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Abstract: O ptimization oi the phase diagram oi F cO- V2 0 3 system i s a part oi an on-going research proj ect to develop 

a self-consis tent multi-component thermodynamic database for vanadium slag from ho t metal. Due to the lack of ex­

perimental d ata for optimization , a novel experimental investiga tion h as been carried out by thermal analysis (DSC) 

with a series oi s lags on diffe rent V 2 0 :; contents ( i. c. 3mass % - 12mass%) . All a vailablc thermodynamic a nd phase 

diagram data for the binary systems have been s imultaneously optim ized with CALPHAD (Calculat ion oi Phase Dia­

grams) methods to g ive one set of model equations fo r the G ibbs free energy of the liquid s lag as functions of compo­

sition and temperature. T he modified quasi- chemical model was used to describe the binary s lag system. It was dem­

onstrated that the calculated phase diagram with the optimized parameters was in good agreement with the experi­

mental da ta. 
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V anadiu m i s a ver y impor tant m etalli c e lement 

tha t has been w idely used in man y kinds of m aterials 

due to its excellent physical and chemical cha racter­

istics. For example, vanadium, as an alloying e le­

m ent, could strengthen the intensity , h ardness, 

m alleabi li ty tough ness, wear ability and fa t ig ue per­
formance of the steel[l, zl . 

Vanadium s lag, which is often produced by pre­

oxidizing the vanadium-containing hot m etal with 

oxygen befor e decarburization process, is a m ain 

raw m aterial f o r pr oducing the p revious ly m en t ioned 

vanadium p roducts. Curren tly, fo ur methods are 

dominant fo r extracting vanadium f r om vanadium ­

containing ho t met al[3-"l . A lthough these methods 

are distinguished, they share the common basic 

principle tha t vanadium is oxidized by oxygen into 

vanadium s lag. F urtherm ore, it is c haract erized as 

concentrating vanadium to vanadium-iron spinel in 

t he vanadium s lag. T hen, t he vanadiu m s lag was 

roasted and oxidized in th e presence of salts and 

leached to obtain vanadium-containing liquid 1 " 1 • As 

an intermedia te product , phase composition and 

ph ysicoch emical p roperties of the vanadium slag 

have significant effect s on not on ly the form a tion 

pr ocess of vanadium s lag in t he con ver ter b ut a lso 

the s ubsequent roasting process. H owever , phase 

diagra m of vanadium-containing mult i-component 

slag , w hich i s very important t o unders tand and p re­

dict these previo usly m entioned p roperties of vanadi­

um s lag, is very limited in publish ed literatures11 1' 1• 

In order to have a better understanding o n the evolu­

tion of phase composit ion and ph ysico-chemical 

properties of vanadium s lag during vanadium extraction 

process in converter, the p hase diagram of vanadium 

slag is thus required to be studied. 

T he present study uses th e research pr ogram 

that naturally combines exper im ental investigation 

and therm odynamic modeling of FeO- V 2 0 3 s ystem. 

A ltho ugh iron and vanadium a r e multivalent oxida­

tion s ta t es, yet the t ypical com positions o f vanadi um 

slag of Pan-St eel a re based on the matrix composed 

of FeO, Si0 2 and V 2 0 3 • T he ultimate goal of pres­

ent research i s to develop a self-consistent multi­

component t hermodynamic database for optimizing 

the metallurgy process of ext racting vanadium from 

hot m et al. 

For th e developm ent of the th ermodynam ic da­

t abase of the vanadium slag for reliable predictions 
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and descriptions of liquidus, phase transition, eqUI­

librium and activity in the multi-component system, 

the thermodynamic modeling and the experimental 

study of phase equilibrium have been combined by 

means of the CALPHAD method['.~]. To be more 

specific, parameters of thermodynamic models are 

optimized to fit the experimental data collected from 

literature. When there are not enough data to con­

strain the thermodynamic optimization, expenmen­

tal measurements are required. 

