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Abstract – The phase diagram of a four-component reciprocal 

system Na, K‖Cl, BO2, CO3 into simplexes was triangulated, the 

main dominant chemical exchange reactions were revealed. It is 

shown that in a four-component reciprocal system, Na, K ‖ Cl, 

BO2, CO3, continuous rows of solid solutions based on sodium and 

potassium metaborates NaхК1-хBO2, sodium and potassium 

carbonates NaхК1-хСO3 are stable and do not disintegrate with 

the formation of eutectic. The phase diagram of the stable NaBO2 

– Na2СO3 – КBO2 – К2СO3 – КCl pentatope of a four-component 

reciprocal system Na, К‖Cl, BO2, and CO3 was studied for the first 

time using the method of differential thermal analysis. It is shown 

that melts of a four-component reciprocal system Na, K ‖ Cl, BO2, 

CO3 can be used as media for the synthesis of oxide tungsten 

bronzes. 

Key words – differential thermal analysis; phase diagrams; 

reciprocal systems; metaborates. 

I. INTRODUCTION 

Phase diagrams based on alkali metal halides, metaborates 
and carbonates are of practical interest from the point of view 
of boron carbide synthesis [1-3], which is used for the 
manufacture of grinding and abrasive materials [4-7], chemical 
glassware, protective plates of body armor, in electronics and 
nuclear industry [8-10], in thermonuclear installations [11,12]. 
On the other hand, it is of interest to synthesize oxide tungsten 
bronzes (OTB) of alkali metals in melts of metaborates, 
carbonates and alkali metal halides [13], widely used as 
electrochromic indicators, displays, optical modulators - “smart 
windows”, exhibiting high corrosion resistance, thermal 
stability in a wide temperature range, metallic and 
semiconductor n-type electrical conductivity. 

The aim of the paper is to study the phase diagram of a four-
component reciprocal system of Na, K‖Cl, BO2, CO3 with the 

method of differential thermal analysis and the synthesis of 
oxide tungsten bronzes in ionic melts. 

During the implementation of the goal, the following tasks 
were solved: 

1. Triangulation of a phase diagram of a four-component 
reciprocal system Na, K‖ Cl, BO2, CO3 to stable simplexes. 

2. Identify the main chemical reactions of mutual exchange. 
3. Experimental study of a phase diagram of a four-

component reciprocal system Na, К‖Cl, BO2, CO3. 
4. Identification of synthesis possibility of oxide tungsten 

bronzes in ionic melts of a four-component reciprocal system 
Na, K Cl, BO2, CO3. 

II. OBJECTS AND METHODS OF RESEARCH 

A three-component NaCl – NaBO2 – Na2СO3 system 
(Figs. 1, 2, 4) was first studied by DTA [14–18], which is 
characterized by a triple E3 eutectic, three crystallization 
surfaces of components and three monovariant lines of the joint 
crystallization of the two phases (Table 1). 

A three-component KCl – KBO2 – K2CO3 system (Fig. 
1, 2) was first studied by DTA [14–18], which is characterized 
by the E4 triple eutectic, three crystallization surfaces of the 
components and three monovariant lines of the joint 
crystallization of the two phases (Table 1). 

A three-component reciprocal system Na, K‖BO2, СО3 
(Fig. 1, 2) was first studied [14-18]. It was shown that 
continuous series of solid solutions of NaхK1-хBO2 (TP1) 
based on metaborates and sodium and potassium carbonates are 
very stable and do not decay with the formation of eutectic. At 
the point of complete conversion (K3) equilibrium of the 
mutual exchange reaction is established. 
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TABLE I.  TABLE. CHARACTERISTICS OF THE EUTECTIC QUADRUPLE MUTUAL SYSTEM NA, К‖CL,BO2,CO3  

Character NVT 

Composition, mol.% Temperature 

NaCl КCl NaBO2 КBO2 Na2СO3 К2СO3 
 

е1 0.68 - 0.32 - - - 750 

minimum - - 0.5 0.5 - - 832 

minimum 0.5 0.5 - - - - 658 

е2 - 0.73 - 0.27 - - 715 

е3 - 0.68 0.32 - - - 680 

е4 0.54 - - - 0.46 - 634 

е5 - 0.616 - - - 0.384 632 

е6 - - 0.55 - 0.45 - 628 

е7 - - - 0.53 - 0.47 770 

е8 - 0.55 - - 0,45 - 588 

Е1 0.455 0.455 0.09 - - - 650 

Е2 0.32 0.37 - - 0.31 - 568 

Е3 0.42 - 0.16  0.42 - 612 

Е4 - 0.565  0.085  0.35 622 

Е5 - 0.43 0.17 - 0.40 - 563 

Е▪ 0.20 0.36 0.14 - 0.30 - 555 

 

