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The article describes the structure of the ternary subsystems of the four-component system

CaO–Al2O3–Fe2O3–Cr2O3. The calculations were performed with regard to three-compo-

nent compounds. A tetrahedron of the four-component system CaO–Al2O3–Fe2O3–Cr2O3

has been plotted. The lengths of conodes and volumes of elementary tetrahedra were

calculated. To study the relationship between elementary tetrahedra, a topological graph

was constructed which allows using the obtained data in the study of oil-well cements

based on this system. It has been established that the tetrahedron CaCr2O4–CaFe2O4–

CaAl2O4–Ca4Al2Fe2O10 has the least degree of asymmetry (1.87), excluding some tetrahedra

with simple oxides. The phases forming this tetrahedron most likely exist in the

CaO–Al2O3–Cr2O3–Fe2O3 system. This will permit developing a sustainable process to

fabricate oil-well cement materials based on the calcium aluminum-chromium cement

without the use of special techniques to ensure high accuracy of dosing the initial

components. In addition, when designing the compositions of binding materials, it is

necessary to avoid the ternary compound localization area, because its coexistence with

CaO will lead to the formation of portlandite in the cement clinker and to a significant

decrease in the strength.
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Introduction

As shown by quite a long experience in drilling
deep wells, solutions based on mineral binders are
the most effective material to separate productive
layers. The main requirements for cement grouting
oil-well cements are as follows: (i) the solution must
remain mobile throughout its transport into the
annulus; and (ii), it should be low-permeable, durable
and non-shrinkable after stopping the injection of
the cement slurry. In addition, the cement stone
should not change the properties under the impact
of environment for a long time.

The use of oil-well cements for oil wells
determines the need to study the different
compositions of clinker. The application of the wastes
of chemical industry can solve some problems [1].
The introduction of chromite and ferritic additives
into the structure of cement clinker improves its
physicochemical characteristics [2]. In this
connection, it is of interest to study the system

CaO–Al2O3–Fe2O3–Cr2O3 [3].
The four-component system CaO–Al2O3–

Fe2O3–Cr2O3 has been described in detail elsewhere
[4]. However, when splitting this system, the
formation of the three-component Ca6Al4Cr2O15

compound in the CaO–Al2O3–Cr2O3 system was not
taken into account. This causes considerable
difficulties in developing the compositions of cement
materials based on aluminum-chromite binding
materials. The study of this system will make it
possible to predict their physical-mechanical and
technical properties as well as its behavior under the
conditions of service.

Earlier studies of the ternary subsystems, in
which the four-component system were considered,
allows triangulating them, taking into account all
existing stable phases at a temperature of 1300°C,
and determining the geometric-topological
characteristics of the phases of the subsystems. The
investigation the structure of three-component
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systems in the field of subsolidus allowed us to
consider further the sub-solidus structure of the four-
component system CaO–Al2O3–Fe2O3–Cr2O3.

To establish stable conodes in this system,
thermodynamic and geometric-topological methods
of analysis were used. When splitting the CaO–
Al2O3–Fe2O3–Cr2O3 concentration tetrahedron into
elementary ones with the involvement of a geometric-
topological analysis, it is possible to produce a unique
closure of the faces with incident edges (conodes)
through the common vertex into the elementary
tetrahedron. The application of this method allows
minimizing the number of necessary thermodynamic
calculations.

Subsystem CaO–Al2O3–Fe2O3 in the system
CaO–Al2O3–Fe2O3–Cr2O3 shows 12 stable binary
phases and is divided into 12 elementary triangles.
When studying the system in the region which is
rich of CaO, the existence of the ternary compound
Ca4Al2Fe2O10, brownmillerite, should be taken into
account [4]. The latter melts congruently at 14150Ñ
having light refraction indices Ng=2.08, Np=1.98
and forming a continuous series of solid solutions
with Ca2Fe2O5.

