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Thermodynamic descriptions of the Fe-Mn-P system and its binary sub-system, Mn-P, are
developed in the frame of a new Fe-X-P (X = Al, Cr, Cu, Mn, Mo, Nb, Ni, Si, Ti) database. The
thermodynamic parameters of the binary sub-systems, Fe-Mn and Fe-P, are taken from the
latest earlier assessments. Those of the Fe-Mn-P and Mn-P systems are optimized in this study
using literature experimental thermodynamic and phase equilibrium data. The solution phases
of the system are described with the substitutional solution model and the phosphides are treated
as stoichiometric phases or semi-stoichiometric phases of the (A,B)pCq type described with the
two-sublattice model. The formation of a miscibility gap in the liquid phase, at high P-contents is
predicted.
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1. Introduction

The current work continues an earlier started project[1,2]

for the development of a thermodynamic database of
phosphorus containing Fe-X systems. In such a way a
simple and compatible thermodynamic database for three-
component steels is to be designed. It would provide
important and practical input data for thermodynamic-
kinetic models simulating their solidification.[3] The first
two contributions concern the systems Fe-Cr-P[1] and
Fe-Cu-P.[2]

The goal of the current work is to attain, for the first time,
thermodynamic optimizations for the Fe-Mn-P and the Mn-
P systems. The latter is based on the earlier Mn-P
optimization of Miettinen.[4] The adjustable thermodynamic
parameters used for the description of the Fe-Mn and the Fe-
P phase diagrams are taken from Huang[5] and from Shim
et al.,[6] respectively.

2. Phases, Modeling and Data

Detailed descriptions for the substitutional solution and
sublattice models and their parameters are available from
Ref 7 and in this journal by Ref 1. Thus, abbreviated
descriptions of the phases and models are presented only

(Table 1). The solution phases (liquid, bcc_A2, fcc_A1,
cbcc_A12, cub_A13) are described with the substitutional
solution model. Some phosphides are described with the
sublattice model (Fe3P, Fe2P, Mn3P) and other phases are
treated as stoichiometric (FeP, Mn3P2, MnP, white_P).

Complete mutual solubility was assumed between Fe2P
and Mn2P, in agreement with the experimental data of Ref
8,9, though according to other authors,[10-12] an ordering
reaction (at an undetermined temperature) yielding to an
orthorhombic structure for compositions 0.31< x< 0.62 of
(Fe1�x,Mnx)2P

[13] was observed.
The experimental studies on the Fe-Mn-P system up to

1988 have been reviewed by Raghavan.[13] Table 2 shows
the experimental information[9,14-22] selected in the current
optimization for the Mn-P and Fe-Mn-P systems.

3. Results

The thermodynamic description of the Fe-Mn-P system
is presented in Table 3. The parameters marked with a
reference code were adopted from earlier assessments and
those marked with O* or E* were, respectively, optimized
or estimated in the current study. By O*, the parameter was
optimized using literature experimental data (Table 2) and
by E*, the parameter was estimated arbitrarily.

As previously reported,[1] the Gibbs energy expressions
of Fe3P, Fe2P and FeP have been simplified by changing the
reference states of Fe and P from HSER (used by Shim
et al.[6]) to bcc-Fe and white P, respectively. In a similar
way, the reference states for the Gibbs energy expression for
Mn3P has been changed from cub-Mn and P2-gas (used by
Zaitsev et al.[19]) to bcc-Fe and white P (Table 3). This
change has no perceptible influence on the function values.

Further, calculated phase equilibria and thermodynamic
quantities have been compared to original experimental data
to in order to verify the results. All calculations were carried
out with the ThermoCalc software.[24]
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Figures 1 and 2 show the Fe-Mn and Fe-P phase
diagrams calculated with the parameters of Huang[5] and
of Miettinen and Vassilev,[1] respectively. Figure 3 shows
the Mn-P phase diagram optimized in the current study. The
agreement with the experimental data is good, as shown by
Huang[5] for Fe-Mn, by[1,6] for Fe-P, and in Fig. 3 for Mn-P.

