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Abstract: The paper presents results of investigation of barite phase formation during the processing of the oxidized lead-zinc ores 

from the Alashpai ore deposit by the methods of the thiosalts metallurgy. The phase formations at sintering charge containing the mix 

of the oxidized lead-zinc barite ore, sodium sulfate and carbonaceous reductant were studied under the temperatures varying from 

973 up to 1173 K with using X-ray phase analysis and electron probe screening in modes COMPO, EDS and WDS. The researched 

ore sample from the Alashpai ore deposit contains, in accordance with the X-ray fluorescent analysis, mass %: 6.158 Pb; 6.978 Ba; 

0.016 Zr; 0.222 Zn; 0.063 Cu; 3.955 Fr; 0.603 Mn; 0.270 Ti; 0.265 Ca; 0.684 К; 1.226 S; 13.702 Si; 4.527 Al; 0.967 Mg; 0.244 Na, 

rest – oxygen and other. Phase formation at the temperature of 973 K combines transformations of two types: disordering of the 

cation sublattice and a change in the symmetry of the anion sublattice. Subsequently, the barium cations are distributed over the 

vacancies of the crystallographic positions. Based on the results of the X-ray phase analysis, barium silicates BaSiO3, Ba4Si6O16, as 

well as an intermediate sulfate-sulfite complex Ba(SO3)0.3(SO4)0.7 are presented in the cake sintered at 973 K. The research results 

substantiate formation within 1073 K temperature of the thiosalts of barium, i.e. BaCu2SnS4, BaFe2S4, Ba3FeS5, Ba9FeS15, with con-

current formation of BaSiO3, Ba2Si3O8, Ba5Si8O21, Ba4(Si6O16), Ba2(Si4O10), BaFeSi4O10. In this sinters the cation of barium is an 

initiator of formation of thiosalts of the BanMemSz type. The rise in temperature up to 1173 K contributes to the destruction of barium 

compounds. Barium thiosalts decomposes with the formation of barium sulphide, the thiosalt crystal lattice breaks down into simpler 

structures. Solid solutions based on barium silicate also break down into constituent oxides of silicon and barium and further process-

es of formation of carbonates and barium sulphates take place.  

Key words: barite, barium thiosalts, barium silicates, barium sulfide, sintering, phase formation, oxidized lead-zinc ore, Alashpai 

deposit, thiosalts metallurgy 

Introduction. Development of raw materials 

resources base in the RK and emergence of new in-
tegrated technologies condition the need to further 

research the phase formation processes which occur 
during the processing of different materials. 

High selectivity of breaking out of compound 
draw materials applying the methods used in metal-

lurgy for the thiosalts of the nonferrous metals orig-
inates from the physical-chemical qualities of those 

compounds, formed during the pyro- and hydromet-
allurgical processing. Selectivity of breaking out 

patterns can be illustrated by an example of raw mix 
sintering in presence of sodium sulfate and carbona-

ceous reductant [1-3]. 
Previously studied physical-chemical proper-

ties, regularities of reactions displayed by the thiosalts 
of nonferrous metals as well as technologies that are 

based on the methods of thiosalts metallurgy, can be 

applicable if the thiosalts have the NanMemSx structure, 
where Me stands for Cu, Zn, Pb, As, Ti, Mn, Al, Si, 

Ag, Re, Se, Te and other rare metals. 
Currently, there come certain research matters 

that significantly differ in composition, for example, 
oxidized lead-zinc barite ores, which upon pro-

cessing produce the thiosalts of barium. Anyway, 
the available data on the thiosalts of barium are lim-

ited and in most cases such research is targeted on 
the identification of the barium compounds which  

possess unique properties of ionic conductivity. 

There are references to certain data on draw-
ing of T-x projection diagram of Cu2S-BaS system 

status. Within the system, peritectic melting phases 
are formed, i.e., BaCu4S3 crystalizing into the rhom-

bic syngony and BaCu2S2 with 935 K melting tem-
perature (“the Tmelt”), crystalizing into the tetrago-

nal syngony with Tmelt of 1035 K, the eutectic is 
formed between Cu2S – BaCu4S3 at 27 mole percent 

of BaS under Tmelt of 910 K [4]. 
Based on the results obtained from melted and 

annealed samples, the applied series of physical-
chemical analysis methods revealed the areas of ho-

mogeneity and heterogeneity in the BaS – Ga2S3 sys-

tem as well as their crystal-chemical properties. An-
nealed samples containing 16.66, 20, 25, 33.33, 50 and 

66.66 mole percent of Ga2S3 were single-phased and 
contained reflexes of Ba5Ga2S8, Ba4Ga2S7,Ba3Ga2S6, 

Ba2Ga2S5, BaGa2S4 and BaGa4S7 phases, respective-
ly. The phases of Ba5Ga2S8, Ba4Ga2S7, Ba3Ga2S6, 

Ba2Ga2S5 and BaGa2S4 melt incongruently. At initial 
ratio of sulfide mix being 1 BaS : 2 Ga2S3 the com-

pound composition of BaGa4S7 was formed, the ex-
istence of which proves single-phase nature of sam-

ples containing 66(6) mole percent of Ga2S3 and 
annealed at 870 and 1070 K. The system also re-

veals presence of two eutectics between phases 
Ba2Ga2S5 and BaGa2S4 and between phases 
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BaGa4S7 and γ-Ga2S3. The eutectics coordinates are 
38 mole percent of Ga2S3 and 72 mole percent of 

