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Abstract 
The research analyses the controversies surrounding the technique for the formation of a CaO-Al2O3 binary system and 
the nature of melting of compounds in it, i.e. whether the 12:7 compound is technically possible and whether the 1:1 and 
1:2 compounds are congruently or incongruently melting compounds. It also discusses whether in the CaO-MgO-Al2O3 
ternary system the following compounds can be formed: a 3:1:1 compound alone or, in addition to it, two more compounds 
of 1:2:8 and 2:2:14. A 3D model of the T-x-y diagram was created for the most common version, with six binary and three 
ternary compounds. Its high-temperature portion (above 1300°C) consisted of 234 surfaces and 85 phase regions. Ternary 
compounds were formed as a result of three peritectic reactions. Besides them, six quasi-peritectic and three eutectic 
invariant reactions occurred in the system with the participation of the melt. The principle of construction for a three-
dimensional model involved a gradual transition from a phase reaction scheme (which is transformed into a scheme of 
uni- and invariant states) presented in a tabulated and then in a graphical form (a template of ruled surfaces and isothermal 
planes corresponding to invariant reactions) to a T-x-y diagram prototype (graphic images of all liquidus, solidus, and solvus 
surfaces). The design was concluded with the transformation of the prototype into a 3D model of the real system after the 
input of the base points coordinates (concentrations and temperatures) and the adjustment of curvatures of lines and 
surfaces. The finished model provides a wide range of possibilities for the visualisation of the phase diagram, including the 
construction of any arbitrarily assigned isothermal sections and isopleths. The 3D model was designed with the help of the 
author’s software PD Designer (Phase Diagram Designer). To assess the quality of the 3D model, two versions of an isothermal 
section at 1840 °C were compared: model section and a fragment of an experimental section near Al2O3.
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1. Introduction 
The information about phase transformations 

in the CaO-MgO-Al2O3 system, including the 
subsolidus area, is important for the study 
of petrological objects, since this system is 
a component of the СаО-MgO-Al2O3-SiO2 
quaternary system which, in its turn, serves as 
the foundation for the description of deep-seated 
rock minerals [1–2]. In addition, the prediction 
and the study of the properties of magnesium 
aluminate spinel-based cements and technical 
ceramics are of great importance [3].

Therefore , works  dedicated  to  the 
experimental study of the СаО-MgO-Al2O3 
system, thermodynamic calculations, and 
simulations of its T-x-y diagram are of great 
interest. However, while two of its constituent 
binary systems, CaO-MgO and MgO-Al2O3, have 
been interpreted unambiguously, there are many 
controversies in the literature surrounding the 
third binary system of CaO-Al2O3, as well as the 
ternary system formed by them. As a result, the 
understanding of the geometric structure of the 
T-x-y diagram, at least with regard to its liquidus 
surfaces, has been challenged due to many 
possible interpretations of certain fragments of 
the diagram.

A spatial (three-dimensional (3D)) computer 
model of the phase diagram, based at least on one 
of the most common versions (which can be used 
to present other simpler versions) can be helpful 
for the formal description of the T-x-y diagram.

Before constructing the 3D model, it was 
necessary to redesignate the initial and formed 
components in the compound system. This is a 
requirement of the PD Designer software, which 
was used to construct 3D models of the T-x-y 
phase diagrams [4-6].

Thus, the CaO-MgO-Al2O3 system was 
redesignated as A-B-C.

The binary CaO-MgO (А-В) system is a simple 
eutectic one [7–9].

According to [10, 11], in the MgO-Al2O3 (В-С) 
binary system a 1:1 or MgO·Al2O3 congruently 
melting compound (designated as R6 in the 
3D model) is formed which splits it into an 
eutectic MgO-MgO·Al2O3 (B-R6) and peritectic 
MgO·Al2O3-Al2O3 (R6-C) subsystems. What is 
more, minimums are recorded on the liquidus and 
solidus lines in the peritectic subsystem.

The structure of the CaO-Al2O3 (А-С) 
system has been debated a lot, the differences 
relate to the quantity and the nature of the 
formed compounds and the type of binary 
dots. For example, [7], with reference to [12], 
presents a version of the T-x diagram where five 
compounds are formed: the 3СaO·Al2O3 (R1) 
and CaO·6Al2O3A (R5) incongruently melting 
compounds and 12CaO·7Al2O3 (R2), CaO·Al2O3 
(R3), and CaO·2Al2O3A (R4) congruently melting 
compounds. Therefore, the system is divided 
into two eutectic systems: 12CaO·7Al2O3-
CaO·Al2O3 (R2-R3), CaO·Al2O3-CaO·2Al2O3 
(R3-R4), and two eutectic-peritectic systems: 
CaO‑12CaO· 7Al 2O 3 (A-R2), CaO· 2Al 2 O 3 -Al 2O 3 
(R4-C) which are accompanied by the formation 
of the incongruently melting 3CaO·Al2O3 (R1) and 
CaO·6Al2O3 (R5) compounds, respectively. This 
most complex version of the structure of the CaO-
Al2O3 (A-C) T-x diagram was used to construct a 
3D computer model of the T-x diagram.