Table 1 Phases and their modeling in the present
Fe-Mn-P description

Phase Modeling

Liquid (L) (Fe,Mn,P), substitutional, RKM

bcc_A2 (bcc) (Fe,Mn,P), substitutional, RKM

fcc_A1 (fcc) (Fe,Mn,P), substitutional, RKM

cbcc_A12 (cbcc) (Fe,Mn,P), substitutional, RKM

cub_A13 (cub) (Fe,Mn,P), substitutional, RKM

Fe3P (dissolving Mn) (Fe,Mn)3(P), sublattice, RKM

Fe2P (extending to Mn2P) (Fe,Mn)2(P), sublattice, RKM

Mn3P (dissolving Fe) (Fe,Mn)3(P), sublattice, RKM

FeP (Fe)(P), stoichiometric

Mn3P2 (Mn)3(P)2, stoichiometric

MnP (Mn)(P), stoichiometric

white_P (whi) (P)

RKM Redlich-Kister-Muggianu expression (excess Gibbs energy model)

Table 2 Experimental data applied in the current
optimization of the Mn-P and Fe-Mn-P systems

System Experimental data Reference

Mn-P Phase equilibria of the phase diagram [14]

Activity of Mn and P in liquid alloys, at 1320 �C [15,16]

Gibbs energies of formation of Mn3P and Mn2P [17-19]

Fe-Mn-P Liquidus projection [9]

6 vertical sections, at mass ratio wFe:wMn = 19:1,

9:1, 5:5 and 1:9, and at 6 and 12 wt.%P

[9]

2 isothermal sections, at 1000 and 800 �C [20]

P-activity coefficient, cP
Mn, in liquid,

at 1400 and 1550 �C
[21,22]

Table 3 Thermodynamic description of the Fe-Mn-P
system

Liquid (1 sublattice, sites: 1, constituents: Fe,Mn,P) Ref.

LFe,Mn
L = (�3950 + 0.489 T) + (1145)(xFe�xMn) [5]

LFe,P
L = (�216603 + 47.028 T) + (�12490–
6.749 T)(xFe�xP) + (+43546)(xFe�xP)2

[6]

LMn,P
L = (�283,000 + 64 T) + (+70000� 12.5 T)(xMn�xP) O*

LFe,Mn,P
L = (+185,000� 50T)xFe + (+140,000�50 T)xMn

+ (�80,000)xP
O*

bcc (1 sublattice, sites: 1, constituents: Fe,Mn,P)

LFe,Mn
bcc = (�2759 + 1.237 T) [5]

LFe,P
bcc = (�18,2800 + 25.6 T) [1]

LMn,P
bcc = (�68200) O*

LFe,Mn,P
bcc = (�30,000) O*

Tcbcc = 1043xFe� 580xMn + xFexMn(123)� 1100xFexP [1]

bbcc = 2.22xFe� 0.27xMn [5]

fcc (1 sublattice, sites: 1, constituents: Fe,Mn,P)

LFe,Mn
fcc = (�7762 + 3.865 T) + (�259)(xFe�xMn) [5]

LFe,P
fcc = (�15,1700 + 17 T) [1]

LMn,P
fcc = (�68,200) O*

LFe,Mn,P
fcc = (�50,000) O*

Table 3 continued

Tcfcc = �201xFe� 1620xMn + xFexMn(�2282–2068(xFe–xMn)) [5]

bfcc = �2.1xFe� 1.86xMn [5]

cbcc (1 sublattice, sites: 1, constituents: Fe,Mn,P)

�GP
cbcc = �GP

whi + (+30,000) E*

LFe,Mn
cbcc = (�10,184) [5]

LMn,P
cbcc = (�68,200) O*

cub (1 sublattice, sites: 1, constituents: Fe,Mn,P)

�GP
cub = �GP

whi + (+30,000) E*

LFe,Mn
cub = (�11,518 + 2.819 T) [5]

LMn,P
cub = (�68,200) O*

Fe3P (2 sublattices, sites: 3:1, constituents: Fe,Mn:P)

�GFe:P
Fe3P = 3�GFe

bcc + �GP
whi + (�184,130

� 14.2902 T + 8.2245TlnT� 0.007518 T2)

[6]a

�GMn:P
Fe3P = 3�GMn

cbcc + �GP
whi + (�160,000 + 20 T) O*

LFe,Mn:P
Fe3P = (�50,000 + 20 T) O*

Fe2P (2 sublattices, sites: 2:1, constituents: Fe,Mn:P)

�GFe:P
Fe2P = 2�GFe

bcc + �GP
whi + (�170,652 +

3.0174 T + 4.5406TlnT� 0.004306 T2)

[6]a

�GMn:P
Fe2P = 2�GMn

cbcc + �GP
whi + (�164,079� 39.2175T

+ 6.6209TlnT + 0.002264 T2)

