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Interaction at the phase boundary, between molten slag and the refractory was studied on L [ and L I H
magnesite refractories and L 111 K and L 111 HK chrome-magnesite refractories, using silicate and ferritic-
calcium slags. Slags of the system FeO - Fe; O3 - CaO penetrate more readily into the depth of the refractories
than the silicate slags, but show lower chemical aggressivity. In the case of L I H and L 1II K, the matriz
is enriched with Ca, Mg silicates. Periclase in L I H gets enriched with the MgFe; O3 phase, while periclase
grains in L [I] K tend to dissolve. With the L III HK material, the penetration is not extensive but the
boundary is chemically attacked to a higher degree. The ferritic slag enriches the L I material with Fe; O3,
forming magnesium-ferritic inclusions around the periclase grains. In the case of L I H, Fe, O3 penetrates
the periclase grains similarly as it does with L III K, where it also attacks the chrome-spinel grains. A more
extensive formation of ferritic interstitiary material takes place in L I1] HI. The effects of ferritic-calcium
slags with various CaO contents do not show any substantial differences. The structure in the interaction

zone is not significantly affected by changes in the atmosphere.

INTRODUTION

The non-ferrous metal industry is a relatively small
consumer of refractories, and has been traditionally
accepting materials originally developed for iron and
steel producers. Basic refractory materials have found
wide applications in the furnaces for non-ferrous
metal production, having replaced the silicate and
aluminosilicate refractories used in the past. This
change has been brought about by ever more exact-
ing demands on the conditions of furnace operations,
in particular those associated with operation temper-
atures, which required new basic refractories, more
resistant to the aggressive effects of slags at high tem-
peratures, to be introduced.

The use of refractories in non-ferrous metal metal-
lurgy is generally characterized by the following as-
pects:

(1) A high aggressivity of silicate slags, frequently rich
in iron oxides

(2) Aggressive attack by both metallic and non-
metallic oxidic phases

(3) High temperatures

(4) Temperature differences

(5) Mechanical stressing

(6) Oxidation and reduction conditions

(7) The conditions of contact with the slag, which
vary from highly abrasive to highly turbulent ones.

One has to know precisely the properties of refrac-
tories in order to design high-grade and durable fur-
nace linings. The individual materials have to be as-
sessed from the standpoints of technology, power con-
sumption and economy.

The present paper summarizes the results obtained
in the study of interactions at the phase boundary
between molten slag and the refractory. Various types
of magnesite and chrome-magnesite refractories were
investigated in this respect. The classical silicate slag
and the basic ferritic-calcium slag were tested as the
aggressive media. The study had the purpose to com-
pare the effects of the two types of slags on the respec-
tive grades of refractories, and to assess the mecha-
nism of interactions at the slag-lining phase boundary
during pyrometallurgical production of non-ferrous
metals.

EXPERIMENTAL

The static test by the so-called crucible method
was chosen for investigating the interaction between
liquid slags and the refractories. A hole 33mm or
[2mm in diameter was drilled into the respective re-
fractory brick. The hole was filled with the corrosive
medium, and the test specimens were placed in a sil-
lite resistance furnace. Having heated the specimens
to the required temperature and melted the aggres-
sive medium, the specimens were kept at the tem-
perature for 12 hours, while making up the slag level
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during the experiment. Following conclusion of the
heating, the specimens were cooled down in the fur-
nace and samples for macroscopic and microscopic
analysis were prepared by cutting the specimens with
a diamond saw. The interaction tests were carried out
in two series. In the first series of experiments, four
types of refractories and two types of slags were used
as follows:

The refraclories:

L1 - magnesite refractory:

86-87% MgO, 7.5-8.0% Fey0g,
1.5-2.5% 5103, 0.2-0.5% Al,O3,

6§ =2.8-29g/cm3 AP = 14-16%
LIH - magnesite refractory:

87-89% MgO, 7.8-8.3% Fe20s,
0.8-1.5% Si0», 0.2-0.5% Aly03

8 =295-3.1 g/cm?, AP = 14-16%
LITIK — magnesia-chrome refractory:
60-70% MgO, 12-16% Cr.0s3,
1.5-3.0% CaO, 2.5-5.0% Si0-,
§=2.9-3.0g/cm® AP = 18-22%
LIIHK - chrome-magnesite refractory:

41-47% MgO, 28-32% Crz03, 11-15% Fe 03,
6-7% Al;03, 1-2% Ca0, 2.5-5% SiO2,

8§ =3.0-3.1g/cm® AP = 18-23%

where AP is apparent porosity.

2.5-3.5% CaO,

2.3-3.0% CaO,

T-11% Fes0g,

The corrosive media employed:
(a) Silicate slag:
43.62% FeOQ, 19.27% Fe,03, 5.56% CaO, 30.8% SiO,
(b) Ferritic-calcium slag:
53.55% FeO, 22.04% Fe,03, 23.95% CaO.

The second series of experiments was carried out on
a single type of refractory, the LII1K. Ferritic-calcium
slag with three different CaO contents was used as
the corrosive media. Both oxidation and reduction
atmospheres were employed. The ferritic slags had
the following compositions:
(1) 61.97% FeO, 17.07% Fe303, 20.01% CaO
(2) 50.70% FeO, 19.60% Fe;03, 28.70% CaO
(3) 46.50% FeO, 19.17% Fe;03, 33.13% CaO

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

Samples from the first series of corrosion tests on
four types of refractories, Li, LIH, LIIIK and LIITHK,
made with two types of slags, were subjected to
macro- and microstructural analyses. Some of the
typical microstructures are shown on micrographs
made with the NEOFOT 2 microscope under reflected
light.

In the case of the LI refractory and both types of
slag, slag penetration into the refractory matrix was
observed, creating a sharp boundary while corroding
the refractory surface in the instance of the silicate
slag, which is more aggressive. The content of cal-
cium and magnesium silicates in the refractory in-

creased. The ferritic slag enriches the refractory with
Fe;O3 and forms magnesito-ferritic inclusions around
the periclase grains.

The LIH sample 1s demonstrated on Figs. 1 and 2.
The refractory is of a higher density and the structure
of penetration is similar to that of sample LI. Under
the effect of the ferritic-calcium slag, Fe;O3 can be
observed to penetrate the periclase grains and form
magnesite-ferritic inclusions. On the other hand, the
silicate slag enriches the refractory with Ca and Mg
silicates, and the periclase with the MgFe,O4 phase.

The corrosion tests of the LIIIK chrome-magnesite
refractory showed a distinct penetration of the cor-
rosive medium into the refractory and a difference in
the appearance of the boundary: while the ferritic-
magnesite slag forms a sharp boundary and Fe;Oj3
affects the periclase and chrome-spinel grains, form-
ing enriched layers around the grains, the silicate
slag forms Ca and Mg silicates and dissolves periclase
grains. The chrome-spinel grains are more resistant.
The microstructures of the samples are shown in Figs.
3 and 4.

In the case of the LIIIHK refractory material,
the penetration of silicate slag into the intergra-
nular space and matrix is well discernible, and the
refractory boundary is corroded. The effect of the
ferritic-calcium slag is different in character. The slag
penetrates periclase and chrome-spinel grains at the
boundary. The grains become enriched with Fe;O3
and a ferritic interstitial material replacing the sili-
cate material is formed in the matrix. The penetra-
tion of the ferritic slag into the matrix is deeper than
with the silicate slag. The ferritic-calcium slag im-
pregnates more the refractory, but the boundary re-
mains sharp: Penetration of the silicate slag is not so
extensive, but the refractory surface is more corroded
than in the case of the ferritic slag. The microstruc-
tures of thee samples are shown in Figs. 5 and 6. Ta-
ble I illustrates that contact of the refractories with
the silicate slag brings about significantly more ex-
tensive dissolution of MgO and Cr;O3 than contact
with the ferritic-calcium slag.