Ga2S3. Close to Ga2S3 coordinate there was found a 
thin area of enclosed solid solution on basis of defect-

ed structure of γ-Ga2S3. Along with the temperature 
decrease, the span of the solid solution consistently 

decreases from 3 mole percent of BaS at temperature 
of 1070 K to 2 mole percent of BaS at temperature of 

870 K [5]. 

The phase condition diagrams for systems 
BaS – Ln2S3 (Ln = Sm, Eu, Er, Lu) are similar in 

qualitative terms and appear as systems with con-
gruently melted compounds. Compound BaLn2S4 

(Ln = Nd, Lu) is isostructural. The span the solid 
solution building up on basis of BaSm2S4 at 1720 K 

has concentration range of 50-56 mole percent of 
Sm2S3. The row from Sm to Gd is marked with de-

creasing solid solution on base of α-Ln2S3, and the 
eutectic composition shifts towards composition of 

initial components. At 1820 K, about 15 mole per-
cent of BaS is dissolved in γ-Sm2S3 and 4 mole per-

cent of BaS in γ-Gd2S3. The system of BaS – 
Er2S3produced two triple compounds Ba3Er2S6 and 

BaEr2S4. The first one melted on peritectics at 2005 
K, the second one melts congruently at 2040 K [6]. 

All of the BaLn2S4 compounds are isostruc-
tural. Formation of compounds Ba3Ln2S6 and 

BaLn2S4 is characteristic for all systems in the row 

of BaS – Ln2S3 (Ln = Tb-Er) with peritectics and 
congruent melting, respectively. It is determined 

that in systems BaS – Ln2S3 (Ln = Tb-Lu) what is 
formed are the incongruently melting compounds 

compositions of Ba3Ln2S6 with rhombic distorted 
structure and duplicated cell properties in three di-

rections and regularly ordered distribution of Ba, Ln 
ions and vacancies on crystallographic cationic posi-

tions of basis structure. With the decrease of radius 
of the Ln (Ln = Tb-Lu) there is increase in melting 

temperature and the tendency of decrease in values 
of micro-hardness of compounds of type of 

Ba3Lu2S6. Within the BaS – Lu2S3  system, the for-
mation of three compounds is observed, namely of 

Ba3Lu2S6 with incongruent melting at 2035 K,           
BaLu2S4 with congruent melting at 2105 K, and  

BaLu8S13 with congruent melting at 2060 K. In eu-

tectic points with 34 mole percent of Lu2S3 the melt-
ing temperature is 1995 K, with 68 mole percent of 

Lu2S3 melting temperature is 2015 K, with 90 mole 
percent of Lu2S3 under 1950 K. The obtained com-

pound of BaLn8S13 (Ln = Tm, Yb, Lu) has rhombic 
structure and grid parameters, like, a = 1.196 nm, b 

= 1.033 nm, c = 1.400 nm [7].  
During the processing of the complex 

polymetallic raw materials, containing barite using 

the methods of thiosalts metallurgy in parallel with 
the formation of thiocompounds, the significant por-

tion comes to phase formation of oxide compounds 
of barium, which display high mobility towards fast 

oxygen exchange on the surface [8-10].  
Previous research of the oxide barium systems 

are relevant for the prospective development of crystal 
glass ceramics for obtaining of the new materials. As 

illustrated by the diagrams of compounds condition, 

within the system of BaO and oxides (Al, Si) there are 
compounds with such properties as high density, tem-

perature stability, and that have dielectric parameters 
which allow to use them in production of resonators, 

filters, microwave-devices [11]. In particular, we ob-
tained celsian glass ceramics on basis of hexagonal 

modification of the compound BaAl2Si2O8 at the syn-
thesis and burning temperature of 1723 and 1773 K, 

respectively. With usage of DTA and temperature 
measurements of the dielectric properties for samples, 

the temperature of structural shift from Alpha-
hexagonal modification to Beta-hexagonal modification 

was set to fall within the interval from 553 to 593 K. 
One of the intensively researched classes of 

compounds are perovskite-like phases, mobile oxy-
gen vacancies in them are created by lower-valent 

replacement in cationic subgrids [12-14]. Cationic 
replacements bring in the structural disorder pre-

venting the movement of oxygen ions, because of 

which ionic conductivity may be not high enough. 
Oxygen mobility can be increased when the struc-

tural fragments are spatially divided. Such division 
of the structural fragments can be achieved by cati-

onic ordering in perovskites R0.5Ba0.5MO3-σ (R = Y, 
Ln. M = Mn, Co), that turns them into the laminate 

phases of RBaM2O6-σ (R112). Ion-conducting prop-
erties are discovered in the laminate compounds of 

RBaCo4O7+σ (R114), the usage of R114 phases is 
possible in the temperature range of ≤673 K. 

Processes of phase formation in the systems 
R2O3 – BaO – CoO = 0.5:1:4 (R=Y, Gd-Lu) are 

studied in temperature area of 1173-1373 K. The 
optimal mode of solid phase synthesis of the phase 

RBaCo4O7+σ (R114) was identified and single-phase 
samples for R = Y, Dy, Ho, Er, Tm, Yb, Lu were 

obtained. Certain specific ways of the R114 (R = Y, 

Dy, Lu) samples reactions during the thermal cy-
cling and oxygen saturation [15] were studied also. 

