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A series of specimens of the system CaO—MgO with Cr0; additions were
prepared chemically; in these specimens, the volume ratios of the main oxides
and the amount of liquid phase at the maximum heating temperature were
defined. The course of their shrinkage up to 1600 °C was determined dilato-
metrically, and the final porosity of the material obtained was established. The
Jinal porosity of specimens containing Cr,03 additions was found to be always
lower than that of specimens without this addition, while its optimum value
depended on the volume ratios of the main oxides. By adding Cr20s uniformly
dispersed in the mizture tn amounts up to 1%, by wt. it is possible to obtain materi-
als contarning 50—80 wt. %, MgO with « porosity lower than 5%, by firing up
to 1600 °C in an oxidation atmosphere.

INTRODUCTION

Development of the production of steel in oxygen converters has brought about
a substantial change in the conditions affecting the respective refractories as compared
to those acting on refractories during the processing of pig iron and scrap in open-
hearth furnaces.

The oxygen converter atmosphere is of reduction character in contrast to the
oxidation atmosphere prevailing in open-hearth furnaces [1], thus providing favour-
able conditions for the stability of the CaCr,0, compound. The firing of clinker
in an oxidation atmosphere and its utilization in a reduction atmosphere provided
the inspiration for choosing Cr,0; as an addition to the CaO—MgO system. The aim
is to assess the possibility of activating the sintering process by the presence of
a liquid phase, to improve the chemical resistance and to attain the lowest possible
porosity. By choosing correctly the amount of the addition and the atmosphere,
it is possible to affect the sintering of the system and the formation of its micro-
structure, where the following three possible cases can arise: a) at low temperatures
there is formed a melt which disappears with increasing temperature, when the
amount of Cr,0; added is lower than its equilibrial solubility in CaO and MgO; b) the
sintering up to the final temperatures proceeds in the presence of a liquid phase,
the refractory phase CaCr;04 being formed only when pg, has decreased; c) the
sintering takes place at lowered pg, in the absence of the liquid phase. The results
being submitted concern the former two cases, as the sintering was carried out in air
atmosphere.

The present study of the sintering process is a continuation of work aimed at
providing or supplementing principal theoretical knowledge of the system
Ca—Mg—Cr—O in particular from the standpoint of phase equilibria in defined
atmospheres [2]—f6]. These investigations have shown that 1. no melt is formed
up to 1900 °C in the system CaO—MgO—CaCr,0,4 [2], 2. that calcium chromite
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is stable at 1650 °C up to po, = 10-8 Pa and at 1400 °C up to po, = 101! Pa
[3]. 3. that alpha-calcium chromite can be stabilized by the presence of MgO
already from 1470 °C upwards (equilibrially) while its conversion to the Dbeta
modification is very slow at lower temperatures [4], [5], 4. that the reduction of
Ca;(CrOy); starts at 1050 °C and at po, = 244 Pa [6].

On the basis of these results it may be assumed that the system
Ca0—MgO —aCaCr,04 will be stable under the operating conditions of the oxygen
converter.

EXPERIMENTAL

Powdered specimens of the system CaO—MgO—Cr,0; were prepared by the
method after Marcilly et al. [7], that is by evaporation and thermal decomposition
from aqueous solutions containing the required amounts of calcium, magnesium,
chromic nitrates or ammonium bichromate and citric acid (of A.R. purity) in amounts
of 0.5—1 mole per 1 mole of the metals. The particle size of the powders prepared
in this way amounted to about 40 nm. A detailed description of the method is
presented in [7], 8]. The sintering process was studied on a series of specimens the
composition of which was obtained as follows:

a) the content of the compound Caz(CrO,), and the volume ratio of MgOgs
(solid solution) and CaO were determined, while calculating with the solubility
of Cr,0; in MgO at 1500 °C (the phase composition at 20 °C is listed in Table I);

b) the chemical composition of the mixtures was calculated from the known
content, volume and density of the individual components, using the density values
at room temperature; the density of MgOgs was calculated by the procedure described
below;

¢) the phase composition of the mixtures at 1600 °C was calculated on the basis
of the phase diagram of the system CaO—MgO —Ca3(CrO.), [8].

