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Abstract: This scientific paper gives the data of theoretical and experimental research done to 

solve the scientific and practical problem related to the establishment of theoretical basics and the 

development of the technology for the production of refractory castables of high strength, high re-

fractoriness and hostile environment resistance on the basis of aluminates and chromites of alkali-

earth elements due to the well-directed formation of the phase composition and the structure of 

clinker, cement stone and castables. The conceptual principles of the formation of such materials 

are based on the primary thermodynamically advantageous coexistence of the special-purpose 

combinations of phases in the subsolidus structure of the multicomponent subsystems of the oxide 

system (Mg, Ca, Sr, Ba)O – Al2O3 – Cr2O3. The obtained data allow for the development of high-

strength refractory alumochromite cements and castables based on them. Specific features of the 

behavior of phase formation processes and the hydration of alumochromite cements, including the 

structure formation during the castable service have been studied.  
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1 Introduction 

A change of the structure of the metallurgical production in Ukraine (replacement of the 

open-hearth steel production by the converter production and electric steel-making, an increase 

in the steel casting fraction at metallurgical works, the introduction of the out-of-furnace steel 

processing as an obligatory element, heightened requirements to the rolled material quality of 

heavy-wall tubing for power industry, automobile-body sheets, rail rolled metal, rolled metal for 

ship building and nuclear mechanical engineering, etc.) resulted in the intensively changing 

structure of used refractory materials, in particular the fraction of unshaped refractory materials 

of high quality is increased
[1-4]

, because the time-consuming and energy-consuming annealing 

operation of piece items is eliminated, and the operation of properly created lining layer is also 

simplified. Leak tightness and the absence of seams in the monolithic lining increase its strength 

at high temperatures and structural destruction resistance is also increased. In addition lower 

thermal conductivity (by 20% to 30%) of unshaped refractory materials allows for the reduction 

of the lining thickness
[5-6]

. 



An inseparable part of unshaped refractory materials is the binder that provides the after-

curing strength and forms a wear-resistant structure. Most often castables using the cements as 

the binder are less expensive and have improved process properties in comparison with organic 

and other mineral binders. The phase composition of the binder can be varied to achieve the ma-

trix affinity with the filler base that imparts an increased strength, low porosity, fire resistance, 

decreased softening point at high temperatures, heat resistance, and hostile environment re-

sistance to the finished material.  

The most widely-spread binder used for the production of refractory castables is consid-

ered to be alumina and high alumina cement based on calcium aluminates. A drawback of these 

binding materials is an intensive heating at the initial stage of hardening due to an increased hy-

dration rate of calcium aluminates and also the recrystallization of high-hydrated new formations 

that result in the crack formation at subsequent hardening period and as a consequence the 

strength is reduced by 40%. One of the main trends in the formation of new types of refractory 

binders is partial or total replacement of the components of alumina cement by other oxides
[7]

. 

The modification of such a type includes the substitution of calcium oxide by other oxides of al-

kali-earth elements with a little bit higher melting temperature and the substitution of alumina by 

chromium oxide (III), which allows for an increase in the binder strength exposed to the action 

of melts and sinters. Therefore, the scientific and engineering problem of the formation of casta-

bles based on alkali-earth aluminates and chromites, is considered to be topical and requires the 

studies of the subsolidus structure of multicomponent oxide systems that allow us to predict the 

prescribed phase composition of unshaped refractory materials that specifies the set of required 

operational properties. 

 

2 Theoretical Computation 

To study the multicomponent systems it is preferable to use the thermodynamic method be-

cause it allows for the theoretical system partitioning into elementary polytopes by using a rela-

tively small number of thermal constants of the compounds that participate in the reactions and 

not sophisticated mathematical apparatus, not resorting to labor-intensive experiments
[8]

. 

To do research we calculated initial thermodynamic constants of the binary and three-

component aluminates and chromites of alkali-earth elements that are unavailable in the refer-

ences and we also systemized the thermodynamic database of the compounds that are included 

into the composition of the multicomponent system (Mg, Ca, Sr, Ba)O – Al2O3 – Cr2O3. This 

approach allowed for the determination of the direction of the solid-phase exchange reaction in 

the subsolidus structure of its subsystems
[9-10]

. 



Based on the results of thermodynamic, topological and high-temperature analysis, the prin-

ciples of the control of the qualitative and quantitative composition of refractory castables on the 

basis of alumochromite cements using periclase as the filler have been substantiated. 

