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Thermodynamic assessment of and predictions for the metastable binary 

iron−manganese alloy (Fe−Mn system) have been undertaken using the 

CALPHAD (calculation of phase diagram) method. Phase diagrams, Gibbs 

energies of mixing, excess Gibbs energies, thermodynamic molar activities,  

coefficient of activities, and partial and integral values of enthalpy have been 

calculated at three elevated temperatures: 1200, 1225 and 1250 K. The alloy 

shows positive deviations from Vegard’s and Henry’s laws (the latter deviation 

being small) and corresponding negative deviation from Raoult’s law (ideal 

Gibbs curve).  Results show that the ferromagnetic state of the Fe−Mn alloy is 

the most stable. Phase equilibria show almost ideal characteristic behaviour. 

Overall the alloy is at equilibrium and has good stability. 

Keywords: PBIN database, phase diagram.  

 
1. Introduction 

Mn is a very well reported element for the evolution of significant magnetic steels such as 

TWIP steels, which have good strength and ductility. Lattice stability of Mn and Fe was first 

investigated using the CALPHAD method by Schwerdtfeger and S. Bigdeli [1-2].  The 

method has been used for the developing and modeling thermodynamic properties of many 

materials for four decades. A complete CALPHAD-based assessment of Fe−Mn system was 

carried out by A.T. Dinsdale and W.Huang. [3-4]. The thermochemical approach for the 

Fe−Mn system was formulated by B.J. Lee et al [5]. The martensitic-like transformation for 
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Fe-based alloys regarding the sigma phase (fcc-A1) and Gibbs energy optimization was 

studied in refs [6] and [7]. Eutectoid-based reactions for the Fe−Mn alloy system appear to 

be relatively insignificant . Magnetism  plays a major role in the stabilization of the gamma 

phase at the lower eutectoid temperature. The activity of Mn in the alloy was assessed using 

CALPHAD [8-9]. 

The present research into the Fe−Mn system uses the third generation of the Thermo-Calc 

software package and CALPHAD database. The optimization of the Fe−Mn system and the 

Fe−Mn−Si system transformation enthalpy was assessed. 

2. Results and Discussion 

2.1 Phase diagram 

 
Figure 1. Computed phase diagram of the Fe-Mn alloy,shows face centred cubic, liquid, 

cumulative bace centered cubic.the abscissa gives xMn,the fraction of Mn atoms in the alloy. 

Fig. 1 shows the phase diagram of the ferric-manganese binary alloy system by the 

applications of Calphad method with Thermo-Calc package.different natured solid and liquid 

phases have investigated by applying temperature range (1200-1250K) .(10-90) mass percent 

of Fe results the highest stability phase FCC with austenite coordinations.CBCC phase with 

16.4984 mass% of the Mn results the corresponding stability in connection to BCC regim 

with ferrite coordination.the alloy seems less metastable range for whole range compositions. 

Results are in good agreement with available experimental results and previous assessments 

by E.J. Mittemeijer  [10]. The phase transformation FCC-A1 (austenite), BCC-A2 (ferrite 

phase), and FCC-A1/HCP-A3 (martensitic) of the phase diagram calculated by researchers in 

the Fe-Mn system with all solution phases as liquid,BCC-A12,BCC-A2,CUB-A13,FCC-

A1,CPH-A3, CPH-A3 phases and  shows metastable one accordance as the  phases have 

calculated by Redlich-kister polynomial calculations .Mn as a transition metal plays a vital 

role in the creation of magnetic properties  for the said alloy system. The CPH-A3 phase 

being metastable creates homogenous heterogeneity in the phase structure of the system and 

makes variational based characteristics for the solid solution. Previous research  results show 

that the ferromagnetic state of Mn-Fe-C alloy is the most stable . Investigated results report 
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many magnetic-based moments of  atoms [11]. For Mn and Fe system, their measured phase 

equilibria show activity curve data for solid in almost ideal behavior, but somehow small 

positive deviation from ideality . Stable phase diagram for the Fe-Mn system has been 

investigated in accordance with A. Christou , D.D. Johnson, and D. Birnies 

recommendations[12-14]. The ferromagnetic phase is the most stable phase in that particular 

alloy system with occurring at the ground state. As a transition metal alloys the magnetic 

properties if the said alloy is very complex natured depends on the alternation of thermal 

energy and curie temperatures. The magnetism is responsible for creating stable nature 

properties in that alloy system with low-temperature ranges [15] 