The solubility of Cr,03 in CaO—MgO at 1500 °C was taken over from [9]; it was
assumed that the solubility at 1600 °C (the final firing temperature of all the speci-
mens) will not be very different. According to [9], the solubility of Cr,O; in CaO
is 20-times lower than that in MgO (0.05 wt. 9% and 1.07 wt.9, respectively),
so that formation of the CaO solid solution has not been considered in the phase
composition calculations. The mutual solubility of CaO and MgO was likewise
neglected in the calculations of phase composition and theoretical densities. The
latter were calculated on the basis of the additivity rule and on the knowledge
of phase composition. The following values were used in the calculation: 3.581 g cm—3
for MgO, 3.345 g cm—3 for CaO, 3.19 g cm=3 for Caz(CrO,), (determined by X-ray
measurements) and 4.24 g em=3 for «-CaCr,04 determined pycnometrically. The
density of the MgO—Cr,03 solid solution was calculated on the basis of the schematic
reaction '

3(Mghg —> 2 (Cr)sg + (V)iyg

and on that of the constancy of lattice parameters of this type of solid solutions
(probably as a result of the similar ionic radii of Mg2+ and Cr3*). In the schematic
reaction, (V)y, signifies a vacancy with a 2. charge in the position of magnesium.
The other symbols have similar significances. The calculated density of the
“saturated” solid solution [9] of Mgp.9015Cr0.0057V0.00260 is 3.589 g cm=3. In the
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presence of atmospherical oxygen, an addition of Cr,0; in amounts exceeding that
corresponding to the formation of a saturated solid solution, will bind to the low
melting phase Ca;3(CrO,),, which dissolves only very small amounts of CaO and MgO
above the melting temperature [9] and cannot be obtained without crystallization
by current quenching methods. These findings as well as the knowledge of the phase
diagram of the system MgO—CaO—Ca;(CrO,), [8] justify and permit calculation
of the theoretical densities from the calculated phase composition at room tempera-
ture, and possibly allow to obtain data on phase composition at high temperature.
A series of specimens with a defined phase composition was prepared so as to permit
study of the dependence of final porosity on the amount of the addition or melt, and
on the volume ratio of the main oxides, while endeavouring to work with specimens
showing identical initial porosity.

The powders were compacted into standard pellets (12 mm in diameter, 6 mm
in height) by pressing the weighed amounts in a double-acting die. The pellets were
heat treated under identical conditions in a Netzsch high-temperature dilatometer
in dry air. The rate of heating and cooling was 10 °C min—1, the time of heating
at the highest temperature 1600 °C was 30 minutes. The initial and final densities
were determined on the basis of the known buoyancy force arising during immersion
of the specimen in mercury. The estimated standard deviation of this method is
s = 4+ 0.02 g em~3. The actual porosity was calculated from the ratio of the final
and of the theoretical values. The physico-chemical parameters of the specimens
are listed in Table 1, while graphic plots show the relationship between porosity
and Cr,0; concentration (Fig. 1) and melt content (Fig. 2). The dependence of linear
shrinkage of four selected specimens on temperature is shown in Fig. 3.

DISCUSSION

The final porosity of specimens treated under identical conditions was always
lower when the specimens contained the Cr,0; addition. At the lowest concentrations
of the addition the decrease of porosity was approximately linear down to a minimum
situated at about 1 wt. 9%, Cr,0; for the various volume ratios of the main oxides.
A different behaviour was exhibited by specimens with the volume ratio equal
to unity; when the optimum concentration of Cr,0; (0.6—0.8 wt. 9,) was excceded,
their porosities sharply increased and attained a maximum in the concentration
region most favourable for the respective volume ratios of the oxides. This may
be cxplained so that at equal volumes of the main components the addition has
different effects on the sintering of CaO and MgO, which is due above all to the
difference in their solubility in the melt and in the wetting angle. The non-uniform
sintering within the separate intermixed matrixes may bring about increased porosity
whereas in the other instances the CaO minority component does not form a continu-
un, being so to speak carried along in the course of sintering.

