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Corrosion phenomena of metals by fused salts depend on chemical composition of the melt and environmental conditions of the
system. Detail knowledge of chemistry and thermodynamic of aggressive species formed during the corrosion process is essential
for a better understanding of materials degradation exposed to high temperature. When there is a lack of kinetic data for the
corrosion processes, an alternative to understand the thermodynamic behavior of chemical species is to utilize phase stability
diagrams. Nowadays, there are several specialized software programs to calculate phase stability diagrams. These programs are
based on thermodynamics of chemical reactions. Using a thermodynamic data base allows the calculation of different types of
phase diagrams. However, sometimes it is difficult to have access to such data bases. In this work, an alternative way to calculate
phase stability diagrams is presented. The work is exemplified in the Na-V-S-O and Al-Na-V-S-O systems. This system was chosen
because vanadium salts is one of the more aggressive system for all engineering alloys, especially in those processes where fossil
fuels are used.

1. Introduction

Equilibrium calculations showwhether a chemical or electro-
chemical reaction may proceed or not. No information is
given about the rate of the reaction, that is, its kinetics.
However, increasing temperature and thereby usually faster
reaction rates, cause diagrams based on only thermodynamic
considerations to be more relevant.

In a phase stability diagram of predominant area, the
area of stability of a chemical species is delimited by lines of
equilibrium in which the value of the Gibbs free energy is
zero. The characteristics of such lines (slope and ordinate
to the origin) are based on chemical reactions where the

chemical species is present as a reactant or product, since his
area of stability may be surrounded by the area of stability
of other chemical species which are also involved in reaction
(closed stability area) or the area may be defined only at
one side and open towards infinite stability conditions (open
stability area).

For definition of equilibrium lines in a phase stability
diagram, a chemical system is treated mathematically as a set
of equations where each chemical reaction corresponds to a
mathematical equation, equating to zero the sumof theGibbs
free energies of the chemicals species in each reaction.

Although there is specialized software in calculating
phase stability diagrams, sometimes arises a need to develop
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Table 1: Reactions for the phase stability diagram of Si-O system at
1400K.

# Reaction Log 𝐾 Type of equilibrium line
1 Si(s) + O2 = SiO

2
(s) 24.66 A

2 Si(s) = Si −9.08 B
3 2Si(s) + O2 = 2SiO 16.26 C
4 Si + O2 = SiO2(s) 33.74 C
5 2SiO + O2 = 2SiO2(s) 33.06 C

one step by step. When have the necessary thermochemical
data, the definition of lines for each reaction equilibrium is
not difficult; however, to define the area of stability of a given
chemical species when the number of reactions to consider
increases is a complicated task.

In this work a methodology has been proposed to
calculate the stability phase diagrams [1]. Fundamentals are
based on the search of triple points by analyzing the stoichio-
metric relationship of reactants and products in all chemical
reactions that define the system. This avoids complicated
calculation as in the simplex method [2] where the search of
every stability area for each one of the chemical compounds
must be calculated.

At present, the system has 1805 records of chemical
compounds. Each compound has information of the nine
NASA coefficients [3–5] for a specific temperature range.This
enables calculation of thermochemical properties of every
compound and equilibrium lines of chemical reactions. This
data is taken as the input data for calculating the phase
stability diagrams for the method proposed.

2. Materials and Methods

2.1. Constructing Diagrams with Predominant Area. Con-
struction of phase stability diagrams begins by selecting those
chemical elements that will form species (compounds) whose
stability area is of interest, that is, Si and O. Later on, it
is necessary to define the interaction of such species (com-
pounds) by chemical reactions, establishing stoichiometric
coefficients as presented in Table 1, such that certain chemical
specie (specie 𝑖) can be found in one or in all chemical
reactions. Such reactions represent the equilibrium border
lines that define the stability area of specie 𝑖.

Afterwards, chemical species that will represent 𝑋 and 𝑌
axes in the phase diagrammust be selected. It is important to
note that at least one of the species selected must be present
in all chemical reactions without exception, that is, O

2
, Si, or

SiO.
From this information, we can define the type of equilib-

rium border line of a particular chemical reaction. Figure 1
represents the Si-O diagram at 1400K obtained by the
proposed method. This diagram is taken as an example for
defining types of equilibrium border line. In such diagram,
the𝑋 axis represents the logarithmof oxygen partial pressure,
and the 𝑌 axis represents the logarithm of silicon and silicon
oxide (Si, SiO) partial pressure.

