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The study deals with the effect of chromium oxides (0.01 — 1.3. wt Y%,
Cr20;) on the sintering of CaO in air atmosphere at 900—1200 °C. The samples
were prepared from precursors obtatned by thermal decomposition of evaporation
restdues of homogeneous aqueous solutions of calcium nitrate, chromic nitrate
and citric acid of A. R. purity. The sintering of CaO is substantially accelerated
by the addition of chromium oxides. T'he tntensification of the process ts due
above all to the presence of the liquid phase at the boundaries of CaO grains.
The sintering rate is also positively affected by the dissolution of Cr3+ in CaO.
The rapid course of the process in the subsolidus region of the CaO—Cr,@;
pseudobinary system s probably related to intermediate formation of a non-
equilibrium melt.

INTROBUCTION

The studies dealing with the effect of additions on the sintering of CaO belong
for the most part to the field of applied research and are related to the development
of CaO-based refractory ceramics. Their results have been surveyed e.g. in [1], [2].
The sintering of compositions in the system CaO—TiO, was studied by Loshkarev [3]
who established a positive effect of several percent of TiO, on the rate of sintering
of Ca0. In an oxidation atmosphere, additions of Al,O3, Fe,03 and Cr,03 form melts
with CaO already at relatively low temperatures so that their effect on solid phase
sintering of CaO (resulting from affecting the defect structure) has not so far been
evaluated. Reactions of CaO in mixtures with chromic oxide are complicated by
partial oxidation of Cr,O3. The arising ternary phase 9 CaO . 4 CrO; . Cr;05 (“9.4.1)
exhibits a low melting temperature (about 1240 °C) and co-exists with CaO as well
as with MgO [4]. Nadachowski [1] mentions the possibility of filling the pores in
sintered CaO with eutectic melt CaO — ““9.4.1” for which a melting temperature of
1170 °C is reported. The present work had the aim of studying the effect of chrome
oxides on the sintering of CaO.

EXPERIMENTAL

The CaO samples contzining additions of chromium oxides were prepared by the
wet process using the method according to [13], namely by mixing aqueous solutions
of Ca(NO;), .4 H,0 A. K. (Lachema, N. C., Brno), Cr(NO3); . 9 H,O C. P. (Soyuz-
chimexport, U.S.S.R.) and citric acid CsHgO, . H,O A. R. (Lachema, N. C., Brno) in
amounts of 0.5 M per 1 M of the metals. The solutions were evaporated to dryness
and the decomposition of the precursor was concluded by heating in air atmosphere
at a rate of 200 °C/hr up to 900 °C with a 30-minute delay at this temperature.
The CaO powder free from additions was analysed spectrally and the result is listed
in Table I.
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The powders were compacted in a double-acting cylindrical mould 12 mm in
diameter under a pressure of 100 MPa into pellets 1—2 mm in height. The apparent
density of the pellets was in the range of 1.3—1.6 g/cm3. The pellets were prepared
directly before the ms@surement.

The course of sintzring in the 900—1050 °C temperature range was measured by
Chevenard type dilatometer. The specimens were heated up to the respective
temperature «t a rate of 20 °C/min (gradual heating). At the higher temperatures
the shrinkage was m-asured in a Leitz high-temperature microscope. The changes

Table 1

The content of impurities in the precusor CaO

Concentration, %

0.1—0.5 Mg, Al
0.05—0.1 Si
0.01—0.05 Cr

0.001—0.005 Fe, Cu

in the specimen length were measured continuously with an accuracy of 0.01 mm.
Before measurement the specimens were kept for 15 minutes in the cooler furnace
zone at 800 °C and then were pushed into the furnace center heated up to the required
temperature. The shrinkage measurement was started within about 10 seconds after
pushing in the specimen. Another series of isothermal measurements in the Chevenard
dilatometer was effected in a similar way at 800—1050 °C (abrupt heating).

The specimen length was measured with a micrometer before and after the experi-
ment. The specimen volume was determined by measuring the weight of mercury
displaced by the specimen. Adapted single-pan balance was used for determining the
buoyancy due to submersion of the specimen in mercury which equals the weight
of the displaced mercury. The apparent density was then calculated according to the
relationship

m
— -3
0=, —oue (g em=3],
where
v is apparent density of the sample [g cm—3],
m is weight of the specimen [g],
MEg is the weight of mercury displaced by the specimen [g],

omg = 13.55 g ecm~3 is the density of mercury at 25 °C.