The tests in the second series of experiments were
made on the LIIIK refractory, using ferritic-calcium
slag with three different CaO contents.

Macroscopic evaluation of the depth of penetration
by the ferritic-calcium slag on this group of samples
showed that the greatest penetration depth occurred
with the slag containing about 28 wt.% CaO in a re-
duction atmosphere, while the shallowest penetration
was found with the slag containing approx. 20 wt.%
CaO, also in a reduction atmosphere. This may be
explained by a difference in the properties of slag due
to the changed CaO content.

The microstructures of these samples are similar in
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Table 1
Slag composition after the corrosion test
Slag composition after the corrosion test Penetration
Sample (wt.%) depth
MgO  Fe; O3 CaO Si0; MgO Cr03  Feme (mm)
L1 5.16 71.29 17.42 3.16 0.18 4-6
LIH 1.37 74.92  20.92 0.78 .0.10 8-13
LIITK 1.12 77.38 19.59 0.83 0.21 3-5
LIIIHK 1.63 74.60 18.54 5.40 0.37 >14
LI 51.01 9.17 3.43 21.25 6.05 0.51 2.36 2-4
LIH 50.37 9.71 4.62 26.50 5.06 0.07 1.40 3-8
LIIIK 53.37 13.37 3.43  20.25 4.48 0.69 0.90 2-6
LHIHK 48.44 12.46 4.06 21.75 8.26 1.84 0.86 1-3
Table 11
Initial and final composition of the slags
Initial composition Final composition Penetration
Sample (wt.%) (wt.%) depth
FeO Fe,03 CaO FeO Fe,0a CaO (mm)
1A 61.97 17.02 20.01 7.84 76.90 15.26 14-17
1B 61.97 17.02 20.01 49.33 32.00 18.68 5-9
2A 50.70 19.60 28.70 13.16 59.15 27.69 23-25
2B 50.70 19.60 28.70 50.30 23.80 25.90 38-40
3A 46.50 19.17 33.13 6.92 62.36 30.71 6-16
3B 46.50 19.17 33.13 - - - 22-25

A - oxidation atmosphere, B - reduction atmosphere

character, as shown in Fig. 3, and thus need not be
described in more detail.

Table II lists the chemical analyses of slags both
before and after the corrosion tests, and the depth of
penetration into the matrix.

The microscopic examination showed that the
ferritic-calcium slag with various CaQ contents un-
derwent no significant changes in its structure in
the interaction area, in both oxidation and reduc-
tion atmospheres. Structurally, an indistinct effect of
reduction was established in the impregnated zone.
The slag penetrates the refractory structure and the
silicate intergranular phase is replaced by a ferritic
one. Also some parts of the grains are subject to
changes. The chromo-spinel grains at the edge are en-

riched with Fe;O3 which forms a sort of rim around
the chromo-spinellitic grains. The periclase grains
also become enriched with Fe,Os; and there arise
magnesito-ferritic inclusions of MgFe;O4 separated
from the MgO-FeO solid.

CONCLUSION

The results obtained from the first experimental se-
ries including four types of refractory materials and
two types of slags show that slags of the system
FeO-Fes03-CaO penetrate more the refractory than
the silicate ones, this being due to the lower vis-
cosity of the former. However, the ferritic slags are
less chemically aggressive. Infiltration of the ferritic-
calcium slag into the refractory matrix results in re-

Ceramics - Silikaty ¢. 3, 1993



124

L. Molndr, P. Vaddsz, M. Kozlovsky

actions between the slag and the refractory compo-
nents, producing ferrites and enriching the periclase
and chromo-spinel grains with Fe,Os, which forms
a kind of barrier suppressing further dissolution of
the refractory in the slag. This reaction zone can be
observed in the microstructures shown in Figs. 1, 2
and 5. The penetration of the silicate slag is more
aggressive, the slag-refractory boundary is corroded,
and the individual periclase grains are so to speak
washed out of the matrix, while at the same time be-
ing dissolved in the slag. It should be noted that at the
given temperatures, the viscosity of ferrite-calcium
slags is lower by an order of magnitude that that of
the silicate slags.