Figs. 1 and 2 indicate that there is a certain optimum concentration of the addition
which allows formation of an amount of melt useful from the standpoint of the
individual stages of the sintering process and which results in attainment of minimum
porosity [11]. This state corresponds to a ratio of the liquid and solid phase volumes
Vil Vs =2 X 1073 at temperatures higher than the melting temperature of Ca3(CrO,),.
In such instances, the rate of sintering was high and the maximum rate of shrinkage
involving rearrangement of particles was situated in the temperature range cor-
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Table I
Physico-chemical parameters
Chemical Composition Phase Composition
Design- (wt. %) 20 °C (wt. %)
ation =
CaO MgO Cr203 CaO MgOss K
; =
1 48.3 51.7
2 31.8 68.2
3 23.8 76.2
4 18.9 81.1
5 48.1 51.5 0.4 48.1 51.9
6 31.7 67.9 0.4 31.7 68.3
7 23.7 75.9 0.4 23.7 76.3
8 18.9 80.7 0.4 18.9 81.1
9 48.1 51.3 0.6 48.0 51.9 0.1
10 . 317 67.5 0.8 31.5 68.3 0.2
11 23.8 75.4 0.8 23.8 76.2
12 18.9 80.2 0.9 18.9 81.0 0.1
13 48.2 51.0 0.8 48.0 51.6 0.4
14 31.9 67.2 0.9 31.7 67.9 0.4
15 23.9 75.1 1.0 23.7 75.9 0.4
16 19.3 79.7 1.0 19.1 80.5 0.4
17 48.3 50.7 1.0 47.9 51.2 0.9
18 32.2 66.7 1.1 31.7 67.4 0.9
19 24.5 74.3 1.2 24.0 75.1 0.9
20 19.5 79.3 1.2 19.1 80.0 0.9
21 48.5 50.3 1.2 47.8 50.8 14
22 32.4 66.3 1.3 51.7 66.9 1.4
23 24.5 74.1 1.4 23.8 74.8 14
24 19.8 78.7 1.5 19.2 79.4 1.4
25 48.8 48.6 1.6 47.5 50.0 2.5
26 32.9 65.3 1.8 ! 31.7 65.8 2.5
27 26.0 72.1 1.9 24.7 72.7 2.6
28 20.6 71.5 1.9 19.4 78.2 2.4
29 49.6 47.7 2.7 46.9 48.0 5.1
30 34.3 62.8 2.9 31.7 63.2 5.1
31 26.8 70.2 3.0 24.3 70.6 5.1
32 22.4 74.6 3.0 19.8 75.1 5.1

83 — solid solution, IX — Ca;(Cr0O4)2, L — liquid phase, ¥ n/Vc— volume ratio of MgO and

responding to the formation of melt (about 1270 °C). This instance corresponds
to curve 12 in Fig. 3. The melt is present above the temperature of its formation
up to the final firing temperature, so that the first two stages of sintering can take
the active part, namely the rearrangement of particles taking place immediately
after formation of the liquid phase, and the subsequent stage involving dissolution
of the substance at the points of contact of the particles and crystallization at other
points, which results in a shortening of distances between the particle centres.
Shrinkage of the body is ended by conclusion of this stage, solid contacts are formed
and residual porosity is eliminated (approx. 2—3 %), so that the process is identical
with that taking place in the absence of the liquid phase.
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of the specimens being studied