Then, the uninterruptable row of solid solu-
tions was found in the system containing oxide of 

barium and dioxide of silicon. The compounds 
2BaO·SiO2, BaO·SiO2, 2BaO·3SiO2 and 

BaO·2SiO2were identified. Further, the compound of 
3BaO·SiO2 and 3BaO·5SiO2, 5BaO·8SiO2 were found 

when the elements reacted in their solid state. During 
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the study of the crystal structure of Ba2Si3O8, which 
does not have an analogue amongst other groups of sili-

cates of alkaline and alkaline earth metals, we identified 
three barium silicates, i.e. β-BaSiO2, Ba2Si4O10 and 

Ba2Si3O8. Research results state the presence of the new 

type of silicon-oxygen belt Si6O16
−8, formed by polariza-

tion of three links of the structural type BaSiO3 inside of 

this silicate. 
It was shown that two groups of solid solu-

tions were formed, those based on 2BaO·3SiO2 and 
based on the high-temperature modification α-

BaO·2SiO2. For the disilicate of barium, two poly-
morph variations were found, i.e., low-temperature 

β-BaSi2O5 and α-BaSi2O5. Mutual transition of these 
modifications happens at the temperature of 1623 K. 

The study of the BaO-SiO2 system brought us to the 
conclusion that there is metastable liquation where 

the crystal point has temperature of 1703 K [16-18]. 
Experimental. The subject under this re-

search represents the oxidized lead-zinc barite ore 

produced at the Alashpai deposit. The chemical rea-
gents include sodium sulfate, carbonaceous reduct-

ant. The methods of analysis included spectral, X-
ray, X-ray fluorescence, atomic-adsorption chemi-

cal, and electrone probe microanalysis. The utilized 
equipment was electric resistance furnace chamber 

laboratory SNOL 12/16.  

The experimental trial procedure was as follows, the 

ore from the deposit Alashpai was crushed, then 

placed in a mortar to prepare a mix by  

 

adding anhydrous sodium sulfate and carbonaceous 

reductant in quantities predetermined by the stoichi-

ometric ratios. The mix was put in the reaction ves-

sel closed with the graphite lid with the aim to cre-

ate a reducing environment above the mix surface 

and to prevent penetration of oxygen from ambient 

air getting into the zone of formation of the nonfer-

rous metals thiosalts. 

The sintered mix contained chemically pure sodi-

um sulfate (98 % Na2SO4) and carbonaceous reductant 

in form of activated carbon containing, in %, 74.3 C; 

0.16 S; 0.025 P; 1.12 Fe; 0.93 SiO2; 1.56 Al2O3. 

The mix sintering in compliance with above 

procedure was carried out under temperature range 

973-1173 K with the optimal composition of mix 

being 25 % of Na2SO4, 15 % carbonaceous reduct-

ant; sintering duration lasted 2.5 hours. 

The subject of the research was the ore sam-

ple taken from the Alashpai ore deposit. It con-

tained, in accordance with the X-ray fluorescent 

analysis, mass %: 6.158 Pb; 6.978 Ba; 0.016 Zr; 

0.075 Sr; 0.222 Zn; 0.063 Cu; 3.955 Fr; 0.603 Mn; 

0.270 Ti; 0.265 Ca; 0.684 К; 0.138 Cl; 1.226 S; 

0.258 P; 13.702 Si; 4.527 Al; 0.967 Mg; 0.244 Na; 

0.104 F; 59.594 O. 

X-ray phase analysis allowed to determine the 

presence of barite BaSO4, cerussite PbCO3, montmoril-

lonite (Na, Ca)0.3(Al, Mg)2Si2O10(OH2)·nH2O, musco-

vite KAl2(AlSi3)O10(OH, F)2, quartz SiO2 (Figure 1). 

 

  
Figure 1 – X-ray diffraction pattern of the ore sample from the Alashpai ore deposit 
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а – cerussite 
 

b – barite 

1 – barite; 2 – gold-containing cerussite 

 (COMPO, 250, 500)  
 

Figure 2 – SEM images of the ore sample from the Alashpai 

deposit with concentration of the elements in cerussite and bar-

ite (EDS, WDS, х500) 
 

Electron probe screening of the ore sample 

performed in modes COMPO, EDS and WDS (Fig-

ure 2 a, b). 

The composition of sinters obtained at tem-

peratures range from 973 to 1173 K is shown in  

table. 

 
Table - Chemical composition of sinters by main compo-

nents 

 

Т, К 

Content, % 

Ba Fe Cu Zn Pb Mg Al Si Ca Ti Mn Na S 

973 7.10 4.06 0.070 0.24 8.3 1.04 4.60 13.9 0.29 0.23 0.65 8.5 7.0 

1073 7.21 4.10 0.077 0.25 8.5 1.05 4.78 14.2 0.37 0.24 0.70 8.6 7.1 

1173 7.32 4.30 0.090 0.27 8.6 1.06 4.60 14.0 0.35 0.26 0.75 9.9 8.0 

 
The accomplished sintering of the oxidized 

ores from the Alashpai deposit at 973 K testifies 

significant phase formation in systems containing 

barium. The XRD pattern of the sinters sample syn-

thesized at 973 K is shown at Figure 3. 

 

 
 

Phases of SiO2, Na2SO4, BaSO4, Ba4Si6O16, Ba(SO3)0.3(SO4)0.7, BaCO3, BaSiO3  

 

Figure 3 - X-ray diffraction pattern of the sinter obtained at 973 K. 
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The sinter displayed the presence of the meta-

silicate of barium (BaSiO3) and of the compound 

Ba4Si6O16, which is a part of solid solutions group. 