On the basis of final apparent density of the specimens measured at room temper-
ature and on that of instantaneous specimen length value read from the shrinkage

curve the apparent specimen density at time = was calculated using the formula
U 3
QT = Qk AlT 3

b + 14+ AT

where
or is apparent density of the specimen at time 7 at room temperature,
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px 1s the final apparent density of specimen at room temp rature,
AlT is the difference between the final specimen length anté its length at time 7
read from the shrinkage curve,
Iy is the final specimen length at room temperature ascribgd to the last point on
the shrinkage curve,
oc is the mean temperature coetficient of linear expansion — 13x10-6 K-1.
The time dependence of apparent density of the specimens in the course of sintering
at 1200 °C is plotted in Fig. 1. Fig. 2 shows the plot of apparent density in the 60th
minute of heating in terms of the amount of chromium added expressed in wt 9%,
of Cr;03. The course of sintering is rendered considerably more intensive already by
very small additions of chromium oxides.
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Fig. 1. Apparent density of specimens in the course of sintering at 1200 °C in terms of time; addition
of Cr0;3 inwt % + — O, O —0.013, O — 0.04, A — 0.09, m — 0.27, w — 0.64.
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Fig. 2. Apparent density of pellets in the 60th minute of firing in terms of the amount of chromium
added expressed in wt % of Cr203.
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The solubility of chromium oxides in CaO was also determined. A pellet with an
addition of 0.4 %, Cr,O; fired at 1200 °C and quenched rapidly was dissolved in
ethylene glycol and since the chromium dissolved in CaO passes into solution, the
solubility of chromium oxides in CaO was determined by weighing the insoluble
residue (a phase of “9.4.1” composition); the result amounted to about 0.2 wt 9,
expressed as Cr;0;.

Observation of the specimens in reflected light and under a binocular lens revealed
remarkable changes in the localization of the addition. In the precursor powders and
in the pellets before the heating the admixture was dispersed quite homogeneously
as indicated by uniform light-green colour. Heating up of the specimens resulted
in agglomeration of the phase containing the chromium oxides. This phenomenon
was established in specimens containing additions of Cr,O; in excess of 0.2 wt %,
and was becoming more intensive with prolonged time of heating. The co-exi-
sting phase was observed to be forced off the boundaries of CaO grains into the
pores and free surfaces.

Table II lists the data on apparent density of pellets sintered with a delay of
60 minutes at 1015 °C either following abrupt heating or in the course of gradual
heating up to this temperature.

Table 11

Apparent density of CaO with Cr;0; addition after
60 minutes at 1015°C in terms of the way of heating

. Abrupt heating
. _p Gradual heatin,
Cr,03 g/ddltlon ‘[20 °C/min.]] g up [:1[‘)p1‘f)x.
(%] [e o3] 200 °C/min.]
b [g om ]
0.1 2.66 1.35
0.4 2.85 2.18
1.32 2.85 2.04

In the case of abrupt heating the specimensattained a considerably lower apparent
density than those heated up to the sintering temperature at a rate of 20 °C/min.
Fig. 3 shows a plot of apparent density of a pellet containing CaO + 0.27 9, Cr,0,
in terms of time at various temperatures. Shrinkage obviously takes place already
at temperatures from 900 °C upwards.

DISCUSSION

The significant effect of small additions of chromium oxides on the rate of sintering
of Ca0O, which starts at temperatures of only about 900 °C may be understood from
the point of view of reactions taking place in the system in the course of heating
as well as from that of the defective structure of CaO.

