
Introduction

Crystalline phases in the MgO–Al2O3–Cr2O3 system

are refractory materials. This is a reason why their re-

lationships between composition and properties are

investigated intensively for many decades. Solid solu-

tions in the MgO–Al2O3–Cr2O3 system make the

phase relations among them quite complicated [1],

and broaden the investigations into other systems, for

example, iron-bearing ones [2]. Cation distribution

between MgAl2O4–MgCr2O4 spinel solid solu-

tion (ssS) and Al2O3–Cr2O3 solid solution with corun-

dum structure (ssC) was investigated in metallurgy

[3, 4]. Such an approach allows one to derive the ac-

tivity of components and treat the solid solutions us-

ing ideal or slightly non-ideal models.

Recently magnetic contribution to the heat ca-

pacity of corundum–eskolaite solid solutions was in-

vestigated and found to be irregular function of com-

position [5]. In conventional thermodynamic models

with activities, this irregularity would corrupt the

model thermodynamic functions significantly, yield-

ing large discrepancy between calculated and experi-

mental values. Heat capacity of spinel-picrochromite

solid solutions was also investigated, but magnetic

contribution was not evaluated [6]

Solid solutions in the MgO–Al2O3–Cr2O3 system

are of great importance in geoscience, because chro-

mium is considered the element of the assemblages

deep in the Earth. Nevertheless, defect spinel in the

MgO–Al2O3 system was the main subject of such in-

vestigations for a long time, aimed at the refinement

of the data received in material science [7, 8].

The subject of this work was to investigate the

relation between spinel solid solutions and ‘corun-

dum’ solid solutions in the MgO–Al2O3–Cr2O3 sys-

tem under ambient and elevated pressure in order to

clarify the mechanism of the defect spinel formation

and cation distribution between the solid solutions.

Experimental

Samples

Samples with intermediate compositions were synthe-

sized from oxides Al2O3, Cr2O3 and MgO of ‘high pu-

rity’ grade. End-member spinels, MgAl2O3 and

MgCr2O3, were synthesized at 1 atm and 1873 K,

heating duration about 60 h [9]. They were used as

starting materials for the synthesis of solid solutions

at the central part of the phase diagram (see below).

Composition of the mixtures for the synthesis is indi-

cated in Tables 1 and 2 in letters and numbers as fol-

lows. For example, sample S80P20-C80E20 contains

the oxides equivalent to 0.8 mole of spinel

(MgAl2O3)+0.2 picrochromite (MgCr2O3)+0.8 corun-

dum (Al2O3)+0.2 eskolaite (Cr2O3), total 1MgO+

1.6Al2O3+0.4Cr2O3. Sample mass in a batch was

about 100 mg.
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Synthesis

Experiments under ambient pressure were carried out

in a shaft furnace with Silit heaters and temperature

control. All samples were synthesized together, in a

single experiment at 1773 K for 19 days. Crucibles

with the mixtures were covered with lids to protect

the samples from solid impurities falling into cruci-

bles, but not protecting from gas phase. As chromium

oxide is volatile at high temperatures, it escapes from

samples with elevated Cr2O3 content and penetrates

into neighbor crucibles, increasing the Cr2O3 content

there. It was readily detected after the experiment due

to the red (ruby) shade of samples without initial im-

purity of chromium oxide (green itself). Microprobe

analysis proved these observations, indicating the in-

crease in the Cr2O3 content of the product as com-

pared with the starting material.

Experiments at 1773 K and 25 kbar were carried

out in the high-pressure ‘piston-cylinder’ apparatus

with NaCl cells. Usually, only one sample was syn-

thesized in one experiment, each for 15 h in a hermeti-

cally closed Pt crucible. The procedure was described

elsewhere [10].

To ensure the equilibrium composition of prod-

ucts, ‘two-side’ approach was used. Mixtures in the

central part of the phase diagram were prepared in

two ways, MgAl2O4+Cr2O3 and MgCr2O4+Al2O3.