What is typical, is that as sintering progresses the 

formation of the barium silicates starts at the lower 

temperatures as compared to the data from diagram 

of the system BaO-SiO2 standing, which is attribut-

ed to activation and ongoing renewal of the surface 

of solid phases, elimination of the diffusion obsta-

cles related to the inhibitory effect of the reaction 

products. Apart from that, another finding in the 

studied sinter revealed the presence of the interme-

diate sulfate-sulfite compound Ba(SO3)0.3(SO4)0.7, 

which has transitional nature during the formation 

of the sulfide compounds of barium. 

Reviewing the results of x-ray phase analysis 

of the sinter synthesized at 1073 K allows to state 

that besides solid solutions on BaO and SiO2 on 

base, the destruction of the crystal grid of barite is 

coming along with the formation of sulfate-sulfite 

compound. The sinter also displays the presence of 

barium thiosalts, where cation of barium is an initiator 

of formation of thiosalts of the BanMemSz type pres-

ence of thiocompounds of BaCu2SnS4, Ba3FeS5, 

BaFe2S4, Ba9Fe4S15. Parameters of these compounds 

are shown on the XRD pattern (Figure 4 a, b). 

 

 

 

 
 

 
Phases are SiO2, Ba2Si3O8, Ba5Si8O21, BaCO3, Ca8(Al12O24)(MoO4)2, Ba4(Si6O16), (Ba,Pb)SO4, BaFeSi4O10, Ba2(Si4O10),  

BaSO4, Ba(SO3)0.3(SO4)0.7, BaCu2S4Sn, Fe2O3, BaFe2S4, BaSiO3 (a); SiO2, BaSi2O5, Ba4(Si6O16), CaMg.52Fe.48(Si2O6), 

Ba(SO4), Ca8(Al12O24)(MoO4)2, Ba3FeS5, Ba(CO3), BaCu2S4Sn, BaCO3, Ba4CaCu2.38O7.52(SO4)0.5, Ba9Fe4S15, Fe2O3 (b). 

 

Figure 4 - XRD pattern of the mix sinter, containing 25% Na2SO4 and 15% C, 

obtained at temperature of 1073 K 

 



 

 

КИМС №1.2018 

40 

  
Phases are SiO2, BaSi2O5, Ba(SO3)0.3(SO4)0.7, BaS, BaCO3. 

 

Figure 5 - XRD pattern of the mix sinter, containing 25% Na2SO4 and 15% C,  

obtained at temperature1173 K 

 

 

The XRD pattern of the sinter synthesized at 

the temperature of 1173 K, traces sulfide of barium 

that is a sign of the processes of decomposition of 

unstable compounds (Figure 5). 

The EPMA scanning of the sinter showed 

the presence of secondary minerals of complex 

composition, i.e. of leadhillite 

Pb4(SO4)(CO2)(OH)2 and hyalophane (K, 

Ba)[Al(Si, Al)Si2O8] (Figure 6). 

Results and Discussion. The process of 

sintering of the oxidized lead-zinc barite ore 

sample in presence of the sodium sulfate and 

carbonaceous reductant at temperature range of 

973-1173 K performed with activated interaction 

of solid-phase components starts with the trans-

formation of the crystal grid of the barite and 

leads to the formation of sulfides of sodium and 

barium, and formation of oxidized thiocom-

pounds. Transformations conditioned by the loss 

of ordered structure of one of the crystal sub-

grids happen due to the high mobility of ions 

forming the sub-grids. The barium sulfates pre-

sent in system are characterized by the high 

symmetry of the crystal grid, since the anions 

 

 
 
 

1 – leadhillite Pb4(SO4)(CO)2(OH)2; 2 – hyalophane 

 (K, Ba)[Al(Si, Al)Si2O8] (COMPO, 250). 

 

Figure 6 – Sinter. Coupling of barite with lead appo-

sition with concentration of elements  

in minerals (EDS, 250) 
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are regularly located and cations are scattered be-

tween positions in disorder. When exposed to the 

low-temperature synthesis, the transformation of the 

low-symmetry crystal grid occurs with the for-

mation of the anion sub-grid. Cation sub-grid is 

prone to significant positional disorder, which is 

accompanied by changes in enthalpy, entropy. 

These transformation processes occur in several 

steps with gradual removal of the oxygen from the 

crystal grid, where the aggregate processes can be 

described with following reactions: 

 

Na2SO4 + C → Na2S+ CO2, 

 

BaSO4 + C → BaS + CO2,                            (1) 

 

Na2S + MeS → NaxMezSy, 

 

BaS + MeS → BaxMeySz,                             (2) 

 

BaSO4 + SiO2 + C → BaSiO3 + S2 + CO2,    (3) 

 

nBaO·SiO2 + SiO2 → nBaO·mSiO2, 

 

where n = 1-5, m = 1-8. 
Depending on the ratio ofBaO : SiO2 content, 

certain main types of the polymer radicals of barium 

silicates are formed. These transformations go in 

parallel with the formation of the barium thiosalts. 
EPMA scanning state the new formation of the arti-

ficial mineral phases of barium, in particular, hyalo-
phane (K,Ba)[Al(Si,Al)Si2O8], which is related to 

the subgroup of potassium-barium feldspar. Pres-
ence of the K, Al, Si components found in the oxi-

dized lead-zinc ore from the Alashpai deposit ex-
posed to the solid-phase sintering is the condition 

for the possibility of formation of grains of hyalo-
phane, crystalized in monoclinic crystal system. 

