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In this study, chamotte refractory samples were analyzed after they were used in the shaft and crucible of a

coke gas cupola furnace during the melting of cast iron with spheroidal graphite using carbon waste obtained

from aluminum electrolysis as a reducing agent. It was discovered that the structure of the fireclay refractory

changed during operation because of corrosion factors specific for each zone of the cupola furnace. Refractory

silicates (glass phase and quartz) primarily interact with corrosives. Secondary mullitization, which is associ-

ated with the mineralizing effect of fluorine-containing vapors in the furnace atmosphere, was extremely ac-

tive during refractory operation. In the crucible, the refractory was influenced by mechanical loads exceeding

the ultimate compressive strength of the refractory, as well as chemical loads from the metal melts and low-ba-

sic slag. Thus, the refractory in the crucible lining was first destroyed mechanically and then chemically, dis-

solving from the contact surface in the low-basic slag. The glass phase of the products was impregnated with

iron oxides, which were reduced in the refractory structure under the influence of the furnace atmosphere.
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In industries, about half of all the refractories are de-

stroyed because of insufficient chemical resistance.

Refractories interact with various corrosives, such as slags,

metals, and gases. One of the corrosive forces that destroy

refractories is dissolution [1], in which a layer of interaction

products is formed on the contact surface (refractory corro-

sion). The particles that do not dissolve on time are subse-

quently removed with the reaction products (refractory ero-

sion).

Slag aggressiveness depends mostly on ion activity. Free

oxygen ions have the highest activity level. Fluorine and al-

kali ions also make the slag more aggressive, reducing its

viscosity and melting point.

Part 1 of this article [2] demonstrated that chamotte ware

had a service life of fewer than 7 days when used in a coke

oven gas cupola to smelt cast iron with spheroidal graphite

using carbon waste from obtained aluminum production

electrolyzers as a carburizer. In this case, the refractories de-

velop a pronounced zonal structure. Table 1 shows the chem-

ical composition of the samples before and after the opera-

tion, as well as that of the cupola slag.

Table 1 demonstrates the following:

– When cast iron was melted with spheroidal graphite in

a cupola, slag with a basicity modulus of 0.13 was obtained,

implying that it was very acidic and required a high over-

heating temperature to ensure its fluidity when draining. The

alkali oxide concentration was low (0.091 wt.%) despite be-

ing high in the carbonaceous part of the charge. This indi-

cates that alkalis and fluorine were evaporated during the

production of cast iron;

– The chemical compositions of the fireclay refractory

zones after service in the shaft and crucible were similar, and

the working zones contained the same amount of SiO2 as the

slag. According to the phase diagram of Al2O3–SiO2–Fe2O3

in the temperature range corresponding to the melting of
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metals (cast iron), the refractory behavior depends mainly on

the Al2O3, SiO2, and Fe2O3 contents.

The fireclay refractory samples were black after use in

the crucible and shaft of the cupola because of the saturation

of the structure with iron oxides and soot carbon, which was

released by the Bell reaction: 2CO � CO2 + C. The soot car-

bon release reaction occurs in a volume of fireclay

refractories with a porosity of 22% and is accelerated by cat-

alysts (e.g., iron oxides) [3]. Figure 1 and Table 2 present the

phase compositions of the initial fireclay refractory and cu-

pola slag.

As shown in Figure 1 and Table 2, the mineral bases of

the original fireclay refractory are mullite and cristobalite

(quartz), with a moderate concentration of anorthite glass

phase. A small amount of corundum indicates that a high-

alumina additive was used in the refractory charge to in-

crease the mullite content in the product matrix. The cupola

smelting slag consisted almost entirely of an iron–

aluminate–silica glass phase (fayalite + almandine + anor-

thite).
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TABLE 1. Chemical Composition of the Analyzed Samples