In the thermodynamic optimization of a chemi­

cal system, all available thermodynamic and phase 

equilibrium data are evaluated simultaneously in or­

der to obtain one set of model equations for the 

Gibbs energies of all phases as functions of tempera­

ture and composition1
' 

11 1
• In the present study, all 

calculations were carried out using the FactSage 

thermochemical software and databases. 

1 Evaluation of Experimental Data 

A critical assessment of the previously published 

thermodynamic and phase equilibrium data for the Fe0-

V2 ()1 system revealed that the binary phase diagram 

has not been critically investigated[u,J 2l. A compre­

hensive thermodynamic assessment of the FeO-V2 0, 

system is necessary to perform thermodynamic ex­

trapolations of the related higher order systems. The 

investigation of the FeO-V 2 0, system has been car­

ried out only by Koerber and Oelsen in 19401121 , 

who detected only one compound of FeV2 0 1 • This 

compound was reported to melt incongruently at 

1750 "C. In their work, the phase relation of Fe0-

V2 0, system containing less than 4mass% V 2 0, 

was investigated comprehensively while the system 

containing more than 4mass% v2 0, has not been 

studied. The study has revealed that the oxide solid 

solution character does not exist at all temperatures 

and compositions of the binary system. Since this bi­

nary system was seldom investigated, data of activi­

ties and heats of mixing was quite deficient. There­

fore, an experimental investigation of the Fe0-

V2 0, system was undertaken in the present study to 

supply the fundamental data for optimizing the bina­

ry phase diagram. Then obtained experimental data 

as well as the previously published experimental re­

sults were employed during the thermodynamic op­

timization of the binary system. 

2 Experimental Technique and Procedure 

The reagent grade V 20, (analytical reagent, 

99. Omass%) and FeC2 0, • 2H2 0 (analytical rea-

gent, 99. 5mass%) powder, supplied by KeLong 

chemical reagent corporation, were used as raw ma­

terials for the experimental sample preparation. As 

the FeO reagent is easy to be oxidized in air at room 

temperature, the iron oxalate dehydrate is used to 

replace the FeO powder to mix with V 2 0 3 powder in 

order to prepare samples. Seven slag samples of which 

chemical compositions are shown in Table 1 were 

well mixed by using magnetic stirrer and dried in a 

drying oven for 12 h. The powder mixture was put into 

a pure iron crucible and heated employing the electric 

furnace which was completely sealed at 550 K and 

held for 90 min to make the iron oxalate dehydrate 

in mixing sample decompose into Fe01131 • In the 

process, heating rate was controlled at a very low 

value so as to avoid rapid decomposition of the iron 

oxalate dehydrate, which might lead to blowing out 

of the mixing sample from the crucible. After that, the 

sample was cooled to the room temperature. 

Table 1 Measured transformation temperatures of 

FeO- V 2 0 3 mixtures with different compositions 

FcO/ 
Liquidus Eutectic 

Sample V20:;/ 

No. mass% n1ass% 
tcn1 pen-t turc tcn1pcn-tturc 

(TL)i'C (TE)i'C 

97 3 1 112 1360 

2 9S 15B 1361 

94 1468 1361 

92 8 1502 1360 

90 10 1 535 1363 

8!J 11 1 o48 1364 

88 12 1 o6o 1362 

Then, the cooled samples were compressed in a 

platinum crucible ( ¢5 mm X 5 mm) and heated em­

ploying the electric furnace completely sealed at 

1773 K for 20 h to establish equilibrium followed by 

quenching of all the heated samples in argon gas. Fi­

nally, prepared sample was load in another platinum 

crucible and measured with a NETZSCH DSC ST A 

449C differential scanning calorimeter (DSC). The DSC 

measurements were performed between room tem­

perature and 1873 K with a heating rate of 20 K/min, 

and a cooling rate of 10 K/min down to 1273 K. It 

was notable that all the experiments above men­

tioned have been done under a flow of argon gas at­

mosphere (P 0 ,<10- 3 Pa). 

