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This paper reports thermodynamic properties and phase equilibria in the iron-phosphorus-
carbon system for developing a technology for smelting ferrophosphorus as well as for
utilizing them in the processes of phosphorus-alloying of metals. According to the results
of thermodynamic calculations, we plotted a ternary Fe–P–C phase equilibrium diagram
(liquidus surface) in the form of graphical dependences, which indicate the concentration
fields of phase coexistence. The results of simulation allowed finding out five nonvariant
points, three of which are new: E1 eutectic (teutectic=12170Ñ), U1 peritectic (tperitectic=10950Ñ),
and Å3 eutectic (teutectic=3380Ñ). The experimental studies of the phase composition of
ferrophosphorus showed that the phosphorus microstructure is represented by Fe3P
phosphide, Fe3C carbide, and carbophosphide eutectic. We carried out the thermodynamic
calculation of the temperature-concentration ranges of phase stability in the Fe–P–C
system that are at equilibrium with the smelts of both the carbon solid solutions and
phosphorus ones in α- and γ-iron, FeP, Fe2P, Fe3P phosphides, and graphite. In this
study, three previously unknown nonvariant equilibria have been determined: a eutectic
equilibrium at 1216.580C; a peritectic one with a transformation point at 1095.190C; and
a eutectic one at a temperature of 337.510C. In experiments, we obtained an equilibrium
concentration of carbon which decreases in the Fe–P–C system when the content of
phosphorus increases. The research findings largely reveal special features of preparation
of ferrophosphorus by carbon reduction of phosphorites.
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Introduction
To improve techniques for processing complex

minerals and achieve a new technological level thereof,
it is important to study the properties of real
heterogeneous systems. In order to conduct
physicochemical analysis, state diagrams representing
dependences between the composition and properties
of the system are constructed. The most commonly
used state diagrams show dependences between the
initial composition of systems and the temperature of
phase transformations occurring therein. Furthermore,
physicochemical analysis determines the presence of
polymorphic transformations of the system components
in various aggregate states, the composition, and
properties of chemical compounds formed by the

system components. The analysis also determines the
temperature of all phase transformations in the systems
of a given composition, as well as the changes in the
composition and relative amount of phase equilibria
when temperature changes. Finally, it helps to choose
a composition of the most low-melting system or the
most refractory one and having other valuable
properties [1].

Theory
There are several semi-empirical methods for

constructing temperature-concentration phase diagrams
based on approximate free energy functions and
consistent with the existing thermodynamic data. These
methods can be quite useful, for example, for
extrapolating phase equilibria to unknown regions of
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phase diagram space, or for calculating thermodynamic
functions from strictly empirical phase equilibrium
data [2,3].

Thermodynamic analysis of complex
metallurgical systems that studies several phase
equilibria at given temperature and pressure is a task
difficult to perform. In case when there occur one or
two reactions, the combination of the mass action
law with the condition of the mole balance (or mass
balance) of the elements enables calculating equilibrium
concentrations of components [4]. For a system, where
there may be multiple thermodynamically-stable
compounds, numerical calculations should be
performed by way of the total (stockpile) Gibbs energy
minimization for the given point of composition,
temperature, and pressure. This problem can be solved
using corresponding algorithms and computation. As
general, the basic starting equation for such calculations
is the following function of the heat capacity of a
phase or a compound:
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where A, B, C, D are some numeric coefficients of
the equation; and T is the absolute temperature, K.

Such equations are correct for a given solid phase
determined by the temperature and pressure ranges
where there are no polymorphic or other phase
transitions. For liquid phases, it is assumed that
ñð=const, since the usual comprehensive experimental
data cannot accurately reveal any heat capacity
dependence on the temperature.

Using common thermodynamic relations, a
standard enthalpy of phase may be written in the
form [4,5]:
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where the first member of the relation is a standard
enthalpy of phase formation at 298 K, and the second
one indicates the change of the enthalpy of phase in
a standard condition at the temperature increase from
298 K to the temperature of the first phase transition
Ttr,1. The third member of the relation indicates the
change of the enthalpy of phase under all phase
transitions that occur at the temperatures Òtr,i, including
melting.