Gq = xFe
0GFe

q + xMn
0GMn

q+ Gm
q  + Gmag

q                                                                                  (1) 

Where G is the Gibbs free energy of a system is for pure element, for Mn, Fe, Gibbs energy 

paramagnetic state value is 298.15k. , while the other parameters x,Gmq molar fraction, 

molar Gibbs energy, and magnetic-based ordering of the system, 

Gm
q = RT[xFe ln xFe + xMn ln xMn] + Gqs                                                                                                                                    (2)    

While R is gas constant with excess molar Gibbs energy. Here the Redlich-Kister power 

series is used for mathematical manipulations as 

GN
q, s = xFe xMn∑n

v=0 LqFe, Mn (xFe – xMn) v                                                                              (3)    

Now by Calphad convention rule                                                                                                              
vLqFe, Mn =av

q +bv
qT+cv

qT lnT+dv
qT2+ev

qT3 +fv
qT-1 +gv

qT7 +hv
qT-9                                                          (4)   

With “a” and “h” are the  imperial parameters. vLq is the angular momentum term for v-q 

state. While av
q, bv

q, cv
q, dv

q, ev
q, fv

q, gv
q, hv

q are the activities of the a-h states in magnetic 

orbital transition of the particular alloy system. xFe, xMn shows the composition range for 

both alloys. 

Here the bcc-A2 of ferromagnetic phase shows magnetic contribution to this particular 

system, bcc-A12, cph-A3, fcc-A1, while cph-A3 shows anti ferromagnetic contributions to 

this system, as in accordance with A.T. Dinsdale calculations [16] 

Gmag
q = RT ln (Bq + 1) g (t)                                                                                                     (5) 

While for numerical solution, if g (t) <1 then we will observe as 

g (t) = 1-(79t-1/140 p +474/497(1/p -1) (t3/6+t9/135 +t15/600))/D                                           (6)  

G (t) = - (t-5/10 +t-15/315 +t-25/1500)/D     if    t >1                                                                 (7)  

While D = 0.46044 + 0.73189(1/ (p – 1))                                                                               (8)  

t= T/Tq
C,N  that represents a particular curie temperature of q-Th phase during transformation 

from ferromagnetic to paramagnetic transformation, similarly anti ferromagnetic to 

paramagnetic . Gmag
q,shows the magnetic part of gibbs energy of orbitals. RT shows the 

enternal energy corrwsponding to entropy of the system.information about average magnetic 

moment, as well the crystal structure of that particular alloy system [17], the value of P is 

0.40 for bcc-A2,while for fcc-A1,BCC-A12,CPH-A3 are 0.38.so  

Cpmag
q= RT ln (Bq + 1) C (t)                                                                                                    (9) 

C (t) = 474/497(1/p -1) (2r3 +2t9/3 +2t15/5))                                                                         (10) 

D,      if t < 1    C (t) = (2t-5 +2t-15/3 +2t-25/5)/ D        if t >1                                                 (11) 

The proposed prediction in the Fe-Mn alloy system shows contribution to the ferromagnetic 

and anti-ferromagnetic phases and their transformation as in accordance with literature 

through Calphad method.  