The subsolidus structure of the four-component system MgO – CaO – Al2O3 – Cr2O3 

(Fig. 1a) with three “internal” connodes (i.e. ones are in internal space of concentration tetrahe-

dron) and fourteen elementary tetrahedrons has been specified.  

 

 
а) 

 
b) 

 
c) 

Fig. 1 Subsolidus structure of four-component systems containing aluminates and chro-

mites of alkali-earth elements 

It was established that tetrahedron CaCr2O4 – CaAl2O4 – MgAl2O4 – MgO has the largest 

volume (185.76‰) and the lowest asymmetry degree (2.55 rel. units) and the phases that are in-

cluded in the composition of this tetrahedron have the maximum probability of the existence in 

the system (0.2362, 0.072, 0.1322 and 0.2001 rel. units, respectively). This fact allowed us to 

develop the technology for the production of refractory castables on the basis of calcium alumo-



chromite cement with periclase as a filler, when CaCr2O4 reaches 50 mass% in the cement com-

position and when the unshaped material includes at least 75 mass% of periclase.  

The subsolidus composition of the four-component system MgO – SrO – Al2O3 – Cr2O3 

(Fig. 1b) with three “internal” connodes and fourteen elementary tetrahedrons has been studied. 

To obtain unshaped refractory materials with a set of prescribed operating properties on the basis 

of tetrahedron compositions Sr3Al2O6 – SrCr2O4 – SrAl2O4 – MgO it is necessary to specify spe-

cial techniques to provide high accuracy of the dosing of initial components. In addition a high 

probability of the existence of SrCr2O4 (0.2398 rel. units) provides the existence of hydraulically 

active components of clinker using periclase as a filler by varying its content in a wide range as 

the content of SrAl2O4 is increased and the content of Sr3Al2O6 in the binder is reduced to a min-

imum.  

It has been established that the four-component system MgO – BaO – Al2O3 – Cr2O3 (Fig. 

1c) with four “internal” connodes and sixteen elementary tetrahedrons has the subsolidus struc-

ture. For the production of refractory unshaped material of an increased strength elementary tet-

rahedrons Ba3Al2O6 – Ba3Cr2O4 – MgO – BaAl2O4 and BaAl2O4 – Ва3Cr2O6 – ВаCr2O4 – MgO 

are of interest. However, the fairly low volumes of the existence (54.15‰ and 99.61‰, respec-

tively), and the increased degrees of asymmetry (4.23 and 3.60 rel. units, accordingly) require 

the exact dose of initial components both during the synthesis of the clinkers of selected compo-

sitions as the content of BaAl2O4 in the cement composition is increased and during the devel-

opment of the compositions of low-cement unshaped refractory materials using periclase as a 

filler
[11-12]

. 

3 Results and Discussion 

To determine synthesis process parameters of the clinkers of alumochromite cements we 

studied the processes of the mineral formation in raw material mixtures that include CaCO3, 

SrCO3, BaCO3, Al2O3 and Cr2O3 taken in the prescribed stochiometric ratio. It has been estab-

lished that the alkali-earth element oxide and aluminum and chrome oxides start their interaction 

already at 900 C and it completely ends at temperatures of 1 300 C to 1 500 C with the for-

mation of prescribed phase composition. It has also been established that at the initial period of 

the interaction process the reaction rate is limited by the chemical composition of the compo-

nents of the raw material mixture at the interphase boundary and just after the formation of the 

continuous layer of the products of solid-phase reactions the process rate is defined by the diffu-

sion of the components into the reaction zone. The succession of the formation of the compounds 

of alkali-earth elements (monochromite – monoaluminate – tri [calcium, strontium, barium] 

chromite – tri [calcium, strontium, barium] aluminate) is proved by the data of X-ray phase in-

vestigation, thermodynamic computations and structural computations of the energy of crystal 



lattice and creates conditions for the formation of the defective structure of alumochromite clink-

ers
[13]

.  

Using the set of physical and chemical methods of the analysis, the clinkers of alumochro-

mite cements were studied and it was established that the calculated phase composition of the 

clinkers complies with actual compositions. The availability of restricted solid solutions with a 

defective structure in the clinkers specifies an increased mechanical strength due to an increase 

in the free energy of the crystal lattice (Fig.2).  

