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a b s t r a c t

A thermodynamic modeling of the Fe–Cr system down to 0 K is performed on the basis of our
recent comprehensive review of this binary system [W. Xiong, M. Selleby, Q. Chen, J. Odqvist, Y. Du,
Evaluation of phase equilibria and thermochemical properties in the Fe–Cr system, Crit. Rev. Solid State
Mater. Sci. 35 (2010) 125–152]. The model predicts a sign change for the magnetic ordering energy
of mixing rather than the enthalpy of mixing in the bcc phase at 0 K. Designed key experiments are
performed not only to check the validity of the present modeling but also to assist in understanding
the mechanism for spinodal decomposition of the Fe–Cr alloy. Heat capacities and Curie temperatures
of several Fe-rich alloys are determined between 320 and 1093 K by employing differential scanning
calorimetry. The measured heat capacities are found to be in remarkable agreement with the prediction
based on the present modeling. Microstructural patterns and frequency distribution diagrams of Cr
are studied in alloys containing 26.65, 31.95, and 37.76 at.% Cr by using atom probe tomography.
The observed phase separation results correspond well with our model-predicted boundary for the
spinodal decomposition. Interestingly, a horn on the Cr-rich spinodal boundary is predicted below 200
K for the first time. This work demonstrates a way to bridge the ab initio calculations and CALPHAD
approach.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Fe–Cr system is the basis for many materials of practical
importance, e.g. stainless steels, structural reactor materials, and
interconnect materials of solid oxide fuel cells. Numerous studies
have been devoted to study its properties. A well-known feature of
the Fe–Cr system is the miscibility gap of the bcc (body centered
cubic) phase at low temperatures. Inside the miscibility gap, alloys
tend to separate or decompose into a Cr-rich bcc phase (α′) and an
Fe-rich bcc phase (α) [1]. Due to this phase separation, Fe–Cr alloys
have been found to exhibit an increased hardness and decreased
ductility after aging, which is historically known as the ‘‘475 °C
embrittlement’’ [2]. For duplex stainless steels, the decomposition
and consequent embrittlement of the ferritic phase effectively
sets an upper limit for the service temperature. To investigate
the mechanisms controlling the decomposition in duplex stainless
steels, a reliable thermodynamic description of the Fe–Cr is vital.
However, as discussed in our review on this system [3], there is no
such description yet.

∗ Corresponding author. Tel.: +46 8 790 8313; fax: +46 8 100411.
E-mail addresses:wxiong@yahoo.com, wei@mse.kth.se (W. Xiong).

So far, there are at least ten different thermodynamic descrip-
tions of the Fe–Cr system available in the literature [4–14]. Among
these, the commonly accepted one is due to Andersson and Sund-
man [9], but this description, as pointed out recently by Xiong
et al. [3], needs to be improved in many aspects, among which
a better representation of experimental Curie temperatures is es-
pecially important. Without a good reproduction of the measured
data on the magnetic phase diagram, the accuracy of the magnetic
contribution to the Gibbs energy cannot be guaranteed [15].

It should also be noticed that recently the amount of research
on Fe–Cr alloys increases rapidly [3]. One of the reasons is the sign
change of the enthalpy ofmixing (Hmix) at 0K for the ferromagnetic
bcc phase from negative to positive on the Fe-rich side predicted
by the ab initio calculations [16]. Since it is impossible to perform
such an experiment at extremely low temperature to study the
phase equilibria in the Fe–Cr alloys, the ab initio calculated Hmix
with a simplified magnetic treatment has influenced not only
some other type of ab initio based computational simulations
(e.g. ab initio Monte Carlo) but also some subjective judgments
on the experimental observations on the Fe–Cr alloys (see Ref. [3]
and its comments made on some publications refer to the bcc
miscibility gap). Although in our previous review [3] and some
recent ab initio calculations [17,18], the accuracy of the ab
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Table 1
The experimental Curie temperatures of the alloys determined in this work.

No. xCr , at.% TC/K

1 1.159 1051
2 3.365 1054
3 6.767 1046
4 9.921 1030
5 13.050 1007

Table 2
Chemical composition (wt.%) for materials used in the APT studya .

