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Reevaluation of the Fe-Mn Phase Diagram
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New results for the enthalpy of mixing of liquid Fe-Mn alloys, the enthalpy of formation of
v-Fe-Mn solid solutions and the heat capacity of a-Fe-Mn and vy-Fe-Mn alloys obtained by
isoperibolic calorimetry and differential thermal analysis (DTA) measurements have been used
for the reassessment of the molar Gibbs energy of the various phases of the Fe-Mn system.
Experimental information about martensitic transformation temperatures in Fe-Mn alloys pub-
lished recently was incorporated in the updating of the occurring metastable equilibria. The
present reevaluation results in a good fit with all available experimental data and is compared

with the results of previous assessments.

1. Introduction

New experimental data for the enthalpy of formation of
liquid and solid alloys and the heat capacity of solid o and
v-Fe-Mn alloys, have been published recently by the present
authors [2003Wit]. Such data are crucial for the quantitative
description the Fe-Mn phase diagram and for the assessment
of the chemical driving forces of technically important
solid-state transformations such as the fcc-Al(austenite)/
bce-A2(ferrite) and fcc-Al/cph-A3 martensitic phase trans-
formations. The thermodynamic properties given in the ex-
isting CALPHAD descriptions [1987Hua, 1989Hua,
1989Lee, 1998COS] were updated in the present work on
the basis of new experimental information on the enthalpy
of mixing of liquid Fe-Mn alloys, the enthalpy of formation
of y-Fe-Mn solid solutions, the heat capacity of solid a-Fe-
Mn and +y-Fe-Mn alloys provided by [2002Li, 2003Wit],
and the martensitic transformation temperatures given by
[1995Cot, 1998Cot]. To this end the least squares optimi-
zation module in Thermo-Calc called Parrot, as developed
by Janson [1985Sun] was applied.

2. Experimental Data

As a basis for the assessment the main information on the
phase equilibria was principally the same as selected by
[1987Hua], [1989Hua] and [1989Lee], namely the high
temperature phase equilibria from Hellawell and Hume-
Rothery [1957Hel] and the low temperature fcc-Al/bce-A2
phase equilibria from [1943Tro], [1967Hil], [1972Pre], and
[1982Sri]. The equilibria between fcc-A12, bce-Al and
cub-A13 phases were adopted from [1956Hel, 1990Mas].
Martensitic (fcc-Al/cph-A3) transformation temperatures
(A, and M,) were taken from [1943Tro], [1966Ume], and
[1995Cot, 1998Cot].

The calorimetric data of the enthalpy of formation of
liquid and solid Fe-Mn alloys from [1974Bat, 1987Kub,
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2003Wit] and the activity data of manganese in the liquid
and solid alloys [1955San, 1961Bun, 1966Sch, 1967Sch,
1973Ste, 1974Ben, 1979Sud, 1984Jac, 1987Hay] were
used. Heat capacity data and enthalpy of transformation data
of both a-Fe-Mn and y-Fe-Mn alloys were adopted from the
most recent investigations of [2002Li] and [2003Wit]. The
composition variations of the Curie and Néel temperatures
of the phases were described by polynomials using the
appropriate experimental data of [1966Ume, 1967Ish,
1967Has, 1971End, 2002Li, 2003Wit].

3. Thermodynamic Modeling

The Fe-Mn system contains the following solution
phases [1956Hel, 1998COS]: liquid, bcc-A2, bee-A12, cub-
A13 and fcc-Al; a metastable cph-A3 phase has been also
identified. All these phases can be described as substitu-
tional solutions using the Redlich-Kister polynomial de-
scription for the corresponding Gibbs energies, as in pre-
vious assessments [1987Hua, 1989Hua, 1989Lee]. The
molar Gibbs free energy of each phase () listed can be
expressed as:

Gd) = xFeoGge + anon/[n + Gﬁ + Giag (Eq l)

Here °G? is the Gibbs energy of a phase, &, of a pure
element i (i = Fe, Mn) relative to the Gibbs energy for its
stable phase in the paramagnetic state at 298.15 K x; is the
mole fraction of pure element i; G® is the molar Gibbs
energy of mixing for phase ¢; and Gﬁag is the magnetic
ordering energy (paramagnetic—(anti)ferromagnetic transi-
tion) of the phase ¢. For the substitutional solution phase ¢
of the binary Fe-Mn system, the molar Gibbs energy of

mixing is expressed as

G?® = RT[xg, In xg, + Xy, In xy, ] + G (Eq2)
where R is the gas constant, 7T is the absolute temperature,
and G®* is the molar excess Gibbs energy, which in terms
of the empirical Redlich-Kister power series expansion is
given by
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(Eq3)

The temperature dependence of the model (fit) param-
eters vLii:)e,Mn is described according to the CALPHAD con-
vention as

Ly =al + 6T + T InT + d?T + 277 + £077!

