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It is very important to provide output of high-quality metallurgical products with minimal production expenses. 

In this field, iron and steel production occupies about 70 % of total volume of manufactured refractories. In this 

case, equipping of steelmaking vessels with high-quality lining is considered as one of the key goals, while this lin-

ing ensures stable and safe iron and steel production even at the extra high temperatures. Alumosilicate refractories 

are widely used in the metallurgical industry; however, their operation in aggressive conditions is accompanied by 

corrosion and erosion, what decreases substantially the service life of high-temperature steelmaking vessels. To 

solve this problem, development of protective coatings, which are able to restrict interaction of operating media 

with material surface and to rise its corrosion resistance, is required. This research examines possibility of using the 

method of detonation spraying with applying of a multi-chamber cumulative-detonation unit for creation of protec-

tive coatings presented by aluminium oxide (Al2O3) and magnesium aluminate spinel (MgAl2O4) for alumosilicate 

refractories. The conducted investigations were aimed on evaluation of structure and properties of detonation coat-

ings; they displayed that dense coatings of corundum and spinel with lamellar structure are forming on the surface 

of high-alumina refractories. Such coatings decrease refractory surface roughness by 45 % and are characterized by 

average thickness ~300 μm, porosity � 3.25 % and microhardness ~1300 HV03. The results of this research confirm 

prospectivity of applying the detonation spraying technology for refractory materials as a possible method for lining 

protection of steelmaking vessels. 
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Introduction

About 70 % of all manufactured refractory materials are 

used in iron and steel production, where they play an impor-

tant role, providing holding of metal melts, slags and gases 

[1]. Conventional alumosilicate refractories, characterizing 

by high melting temperature and resistance to extremal ther-

mal loads, are widely used in various industrial branches, 

especially in ferrous metallurgy [2–4]. E.g., high-alumina 

refractories of the system Al2O3–SiO2, which are manufac-

tured via the ceramic technology, are actively used in steel-

making processes as special shape elements for steelmaking 

ladles. These elements include responsible components for 

metal guides, collector sleeves, stopper-rod devices etc., 

however, they are subjecting to intensive erosion under the 

effect of molten steel, what can provide negative effect on 

quality of finished products [5]. During recent years, especial 

attention in the process of high-quality steel production is 

paid to refractories, which were manufactured on the base of 

low-carbon corundum graphite (Al2O3–C) and low-carbon 

magnesial graphite composition (MgO–C) [6–10]. How-

ever, the materials on the base of magnesial aluminate spi-

nel (MgAl2O4) and corundum (Al2O3) demonstrate essential 

advantages, including absence of carbon and silicon in their 

composition; it decreases risk of contamination of molten 

steel [11, 12]. Corundum is known for its high wear resistance 

and refractory resistance (the melting temperature in higher 

than 1790 °C), so it is often added in compositions on the 

base of magnesial aluminate spinel to be used in the processes 

of iron and steel melting [13–16]. Magnesial aluminate spi-

nel, in its turn, is characterized by increased cracking resist-

ance and resistance to slag erosion, what makes it especially 

valuable for protection of refractories in the conditions of 

aggressive high-temperature media [17–20]. 

Refractories are subjected to intensive degradation in the 

operating conditions due to corrosion and erosion, which are 

caused by the contact with molten steel and slags, as well as 

by thermal cracking owing to sudden temperature drops [21, 

22]. It leads to decrease of lining service life, to increase of 

expenses for their replacement and maintenance of industrial 

units. The studies show that physical penetration of steel and 

slag melts in material pores are considered as the main causes 

of refractories destruction; it leads to corrosion and erosion 

wear. In this connection, increase of corrosion and erosion 

resistance of refractories, as well as prolongation of lining 

service life in high-temperature units is one of the key goals 

in iron and steel production. Use of expensive refractory 

compositions is not always justified economically, thereby 
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applying the protective coating on the surface of alumosili-

cate refractories becomes an alternative technical solution. 

These coatings block penetration of aggressive substances 

and minimize direct contact between refractory material 

and steel, slags and gases, what ensures saving construction 

integrity in the extremal operating conditions.

This research is aimed on obtaining high-quality Al2O3 

and MgAl2O4 coatings with minimal porosity in high-alu-

mina refractory materials, using the method of detonation 

spraying, which was realized with applying of a multi-cham-

ber cumulative-detonation unit. Especial attention is paid 

to parameters of obtained coatings, such as microhardness, 

porosity and structure, to establish their correlation with 

functional stability in the extremal conditions of blast fur-

nace and steelmaking processes. The obtained data confirm 

prospectivity of introduction of these materials in metallurgi-

cal practice for increasing service life of refractory elements 

during the contact with iron and steel melts.