Proximity of the ionic radiuses of cations K+ and 
Ba+2 ensures the equivalent swap in crystal grid, 

similar is the swap in Si+2 and Al+3. 
Formation of the series of double solid solu-

tions on BaO·SiO2bases in the batch under study 
sets forth the conditions for the new formation and 

appearance of more complex tripled solid solutions, 

as a results of which new artificial mineral phases 
are formed.  

Formation of the barium sulfide takes place 
through the intermediate sulfite-sulfate bond follow-

ing the scheme: 
 

BaSO4 + C → Ba(SO4)0.3(SO4)0.7 + CO2, 
 

Ba(SO4)0.3(SO4)0.7 → BaS + CO2.  

Next, barium sulfide forms similar thiosalts 
with copper and ferrum, such as BaCu2SnS4, 

Ba3FeS5, BaFe2S4, Ba9Fe4S15 under the temperature 
of 1073 K. Increase of the temperature up to 1173 K 

leads to the destruction of the barium’s thiocom-
pounds with release of BaS in the a separate phase. 

Phase formations occurring under the temper-
ature 973-1173 K in presence of the carbonaceous 

reductant proceed in the solid phase because of the 

activation of the sodium and barium sulfates, which, 
as it is known, possess an imperfect structure, abun-

dant of dislocations and inter-block boundaries, the 
impact of which is more significant as the sintering 

temperature gets higher. Under sintering conditions, 
sulfates convert into sulfides, which are character-

ized by the abnormally high mobility of cations, 
even under moderate heating temperatures. The 

dominating mechanism of the mass transfer in the 
interaction of barium sulfate with the reductant (1), 

in our opinion, is the formation of uninterruptable 
layer of BaS product and simultaneous transfer of 

the oxygen thought the gas phase. Formation of the 
thiosalts of barium (2), most likely, is determined by 

the combination of two mechanisms, i.e. opposite 
diffusion of cations and migration of ions through 

the layer of product. 
The dominating mechanism in processes of 

barium silicates formation (3), most probably shall 

be attributed to opposite diffusion of cations in the 
rigid oxygen frame being limited by the diffusion of 

Si+4ions. 
Process of phase formation during the sinter-

ing in solid phase, as it appears, combines transfor-
mation of two types, i.e. transformation of the first 
type that reflects the processes of the disordering of 
the cations sub-grid, and transformation of the sec-
ond type that is caused by the changes in symmetry 
of the anion sub-grid. During the low temperature 
synthesis of the oxidized ores from the Alashpai 
deposit, the barium sulfate, contained in them, un-
dergoes the change of the crystal grid related to the 
break in symmetry in cation and anion sub-grids. 
Sintering process of the oxidized ores at the temper-
atures of 1073±323 K leads to the ordered distribu-
tion of barium cations and vacancies throughout the 
crystallographic cation positions. 

Conclusion. Researching of the barite phase 
formation processes during the sintering of the mix 
containing oxidized lead-zinc ore from the Alashpai 
deposit, sodium sulfate, carbonaceous reductant was 
carried out within the temperature interval of 973-
1173 K. It was found that at the temperatures of 
973, 1073 K decomposition of the barite crystal lat-
tice occurs with the release of intermediate sulfate-
sulfite complex of Ba(SO3)0.3(SO4)0.7. In presence of 
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SiO2 and Al2O3 there is formation of metasilicate of 
barium BaO·SiO2, and of characteristic for the se-
ries of solid solutions, such compounds as Ba2Si2O8, 
Ba5Si8O21, Ba4(Si6O16), Ba2(Si4O10), BaFeSi4O10, 
BaSi2O5, in addition there is observation of the new 
formations of the artificial mineral phase of barium 
like hyalophane (K, Ba)[Al(Si, Al)Si2O8]. In paral-
lel, the process results in phase formation of barium 
thiosalts, i.e. BaCu2SnS4, BaFe2S4, Ba3FeS5, 
Ba9Fe4S15.It is noted also that under the temperature of 
1173 K, the sublimation process with the obtaining of 
nonferrous metals’ sulfides get intensified; the sinters 
show the presence of barium sulfide (BaS); solid solu-
tions get decomposed with the formation of silica diox-
ide, barium sulfate and barium carbonate.  

 
REFERENCES 

 
1 Sokolovskaya L.V., Zhalelev R.Z., Bajguatov D.I., Ale-

kseev S.O. Issledovanie tverdofaznogo sinteza pri sozdanii 
sposobov pererabotki tekhnogennykh produktov mednogo pro-
izvodstva (Research of solid phase synthesis during while de-
velopment of methods for processing of technically obtained 
products of copper production). Sbornik nauchnykh rabot po 
problemam BGMK (Scientific research collection on BMMF 
problems). Balkhash, Kazakhstan, 2001. 225. (in Russ.). 

2 Sokolovskaya L.V. Metody metallurgii tiosoley pri 
pererabotke tekhnogennykh svintsovykh materialov (Methods of 
thiosalts metallurgy in processing of technically obtained lead 
materials). Sbornik nauchnykh trudov «Metallurgiya, obogash-
cheniya, materialovedeniya» (Сompilation of scientific research 
papers«Metallurgy, beneficiation, materials science»). Almaty, 
Republic of Kazakhstan, 2009. 42–45 (in Russ.). 