+ 0T+ HIT (Eq4)
with a to h as empirical parameters.

The magnetic contribution has been considered for bcc-
A2 (ferromagnetic phase), fcc-Al, bee-Al2, and cph-A3
(antiferromagnetic phase). For these phases the magnetic
ordering energy was modeled according to the CALPHAD
approach [1991Din] in terms proposed by Hillert and Jarl
[1978Hil]:

b b
Gmag_RTln(B +1)g(7) (Eq5)
with
| (79'r1 474<1 1)(1’3 T T15>>/D
g =1-\130,%297\, ')\ T 135 " 600
ifr<1
=5 —15 25
(T v Vb i1
8 ==\10+315* 1500 )’ T

D = 0.46044 + 0.73189(1/(p — 1)) and T = T/T‘é’N, where
T¢ denotes the Curie temperature of the phase ¢ (ferromag-
netic to paramagnetic transformation), 73 denotes the Néel
temperature of the phase ¢ (antiferromagnetic to paramag-
netic transformation), and B? is the average magnetic mo-
ment per atom of phase ¢. The value of p depends on the
crystal structure. For the bcc-A2 phase p = 0.40, while for
the fcc-Al, bcc-Al12 and cph-A3 phases p = 0.28
[1991Din]. The magnetic contribution to the heat capacity
from Eq 5 results in

c;fmag =RIn (B®+1)c(7) (Eq 6)

with

474 (1 o 270 271 b ifee
c(r)= A ’T+3+5 / if T

and

, 2715 925 .
c(r)=\27"+ 3 + 5 /D ift>1

The composition dependences of T& or T and B® have
been modeled as follows [1998COS]:
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Tg,N(X) = (xFeTgN,Fe + anTg,Mn) + Tg:;l (Eq7)

B*(x) = (XpeBre + XymBiim) + B (Eq 8)

where deviations from the additive behavior of the compo-
nent properties chj?\r and B®* are both represented by also
Redlich-Kister power series expansions, analogous to Eq 3.
If Eq 7 and 8 result in negative values of T‘éN(x) and B®(x),
it indicates that the phase ¢ is antiferromagnetic. The real
values of TCb’N and B? are obtained by dividing 731\] and B®
calculated from Eq 7 and 8 by —1 for the bcc-A2 phase and
-3 for the fcc_Al, bce-A12, and cph-A3 phase [1989Hua].

The coefficients of the polynomials (Eq 3, 4, 7, 8) have
been determined by fitting corresponding experimental in-
formation, referred to above, using the module Parrot in
Thermo-Calc [1985Sun], which provides simultaneous fits
to different types of thermodynamic data. The parameters
thus derived in the present work have been gathered in
Table 1. Obviously, for the cub-A13 and bcc-Al12 phases
the regular solution model provides agreeable fits (v = 0)
(Eq 3), whereas the liquid, fcc-Al, bcc-A2, and cph-A3
phases had to be described by the subregular model (v =
0,1). To obtain a satisfactory representation of the experi-
mental molar heat capacity data of the fcc-A1l phase of the
Fe-Mn system [2003Wit] (Fig. 8) the coefficients a-e of Eq
4 had to be used. The thermodynamic data for the Gibbs
energy of phases (°G?) and the magnetic parameters 72, T3,
and B® of iron and manganese in the stable and metastable
state were taken from the SGTE data base for pure elements
[1991Din].