The samples were sealed in separate Pt crucibles,

placed in one cell, and heated together in the single

run. The products (spinel solid solution MgAlCrO4

and ‘corundum’ solid solution AlCrO3) were ana-

lyzed, and their cation distribution was found to be

the same within the limits of the experimental error.

Methods

Microprobe analysis

Experimental phases were analyzed with

CAMECA MS46 electron microprobe with an energy-

dispersive analyzer. Accelerating voltage was of 15 kV,

the beam current 20 nA, and the counting time 100 s.

Six to ten analyses were carried out for each phase.

X-ray powder diffraction

X-ray patterns were studied using a DRON-3 X-ray

diffractometer with CuK� radiation in the range of

22°<2�<96° at a counter rate of 0.5° min
–1

. High pu-

rity silicon was used as an internal standard (cell pa-

rameter a0=5.43088 �). Silicon was added in an

amount allowing us to detect the doublets �1 and �2 of
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Table 1 Composition (mass%) of solid solutions in the

MgO–Al2O3–Cr2O3 system after the experiment at

1 bar and 1773 K

Sample MgO Al2O3 Cr2O3 Total

S50-C50 ssS 20.6 76.9 2.2 99.7

S10P90-C10E90 ssS 24.9 9.4 64.2 98.5

S20P80-C20E80 ssS 23.9 19.7 55.4 99.0

S30P70-C30E70 ssS 25.4 30.2 43.0 98.6

S40P60-C40E60 ssS 23.6 32.8 40.2 96.6

S40P60-C40E60 ssC 0.3 35.5 61.4 97.1

S60P40-C60E40 ssS 24.9 47.3 27.1 99.3

S60P40-C60E40 ssC 0.3 63.6 36.7 100.6

S70P30-C70E30 ssS 24.1 56.0 17.6 97.6

S80P20-C80E20 ssS 21.9 66.2 12.1 100.1

S90P10-C90E10 ssS 21.3 71.3 6.7 99.3

P50-C50 ssS 23.9 35.3 37.1 96.3

S50-E50 ssS 26.4 33.2 36.5 96.0

Table 2 Averaged composition (mass%) and the unit cell parameters of ssS and ssC in the MgO–Al2O3–Cr2O3 system after the

experiments at 25 kbar and 1773 K

Sample MgO Al2O3 Cr2O3 Total a/nm c/nm

S90P10-C90E10 ssS 27.57 58.64 14.42 100.63 0.81193(3)

S90P10-C90E10 ssC 0.24 92.56 6.61 99.40 0.47713(7) 1.30276(48)

S70P30-C70E30 ssS 26.71 42.02 31.80 100.52 0.81750(3)

S70P30-C70E30 ssC 0.15 72.82 26.84 99.81 0.48117(3) 1.31158(10)

S50-E50 ssS 25.25 32.40 42.00 99.64 0.82072(4)

S50-E50 ssC 0.18 39.14 59.96 99.27 0.48665(13) 1.32654(49)

P50-C50 ssS 25.47 31.00 42.71 99.18 0.82084(5)

P50-C50 ssC 0.19 37.66 61.70 99.54 0.48677(5) 1.32838(17)

S30P70-C30E70 ssS 25.74 20.06 53.57 99.37 0.82481(2)

S30P70-C30E70 ssC 0.18 16.64 82.43 99.25 0.49139(6) 1.34315(27)

S10P90-C10E90 ssS 23.02 6.76 70.89 100.67 0.83036(2)

S10P90-C10E90 ssC 0.25 4.55 95.63 100.43 0.49485(3) 1.35486(9)



its least intensive reflection (400). Correction was de-

termined by seven reflections not overlapping with

the reflections of the phases studied. If the scatter of

the correction values determined by these reflections

did not exceed 0.01° (2�), average value was used as

the correct value, otherwise the correction was intro-

duced as a linear function of the 2� angle. The cell

parameters of synthesized phases were calculated us-

ing the method of least squares.