 
 

Fig. 1. Scanning of a prism of compositions of a four-component reciprocal system Na, К‖Cl,BO2,CO3 
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Fig. 2. Prism of a four-component reciprocal system Na, К ‖ Cl, BO2,CO3 Fig. 3. Phase diagram of a five-vertex NaBO2–КBO2–Na2СO3–КCl. 

 

2КBO2 + Na2СO3 ⇄ 2NaBO2 + К2СO3, ∆rG0 = - 5.5 kJ, 
∆rH0 = -167 kJ, which is slightly shifted to the right, as 
evidenced by the thermodynamic values of ∆rG0 и ∆rH0 under 
standard conditions. 

A three-component reciprocal system Na, K ‖BO2, Сl (Fig. 
1, 2) was restudied [14-18], is diagonal and irreversible, as it is 
characterized by a stable diagonal NaBO2 - КCl (stable salt 
pair) and a metastable diagonal KBO2 – NaCl (metastable pair 
of salts). At the point of complete conversion (K1), the 
complete conversion of KBO2 and NaCl to NaBO2 and KCl 
occurs due to the mutual exchange reaction: 

KBO2 + NaCl = NaBO2 + KCl, ∆rG0 = -16 kJ, ∆rH0 = -
101kJ. 

Continuous series of solid solutions (TP1) are very stable 
and do not decay with the formation of eutectics. On the 
contrary, continuous rows of NaxK1-xCl (TP3) solid solutions 
based on sodium and potassium chlorides disintegrate to form 
an E1 triple eutectic (see table), which does not contradict the 
data [19,20]. 

A three-component reciprocal system Na, K‖СO3, Сl 
(Fig. 1, 2) was studied earlier by the visual polythermal method 
[19, 20]. We studied a phase diagram of the system DTA again 
[14-18]. It is diagonal and irreversible, as it is characterized by 
a stable diagonal of Na2CO3 – KCl (stable salt pair) and a 
metastable diagonal of K2CO3 – NaCl (metastable salt pair). 
At the point of complete conversion (K2), there is a complete 
conversion of K2CO3 and NaCl to Na2CO3 and KCl due to the 
exchange reaction 

К2СO3 + 2NaCl = Na2СO3 + 2КCl,, ∆rG0= -27  kJ,   ∆rH0=  
-35 kJ. 

Continuous rows of solid solutions of NaхK1-хCO3 (ТР2) 
based on sodium carbonates and potassium carbonates are 
stable and do not decompose with the formation of eutectic, 
which does not contradict the data [19, 20]. We also found that 
continuous rows of solid solutions of TP3 decay to form an E2 
triple eutectic (table). 

For experimental study of a phase diagram of a stable 
pentotop NaBO2–Na2СO3–КBO2–К2СO3–КCl of a four-
component reciprocal system Na, KCl, BO2, CO3, differential 
thermal analysis (DTA) was used. The melting point of each 
sample was measured twice, the difference between the 
crystallization and melting temperatures was no more than 3-4 
° C, the error of measuring the crystallization temperature 
(melting) was ± 2°C, eutectic compositions were determined 

with an absolute accuracy of    0.5% for all components. 

      Qualification of all initial salts - "h.ch." All formulations 
are expressed in mol. %, and the temperature - in °C. 

III. RESULTS AND DISCUSSIONS  

As a result of the triangulation of the phase diagram of the 
four-component reciprocal system Na, K ‖ Cl, BO2, CO3, the 
following triangulation simplexes were obtained by the graph 
method [21, 22]: 

1) five-vertex NaBO2–Na2СO3–КBO2–К2СO3 –КCl 
(Fig. 3); 

2) a four-component system NaCl–NaBO2–Na2СO3–КCl 
and internal section NaBO2–Na2СO3– КCl (Fig. 4). 