4. Results and Discussion

A comparison of the experimental and calculated data
characterizing the invariant equilibria occurring in the Fe-

Table 1 Optimized Thermodynamic Model
Parameters for the Phases of the Fe-Mn System (Eq
3,4,7 and 8); L in J mol™! and T in K

Phase Parameter Value
Liquid Opfasid —2928.5+0.8779 T
' 849.0 +0.3832 T
bee-A2 OLpesa? —-3940.1 +3.1300 T
P v 6405.3 - 3.8396 T
TN 370
fee-Al oLl ~13107.0 + 13.8608 T+ 0.9523 T'In T
—13.2532x 1073 7% +3.2854 - 10°° 1
TRiomm 2358
TR 1602
OB 2872
'Brin 3.666
cub-A13 Opgubeals —10860.8 +3.1408 T
bee-A12 oppesal? —11848.9 +2.6800 T
cph-A3 OLgRhAS -10269.9 + 19.1867 T
PR v —4117.7
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Table 2 Calculated and Experimental Data for Characteristics of Invariant Equilibria in the Fe-Mn System

Type of Equilibrium and Reaction Mole Fraction xy,

Between Phases ¢, &,, and ¢, b, b, b, T/K Reference Remark
Eutectoid: cub-A13 <> fcc-Al + bee-Al12 0.66 £ 0.03 0.62 £0.03 0.68 +£0.03 973 £ 10 [1956Hel] exp.
0.701 0.590 0.703 973 [1987Hua] calc.
0.681 0.606 0.690 973 [1989Hua,1998COS] calc.
0.670 0.592 0.679 973.5 This work calc.
Eutectoid: fcc-Al <> bee-A2 + bee-Al2 (a) 0.436 0.033 0.659 521 [1989Hua,1998COS] calc.
0.431 0.022 0.647 528 This work calc.
Peritectic: liquid + bce-A2 <> fec-Al 0.130 = 0.005 0.096 = 0.005 0.102 + 0.005 17475 [1956Hel] exp.
0.130 0.101 0.102 1746 [1987Hua] calc.
0.129 0.100 0.101 1747 [1989Hua,1998COS] calc.
0.139 0.100 0.102 1748.5 This work calc.
Peritectic: liquid + bce-A2 <> fec-Al 0.867 £ 0.017 0.870 £ 0.017 0.864 £ 0.017 1507 £5 [1956Hel] exp.
0.909 0.912 0.903 1508 [1987Hua] calc.
0.867 0.877 0.875 1507 [1989Hua,1998COS] calc.
0.877 0.878 0.868 1509.6 This work calc.
Congruent point: fcc-Al <> cub-Al13 0.87 +£0.03 0.87 +£0.03 1429 £ 5 [1956Hel] exp.
0.863 0.863 1429 [1987Hua] calc.
0.864 0.864 1429 [1989Hua,1998COS] calc.
0.854 0.854 1433.2 This work calc.

(a) No experimental data available

Mn system is provided in Table 2; results of the previous
work [1987Hua, 1989Hua, 1998COS] have also been given
in Table 2. The values given for temperatures and the com-
positions characterizing all invariant equilibria are repro-
duced within experimental error [1956Hel].

The stable and metastable phase diagrams as calculated
according to the present reevaluation (solid lines) and ac-
cording to the previous optimization (dotted lines) and the
available experimental data (points) are shown in Fig. 1 and
2, respectively. The present optimization yields in a range
from 5-10 K smaller deviations of temperatures of the lig-
uid/fcc-Al and the fcc-Al/cub-A13 equilibria from the ex-
perimental data than the assessment of [1989Hua] (see en-
larged high temperature Fe-rich and Mn-rich parts in Fig. 1b
and c, respectively). The limiting solubility of Mn in the low
temperature bcc-A2 phase (Fig. 1a) is reproduced better as
well. However, the most pronounced difference between the
present and previous descriptions emerges at the Mn-rich
part of the stable phase diagram (Fig. 1) and both sides of
the equiatomic composition in the metastable phase diagram
(Fig. 2). These distinctions are caused by the use of the
recent experimental data for the enthalpy of formation and
heat capacity of y-Fe-Mn alloys [2003Wit] and for the mar-
tensitic/austenitic transformation temperatures [1995Cot,
1998Cot]. The solubility of Mn in the Fe-rich cph-A3 phase
and of Fe in the Mn-rich cph-A3 phase decreases according
to the present reevaluation with decreasing temperature
(Fig. 2, solid lines). An abrupt change of the slope of these
solubility lines in Fig. 2 occurs at composition at which the
Néel temperature of the cph-A3 phase is equal to the tem-
perature of the martensitic transformation (TP*™3 = M,).