However, according to [13], the 12CaO·7Al2O3 
(R2) compound is actually a Ca12Al14O32(OH)2 
hydrate and therefore it cannot be found in the 
CaO-Al2O3 system. As a result, instead of five 
compounds there are four compounds (without 
12CaO·7Al2O3) in the system. What is more, the 
nature of melting of CaO·Al2O3 (R3), CaO·2Al2O3 
(R4) is also considered to be incongruent, similar 
to the 3СaO·Al2O3 (R1) and CaO·6Al2O3 (R5) 
compounds. In this case, these four compounds 
are formed as a result of peritectic reactions. 
Moreover, 3CaO3·Al2O3 (R1) and CaO·Al2O3 
(R3) interact as a result of an eutectic reaction. 
The same version of the T-x diagram structure 
was generated as a result of thermodynamic 
calculations [14, 15], and was confirmed by the 
latest experimental research [16].

Based on the published data analysis, [8, 
9, 17–19] claimed that the versions of the 
CaO-Al2O3 structure dependent on humidity 
and the concentration of oxygen in the 
furnace atmosphere. Depending on this, the 
5CaO·3Al2O3 stoichiometry can be attributed 
to the 12CaO·7Al2O3 compound. According to 
this version of the phase diagram structure, 
only one compound, 12CaO·7Al2O3 (R2), melts 
congruently, while the remaining four, 3СaO·Al2O3 
(R1), CaO·Al2O3 (R3), CaO·2Al2O3 (R4), and 
CaO·6Al2O3 (R5), melt incongruently as a result 
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of four peritectic reactions. The 12CaO·7Al2O3 
(R2) compound interacts with the 3CaO·Al2O3 
(R1) and CaO·Al2O3 (R3) as a result of two 
eutectic reactions. More recent thermodynamic 
calculations regarding the CaO-Al2O3 system 
[20] confirm this version of the phase diagram 
structure. Additionally, the authors emphasised 
that earlier thermodynamic calculations [15] 
did not consider the 12CaO·7Al2O3 phase since 
it is not strictly anhydrous. In a conventional air 
humidity and within a temperature range of 950-
1350°C, the 12CaO·7Al2O3 absorbs a small amount 
of water (no more than 1.3 wt%) [20]. 

In cement systems, the 12CaO·7Al2O3 
compound was regarded as an aluminate phase, 
in other words, it was considered to be anhydrous 
and was included in the diagrams [18, 19]. The 
12CaO·7Al2O3 compound has been found in the 
form of a natural mineral and has been called 
meionite [21]. It is of practical importance for the 
production of dense ceramics [22].

As for the СаO-MgO-Al2O3 ternary system, 
earlier works [23] did not record the formation 
of ternary compounds. [24] discussed the 
formation of three ternary compounds: 
3CaO·MgO·Al2O3 (R7), CaO·2MgO·8Al2O3 (R8), and 
2CaO·2MgO·14Al2O3 (R9). The thermodynamic 
calculations [10] did not consider the C12A7 binary 
compound. What is more, the configuration of the 
internal field of liquidus that corresponds to the 
3CaO·MgO·Al2O3 (R7) compound is characterised 
by the fact that its boundaries are formed by 
four invariant points, whereas in [24] this field 
is triangular in shape.

Therefore, the aim of this work was to 
construct a 3D computer model of the СаО-MgO-
Al2O3 T-x-y diagram, including all its surfaces: 
liquidus, solidus, solvus, ruled surfaces, and the 
horizontal plane corresponding to the invariant 
transformations in the ternary system up to a 
temperature of 1300 оC.

2. Modelling 
The computer 3D model of the СаO-MgO-Al2O3 

(A-B-C) T-x-y diagram was constructed using the 
data from [24] considering the formation of six 
binary compounds: 3СaO·Al2O3 (R1), CaO·6Al2O3 
(R5) (incongruently melting), 12CaO·7Al2O3 (R2), 
CaO·Al2O3 (R3), CaO·2Al2O3 (R4), MgO·Al2O3 (R6) 
(congruently melting), and ternary compounds: 

3CaO·MgO·Al2O3 (R7), CaO·2MgO·8Al2O3 (R8), 
2CaO·2MgO·14Al2O3 (R9) (Fig. 1). 

For a better display and understanding of the 
geometric structure of the T-x-y diagram, first 
its prototype was constructed in which the base 
points were spaced for a better visualisation, 
however, their temperature coordinates were set 
according to the temperature range (Fig. 1c).

As can be seen from the prototype, the ternary 
system involved three peritectic reactions leading 
to the formation of ternary compounds:
P1: L+B+R3→R7, P2: L+R6+R9→R8,  
P3: L+R5+R6→R9
six quasi-peritectic:
Q1: L+A→B+R1, Q2: L+R6→B+R3,  
Q3: L+R4→R3+R6, Q4: L+R5→R4+R9,  
Q5: L+R9→R4+R8, Q6: L+C→R5+R6
and four eutectic:

E1: L→B+R1+R2, E2: L→B+R2+R7,  
E3: L→R2+R3+R7, E4: L→R4+R6+R8

invariant reactions. Since the 3D model was de-
signed in a limited temperature range, above 
1300 оС, it did not reflect the processes that oc-
curred in the subsolidus.

