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The results of mineralogical-petrographic analysis of Ankerharth magnesian-dolomite refractory mixtures
used in the hearths of steel-melting furnaces are described. The regularities of changes in their phase and
chemical compositions are identified and the mechanism of their wear in service at the Omutninskii Metallur-

gical Works is considered.

Refractory materials have a very significant role in en-
suring reliable and safe performance of metallurgical plants
and influence the quality and production cost of steel. Re-
cently, steel-melting furnaces in the nonferrous sector have
tended to grow in sizes and their service temperatures have
increased; consequently, requirements imposed on the qual-
ity of melting have grown as well. Therefore, the signifi-
cance of high-grade non-molded refractories has also grown,
since they have to satisfy more severe operating conditions.
The main properties of a refractory ramming mixture are the
constancy of its volume at high temperatures, corrosion re-
sistance, and wear resistance. Correct ramming of a furnace
hearth increases the efficiency of the steel-melting furnace
and extends the service life of its working chamber. Identifi-
cation of negative factors affecting the service life of
refractories, studying the mechanism of their wear, and se-
lecting refractories with optimal properties remain topical is-
sues. In this context, we have performed a comparative study
of the wear mechanism of open-hearth furnace bottoms
rammed by magnesian-dolomite mixtures of the Ankerharth
and Jehearth grades supplied by foreign producers. The re-
sults of these studies are summarized in two papers. The first
paper describes the study of the wear mechanism of
Ankerharth materials produced by RHI AG (Austria) sam-
pled after their service in furnaces at the Omutninskii Metal-
lurgical Works.

The main line of our research was studying chemical cor-
rosion of refractories, which is one of the most significant
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factors influencing their resistance. The latter depends not
only on the chemical and mineral composition of rammed
lining and the composition of metallurgical melts, but also on
the method and quality of ramming the furnace chamber and
the location of refractories in the furnace hearth.

The main purpose of this study was to investigate diffu-
sion zonality arising in ramming mixtures when they react
with molten metal and slag and to analyze the effect of
changes in the chemical and mineralogical compositions of
refractory materials in service on their resistance. To solve
this problem we analyzed the chemical and phase composi-
tion, texture, and structure of samples taken from an open-
hearth furnace bottom before and after service correlated to
different zones formed in the samples in the course of reac-
tions between refractory materials and molten metal and
slag. Our study was based on the principles of the metasoma-
tic zonality theory developed by D. S. Korzhinskii [1] for
natural processes and on our own studies of reactions
between periclase-chromite refractories and nickel converter
matte [2] and between mineral rocks and magmatic melts
[3-5]. Some earlier mineralogical-petrographic studies of
the composition and structure of periclase and dolomite
refractories and ramming mixtures are summarized in works
of L. I. Karyakin [6] and D. S. Belyankin with colleagues [7].

INVESTIGATION METHODS

The considered grades of refractory mixtures sampled af-
ter their service in open-hearth furnaces mainly constitute
densely sintered hard materials. Samples from sites adjunct
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to metallurgical melt had a zonal structure. Samples that
were far from the contact with the melt were represented by
powders consisting of fragments ranging from fractions of a
millimeter to 5 — 8 mm. The samples with clearly expressed
zonality were cut perpendicularly to their contact with the re-
action (working) zone. Then they were used to prepare trans-
parent and polished-transparent sections, which were ana-
lyzed using a polarizing microscope in incident and reflected
light. The samples were also analyzed using Camscan 4DV
and Camscan MV 2300 scanning electron microscopes. The
structure and the qualitative phase composition were re-
corded as electronic images (photos) in backward scattered
electrons (BSE). Local x-ray diffraction analysis of minerals
was carried out using the LINK analyzers working with the
electron microscopes, as well as Camebax SX50 and Came-
bax MBX microprobes. The reaction zones of the samples
were also investigated in characteristic radiation of the main
elements (Si, Al, Ca, Fe). The microprobe analysis of each
phase provided a precise identification of this phase and its
specific composition. Analysis using an electron scanning
beam on a square with a chosen side equal to a few tens of
microns yielded the gross composition of the sample sites.
Silicate chemical analysis was performed for several samples
of initial refractories before service and the reaction zones
after service, which, in particular, provided an estimate of
changes in the ratio of bivalent to trivalent iron split by the
sample zones.

To identify the phase composition and to have an approx-
imate estimate of the number of phases in a sample, x-ray
phase analysis of initial refractories and of some refractories
after service was implemented on a DRON diffractometer.
The identification of phases was performed by computerized
data processing using special software for x-ray phase analy-
sis and the PDF-2 international database.