Sample

Content, wt. %

Al
2
O

3
SiO

2
Fe

2
O

3
R2O CaO MgO TiO

2
S MnO

Before service 37.7 54.3 3.75 0.71 0.58 0.27 1.59 0.008 0.024

Cupola melting slag 18.16 50.26 12.93 0.091 10.18 1.03 1.28 0.15 2.218

After service in the shaft:

working zone crust (melted) 26.4 61.6 5.34 0.21 1.95 0.20 1.52 0.35 0.154

working zone 29.61 57.12 4.22 0.66 1.04 0.29 1.85 0.19 0.126

transition zone 35.25 51.72 3.96 0.71 0.54 0.31 2.16 0.16 0.068

impregnated zone 38.62 50.44 3.12 1.19 0.27 0.47 2.27 0.14 0.016

After serving in the crucible:

working zone crust (melted) 3.45 67.27 11.08 0.69 13.17 1.21 2.23 0.15 0.721

working zone 37.36 52.49 4.79 0.80 0.43 0.31 1.94 0.06 0.041

transition zone 25.11 65.92 4.72 1.20 0.49 0.40 1.44 0.29 0.036

impregnated zone 37.22 51.81 3.34 0.86 0.31 0.36 1.95 0.02 0.03

TABLE 2. Phase Composition of the Cupola Slag and Initial Fire-

clay Refractory

Phase Formula

Content of phase, wt.%

In slag In refractory

Glass phase — 70 – 80 20 – 25

Corundum Al2O3 — 2 – 4

Mullite + iron garnet 3Al2O3·2SiO2

+ Fe3Al2(SiO4)3

— 50 – 55

Cristobalite SiO2 2 – 4 22 – 25

Fayalite Fe2(SiO4) 5 – 7 1 – 2

Wollastonite CaSiO3 2 – 5 —

Anorthite Ca(Al2Si2O8) — 3 – 5

Magnetite + wustite Fe3O4 + FeO 2 – 4 Up to 1

Calcium ferrite Ca(Fe2O4) + (Ca,Fe)O 2 – 6 —
Fig. 1. X-ray patterns of the cupola slag (a) and initial fireclay re-

fractory (b )



Table 3 presents the phase composition of the chamotte

ware by zones after service in the shaft and crucible of the

cupola furnace. During refractory operation, the concentra-

tion of the glass phase increased to 30 – 35%, and its compo-

sition changed mainly from anorthite to anorthite–fayalite. In

this case, the iron oxide contents in the refractory increased

(in the form of calcium ferrites and iron silicates), while the

refractory phase contents (mullite and cristobalite) de-

creased, even when secondary crystallization of mullite was

taken into account. The total content of the introduced phases

ranged from 9.0% in the crust of the working zone to 2.8% in

the impregnated zone.

The phase composition of the refractory changed signifi-

cantly after use in the cupola crucible. The crust of the re-

fractory working zone consisted almost entirely of a slag

skull, namely, a glass phase of ferrite composition (up to

40%) and wustite (32.0%), with remnants of refractory

phases, namely, mullite (17.0%) and cristobalite (9.0%). The

number of ferrite phases (glass phase and crystalline phases)

in the impregnated zones increased, while the number of pri-

mary refractory phases, namely, mullite and cristobalite, de-

creased significantly.

During operation, the physical and chemical properties

of the fireclay refractories in the cupola lining change, as

well as their structures at both the macro and micro levels.

The initial macrostructure of the products consisted of a

binder cryptocrystalline mass (matrix) and large grains of

chamotte, and a small number of fine corundum and

cristobalite grains (aggregates of various fineness). The ma-

trix of the annealed chamotte ware was made up of a

cryptocrystalline binder mass of silicate glass and dispersed

chamotte grains surrounded by the thinnest colorless rims of

metastable cristobalite.

High temperatures, a reducing atmosphere, and CO pen-

etrating the pores darkened the color of the products and the

lining. The crust of the working zone, which is the most al-

tered part of the refractory structure in the shaft and crucible

of the cupola, was made up of refractories recrystallized by

fluorine mineralizers and impregnated with slag. The work-

ing surface of the products was covered with a 2–5 mm thick

layer of slag and worn out evenly, and intensive cracking of

the structure and penetration of the slag and metal melt into

cracks and pores were observed in the crucible zone.

At high magnification (Fig. 2), it can be seen that the

sample is composed of individual grains of chamotte and

quartz, which are separated by microcracks partially filled

with a glass phase with a high reflection coefficient. A por-

tion of the grains had been impregnated with melting prod-

ucts and had transformed into a glassy cryptocrystalline

mass.

Since the transition zone in the products underwent

fewer structural changes than the working zone, some of the

grains degenerated and dissolved in the glass phase; the latter

contained inclusions with a high reflection coefficient (metal

or lower metal oxides). Fine particles of soot carbon were

observed on the surface of the grains and glass phase. The

pores were irregular in shape and partially (up to 50%) filled

with the glass phase.