 

а) 

 

b) 

 

c) 

Fig. 2 The structure of clinkers of alumochromite cements: a) calcium, b) strontium and c) 

barium 

The structure of hydrated alumochromite cements that according to the data of complex 

physical and chemical analysis consists of the conglomerate of unreacted aluminates and chro-

mites of alkali-earth elements, hydroaluminates and secondary carbonates of alkali-earth ele-

ments both in the crystalline (for calcium alumochromite cements) state and in the colloidal (for 

strontium and barium alumochromite cements) state and also that of chrome hydroxide have 

been established. Hydraulically inert chromites of alkali-earth elements take an active part in hy-

dration processes and in the structure formation of cement stones that serve as a basis for the 

growth of new hydrate formations. The hydraulically active aluminate phase of special alumo-

chromite cements interacts with the particles of unreacted chromite being exposed to the action 

of adhesive and cohesive forces and this provides for the strength of the solidified cement 

stone
[14]

. 

The investigation of the structure of alumochromite systems allowed for the optimization of 

the range of compositions suitable for the production of refractory high-strength alumochromite 

cements (Table 1). 

Table 1 Physical, mechanical and engineering properties of developed alumochromite ce-

ments of an optimal composition 

Parameters Type of alumochromite cements 

Calcium Strontium Barium 



Chemical composition/mass% 

CaO 

SrO 

BaO 

Al2O3 

Cr2O3 

 

31.22 

– 

– 

32.26 

36.52 

 

– 

48.95 

– 

27.27 

23.78 

 

– 

– 

63.02 

32.00 

4.98 

Water-to-cement ratio 0.27 0.29 0.23 

Setting time, hour-minute 

– start 

– finish  

 

1-45 

3-15 

 

1-00 

2-20 

 

0-25 

0-55 

Cold compression strength/MPa,  

at a setting time  

– 1 day (24 hours) 

– 3 days  

– 7 days  

– 28 days  

 

 

27 

41 

49 

59 

 

 

31 

44 

52 

56 

 

 

39 

51 

56 

79 

Bending strength at the age of 28 days of 

setting/MPa  
6.4 6.3 6.5 

Refractoriness/C  1 900 1 750 1 800 

 

It has been established that depending on their phase composition, developed alumochro-

mite cements are attributed, to the binders of hydraulic hardening (calcium), air hardening (bari-

um) and air & wet hardening (strontium) and are fast-setting, quick-hardening and high-strength 

materials of a high fire resistance
[15-17]

.   

High-strength and refractory castables were developed for alumochromite-based cements 

with the following parameters, in particular CCS at the age of 28 days of hardening is 49 – 56 

MPa; the open porosity is 10.9% – 11.6%; the refractoriness is of 1 800 C to 2 000 C; the 

thermal shock resistance (1 300 C – water)  more than 25 heats; the refractoriness under the 

load of 0.2 MPa is 1 510 – 1 560 C; the thermal coefficient of linear expansion is (8.4 – 11.6)  

10
-6 

K
-1

; the refractory material is impregnated by the main blast-furnace slag (across the pene-

tration depth) for a depth of 1.8 – 2 mm, and no impregnation for the steel melt is observed.  

The physical and chemical studies of alumochromite cement-based castables were conduct-

ed and it has been established that prior to the annealing all castable specimens have a dense and 

practically pore-free structure. After the annealing only the binding portion represented by the 



hydrated cement and the fine aggregate undergoes changes providing thus invariably high values 

of the concrete stability at high operation temperatures (higher than 1 600 C)
[18-19]

.  

Refractory castables that were developed using alumochromite cements were tested in the 

linings used for high-temperature furnaces intended for the annealing of the oxygen-free ceram-

ics, the rotary furnace used for the annealing of the cement clinker, and thermal furnaces intend-

ed for the crude benzene production waste utilization. It has been established that the service life 

of the refractory castables linings of high-temperature units exceeds 1.8 times the service life of 

the analogous lining made of molded refractory items. 

4 Conclusions 

The scientific and practical problem of the formation of the theoretical basics and the de-

velopment of the technology for refractory castables on the basis of the aluminates and chromites 

of alkali-earth elements of high strength, high refractoriness and high hostile environment re-

sistance has been solved using the well-directed formation of the phase composition and the 

structure of clinker, cement stone and castable. Developed refractory castables made on the basis 

of alumochromite cements and periclase are recommended for further use for thermal units and 

plants of the metallurgy, power and refractory branches of the industry.  
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