[19]b

LFe,Mn:P
Fe2P = (�85,000 + 50 T) O*

FeP (2 sublattices, sites: 1:1, constituents: Fe,Mn:P)

�GFe:P
FeP = �GFe

bcc + �GP
whi + (�136,020� 11.6006T

+ 6.3362TlnT� 0.005343T2)

[6]a

Mn3P (2 sublattices, sites: 3:1, constituents: Fe,Mn:P)

�GFe:P
Mn3P = 3�GFe

bcc + �GP
whi + (�160,000 + 20T) O*

�GMn:P
Mn3P = 3�GMn

cbcc + �GP
whi +

(�174,743� 31.1129T +

5.6876TlnT + 0.003525 T2)

[19]b

LFe,Mn:P
Mn3P = (�30,000 + 20T) + (+10,000)(yFe� xMn) O*

Mn3P2 (2 sublattices, sites: 3:2, constituents: Mn:P)

�GMn:P
Mn3P2 = 3�GMn

cbcc + 2�GP
whi

+ (�301,600� 73.977 T + 13.9261TlnT)

O*

MnP (2 sublattices, sites: 1:1, constituents: Mn:P)

�GMn:P
MnP = �GMn

cbcc + �GP
whi + (�136,715� 41.322

T + 7.5542TlnT + 0.001002 T2)

O*

Thermodynamic data of pure components are given by Ref 23 unless not

shown in the table. Parameters’ values, except for Tc and b, are in J/mol

O*—Parameter optimized in this work

E*—Parameter estimated in this work
aFunction simplified in this work. The reference states of Fe and P have

been changed from HSER of Shim et al.[6] to bcc Fe and white P, respec-

tively
bFunction simplified in this work. The reference states of Mn and P have

been changed from cub Mn and P2-gas of Zaitsev et al.[19] to bcc Mn and

white P, respectively
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Calculated Mn and P activities in liquid alloys at
1320 �C are shown in Fig. 4 and 5, while calculated Gibbs
energies of formation of Mn3P and Mn2P are plotted in
Fig. 6. The agreement with the experimental data of Ref
15-19 is reasonable.

The calculated liquidus projection of the Fe-Mn-P
system, together with experimental data points of Vogel
and Berak[9] is shown in Fig. 7. It is of worth noting that the
manganese content in point U4 (see also Table 4) is

inconsistent. This inconsistency was accepted since a
stronger stabilization for the cub-phase would have lead to
a too extensive primary surface for this phase (see the
rounded form of the calculated cub-phase region in Fig. 7),
whereas Vogel and Berak[9] presented it as a triangle starting
from the binary Mn-P side and approaching point U4 as a
very narrow region. The latter authors[9] suggested one more
invariant point, U5, due to splitting of the fcc phase into Fe-

Fig. 1 Calculated with the parameters of Huang[5] Fe-Mn phase
diagram

Fig. 2 Calculated with the parameters of Miettinen and Vassi-
lev[1] Fe-P phase diagram. The diagram is identical to that of
Shim et al.,[6] excluding minor deviations in the bcc and fcc re-
gions

Fig. 3 Mn-P phase diagram, calculated with the parameters
optimized in this work, together with experimental data points of
Berak and Heumann[14]

Fig. 4 Calculated activity of Mn in liquid Mn-P alloys at
1320 �C, together with experimental—Batalin et al.[16] and cal-
culated—Zaitsev et al.[19] data points. The reference state used is
liquid Mn
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rich and Mn-rich fcc phases. This point was ignored in the
current work as such splitting has not been observed in the
Fe-Mn system.[13]

Calculated vertical and isothermal sections are
presented in Figs. 8, 9, 10, 11, 12, 13, 14, and 15,

correspondingly. Good agreement of the current calculations
with the experimental data of Vogel and Berak[9,20] is
observed.

In Fig. 16 the conformity between the calculated and
experimental[21,22] P-activity coefficient (cP

Mn) data in liquid
phase has been verified. The agreement is good, however,
the temperature dependence of the calculated cP

Mn values is
slightly different from the experimental.