3 Kvyatkovskij S.A., Sokolovskaya L.V., Semenova A.S. 
Pererabotka svintsovogo tekhnogennogo syr'ya (Recycling of tech-
nically obtained lead raw materials). Progressivnye metody obo-
gashcheniya i kompleksnoj pererabotki prirodnogo i tekhnogen-
nogo mineral'nogo syr'ya: mater.mezhdunar.sov.(Advanced meth-
ods of beneficiation and complex recycling of natural and technical-
ly obtained mineral raw material: mater. of internation. cong.). 
Almaty, Kazakhstan, 2014. 401–403 (in Russ.). 

4 Andreev O.V., Parshukov N.N. Sistema Cu2S-BaS kak 
vozmozhnyj VTSP (System of Cu2S-BaS as a possible HGSC). 
Zhurnal neorganicheskoj khimii = Russian Journal of Inorganic 
Chemistry. 1991. 36, 8, 2106-2107 (in Russ.). 

5 Kertman A.V., Shal'neva N.V. Fazovye ravnovesiya v 
sisteme BaS – Ga2S3 (Phase equilibrium in BaS-Ga2S3 system). 
Zhurnal neorganicheskoj khimii = Russian Journal of Inorganic 
Chemistry. 2016. 61, 1. 115–120. DOI: 
10.7868/S0044457X16010104 (in Russ.). 

6 Kopylov N.I., Lata V.A., Toguzov M.Z. Vzaimodejstvi-
ya i fazovye sostoyaniya v rasplavakh sul'fidnykh sistem (Inter-
actions and phase conditions in melts of sulfide systems). Al-
maty: Ġylym, 2001, 438. (in Russ.). 

7 Parshukov N.N. Fazovye ravnovesiya v sistemakh La – 
S, A – Ln2S3 (A = Ca, Sr, Ba; Ln = Sm, Lu, Y) (Phase equilibri-
um at La-S, A-Ln2S3 (A=Ca, Sr, Ba; Ln = Sm, Lu, Y) systems). 
Avtoref.… kand. khim. nauk. (author’s abstract of thesis for 
PhD, Chemistry). Tyumen': TGU, 1998. 19. (in Russ.). 

8 Skellern M.G., Howie R.A., Lachowski E.E., Skakle 
J.M.S. Barium-Deficient Celsion, Ba1-xAl2-2xSi2+2xO8 (x = 0.20 
or 0.06). Acta Crystallorg., Sect. C. 2003. 59, 111–114. DOI: 
10.1107/S0108270102023053. (in Eng.). 

9 Allameh S.M., Sandhage K.H. Synthesis of Celsian 
(BaAl2Si2O8) from Solid Ba – Al – Al2O3 – SiO2 Precursors: I, 
XRD and SEM/EDX Analyses of Phase Evolution.J. Am. Ce-

ram. Soc. 1997. 80, 3109–3126. DOI: 10.1111/j.1151-
2916.1997.tb03229.x (in Eng.). 

10 Larson A.C., Van Dreele R.B. General Structure Anal-
ysis System (GSAS). Los Alamos National Laboratory Report 
LAUR. 1994. 86, 748 (in Eng.). 

11 Savchuk G.K., Petrochenko T.P., Klimza A.A. Poluchenie i 
dielektricheskie svojstva tsel'zianovoj keramiki na osnove geksago-
nal'noj modifikatsii BaAl2Si2O8 (Preparation and dielectric properties 
of celsianceranics based on hexagonal BaAl2Si2O8). Neorganicheskie 
materialy = Inorganic Materials. 2013. 49, 6, 674–679. DOI: 
10.7868/S0002337X13060109. (in Russ.). 

12 Boivin J.C., Mairesse G. Recent Material Develop-
ments in Fast Oxide Ion Conductors. Chemistry of Materials. 
1998. 10, 10, 2870–2888. DOI: 10.1021/cm980236q (in Eng.). 

13 Steele B. C.H., Heinzel A. Materials for Fuel-Cell 
Technologies. Nature. 2001. 414, 345–352. DOI: 
10.1038/35104620 (in Eng.). 

14 Kilner J.A. Fast Oxygen Transport in Acceptor Doped 
Oxides. Solid State Ionics. 2000. 129, 13–23. DOI: 
10.1016/S0167-2738(99)00313-6 (in Eng.). 

15 Kozeeva L.P., Kameneva M.YU., Lavrov A.N., Podbe-

rezskaya N.V. Sintez i povedenie obraztsov RBaCo4O7+ (R – Y, 
Dy-Lu) pri nasyshchenii kislorodom (Synthesis and behavior of 
samples of RBaCo4O7+δ (R – Y, Dy – Lu) during oxygen satura-
tion). Neorganicheskie materialy = Inorganic Materials. 2013. 49, 
6, 668–673. DOI: 10.7868/S0002337X13060055 (in Russ.). 

16 Toropov N.A., BarzakovskijV.P., LapinV.V., Kurtseva 
N.N. Diagrammy sostoyaniya silikatnykh sistem. Spravochnik. 
(Silicate systems state diagrams. Directory.). Leningrad: Nauka, 
1969, 822 (in Russ.). 