The least altered zone of the fireclay refractory after ser-

vice in the crucible and shaft is the denser, which was stained

dark gray because of the penetration of soot carbon. The re-

fractory structure was not impaired, and isolated fine grains

of corundum were observed.

The samples presented were selected from the chamotte

ware manufactured using the classical multichamotte refrac-

tory technology but with an increased amount of Al2O3 in the

clay (binder), which was introduced into the joint grinding

mixture in the form of alumina. There were no foreign inclu-

sions in the product before the service. During operation, the

products were exposed to high temperatures and sudden tem-

perature changes. There were no fluorine-containing phases

in the cupola melting slag and the products after operation;
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TABLE 3. Phase Composition of the Refractory after Service in the Shaft and Crucible of the Cupola

Phase Formula

Phase content, wt.%, in the zone

Shaft Crucible

Working zone crust Working zone Impregnated zone Working zone crust Working zone Impregnated zone

Glass phase — 30 – 35 30 – 35 25 – 30 Up to 40 30 – 35 25 – 30

Ranklinite Ca3Si2O7 2.3 0.9 1.0 — 5.1 1.0

Helenite Ca2(Al2SiO7) — 1.1 — — 1.1 Traces

Mullite 3Al2O3·2SiO2 38.0 42.0 47.0 17.0 12.0 22.5

Cristobalite SiO2 14.0 19.0 19.0 9.0 11.0 12.0

Fayalite Fe2(SiO4) 1.7 0.1 0.2 0.70 2.0 2.0

Calcium ferrite Ca(Fe2O4) 1.7 2.8 0.20 11.0 Traces

Anorthite Ca(Al2Si2O8) 4.0 3.4 — 0.04 12.0 20.0

Wustite FeO — — — 32.0 0.7 Traces

Hematite Fe2O3 1.5 — — 0.6 2.0 6.0



however, there was an abnormally small amount of al-

kali-containing phases, indicating that the fluorine and alka-

line components from the carbon scrappage of aluminum

production with a furnace atmosphere were removed mainly

from the zones above the lined belt.

The refractory wear mechanisms in the shaft and crucible

of the cupola differed. In the shaft, the refractory was mainly

influenced by the gas phase, namely alkali vapors, perhaps

fluorine compounds, and a reducing atmosphere, resulting in

the formation of soot carbon throughout the entire volume of

the lining. The working surface was also influenced by active

metal oxides and the emerging metal phase. All these factors

resulted in intense chemical wear of the fireclay refractory,

as well as the formation of a large amount of iron-containing

glass phase with a low melting point. Refractory silicates

(glass phase and quartz) primarily interact with corrosives;

secondary mullitization during operation, which is associated

with the mineralizing effect of fluorine-containing vapors in

the furnace atmosphere, was very active.

In the crucible, the refractory was subjected to mechani-

cal loads that exceeded the ultimate compressive strength of

the refractory, as well as chemical loads from the metal melts

and low-basic slag. Thus, the refractory in the crucible lining

was first destroyed mechanically and then chemically, dis-

solving from the contact surface in the low-basic slag. The

glass phase was impregnated with iron oxides, which were

reduced in the structure of the refractory because of the fur-

nace atmosphere.

CONCLUSION

The formation of the structure of fireclay refractories in

the shaft and crucible of the cupola furnace is characterized

by the following:

– the consistency of the mullite content in the different

zones of the chamotte ware (Table 3) and the increase in its

content in the impregnated zone despite the different service

conditions;

– the absence of alkaline and fluoride phases in the

zones of the products due to high partial pressures of gases

(vapors) in the pores and structure of the fireclay refractory,

as well as the migration of these gaseous phases into the

working zone of the cupola with their subsequent removal

with furnace gases;

– additional formation of mullite in some zones because

of its synthesis from alumina, which did not react during the

fabrication of the fireclay refractories. In this case, fluorine

compounds and fluorine act as mineralizers in the alumino-

silicate mass of the charge during the operation of the

refractories.

Thus, the fireclay refractories were impregnated with gas

and liquid phases and restructured after service in the cupola

shaft during the smelting of cast iron with spheroidal graph-

ite using fluorine-containing scrappages of electrodes as the

carbon component. In the crucible, the products were also

saturated with cast iron and slag melts, causing the refractory

to wear out not only chemically but also mechanically.
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Fig. 2. Microstructure of a sample of the working zone of the re-

fractory after use in the shaft (a) and crucible (b ) of the cupola with

points of chemical analysis. 190�. Reflected electrons.
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