No. Cr C Si Mn P S Ni N

SFC6 25.28 0.002 0.09 0.09 0.004 0.006 0.03 0.009
SFC7 30.42 0.004 0.06 0.111 0.006 0.008 0.02 0.006
SFC8 36.1 0.005 0.27 0.09 0.005 0.005 0.02 0.008
a In this work, SFC6, SFC7 and SFC8 are considered with 26.65, 31.95, and

37.76 at.% Cr, respectively.
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Fig. 1. (Color online) Comparison of the calculated phase diagram between the
present thermodynamic description and the one by Andersson and Sundman [9].

initio predicted enthalpy of mixing for the bcc phase has been
questioned obviously, it is of great interest to make an attempt to
quantitatively check the validity of the ab initio predictions [16].
To this end, a thermodynamic modeling down to 0 K is necessary.
In the present work, a revised lattice stability for pure Fe down to
0 K reported by Chen and Sundman [19] is adopted so that one
could extend the thermodynamic modeling down to 0 K at the Fe-
rich side, and thus make some quantitative comparison with the
ab initio results.

In view of the above, the purpose of the present work was to
perform a thermodynamic modeling of the Fe–Cr system down to
0 K and obtain some reasonable predictions of the thermodynamic
properties at low temperatures. The heat capacity of some Fe-
rich alloys was determined in order to validate the present
thermodynamic modeling. For the sake of studying spinodal
decomposition, the microstructure in the Fe–Cr binary alloys was
studied by employing the atomprobe tomography (APT), and could
be explained by using the present thermodynamic modeling.

2. Experimental details

2.1. DSC measurements

Five alloys were designed and prepared for heat capacity
determination using Differential Scanning Calorimetry (DSC). The
alloys were prepared in the Central South University, PR China

Table 3
Summary of the optimized thermodynamic parameters of the Fe–Cr systema .

Liquid: model (Cr, Fe)

0LLiqCr,Fe = −5.983 · T 1LLiqCr,Fe = −384.41

α: model (Cr, Fe)
0LbccCr,Fe = 24 212.06 − 15.507 · T 1LbccCr,Fe = 1664.69 + 0.286 · T
2LbccCr,Fe = −13 250.88 + 8.252 · T 0βbcc

Cr,Fe = −0.45
0T bcc

C = 865.5 1T bcc
C = −567.2

γ : model (Cr, Fe)
0LfccCr,Fe = 28 871.89 − 22.318 · T 1LfccCr,Fe = 32 711.42−18.180·T

σ : model (Cr, Fe)10(Cr, Fe)20
oGσ

Cr:Cr − 30 ·
oGbcc

Cr = 150 000
oGσ

Cr:Fe − 10 ·
oGbcc

Cr − 20 ·
oGbcc

Fe = −13 807.14 − 10.715 · T
oGσ

Fe:Cr − 10 ·
oGbcc

Fe − 20 ·
oGbcc

Cr = 313 807.14 + 10.715 · T
oGσ

Fe:Fe − 30 ·
oGbcc

Fe = 150 000
0Lσ

Cr,Fe:Cr =
0Lσ

Cr,Fe:Fe = 7722.64 − 139.766 · T
0Lσ

Cr:Cr,Fe =
0Lσ

Fe:Cr,Fe = 89 908.52 − 156.894 · T
a The parameters can be used for calculation in the newest version of Thermo-

Calc S with themodifiedmagnetic model proposed by Chen and Sundman [19]. The
unit of energy is in J mol atoms−1 , temperature (T ) in Kelvin. The Gibbs energy for
pure Fe is from the work by Chen and Sundman [19], while the one for pure Cr is
taken from the SGTE compilation [22].

withan arc-melter (Bühler Mini arc melting system MAM-1,
Edmund Bühler GmbH, Germany) on a water-cooled copper plate
under argon atmosphere. The raw materials were elemental Fe
and Cr (both with a purity of 99.99 wt.%, Alpha Products, Johnson
Matthey Company, USA). Each alloy was re-melted four times
to ensure homogeneity. The weight loss during arc melting was
kept below 1 wt.%. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES, ADVANTAGE-1000, TJA) was used to
analyze the Cr content in the prepared alloys, see Table 1.