Finally, it is of worth noting that the formation of a
liquid phase miscibility gap in the phosphorus-rich corner
of the ternary system, at about 600 K, has been predicted.
No experimental data is available to confirm the appear-
ance of that gap but this was accepted in the present
evaluation, in order to keep the liquid state ternary

Fig. 5 Calculated in this work P-activity in liquid Mn-P alloys
at 1320 �C (solid curve), together with experimental[15,16] and
calculated[19] data points. The reference state is P2-gas

Fig. 6 Calculated in this work Gibbs energies of formation of
Mn3P and Mn2P, together with experimental data points.[17-19]

The reference states used are cub-Mn and P2-gas

Fig. 7 Calculated liquidus projection of the Fe-Mn-P system,
together with experimental data points of Vogel and Berak.[9]

Shown also are the calculated liquidus isotherms between 1000
and 1500 �C (dotted lines)

Table 4 Calculated in this study (calc) and
experimental (exp) invariant points in the Fe-Mn-P
system

Reaction Code
Temp.
(�C)

wt.% Mn
in Liq

wt.% P
in Liq Reference

L + bcc = Fe3P + fcc U1 1021 7.7 9.7 calc

1025 8.3 9.9 exp[9]

L + Fe3P = Fe2P + fcc U2 981 22.6 9.8 calc

1015 20 9.9 exp[9]

L + Mn3P = Fe2P + fcc U3 950 52.3 9.3 calc

955 50 9.3 exp[9]

L + cub = Mn3P + fcc U4 952 68.4 8.6 calc

958 56 9.0 exp[9]
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interaction parameters (Table 3) reasonably simple for the
practical calculations at lower phosphorus contents. From
theoretical view point[25] such a miscibility gap should be
expected, because of the large difference between the
atomic radii of the iron and manganese atoms, from one

side, and that one of the phosphorus atoms, from other
side. Moreover, there is a significant dissimilarity between
the chemical character (e.g. the electronegativity) of the
phosphorous and the metallic elements (Fe and Mn, in this
case).

Fig. 8 Calculated vertical section of the Fe-Mn-P system at
mass ratio wFe:wMn = 19, together with experimental data points
of Vogel and Berak[9] (Liquidus—liquidus points, 2.
Arrest—thermal arrest data)

Fig. 9 Calculated vertical section of the Fe-Mn-P system at
mass ratio wFe:wMn = 9:1, together with experimental data points
of Vogel and Berak[9] (Liquidus—liquidus points, 2.
Arrest—thermal arrest data)

Fig. 10 Calculated vertical section of the Fe-Mn-P system at
mass ratio wFe:wMn = 5:5, together with experimental data points
of Vogel and Berak[9] (Liquidus—liquidus points, 2.
Arrest—thermal arrest data)

Fig. 11 Calculated vertical section of the Fe-Mn-P system at
mass ratio wFe:wMn = 1:9, together with experimental data points
of Vogel and Berak[9] (Liquidus—liquidus points, 2.
Arrest—thermal arrest data)
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Fig. 12 Calculated vertical section of the Fe-Mn-P system at
6 wt.% P, together with experimental data points of Vogel and
Berak[9] (Liquidus—liquidus points, 2. Arrest—thermal arrest
data)

Fig. 13 Calculated vertical section of the Fe-Mn-P system at
12 wt.% P, together with experimental data points of Vogel and
Berak[9] (Liquidus—liquidus points, 2. Arrest—thermal arrest
data)

Fig. 14 Calculated isotherm of the Fe-Mn-P system at
1000 �C, together with experimental data points of Kaneko
et al.[20]

Fig. 15 Calculated isotherm of the Fe-Mn-P system at 800 �C,
together with experimental data points of Kaneko et al.[20]
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4. Summary

A thermodynamic description has been obtained for the
ternary Fe-Mn-P system and its binary sub-system, Mn-P,
making use of literature experimental thermodynamic and
phase equilibrium data. In the current ternary phase diagram
description, twelve phases, i.e., liquid, bcc, fcc, cbcc, cub,
Fe3P (dissolving Mn), Fe2P (extending to Mn2P), Mn3P
(dissolving Fe), FeP, Mn3P2, MnP and white-P, have been
considered. Good or reasonable correlations between the
calculated and the experimental thermodynamic and phase
equilibrium data have been obtained.

The new Fe-Mn-P description is added as the next
member of the thermodynamic database of Fe-X-P systems.
No earlier thermodynamic optimization has been found in
the open literature for this ternary system.
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