An equilibrium line will be parallel to the 𝑌 axis (type A)
only when the species representing the 𝑌 axis in the chemical
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Figure 1: Phase stability diagram of Si-O system at 1400K. Numbers
correspond to the reactions showed in Table 1.

reaction does not exist and the species that represents the 𝑋
axis exists, that is, reaction (1), where the O

2
that represents

the𝑋 axis is present.This reaction defines the area stability of
solid species Si(s) and SiO

2
(s).

By contrast, an equilibrium line will be parallel to the
𝑋 axis having a slope equal to zero (type B), only when
the species representing the 𝑋 axis does not exist in the
chemical reaction and the species representing the 𝑌 axes
exists, that is, reaction (2). An equilibrium line with a slope
greater than zero (type C) means that between products and
reactants there is one species representing 𝑋 axis and one
representing𝑌 axis as illustrated by reactions (3), (4), and (5).
Slope and origin ordinate concepts only apply to equilibrium
lines represented by (2) and (3), so a parallel line to𝑌 axis can
be identified by knowing the𝑋 value.

Values in Figure 1 depend on thermochemical properties
of chemical species in the chemical reaction involved. As an
example, calculations are presented in order to define the
equilibrium lines for every reaction presented in Table 1. In
this example, the log𝐾 values showed in Table 1 and the
activity of condensed species equal to 1 have been considered
[6].

For reaction (1):

log𝐾Reaction 1 = log 𝑎SiO2(s) − log 𝑎Si(s) − log𝑝O2
,

24.66 = − log𝑝O2
,

log𝑝O2
= −24.66.

(1)

A line parallel to the 𝑌 axis (type A) will be drawn crossing
the𝑋 axis value at −24.66.
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For reaction (2):

log𝐾Reaction 2 = log 𝑎Si(s) − log𝑝Si,

−9.08 = − log𝑝Si,

log𝑝Si = 9.08.

(2)

A line parallel to the 𝑋 axis (type B) will be drawn crossing
the 𝑌 axis value at 9.08.

For reaction (3):

log𝐾Reaction 3 = 2 log𝑝SiO − 2 log 𝑎Si(s) − log𝑝O2
,

16.26 = 2 log𝑝SiO − log𝑝O2
,

log𝑝SiO =
16.26 + log𝑝O

2

2
,

log𝑝SiO = 0.5 ⋅ log𝑝O2
+ 8.13.

(3)

A line with slope of 0.5 and origin ordinate of 8.13 (type C)
will be drawn.

For reaction (4):

log𝐾Reaction 4 = log 𝑎SiO2(s) − log𝑝Si − log𝑝O2
,

33.74 = − log𝑝Si − log𝑝O2
,

log𝑝Si = − log𝑝O2
− 33.74.

(4)

A line with slope of −1 and origin ordinate of −33.74 (type C)
will be drawn.

For reaction (5):

log𝐾Reaction 4 = 2 log 𝑎SiO2(s) − 2 log𝑝SiO − log𝑝O2
,

33.06 = −2 log𝑝SiO − log𝑝O2
,

log𝑝SiO =
− log𝑝O2

− 33.06

2
,

log𝑝SiO = −0.5 ⋅ log𝑝O2
− 16.53.

(5)

A line with slope of −0.5 and origin ordinate of −16.53 (type
C) will be drawn.

Knowing that equilibrium lines in a phase stability dia-
gram define conditions where the free energy of formation
in a chemical reaction is zero, it can be stated that the inter-
section point of two equilibrium lines indicates that both
reactions are in equilibrium. This is the first guideline to es-
tablish that in such point, there exists a possible vertex of a
polygon that defines a stability area of a substance.

In order to confirm the existence of a vertex in an intersec-
tion, several stability diagrams reported in the literature [7–
23] were analyzed. From this analysis, it was concluded that
there must exist a third chemical reaction whose intersection
point with the first two reactions is common. Besides, it
should contain any chemical species that is found only in one
of the two chemical reactions. It is important to mention that
chemical species satisfying these criteria are the only ones
that must be present in the third chemical reaction, together

with one or both chemical species that represent a value in
the phase stability diagram axes.

