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The study cleals with the effect oj chromiitm oxicles 
0

(0.01 - 1.3. wt %, 
Cr203) on the sintering oj CaO in ctir atmosphere at 900-1200 °0. The samples 
were prepard jrom precursors obtciinecl by thermal clecomposition oj evaporation 
reaiclues oj homogeneous aqueous solutions oj calcium nitrate, chromic nitrate 
ancl citric acicl oj A. R. purity. The sintering oj CaO is substantially acceleratecl 
by the acldition of. chromium oxicles. The intensijication oj the JJrocess is clue 
ctbove all to the presence oj the liquicl phase at the bounclaries oj CaO grctins. 
The sintering rate is also positively affectecl by the clissolittion oj CrH in CaO. 
The rnpid cow·se oj the process in the subsolidus region oj the CaO-Cr203 

pseudobinary syslem is probably related to intermecliate jonnation oj a non
equilibrium melt. 

INTRODUCTION 

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 [l], [2]. 
The sintering of compositions in the system CaO-TiO2 was studied by Loshkarev [3] 
who established a positive effect of several percent of TiO2 on the rate of sintering 
of CaO. In an oxidation atmosphere, additions of A]zO3 , Fe2O3 and Cr2O3 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 Cr2O3 . The arising ternary phase 9 CaO . 4 CrO3 . Cr2O3 ("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 airn of studying the effect of chrome 
oxides on the sintering of CaO. 

EXPERIMENTAL 

The CaO sarnples conte.ining additions of chromiurn oxides were prepared by the 
wet process using the method accordii1g to [13], namely by mixing aqueous solutions 
of Ca(NO3)z. 4 H2O A. R. (Lachema, N. C., Brno), Cr(NO3)3 . 9 H2O C. P. (Soyuz
chimexport, U.S.S.R.) and citric acid C6H8O7 • H2O 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 decornposition 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 frorn additions was analysed spectrally and the result is listed 
in Tahle I. 
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The powders were ,bompacted 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 m'.lisurement. 

The course of sinteri11g in the 900-1050 °C temperature range was measured by 
Chevenard type dila,tometer. 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 I 

The content of impurities in the preousor 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 
rwne 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 

(! =--(!Hg 
mHg 

where 
!;' is apparent density of the sample [g cm-3], 
·111. is weight of the specimen [g], 
·111 Hg is the weight of mercury displaced by the specimen [g], 
(!Hg = 13.55 g mn-3 is the denioity 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 

where 
(!r is apparent density of the specimen at time -r at room temperature,
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(!Te is the final apparent density of specimen at room tempt{rature, 
!:,,.ZT is the difference between the final specimen length ani its length at time r 

read from the shrinkage curve, 
l1c is the final specimen length at room temperature aecri�d to the last point on 

the shrinkage curve, 
oc is the mean temperature coefficient of linear expansion - 13 X 10-6 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 % 
of Cr203 • The course of sintering is rendered considerably _more intensive already by 
very small addítions of chromium oxides. 

1,0 '---L-'---'---'---'--'---'---''---' 

o 20 40 60 80 
t[min) 

Fig. 1. Apparent density oj specimens in the course oj sintering at 1200 °0 in terms oj time; aclclition 
oj Cr203 in wt % + - O, O - 0.013, O - 0.04, 6. - 0.09, ■ - 0.27, T - 0.64.
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Fig. 2. Apvcirent density oj pellets in the 60th minute oj flring in terms oj the amount oj chromium 

adclecl expressed in wt % oj Cr203 • 
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The solubility of chromium oxicles in CaO was also cleterminecl. A pellet with an 
aclclition of 0.4 % Cr2O3 :firecl at 1200 °C ancl quenchecl rapiclly was clissolved in 
ethylene glycol ancl since the chromium dissolvecl in CaO passes into solution, the 
. solu bili ty of chromium oxicles in CaO was cleterminecl by weighing the insoluble 
resiclue (a phase of "9.4.1" composition); the result amountecl to about 0.2 wt % 
expressecl as Cr2O3 . 