Materials description and analytical methods

To obtain ceramic coatings, alumina powder and the 

mixture of alumina and periclase powder (with relation-

ship 71:29) were used as raw materials in correspondence 

with the work [23]. Mixing of alumina powder and periclase 

was carried out in a three-axial mixer C2.0 “TURBULA”  

during 60 min, with mass relation between balls and mixture 

1:2 and speed 25 min-1. Coatings application was conducted 

via the method of detonation spraying on refractory material 

using multi-chamber cumulative detonation unit (MCDU) 

technology [24] in correspondence with the parameters 

presented in the Table 1. High-alumina refractory bricks  

MKS-72 (fabricated according to the GOST 24704-94)  

were used as refractory material. Each brick was sheared for 

samples with size 50×50×7 mm and cleaned by compressed 

air under the pressure 2 MPa, achieving at least the first class 

of contamination according to the GOST 17433-80.

Crystallographic phases of initial powders and high-

alumina refractory, as well as of coatings, were determined 

using Cu K	 radiation, via X-ray diffractometer ARL X’TRA 

ThermoTechno within the range 10–80° and via X-ray dif-

fractometer ARL 9900 WorkStation, respectively. To decode 

diffraction patterns, the database of the International Center 

JCPDF for diffraction data was used. Distribution of sizes 

of particles was determined using laser analyzer of particles 

FRITSCH Analysette 22 NanoTec plus in correspondence 

with the GOST 8777-2011 [25]. 

Form of the particles, their cross sections, surfaces of 

both coatings and refractory were analyzed using scanning 

electron microscopy (SEM) TESCAN MIRA 3 LMU. 

Surface morphology and topography were analyzed via the 

software and hardware complex SIAMS-800 (Ekaterinburg). 

Coating porosity was determined via image analysis with 

use of software ImageJ in accordance to standard ASTM 

E2109-01 [26]. Porosity was evaluated as an average value 

of four dimensions in micro-pictures, which were occasion-

ally captures on polished cross-sections of coated samples. 

The detailed procedure of porosity evaluation is described in 

the work [27]. Open porosity of high-alumina refractory was 

determined in accordance to the GOST 2409-2014. Cross-

sections and surfaces of coatings, as well as refractories were 

ground and polished according to the standard ASTM E1920 

[28] in order to obtain mean arithmetic roughness (Ra) less 

than 0.2 μm. Hardness of coatings was measured on polished 

surfaces by Vickers indentor under load 2.94 N (HV03) using 

calibrated sensor Nexus 4000. Vickers hardness was meas-

ured by at least 10 acceptable prints, which were obtained via 

force applying during 15 s, without varying material hardness 

with applied load. 

Discussion of results

Surface morphology and diffraction pattern of high-

alumina refractory are shown in the Fig. 1. Surface analysis 

of high-alumina refractory (Fig. 2) displays presence of ir-

regular grains with low sintering degree, what stipulates its 

low density (2.5 g/cm³) and high open porosity (24 %); it 

is typical for pressing and sintering processes. Additionally, 

craters and macropores, which are located between grains, 

are observed on material surface.  The mean arithmetic value 

of surface roughness Ra was equal to 42.7 μm. The diffrac-

tion pattern (see Fig. 2b) confirms presence of two main 

phases – mullite and corundum, what is typical for high-

alumina refractories. 

Microscopy and diffraction patterns of two powders (pure 

alumina and the mixture of alumina and periclase) are shown 

  Table 1. Conditions of coatings application

Parameters Alumina powder Alumina and periclase powder

Consumption of fuel mixture components: [m3/h]

– air 1.41*/0.85**

– oxygen 3.13*/3.68**

– propane/butane (40/60 %) 0.63*/0.68**

Transporting gas – air 0.9

Powder feed [g/h] 110 150

Spraying distance [mm] 50

Channel length [mm] 500

Internal nozzle diameter [mm] 16

Motion speed along the sample [mm/min] 2000

Number of spraying passes 16 16

* – cylinder chamber of combustion, ** – circular chamber of combustion
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in the Fig. 2. Microscopy of these powders demonstrates dif-

ferences in surface morphology of alumina and the mixture 

of powders after mechanical mixing. 

The typical alumina structure, containing of the particles 

with micrometer dimensions with separate spherical parti-

cles, can be seen in the Fig. 2a; it is typical for the powders 

fabricated via agglomeration and sintering processes. Fig. 2b 

presents microstructure of the mixture, which was obtained 

via mixing of alumina and periclase (with mass relationship 

71:29) in a three-axial mixer. The process of mechanical mix-

ing leads to partial variation of initial powder morphology 

owing to intensive interaction of the particles among them-

selves and with balls, what provides more homogeneous dis-

tribution of phases and partial refining and deformation of 

the particles; it is observed in the form of more complicated 

aggregate structure. 