Likewise, the entropy is given by the following
expression:
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and Gibbs energy is expressed as follows:

G0(T)=H0(T)–T⋅S0(T).

The Gibbs energy of each phase (in the general
case it is a chemical potential of a phase mi) is
summarized with the additional contribution

∑
=
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R(Ni⋅lnNi), if the phase is an n-component solution
with the mole fraction Ni of each component and the

excess Gibbs energy E
mG  that takes into account the

nonideality of the solution components of the analyzed

phase ( excess
iG∆ , excess
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The excess Gibbs energy may be expressed by
the polynomial that includes energy parameters of
interaction of the solution components of various order

[4]:
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The foregoing form of expression is the most
commonly used one (there are other models used to
express the excess Gibbs energy, but in the present
paper they have not been considered).

Models for phase equilibria description

The expression for E
mG  may also include

additional parameters of the higher order Lijkl if they
are known. It should be noted, that the superscript
(0, 1, 2) of the Lij parameters indicates the order of
interaction (zero, first, or second), but not the index
of power. This model, also known as the Redlich-
Kister model, is used to describe condensed phases
and phase equilibria when calculating phase equilibria
diagrams. The peculiarity of the method is that any
of the components may be selected as a solvent. This
fact is highly important when analyzing metallurgical
solutions, where the changes in the phase composition
occur in the wide ranges of the concentration of
components.
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The Gibbs energy minimization reduces to
searching for such Ni combination (i.e. the solution
composition) at a given temperature, pressure, and
balance of masses (number of moles) at which Gibbs
energy magnitude is minimal. The obtained
calculations are graphically represented as the phase
equilibria diagrams (in the function of composition,
temperature, and/or pressure).

The Butler equation [6–9] is applicable to the
model of the equilibrium grain boundary energy and
the equilibrium composition of boundaries in
polycrystals depending on the bulk composition,
temperature, pressure, and five degrees of freedom. In
the simplest case of an optimal solution and equal
atomic sizes of the components, the Butler equation
reduces to the well-known McLean equation [10].

The thermodynamic modeling technique for the
phase equilibria and liquidus surface in the Fe–C–P
ternary system

Earlier [5], the phase equilibria modeling was
performed with the use of THERMOCALC Version
R software package. Figure 1 shows the basic modules
of the software package used in the calculations as
well as the correlation thereof.

the output of the modeling results in the graphic
form (images of phase equilibrium diagrams).

Iron phosphides
In the Fe–P binary system [11,12], there are

three phosphides with the chemical composition and
enthalpy of formation values given in Table 1 [13].

The peritectic transformation of Fe3P phosphide
occurs at 11660Ñ, while the congruent melting of
Fe2P takes place at 13700Ñ. However, the data on
FeP melting point are unreliable.

In this system, on the side of the iron angle of
the diagram there is the eutectic (E) with coordinates
16.9 at.% Ð (10.2 wt.% Ð) and the temperature of
10480Ñ. The eutectic in the Fe2P–FeP system exists
at 40 at.% (27 wt.%) of phosphorus at the temperature
of 12620Ñ. Phosphorus as a ferrite promoter narrows
g-area that has a maximum phosphorus concentration
of 0.3 at.% (0.2 wt.%).

Modeling of Fe–P–C system
The thermodynamic modeling [5] was conducted

using the THERMOCALC software integrated with
the ThermoCalc R-SSOL2 database. The phase
equilibrium diagram of the ternary Fe–P–C
composition (liquidus surface) obtained as a result of
modeling is given in Fig. 2.

The main assumption accepted when
implementing the model was that only stable phases
had been taken into account (particularly, carbon in
the form of graphite), while a metastable phase,
cementite, was not been considered. The specific
character of the calculation results obtained from
THERMOCALC is that in Fig. 3 the weight percent
of carbon (from 0 to 0.05, i.e. up to 5%) and
phosphorus (from 0 to 0.20, i.e. up to 20%) in the
liquid phase are plotted on the composition axes. The
black thin lines are isothermal curves in increments
of 1000C, the numbers on them show the temperature
value calculated by t=400+300n (for instance, number
«3» stands for the isothermal curves
400+300⋅3=13000Ñ, and number «2» implies
400+300⋅2=10000Ñ). In Fig 3 (on the right), the red
lines separate phase boundaries.