The prototype can be used to claim that the 
T-x-y diagram consists of 12 liquidus surfaces 
corresponding to the beginning of crystallisation 
of the three initial components, 9 compounds 
(I = A, B, C, R1-R9), and 12 solidus surfaces 
conjugated with them between which the L+I two-
phase regions are found. Each of the 13 complex 
planes corresponding to the invariant reactions 
(three peritectic reactions (P), six quasi-peritectic 
reactions (Q), and four eutectic reactions (E)) 
are divided into four simplexes. All 24 invariant 
liquidus lines (Fig. 1d), together with the 48 
solidus lines associated with them pair wisely, 
function as 72 directing curves for the ruled 
surfaces which form the boundaries for 24 L+I+J 
three-phase regions. Accordingly, in this high 
temperature portion of the diagram 24 I+J two-
phase regions and 24 conjugated solvus surfaces 
should be expected. The boundaries for each of 
these 13 three-phase regions I+J+K without the 
liquid are represented by three ruled surfaces, the 
total number of which is 39.

Therefore, the T-x-y diagram is formed by 234 
surfaces and 85 phase regions (Fig. 1a).
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Fig. 1. 3D model of the CaO-MgO-Al2O3 (A-B-C) T-x-y diagram (a) and an enlarged fragment near Al2O3 (b), x-y 
projections of the liquidus surfaces: of the prototype (c), of the real system (d), and its enlarged fragment (e)
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3. Results and discussion
The 3D computer model was constructed by 

assembling the above-mentioned surfaces and 
phase regions. First, a prototype was formed (Fig. 
1b.), i.e. 13 horizontal (isothermal) planes were 
constructed using the PD Designer: 3 peritectic 
(P) triangles, 6 quasi-peritectic (Q) quadrangles, 
4 triangles which included points E. Then, 
directing lines were brought to them and ruled 
surfaces were formed. Thus boundaries for 24 
three-phase regions with the melt and 13 solid 
phase regions were set. The resulting frame was 
completed with unruled liquidus, solidus, and 
solvus surfaces.

Next, the prototype was transformed into a 3D 
model of the phase diagram of the real system. 
To achieve this, the base points were given real 
values of concentrations and temperatures and 
the curvatures of lines and surfaces were adjusted 
(Fig. 1d).

As a result, a spatial computer model of the 
T-x-y diagram was obtained which has a wide 
range of visualisation possibilities: the model 
can be rotated, viewed from arbitrary angles, split 
into pieces (separate groups of phase regions), 
arbitrary set sections can also be obtained.

The quality of the resulting model can be 
assessed by comparing the model sections (Fig. 
2a) with the experimental sections (Fig. 2b). The 
observed isothermal section at 1840 оС is 10 оС 
lower than the invariant point of the highest 
temperature Q6 (1850 oC) and higher than point P3 
(1830 oC) (Fig. 1a), that is why the crossing traces 
of the Al2O3 phase regions and the melt are not 
displayed. [24] considered a fragment of the section 
adjacent to the Al2O3 angle, which displayed the 
section lines limiting the L+R5, L+R6, L+R5+R6, 
R5, C+R5, R5+R6, C+R5+R6 phase regions (Fig. 2b). 
The model section was fully calculated and the 
fragment adjacent to Al2O3 was marked (Fig. 2a). 
Since it was assumed during the construction of the 
model that the R5 binary compound has a constant 
composition, the phase regions corresponding to 
R5 and C+R5 coincided with the edge of the prism, 
whereas for the spinel R6, on the contrary, a limited 
solubility was taken into account. Nevertheless, 
the section topology corresponded to the section 
presented in [24] (Fig. 2b).

4. Conclusions 
A three-dimensional computer model of the 

CaO-MgO-Al2O3 T-x-y diagram was constructed. 

Fig. 2. Isothermal section at 1840оС: 3D models (a), experimentally studied fragment near Al2O3 [24] (b) (in 
[24] the CaO·6Al2O3 (R5) compound has a region of limited solubility, and the MgO·Al2O3 (R6) compound has 
a region of permanent composition, in 3D models this is vice versa)
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It was shown that its high-temperature 
fragment (above 1300 оС) in the most complex 
version, i.e. as a result of the formation of six 
binary: 3СaO·Al2O3, CaO·6Al2O3 (incongruently 
melting), 12CaO·7Al2O3, CaO·Al2O3, CaO·2Al2O3, 
MgO·Al2O3 (congruently melting) and three 
ternary 3CaO·MgO·Al2O3, CaO·2MgO·8Al2O3, 
2CaO·2MgO·14Al2O3 compounds, it consists of 
234 surfaces and 85 phase regions. To assess 
the quality of the model its sections were 
compared with the sections constructed using 
the experimental data.
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