In the CaO–Fe2O3–Cr2O3 subsystem, ternary
compounds are not formed. Oxides Fe2O3 and Cr2O3

form a series of solid solutions [5]. Considering the
thermodynamic constants CaCr2O4, there is a
Fe2O3–CaCr2O4 conode. Then, the other two
conodes (Ca2Fe2O5–CaCr2O4 and CaCr2O4–CaFe4O7)
can be determined geometrically.

Ternary compounds are not formed in the
subsystem Fe2O3–Al2O3–Cr2O3. There are continuous
series of solid solutions at high temperatures in two
binary systems (Fe2O3–Cr2O3 and Cr2O3–Al2O3); this
causes the formation of ternary solid solutions in a
very vast area of the Al2O3–Fe2O3–Cr2O3 system.
Their decay is observed only when the content of
Cr2O3 is less than 30 wt.% and the temperature is
about 1770 K. With a decrease in the temperature,
the region of ternary solutions diminishes. The
presence of the only binary compound FeAlO3 causes
the conditional formation of two elementary triangles
Cr2O3–Al2O3–FeAlO3 and Fe2O3–Cr2O3–FeAlO3

[7,8].
A three-component compound of the

composition Ca6Al4Cr2O15 is formed in the subsystem
CaO–Al2O3–Cr2O3, which has a hexagonal structure
with the following cell parameters: o=16.188 Å and
=14.864 Å. Ca6Al4Cr2O15 melts incongruently at
16410C to form CaCr2O4 and a melt [5]. Under
reducing conditions, the three-component phase,
Ca6Al4Cr2O15, coexists with CaO, CaCr2O4, chromite-
chromate and calcium aluminates. The chemical

composition of the three-component compound
Ca6Al4Cr2O15 can be given as follows: CaO – 48.6%,
Al2O3 – 29.4%, and Cr2O3 – 22% [4,8].

Combining the triangulated three-component
subsystems CaO–Al2O3–Fe2O3, CaO–Fe2O3–Cr2O3,
CaO–Al2O3–Cr2O3 and Al2O3–Fe2O3–Cr2O3 into the
concentration tetrahedron of the CaO–Al2O3–
Fe2O3–Cr2O3 system allows determining its tetrahedra
structure [8,9].

Results and discussion

There are no four-component oxide phases in
the four-component system under study; therefore
it is advisable to begin from the top of CaAl2O4. The
initial tetrahedron of the system CaO–Al2O3–Fe2O3–
Cr2O3 is determined by the presence of the following
tetrahedra:

1. Ñ]àÀl12O19–Al2Fe2O6–Cr2O3–Al2O3;
2. ÑàÀl12O19–Al2Fe2O6–Cr2O3–Fe2O3;
3. CaCr2O4–ÑàÀl12O19–Cr2O3–Fe2O3;
4. CaCr2O4–CaAl4O7–ÑàÀl12O19–Fe2O3;
5. CaCr2O4–CaAl2O4–CaFe4O7–Fe2O3;
6. CaCr2O4–CaAl2O4–CaAl4O7–CaFe4O7;
7. CaCr2O4–CaFe2O4–CaAl2O4–CaFe4O7;
8. CaCr2O4–CaFe2O4–Ca2Fe2O5–Ca4Al2Fe2O10;
9. CaCr2O4–CaFe2O4–CaAl2O4–Ca4Al2Fe2O10;
10. CaCr2O4–Ca12Al14O33–CaAl2O4–Ca4Al2Fe2O10.

The presence of the three-component
compound Ca6Al4Cr2O15 in the elementary triangle
CaCr2O4–Ca3Al2O6–Ca12Al14O33 should be taken into
account in geometrical-topological considerations of
the internal connotat ion of Ca6Al 4Cr2O15–
Ca4Al2Fe2O10, this causes the existence of the
following elementary tetrahedra:

11. CaCr2O4–Ca4Al2Fe2O10–Ca12Al14O33–Ñà6Àl4Cr2O15;
12. CaO–Ca4Al2Fe2O10–Ñà6Àl4Cr2O15–CaCr2O4;
13. Ca3Al2O6–Ca4Al2Fe2O10–CaO–Ñà6Àl4Cr2O15;
14. Ñà6Àl4Cr2O15–Ca3Al2O6–Ca12Al14O33–Ca4Al2Fe2O10;
15. CaO–Ca2Fe2O5–Ca4A]l2Fe2O10–CaCr2O4.