Phase Composition
1600 °C (wt. %) , 0o Ok ot P
VulVe | (gom=) | (gom-2) (g em=?) (%)
CaO MgOss L
1 1.22 3.19 3.467 8.0
2 1.22 3.17 . 3.506 9.6
3 1.24 3.23 3.525 8.4
| 4 1.22 3.29 3.536 7.0
48.1 51.9 : 1 1.23 3.29 3.470 5.2
31.7 .68.3 | 2 1.22 3.26 3.508 |71
23.7 76.3 | 3 1.22 3.30 3.527 6.4
18.9 81.1 4 1.23 3.38 3.538 4.5
48.0 51.9 0.1 1 1.22 3.35 3.472 3.5
31.5 68.3 0.2 2 1.25 3.33 3.511 5.2
23.8 76.2 3 1.26 3.41 3.551 3.4
18.8 81.0 0.2 4 1.22 3.48 3.542 1.8
417.9 51.5 0.6 1 1.20 3.36 3.470 3.2
31.6 67.8 0.6 2 1.19 3.36 3.510 4.3
23.6 75.8 0.6 3 1.23 3.42 3.530 3.1
19.0 80.4 0.6 4 1.21 3.45 3.541 2.6
47.6 51.1 1.3 1 1.28 3.19 3.468 8.0
31.4 67.3 1.3 2 1.25 3.37 3.508 3.9
23.7 75.0 1.3 2.9 1.25 3.43 3.527 2.8
18.7 80.0 1.3 3.9 1.24 3.42 3.539 3.4
47.2 50.7 2.1 1 1.26 3.19 3.467 8.0
31.2 66.7 2.1 2 1.28 3.36 3.506 4.2
23.3 74.6 2.1 2.9 1.27 3.38 3.525 4.1
18.6 79.3 2.1 3.9 1.27 3.37 3.357 4.7
46.9 49.8 3.3 1 1.26 3.23 3.463 6.7
30.1 65.6 3.3 1.9 1.25 3.31 3.502 5.5
24.0 72.5 3.5 2.7 1.25 3.35 3.518 4.8
18.7 78.1 3.2 3.8 1.23 3.37 3.532 4.6
45.4 47.6 7.0 1 1.26 3.30 3.454 4.6
30.3 62.8 6.9 1.9 1.19 3.28 3.491 6.0
22.8 70.2 7.0 2.7 1.21 3.32 | 3.509 5.4
18.4 747 | 6.9 3.5 1.24 3.40 | 3.520 3.4
i |

CaO, o — initial desinty, gx — final density, p— theoretical density, P — actual porosity

The curve 28 in Fig. 3 corresponds to a sample with a higher content of the liquid
phase (V,/Vs =4 x 10-2). The force acting between two particles joined with
a liquid phase wetting the particles is known to consist of two components and
to be a result of surface tension and capillary pressure of the liquid phase [12]. Its
size depends on the wetting angle, the volume of the liquid phase situated between
the particles, and the geometry of the particles, while being constant for a given
volume of the liquid phase. At a certain volume of the liquid phase (so-called critical)
the attractive effect of the force is zero or negative when the amount of the liquid
phase exceeds the critical amount [13]. The larger amount of liquid phase in the case
of specimen 28 compared to specimen 12 resulted in the decrease of the attractive
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Fig. 1. Actual porosity (P) vs. concentration of Cr2@; (wt. %); 1 — Vu/Ve =1, 2 — Va|/Ve = 2
3— TVufVe=34d— Vu/Vec = 4.
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Fig. 2. Actual porosity (P) vs. the content of liguid phase a (wt. %); 1 — Vy|Ve = 1,2 — V[ Ve =
=2,3—Vu|Ve=38,4d— Vy|Vec =4
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0 | | 1 1
17000 1100 1200 1300 1400 1500 1600 1700
t=k. [°c]
Fig. 3. Linear shrinkage vs. temperature; the designation of curves corresponds to the destgnation

of spectmens tn Table I; k — 10°Cmin~1, t — time (min), T — shrinkage corresponding to zero
porosity.

forces which are active not only in the particle rearrangement stage, but also increase
the chemical potential or solubility of the substance in the region of contact between
the particles. As favourable can be considered those instances which can be character-
ized by the presence of adequate, generally very small amounts of liquid phase
required for the formation of the maximum attractive force. Larger amounts of the
liquid phase cause a decrease of these forces. the body will shrink less and more
slowly, even though by the same mechanism. The initial denser packing of particles
resulting from their rearrangement will have a favourable effect on the entire sub-
sequent sintering process as shown by the comparison of curves 12 and 28 in Tig. 3.
The final porosity of specimen 12 is lower (similarly to other cases) despite the fact
that both specimens have been tempered for 30 minutes at the maximum temperature.
On attaining 1600 °C, the porosity remained virtually unchanged throughout the
isothermal heating, which is indicative of the formation of strong grain boundaries;
the melt (situated mostly in pores) was found to be present in specimen 28 only.

