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Periclase-chromite refractories are studied after operation under action of acid slags. The refractory micro-
structure and corrosion mechanism in fayalite melts are demonstrated. Ways of improving refractory stability

are proposed.

Keywords: periclase-chromite refractories lining, fayalite slags, porous structure, corrosion mechanism.

Refractories in the periclase-chromite (chromite ore) sys-
tem are used extensively in lining ferrous metal heating units
during melting alloyed and special steels, nonferrous metal-
lurgy (reverberatory furnace, copper production converter),
and also lining heating furnaces for rolled product, rotary
furnaces for cement production, and polymetal manufacture
[1-4].

A common factor governing the selection of periclase-
chromite refractories in different branches of industry is the
acid nature of melts and primarily slag having a direct effect
on the heating unit lining working layer. Therefore, a study
of the breakdown of periclase-chromite refractories in acid
slag is an important task making it possible to improve re-
fractory quality and correspondingly lining life.

RESEARCH METHODS

Test material chemical composition was determined by
an x-ray fluorescence method in an ARL QUANT’X
(Thermo Scientific, USA) energy dispersion spectrometer
using a UniQUANT (Rh K,-radiation, tube power 50 W,
voltage range 4—50kV with 1kV step, current range
0—1.98 mA with 0.02 mA step, Si(Li) detector, energy reso-
lution 150 eV). Phase composition was determined in a
MiniFlex 600 (Cu K,-radiation, A = 1.541862 A, recording
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range 3.00 — 60.00°, scanning pitch 0.02°) Rikagu — Carl
Zeiss (Japan) diffractometer with a rotating anode, with pro-
grammed control MiniFlex Guidance data collection and a
PDXL Basic data processing package. Identification of dif-
fraction maxima was performed using the JSPDS data bank,
semiquantitative evaluation of phase content, i.e., using co-
rundum number RIR (Reference Intensity Ratio) by the
Chung method [5].

Apparent density, open porosity, and water absorption
(for kerosene) were determined according to GOST
2409-2014 “Refractories. Methods for determining apparent
density, overall porosity, water absorption.” Petrographic
study of refractory objects was conducted in reflected light
of an Olympus microscope at 200-fold magnification; a
“Siams” system was used during treatment of photographs.

A study was made of the breakdown of Combinat
Magnezit refractory grade PCS based on melting powders of
periclase and chromite ore (chrome spinelid) under action of
an acid slag of fayalite composition (Table 1). Apart from
periclase the refractory contains solid solutions of spinelids
with the generalized formula (Mg,Fe)O-(Fe,Cr,Al),O;, sili-
cates in the form of olivine, forsterite, and monticellite, and
they exhibit a concreted microcrack structure [6].

A refractory specimen was selected from a lining after
operation for 4 months under action of molten fayalite slag, a
gas atmosphere with a high amount of CO, CO,, SO;, and
water vapor, and also sharp temperature drops in the range
1000 — 1400°C. A refractory specimen after operation is
shown in Fig. 1. It is seen that three zones are separated from
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Fig. 1. PCS-refractory macrostructure after operation.

the edge of the working zone: working, directly in contact
with melt/skull with thickness from 5 to 10 mm, a transition
zone located beyond the working zone with thickness from
20 to 30 mm, and a least changed zone. Adjacent to the least
changed zone is an unchanged zone having the same density
but differing little from the previous zone with respect to
color. At the boundaries of the zones cracks are observed ar-
ranged parallel to the lining surface (see Fig. 1). The chemi-
cal composition of zones is provided in Table 1. It has been
established that the skull at the refractory surface consists of
a mixture of refractory (MgO, Cr,03) and slag (Fe,03, SiO,,
CuO, ZnO, PbO, SO;) with predominance of slag. Within the
working zone iron, copper, lead, zinc, alkali metals, sulfur,
and quartz compounds are observed. Penetration of copper
oxide and sulfur is observed even within the least changed
zone. At the same time, the magnesium and chromium oxide
content decreases in the direction from the working zone.