The temperature is represented by the isothermal
curves (black lines) in increments of 1000Ñ; the
numbers on them show the temperature value that is
determined by t=700+60n (for example, number «5»

Database odule is used in the beginning to select
the corresponding databases and optimal parameters
for the analyzed solutions. POLY-3 Module includes
thermodynamic data in the tabulated form needed for
the equilibrium calculations. Post Processor provides

Fig. 1. Modules of THERMOCALC program

Table 1
Chemical composition and enthalpy of formation of compounds in the Fe–P binary system

Composition Phosphorous/carbon content, wt.% Enthalpy of formation, 0
298H−∆ , kJ/mol 

Fe3P 15.57 163.0 
Fe2P 21.83 158.8 
FeP 37.34 121.2 
Fe3C 6.67 24.9 
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stands for the temperature «mark» 700+60⋅5=10000Ñ).
The red lines separate at least one phase change at
the imaging point movement; the phase fields of the
stable phases are colored (as in Fig. 2).

A similar liquidus surface, but on the Cartesian
axes, is presented in Fig. 3.

Fig. 2. Liquidus surface of the Fe–P–C system: a – concentration fields of the phase coexistence;

b – the same diagram where phase diagram sections are colored

Fig. 3. Phase equilibria in the Fe–P–C system (the Cartesian

coordinate system referred to in the text)

The nonvariant equilibria are represented by the
eutectic points (Å) and peritectic points (U). Three
out of five possible points in the Fe–P–C system,
U1, U2, and E2, fall within the diagram field in
Fig. 4.

Table 2
Temperatures and nonvariant equilibria reactions

Nonvariant 
equilibria 

Temperature, 
0C Equilibrium reaction 

E1 1216.58 L=Fe2P+FeP+Cgraphite 
U1 1095.19 L+Fe2P=Fe3P+Cgraphite 
U2 1005.55 L+α-Fe=γ-Fe+Fe3P 
E2 959.62 L=γ-Fe+Fe3P+Cgraphite 
E3 337.51 L=FeP+Cgraphite+Pcrystal 

The temperatures and nonvariant equilibria
reactions are given in Table 2.

Moreover, as a result of the modeling of Fe–
P–C system, there have been discovered five nonvariant
points, and only two of them were previously known
[14]:
the eutectic E2, that corresponds to the reaction
L=γ-Fe+Fe3P+Cgraphite (t=9580C);
the peritectic U2, corresponding to the reaction
L+α-Fe=γ-Fe+Fe3P (t=10060C).

Another three nonvariant points E1, U1, and E3

have been discovered in the present study for the first
time.

Modeling of phosphorus influence on carbon
solubility in Fe–P–C-based model alloys and
determination of the coexistence curves and nonvariant
points of the equilibrium phases coexistence

Schurmann et al. [14,15] experimentally studied
influence of phosphorus on carbon solubility in the
model alloys in the Fe–P–C stable system and
determined the coexistence curves. Due to the limited
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availability of the foregoing original papers, the analysis
of Fig. 5 representing the liquidus surface projection
of the Fe–P–C stable system is given below.

In particular, it is interesting to note that in the
given diagram [8] there are several nonvariant points
and letters (α, γ) designating ferrite and austenite
respectively.

It follows from the works [14,15] that the point
B plotted on the axis representing the carbon content
is a nonvariant point in the Fe–C system that
corresponds to the peritectic equilibrium Lâ+δ↔γ at
14930Ñ (the liquid phase Lâ contains 0.533% of Ñ).

The point Ñ on the vertical axis showing the
carbon content is also a nonvariant one and corresponds
to the eutectic equilibrium Lñ↔γ+Ñ at 11530Ñ (the
liquid phase Lñ contains 4.3% of Ñ). Further, in the
Fe–P system, the nonvariant eutectic point Å refers
to the eutectic equilibrium L1↔α+Fe3P at 10390Ñ;
the liquid phase contains 10.5 at.% of Ð. Next, the
nonvariant point U corresponds to the peritectic
equilibrium Lu+α↔Fe3P at 10040Ñ (the liquid phase
Lu contains 0.80 at.% of Ñ and 8.55 at.% of Ð).
Finally, the nonvariant point L2 represents the eutectic
equilibrium L2↔γ+Ñ+Fe3P at 9770Ñ (the liquid phase
L2 contains 1.7% of Ñ and 7.6% of Ð).