Results and discussion

1 bar

Results of the microprobe analysis of the samples

synthesized in the experiments under ambient pres-

sure are listed in Table 1 (in mass%). Recalculated in

the mole percentage, the results are shown in Fig. 1.

In the discussion below, we will pay attention

to (1) the violation of stoichiometry of the spinel solid

solution (ssS) in the Al-rich (i.e., left) side and (2) the

direction of tie-lines in the middle of the triangle.

Chromium impurity decreases the deviation from

stoichiometric composition. Under ambient pressure

and 1773 K, the ssS should be considered stoichio-

metric for Cr/(Cr+Al)�0.3.

25 kbar

Composition of the ssS and ssC synthesized in the ex-

periments under 25 kbar and 1773 K are listed in Ta-

ble 2 (in mass%). Recalculated in the mole percent-

age, the results are shown in Fig. 2. Spinel is close to

stoichiometry, even for the samples with the least

Cr2O3 content. Unit cell parameters for the ssS (cubic,

a0) and the ssC (a and c for the hexagonal setting) are

also listed in Table 2.

Non-stoichiometric spinel

Non-stoichiometric Al-rich spinel at 1 bar is the most

significant effect of pressure if we compare the phase

diagrams in Figs 1 and 2. Such an effect is absent for

Cr-rich ssS. The reason of the difference between

Al-rich ssS and Cr-rich ssS is not in the properties of

the end-member spinels themselves, i.e., MgAl2O3

and MgCr2O3, but in the properties of their counter-

parts in the phase equilibrium, i.e., Al2O3 and Cr2O3.

There are many polymorphs of Al2O3: cubic � and

�, tetragonal �, orthorhombic � and �, hexagonal 	,

trigonal � (stable under ambient conditions), mono-

clinic 
, 
', 
", and � [11]. Cubic � polymorph with the

spinel structure is very important for our discussion. Its

composition is indicated often as Al2.67O4, but formula

Al2/3Al2O4 describes its crystal chemistry much better.

Isostructural phases MgAl2O3 and Al2/3Al2O4 form solid

solutions according to the scheme of cation substitution

3Mg�2Al. Total number of cations in the solid solu-

tion is less than that in stoichiometric spinel

(Me:O=3:4). The more the fraction of �-Al2O3 in the

solid solution, the less the number of cations, and the

more defects in the solid solution.

Mixing spinel with corundum, we prepare the

starting material for the solid solution. But the solid

solution is formed only between isostructural phases,

and the reaction consists of two stages:

�-Al2O3�(1-x)�-Al2O3+x�-Al2O3

(=Al2/3Al2O4) (1a)

MgAl2O4+xAl2/3Al2O4�

(1+x)Mg1/(1+x)Al2x/3(1+x)Al2O4 (1b)

At the first stage, stable trigonal �-polymorph

transforms partly into unstable ‘spinel’ �-Al2O3.

At the second stage, two phases with spinel structure

interact, yielding the solid solution, i.e., defect spinel.

Combining Eqs (1a) and (1b), we have:
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Fig. 1 Results of the experiment at 1773 K and 1 bar. Vertical

line in the middle of the diagram is the eye guide for

the tie-line rotation

Fig. 2 Results of the experiments at 1773 K and 25 kbar



�-Al2O3+MgAl2O4�

(1–x)�-Al2O3+(1+x)Mg1/(1+x)Al2x/3(1+x)Al2O4 (2)

Net reaction looks like the reaction between co-

rundum and spinel because �-Al2O3 is spent and the

solid solution is produced.

Corundum is more dense than �-Al2O3: d=3.977

[12] and 3.653 [13], respectively. The increase in pres-

sure makes both intermediate reagent (�-Al2O3) and

product (defect spinel) more unstable, suppressing reac-

tion (2). Here, pressure affects as the P�V term in the

Gibbs function (�G=�U+P�V–T�S), adding significant

(about 5 kJ mol
–1

) positive contribution.