3 Experimental Results 

The experimental procedure involves appro xi­

mate equilibrium and ultra-rapid quenching followed 

by measurements of liquidus temperature using DSC. 
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The thermal analysis is made in non-equilibrium, but if 

the cooling rate is appropriate, the changes in tem­

perature during non-equilibrium do not affect the ac­

curacy of the results much. Therefore, the liquidus 

can be measured directly by using DSC, providing es­

sential data for subsequent thermodynamic modeling. 

In terms of DSC thermal analysis, the freezing 

temperature was chosen as the starting point tem­

perature of exothermic peak considering the effect of 

degree of supercooling and superheating. Since phase 
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transition temperature is the focus in present experiment 

and there was no phase transition from room tempera­

ture to 1 000 oC , the temperature range of the cool­

ing curves of DSC was chosen as 1 000 -I 600 oC. 
Fig. 1 shows the DSC cooling curves of the 

FeO-V 2 0 3 mixtures with different mass percents of 

V 2 0 1 C.:r: = 0. 06 and 0. 12), obtained at a cooling rate 

of 10 K/min. A summary on the phase identification 

is listed in Table 1. 
Thermograms present the DSC freezing curves of 
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Fig. 1 DSC cooling thermograms for FeO-V 2 0 3 mixtures with different V 2 0 3 mass percents 

seven samples, in which the phase transition (eutec­

tic and liquidus) temperatures are marked. Clearly, all 

the freezing thermographs of these samples in the 

composition range in present research are character­

ized by only two exothermic peaks. The second exo­

thermic peak, not only occurs at the lowest temper­

ature, but also occurs at almost the same tempera­

ture in all DSC cooling curves. And considering the 

experimental uncertainty, this temperature was be­

lieved to be consistent with each other within experi­

mental error limits. So it can undoubtedly be as­

cribed to the eutectic temperature of the binary sys­

tem. Combining the present DSC data with the re­

sults in Refs. [3, 12,14, 15], the temperature of the 

invariant reaction, the transformation of L (liquid)­

FeVz 0, + FeO, was deduced to be located near 1364 oC, 
in which liquid contains I mass% V 2 0,. The first 

exothermic peak in cooling thermograms occurring 

at the highest temperature should be attributed to 

the precipitation of iron divanadium tetraxide phase 

(FeV2 0 1 , activity of l, zero mass) in the liquid so­

lution and the temperature was defined as liquidus 

tern perature. It was also indica ted that liquid us tern­

peratures were decreased with V 2 0, contents in 

FeO-V 2 0, system. All the experimental data ob­

tained by DSC investigations were used in the subse­

quent optimization. 

4 Thermodynamic Modeling 

It is well known that spinel and FeO form solid 

solutions in the form of Fe1 1 .v V 2-y 0, and Fe(\ , re­

spectively. However, the accurate solubility data of 

solid solute of Fe11 y V 2 -y 0, has not been reported. 

In this paper, FeOY and Fe1+yV2 YO, are considered 

as FeO and FeV2 0,. Gibbs free energy of phases m 

FeO-V 2 0 3 system was summarized as follows. 

4. 1 Unary phase 
The Gibbs energy for the component i (FeO or 

v2 0,) in a certain phase <P is described as a function 

of temperature by the following equation11" 1 : 

"G;CT) =a, +h, T+c, TlnT+d, T 2 +e, T' + 
(l) 

where, 8Gj(T) is the Gibbs energy at standard state 

and T is the absolute temperature. The values of the 

coefficients a, to h, are taken from the SGTE (Sci­

entific Group Thermo data Europe). 

4. 2 Intermetallic compound 
The iron divanadium tetraxide compound in the 

system is only intermetallic compound and consid­

ered as stoichiometric compound. The Gibbs energy 

for stoichiometric compound is described by the fol­

lowing thermodynamic equation: 
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G=H-TS Table 2 Measured thermal capacity of Fe V 2 0, compound 

H 0 ( T ) = H ~gs + i 
S 0 (T)=S +i 

CrdT 

Cr/TdT 

(2) 
Ten1perrtture / 

K 

Thermal Thermal 

caprtcity/ 
Temperrtture / 

crtpacity/ 
K 

Cr =a2 +u" T+c 2 T- 2 +d 2 T 
f2 T 2 +g2 T 3 

(J • mol I •K I ) (J • mol I •K 

(3) 

where, the values of the coefficients a 2 to g 2 are 

taken by the above equation from fitting relevant 

thermodynamic da ta11 ' 1 (in Table 2). The fitted re­

sults are presented in Table 3. 