The norm of refractory samples before service and after
service (split by zones) was determined using P. Niggley’s
molecular-norm method accepted in petrology. The results of
petrochemical calculations made it possible to compare the
phases and their quantitative ratios in the reaction zones
obtained from the gross compositions of the sample and data
obtained by electron microscopy and microprobes.

EXPERIMENTAL RESULTS AND DISCUSSION

Composition and Structure
of Initial Ankerharth Mixtures

Ankerharth magnesian-dolomite mixtures produced by
RHI AG are produced in several grades intended for applica-
lion in various sites of an open-hearth furnace bottom.
All mixtures are friable, gray-colored, powder-like materials
consisting of particles of different sizes. The basis of the
mixture is a powder whose 30 — 40 vol.% is represented by
solid fragments of dark gray and light gray colors and of size
from 1 to 8 mm, mainly 3 — 5 mm. Different grades of refrac-
tory mixtures have similar compositions and, according to
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the standard, differ from each other by no more than 2.3%
MgO, 0.4% Si0,, 2% CaO, and 0.7% FeO. The content of
Al,O; in the mixtures is equal (Table 1). The Ankerharth
TLS2 mixture for the blow zone contains a coarser fraction
(up to 8 mm), in contrast to Ankerharth SB25 intended for
the walls and the banks. Considering the similarity of their
chemical and phase compositions, we performed silicate
analysis (Table 1) and x-ray phase analysis of just one grade,
namely Ankerharth TLS2, which was the initial mixture for a
series of hearth samples. Large fragments (~5 mm) were
taken from this mixture as well, in order to analyze all of its
phases using a microprobe.

The data obtained in gross silicate analysis of Ankerharth
TLS2 given in Table 1 differ from the standard (specifica-
tion) parameters by a higher content of MgO and SiO and a
lower content of CaO. This shows that the composition of re-
fractory mixtures produced by the company probably does
not fully meet the specified standard. Comparing refractory
mixtures before and after service, we decided to use the stan-
dard compositions as reference data.

Silicate analysis separately performed for the coarse and
pulverized fractions of Ankerharth TLS2 (sample M16) indi-
cates that their most significant difference is the ratio of
MgO to CaO. The pulverized fraction is rich in CaO and the
coarse fragments are rich in MgO. The composition of the
fragments, in turn, is also heterogeneous with respect to vari-
ous components. The analyzed large fragments of sample
M16 contain 7% more MgO, 2% more Si0, 2.4% more FeO,
and 15% less CaO than the standard composition of the ma-
terial. These differences are presumably due to the fact that
the composition of large fragments is not equivalent to the
gross composition of the material in general.

According to electron microscopy data, the structure of
large fragments of initial Ankerharth TLS2 has an irregular
granularity (Fig. 1); its major part is made up of coarse-
grained aggregates consisting, to an extent of 80 — 90%, of pe-
riclase grains (Mg ogFeg ) 00O with a small quantity (2 -
5%) of lime. The spaces between the periclase grains are filled
with tricalcium ferrite (Ca, Mg ;Mny; Py, ) 1(Fes oAl 2) 206,
which amount to 5~ 8% of the volume of the aggregates
(Fig. 1) and small quantities of calcium silicate and
aluminate. These aggregates are presumably the products of
magnesite firing. The smaller part is represented by close-
grained aggregates, which, in addition to periclase, contain a
large quantity of calcium phases in the form of lime and
portlandite, which presumably are the products of dolomite
firing.

The norm of initial refractories calculated using the stan-
dard data and the results of gross chemical composition of
the materials (Table 1) mainly corroborates the results of
studying the phase composition using electron microscopes
and microprobes. Similar estimates of the mineral composi-
tion and the number of phases are obtained by x-ray phase
analysis, which indicates that the material contains 89.5%
periclase, 8.9% lime, 0.6% portlandite Ca(OH),, and 1%
quartz. Calcium ferrites and aluminates have not been identi-
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Fig. 1. General view of refractory mixture Ankerharth TLS2 (sample M16). @) Fragments of two types with different granularity: coarse-
grained (/) and finc-grained (//); b) the structure of a coarse-grained arca in a fragment of size 4 — § mm; the basis consists of periclase grains
(Per) of dark gray color in BSE bonded by three-calcium ferrite (C;F), white-colored in BSE; the pores are filled with loose lime mixtures

(Ca0),

TABLE 1. Gross Chemical Compositions and Norms of Initial Refractories Ankerharth SB25 and Ankerharth TLS2 before Scrvice and after
Service Split by Reaction Zones in Samples M14-1