The results of the second series of experiments on
a single type of refractory, LIIIK, subjected to the ef-
fects of ferrite-calcium slags with various contents of
CaO, have established no significant differences be-
tween the reactions, which were also not affected by
the prevailing type of atmosphere. In the specimens,
the slag was mostly separated from the refractory
by a more-or-less continuous crack, behind which the
mutual reactions could be observed.
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$TUDIUM INTERAKCIE NA ROZHRANI TEKUTA
TROSKA - ZASADITY ZIARUVZDORNY MATERIAL

LCubpovit MOLNAR, PavoL VADASZ,
*MILAN KOZLOVSKY

Technickd univerzita Kosice
* Vijskumnyj tistav, Slovenské magnezitové zdvody, Kosice

V prispevku si uvedené vysledky stidia interakcii na
fazovom rozhrani troskova tavenina - Zziaruvzdorny ma-
teridl. Ako ziaruvzdorné materidly boli pouzité magnezi-
tové staviva L1 a LIH a chrdmmagnezitové staviva L 111 K

a L Il HK. Pre skisky bola zvolend statickd skiska tzv.
téglikovd metéda. Ako korézne médium bola pouzitd si-
likitovd troska s obsahom 45,62% FeO, 20,27% Fe,O3,
6,56% CaO, 30,8% SiO; a feriticko-vipenata troska s ob-
sahom 53,35% FeO, 22,04% Fe,03, 23,95% CaO. U zia-
ruvzdorného staviva L III K bola okrem vyssie uvede-
nych trosiek skiisand feritickovipenata troska s obsahmi
20,01%, 28,7% a 33,13% CaO.

Vzorky z celej série koréznych skisok bolo podrobené
makrostruktirnej a mikrostruktirnej analyze.

U ziaruvzdorného materidlu LI trosky prenikaji do sta-
viva, priéom pri pouziti feritickovipenatej trosky je roz-
hranie ostré, pri silikitove] troske je rozhranie rozruse-
né, ¢o odpovedd vacse] chemickej korézii. Pri pouziti si-
likitovej trosky zvySuje sa obsah vipenatych a hore¢na-
tych silikdtov v stavive. Feriticka troska obohacuje stavivo
o Fe; O3 a okolo zfn periklasov tvori magnoferitické inkhi-
zie.

Posobenim feritickovdpenatej trosky na stavivo LIH
dochadza k preniknutiu Fe;O3; do zfn periklasu a vzni-
kaji magnoferitické inklizie. Pésobenim silikitovej trosky
matrix sa obohacuje o Ca, Mg — kremic¢itany a periklasy
o fazu MgFe,0,.

U staviva L III K pri pouziti feritickovipenatej trosky
dochddza k pésobeniu Fe; O3 na zrnd periklasu a chrém-
spinelu. Pésobenim silikatovej trosky vznikaji Ca Mg kre-
micitany a dochidza k rozpistaniu zfn periklasu.

U materidlu L III HK poésobenim feritickovipenatej
trosky dochddza k vyraznejiej tvorbe feritovej intergranu-
lirnej vyplne, ktord nahriddza kremicitanovi. Dochadza
k vacsej impregndcii staviva troskou. Prienik silikdtovej
trosky nie je tak intenzivny ale rozhranie je viac rozruse-
né.