TABLE 1. PCS-Refractory Specimen Chemical Composition Be-
fore and After Service (by Zones)

Zone
Slag com- Original
P‘(:Vrzizt, 5511?1%1 (wﬁifng working transition chl:r?ge d refr;e?(i(-)ry
zone)

SiO, 14.85 12.93 5.40 5.52 5.72 2.68
Fe,04 67.94 63.06 15.25 — 9.68 3.12
Al O, — — 542 5.51 5.59 5.78
Cr,04 0.159 0.177 5.24 8.58 9.38 10.15
MgO 4.71 7.71 46.99 5225 5635 68.42
CaO 0.415 0.381 2.67 3.15 4.25 4.38
CuO 1.9 7.68 4.51 2.41 0.557 —
PbO 0.282 0.246 0.131 0.0985 0.0244 —
ZnO 472 2.64 0.435  0.241 0.0985 —
Na,O — — 2.13 2.05 2.07 1.12
K,0 0.279 0.183 0.0349 0.0347 0.034 0.035
TiO, 0.147 0219 0.138  0.138  0.135 0.130

SO, 333 3.69 8.78 6.68 5.72 —
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Fig. 2. PCS-refractory macrostructure after operation: /) sintered
periclase; 2) chrome-spinelid; 3) complex composition secondary
spinelids; 4) forsterite; 5) monticellite; 6) bicalcium silicate; 7)
merwinite; 8 ) magnesioferrite; n are pores; m are thermal cracks.

The phase composition of the edge of the working zone
is represented by (wt.%) magnetite FeO. Fe,05 (60), magne-
sium fayalite Mg 6Fe; 74[SiO4] (31), magnesioferrite
(Mgo.191Fe0.800) (Mgo 809F€1.191)04 (7), and copper ferrite
CuFesOg (3); there are also traces of iron periclase
(Mg 9g5F€0.042)O (up to 1 wt.%). It is also established that
the structure of the zone differs considerably (Table 2).

Since Kombinat Magnezit PCS-object porosity is
14 —15% (see Table 2) objects after operation in the pres-
ence of acid slags are significantly impregnated with readily

TABLE 2. PCS-Refractory Properties Before and After Service

Zone

Original

Property edlgf i transi-  least PCS-
(working working tion changed refractory

zone)

Open porosity, % 2.9 5.4 10.1 132 14.5

Apparent density, g/em® 4.62 350 327 3.17 3.15

Water absorption, % 0.5 1.2 2.4 33 3.6
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melting admixtures and are compacted. Very low porosity
should be noted for the least changed zone, which with visual
examination does not differ from the unchanged zone. The
high density of the transition and working zones is caused by
impregnation of impurities containing highly dense com-
pounds of iron and nonferrous metals (see Table 1).

The microstructure of a an original PCS-specimen is
shown in Fig. 2a, b. It is seen that the main minerals of the
PCS-refractory are sintered periclase of quite good quality
and chrome-spinelid. Sintered periclase does not have extra-
neous inclusions, grains are round in shape, and direct bonds
are absent. Silicates are also present in the form of forsterite
arranged in the form of thin layers between grains of sintered
periclase, monticellite in the form lenses between periclase
grains, and also an insignificant amount of bicalcium silicate
(larnite) and merwinite are present. Chrome-spinelid has
clear boundaries: cracks and pits are absent. Secondary spi-
nels of complex composition are observed in a small amount,
arranged over the boundaries of basic phase crystals and
finely milled component. Aggregates form from grains of the
main phases of periclase and chrome-spinelids, cemented by
a fine-grained mixture of complex composition, including
fine grains of periclase-chromite, chromite, and silicates.
There is a low content of magnesioferrite within a specimen
since iron oxides present in the natural raw material are
transformed entirely in magnesioferrite, and in this case its
content is low.

The structure of a specimen is of varied grain size, quite
porous, pores n are coarse, and channel in nature. The color
of specimen is light brown with bright grains of spinel, and
silicate interlayers are light. Presence of fine cracks n should
be noted, pointing mainly to disruption of refractory firing
technology. Cracks are not over-compacted are mainly lo-
cated over periclase boundaries. The firing temperature was
quite high, which is confirmed by the specimen structure.