Observation of the specimens in reflectecl light ancl uncler a binocular lens revealed 
remarkable changes in the localization of the acldition. In the ·precursor powders and 
in the pellets before the heating the admixťure was clispersed 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 establishecl in specimens containing adclitions of Cr2O3 in excess of 0.2 wt %, 
and was becoming more inteneive with prolongecl time of heating. The co-exi
sting phase was observed to be forcecl off the bounclaries of CaO grains into the 
pores and free surfaces. 

Table II lists the data on apparent density of pellets sinterecl 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 II 

Apparent clensity of CaO with Cr2O3 adclition after 
60 minutes at 1015 °C in terms of the way of heating 

' 

Graclual heating Abrupt heating 
Cr2O3 aclclition [20 °C/min.] 

up [approx. 
[%] [g cm-3) 

200 °C/min.J 
[g cm~-'] 

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 specimemi attained a considera bly 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 % Cr2O3 

in terms of time at various temperatures. Shrinkage obviously takes place already 
at temperatures from 900 °C upwards. 

DISCUSSION 

The signi:ficant effect of small aclditions of chromium oxides on the rate of sintering 
of CaO, which starts at temperatures of only about 900 °0 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 óf 
normal humidity calcium chromate is present up to 800 °0, between 800-900 °C 
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under the same conditions there exists the Ca5(CrO4)3OH phase and in the range of 
900--1170 °C CaO co-exists with the phase Ca3(CrO4)z (the so-called "9.4.1"). The 
following reactions take therefore place in the system in question at ternperatures 
above 900 °C: 

2 Cas(CrO4}3OH -> CaO + 3 Ca3(CrO4)i + H2O, 

Above 1170 °C (eutectic temperature of CaO-Ca3(CrO4)z) 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-Cr2O3 corresponds 
to an eutectic between "9.4.1" and CaCr2O4 , and is situated at 1022 °C [5]. 

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

However, in the present experiments the stability region of the individua! 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 

3,0 
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1,5 

1,0 
o 40 80 120 160 

t [min] 

JJ'ig. 3. Appetrent clensity oj pellets CaO + 0.27 % Cr203 vs. time clu1--ing sintering at various tempera
tures; abrupt heating; O - 900 °0, □ - 930 °0, I':,. - 960 °0, y - 980 °0, • - 1015 °0. 

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 cornposition. This assurnption 
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 (Tahle II) and the changes o bserved 
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 ofCaO, 
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 Cr2O3 in excess of 0.09 % 
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 point3 of 
higher curvature is higher than that of other points of the boundary between solid 
partiqles 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 H20 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+ 

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 (rca>+ = 0.99 X 10-10 m; roz-= 1.32 X 10-10 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 l'intering 
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 % Na2O was added to the mixture of CaO + 0.67 % Cr2O3 
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 minim.um additions of chromium oxides (0.04 %)- 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 Caz+, thus promoting the sintering. 
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VPLYV PRÍDAVKU KYSLIČNÍKOV CHRÓMU NA SPEKANIE CaO 

Viliain Figusoh, Miroslav Haviar, Zdeněk Pánek 

Ústav anorganickej chémie SA V, Bratislava 

V práci sa zisťoval vplyv prísad kysličníkov chrómu (0,01 - 1,3 % hm. v prepočte na Cr203) 
na spekanie CaO vo vzdušnej atmosfére pri 900-1200 °C. Vzorky s11 pripravili termickým roz
kladom odparkov homogénnyoh vodných roztokov obsahujúoioh dusičnan vápenatý, dusičnan 
chromitý a kyselinu oitrónovú čistoty p. a. Získané prášky sa lisovali tlakom 100 MPa na tablety 
s objemovou hmotnosťou 1,3 - 1,60 gom-3 a izotermicky sa meralo ioh zmrštenie v zahrieva,oom 
mikroskope alebo v dilatometri. 