Vyhodnotenie pésobenia feritickovipenatej trosky
s roznym obsahom CaQO na stavivo L 111 K ukdzalo, Ze pri
oxida¢nych a redukénych podmienkach korézie nie si pod-
statnejSie zmeny v Struktire interakénej oblasti. Chréom-
spinelitické zrna na okraji si obohatené o Fe;O3. Perik-
lasové zrna sa tiez obohacujui o Fe;O3 a dochadza k ich
obohateniu o magnoferitické inklizie - MgFe, Oy4.

Zaverom je mozné konstatovaf, ze trosky siustavy FeO
- Fe;03 — CaO vo vaésej miere prenikaji do hlbky zia-
ruvzdorného materidlu ako trosky silikdtové, ale ich che-
mickd korézia je mensia. Posobenie feritickovapenatych
trosiek s réznym obsahom CaO neukdzalo vyraznejsiu od-
lisnost. Zmena atmosféry nemd podstatny vplyv na struk-
tiru v interakénej oblasti.

Obr. 1. Magnéziové stavivo LIH po pdsobeni feriticko-
vdpenatej trosky, zrnd periklasu (sivd) - P, inkli-
zie magnézioferitu (sivobiela) - MF, pdry a trhliny
(¢ierna) — O.

Obr. 2. Magnéziové stavivo LIH po pésobeni silikdto-
vej trosky, zrnd periklasu (svetlo sivd) - P, medzi-
zrnovd silikdtovd vypli (sivd) - S, pdry a trhliny
(éierna) - O.

Obr. 3. Magnézio-chromitové stavivo LIIIK po pdsobeni
feritickovdpenatej trosky, zrnd periklasu (sivd) - P,
medzizrnovd feritickd vyplni (tmavo sivd) - F, inklu-
zie magnézio-feritu (sivobiela) -~ MF, chromspinelitic-
ké zrno (biela) - C, pdry a trhliny (éierna) - O.
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Obr. 4. Magnézio-chromitové stavivo LIIIK po pésobe-
n{ silikdtovej trosky, zrnd periklasu (svetlo sivd) - S,
chromspinelitické zrno (sivo biela) - C, péry a trhliny
(¢ierna) - O.

Obr. 5. Chrém-magnéziové stavivo LIIIHK po pésobeni
feritickovdpenatej trosky, zrno pertklasu (sivd) - P,
inklizie magnézio-feritu (sivo biela) - MF, medzizrno-

vd feritickd vypln (tmavo sivd) — F, chrémspinel (svet-
lo sivd) - C, péry a trhliny (éierna) —~ O.

Obr. 6. Chrom-magnéziové stavivo LIIIHK po pésobent
silikdtovej trosky, zrno periklasu (svetlo sivd) — P,
medzizrnovd silikdtovd vypln (tmavo sivd) — S, chrém-
spinel (sivobiela) - C, pdry a trhliny (&lerna) - O.

Conference

18th INTERNATIONAL SYMPOSIUM ON
COLUMN LIQUID CHROMATOGRAPHY
HPLC’ 94
Minneapolis, Minnesota, USA
May 8-13, 1994

General Chairman: Prof. Larry D. Bowers
Program Chairman: Prof. Peter W. Carr

The HPLC series of symposia, which alternate between
the United States and Europe, has become the most im-
portant meeting for presenting applications and new ad-
vances in the areas of column chromatography, HPLC,
and related techniques.

SYMPOSIUM ORGANIZATION

HPLC’94 will build on the scientific quality of past sym-
posia while offering some exciting new approaches and
content. The organizing committee has obtained suffi-
cient space to allow both extended exhibit of poster pre-
sentations as well as lounge areas to promote individual
discussions - the foundation of any scientific meeting.
All presentations will be displayed as posters to ensure
interactions between speakers and attendees. In addition
to traditional plenary, symposia, and discussion sessions,
HPLC94 will offer workshops prior to the official ope-
ning of the meeting. Topics under development include
HPLC methods development, chiral separations, capilla-
ry zone electrophoresis, preparative chromatography, and
HPLC/CZE/MS.