Three-component NaBO2–Na2СO3–КCl and four-
component NaCl–NaBO2–Na2СO3–КCl systems (Fig. 4) were 
earlier studied by DTA [14-18].  They revealed E5 triple 
eutectic and Е▪ quadruple eutectic, respectively (table). In a 
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four-component reciprocal system Na, K ‖ Cl, BO2, CO3, 
chemical conversion is revealed by the conversion method [21, 
22]: 

2КBO2+4NaCl+К2СO3=2NaBO2+4КCl+Na2СO3, 

∆rG0= -58  kJ,  ∆rH0=  -237 kJ. 

4КBO2+ Na2СO3 + 2NaCl=4NaBO2+ 2КCl + К2СO3, 

∆rG0= -37.5 kJ,  ∆rH0=  -369 kJ. 

To study a phase diagram of a five-vertex NaBO2–КBO2–
Na2СO3–К2СO3 –КCl (Fig. 5), in accordance with the rules of a 
projection-thermographic method [21, 22], a two-dimensional 
section ABCD was chosen in the volume of crystallization of 
potassium chloride (Fig.6), parallel to the plane of a three-

component reciprocal system Na, K‖BO2, СO3. Double 
eutectics are reflected in this two-dimensional section ē2,ē3, ē5, 
ē8, triple eutectics Ē4, Ē5, line of intersection  Ē4–Ē5 of the 
surfaces of double solid solutions based on metaborates (TP1) 
and carbonates (TP2) of sodium and potassium. In the selected 
cross section, polythermic sections B – 1, B – 2, B – 3, B – 4, 
B – 5 (Fig.7, 8) were studied, which determined the stability of 
double solid solutions based on carbonate and sodium, 
potassium metaborates, and monovariant line Ē4 – Ē5 projected 
onto the chosen section ABCD. The position of the 
monovariant E4 – E5 line in the five-vertex was determined by 
studying the polythermal sections KCl – 3 and KCl – 5 at the 
intersection of the melting curve of potassium chloride with the 
boundary of the “lens-shaped” four-phase region F + KCl + TP1 
+ TP2. 
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ABCD four-component reciprocal system Na, К ‖ Cl, BO2, CO3. 
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Thus, there is no quadruple eutectic in a five-vertex. It 
means that the fourth mutual system Na, К‖Cl,BO2,CO3 is 
characterized by a single quadruple eutectic E0 in the system 
NaCl–NaBO2–Na2СO3–КCl, and steady continuous rows of 
solid solutions NaхK1-хBO2 and NaхK1-хCO3. 

Chemical synthesis of oxide tungsten bronzes of alkali 
metals in melts of a four-component reciprocal system 

Na, К‖Cl,BO2,CO3 

The low-melting quadruple eutectic composition E0 was 
used as an electrolyte for the synthesis of oxide tungsten 
bronzes of sodium. To do this, the calculated amounts of 
powders of tungsten, tungsten oxide (VI) and sodium tungstate 
were injected into the initial sample of the eutectic composition 
of the four-component system NaCl – NaBO2 – Na2СO3 – КCl 
in accordance with the reaction equation: 

3xNa2WО4 + (6-4x)WО3 +xW = 6NaxWО3  (1) 

or  3Na2WО4 + 2WО3 +W = 6NaWО3          (2) 

 The resulting mixture was thoroughly mixed in a mortar, 
then dried at a temperature of 150-200 °C. Next the mixture was 
transferred into a crucible, lowered into a shaft furnace and 
heated to melting temperature. The melt was kept at this 
temperature for 30–45 minutes. Then the melt was poured into 
a stainless steel cuvette, and after cooling it was thoroughly 
ground in a mortar and transferred to boiling distilled water to 
launder the bronze from the salts. After separation from the 
filtrate, the bronze was dried at 100 °C, weighed, and the 
product yield was determined. The resulting sample was a 
brilliant blue crystals, composition: Na0,3 WО3, Na0,4WО3, 
Na0,35WО3, Na0,45WО3. The yield of the synthesis product was 
96%. 

IV. CONCLUSION 

The topology of a four-component reciprocal system Na, К 
‖ Cl,BO2,CO3 was studied. It is shown that only one quadruple 
eutectic is formed in the system, due to the stability of double 
solid solutions NaхK1-хBO2 and NaхK1-хCO3. Based on a low-
melting eutectic composition, a technology for the synthesis of 
oxide tungsten bronzes can be developed.  
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