4. 3 Solution phase 

The liquid oxide phase is an ionic melt where 

metal cations are always surrounded by oxygen ani-

2!18. 1G 

'lOO 

'100 

soo 

600 

700 

800 

900 

1000 

1100 

1G2. !Hi2 1200 

1G'l. 'l7'l uoo 
168. 837 1 '100 

177. S27 1 soo 

183. "" 1 1600 

188. 'l16 1700 

192. H1 1800 

196. llS 1 900 

1!1!J. G77 2 000 

202. 881 

Table 3 Summary of thermodynamic parameters describing the Fe0-V2 0 3 system under stable 

element reference state ( T = 298. 15 K, P = 100 kPa) 

206. 076 

20!). 1!J(i 

212. 261 

215. 285 

218. 278 

221. 248 

221. 198 

227. 131 

2'l0. OG7 

298. 1S<T<16H. 15 

16H. 1S<T<2000 

-322 H7. S 12-330. 687T+ 18. 021 TinT- 0. 015 3T' + 1266 619. 997T 1 +6 003. 6P " 

2!J8. 1G<:T<lG44. 1o 

1644. 1G<:T<:2 000 

298. 1S<T<1200 

1200<:T<:2 800 

2!J8. 1G<:T<!JOO 

900<T<1600 

16oo<T<1ooo 

298. 1 s 

2!J8. 1G 

2!J8. 1G<:T<1200 

1200<T<2000 

-299283. 753+'117. 2S8T-68. 199TlnT 

- 2!JO !JG8. 4C>4- 'l4!1. 6o7T+ 18. 024TlnT- 0. 01o 'lT 2 + 1266 64!1. !1!J7T- 1 +6 OO'l. 6T 11 ' 

-2680!14. 66G+'l!J8. 28!JT-68. 1!1!JTlnT 

-10S7,10S. S11-1221. 008T+81. 629TlnT-O. 032T'-629928. S26T 1 +30067. 72ST'u-

8'1 H8. 681lnT 

-1240076. Gl7+Go!1. 786T-!18. 086TlnT-O. 017GT 2 -261G668.126T- 1 

-1067899. 001+1136. 761T-186. 689TlnT+o. 0386T'-7. 70SX10 'P+277126. 369T 1 -

16 880. 84olnT 

-393710110. 169+1580922. 315T-1S713S. 093lnT+H. 8HT'-O. 00063P+ 

;, 8o6308!177. 84!JT 1 -'lOo1200l. 44oT'1• '+1218o'l8G6. 227lnT 

-1166'17'1. 621+913.121T-156. 9TlnT 

-1 GOo !18!1 J • mol 1 

1G6. !J J • mol- 1 • K-1 

87. 73,1+0. 2996T-O. 000296T'+l. 08X1o- 7 P 

165. 5S8+o. 0359T-l. 879X10 'T' 

378'l66. 47-211. o'lT+C7227G. 4o+o. 27T)Yv2 1u 

I ) 

ons[lli 1 sJ . Furthermore, there is a strong tendency of 

short-range ordering CSRO) of second-nearest neigh­

bor cations in ionic melts. So the liquid phase in this 

work is modeled using the modified quasichemical 

model 1 9 "1 li.1'-' 111 where the pair approximation is uti­

lized to describe the short-range ordering existing in 

the liquid phase. It is observed that the oxide system 

which shows a strong compound forming tendency in 

the solid state displays a pronounced minimum in the 

enthalpy of mixing of the liquid phase and this is 

caused due to the existence of short-range ordering. 