The program will attempt to maintain parallel sessions
on fundamental and theoretical aspects of chromatog-
raphy; applications and automation of chromatography
and ancillary techniques; and focus topics such as specific
detector technology. Something for chromatographers of
all levels of experience. Discussion sessions will emphasize
how to best use new approaches and technologies for the
practitioner as well as theoretical aspects of chromatog-
raphy.

HPLC’94 will again provide a major exposition of the
latest commercial products for HPLC, sample prepara-
tion, SFE/SFC, capillary zone electrophoresis, and other
liquid chromatographic techniques. In addition, vendor
workshops will provide opportunities to evaluate the ne-
west commercial chromatography products.

SCIENTIFIC PROGRAM

Areas of particular focus for HPLC’94 will include:
Preparative Chromatography; New Advances/Characte-
rization in Packing Materials; Advances in Robotics, Au-
tomation, and Sample Preparation; Advances in Separa-
tions of Biomolecules; New Detection Technologies; Phy-
sicochemical Measurements using Chromatography; and
Mobile Phase Modifiers for Capillary Zone Electrophore-
sis.

Oral presentation will be at the written invitation of the
General or Program Chairman based on program consi-
derations and abstracts submitted for posters. The orga-
nizing committee wishes to encourage submission of abs-
tracts for poster presentation from ALL practitioners of

chromatography.

CALL FOR PAPERS

The organizing committee invites submissions in the
following areas of the theory and practice of liquid phase

separation science:

Affinity

Bioanalysis
Biochemistry
Biomolecular
Biopolymer

Bioprocess Technology
Capillary HPLC
Capillary Electrophoresis
Chemometrics

Chiral Separations
Clinical Analysis
Derivatization

Detection Technology
Displacement
Electrokinetic
Electrophoresis
Environmental

Field Flow Fractionation
Hyphenated Techniques

(LC/MS, LC/IR, LC/NMR,

L.C/Laser Scattering, etc.)

Immunoaffinity

Ion Chromatography
Ion Exchange
Isolation/ Purification
Membrane

Microbore
Miniaturization
Non-Linear
Optimization

Peptides
Pharmaceutical Analysis
Planar

Preparative

Proteins

Sample Preparation
Solid Phase Extraction
Stationary Phases
Supercritical Fluid
Thin Layer

Toxicology
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Fig. 1. Magnesite refractory LTH following high-temperature exposure to
ferrite-calcium slag. P - periclase grains (grey), MF — magnesite-ferrite in-
clusions (grey-white), O — pores and cracks (black).
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Fig. 2. Magnesite refractory LIH following high-temperature exposure to silicate

slag. P — periclase grains (light grey), S — interstitial silicate material (grey),
O - pores and cracks (black).
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Fig. 3. Magnesite-chromite refractory LIIIK following high-temperature expo-
sure to ferritic-calcium slag. P - periclase grains (grey), F' - interstitial ferri-
tic material (dark grey), MF — magnesite-ferrite inclusions (grey-white), C' -
chrome-spinel grain (white), O — pores and cracks (black).
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Fig. 4. Magnesite-chromite refractory LIIIK following high-temperature expo-
sure to silicate slag. P — periclase grains (light grey), S — interstitial silicate
material (dark grey), C - chromo-spinel grain (grey-white), O - pores and
cr.acks (black).
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Fig. 5. Chrome-magnesite refractory LIIIHK following exposure to ferritic-
calcium slag. P - periclase grains (grey), MF - inclusions of magnesite-ferrite
(grey-white), F — interstitial ferritic material (dark grey), C' - chromo-spinel
(light grey), O — pores and cracks (black).

Fig. 6. Chromo-magnesite refractory LIIIHK following high-temperature expo-
sure to silicate slag. P — periclase grain, S — interstitial silicate material (dark
grey), C — chrome-spinel (grey-white), O — pores and cracks (black).
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