The tetrahedral system of Fe2O3–CaO–Al2O3–
Cr2O3 with allowance for the stable phases is shown
in Fig. 1.

Thus, when splitting the concentration
tetrahedron into elementary ones, two «internal»
connections were established which pass the three-
dimensional space of the concentration tetrahedron:
Ca6Al4Cr2O15–Ca4Al2Fe2O10 and Ca4Al2Fe2O10–
CaCr2O4; they determine the presence of 15
elementary tetrahedra in the subsolidus region.

The lengths of the conodes and the volumes of
elementary tetrahedra were calculated taking into
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Fig. 1. Tetrahedron system Fe2O3–CaO–Al2O3–Cr2O3 with regard to stable phases

account barycentric coordinates and elements of
Euclidean geometry, the results of calculations are
presented in Table 1.

To study the relationship of elementary
tetrahedra, a topological graph was constructed
(Fig. 2), for which, using the Euler formula [4], the
number of edges was calculated to be 16.

Fig. 2. Topological graph of interconnection of elementary

tetrahedra of the system CaO–Al2O3–Fe2O3–Cr2O3

There are two combinations of phases 4 and 7
in the system, which not immediately follow from
the three-component subsystems constituting it.
There are no an «insertion» tetrahedra in the system

in which none of the faces comes out on the surface
of the concentration tetrahedron CaO–Al2O3–
Cr2O3–Fe2O3. There is one hanging point in the graph
that corresponds to the elementary tetrahedron no.
1, in which three of four faces face the surface of
the concentration tetrahedron of the system. The
graph is flat, with no «false» intersections of the
ribs.

As can be seen from the presented results
(Tables 2 and 3), the following tetrahedra have the
largest relative volumes: CaCr2O4–ÑàÀl12O19–Cr2O3–
Fe2O3, CaCr2O4–CaAl4O7–ÑàÀl12O19–Fe2O3,

CaCr2O4–CaFe2O4–CaAl2O4–Ca4Al2Fe2O10 and
CaCr2O4–CaAl2O4–CaAl4O7–CaFe4O7 (0.2469;
0.0961, 0.0805, and 0.0864 relative units,
respectively). Excluding tetrahedra with simple
oxides, the tetrahedron CaCr2O4–CaFe2O4–
CaAl2O4–Ca4Al2Fe2O10 has the least degree of
asymmetry (1.87). The phases that form this
tetrahedron most likely exist in the CaO–Al2O3–
Cr2O3–Fe2O3 system (Table 3), which will allow
developing a sustainable technology to create cement
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Phase Coexisting phases and conode length, % 
Al2O3 CaO (1.0); Fe2O3 (1.0); Cr2O3 (1.0) 

CaO 
Ca2Fe2O5 (0.5874); Ca4Al2Fe2O10 (0.470); Ca3Al2O6 (0.3474); Са6Аl4Cr2O15 (0.446672); CaCr2O4 

(0.443801) 

Fe2O3 
Cr2O3 (1.0); CaCr2O4 (0.896175); Al2Fe2O6 (0.3897); СаАl12O19 (0.960771); CaAl4O7 (0.911497); 
CaFe4O7 (0.1494) 

Cr2O3 Fe2O3 (1.0); Al2Fe2O6 (0.873021); Al2O3 (1,0); СаАl12O19 (0.960771); CaCr2O4 (0.2695) 

CaCr2O4 
СаАl12O19 (0.838798); CaAl4O7 (0.758832); CaAl2O4 (0.691805); Ca12Al14O33 (0.650045); 
Ca6Al4Cr2O15 (0.443801); CaO (0.7305); Cr2O3 (0.2695); Fe2O3 (0.896175); CaFe2O4 (0.735347); 
Ca2Fe2O5 (0.670502); CaFe4O7 (0.797363) 