The activity of manganese (Mn) in liquid alloys (stan-
dard states are liquid Fe and liquid Mn) and solid alloys
(standard states are bce-Al Fe and cub-A13 Mn) is shown

as a function of composition in Fig. 3. Horizontal parts of
the activity function for the iron-rich alloys and for the
manganese-rich alloys correspond to the bcc-A2/fcc-Al
phase transformation and the fcc-Al/cub-A13 phase trans-
formation, respectively. In view of the experimental errors,
both the present modeling and the previous modeling
[1989Hua] reproduce the activity of Mn in the liquid and
solid alloys. The calculated values of the activity match
especially well the experimental data of Schultz et al.
[1966Sch] (Fig. 3a) and Kubitz et al. [1987Hay] (Fig. 3b).

The enthalpy of mixing of liquid Fe-Mn alloys is shown
as a function of composition in Fig. 4. The present descrip-
tion represents the most recent experimental results
[2003Wit] and the data of [1974Bat] for dilute solutions.
The values for H., from [1974Bat] near the equiatomic com-
position are about 200 J mol™' more negative than the cal-
culated values. This discrepancy, in particular in the middle
composition range, can be due to (a) the determination of
the calibration factor of the calorimeter used in [1974Bat]
only for (the initial amounts of) pure liquid Fe and pure
liquid Mn; and (b) the additional supposition in [1974Bat]
that this calibration factor be composition independent. This
is not true, because upon reaching the equiatomic compo-
sition by successive addition of samples of alloying element
to the (initially pure) melt, the volume of the liquid Fe-Mn
alloy increases by a factor of two and the calibration factor
varies proportionally.

The enthalpy of formation of solid y-Fe-Mn alloys (with
pure metastable fcc-Al Fe and fcc-Al Mn as reference
states) is shown as a function of composition in Fig. 5. The
calculated function agrees well with the most recent experi-
mental values [2003Wit]. At the equiatomic composition
the calculated value is about 1000 J mol™" less negative than
data provided by [1987Kub]. It should be mentioned that the
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Fig. 1 Phase diagram of the Fe-Mn system: solid lines result from the evaluated parameters of present work; dotted lines result from the
evaluation of [1989Hua]. Experimental data have been indicated (points).

enthalpy of formation of [1987Kub] were corrected for the
heat content of pure iron according to the most recent heat
capacity data of pure iron provided by [2003Wit].

The enthalpy content of the y-Fe-Mn alloys at 1409 K
versus mole fraction of Mn is shown in Fig. 6. The present
description matches the experimental points well, whereas
the preceding optimization [1989Hua] results in an unsatis-
factory match.

The experimental and calculated temperature and com-
position variations of the heat capacity of solid a-Fe-Mn
and solid y-Fe-Mn are shown in Fig. 7 and 8, respectively.
Though the outcome is not fully satisfactory, the current
evaluation provides a better fit to the experimental data
(solid lines) than the previous assessment [1989Hua] (dot-

ted lines) particularly for y-Fe-Mn alloys (Fig. 8) due to the
use of the five first terms of Eq 4. The discrepancies ob-
served between our calculated value and experimental val-
ues are caused mainly by inadequate description of the mag-
netic contribution according to Eq 5-8, and as implemented
in the CALPHAD software [1985Sun].

Therefore a new representation of the magnetic ordering
energy is presented. The magnetic contribution Cg’mag for
both the bcc-A2 phase and the fcc-Al phase for the Fe-Mn
system can be well described, i.e., within experimental er-
ror, by the following equation

—(1/5a)

Cct . =aRIn (B®+1)exp (-57)7

pmag

(Eq9)

Journal of Phase Equilibria and Diffusion Vol. 25 No. 4 2004 349



Section |: Basic and Applied Research

900

7504 A,

- - - - [1989Hua]
—— This work

600 -
f 450

-
300 -

1501 PR NG

0

A A, & M [1943Tro]
= A, o M [1966Ume]
* M_[1995Got, 1998Got]

Fe

0.0 0.2 0.4

0.6 0.8 1.0

XMn Mn

Fig. 2 Metastable phase diagram of the Fe-Mn system: solid lines for temperatures of the austenitic (A,) and the martensitic (M,)
transformations result from present assessment, dotted lines result from [1989Hua], points are experimental data and dashed lines indicate

Néel temperatures of the phases.

witha = 2if T<Teyanda = 1if T > Ty, where 1 =
I T/Ten — 11

This representation is equivalent to the relation recently
proposed by [2002Kem] C,, = h exp (—=k7)T " with h = aR
In (B®+ 1),k = 5and m = 1/5a.