The least changed zone (Fig. 3a, b) is of light brown
color, and its porosity is lower than for an object before ser-
vice, which is a result of some compaction of the structure as
a result of sintering under action of temperature and gas at-
mosphere, and impregnation of slag components. Specimen
phase composition is represented by refractory minerals be-
fore service. The color of periclase is light brown, and within
grains there is a light-brown skin consisting of deposits of
complex silicate composition and secondary spinelids. The
amount of silicates increases compared with the unchanged
zone. A high temperature facilitates migration of readily
melting phases from the working surface into the volume of
an object and formation of direct bonds 9 in periclase grains.
Grains of chrome spinelid (chromite) change shape and
structure: the edge of a grain becomes uneven, cracks m ap-
pear within them, and at the edges there is an increase in the
amount of secondary spinelids of darker color whose grains
are also arranged around periclase single crystals. There are
oxides in the form of magnesioferrite § and magnetite in the
form of thin deposits on periclase grains (within pores) and
individual inclusions at the edges of chromite grains. Pores n

Fig. 3. Macrostructure of PCS-refractory specimen least changed
zone: [ ) sintered periclase; 2 ) chrome-spinelid; 3 ) complex compo-
sition secondary spinelids; 4) forsterite; 5) monticellite;
6) bicalcium silicate; 7) merwinite; §) magnesioferrite; 9) direct
bonds in periclase grain; n are pores; m are thermal cracks.

of a specimen during service change form and become dis-
continuous. Thermal cracks m develop not only within
periclase, but also within chrome-spinelid. The role of binder
is fulfilled by fine periclase grains, periclase-chromite, and
silicates. No marked phase changes are observed within the
zone.

The transition zone (Fig. 4, a — ¢) has a denser structure
than the least changed zone that is due to action of high tem-
perature and gas phase (SO;, CO, CO,, R,0 vapor). Pore size
n decreases and their shape changes. The main minerals of
the transition zone are periclase and coarse grains of
chrome-spinelid (chromite). Surface regeneration of
periclase continues under action of fayalite slag. Individual
chromite grains have a cracked structure with low refractive
index, i.e., a result of diffusion of ion cations from slag with
formation of iron oxides filling cracks and pores in periclase
and chromite crystals. Iron oxides with respect to reflective
capacity may be classified as magnetite Fe;O,4 (m). Migra-
tion of trivalent cations from chrome-spinelid commences
and there is a reduction in the amount of them (see Table 1).
Presence of high quality chromite within a specimen should
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Fig. 4. Macrostructure PCS-refractory transition zone: /) sintered
periclase; 2) chrome-spinelid; 3) complex composition secondary
spinelids; 4) forsterite; 5) monticellite; 6) bicalcium silicate;
7) merwinite; 8 ) magnesioferrite; n are pores; m are thermal cracks;
a are nonferrous metal oxides; c is carbides; m is magnetite.

be noted whose grains are little subject to change. Coarse
grains are cemented by fine grains of a mix of complex com-
position, including periclase, periclase-chromite, chromite,
silicates (forsterite, monticellite), and also secondary spinels
of complex composition (Mg, Fe)O-(Al, Fe),0; formed dur-
ing reaction of periclase grains with chrome-spinelid.

Fig. 5. Macrostructure PCS-refractory working zone: /) sintered
periclase; 2) chrome-spinelid; 3) complex composition secondary
spinelids; 4) forsterite; 5) monticellite; 6) bicalcium silicate; 7)
merwinite; § ) magnesioferrite; n are pores; m is structural crack; a
are nonferrous metal oxides; fis fayalite; m is magnetite; b are metal
beads.

Extreme refractory service conditions lead to the start of
migration of metal oxides into a lining, which condense over
periclase and spinelid grain edges and within pores. There is
an increase in the amount of magnetite m inclusions with
high reflective capacity, which are arranged over the periph-
ery of crystals of the main components and within pores.
There is also iron carbide £, located over the boundaries of
crystals and within cracks.