According to the studies of equilibrium behaviour of the system Ca—Cr—O [4]
the following phase changes take place in the CaO-rich region in dependence on
temperature and composition of the ambient atmosphere: In air atmosphere of
normal humidity calcium chromate is present up to 800 °C, between 800—900 °C
silikaty ¢. 4, 1979
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under the same conditions there exists the Cas(CrO4);0H phase and in the range of
900--1170 °C CaO co-exists with the phase Caz(CrOy), (the so-called “9.4.1”). The
following reactions take therefore place in the system in question at temperatures
above 900 °C:

2 Cas(Cr04);0H  — CaO + 3 Cas(Cr0O,), + H,O0.

Above 1170 °C (eutectic temperature of CaO—Ca;(CrOy);) there appears a melt
the composition of which is very close to that of phase “9.4.1”°. The lowest melting
temperature established so far in the pseudobinary system CaO—Cr,0O3 corresponds
to an eutectic between “9.4.1” and CaCr,0j, and is situated at 1022 °C [5].

Insofar as a equilibrium behaviour of the system Ca—Cr—O is considered, no
melt can arise in the specimens in question at temperature below 1170 °C.

However, in the present experiments the stability region of the individual co-exist-
ing phases was passed through at a relatively high rate so that these phases may have
been present in the system simultaneously. It is by no means impossible that their
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Fig. 3. Apparent density of pellets CaO + 0.27 Y, Cr,03 vs. time during sintering at vartous tempera-
tures; abrupt heating; O — 900 °C, (0 — 930 °C, A — 960 °C, w — 980 °C, @ — 1015 °C.

mutual interaction brings about intermediate formation of an inequilibrial melt,
unsaturated with calcium oxide, which has a favourable effect on sintering while this
property is not exhibited by the melt of epuilibrium composition. This assumption
is supported by a comparison between the changes in the rate of shrinkage in terms
of the rate of heating in the range of 800—1000 °C (Table II) and the changes observed
in the localization of the admixture. In the stage of reaction between the melt and
calcium oxide their mutual interfacial tension is decreasing. As a result of this the
melt is located at the grain boundaries and promotes the course of shrinking [6].
The high rate of the sintering process at a relatively low temperature (Fig. 3) which
resembles the sintering of MgO with a LiF admixture also indicates the presence
of a melt.

The reactions in the system in question may likewise be affected by the impurities
present in the specimens. Apart from the impurities determined by spectroanalysis
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(Tab. I) the content of about 0.1 % Na is typical. The impurities are only partially
soluble in CaO and some of them, which are situated at the grain boundaries of CaO,
react with the admixture. In this way the composition and properties of the phase
co-existing with CaO is also subject to changes.

The high rate of sintering of specimens containing Cr,Oz in excess of 0.09 9,
at 1200 °C (Fig. 1) within the first minutes of the isotherm may be explained by the
rearrangement of particles in the presence of the liquid phase [7]. This stage is con-
cluded comparatively early, while the further shrinkage takes place by the mechanism
of dissolution and precipitation from melt. The solubility of CaO at the point3s of
higher curvature is higher than that of other points of the boundary between solid
particles and the melt, thus facilitating the transfer of material from the contact
area through the liquid phase to other points. However, the powder reactivity is
simultaneously decreasing as a result of the rounding off of surfaces due to dissolution
and reprecipitation from liquid phase. The joint effect of these phenomena is a slowing
down of the shrinkage in the presence of a larger amount of liquid phase following
the initial rapid shrinkage. The relatively high final porosities of the specimens
(Figs. 1, 2) are probably caused by the formation of pores during rapid liberation
of H,0O vapours according to the reaction mechanism in the course of heating up
to 1200 °C.

The theory of sintering of ionic compounds indicates that the rate of sintering by
the bulk diffusion mechanism is determined by the diffusion of the slower ion [8], [9],
[10]. As shown in the studies by Gauthier et al. [11] and De Keyser et al. [12], Ca2*t
is the slower ion in calcium oxide and its diffusion is the limiting process of mass
transport in CaO. These results are in a certain disagreement with the conception
of ions as hard spheres (rgar = 0.99 X 10710 m; 70.- = 1.32 X 10-1° m); however,
they are probably related to the polarizability of the ions.

When assuming that the trivalent chromium ion dissolving in the CaO structure
forms one half of cation vacancy, then such an addition should activate the sintering
process by vacancy controlled bulk diffusion. However, the situation is complicated
by the presence of impurities dissolved in the CaO structure. These impurities like-
wise affect the diffusion processes and obscure the effect of chromium oxide addition.
For instance, when 0.55 9%, Na,O was added to the mixture of CaO + 0.67 9%, Cr,0;
the resulting specimen exhibited no shrinkage at all at 1200 °C. On the other hand
other impurities present may have taken part in the activation of sintering of our
specimens.