 

https://www.researchgate.net/profile/A-Christou
https://www.sciencedirect.com/science/article/abs/pii/0364591682900074?via%3Dihub#!
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3. Thermodynamic modeling 

 
Fig:2 (a) shows gibbs free energy  of Fe-Mn at 1250K (GMR).The atmospheric pressure 

applied 106 pascal for simulations 

 
Fig:2 (b) shows Activity Fe-Mn at 1225K the thermodynamic activity vs mass fraction of 

stable phases is given. 
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Fig.2 a,b , shows corresponding curves for Gibbs free Energy and thermodynamic molar 

Activity of the Fe-Mn alloys system at different elevated temperature ranges (1200-1250)K 

respectively.The Gibbs energy curves versus different temperature show that the only phase 

survives at the last is FCC-A1, the negativity of this phase shows Raoult’s law accordance 

and more stability of the Fe-Mn alloy system at this particular alloying stage. The 

fluctuations of other phases are also important for heterogeneity; at 1250k the most stable 

phase is ferrite characteristics. the proceeding table 1 showing for showing  the results of the 

simulations in the Fe-Mn system. 

The results are precise and based on database discriptions.the gibbs energy ,activity of 

phases vs temperature profile is assessed. 

Table, 1: DATABASE THERMODYNAMIC phase CALCULATION AT 

TEMPERATURE: 1200K, 1225K, 1250K for the system: Fe-Mn 
 

To:K 

Press

ure:pa

scal  

Number 

of moles  

ACRX 

(activity of 

a 

component 

relative 

ratio    

(Mn)  

Mass:gr

am 

 Total  

Gibbs 

energy:j/

mol 

Volum

e 

:cm3 

Enthalp

y:j/mol 

Activit

y Fe. 

SER:st

able 

element 

referen

ce state 

Activity Mn. 

SER: stable 

element 

reference 

state  

1200K  1.000

00*10
5 

1.0000 100000*10
-2 

5.58378

*101 

-

5.72895*

104 

7.2277

2*10-6  

3.5020

2*104 

9.8984

8*10-1  

1.01648*10-2 

-- -- -- -- -- -- -- -- 9.9000

8*10-1  

1.00008*10-2  

-- -- -- -- -- -- -- -- 3.3925

8*10-3  

1.4088*10-5 

-- -- -- -- -- -- -- -- -

5.6733

8*104  

-1.1145*105  

FCC_A

1#1  

-- 1.00000 -- 5.5838*

101 

-- -- -- -- -- 

-- -- -- -- -- -- -- -- 9.9000

0*10-1 

1.00000*10-2      

1225K -- 1.00000 1*10-2  5.58378

*101 

-

5.92215*

104  

7.2409

4*10-6 

 

3.5876

2*104 

9.8984

*10-1  

1.0164*10-2  

-- -- -- -- -- -- -- -- 9.9000

*10-1  

1.0000*10-2 

-- -- -- -- -- -- -- -- 3.1547

*10-3  

1.3321*10-5  

-- -- -- -- -- -- -- -- -

5.8656

*104  

-1.1434*105  

FCC_A

1#1               

-- 1.000  -- 5.5838*

101 

-- -- -- 9.9000

0*10-1 

1.00000*10-2      

1250K 1.000

008*1

1.0000   

-- 

5.58378

*101 

-

6.11710*

7.2541

8*10-6 

3.6737

5*104 

9.8984

*10-1  

1.0164*10-2 
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05   104   

-- -- -- -- -- -- -- -- 9.9000

*10-1  

1.0000*10-2  

-- -- -- -- -- -- -- -- 2.9372

*10-3  

1.2600*10-5  

-- -- -- -- -- -- -- -- -

6.0595

*104  

-1.1725*105 

FCC_A

1#1               

-- 1.0000  -- 5.5838*

101 

-- -- --  

9.9000

0*10-1 

 

1.000008*10-

2      

Table 1:Shows thermodynamic fluctuations and results of Fe-Mn during alloying.at 

temperature  of 1200K,the Gibbs energy of the alloying acquires a value of -5.72895*104   

J/mol.The Enthalpy of the system reach a value of 3.50202*104 J/mol corresponding to 

Gibbs energy .the molar activity of Fe and Mn is fluctuating a values (9.8984E-01 