In the binary FeO-V 2 0, liquid solution, the short­

range ordering is taken into account by considering 

the following second-nearest-neighbor pair exchange 

reaction with the Gibbs energy change of LGmn and 

(rn-n) representing a second-nearest-neighbor pair: 

spectively. The "coordination-equivalent" fractions 

(Ym ) are then defined as: 

(Fe-Fe)+(V-V)=2(Fe-V) (4) 

The number of moles and the coordination num­

ber of component rn are marked as n, and Z, re-

Ym =Zmnm/2.:Zini (5) 

Thus LG "'" can be expressed as 

~(;rmt=~(;~;m+ ~ q~~ny;nY< (6) 
Ci+jJ;;:,":l 

where, LG~'" and are empirical binary coeffi­

cients which may be functions of temperature and 

pressure. These binary coefficients are optimized to 

reproduce all available experimental data. 

5 Thermodynamic Optimization and Results 

The thermodynamic properties ( H, S , C P ) of 

pure solid and liquid FeO and V2 0, were taken from the 

FactSage database. These data are reproduced and giv­

en in Table 3. The heat capacities of Fe V 2 0, was 

measured in the temperature range of 298-2 000 K. 

The measured data are reproduced in Table 2. The 

fitted heat capacity of Fe V 2 0, compound is repro-
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duced in Table 3 by Eq. ( 3). These values of all the 

above mentioned data and phase diagram from the 

literature and this experiment determination were 

optimized simultaneously by a least-squares tech­

nique[21J , to obtain the parameters of the modified 

quasi-chemical model. The resulting optimized quasi­

chemical parameters of Eq. ( 6) are 

l>Gtc.ov2 o, =378366. 47-211. 53T+(72275. 45+ 

5. 27T)Yv, 0 , J/mol (7) 

The optimized thermodynamic parameters are 

simultaneously listed in Table 3. These parameters 

together with the Gibbs energies of pure substances 

allow the calculation of phase diagram of the Fe0-

V2 0 3 system. Comparison of the calculated phase di­

agram with the experimental data is shown in Fig. 2. 

It can be seen that the difference between the calcu­

lated invariant peritectic temperature and the corre­

sponding experimental data is less than 30 oC. Moreo­

ver, the present calculated data, 1719 oC, is accepta­

ble in the error range, since the temperature of va­

nadium extraction by oxygen from hot metal is about 

1370 °C, Meanwhile, Fig. 2 has revealed the eutectic 

temperature of the invariant reaction, namely there­

action of Liquid Omass% V 2 0,)-FeO + FeV2 0,, 

occuring at 1364 OC. The calculated value is in good 

accordance with the corresponding experiment. Also, the 

DSC experimental data is reproduced by the calculat­

ed phase diagram. If the phase diagram of Fe0-V2 0 1 

system requires better accuracy in the whole range, 

more experimental data points need to be measured 

by appropriate experiments of the binary system 

(such as electron probe X-ray microanalysis). 
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1 200 
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* -DRta in Ref. [12]; +, 0-Data in this work. 
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Fig. 2 Optimized Fe0-V2 0 3 phase diagram at 11111 kPa 

6 Conclusions 

The liquidus and phase relationships of Fe0-

V2 0 3 system with less than 12mass% of V 2 0 3 were 

determined experimentally by DSC. Based on the 

technique of least-squares optimization, all data from lit-

erature and this work were evaluated simultaneously 

to obtain one set of self-consistent model coefficients 

for the Gibbs energies of all phases as functions of 

temperature and composition. The calculated phase 

diagram of FeO-V 2 0 3 system are considered to be 

most reliable currently among all the available esti­

mates. The evaluations are valid from room temper­

ature to temperatures even higher than the liquidus 

temperature. For all compounds and the liquid solu­

tions, the present evaluations are considered to give 

the most reliable currently available estimates of the 

true values of the thermodynamic properties. The 

modified quasi-chemical model with small numbers 

of parameters was used to describe the thermody­

namic properties of the binary liquid slags. The cal­

culated phase diagram with the optimized parameters 

was in good agreement with the experimental data. 
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