When the sample contains an amount of admixture lower than that corresponding
to the formation of a saturated solid solution at the maximum heating temperature
(specimen 8), a small amount of the liquid phase will probably be formed only tempo-
rarily. With increasing temperature, the Cr3* will dissolve in CaO and MgO in a quasi-
equilibrial way owing to the high degree of dispersity and to the general homogeneity;
however, at the temperature corresponding to the formation of the liquid phase
it is assumed that the solubility of Cr3* in both oxides is lower than would correspond
to the amount added. The solubility at lower temperatures (up to 1300 °C)is unknown.
The solubility increases with temperature while the amount of liquid phase decreases.
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At higher temperatures the specimens sinter in the absence of the liquid phase.
In contrast to specimens 12 and 28, the shrinkage proceeds even when the maximum
temperature has been attained (Fig. 3); there is an obvious similarity of the relations-
hips 8 and 4, while curve 4 illustrates shrinkage of a specimen free from the addition.
The maximum shrinkage rate (differentiation of curves in Fig. 3 in terms of time)
of samples 12 and 28 corresponds to the temperature at which the liquid phase
is formed, and in the case of the addition-free specimen, the maximum is shifted
towards the higher temperature. It is assumed that the lowest concentration of the
chromic oxide addition affects favourably the surface diffusion and that along
the grain boundaries in the initial and intermediate stage of sintering, as indicated
by a comparison of curves 4 and 8 in Fig. 3.

Despite the attainment of the suitably low final porosity even by heat treatment
by linear temperature increase (the study has been aimed at assessing the effect
of the addition on the sintering process), further work will be aimed at optimizing
the firing process by controlling the sintering rate on the basis of the known shrinkage
rate values in terms of temperature and time.

CONCLUSION

A uniformly distributed addition of Cr,O; has a positive effect on the rate of
sintering of finely dispersed mixtures of the system CaO—MgO. The final porosities
of synthetic specimens containing Cr,O; additions were always lower than those
without this addition. The optimum amount of the addition depends on the composi-
tion of the mixture of the main oxides. By adding Cr,0O; in amounts of up to 1 wt. %,
to the mixture of CaO—MgO oxides prepared chemically in the concentration region
of 50—80 wt. %, MgO, it is possible to obtain materials with a porosity lower than
59, by firing at temperatures up to 1600 °C in an oxidation atmosphere. The lowest
porosity was obtained when the amount of melt did not exceed 1 wt. 9.
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SLINOVANIE V SUSTAVE CaO—MgO S PRISADOU Cr;0;

Zdenék Panek, Viliam Figusch

Ustav anorganickej chémie SAV, Bratislava

Metodou odparovania a termického rozkladu z vodnych roztokov sa pripravili pragkové zmesi
stistavy CaO—MgO s prisadou Cr:0: s definovanym fazovym zloZenim pri koneénej teplote
zahrevu tak, aby bolo mozné sledovat priebeh slinovania a koneéné porovitosti v zavislosti od
mnozstva prisady resp. taveniny a pomeru objemov hlavnych oxidov vychadzajuc z vyliskov
s priblizne rovnakou po¢iatoénou poérovitostou. Priebeh slinovania sa sledoval pomocou dila-
tometra do teploty 1 600 °C, ziskané vysledky sa uvéadzajiu v tabulke I, vybrané zavislosti su
graficky znazornené na obr. 1—3.

Zistilo sa, Ze rovnomerne rozdelena prisada Cr,O; vplyva pozitivne na rychlost slinovania
jemne disperznych zmesi sustavy CaO—NMgO. Koneéné porovitosti syntetickych vzoriek s pri-
sadou oxidu chromitého boli vzdy niZ8ie ako bez prisady. priéom jej optimalne mnozstvo jo
zavislé od zloZenia zmesi zékladnych oxidov. Prisadou Cr,O; v mnozstve do 19% hm. k zmesi
oxidov CaO—MgO, pripravenych chemickou cestou v koncentraénej oblasti 50—809%, hm.
mozno ziskat vypalom do tepldt 1600 °C v oxidaénej atmosfére materialy s porovitostou pod 59%,.

Obr. 1. Zavislost skutoénej pdrovitosti (P) od koncentracie Cry0s [% hmot.]; I — Vu/Ve = 1,
2 — Vn/Ve =23 Vam/Ve = 3, 4 — Vn/Ve = 4.
Obr. 2. Zavislost skutoénej pdrovitosti (P) od obsahu taveniny a (% hmot.]; 1 — Vn/Ve = 1,

2—VulVe=2,3—Vy/Vc =34 — Vy/Vc = 4.