17 Shabanova G.N., Tsapko N.S., Logvinkov S.M. 
Fazovye ravnovesiya v vysokobarievoj oblasti sistemy BaO – 
Al2O3 – SiO2 (Phase equilibrium in high-Barium span of BaO – 
Al2O3 – SiO2 system) Voprosy khimii i khimicheskoj tekhnologii 
= Issue of chemistry and chemical technology. 2009. 4, 218–
221 (in Russ.). 

18 Sokolovskaya L.V., Kvyatkovskij S.A., Semenova A.S., 
Kim L.P., Sejsembayev R.S. Fazoobrazovaniya v protsesse spekani-
ya prikompleksnoj pererabotke okislennykh svintsovo-tsinkovykh 
baritovykh rud (Phase formation in the process of sintering during 
complex processing of oxidized lead-zinc barite ores). Kompleksnoye 
ispol'zovaniye mineral'nogo syr'ya = Complex use of mineral re-
sources. 2016. 3, 42–47. (inRuss.). 

 
ЛИТЕРАТУРА 

 

1 Соколовская Л.В., Жалелев Р.З., Байгуатов Д.И., 
Алексеев С.О. Исследование твердофазного синтеза при 
создании способов переработки техногенных продуктов 
медного производства // Сборник научных работ по про-
блемам БГМК. – Балхаш, 2001. – С. 225. 

2 Соколовская Л.В. Методы металлургии тиосолей при 
переработке техногенных свинцовых материалов // Металлур-
гия, обогащения, материаловедение: сборник научных трудов. 
– Алматы: АО «ЦНЗМО», 2009. – С. 42–45. 

3 Квятковский С.А., Соколовская Л.В., Семенова А.С. 
Переработка свинцового техногенного сырья // Прогрессивные 
методы обогащения и комплексной переработки природного и 
техногенного минерального сырья: матер.междунар.совещ. – 
Алматы: АО «ЦНЗМО», 2014. – С. 401–403. 

4 Андреев О.В., Паршуков Н.Н. Система Cu2S-BaS как 
возможный ВТСП // Журнал неорганической химии. – 
1991. – Т. 36. № 8. – С. 2106–2107. 

5 Кертман А.В., Шальнева Н.В. Фазовые равновесия в 
системе BaS – Ga2S3 // Журнал неорганической химии. – 
2016. – Т. 61. № 1. – С. 115–120. DOI: 
10.7868/S0044457X16010104. 

6 Копылов Н.И., Лата В.А., Тогузов М.З. Взаимодей-
ствия и фазовые состояния в расплавах сульфидных систем. 
– Алматы: Ғылым, 2001. – С. 438. 



 

 

Металлургия 

43 

7 Паршуков Н.Н. Фазовые равновесия в системах La – 
S, A – Ln2S3 (A = Ca, Sr, Ba; Ln = Sm, Lu, Y): автореф. … 
к.х.н. – Тюмень: ТГУ, 1998. – С. 19. 

8 Skellern M.G., Howie R.A., Lachowski E.E., Skakle 
J.M.S. Barium-Deficient Celsion, Ba1-xAl2-2xSi2+2xO8 (x = 0.20 
or 0.06) // Acta Crystallorg., Sect. C. – 2003. – V. 59. – P. 111–
114. DOI: 10.1107/S0108270102023053. 

9 Allameh S.M., Sandhage K.H. Synthesis of Celsian 
(BaAl2Si2O8) from Solid Ba – Al – Al2O3 – SiO2 Precursors: I, 
XRD and SEM/EDX Analyses of Phase Evolution // J. Am. 
Ceram. Soc. – 1997. – V. 80. – P. 3109–3126. DOI: 
10.1111/j.1151-2916.1997.tb03229.x. 

10. Larson A.C., Van Dreele R.B. General Structure 
Analysis System (GSAS) // Los Alamos National Laboratory 
Report LAUR. – 1994. – V. 86. – P. 74. 

11 Савчук Г.К., Петроченко Т.П., Климза А.А. Полу-
чение и диэлектрические свойства цельзиановой керамики 
на основе гексагональной модификации BaAl2Si2O8 // Неор-
ганические материалы. – 2013. – Т. 49. № 6 . – С. 674–679. 
DOI: 10.7868/S0002337X13060109. 

12 Boivin J.C., Mairesse G. Recent Material Develop-
ments in Fast Oxide Ion Conductors // Chemistry of Materials. – 
1998. – V. 10. № 10. – P. 2870–2888. DOI: 
10.1021/cm980236q. 

13 Steele B.C.H., Heinzel A. Materials for Fuel-Cell 
Technologies // Nature. – 2001. – №. 414. – P. 345–352. DOI: 
10.1038/35104620. 

14 Kilner J.A. Fast Oxygen Transport in Acceptor Doped 
Oxides // Solid State Ionics. – 2000. – V. 129. – P. 13–23. DOI: 
10.1016/S0167-2738(99)00313-6. 

15 Козеева Л.П., Каменева М.Ю., Лавров А.Н., Подбе-

резская Н.В. Синтез и поведение образцов RBaCo4O7+(R – 
Y,Dy-Lu) при насыщении кислородом // Неорганические 
материалы. – 2013. – Т. 49. № 6. – С. 668–673. DOI: 
10.7868/S0002337X13060055. 

16 Торопов Н.А., Барзаковский В.П., Лапин В.В., 
Курцева Н.Н. Диаграммы состояния силикатных систем. 
Справочник. – Л.: Наука, 1969. – C. 822. 