For example, for reactions (3) and (5), SiO defines the
stability area. Reaction (3) contains species Si(s) which is not
in reaction (5). Reaction (5) contains species SiO

2
(s) which is

not in reaction (3); therefore, the reaction that defines an apex
formed by intersections of reactions (3) and (5) must contain
some of the species that define the axes as well as species
Si(s) and SiO

2
(s). Consequently, the reaction satisfying such

condition is only reaction (1).
For another example, it can be stated that the intersection

between equilibrium lines of reactions (1), (2) that defines
the stability of specie Si(s) is found in an apex. It can be
seen that species SiO

2
(s), Si, and O

2
fulfill the criteria. For

the third reaction, there must be present species SiO
2
(s)

and necessarily Si and O
2
species which represent axes in

the graph. Reaction (4) fulfills with the premise mentioned
before, so such reaction has a common intersection point.

Intersection between two equilibrium lines is easy to
determine. When two lines cross each other it means they
have a common point.This point verifies the equation of both
lines.The problem is to find out this point. Let us suppose that
we have the equation of both lines as follows:

Line 1: 𝑦
1
= 𝑚
1
𝑥 + 𝑏
1
, (6)

Line 2: 𝑦
2
= 𝑚
2
𝑥 + 𝑏
2
. (7)

If there is one point (𝑥
𝑖
, 𝑦
𝑖
) that is shared by both lines, so (6)

and (7) will be true. Solving for 𝑦
𝑖
, we have

𝑚
1
𝑥
𝑖
+ 𝑏
1
= 𝑚
2
𝑥
𝑖
+ 𝑏
2
. (8)

Solving for 𝑥
𝑖
, we have

𝑥
𝑖
=
𝑏
2
− 𝑏
1

𝑚
1
− 𝑚
2

. (9)

Substituting this value either in (6) or (7), results (10)

𝑦
𝑖
=
𝑏
2
𝑚
1
− 𝑏
1
𝑚
2

𝑚
1
− 𝑚
2

. (10)

Therefore, the intersection point will have coordinates

(
𝑏
2
− 𝑏
1

𝑚
1
− 𝑚
2

,
𝑏
2
𝑚
1
− 𝑏
1
𝑚
2

𝑚
1
− 𝑚
2

) . (11)

For example, intersection of (3) and (5) can be obtained from
(11):

(
−16.53 − 8.13

0.5 − (−0.5)
,
(−16.53) (0.5) − (8.13) (−0.5)

0.5 − (−0.5)
)

(
−24.66

1
,
−8.265 − (−4.065)

1
)

(−24.66, −4.2) .

(12)

Coordinate (𝑥
𝑖
, 𝑦
𝑖
) obtained corresponds directly with the

value at the equilibrium line of (1), revealing the location of a
triple point.
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Figure 2: Graph area restricted by two points.

Knowing the number of points where there is a vertex
(triple points), now, it is necessary to know how to use them
to draw each equilibrium line in the phase stability diagram.
The “area of graph” concept is now introduced. The “area
graph” is described as the area where the equilibrium lines
will be drawn in the phase equilibrium diagram. This area is
restricted by two points (𝑋min, 𝑌min) and (𝑋max, 𝑌max) as is
shown in Figure 2.

In a graph, a line is described by two points. Knowing the
number of triple points in a line the following methodology
can be adopted to define initial and final points in an
equilibrium line.

(i) Initial point will be (𝑋min, 𝑓(𝑋min)), and final point
will be (𝑋max, 𝑓(𝑋max)). This applies only to equa-
tions with known slope and origin ordinate. In case
the lines are parallel to 𝑌 axis, it is necessary to know
the 𝑋 axis value where (𝑋

𝑖
) is found. In this case, the

initial and final points will be (𝑋
𝑖
, 𝑌min), (𝑋𝑖, 𝑌max),

respectively.
(ii) In case an equilibrium line has two triple points or

more, initial and final points have no change and
remain as mentioned above.

(iii) If one equilibrium line has exactly two triple points,
such points define equilibrium, considering that the
𝑋 value in the initial pointmust be smaller than the𝑋
value in the final point (in lines with slopes and origin
ordinates well defined) and the 𝑌 value in the initial
point must be smaller than the 𝑌 value in the final
point (for parallel lines to the 𝑌 axis).

(iv) If in one equilibrium line there is only one triple point
(𝑋
𝑒
, 𝑌
𝑒
), we need to know if this point corresponds

to the first or the last point. This is possible verifying
the stability of some chemical species found in the
chemical reaction which equilibrium is defined by
such a line. Conditions set for defining initial point
and value of Gibbs free energy have to be considered.
If a chemical compound is stable in the initial point,
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Figure 3: Phase stability diagram of Fe-S-O at 593K.

then the triple point (𝑋
𝑒
, 𝑌
𝑒
) is the final point in the

line, otherwise, it is the initial point.