SUMMARY

Additions of chromium oxides were found to have a positive effect on the sintering
of CaO within the temperature range of 900—1200 °C. The sintering process is already
activated by minimum additions of chromium oxides (0.04 9%). The sintering activa-
tion is due to the effect.of melt which probably changes its composition and properties
in the course of the process. Dissolution of the Cr3+ ions in the CaO structure acceler-
ates the diffusion of Ca2t, thus promoting the sintering.
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VPLYV PRIDAVKU KYSLICNfKOV CHROMU NA SPEKANIE CaO

Viliain Figusch, Miroslav Haviar, Zdenék Pének

Ustav anorganickej chémie SAV, Bratislava

V préci sa zistoval vplyv prisad kysliénikov chrému (0,01 — 1,3 % hm. v prepoéte na Crz03)
na spekanie CaO vo vzdudnej atmosfére pri 900—1200 °C. Vzorky sa pripravili termickym roz-
kladom odparkov homogénnych vodnych roztokov obsahujicich dusié¢nan vépenaty, dusiénan
chromity a kyselinu citréonovu &istoty p. a. Ziskané prasky sa lisovali tlakom 100 MPa na tablety
s objemovou hmotnostou 1,3 — 1,60 gem~3 a izotermicky sa meralo ich zmrStenie v zahrievacom
mikroskope alebo v dilatometri.

Rychlost zmritovania CaO sa pridavkom kysliénikov chréomu vyrazne zvySuje (obr. 1, 2)
a po 80 min zéhreve pri 1200 °C dosiahli vzorky s prisadou > 0,09 % hm. Cr;0; poérovitost
~ 10 %,. Aktivovanie spekania je sposobené hlavne pritomnostou kvapalnej fazy na hraniciach
zin CaO. Intenzivny priebeh procesu sa zaznamenal (obr. 3) tiez v subsolidusovej oblasti pseudo-
bindrnej sustavy CaO—Cr;03; (pod 1170 °C), ¢o pravdepodobne sivisi s prechodnou tvorbou
nerovnovéznej taveniny v priebehu zahrevu. Tento nézor podporuju tiez pozorované zmeny
v lokalizéecii prisady a zavislost objemovej hmotnosti, ktord dosahuju vzorky po 60 min izoter-
mického zéhrevu pri 1015 °C, od rezimu teplotného vzostupu v rozmedzi 800—1000 °C (tab. II).
Sucastou taveniny moézu byt tiez neéistoty pritomné vo vzorkéach (tab. I).

Spekanie méze byt pozitivne ovplyviované tiez zmenami v defektnej Struktare CaO, kedze
vstupom Cr3* sa vytvéraju kationové vakancie a tym sa urychluje difdzia iénu Ca2+, ktory
limituje rychlost pri objemovej difuzii CaO.

Obr. 1. Objemovd hmotnost vzoriek podas spekania pri 1200 °C v zdvislosti od éasu.
Pridavok Cry03 % hm.: + — 0, [J — 0,013, O — 0,04, A — 0,09, = — 0,27, A — 0,64.

Obr. 2. Objemovd hmotnost tabliet v 60. minute vypalu v zdvislosti od mnoZstva pridaného chrému,
prepocitaného na hmotnosiné percentd Crz03.

Obr. 3. Zavislost objemovej hmotnosti tabliet CaO + 0,27 9%, Cr,03 od éasu pobas spekania pri
réznych teplotdch; ndhly ohrev; O — 900°C, [ — 930°C, A — 960°C, wy — 980 °C,
@ — 1015°C.