Obr. 3. Zavislost linedrneho zmrastenia od texloty; oznadenie kriviek zodpovedd oznadeniu vzoriek
vtab. 1, k — 10°C . min~!; T — &as (min.), T — zmirastente zodpovedajuce nulovej pd-
rovitosti.

CIEKAHUE B CUCTEME CaO—MgO C JIOBABKOIl Cr,0;

3aeuer llanex, Brmuam Durye

I nemumym neopearuneckoti xumuu CAIL Bpamucaasa

MeTojoM HcnapeHus M TEPMIMECKOro pacliafia I3 BOJHBIX DPACTBOPOB IIPHI'OTOBIJIH
nopoukosble cMmectt cicrembl CaO—MgO ¢ podasroit Cr;Os ¢ onpeesieHHBIM (Pa30BBIM CO-
CTABOM IIpIl OKOHYATEJIHHOIT TEMIEpaType HarpeBa TakuM 00pa3omM, UTOOL MOKHO OLLIIO IicciIe-
;10BATh XOJI CMEKAHIIA H OKOHYATCILHBIE IIOPIHCTOCTH B 3aBHCHMOCTI OT KOJIHYECTBA J{0OaBKIL
10T paciiuiaBa It OTHOLICHH A 00BEMOB OCHOBHBLIX OKIICJIOB, YXOJUALUIIX 13 ITpecc-1a/iesTiii ¢ mpi-
OJIMBITEIBHO O[UIHAKOBOI HAUaJIbHOIH IOPHCTOCTHIO. NOJ CIICKAHIIA HCCICLOBAJIL ¢ IIOMOIILIO
Juptatomerpa o temmnepatyphr 1600 °C. IlosryyeHHbIe pe3yibTaTsl HPHBOJAATCA B Tadue I,
110;J00paHHbIC 3aBICHMOCTII rpaduuecki 13o0pakalorca Ha pue. 1—3.

Bruio ycraHOBJIGHO, YTO PaBHOMEDHO paclipeyesicHHasA jodaBka Cr,O; oKa3bIBaeT IOJIOMKI-
TeJILHOE BJIIAHIIC HA CKOPOCTE CIIEKAHIA TOHKO AlICIIepCHOHHLIX cMecell ciereMbl CaO—MgO.
OnoHvaTe;IpHAA ITOPHCTOCTh CHHTETHUYECKHX 00pAas31oB ¢ J(00AaBKOIT OKICH XpoMa OblIa
BCerjia HIvKe, ueM 0e3 J00aBKH, IIPHUYCM OIITIMAJIBLHOE KOJIUYCCTBO 3aBICHT OT COCTABA CMECIH
OCHOBHBIX OKIICHOB. [lobaBisas 81'103 B KoJuyecTBe 0 1 % 110 Becy K CMECH OKIHCJIOB
CaO—MgO, npiIoTOBJICHILIX XHMHYECKUM NYTEM B KOHIGHTpaIOHHOIf obiacti 50—80 %
10 BeCy, MOMKHO NOJyuaTh oOkurom jio Temmepatyp 1600 °C B OKHCINTEABHOM cpefie Ma-
TEpHAJIbl ¢ OOPICTOCTBIO HIDKE 3 %.

Puc. 1. Basucusocmyv deiicmeuimeanroii nopucmocmu (P) om rornyenmpayuu Cr20s % no secy;
1— VM/VC e 1,‘ 2 — V]\(/Vc = 2,‘ 3 — V]\[/Vc = 3,’ 4 — {/M/Vc =4,

Puc. 2. Basucusocmo delicmeumeavroii nopucmocmu (P) om codepacanus pacnaasa a [% no
eecyl; 1 — Vuf/Ve =1; 2 — Vy/Ve =2, 8 — Vu/Ve =38, 4 — Vn/Ve = 4.

Puc. 3. Basucustocmsv aureiinot ycadku om mesnepamypul, 0603HANEHUE EPUBLIT 0MGELALM.
o6oanauenuio 06 pasyoe ¢ maba. I, kK — 10 °C . smun~t, v — gpems (mun), T — ycadka,
coonwemcnwywu;aﬂ, HYAcBOW nopucmocm,u.
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