3. Results and Discussion

3.1. Methodology Validation. Based on the methodology de-
scribed previously, a web-based application was developed
(PHP/MySQL). Using this application some phase stability
diagrams were created and compared with those published
in the literature. As an example, Figure 3 shows the Fe-
S-O phase stability diagram obtained by the PHP/MySQL
application.

Comparing the phase stability diagram shown in Figure 3
with that published by Behrani and Singh [24], it can be seen
that both phase stability diagrams have the same features and
stability areas.

It is important to consider that stability areas depend
heavily on the chemical reactions considered to define them.
For example, the diagram of Figure 3 considers only the area
of stability of Fe

3
O
4
(s). However, the diagram of Figure 4 also

shows the areas of stability of the oxides FeO(s) and Fe
2
O
3
(s).

By comparing both figures, we can see that the inclusion of
these oxides modify the area of stability of sulfides FeS(s),
Fe
2
S
3
(s), and FeS

2
(s).

Figure 5 shows the Na-V-S-O phase diagram obtained at
1173 K using the PHP/MySQL application. Comparing this
diagram with the one published by Longa-Nava et al. [25],
it can be seen that there are minor differences in the value
of phase boundary lines crossing the 𝑋 and 𝑌 axes. This dif-
ference arises because thermodynamic data of compounds
can vary, depending on the data base source taken for cal-
culating the diagram.
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Figure 5: Phase stability diagram of Na-V-S-O at 1173 K.

Figure 6 shows the previous phase stability diagram but
including a wider range for log𝑃O

2

and −log 𝑎Na
2
O values.The

diagram displays the entire range of vanadium oxides and
sodium vanadate, showing the consistency of the methodol-
ogy proposed for the development of the diagram.

Formation of sodium vanadate can take place in solid-
solid or solid-liquid reactions because certain products and
reactants have different melting points which vary with
temperature. Rapp [12] indicates that basicity of melts can be
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Figure 6: Phase stability diagram of Na-V-S-O at 1173 K.

measured by using solid-state electrodes. In this case, basicity
is defined as −log 𝑎Na

2
O and is function of oxygen partial

pressure. In this way, the solubility of several protective oxides
is determined as a function of basicity.

One reaction describing the formation of metallic vana-
date is that of a metallic oxide and V

2
O
5
; however, this

reaction does not depend on basicity neither on oxygen
partial pressure, so it cannot be represented by a stability
phase diagram of the Na-V-S-O system.

A metallic oxide is able to react with NaVO
3
or with

Na
3
VO
4
; therefore, the reaction product will be a metallic

vanadate and Na
2
O. Considering the reaction of the metallic

oxide with V
2
O
4
and oxygen, it is possible to represent such

reactions in a stability phase diagram in the M-Na-V-S-O
system. As an example, the Al-Na-V-S-O system obtained by
using the PHP/MySQL application is presented.

Figure 7 shows the Al-Na-V-S-O phase diagram at 1173∘K.
This type of diagram is not cited in the literature. Compared
to Figure 6, this diagram allows to see that the area of stability
of aluminum vanadate (AlVO

4
(s)) completely covers the area

of stability NaVO
3
(s) and oxides of vanadium V

2
O
4
(s) and

V
2
O
5
(s). It is also possible to observe that the stability area of

Al
2
O
3
(s) is restricted to basic conditions, which strengthens

the fact that this oxide is not protective in vanadium salts with
acidic conditions.

Generally, the phase stability diagrams produced by the
proposed methodology were in good agreement with those
previously reported in the literature. In some diagrams,
minor differences were found. Differences can be explained
by the fact that thermodynamic data values can vary, depend-
ing on the data source. Some data bases are updated regularly
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Figure 7: Phase stability diagram of Al-Na-V-S-O at 1173 K.

and some take some time for updating its thermodynamic
values reported.

4. Conclusions

The proposed methodology allows knowing the vertices of
the area of stability of a species before carrying out a complex
calculation, simply visualizing the reactants and products in
those chemical reactions that appear.

The method proposed proved to produce reliable phase
stability diagrams. The advantage of this method avoids
complicated calculations to establish stability areas of a par-
ticular compound. This simplifies the process for calculating
phase stability diagrams and avoids the need for developing
complicated computer algorithms to produce phase stability
diagrams.

The proposed method is consistent because the diagrams
generated are same to those reported in the literature.
Independently from the chemical reactions selected for the
calculation of a diagram, the proposed approach is consistent.
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