Rýohlosť zmršťovania CaO sa príclavkom kysličníkov chrómu výrazne zvyšuje (obr. 1, 2) 
a po 80 min záhreve pri 1200 °C closiahli vzorky s prísadou > 0,09 % hm. Cr203 pórovitosť 
~ 10 %- Aktivovanie spelrn.nia je spósobené hlavne prítomnosťou kvapalnej fázy na hranioiaoh 
zí-n CaO. Intenzívny priebeh procesu sa zaznamenal (obr. 3) tiež v subsolidusovej oblasti pseudo
binárnej sústavy Ca0-Cr203 (pod 1170 °C), čo pravdepodobne súvisí s preohodnou tvorbou 
nerovnovážnej taveniny v priebehu záhrevu. Tento názor podporujú tiež pozorované zmeny 
v lokalizáoii prísady a závislosť objemovej hmotnosti, ktorú dosahujú vzorky po 60 min izoter
mického záhrevu pri· 1015 °C, od režimu teplotného vzostupu v rozmedzí 800-1000 °C (tab. II). 
Súčasťou taveniny móžu byť tiež nečistoty prítomné vo vzorkáoh (tab. I). 

Spekanie móže byť pozitívne ovplyvúované tiež zmenami v defektnej štrnktúre Ca.O, keďže 
vstupom CrH sa vytvárajú katiónové vakanoie a tým sa urýohfuje difúzia iónu Ca2+, ktorý 
limituje rýohlosť pri objemovej difúzii CaO. 

Obr. 1. Objemová hmotnost' vzoriek počas SJJekanict pri 1200 °0 v závislost-i od času. 
Príclavok Cr203 % hm.: + - O, O - 0,013, O - 0,04, !::,. - 0,09, ■ - 0,27, Á - 0,64. 

Obr. 2. Objemová hmotnost' tabliet v 60. minúte výpalu v závislosti od množstva pridaného chrómu, 
prepoéítaného na hmotnostné percentá Cr203• 

Obr. 3. Závislost objemovej hmotnosti tabliet CaO + 0,27 % Cr203 od času počas spekania pri 
r6znych teplotách; náhly ohrev; O - 900 °0, □ - 930 °0, !::,. - 960 °0, T - 980 °0, 
O -1015 °0. 

BJII1HHI1E JJ:OBABH:11 OH:HCJIOB XPOlvIA HA CIIEHAHHE CaO 

BwmrnM ©Hrylll, MwpocJiaB famrnp, 3]:leHeH IlaHeH 

lfHcmumym Heo2pa1-m'!ec1.oii xu.11uu CAH, B pamuc.11,aea 

B npeAJiaraeMoií pa6ore onpe]:leJirrercrr BJIHHHue A06aBOH OHHCJIOB xpoMa (0,01-1,3 % 
no Becy B nepec'lere Ha Cr203) Ha cneHaHHe CaO B aTMoc<Jiepe B03Ayxa npH TeMnepaType 
900-1200 °C. 06pa3I\bl npiffOTOBHJIH repMH'l0CIHll\l pa3JIOilWHHel\l cyXHX OCTaTHOB rOMO
reHHbIX BOJ:IHI,JX paCTBOpOB, cop;epma!I\HX HHTpaT HaJibI\HlI, HHTpaT xpoMa If JIHMOHHYIO
HHCJIOTY )];. a. IloJiy'JeHHI,Ie nopolllHH npeccoBamr IlO)l; p;aB.rI0Hlf01\I 100 MPa B ra6JieTHH
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yge.llhHHOro Beca 1,30-1,60 rcM-3 
H H30TepM1Precrrn H3Mepmm nx ycagKy B HarpeBamru;eM 