Material grade

Parameters
Ankerharth SB25 Ankerharth TLS2
Method of analysis Specifications Silicate®! Microprobe™
Zone 0*3 0 0 1 2 3 4
Distance from the contact, mm >20 >20 >20 103-518 4.53-510 3.53-545 03-535
Mass content of main components, %
Si0, 0.6 0.6 1.47 1.94 7.81 222 6.41
TiO, — - 0.01 0.46 0.28 03 0.35
ALO, 0.3 0.3 0.4 3.02 1.51 0.85 1.56
Fe,0, 2.91 3.62 7.83 - - 4 =
FeO — — 0.33 15.68 20.5 32.01 50.21
MnO — — 0.28 1.67 337 4.44 4.29
MgO i 74.37 81.43 4337 51.81 55.86 2313
CaO 19.04 211 14.25 33.86 14.56 432 13.58
Ca0/si0, 31.73 35.16 721 17.45 1.86 1.95 2.12
Phase content (norm analysis), mol.%
MgO 83.00 81.06 86.41 54.45 — —_ —
(Mg, Fe)O - — — — 63.44 71.74 24.47
Ca,SiO, — — 3.21 — 19.04 5.62 18.46
Ca,S8i0; 1.74 1.73 — 6.34 - — -
Ca;AlL O, 1.04 0.65 — o — —_ —
Ca;Fe, 04 3.90 3.80 4.97 19.84 — — -
Ca;Fe, 04 — — = — —_— o 8.89
MgFe,04 - — — — ¥r:52 22.64 48.18
Ca,ALFe,0,, = — - 11.49 - = —
CaO 10.32 11.59 6.58 7.18 — — —
CaTiO, — = = 0.70 - — -

*! Data from the GIN laboratory of the Russian Academy of Sciences.
*2 Gross composition determined by clectron-beam scanning over the reaction zones of the sample using a microprobe.
** Composition of zone 0 corresponds to the initial refractory mixture.
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Fig. 2. Typical structure of the least altered zone 1 of the refractory mixture (sample M14). a) Fragments of two types with different granular-
ity: coarse-grained (/) and fine-grained (//) consisting of dark gray periclase grains; the spaces (I11) between periclase grains and between the
fragments contain tricalcium aluminate (Ca;A); C,S is bicalcium silicate. b) Structure of the binder constituted by periclase grains surrounded

by tricalcium aluminate and tricalcium silicate (C;S).

fied by x-ray analysis due to their small (<5%) content in the
initial materials.

Composition and Structure of Ankerharth Samples
after Service

The samples taken after service from the upper part of
the furnace hearth constitute well-sintered “stone-like” hard
materials, frequently having a heterogeneous zonal structure
due to their interaction with metallurgical melts that have a
contrasting composition. The deeper in the hearth a sample
was located, the less dense and the more homogenous its
structure and color. At a depth of 30 cm, the cement binding
larger particles becomes loose, the samples easily disinte-
grate into lumps, and at a depth from 40 to 60 cm the refrac-
tory is powder-like and differs from the initial material only
by a darker color. The most altered samples from the furnace
hearth (M14 and M14-1) have been investigated in more
detail.

The initial material of sample M-14 is Ankerharth
SB25B. Sample M14 is taken from the bank of the front wall
near the slag belt; its height is 13 mm, its cross-section area
is 15 x 16 mm, and it has clearly expressed zonality. Four re-
action zones, different in their colors and textures, have been
identified in this sample, in the direction of contact with met-
allurgical melts: 1 — light brown and 2 — vellow-brown,
both having a breccia-like structure; 3 — dark brown and
4 — black, having a more homogeneous structure but numer-
ous large pores, especially along the boundary between the
light-color and the dark-color zones.

Zone 1 is the least altered; its thickness is ~7 mm and
contains two types of fragments of size from 1.5 to 4.5 mm
(Fig. 2a). Some of them differ from the light brown back-

ground of the zone; they are dark gray periclase grain aggre-
gates of average size 0.10 — 0.12 mm, arranged close to each
other, virtually clear and isotropic. The spaces between the
periclase grains are filled by tricalcium aluminate and small
quantities of bicalcium silicate (Table 2). Approximately
20 —25% of the volume is taken by the second type of frag-
ments, of an irregular, frequently angular shape, from 3 x 2
to 9 x 5mm, consisting of significantly smaller periclase
grains (10 —20 um or less). The spaces between them are
filled not only by tricalcium aluminate but also by lime CaO
in the form of rounded formations (Fig. 2a) with very fine
prismatic crystals of portlandite Ca(OH), visible along the
contour. The binding material between the two types of frag-
ments consists of periclase grains of an isometric, often fac-
eted shape. The grain size varies from 6—10 to 200 -
300 um. The iron content in it amounts to fractions of a per-
cent. The space between the periclase grains are filled by
tricalcium aluminate with Mg, Mn, Fe, Ti, and Si impurities
and tricalcium silicate with Mg, Mn, Fe, and Ti impurities
(Fig. 2b); bicalcium silicate and braunmillerite CayAl Fe, 0y,
are found in small quantities (Table 2).