Comparison of the results of the analysis of the
phase equilibria and the microstructure of
ferrophosphorus samples

The phase equilibria analysis in the ternary Fe–
P–C system with the phosphorus content up to 16
wt.% indicates that ferrophosphorus of the engineering
grades has a complex phase composition, including
phosphides, iron carbides, and carbophosphide eutectic.
Figures 4–5 show microstructures of the two areas of
a sample, captured at 1800 and 2500 magnification,
as well as the spectral recordings that indicate the
presence of the particular chemical elements in the
corresponding structures.

When examining a microstructure, one can
distinguish three phases of different colors and
morphology: a grey phase, a dark one, and a eutectic.
The results of X-ray spectral microanalysis of a
ferrophosphorus microstructure conducted in the
mapping mode (Figs. 6 and 7) suggest that phosphorus
is concentrated in the grey phase, while the
concentration of carbon is found in the dark one.

It is interesting to note that the data of the
spectral recordings B in Figs. 4 and 5 prove the
presence of various quantities of Fe, P, Ñ and Si in
the phase structures. The analyzed areas of the
constituents have been marked with the frames. The
chemical composition of these microregions obtained
as a result of X-ray spectral microanalysis are given
in tables of Figs. 4 and 5.

The data provided in the tables alongside the

results of the microstructure analysis prove that the
grey phase is represented by Fe3P phosphide (the
frames 001, 005, and 008), the dark phase is iron
carbide (the frames 003, and 007), and the «striped»
structure is carbon phosphide eutectic (the frames
002, 004, and 006).

It is seen that the ferrophosphorus structure
formation occurred from the smelt with 12.6% of Ð
and 1.4% of Ñ, so that the alloy basis of the analyzed
sample is represented by Fe3P phosphide. It should
be noted, that the white lines that mainly border
eutectic formations create shadows due to the relief of
the etched structure. A small amount of silicon is
concentrated in the content of eutectic formations
(the frames 002, 004, and 006) [16].

Conclusions
In this paper, the significance of the research of

the thermodynamic characteristics and phase equilibria
in the Fe–P–C system has been grounded in terms
of the ferrophosphorus smelting technique development.

The thermodynamic modeling of the
temperature-concentration ranges of phase stability
in the Fe–P–C system that are at equilibrium with
the smelt of both the carbon solid solutions and
phosphorus ones in α- and γ-iron, FeP, Fe2P, Fe3P
phosphides, and graphite has been carried out with
the use of THERMOCALC programs package
integrated with the ThermoCalc R–SSOL2 database.
Furthermore, the liquidus surface of the ternary iron-
phosphorus-carbon system has been constructed. As
a result of the Fe–C–P system thermodynamic
modeling, three previously unknown nonvariant
equilibria have been found out: the eutectic
L=Fe2P+FeP+Cgraphite that occurs at the temperature
of 1216.580C; the peritectic L+Fe2P=Fe3P+Cgraphite

with the transition temperature of 1095.190C; and the
eutectic L=FeP+Cgraphite+Pcrystal at the temperature of
337.510C. The existence of L=γ-Fe+Fe3P+Cgraphite in
the eutectic system and L+α-Fe=γ-Fe+Fe3P in the
peritectic system has been proved and the equilibria
temperatures thereof have been specified as follows:
teutectic=959.620C; and tperitectic=1005.550C.