BJIUAHUE JOBABRM ORHCJIOB XPOMA HA CIIEKAHHE CaO

Bumnam @urym, Mupociaas Faeuap, 3aenex [Tanek

Huemumym neoeparunecroii zumuw CAH, B pamucaasa

B npennaraemoii pabore ompepensercsa BamsHue jpo6aBok okmciaoB xpoma (0,01—1,3 %
mo Becy B mepecyere Ha Cr:03;) Ha cmexkanne CaO B aTMoc(epe BO3AyxXa IIpH TeMIepaType
900—1200 °C. O6pasnpl NPUTOTOBHIN TEPMHUYECKHM DPAa3jlOKCHHMEM CYXHX OCTAaTKOB IOMO-
TeHHBIX BOAHBIX PacTBOPOB, CONEp’KAallMX HHTPAT KAJbIs, HHTPAT XpOMa H JHMOHHYIO
KHeaoTy K. a. ITomyuyenmsle mopomkm mpeccoBadn mop aasiieHneM 100 MPa B rabmerkn
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yneasnnoro Beca 1,30—1,60 reM—3 3 H30TEPMIYECKH H3MEPSIH HX YCAJKYy B IarpeBalomieM
MHKPOCHOIe W J(MIIATOMETPE.

Cropocts yeamru CaO ¢ 06aBKOIT OKICIOB XpOMa Pe3Ko mOBKIaetcs (prc. 1,2) i mocite
80-TuMuHyTHOrO Harpesa npu Temneparype 1200 °C noiryuasu 0dpasiuel ¢ gooaskoit > 0,09 %
1o Becy Cr;0s;, mopmerocTh ~10 %. AKTHBHpOBANNE CHEKANIs BRIBLIBACTCA TIIIaBILIM
00pa3oM MpICYTCTBIIEM KIJIKOIH (a3l Ha rpanunax sepen CaO. MurencHBHbIi X0J mporecca
TaKIKE YCTAIIOBIUNM (pHc. 3) B 0dNacTi cyOcomuayc ncennoonnapnoﬁ cucreMsl CaO—Cr204
(mimxe 1170 °C), uro upaBuenonoouo CBA3AII0 C NEepPeXOAHLIM 00pa3oBaHHCM _HCPaBHOBECHOI'O
paciuiaBa BO BpeMs Harpesa. Taioe MIEHIE I0J[(EP/KIBACTCA TaKie 1a0:1100aeMBIMIT 113~
MCHEHIHAIMII B padMeNleHII JloOaBKII I 3aBIICIIMOCTHIO 0OBLEMIIOTO Beca, KOTOPOIO JIOCTHIAIOT
o0pasnnt nocye 60 MuHYT H3oTepMuuecKoro Harpesa npu TeMueparype 1015 °C, or pencima
TIOjUhCMa TEMNEPATYDPBl B Tpejesax 800—1009 °C (tadu. II). CocraBHoil yacThlo paciiiaBa
MOI'yT OLITh Talke 3arpsI3HCHMA, OPHCYTCTBYIOIIHE B oOpasnax (radm. I).

Ha criecxamnne MOryT HOJ0KHTEIILIIOE BIIISIIIC OKa3bIBAThL TAKIKC IIBMEIICHIIST B Ie()CKTIION
crpyrrype CaO, roryma npi Bxoge Cr3+ o0pasyloTcs KATHOHILIE BAKANCIH, a B pe3yanTaTe
Toro ycropsieres juudppyans mona Ca2+, JIHMITHDPYIOIEI0 CKOPOCTL IIPH 00BeMIION jutddyaini
CaO.

Puc. 1. Basucuaocmv o6vesmiiozo eca 06pas3yos om Gpesmeru CRNEEAHUL NPU Mesmnepamype
1200 °C ¢ sasucusocmu om gpemeru. Jfo6asra Cra03 % no cecy, + — 0, O3 — 0,013,
O — 0,04, pn — 0,09, m — 0,27, y — 0,64

Puc. 2. 06vennpiii gec mabaemor ¢ 60-oii sunyme 06icuea € 3a6UCUMOCINU 0N KOAUNECINEA
dobaganestozo xposa npu nepecweme na % no gecy CraOs.

Puc. 3. Basucusocmyv o6vesrnozo geca mabaemor CaO + 0,27 %, Cr203 om epesenu eo epems
cneranuL npu paswblr memnepamypax; pesruit nazpes; O — 900 °C, (3 — 930 °C,
N — 960°C, y — 980 °C, ® — 1015 °C.
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