The differences between the two types of fragments be-
come less pronounced nearer to the contact between the re-
fractory and the melt. At a distance of about 8 mm from dark
zone 3, the quantity of free CaO decreases; C;S and C,A dis-
appear and are replaced by C,S. This characteristic was used
to identify zone 2 of thickness ~1 mm. Periclase in zone 2
contains numerous fine inclusions of magnesioferrite. Its fer-
rous coefficient grows to 0.15 compared to /= 0.08 in zone |
(Table 2). The boundaries of the periclase grains become
smoother and more rounded. The quantity of the binding ma-
terial made up of bicalcium silicate grows compared to the
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Fig. 3. Contact areas between reaction zones in sample M14. @) A sharp boundary between zones 2 (left) and 3 manifested in altered structure
and mineral composition. Composition of zone 2: Per + C,S, zone 3: ferrous periclase and magnesioferrite (Mf) + mervinite (C;MS,). b) At the
contact of zone 3 (left) and zone 4, the phases of zone 3 are replaced by zone 4 minerals. The material contains light-colored, banded, and cellu-
lar Mf formations and lens-like C,S veinlets,

material in zone 1. This is related to a partial removal of Mg, position (Table 2) has small impurities of iron, manganese,
the contribution of Si, and filling this space by C,S. Its com- and phosphor. The electron photos show its heterogeneous,

TABLE 2. Crystallochemical Formulas of Phases Split by Reaction Zones of the Hearth in Sample M14 (initial material™ Ankerharth SB25)

Analysis Distance, Ferrous

s Zone =i Phase bR e Phase composition

46 1 83-513 Per 0.08 (Mgg.4,Cay g, Feg 03)0

48 1 83-513 C;S 0.08 (Ca; 02Mgg 03); 05(Sin 57AL 04 Fe 05 Tig 02P0.01)0.0005

47 1 83513 GA 0.08 (Cay oMo 18Mng 1 Feg 30); 00( AL 13Feq 55Tig 21Siy 10)2.0006
41 2 73-58 Per*? 0.15 (Mgg goFeq 1sMng p)g 050

42 2 73 -58 C,8 0.15 (Cay gsMgg 16M1g g))3.07(Sig 60F €0 01Po.04)0.9504

43,38 3 2357 Per 0.20 (Mg 76Feg 1sMny ) 900

34 3 2% 87 Per*? 0.43 (Mgg s1Aly g2F ey 3sMn 45)) 460

44,40, 37%2 3 23-57 0.75 (Mg(l‘TécaG.DgMn{)l])l.DE(FC2.34AID.JIT’.U.U2S‘.U,GI)2‘USO4

45 3 23-57 C,MS, — (Caz.,oqNao.mh,w(Mgo.r;chnm)l.m(Sin.quAlomTin,o|Pn.oz):.9aos
39 3 23 -57 C.8 — (Cay ;Mg 0:Nag 01);.20(810.75F 0,01 Po.01)0.5004

3] 3 93 =57 Per 0.12 (Mg gepFeq 1Mny ,)O

32 3 23-57 C,S = (Cay ;Mg 01 Nag g2)2 10(Sip s9Aly 02)5.01 04

33 3 23-57 C,4AF 0.96 (Cay ;Mg 09Mng o6)s 76(Al; 53810, 09P0 01)1 63(F €260 Tio 062 66010
35 4 03 -52 Mf 0.79 (Mgg e9Cap 07Mng ) 3Tig 03) 92(Fes oAl 23)1 5604

36 4 03 -52 C,S s (Ca, g:Nag g;);1.08(S10 67P0.01Fe.02)1 0004

29 4 03-52 Mf 0.63 (Mg;.26Cay geMny 5 Nag ), ss(F ey 16AL.016510.02 g 01)23504
30,23 Per (border) 0.29 (Mg 66Fe.27Mng 56)0.060

24 4 03-52 Per (center) 0.45 (Mgy s9Cag g1 Fey 41 Alg 0; Mg gs)g 6,0

25,26, 21 4 03 -52 Mf 0.80 (Mgo 67Cag 6:Mng 21)g 05(Fe; 63A1) 25)5.01 04

28,27 4 03-52 C.S — (Cay gsMgy gMny 5,F ey 0405 07(Sig goAly 01 Py 03009304

22 -+ 03-52 C,S == (Caz,mMgo.mNan.nl)2,%(Sia_o4FCu.03P(:.uz )o.9004

"1 The phase composition of the initial material (distance from the contact with molten metal >18 mm) Per + C,8 + C,F + C;A + CaO. Phase
notations: Per, MgO (Periclase); C;S, 3Ca0 - Si0,; C,F, 2Ca0 - Fe;0y; CiA, 3Ca0 - ALO;; C,8, 2Ca0 - Si0,; C,MS,3 - 53Ca0 - MgO -
- 28i0,; CLAF, 4Ca0 - ALLO, - Fc,04; Mf, MgO - Fe,0,.