17 Шабанова Г.Н., Цапко Н.С., Логвинков С.М. Фазо-
вые равновесия в высокобариевой области системы BaO – 
Al2O3 –SiO2 // Вопросы химии и химической технологии. – 
2009. – № 4. – С. 218–221. 

18 Соколовская Л.В., Квятковский С.А., Семенова 
А.С., Ким Л.П., Сейсембаев Р.С. Фазообразования в про-
цессе спекания при комплексной переработке окисленных 
свинцово-цинковых баритовых руд // Комплексное исполь-
зование минерального сырья. – 2016. – № 3. – С. 42–47. 

 
 

ТҮЙІНДЕМЕ 
 

Алашпай кенорнының тотыққан қорғасын-мырышты баритті кендерін, натрий сульфатын, көмір құрамды тотықсыздағыш, 
973-1173 К температура аралығында рентгенфазалық және электрлі-зонтты анализдерін қолдана отырып, барит қождамасын 
күйдірудің фазақұрылымы зерттелді.Зерттеу нысаны ретінде Алашпай кенорны кендерінің сынамасы алынды, рентген-
флюоресценттік анализдердің нәтижесі бойынша құрайтын салмағы. %: 6,158 Pb; 6,978 Ba; 0,016 Zr; 0,222 Zn; 0,063 Cu; 
3,955 Fe; 0,603 Mn; 0,270 Ti; 0,265 Ca; 0,684 K; 1,226 S; 13,702 Si; 4,527 Al; 0,967 Mg; 0,244 Na, қалғаны – оттегі және тағы 
басқалары. Фазақұрылым 973 К температурасында екі түрдің араласуын қатыстырады: бір реттік тура тор асты катионы 
және анион тор астының симметриясының өзгеруі. Ары қарай жалғасуымен барий катионы кристаллографиялық бағыты-
ның бос қалуымен бөлімденеді. 973 К температурасында алынған күйіндінің рентгенфазалық анализдерінің нәтижесінде, 
барий силикаттарының болуы BaSiO3, Ba4Si6O16, сонымен қатар аралық сульфатты-сульфидті жиынтық Ba(SO3)0.3(SO4)0.7. 
1073 К температурасында барий тиотұзының пайда болатыны анықталған BaCu2SnS4, BaFe2S4, Ba3FeS5, Ba9FeS15, сонымен 
бірге пайда болатын  BaSiO3, Ва2Si3O8, Ba5Si8O21, Ba4(Si4O10), BaFeSi4O10. Осы күйіндінің ішінде барий катионы тиотұзының 
құрылуының бастамашысы болып табылады BanMemSz. Температураны 1173 К дейін көтерген кезде барий қосындысының 
бұзылуы көрінеді. Барий тиотұзы барий сульфидінің пайда болуымен жалғасады, тиотұздың кристалдық торының неқұр-
лым оңай құрылымға өтеді. Барий силикитының негізіндегі қатты ерітінділер өзгеріске түсу жағдайы өтеді және сонымен 
қатар кремний оксидін құрайтын заттарға ауысады, барий және ары қарай барий сульфаттары және карбонаттарының құры-
лу процестері жүреді.  
 

Түйін сөздер: барит, барий тиотұздар, барий силикаттар, барий сульфиді, күйежентек. 
 

РЕЗЮМЕ 
 
Представлены результаты работы по изучению фазообразования барита при переработке окисленных свинцово-цинковых 
руд месторождения Алашпай методами металлургии тиосолей. Фазообразования барита при спекании шихты, включающей 
окисленную свинцово-цинковую баритовую руду месторождения Алашпай, сульфат натрия, углеродсодержащий восстано-
витель исследованы в интервале температур 973-1173 К с использованием рентгенофазового и электронно-зондового анали-
зов. В качестве объекта исследований взята проба руды месторождения Алашпай, содержащая по данным рентгенофлюо-
ресцентного анализа, мас. %: 6,158 Pb; 6,978 Ba; 0,016 Zr; 0,222 Zn; 0,063 Cu; 3,955 Fe; 0,603 Mn; 0,270 Ti; 0,265 Ca; 0,684 K; 
1,226 S; 13,702 Si; 4,527 Al; 0,967 Mg; 0,244 Na, остальное – кислород и прочие. Фазообразование при температуре 973 К 
совмещает превращения двух типов: разупорядочение катионной подрешетки и изменение симметрии анионной подрешет-
ки. Впоследствии катионы бария распределяются по вакансиям кристаллографических позиций. По результатам рентгено-
фазового анализа в спеке, полученном при 973 К, присутствуют силикаты бария BaSiO3, Ba4Si6O16, а также промежуточный 
сульфатно-сульфитный комплекс Ba(SO3)0,3(SO4)0,7. Установлено, что при температуре 1073 К образуются тиосоли бария 
BaCu2SnS4, BaFe2S4, Ba3FeS5, Ba9FeS15, параллельно образуются BaSiO3, Ba2Si3O8, Ba5Si8O21, Ba4(Si6O16), Ba2(Si4O10), 
BaFeSi4O10. В этих спеках катион бария является инициатором образования тиосолей типа BanMemSz. Повышение темпера-
туры до 1173 К способствует разрушению соединений бария. Тиосоли бария разлагаются с образованием сульфида бария, 
кристаллическая решетка тиосоли распадается на более простые структуры. Твердые растворы на основе силиката бария 
претерпевают изменения и также распадаются на составляющие оксиды кремния, бария и далее происходят процессы обра-
зования карбонатов и сульфатов бария. 
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