Oxides Al2O3 and Fe2O3 exemplify the key role of

isostructural end-members. �-Al2O3 is a purchased

chemical for the preparation of various blends with

other unstable reagents [14]. Like Al2O3, Fe2O3 forms

several polymorphs. Stable polymorph is �-Fe2O3 (he-

matite) with corundum-like structure. Corundum-hema-

tite solid solutions, i.e., the ssC, are among natural min-

erals. Metastable �-Fe2O3 with the spinel structure also

exists [15, 16]. Besides metastable �-Fe2O3, there is an-

other iron oxide with the spinel structure, Fe3O4. These

two minerals can form the ssS Fe3O4–Fe2.67O4, defect

iron spinel. And finally, variations in the parameters of

the reaction between Al2O3 and Fe2O3 can produce both

solid solutions, the ssS and ssC [17].

Oxide with the spinel structure does not exist in

the system Cr–O. At least, we failed to find the refer-

ences with its structure and/or unit cell parameters.

Thus, counterpart ‘Cr2/3Cr2O4’ for reaction

MgCr2O4+xCr2/3Cr2O4 does not exist. First stage (1a)

in the reaction producing the defect spinel is absent for

Cr-rich spinel, and it remains stoichiometric. Several

models were published, where the properties of defect

picrochromite are calculated using hypothetical spinels

Cr2O3 and Cr3O4 [18], but no reliable experimental

data on these phases were found in literature.

Cation distribution between ssS and ssC

Difference in the Cr/Al content between the ssS and

ssC is represented in Figs 1 and 2 with tie-lines. Alter-

natively, it can be plotted as the distribution coeffi-

cient. Writing Mg(Al1–xCrx)2O4 for the ssS and

(Al1–yCry)2O3 for the ssC, one can plot the Cr mole

fraction in the ssS as a function of the Cr mole frac-

tion in the ssC, i.e., x vs. y. Such a way of data presen-

tation is very useful in the numerical modeling of

phase equilibrium. Here, we will use qualitative con-

sideration. Tie-lines are more visual and suitable for

our purposes [19].

The tie-lines in the middle of the phase diagrams

shown in Figs 1 and 2 are turned slightly coun-

ter-clockwise (x<y), crossing the vertical line (x=y=

0.5). The direction of the rotation is different in [4],

where the experiments were carried at 1473 K.

Tie-lines for 0<y<0.6 are rotated clockwise (x>y). Of

three tie-lines determined at 1573 K [3], one near the

Al2O3-rich side is almost parallel to that obtained at

1473 K. The directions of the other two tie-lines are

quite different. These were considered incorrect be-

cause the composition of the ssC was derived from

the unit cell parameters [4], not measured directly.

We measured the compositions using the elec-

tron microprobe analysis, and our tie-lines rotate

counter-clockwise even more significantly than in

[3]. We think, the data in [3] were in fact correct. The

reason of the changes in the tie-lines rotation is in the

thermodynamics of the ssS and ssC.

After the emf measurements [20, 21], the differ-

ence in the Gibbs energy for reaction

Cr2O3+MgAl2O4=Al2O3+MgCr2O4 (3)

was found to change with temperature as

�G=–21600+11.27T
570 J mol
–1

(4)

For �G<0, the products of the reaction are on the

right-hand side, and we have corundum+picro-

chromite. For �G>0, the products are on the left-hand

side, with eskolaite+spinel. In fact, the products of

this reaction are solid solutions, the ssS and ssC, not

pure minerals. In accurate thermodynamic evaluation,

one should consider thermodynamic data for the ssS

and ssC as a function of temperature, pressure, and

composition. For example, enthalpy and entropy of

Cr2O3 have magnetic contributions �Hm and �Sm as

compared with Al2O3. At high temperatures, when

eskolaite is paramagnetic, these contributions tends to

the constant values. In the Gibbs energy (�G=

�H–T�S), magnetic contribution is with sign ‘–’ due

to the product T�S, increasing with temperature. The

greater temperature, the less the Gibbs energy on the

left-hand side of Eq. (3). We investigated this contri-

bution for several samples of the ssC and can now

evaluate the magnetic contribution to the Gibbs func-

tion of the ssC [5]. Unfortunately, data on magnetic

contribution to the heat capacity of the ssS were not

derived from the CP [6].