"2 Scanning surfacc arca 20 x 20 pm.

" The mean value of several results of analysis.
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Fig. 4. Typical structure of zone 4. a) Mf manifested as skeleton and dendrite forms inside ferrous periclase grains and formation of edge bor-
ders and angular crystals in the peripheral parts of the grains (sample No. 14); b) magnesioferrite crystals of hexahedral and cellular shapes, the
spaces between them are filled by rounded and lens-like C,S formations (sample M14-1).

seemingly fibrous structure (Fig.3a). A clearly defined
boundary is visible between zone 2 and the two successive
(zones 3 and 4) dark-colored and most altered zones. The
color, structure, and mineral composition of the refractory
material are modified.

Zone 3 (dark brown) is ~5 mm thick. The quantity of
magnesioferrite in periclase grains and along their contacts
with other phases significantly grows, and magnesioferrite
pseudomorphoses are formed over periclase. The spaces be-
tween the periclase grains are filled by bicalcium silicate and
a new phase, i.e., mervinite Ca;MgSi,Oy (Fig. 3a). The size
of mervinite formations ranges from 10 to 100 pum. It con-
tains Fe, Al, Ti, Mn, and P impurities. Braunmillerite is pres-
ent in this zone in small quantities. The formation of mervi-
nite indicates a deficit of calcium and its perceptible loss by
the refractory, starting with zone 3. This process is also man-
ifested by the disappearance of free CaO. Bicalcium silicate
also contains MgO, whose quantity grows from 0.4 in zone 1
to 4.5 wt.% in zone 4. Apparently, C,S is stabilized by the in-
corporation of Mg. The stability of Mg-bearing C,S is con-
firmed by the existence of a natural mineral with a similar
composition, namely bredigite («'-Ca,SiO,) containing up to
6.4 wt.% MgO, which has been discovered in lime scarns in
Ireland [8]. Bicalcium silicate contains small quantities of
P,0;: from 0.3 to 1.5 wt.%, which also stabilizes this mineral
in the high-temperature form.

Zone 4 (black color) is ~2 mm thick. It is separated from
zone 3 by a sharp tortuous border, which is clearly seen in
Fig. 3b. Large periclase grains, whose volume is saturated
with fine magnesioferrite dendrites, are visible at the edges
of zone 3; magnesioferrite also fills the cracks at the bound-
aries of the periclase grains. On the border between zones
3 and 4, periclase is intensely replaced by light-colored,

banded, and clear magnesioferrite formations; the spaces be-
tween them are filled by lens-shaped bicalcium silicate pene-
trating along the cracks and periclase grain contacts. The
substitution process is accompanied by pore formation. The
structural differences between the coarse-grained and close-
grained aggregates, which can be observed in zones 1 and 2,
here completely disappear. Periclase in zone 4 consists of
nearly black opaque grains with brown translucence at the
edges. The reflected-light microscopy and backward-scat-
tered electron photos (Fig. 4a) reveal not only numerous
skeleton magnesioferrite formations over periclase, but also
the fact that the edges of periclase grains are replaced by
magnesioferrite in the form of wide (20 — 30 um) edge bor-
ders and angular crystals with sharp faces of size up to
70 um. The quantity of magnesioferrite grows significantly
(up to 40%). Relict periclase grains recrystallize at their
edges and “lose” part of the iron (/= 0.29), which is incorpo-
rated in large magnesioferrite crystals. Their central parts re-
main saturated with iron (/= 0.45) and correspond to the
composition of magnesiowustite. The content of Al and Mn
in periclase grains grows. Elongated bicalcium silicate for-
mations of size 30— 100 ym are seen between the grains.
Mervinite is not identified in zone 4. Magnesioferrite has a
significantly higher content of aluminum. Thus, zone 4 con-
sists of three main minerals: ferrous periclase (magnesiowus-
tite), magnesioferrite, and bicalcium silicate. The cellular
structures formed by Mf and having C,S inside suggest that a
melt (containing ferrous and silicate phases) might be
formed in zone 4, as a consequence of chemical reactions be-
tween the refractory and the metallurgical melt.