СaAl12O19 
Al2O3 (0.08397); CaCr2O4 (0.838798); Cr2O3 (0.960771); СaAl4O7 (0.13173); Fe2O3 (0.960771); 
Al2Fe2O6 (0.3897) 

СaAl4O7 СaAl12O19 (0.13173); CaCr2O4 (0.758832); СaAl2O4 (0.1391); Fe2O3 (0.911497); CaFe4O7 (0.819464) 

СaAl2O4 
СaAl4O7 (0.1391); CaCr2O4 (0.691805); Сa12Al14O33 (0.1305); CaFe4O7 (0.819464); CaFe2O4 
(0.735347); Ca4Al2Fe2O10 (0.393038) 

Сa12Al14O33 
СaAl2O4 (0.1305); CaCr2O4 (0.650045); Сa6Al4Cr2O15 (0.220351); Сa3Al2O6 (0.1373); Ca4Al2Fe2O10 

(0.317414) 
Сa3Al2O6 Сa12Al14O33 (0.1373); Сa6Al4Cr2O15 (0.192373); CaO (0.3774);  Ca4Al2Fe2O10 (0.284595) 
Сa6Al4Cr2O15 CaO (0.446672); Сa3Al2O6 (0.192373); Сa12Al14O33 (0.220351); CaCr2O4 (0.443801) 

Ca4Al2Fe2O10 
CaO (0.470036); СaAl2O4 (0.393038); Сa12Al14O33 (0.317414);Сa3Al2O6 (0.284595); CaFe2O4 
(0.356392); Ca2Fe2O5 (0238112) 

Al2Fe2O6 Fe2O3 (0.3897); Cr2O3 (0.873021); Al2O3 (0.6103); СaAl12O19 (0.572949) 

CaFe2O4 
Ca2Fe2O5 (0.1527); CaFe4O7 (0.1105); CaCr2O4 (0.735347); СaAl2O4 (0.697509); Ca4Al2Fe2O10 

(0.356392); 
CaFe4O7 Fe2O3 (0.1494); CaFe2O4 (0.1105); CaCr2O4 (0.797363); СaAl4O7 (0.819464); СaAl2O4 (0.768763) 
Ca2Fe2O5 CaFe2O4 (0.1527); CaCr2O4 (0.670502); CaO (0.5874); Ca4Al2Fe2O10 (0.238112) 

 

Table  1

Characteristics of conode system CaO–Al2O3–Cr2O3–Fe2O3

Table  2

Characterization of elementary tetrahedra of the system ÑàO–Al2O3–Cr2O3–Fe2O3

No. Elementary tetrahedron Volume, relative units Degree of asymmetry 
1 СаАl12O19–Al2Fe2O6–Cr2O3–Al2O3 0.0512 11.909 
2 СаАl12O19–Al2Fe2O6–Cr2O3–Fe2O3 0.0330 1.7453 
3 CaCr2O4–СаАl12O19–Cr2O3–Fe2O3 0.2469 1.1922 
4 CaCr2O4–CaAl4O7–СаАl12O19–Fe2O3 0.0961 7.2935 
5 CaCr2O4–CaAl2O4–CaFe4O7–Fe2O3 0.0856 5.9985 
6 CaCr2O4–CaAl2O4–CaAl4O7–CaFe4O7 0.0864 5.8912 
7 CaCr2O4–CaFe2O4–CaAl2O4–CaFe4O7 0.0521 1.1432 
8 CaCr2O4–CaFe2O4–Ca2Fe2O5–Ca4Al2Fe2O10 0.0234 6.6547 
9 CaCr2O4–CaFe2O4–CaAl2O4–Ca4Al2Fe2O10 0.0805 1.8709 