The working zone (Fig. 5) consists of two clearly differ-
ing sub-zones: insignificantly impregnated with molten
metal and slag (Fig. 5a), and impregnated (Fig. 5b). The
structure of a significantly impregnated sub-zone continues
to change with further action of high temperature and pene-
tration of readily melting components into liquid and gas-
eous conditions, and also combustion products (SO, SOs,
CO, CO,, R,0). As a result of this the sub-zone becomes
loose, there is a change in pore shape, i.e., they become
rounded and closed, and decrease in dimensions. The main
mass is aggregates of periclase and chrome-spinelid (primary
and secondary). Crystals of sintered periclase acquire a loose
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structure, there is a reduction in dimensions, and at the sur-
face there is formation of a skin of ferrous magnesium sili-
cate. The role of a binder in the insignificantly impregnated
sub-zone is fulfilled by fine grains of periclase and
periclase-chromite, cemented silicate binder consisting of
forsterite, monticellite, and secondary spinels of complex
composition (Mg,Fe)O-(AlFe),0;, formed during reaction
of periclase with chrome-spinelid components. The SiO,
content increases, and in this case at the surface of periclase
grains there is formation of more refractory Ca,SiO, phase.
Dissolution of chrome-spinelid continues, chromite grains
become loose, porous, change their shape and outline; there
is an increase in the amount of cracks. Extreme refractory
service conditions within the working zone lead to active re-
action of fayalite with refractory phases and migration of
nonferrous metal ferrites and oxides a into the refractory
structure. There is an increase in the amount and size of in-
clusions with high reflective capacity, i.e., magnetite m and
metal c.

In the impregnated under-zone the process of melt and
slag migration (fayalite and silicates) leads to impregnation
of refractory (see Fig. 5b), dissolution of periclase and chro-
mite, and as a consequence to formation of a continuous
crack m over the boundary of the impregnated under-zone.
Metal beads c appear with high reflective capacity.

Wear of lining in contact with molten metal and slag oc-
curs as a result of their penetration through the pore structure
into the volume of refractory within which there is reaction
of slag components Fe,0;, SiO,, and R,0O with refractory
minerals under gas atmosphere (SO;, CO, CO,, O,) condi-
tions with formation of readily melting compounds, again
transformed into melt. It is seen from Fig. 5b that the impreg-
nated under-zone is clearly separated by a crack m separating
both under-zones and formed due to different thermo-
mechanical properties of under-zones with a drop in temper-
ature in the course of cooling a lining. The impregnated un-
der-zone consists of magnetite, nonferrous metal ferrites and
oxides, iron periclase, and individual grains of periclase and
chromite. The structure is cemented by readily melting sili-
cate melts.

The working zone slag skin (skull, Fig. 6a, b) forms as a
result of reaction of refractory with migrating slag oxides,
metal, and the gas phase; closed pores of circular shape are
present. The zone structure is dense, and consists of magne-
tite, magnesium ferrites, silica, and nonferrous metals, iron
and nonferrous metal oxides a. Presence should also be noted
of individual shape changed grains of spinelids represented
by a conglomerate of primary and secondary chrome-
spinelids. The cementing phase is represented by readily
melting silicate melts.

Therefore, this research has shown that action on PCS re-
fractory of acid slags, readily melting mixtures, and gases
(CO, S0O3) leads to formation of refractory zonal structure.
Zones differ significantly with respect to chemical and phase
composition, structure, and physical properties, and in partic-
ular with respect to LTEC. As a result of variation in temper-

Fig. 6. Slag skin working zone (skull) microstructure: /) ferrite and
magnetite; 2) fayalite; 3) sulfoferrite; n are pores; a are nonferrous
metal oxides; b are metal beads.

ature during operation of a heating unit thermal stresses arise
at the boundaries of zones leading to crack formation di-
rected towards the lining surface, and to impregnation of re-
fractory with melts and gases. Crack development leads to
spalling of material layers and a reduction in thickness. This
thermal spalling is mainly a mechanism of periclase-chro-
mite lining breakdown.