It is interesting to compare the results of the interaction
of the same metallurgical melt with another grade of refrac-
tory ramming mixture, i.e., Ankerharth TLS2 (sample
Mi4-1), which differs from Ankerharth SB25 by a lower
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TABLE 3. Crystallochemical Formulas of Phascs Split by Reaction Zones in Sample M14-1 (initial material Ankerharth TLS2, analysis M16)

Analysis number Zone Distance, mm Phase f Phase composition
M-16 0 >30 Per 0.02 (Mg g,CapoiFeg )i 000
M-16 0 >30 GF —  (Cay Mg 10Mny 66T 01 Po 13)3.12(Fes 01 Alg 16S10.23)2.4006
14-1-7,3 1 10-18 Per 0.01 (Mg, ¢3Cay g Feg1);050
1 1 10-18 CaO —  (CaggFeg Mgy g3sMng o)), 000
la 1 10-18 (Cs, Mg)O —  (Cag73Meg24Feg oMy 1)y 0,0
2.5 1 10-18 C,AF — (Mg 26Ca, 1M1y )4 ss(Al, 5, Sig 1), oo(Fe ssTig30)1 97010
4 1 10-18 Ca;Si0; —  (CagesMgoFep 06)s 08(Sio gsAly 0aTig 03)0.0504
7 1 10-18 Ca,Fe,04 —  (CayssMggsMng g0); 29(Fey 51 Aly 10Sig 02)2.2605
6 1 10-18 Fo? —  (Mg26Feq.05)1 20(Sig g2Alp 55)1 3705
14-1-6, 1 1 10-18 Ca,8i0; —  (Ca, 0gMgy goFeg g3Mng o Nag g1);.05(Si0.91 Al 64).05:05
2 1 10-18 CasFe,04 - (Cal.BEMgO.{ZMn(}.UT)J,Od(FC]‘54AIU.645i0.16)2A4]06
3 1 10-18 Per 0.06 (Mg g;CaggMnggiFey 6); 40
4.5 1 10-18 Ca0 —  (Cag Mgy osMny gF e 03)0.0:0
14-1-5, 5 2 45-10 Per 0.15 (Mg goMny g3Fey 14)9 6,0
] 2 45-10 Ca;Fe, 0y — (CaanMgo.uoTio.|4M“u.us)3.9s(FC|.syAln.sQSiu,w)zﬁoo
2 2 45-10 M (with Mn) 0.1 (Mgg7,Csg0sMny 19); pa(Fe 34Alg 36C0g.02)2 7204
3 2 45-10 Ca,Si0, —  (CaypFeg g Tig 01 Mgy 01 Nag 91)1,06510.050;
0 2 45-10 Per (by S) 0.18 (Mg 552l 01Si5,06Cag 1My goF ey 1300 520
14-1-4,2 3 3.5=45 Mf 0.75  (Mgg.77Cag 05 Tip.02Mng 56Ny 1), 05(Fes 338l 32)2,6504
1 3 3.5-45 Ca,Fe,0;4 —  (Cay Mgy yMng s 11(Fe; psAlg 201027 Ti a8)2.0005
4,7.8 3 3.5-45 Per 0.19  (Mgy ;Mg gFey 14)g670 (by S 500 x 500)
6 3 35-45 Ca,Si0, —  (CayggFep g3Mng g, Tig g, Nag 1)1 048156704
14-1-2,1,3,5,9 4 0-3.5 Mf 0.80  (Mgy 74Cay g:Mny 10)0.90(Fe; 6oLy 19Tig 01 )2.71 04
4,7,8 4 0—3.3 Per 0.28  (MgggMng gsFeg 30)0,900
2 4 0-3.5 Ca,Si0, b (Ca|.uspcu.uzTium)zm(SimuAlnm)l.mO‘t
6 - 0.~35 Ca,Fe,0; —  (Cay5Mgg 04 Tip 0sMng p6) 47(Fe 90510 15A L 18)2 2205

"1 Forsterite,

content of MgO and a higher content of CaO and FeOQ. The
sample M14-1 taken from the upper part of the blow zone of
the hearth near the central lance has clearly expressed
zonality, generally resembling the zonality of sample M14,
but with some peculiarities. For this sample we have got not
only its phase compositions (Table 3) but also the gross com-
positions of the materials split by reaction zones (Table 1),
which were obtained by microprobe analysis using electron
beam scanning.

Four zones differing in their color, structure, and thick-
ness have been identified in sample M14-1. The structure of
the first two zones is breccia-like, similarly to sample M14,
The main mineral in zone | of thickness 8 mm is periclase as
well. The ferrous factor of periclase grows from 0.01 at the
beginning to 0.06 at the end of the zone. This zone contains
lime, sometimes magnesium-bearing lime (Table 1). The
periclase-binding material in zone 1 of sample M14-1 mainly
contains braunmillerite, as well as small quantities of
tricalcium silicate and bi- and tricalcium ferrites (Table 3),
thus differing from the binder in sample M14, where the
main mineral is tricalcium aluminate. The mineral norm of
zone 1 calculated on the basis of the chemical composition
(Table 1) mainly coincides with the estimate obtained using
the microprobe.