Analysis of granulometric composition of alumina powder 

particles and its mixture with periclase revealed the following 

parameters of distribution according to the sizes. The values 

for alumina, which determine the boundaries with location 

of 10 %, 50 % and 90 % of volume of particles below them 

are d10 = 2.28 μm, d50 = 19.96 μm and d90 = 46.36 μm. For 

the mixture of alumina and periclase, these parameters were 

equal to d10 = 3.77 μm, d50 = 23.52 μm and d90 = 49.83 μm.

The typical peak maximal values, corresponding to the 

crystalline structure of pure alumina with the phase��–Al2O3 

Fig. 1. Surface morphology (a) and diffraction pattern (b) of high-alumina refractory

Fig. 2. Morphology (a, b) and diffraction pattern (c, d) of alumina powders (a, c) and the mixture of alumina and periclase (b, d) 

a b

c d

a

a

b
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(ICDD/JCPDS No. 10-425) is seen in the diffraction pat-

tern of alumina powder (Fig. 2c). The diffraction pattern of 

the mixture of powders (Fig. 2b) demonstrates additional 

peaks, which show presence of periclase in the mixture; each 

of the components saves its diffraction parameters, what  

allows to characterize both alumina and periclase in the mix-

ture composition. Respectively, �–Al2O3 (ICDD/JCPDS 

No. 10-425) and MgO (ICDD/JCPDS No. 45-946) are 

classified as crystalline phases. 

Diffraction patterns of the coatings are displayed in the 

Fig. 3. Analysis of this diffraction pattern, which was obtained 

during alumina detonation spraying (Fig. 3a), shows, that  

the main part of peaks corresponds to the phase�	–Al2O3, 

and also the peaks typical for the phase �–Al2O3, are noted. 

It testifies that the technology of detonation spraying causes 

substantial variations in the material crystal lattice, ensur-

ing transition from �-phase to more stable 	-phase. Pres-

ence of the small part of the phase �–Al2O3 is explained by 

the observation that the particles have no time to be molten 

completely during striking at the substrate surface of a sam-

ple, due to high cooling speed. It is connected with smaller 

amount of intra-phase energy of the phase �–Al2O3 in com-

parison with the phase 	–Al2O3, what hinders finalizing of 

phase transformation in the conditions of quick cooling 

[29–31]. It should be noted that the molten particles, which 

were subjected to intensive heating during spraying process, 

can be characterized by different through heating at the mo-

ment of striking the substrate. It depends both on their sized 

and flow speed of powder particles. As a result, the particles 

with more long temperature holding period (about 1100 �) 

have more chances to transfer in a metastable�	-phase, what 

is just observed in the examined coating. 

The applied coating of the mixture of alumina and peri-

clase is characterized by high content of crystalline magnesium 

aluminate spinel (MgAl2O4) (Fig. 3b) and also by presence 

of the secondary periclase phase (MgO). Probably, forming 

of the secondary periclase phase is connected with excessive 

MgO content in the initial powder. Presence of the corundum 

phase (	–Al2O3) was not revealed, what testifies on complete 

�–Al2O3 consumption for forming of the spinel phase. These 

data confirm that magnesium aluminate spinel coating is 

forming as a result of solid phase diffusion reaction between 

MgO and �–Al2O3 during the process of detonation spraying.

No delaminating or exfoliation of coatings was revealed 

during visual analysis of the surface of samples using opti-

cal microscope (Fig. 4). Use of the detonation method of 

spraying on refractory material provides high homogene-

ity of material distribution along the surface. The coatings, 

which were applied both by pure alumina and the mixture of 

alumina and periclase, are characterized by smooth texture 

with roughness parameters Ra = 25.9 μm and Ra = 23.3 μm 

respectively, in comparison with the surface of high-alumina 

Fig. 3. Diffraction pattern of coatings of alumina powder (a) and the mixture of alumina and periclase (b), applied on the samples 

Fig. 4. Morphology of the surface of coatings Al2O3 (a) and MgAl2O4 (b), obtained using optical microscope

a b

a b
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refractory with Ra = 42.7 μm. Additionally, all pores and cra-

ters among the particles were filled completely, what means 

high quality of the obtained coatings. 