11umpoc1rnrre mnr g11JiaT0MeTpe. 
CrrnpoCTh yca,n:1m CaO C ,n:o6aBKOH OIU!CJIOB xpoMa pe3I{O IIOBbll llaeTCll (prrn. 1,2) 11 IIOCJie 

80-rn11mayTRoro aarpeBa npn TeMnepaType 1200 °C noJiytJ:am1 06pasqb1 c ,n:o6aBKoň: > 0,09 % 
no Becy Cr20,, rropIICTOCTh ~ 10 %, AHTHBHpoBaHne CIIeI<aHHll BbI3LIBaeTCll rJiaBHI,JM 
o6pasoM rrpHCYTCTBneM mngrrnň: jiasI,I Ha rpamrqax sepen Ca O. MHTeHCHBI-11,111 xo.n: rrpou;ecca 
Tm,me ycTaHOBHJil1 (p11c. 3) B OOJiacnr cy6comrgyc nceB,n:06IIHapaoň: c11cTeMI,I Ca0-Cr203 

(1rnme 1170 °C), '11'0 rrpaB,n:eno,n:o6I-Io CBH3UHO C rrepexo,n:HhlM o6pa30BaHHeM 1-repaBHOBeCHOťO 
pacrrJiaBa BO Bpe�rn HarpeBa. Tan:oe MHemrn 1101�.n:epmIIBaeTcJI Tarm<e Ha6mo,n:aeMhIMH us-
111eue1rnHMH B pasMeru;ea1111 ,n:o6amrn H 3aBJ1CHMOCTI,IO 061,eMHOro Beca, HOToporo JJ:OCTJfl'UIOT 
06pasq1,1 nocJie 60 1111rnyT H30TepMwrecrrnro uarpeBa rrpu Te�mepaType 1015 °C, OT pe;mma 
noj.('bOMa Te�mepaTy]JI,I B npegeJiax 800-1000 °C (Ta6Jr. II). Coc-ramrnii 1rncThIO pacrrnana 
MOJ'YT 6LJTL Ta!O-HO sarpH3Hemrn, IIJHICYTCTBy10rqHo B o6pasu:ax (Ta6JI. I). 

Ha cn01rnmrn MOryT fIOJIOll<HT0JlbHOe BJIII/IHH0 OHU3hIBUTh Tamno H3MOH0HH/l B ,n:ecpOiťl'HOl1 
CTpyrnypo CaO, HOrga Il]Jll BXO,n:e CrH o6pasyIOTCll l{aTHOHHLJe BUI\UHCHH, a B pesym,TaTO 
TOro ycHopneTCll .n:mpcpys1rn HOI-Ja Ca2+, JIHMI1THJJY!Oll\ero CHO]JOCTI, Il]JII 061,eMHOH nncJHpys1rn 
CaO. 

Puc. 1. 3a11ucu,11ocmb 061,e,,moao 11eca 06pai14.011 om 11pe,,1ie1-1,u cnei.amui npu me,,1mepamype 
1200 °C 11 i/a11ucu,,iiocmu om 11pe,1iem1„ J(o6a111.a Cr203 % no 11ecy; + - O, □ - 0,013, 
O - 0,04, 6. - 0,09, 11 - 0,27, v - 0,64. 

Puc, 2. O61,e,,mbitl eec ma6J1,emoi. 11 6O-oz'í, .A!llHyme 06�1cuaa e iia11ucu,11ocmu om /i'.OJl,ll•tecnwa 
806a1JJ1,R-e,noao xpo.A•ta npu nepec•ieme na % no 11ecy Cr203 . 

Puc. 3, 3a.11u.cu,1wcmb 061,e,,1moao 11eca ma6J1,emo1, CaO + 0,27 % Cr203 om 11pe,1-ie1-1,u 110 11pe,,1i11, 
cne1.a1-1,u11, npu paiiHbix me,,inepamypax; pe,mui'í, naape11; O - 900 °C, O - 930 °C, 
6. - 960 °C, T - 980 °C, 9 - 1015 °C. 
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