Zone 2 of thickness 5.5 mm consists of periclase and a
binding material consisting of C,S and C;F. Periclase is satu-
rated with iron (f~0.15) and starts to be replaced by
magnesioferrite containing up to 0.2 formula units of Mn and
0.3 formula units of Al (Table 3). The pores in zone 2 are
larger (500 - 700 um) than in zone 1. They are frequently
surrounded by edge borders containing magnesioferrite and
tricalcium ferrite, whose quantity grows in approaching zone
4. The calculation of the mineral norm of this zone mainly
confirms the data of microprobe analysis.

Zones 3 and 4 are separated from zones 1 and 2 by a
clearly defined boundary: the color of the refractory tums
dark brown and at the site of contact with the melt it becomes
black; the breccia-type structure is replaced by a denser and
more homogeneous texture; the emergence of large round
and slot-like pores is registered along the boundary.

Zone 3 of thickness 1 mm contains periclase, whose fer-
rous factor is increased to 0.23, and an increased quantity of
magnesioferrite in the form of dendrites in the periclase and
border edges between the grains. Aggregates consisting of
C,S, C,F, and MT of size up to 100 pm are identified along
the cracks and the pores. Converted to the norm, the majority
of calcium in zone 3 is contained in bicalcium silicate; biva-
lent iron is contained in periclase, and trivalent iron in
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Fig. 5. Variations in the gross composition of refractory Ankerharth
TLS, depending on the distance from the contact with metal melt
downwards into the hearth towards the unaltered refractory (sample
M14-1); a) atomic quantitics of Fe, Mg, Ca, Si; b) Ti, Al, Mn;
C.,, concentration of the element (number of cations per 1600 atoms
of O).

magnesioferrite. In contrast to sample M 14, mervinite is not
found in zone 3 of sample M14-1.

Zone 4 is black-colored of thickness 3.5 mm and clearly
separated from zone 3. It has a significantly lower (25%)
content of periclase, which corresponds to magnesiowustite
(f=0.3) in the center of the grains. The quantity of magne-
sioferrite grows to 50%. It forms not only dendrites, border
edges, and veinlets in the periclase, but also individual idio-
morphic crystals up to 150 pm in size (Fig. 4b), yielding he-
xahedral and trapezoidal sections. Bicalcium ferrite (around
8%) exists in close accretions with magnesioferrite. The
spaces between magnesioferrite and bicalcium ferrite den-
drites are filled by crystallizing C,S (about 17%). The min-
eral composition of the zone which is the nearest to the melt
in M14-1 is nearly identical to the same zone in sample M14.
The difference consists of a larger quantity of bicalcium fer-
rite in sample M14-1.

Zonal variations of the gross composition of sample
M14-1 calculated in atomic quantities of elements per 1600
oxygen atoms (Fig. 5) make it possible to observe the behav-
ior of each component in the formation of reaction zones be-
tween the refractory material and the metallurgical melt.

Iron diffuses from the furnace chamber and is monotoni-
cally accumulated in consecutive zones. The FeO content
grows from 2.5 wt.% in the initial refractory to 15 wt.% in
the end of zone 1 and to 50 wt.% in zone 4. Calcium ferrites
are the first to be formed, the next is braunmillerite at
Al,05 > 3%, and then magnesioferrite. Meanwhile, periclase
becomes saturated with iron oxides and its ferrous factor in-
creases, the nearer the melt. Simultaneously with the contri-
bution of iron, magnesium is removed from the refractory
into the workspace of the furnace; the content of MgQO de-
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creases sharply from 74 wt.% in the initial mixture to
43 wt.% in the end of zone 1 and to 23% in zone 4 contacting
the melt. The diffusion process is accompanied by an in-
crease in f of periclase and a growing quantity of magnesio-
ferrite in the refractory composition. The amount of FeO
sharply increases and the content of MgO decreases in zone
4, which is the nearest to the melt.

CaO is nonuniformly distributed among the zones; its
maximum content (~34 wt.%) is registered at the border be-
tween zones 1 and 2. Such an increased quantity of CaO in
zone 2 is presumably related to the most intense removal of
MgO. Calcium is registered in this zone as part of tricalcium
silicate, ferrite, and braunmillerite and also exists in the free
form as lime. Moving toward the contact with the melt, the
content of CaO drops to 4.3 wt.% in zone 3, in which free
CaO disappears. The content of CaO grows again in contact
zone 4, presumably due to the contribution of calcium from
the slag melt into the refractory. The CaO/Si0O, ratio percep-
tibly decreases as well: from 35 in the initial refractory mate-
rial to approximately 2 in the reaction zones.