10 CaCr2O4–Ca12Al14O33–CaAl2O4–Ca4Al2Fe2O10 0.0312 4.9812 
11 CaCr2O4–Ca4Al2Fe2O10–Ca12Al14O33–Са6Аl4Cr2O15 0.0158 4.9941 
12 CaO–Ca4Al2Fe2O10–Са6Аl4Cr2O15–CaCr2O4 0.0706 2.5505 
13 Ca3Al2O6–Ca4Al2Fe2O10–CaO–Са6Аl4Cr2O15 0.0273 2.4433 
14 Са6Аl4Cr2O15–Ca3Al2O6–Ca12Al14O33–Ca4Al2Fe2O10 0.0099 2.3210 
15 CaO–Ca2Fe2O5–Ca4Al2Fe2O10–CaCr2O4 0.090 3.0679 

Amount 1.0 – 
Max 0.2469 11.909 
Min 0.0099 1.1432 
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materials based on calcium aluminum chromium
cement without special techniques for ensuring high
accuracy of dosing the initial components. In
addition, when designing compositions of binding
materials, it is necessary to avoid the ternary
compound localization area, since its coexistence
with CaO will lead to the formation of portlandite
in cement clinker and a significant decrease in
strength.

Conclusions

We described the construction of triple
subsystems of the four-component system CaO–
Al2O3–Fe2O3–Cr2O3. The tetrahedra of the four-
component system CaO–Al2O3–Fe2O3–Cr2O3 were
plotted and discussed. The parameters of the
elemental tetrahedra were calculated. A topological
graph showing the interrelations between elementary
tetrahedra was constructed. The obtained results can
be used to study self-grouting cements based on this
system.
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Compound 
How many 

phases coexist 
How many 

tetrahedra exist 
Scope of existence, Vi, 

relative units 
Probability of existence , 

relative units 
Al2O3 3 1 0.0512 0.0128 
Cr2O3 5 3 0.3311 0.0828 
CaO 5 3 0.1870 0.0468 
Fe2O3 6 4 0.4610 0.1153 
CaCr2O4 11 11 0.8770 0.2192 
CaAl12O19 6 4 0.4372 0.1093 
CaAl4O7 5 3 0.2681 0.067 
CaAl2O4 6 4 0.2472 0.0618 
Ca3Al2O6 4 2 0.0372 0.0093 
Ca12Al14O33 5 3 0.0563 0.0141 
Ca6Al4Cr2O15 4 4 0.1230 0.0308 
Al2Fe2O6 4 2 0.0832 0.0208 
CaFe2O4 5 3 0.155 0.0387 
CaFe4O7 4 3 0.2241 0.0560 
Ca2Fe2O5 4 2 0.1134 0.0283 
Ca4Al2Fe2O10 6 8 0.3480 0.0870 
Amount – – 4.0000 1.0000 
Max 7 6 0.8770 0.2192 
Min 2 1 0.0372 0.0093 

 

Table  3

Geometrical-topological characteristics of the phases in system CaO–Al2O3–Cr2O3–Fe2O3
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Ã.Ì. Øàáàíîâà, À.Ì. Êîðîãîäñüêà, Í.Á. Äåâ’ÿòîâà