Analysis of publications on the binary Fe–P
system and the ternary Fe–P–C system reveals that
ferrophosphorus of the engineering grades must have
complex phase composition that alters when the
phosphorous content increases. With the phosphorus
content increase, the decreasing of the equilibrium
carbon concentration in the Fe–P–C system is
observed due to the higher thermodynamic strength
of the chemical bond of elements in the Fe–P system
in contrast to the Fe-C system, compare:

о
298H∆ (Fe3P)=–213.53 kJ/mol and
о
298H∆ (Fe3C)=–24.9 kJ/mol.
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Fig. 4. Results of X-ray spectral microanalysis of the chemical phase composition in ferrophosphorus microstructure ´1800:

A – the analyzed areas, marked with the frames; B – spectrograms of the analyzed areas;

and C – the approximate chemical composition based on X-ray spectral microanalysis
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Fig. 5. Results of X-ray spectral microanalysis of the chemical phase composition in the microstructure of the ferrophosphorus

sample: A – the analyzed areas are marked with the frames; B – spectrograms of the analyzed areas; and Ñ – the approximate

chemical composition based on the X-ray spectral microanalysis results
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The precise electron microscope investigation of
the phase composition of ferrophosphorus obtained
by the carbon reduction smelting of the domestic
phosphorite in the graphite crucible in the resistance
furnace has been conducted. It has been discovered
that the ferrophosphorus microstructure is represented
by Fe3P phosphide, Fe3C carbide and carbon
phosphide eutectic. The reported results were used
when conducting experimental smelting in the
induction furnace graphite crucible, aimed to obtain
ferrophosphorus by carbon reduction of the
phosphorites from the Malokamyshevatsky deposit.
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ÌÎÄÅËÞÂÀÍÍß ÒÅÌÏÅÐÀÒÓÐÍÎ-
ÊÎÍÖÅÍÒÐÀÖ²ÉÍÈÕ ²ÍÒÅÐÂÀË²Â ÔÀÇÎÂÎ¯
ÑÒÀÁ²ËÜÍÎÑÒ² ² ÏÎÂÅÐÕÍ² Ë²ÊÂ²ÄÓÑÓ Â
ÏÎÒÐ²ÉÍ²É ÑÈÑÒÅÌ² Fe–P–C ² ÄÎÑË²ÄÆÅÍÍß
ÔÀÇÎÂÎÃÎ ÑÊËÀÄÓ
Ïðîéäàê À.Þ., Ãàñèê Ì.²., Ïðîéäàê Þ.Ñ.,
Áåçøêóðåíêî Î.Ã.

Ó ðîáîò³ äîñë³äæåíî òåðìîäèíàì³÷í³ âëàñòèâîñò³ òà
ôàçîâ³ ð³âíîâàãè â ñèñòåì³ çàë³çî-ôîñôîð-âóãëåöü äëÿ ðîç-
ðîáêè òåõíîëîã³¿ âèïëàâêè ôåðîôîñôîðó, à òàêîæ äëÿ ¿õ
âèêîðèñòàííÿ â ïðîöåñàõ ôîñôîðíîãî ëåãóâàííÿ ìåòàë³â.
Çà ðåçóëüòàòàìè òåðìîäèíàì³÷íèõ ðîçðàõóíê³â ðîçðàõîâà-
íî ä³àãðàìó ïîòð³éíî¿ ôàçîâî¿ ð³âíîâàãè Fe–P–C (ïîâåðõ-
íÿ ë³êâ³äóñó) ó âèãëÿä³ ãðàô³÷íèõ çàëåæíîñòåé, ùî âêàçó-
þòü êîíöåíòðàö³éí³ ïîëÿ ñï³â³ñíóâàííÿ ôàç. Ðåçóëüòàòè
ìîäåëþâàííÿ äîçâîëèëè âèÿâèòè ï’ÿòü íåâàð³àíòíèõ òî-
÷îê, òðè ç ÿêèõ º íîâèìè: åâòåêòèêà E1 (tåâòåêòèêà=12170Ñ),
ïåðèòåêòèêà U1 (tïåðèòåêòèêà=10950Ñ) ³ åâòåêòèêà E3
(tåâòåêòèêà=3380Ñ). Åêñïåðèìåíòàëüí³ äîñë³äæåííÿ ôàçîâîãî
ñêëàäó ôåðîôîñôîðó ïîêàçàëè, ùî ì³êðîñòðóêòóðà ôîñôî-
ðó íàäàíà ôîñô³äîì Fe3P, êàðá³äîì Fe3C ³ åâòåêòèêîþ êàð-
áîôîñô³äó. Òåðìîäèíàì³÷íå ìîäåëþâàííÿ òåìïåðàòóðíî-
êîíöåíòðàö³éíèõ ä³àïàçîí³â ôàçîâî¿ ñòàá³ëüíîñò³ ïðîâåäå-
íî äëÿ ñèñòåìè Fe–P–C, â ÿê³é çíàõîäÿòüñÿ â ð³âíîâàç³ ç
ðîçïëàâàìè ÿê âóãëåöåâ³ òâåðä³ ðîç÷èíè, òàê ³ ôîñôîðí³ â
α- ³ γ-çàë³ç³, ôîñô³äàõ FeP, Fe2P, Fe3P òà ãðàô³ò³. Ó öüîìó
äîñë³äæåíí³ áóëî âèçíà÷åíî òðè ðàí³øå íåâ³äîì³ íåâàð³-
àíòí³ ð³âíîâàãè: åâòåêòè÷íà ð³âíîâàãà ïðè 1216,580C; ïå-
ðèòåêòè÷íèé ç òåìïåðàòóðîþ ïåðåòâîðåííÿ 1095,19°Ñ; ³
åâòåêòè÷íèé ïðè òåìïåðàòóð³ 337,510Ñ. Ó åêñïåðèìåíòàõ
áóëî îäåðæàíî ð³âíîâàæíó êîíöåíòðàö³þ âóãëåöþ, ÿêà çìåí-
øóºòüñÿ â ñèñòåì³ Fe–P–C ç³ çá³ëüøåííÿì âì³ñòó ôîñôî-
ðó. Ðåçóëüòàòè äîñë³äæåíü çíà÷íîþ ì³ðîþ ðîçêðèâàþòü îñîá-
ëèâîñò³ îäåðæàííÿ ôåðîôîñôîðó âóãëåöåâèì â³äíîâëåííÿì
ôîñôîðèò³â.