Using Eq 9 and expanding the heat capacity of the Fe-
Mn alloys by

_ ,paramag ,paramag ,paramag,ex
CP=xp, i + Xygy Copara™e 4 CF + Coae

(Eq 10)

the following parameters were obtained for the heat capac-
ity of the a-Fe-Mn alloys (bcc-A2 phase) on the basis of
data presented in [2002Li]:

Cpre A Puamieet — 68 7 xpeXyn  (Jmol ' K7™)  (Eq11)
BPA? = 2,225, + 0.27xy, — 148X, Xu1n (Eq 12)
T ™ = 1043xp, + 580xy;, — 832xp. Xy, (K) (Eq 13)

and for the heat capacity of the y-Fe-Mn alloys (fcc-Al
phase) on the basis of data presented in [2003Wit]:

fcc—Al,paramag,ex __ 2
C = XpeXpnl 9-3 — 28.4 (X, — Xy1y)

P
+1.38 X 10°T-1.60 X 10°7T%]

(Jmol' K™ (Eq 14)
chc—Al =0.70xg, + 0.62xy;, + Xp Xy,
[-1.15 = 0.90(xp, — xpp0)] (Eq 15)
T§07A1 = 67‘XFE + 540.an + XFeXMn
[786 + 534(xg, —xva)]  (K) (Fa 16

The appropriate values on heat capacity of pure elements
in the paramagnetic state (Cgﬁce_m’mramag, CEﬁ,ﬁ;A2’pamm"‘g,

C]f,ife_ Alparamag - 4 ij\i;Al’pamm“g) were adopted from the
SGTE database [1991Din]. The descriptions thus attained
for the heat capacity of the a- and y-Fe-Mn alloys are also
shown in Fig. 7 and 8. Indeed, Eq 9-16 provide much better
fits to the experimental data than Eq 5-8. Unfortunately, a
direct implementation of Eq 9-16 in the Poly-3 and Parrot
modules of the commercial Thermo-Calc program
[1985Sun] cannot be realized by the Thermo-Calc user.

5. Conclusions

The CALPHAD description of Fe-Mn alloy system was
updated in the following ways.

e New experimental results for the enthalpy of mixing of
liquid Fe-Mn alloys, the enthalpy of formation of y-Fe-
Mn solid solutions, the heat capacity of solid a-Fe-Mn
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Fig. 3 Activity of Mn in the Fe-Mn alloys at different tempera-
tures: (a) for liquid alloys relative to liquid components, (b) and (c)
for solid alloys relative to bec-A2 Fe and cub-A13 Mn, points are
experimental data, solid lines result from present evaluation and
dotted lines result from evaluation of [1989Hua].

and +y-Fe-Mn alloys necessitate an update of the
CALPHAD description of the Fe-Mn system (phase
diagrams and thermodynamic properties).

e The reevaluation of the phase equilibria and thermody-
namic functions leads to consistently better fits to the
available experimental data.
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Fig. 4 Integral enthalpy of mixing of liquid Fe-Mn alloys
[1974Bat, 2003Wit]: solid line results from present assessment,
dotted line results from [1989Hua] and points are experimental
data.

{C 0 1443 K [1987Kub]
004 e 1409 K [2003Wit] o
N e [1989Hua]
) ——— This work
-0.54
k=
S .10-
2 -
— 154
_E
I 204
-2.54
]
y T T T T T v T T
0.0 0.2 0.4 0.6 0.8 1.0
Fe Mn

Fig. 5 The enthalpy of formation of solid y-Fe-Mn alloys with
reference to metastable fcc-Al Fe and fcc-Al Mn: solid line re-
sults from present assessment at temperature 1409 K, dotted line
results from the assessment by [1989Hua] and points are experi-
mental values.

e A new description for the magnetic contribution of the
heat capacity of ferromagnetic and antiferromagnetic
phases in the Fe-Mn system is proposed that leads to
much better representation of the temperature depen-
dence of C, than the approach implemented in the
CALPHAD software.
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