
íî òîïîëîã³÷í³ ãðàôè, ùî ïîêàçóþòü âçàºìîçâ’ÿçîê åëå-
ìåíòàðíèõ òåòðàåäð³â ³ äîçâîëÿþòü ïðîãíîçóâàòè òâåðäî-
ôàçí³ ïðîöåñè ó áàãàòîêîìïîíåíòíèõ ñèñòåìàõ. Íà ï³äñòàâ³ 
çä³éñíåíèõ äîñë³äæåíü áóäîâè ñèñòåìè  CaO–Al2O3–CoO–
NiO îá´ðóíòîâàíî ìîæëèâ³ñòü òåõíîëîã³÷íîãî ïðîãíîçó-
âàííÿ ãåòåðîôàçíèõ ìàòåð³àë³â ç âèñîêèìè åêñïëóàòà-
ö³éíèìè õàðàêòåðèñòèêàìè.

Êëþ÷îâ³ ñëîâà: áàãàòîêîìïîíåíòíà ñèñòåìà,
òâåðäîôàçí³ ðåàêö³¿ îáì³íó, òåòðàåäðàö³ÿ, ïîòð³éíà ñïîëóêà,
òîïîëîã³÷íèé ãðàô, ïðîãíîçóâàííÿ.

Fig. 3. a – Subsolidus structure of the

CaO–Al2O3–CoO–NiO system below 1439 K;

 b – Topological graph depicting the interrelation of

elementary tetrahedra
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The article discusses the physicochemical principles for the
production of alumina cements based on nickel and cobalt spinel.
The results of tetrahedration of the CaO–Al2O3–CoO–NiO
system, which undergoes changes due to solid-state exchange
reactions in the high-temperature region of the CaO–Al2O3–
CoO subsystem at a calculated temperature of 1439 K, as well
as the decomposition of the Ca3CoAl4O10 ternary compound near
1530 K, are presented. Thermodynamic analysis establishes the
stability of the conodes of the above system, allowing for its
triangulation. Modifications of the subsolidus structure are
combined and given for the temperature of 1530 K. All binary,
ternary, and quaternary combinations thermodynamically stable
in the subsolidus region of the system under study are presented.
Topological graphs depicting the interconnection of elementary
tetrahedrons, which allow the prediction of solid-state processes
in multi-component systems, have been constructed. Based on
the study of the structure of the CaO–Al2O3–CoO–NiO system,
the possibility of technological forecasting of heterophase materials
with high-performance characteristics is substantiated.

Keywords: multi-component system; solid-state exchange
reaction; tetrahedron; ternary     compound; topological graphs;
prediction.
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