Let us consider small changes in the composition

of coexisting ssS and ssC, with � as the amount of

cations exchanged:

(Al1–y–�Cry+�)2O3+Mg(Al1–x+�Crx–�)2O4=

(Al1–y+�Cry–�)2O3+Mg(Al1–x–�Crx+�)2O4 (5)

Cr-enriched ssC and Cr-depleted ssS are on the

left-hand side, while Cr-depleted ssC and Cr-enriched

ssS are on the right-hand side. If the Gibbs function

decreases after the reaction (�G<0), the tie-line turns

clockwise as compared with

(Al1–yCry)2O3+Mg(Al1–xCrx)2O4. Contrary, if the

84 J. Therm. Anal. Cal., 95, 2009
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Gibbs function increases after the reaction (�G>0),

the tie-line turns counter-clockwise.

This change in the direction of tie-lines is shown in

Fig. 4 for the middle of the phase diagram (x=y=0.5).

Taking formally �=0.5, we transform Eq. (5) into (3).

Let us consider the latter again, now applying its proper-

ties to the solid solutions. The difference in the Gibbs

function for Eq. (3) changes with temperature. It is neg-

ative for low temperatures (the tie-line turns clockwise)

and positive for high temperatures (counter-clockwise),

with zero at 1917
51 K. Considering temperature af-

fecting pure phases and solid solutions in a similar way,

we anticipate that �G in reaction (5) will change its sign

from ‘–’ to ‘+’ somewhere near 1900 K and the tie-lines

turn from clockwise to counter-clockwise. Inspecting

Figs 1 to 3, we see that the tie-lines actually rotate from

clockwise to counter-clockwise with increasing temper-

ature. The greatest clockwise rotation (�G<0) is for

1473 K [4]. It remains clockwise, but with a less slope,

for 1573 K [3]. And finally, the tie-lines turn coun-

ter-clockwise (�G>0) at 1773 K, both for 1 bar and

25 kbar. The difference in the Gibbs energy in reac-

tion (5) does change in sign between 1600 and 1700 K.

It is very interesting, that the pressure itself does

not affect the cation distribution between the ssS and

ssC essentially. Tie-lines in Figs 1 and 2 differ insig-

nificantly from one another. This result concerns di-

rectly to petrology, because it means that the esko-

laite-spinel assemblages will prevail over corun-

dum-picrochromite ones at the elevated temperatures

deep in the Earth.

Conclusions

Phase diagram of the MgO–Al2O3–Cr2O3 system was

investigated in the two-phase region of coexisting

MgAl2O4–MgCr2O4 and Al2O3–Cr2O3 solid solutions

at 1773 K and two pressures, 1 bar and 25 kbar.

Defect spinel Mg1–xAl2O4 is shown to exist be-

cause cubic �-Al2O3 with spinel structure exists. As

there is no Cr2O3 polymorph with spinel structure,

picrochromite does not form defect spinel and re-

mains stoichiometric in the metal-to-oxygen ratio.

Cation distribution between the ssS and ssC

changes with temperature, causing the tie-lines to ro-

tate from clockwise to counter-clockwise. The reason

is not in the incorrect experiments, as it was supposed

in literature, but in the changes of the Gibbs energy

for the reaction of cation exchange. This result will be

used for the development of thermodynamic model of

coexisting solid solutions with cation exchange, to-

gether with the data on magnetic contribution to the

heat capacity of corundum-eskolaite solid solution.
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