Study of microstructure of the coatings (Fig. 5), which 

were carried out using SEM, displayed that average thick-

ness of Al2O3 and MgAl2O4 coatings was about 305 μm and 

252 μm respectively. These coatings are characterized by la-

mellar structure without visible defects, such as microcracks 

and pores. Forming of lamellar structure occurs due to the 

strong effect of powder particles on the surface of alumo-

silicate refractory. A powder particle strikes to the surface 

and forms spot-shaped morphology, while such consequent 

actions lead to forming of lamellar structure, which is ob-

served in the most part of thermally sprayed coatings. This 

process takes place in parallel direction to the surface and 

such structure becomes possible when powder particles strike 

to the surface with high speed. No gap between the coat-

ing and alumosilicate refractory is observed, what manifests 

about strong physical link. Good adhesion can be explained 

by strong effect of the particles on the surface of alumosili-

cate refractory, what not only allows accurate spreading of 

drops with forming of spots, but also ensures the tendency of 

well adhesion between drops and refractory surface, owing to 

their molten state. It also promotes good connection between 

plates, what significantly restricts forming of defects.

Thus, the coating not only forms the reliable protec-

tive layer on the surface of high-alumina refractory, but also 

compensates its structural disadvantages via filling cracks and 

pores. It improves substantially its protective properties, in-

creasing its corrosion resistance in silicate melts. 

The results of measuring porosity and hardness of the 

coatings are shown in the Fig. 6. It can be seen that corun-

dum coating is characterized by porosity 2.04 %, while spinel 

coating has porosity 3.25 % (Fig. 6a). These indicators are 

rather lower in comparison with porosity level for high-alu-

mina refractory, which makes 24 %; it can be explained by 

more dense structure of coatings. 

According to the results of microhardness measurements 

(Fig. 6b), which were conducted with use of Vickers hard-

ness meter, the maximal hardness of the coating applied from 

alumina powder and from the mixture of powders achieves 

1336 HV03 and 1277 HV03 respectively. It should be noted 

at the same time, that it is difficult to provide measuring 

the refractory surface hardness owing to heterogeneity of 

its structure (including corundum and mullite grains [32]) 

as well as presence of glass phase in its structure. As it was 

mentioned above, high-alumina refractory is characterized 

by low degree of sintering ability, what makes more compli-

cated obtaining of the exact data. Based on this, the average 

hardness of refractory is lower in comparison with hardness 

of refractory with coating.

Conclusion

Ceramic coatings of corundum (Al2O3) and magnesium 

aluminate spinel (MgAl2O4), which were applied by the 

method of detonation spraying with use of a multi-chamber 

cumulative-detonation unit, were successfully applied on the 

surface of high-alumina refractory materials. It was estab-

lished that phase variations of initial powders with forming 

of new phases are observed in the applied coatings on the 

base of alumina powder and from the mixture of alumina 

and periclase. Domination of the 	–Al2O3 phase with slight 

content of the �–Al2O3 phase is typical for pure alumina with 

the �–Al2O3 phase, while for the mixture of alumina and per-

iclase, forming of magnesium aluminate spinel (MgAl2O4) 

with slight periclase content is noted. 

Microstructural analysis displayed that use of the tech-

nology of detonation spraying allows obtaining of high-ho-

mogeneous coatings, which completely fill pores and craters 

on the surface of refractory material. It leads to substantial 

reducing of mean square roughness of the surface from  

Fig. 5. Cross-section of refractory with aluminium oxide (a) 
and spinel (b) coatings

Fig. 6. Porosity (a) microhardness (b) of the coatings

a b

a b
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initial 42.7 μm to 25.9 μm and 23.3 μm, for corundum and 

spinel coatings respectively. Forming of the typical lamellar 

structure of coatings without visible defects (such as cracks  

and pores) is observed; it provides reliable physical adhesion 

with high-alumina refractory and promotes minimizing of 

defect forming during operation. It was established that the 

obtained coatings are characterized by low porosity: 2.04 % 

for Al2O3 and 3.25 % for MgAl2O4 in comparison with porosity 

level for high-alumina refractory, which makes 24 %; it im-

proves essentially protective properties of refractories. Com-

parative analysis of microhardness displayed the high hardness 

values both for corundum (1336 HV03) and spinel (1277 HV03) 

coatings, what confirms their high wear resistance. 

Based on the obtained results, it can be concluded that 

detonation coatings on the base of Al2O3 and MgAl2O4 can 

be recommended as protective layers on refractory materials 

in high-temperature steelmaking vessels. Further investiga-

tions will be directed on evaluation of corrosion resistance 

of refractories with detonation coatings in real operating 

conditions. 

The research was carried out within the framework of re-
alization of the state assignment of the Ministry of Sci-
ence and Education and Science of Russian Federation  
No. FZWN-2023-0006 with use of equipment of the Center of 
high technologies in the Belgorod State Technological Univer-
sity named after V. G. Shukhov
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