Ó ñòàòò³ ðîçãëÿíóò³ áóäîâà ïîòð³éíèõ ï³äñèñòåì ÷î-
òèðèêîìïîíåíòíî¿ ñèñòåìè CaO–Al2O3–Fe2O3–Cr2O3. Äîäàí³
ðîçðàõóíêè ç óðàõóâàííÿì òðèêîìïîíåíòíèõ ç’ºäíàíü. Çä³éñíå-
íà òåòðàåäðàö³ÿ ÷îòèðèêîìïîíåíòíî¿ ñèñòåìè CaO–Al2O3–
Fe2O3–Cr2O3. Ðîçðàõîâàí³ äîâæèíè êîííîä ³ îáñÿãè åëåìåíòàð-
íèõ òåòðàåäð³â. Äëÿ âèâ÷åííÿ âçàºìîçâ’ÿçêó åëåìåíòàðíèõ
òåòðàåäð³â ïîáóäîâàíèé òîïîëîã³÷íèé ãðàô, ùî äîçâîëèëî âè-
êîðèñòîâóâàòè îòðèìàí³ äàí³ ïðè âèâ÷åíí³ âëàñòèâîñòåé òàì-
ïîíàæíèõ öåìåíò³â íà îñíîâ³ ö³º¿ ñèñòåìè. Âñòàíîâëåíî ùî,
âèêëþ÷àþ÷è òåòðàºäðè ç ïðîñòèìè îêñèäàìè, íàéìåíøèé
ñòóï³íü àñèìåòð³¿ (1,87) ìàº òåòðàåäð CaCr2O4–CaFe2O4–
CaAl2O4–Ca4Al2Fe2O10. Äëÿ ôàç, ÿê³ âõîäÿòü äî ñêëàäó äàíîãî
òåòðàåäðà, ïðèòàìàííà íàéá³ëüøà éìîâ³ðí³ñòü ³ñíóâàííÿ â
ñèñòåì³ CaO–Al2O3–Cr2O3–Fe2O3, ùî äîçâîëèòü ðîçðîáèòè
ñò³éêó òåõíîëîã³þ ñòâîðåííÿ òàìïîíàæíèõ ìàòåð³àë³â íà îñ-
íîâ³ êàëüö³ºâîãî àëþìîõðîì³òíîãî öåìåíòó áåç ñïåö³àëüíèõ
ïðèéîì³â ùîäî çàáåçïå÷åííÿ âèñîêî¿ òî÷íîñò³ äîçóâàííÿ âèõ³ä-
íèõ êîìïîíåíò³â. Òàêîæ ïðè ïðîåêòóâàíí³ ñêëàä³â â’ÿæó÷èõ
ìàòåð³àë³â íåîáõ³äíî óíèêàòè îáëàñò³ ëîêàë³çàö³¿ ïîòð³éíîãî
ç’ºäíàííÿ, îñê³ëüêè éîãî ñï³â³ñíóâàííÿ ç ÑàÎ áóäå ïðèçâîäèòè
äî óòâîðåííÿ ïîðòëàíä³òà â öåìåíòíîìó êë³íêåð³ ³ çíà÷íîãî
çíèæåííÿ ì³öíîñò³.

Êëþ÷îâ³ ñëîâà : òàìïîíàæíèé öåìåíò,
÷îòèðèêîìïîíåíòíà ñèñòåìà, ãåîìåòðî-òîïîëîã³÷íèé àíàë³ç,
äîâæèíè êîííîä, îáñÿã åëåìåíòàðíèõ òåòðàåäð³â,
òîïîëîã³÷íèé ãðàô, òåòðàåäðàö³ÿ ñèñòåìè.
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The article describes the structure of the ternary subsystems
of the four-component system CaO–Al2O3–Fe2O3–Cr2O3. The
calculations were performed with regard to three-component
compounds. A tetrahedron of the four-component system CaO–Al2O3–
Fe2O3–Cr2O3 has been plotted. The lengths of conodes and volumes
of elementary tetrahedra were calculated. To study the relationship
between elementary tetrahedra, a topological graph was constructed
which allows using the obtained data in the study of oil-well cements
based on this system. It has been established that the tetrahedron
CaCr2O4–CaFe2O4–CaAl2O4–Ca4Al2Fe2O10 has the least degree of
asymmetry (1.87), excluding some tetrahedra with simple oxides.
The phases forming this tetrahedron most likely exist in the CaO–
Al2O3–Cr2O3–Fe2O3 system. This will permit developing a sustainable
process to fabricate oil-well cement materials based on the calcium
aluminum-chromium cement without the use of special techniques to
ensure high accuracy of dosing the initial components. In addition,
when designing the compositions of binding materials, it is necessary
to avoid the ternary compound localization area, because its
coexistence with CaO will lead to the formation of portlandite in the
cement clinker and to a significant decrease in the strength.

Keywords: oil-well cement; four-component system;
geometric topological analysis; length of the conode; volume of
elementary tetrahedral; topological graph; tetrahedra of the system.
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