,9.90000*10-1   ,3.3925*10-3   ,-5.6733*104     ,9.9000*10-1),(1.0164*10-2 ,1.0000*10-2  

,1.4088*10-5   ,1.00000*10-2 ,-1.1145*105 ) while the surviving phase here is FCC-A1#1 with 

high stability.Increasing the temperature upto 1225K,the Gibbs energy becomes -

5.92215*104 J/mol with further decreasing its value,while enthalpy aquire a more positive 

value of 3.58762*104   J/mol.The molar acrivity fluctuation at these temperature is for Fe,Mn 

element as(9.8984*10-1   ,9.9000*10-1     ,9.90000*10-1   ,-5.8656*104    ,3.1547*10-3 ) ,( 

1.0164*10-2   ,1.0000*10-2   ,1.00000*10-2   ,-1.1434*105 ,1.3321*10-5) with FCC-A1#1 phase 

as a stable phase for the given temperature.At 1250k of last temperature interval in our study 

the Total Gibbs energy reaches its highest negative value of  -6.11710*104 J/mol and highest 

positive value of enthalpy 3.67375*104  J/mol.Which shows that the system is going toward 

most stability even if the repulsive interaction is moreactive .The thermodynamic molar 

Activity of Fe,Mn elements are highest fluctuation as (9.8984E-01 ,9.9000E-01 ,2.9372E-03 

,9.90000E-01,-6.0595E+04),(1.0164*10-2   ,1.0000*10-2    ,1.00000*10-2   ,-1.1725*105 

,1.2600*10-5  ) with highest stable phase in the phase diagram FCC-A1#1 . The activity of Fe 

is maximum as (9.90000*10-1) while smaller for Mn elements. The system shows non 

equilibrium and stable state at highest given temperature. The Fe-Mn system is more reliable 

in stability and industrial needs. 

  

4. Conclusion 

The thermodynamic analysis is shown using Calphad method with pbin database of thermo-

calc package, all thermodynamic optimization is of fluctuating nature, and shows 

compositional heterogeneity, no equilibrium is found in the said alloy system and shows 

metastable nature accordance. With the increasing temperature in Fe-Mn binary alloy 

system, the enthalpy of the system increases gradually by existing repulsion forces among 

alloying elements which show positive deviation from Vegard’s, law,and found accordance 

with previous results, but the alloy still shows stability by decreasing their Gibbs energy 

value regularly with increasing enthalpy, which shows negative deviation from Raoult's 

law.The total Gibbs energy of the Fe-Mn system decreases with increasing temperature, 

which shows the stability of Fe-Mn system. The peak negative deviation is observed at 1250 

K which shows a strong negative deviation in the Fe-Mn system and increasing the stability 

level means inhancing the hardness, wear resistance, corrosion resistance, and another 
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doping characteristic of the said alloy. Ferromagnetic (FM) state of Mn-Fe alloy is the most 

stable one phase and occupied at the ground state. For Mn and Fe system, the measured 

phase equilibria show activity curve data for solid in almost ideal behavior, but somehow 

small positive deviation from ideality is observed. A stable phase diagram for the Fe-Mn 

system has been investigated in accordance with Hallowell’s recommendations. The FM 

phase is most stable phase in that particular alloy system with occurring at the ground state. 

As a transition metal alloys, the magnetic properties of the Fe-Mn alloy system are very 

complex natured and depends on the alternation of thermal energy and curie temperatures. 

This favors the lower temperature. The magnetism is responsible for creating stable nature 

properties in that alloy system with low temperature ranges. 

The enthalpy proportion with temperature shows the increase in the heat contents of the said 

alloy system and we observed maximum enthalpy at 1250K,which is responsible for the 

withstanding and surviving high temperature and high heat-absorbing capacity of Fe-Mn 

alloy system, activity shows throughout fluctuation from Vegard’s law in a positive sense, 

which shows the system complex nature with rare doping and shows his greater validity for 

industrial variety in the system of interests and research areas. 
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