It should be noted that during impregnation of melts
there is separation into fractions with respect to melting tem-
perature (“chemolysis” of a melt) and more readily melting
impurities penetrate almost the whole thickness of a lining.
Even the least changed zone, which appears visually undam-
aged, is saturated with sulfate compounds and nonferrous
metals. This is confirmed by the low porosity of this zone
(much lower than for the original refractories, see Table 2).

An understanding of the PCS refractory corrosion mech-
anism under the action of acid slags is fundamental for deter-
mining ways of improving refractory life. Since refractory
breakdown in the first stage occurs due to impregnation
through pores, it should exhibit low porosity. Coarse pores
(>10 um) are especially dangerous, since impurities readily
penetrate them. In contrast, fine pores facilitate stress relax-
ation with a drop in temperature during lining operation. In-
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dependent of pore size there is a considerable importance in
their reciprocal position and bonding into a single system
specifying gas permeability, which should be at a minimum.
The porosity of refractory objects also depends on mixture
grain size composition, compaction conditions, firing tem-
perature, raw material composition, etc. It is quite compli-
cated and expensive to reduce refractory porosity due to a
change in production parameters: in this case periclase-chro-
mite object porosity may only be reduced by several percent.
Research [7 — 10] has confirmed that it is possible to reduce
open porosity considerably in order to improve life with con-
sideration of the refractory wear mechanism mentioned
above due to penetration of refractory by compounds break-
ing down during heating with separation of finely dispersed
refractory phases (for example magnesium sulfate, chro-
mium and zirconium oxides, carbon). It should be noted that
coarse pores are more readily subject to impregnation than
fine pores. Other research [11, 12] also shows a considerable
effect of magnesium sulfate on a number of refractory prop-
erties, including periclase-chromite materials.

An increase in PCS refractory resistance towards acid
slags is possible by planning the composition and structure
of refractory objects especially for operation under condi-
tions of action of low-viscosity (as a result of high content of
readily melting compounds) acid slags for which it is neces-
sary:

— to reduce the amount of free magnesium oxide within
objects;

— to organize search and selection of phases with good
corrosion resistance with respect to melts in the
FeO-Si0O)—CuO-PbO-SO;-ZnO-R,0 system;

— to reduce open porosity and average pore size of re-
fractory objects due to:

selection of grain and substance composition of a charge
providing the maximum lay-up density and degree of origi-
nal powder sintering;

selection of firing regime for forming a large number of
direct growths of crystals and closed porosity, and also a re-
duction in the amount of glass phase;

a reduction in the amount and size of open pores (10 um)
and also modification of their surface with materials reduc-
ing wetting of refractory by iron-containing melts due to
their saturation with solutions/melts of precursors, which
during decomposition fill the pores of refractory phases.

CONCLUSION

1. The main reason for corrosion of PSC refractory in
acid fayalite slags is their impregnation through the pore
structure by liquid and gaseous products of a melt, increasing
the area of chemical reaction of corrosive agents with refrac-
tory. Nonferrous and alkali metals present in melt products
considerably reduce melt viscosity and accelerate impregna-
tion.

2. Chemical corrosion of PSC refractories in fayalite
slags proceeds rapidly through silicate glass phase and the
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finely dispersed part of a charge (sintered periclase) with
complete transformation into iron-silicate-magnesia glass
phase. Coarse chromite grains have the slowest dissolution
rate that proceeds by a diffusion mechanism from grains of
iron cations and accelerates in the presence of a gas phase of
sulfur compounds and alkali metals.

3. Corrosion processes combined with a temperature
gradient through a refractory object thickness lead to forma-
tion of zones with different chemical composition and
thermophysical properties. The zone thickness depends on
concentration and temperature gradients over whose bound-
aries there is thermal spalling of refractory with drops in
temperature during lining operation.

4. Formation within a slag skin of sulfoferrite com-
pounds of variable composition has been established.

5. Ways have been proposed for improving PSC refrac-
tory resistance to the action of fayalite slags.
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