Êëþ÷îâ³ ñëîâà: ôåðîôîñôîð, òåðìîäèíàì³÷íèé àíàë³ç,
ôîñô³ä, êàðá³ä, êàðáîôîñô³äíà åâòåêòèêà, ôàçîâèé ñêëàä,
ôîñôîðèä.
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MODELING OF TEMPERATURE-CONCENTRATION
RANGES OF PHASE STABILITY AND LIQUIDUS
SURFACE IN THE TERNARY Fe–P–C SYSTEM AND
PHASE COMPOSITION EXPERIMENTAL STUDY
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This paper reports thermodynamic properties and phase
equilibria in the iron-phosphorus-carbon system for developing a
technology for smelting ferrophosphorus as well as for utilizing
them in the processes of phosphorus-alloying of metals. According
to the results of thermodynamic calculations, we plotted a ternary
Fe–P–C phase equilibrium diagram (liquidus surface) in the
form of graphical dependences, which indicate the concentration
fields of phase coexistence. The results of simulation allowed
finding out five nonvariant points, three of which are new: E1

eutectic (teutectic=12170Ñ), U1 peritectic (tperitectic=10950Ñ), and Å3

eutectic (teutectic=3380Ñ). The experimental studies of the phase
composition of ferrophosphorus showed that the phosphorus
microstructure is represented by Fe3P phosphide, Fe3C carbide,
and carbophosphide eutectic. We carried out the thermodynamic
calculation of the temperature-concentration ranges of phase
stability in the Fe–P–C system that are at equilibrium with the
smelts of both the carbon solid solutions and phosphorus ones in
α- and γ-iron, FeP, Fe2P, Fe3P phosphides, and graphite. In this
study, three previously unknown nonvariant equilibria have been
determined: a eutectic equilibrium at 1216.580C; a peritectic one
with a transformation point at 1095.190C; and a eutectic one at
a temperature of 337.510C. In experiments, we obtained an
equilibrium concentration of carbon which decreases in the Fe–
P–C system when the content of phosphorus increases. The
research findings largely reveal special features of preparation of
ferrophosphorus by carbon reduction of phosphorites.

Keywords: ferrophosphorus; thermodynamic analysis;
phosphide; carbide; carbophosphide eutectic; phase composition;
phosphorite.
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