The content of SiO, grows from 0.6% in the initial
samples to 6.4% in zone 4 adjacent to the metallurgical melt.
A significant accumulation of SiO, is observed in zone 2
(7.8%), which is located at a distance of from 4.5 to 10 mm
from the contact with the melt. Silica mostly makes up part
of the calcium silicates, whose composition depends on the
presence of free CaO and the CaO/SiO, ratio. When free
CaO disappears, tricalcium silicate transforms into bicalci-
um silicate. Calcium silicates are present in all zones: trical-
cium silicate in zones 1 and 2 and bicalcium silicate in zones
3 and 4.

The accumulation of Al,O;, similarly to CaO, is ob-
served within zone 1 (up to 3 wt.%). Aluminum makes up
parts of braunmillerite and in more altered zones is part of
magnesioferrite. It is assumed that aluminum may be con-
tributed both by the metallurgical melt and by the chamotte
bricks underlying the hearth, since its quantity in the initial
ramming mixture is insignificant: less than 1 wt.%.

Manganese is contributed to the refractory from the melt
and is accumulated up to 4.4 wt.% MnO in reaction zones 3
and 4, its quantity gradually decreasing towards the less al-
tered zones.

Manganese participates in the formation of magnesiofer-
rite crystals, isomorphically replacing Mg.

CONCLUSIONS

The results of studying Ankerharth magnesian-dolomite
ramming mixtures after service corroborate the known prop-
osition that corrosion caused by chemical reactions in service
is the deciding factor in lowering the resistance of refractory
ramming mixtures in open-hearth furnaces. General regulari-
ties of changes in refractories are identified, which are mani-
fested in zonality at the interface of two media: the refractory
and the metallurgical melt. Four zones are identified; from
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the least altered (zone 1), whose phase composition is the
closest to the initial refractory mixture, to a fundamentally
altered zone (zone 4), which almost totally consists of newly
formed phases.

The total thickness of the considered samples reaches a
few tens of millimeters, the thickness of the most altered
zone being 5 — 8 mm. It varies depending on such factors as
the initial mixture composition, the location in the furmace
hearth and, presumably, the duration of service of the
refractories. The main features in the modification of refrac-
tory composition are the removal of magnesium and the con-
tribution of iron, silicon, titanium, and manganese from met-
allurgical slag. The emerging zones have clearly defined
boundaries determined by the formation or disappearance of
a particular phase and significant alteration of the composi-
tion and quantitative ratios of phases. As the process inten-
sity grows from one zone to another, the emerging phases
become fewer.

The general regularities of zonal variations of the min-
eral composition of Ankerharth SB25 and Ankerharth TLS2
mixtures toward the contact with metallurgical melts are as
follows: an increasing ferrous factor f=Fe/(Fe+ Mg) of
periclase and formation of magnesiowustite, replacement of
periclase by magnesioferrite and then complete disappear-
ance of free Ca0, and replacement of tricalcium silicate by
bicalcium silicate in the most intensely transformed zones.

The differences between the considered refractories after
service are more evident in the zones most remote from the
metal contact and in the middle zones. In Ankerharth SB25,
tricalcium aluminate and tricalcium silicate prevail in the
periclase-binding material of the first zone and mervinite and
bicalcium silicate prevail in the middle zones, whereas An-
kerharth TLS2 typically contains braunmillerite, calcium fer-
rites, and bicalcium silicate in these zones.

In zone 4, which is the nearest to metallurgical melts, the
compositions of both refractories become nearly identical.
Periclase persists only as relict grains with a high ferrous
content (30 — 45%), magnesioferrite and bicalcium silicates
are present in large quantities, and bicalcium ferrite is found
in small quantities. Typical cellular structures are formed by

elongated thin (branched) magnesioferrite crystals; between
them are contained lens-like bicalcium silicate formations,
which is interpreted by us as a manifestation of a liquid
phase probably existing between the large magnesiowustite
grains at high temperatures. The formation of such a melt
might facilitate the softening of the refractory surface and
its erosion. The refractoriness of materials is significantly
impaired by new minerals formed in solid-phase reactions:
calcium and magnesium silicates, aluminates, and ferrites,
which are not found in the initial refractories. The resistance
of refractories is also decreased by the formation of numer-
ous pores at the border between the intensely altered zones
(the black crust) and the underlying least altered light-color
zones, as a consequence of volumetric changes during the
recrystallization of the refractory and the shrinkage of mate-
rials. This reaction crust may become exfoliated, after which
the refractory undergoes further destruction.
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