Measurements of the heat capacity were conducted in the DSC
apparatus (NETZSCH STA 449C, Netzsch, Germany) by using the
ASTM E1269 method. The derivation of the heat capacities of the
samples is as follows:

CSample
P =

mSample

mStandard
·
SSample − SBaseline
SStandard − SBaseline

· CStandard
P (1)

where m, S, and CP denotes the mass, signal and heat capacity
of the standard or the sample, respectively. Synthetic sapphire
was used as the standard in the present measurement according
to the ASTM-norm. The DSC measurements were performed with
a heating rate of 10 K/min in dynamic pure argon atmosphere
(purity of 99.999%) between 320 and 1093 K with the flow rate of
20 ml/min.

2.2. APT measurements

Three ingots for APT were provided by Sandvik AB in Sweden.
The ingots (c.a. 600 g for each) were produced by vacuum arc
melting. Samples for APT were homogenized at 1100 °C for 2 h
under argon and subsequently quenched in brine. Table 2 shows
the chemical compositions for the three alloys denoted SFC6, SFC7
and SFC8 with 26.65, 31.95 and 37.76 at.% Cr, respectively.

Aging of the samples was performed at 500 °C for different
periods of time. Samples for APT were selected from both as-
homogenized conditions as well as phase separated conditions
as indicated by micro-hardness measurements. The samples were
first cut to 20 × 0.3 × 0.3 mm3 and subsequently sharp needle-
like samples for APT were prepared using the standard two-stage
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Fig. 2. (Color online) Themagnetic phase diagramof the Fe–Cr system. Comparison of the (a) Curie temperature and (b)meanmagneticmoment curves between experiments
and thermodynamic descriptions from this work and the one by Andersson and Sundman [9]. Experimental data are taken from the review by Xiong et al. [3].

electro-polishing method. The analyses were performed using a
local electrode atom probe (LEAP 3000X HRTM, Imago Scientific
Instruments, USA) equipped with a reflectron for improved mass
resolution. The ion detection efficiency is about 37%, as specified
by the supplier. The experiments were made in voltage pulse
mode (20% pulse fraction, 200 kHz, evaporation rate 1.5%) with a
specimen temperature of 55 K.

3. Thermodynamic modeling

Before setting different thermodynamic models for the differ-
ent phases in the Fe–Cr system, a comprehensive literature survey
on the Fe–Cr system was performed and reported separately as a
review [3]. Therefore, detailed information on the reported exper-
iments can be achieved from our previous work [3].

3.1. Lattice stability of pure elements

At present, a new type of description for the lattice stability of
Fe assessed by Chen and Sundman [19] was adopted and therefore
allows a good description of thermodynamic properties of pure Fe
down to 0 K. In the same work of Chen and Sundman [19], the
magnetic model proposed by Inden [20] and Hillert and Jarl [21]
has been reformulated for a relatively more accurate description
of the magnetic effect in the bcc phase of pure Fe. Hence, the
modified magnetic model has also been taken into account in this
work. It should be mentioned that this new magnetic formulation

is implemented in Thermo-Calc software version S due to
this work.

According to Chen and Sundman [19], the Gibbs energy of the
bcc phase for pure Fe can be expressed as:

G = E0 +
3
2
R · ΘE + 3RT ln


1 − exp


−

ΘE

T


−

a
2
T 2

−
b
20

T 5
−

 T

0

 T

0

Cmag
P

T
dT


dT (2)

in which E0 is the total energy of the ferromagnetic bcc structure
at 0 K. The second term corresponds to the energy of zero-
point lattice vibration, and the third term consists the electronic
excitations and low-order anharmonic corrections. Parameter a
can be related to the electron density of states at the Fermi
level, while parameter b reflects the high-order anharmonic lattice
vibrations. ΘE is the Einstein temperature, which is 309 K for pure
Fe. For further information of the revised lattice stability of pure Fe,
please see the work by Chen and Sundman [19].

As discussed by Xiong et al. [3], there are still lots of problems
for the CALPHAD method to make an accurate description of
pure Cr, e.g. in the thermodynamic evaluation on pure elements
by SGTE (Scientific Group Thermodata Europe) [22], the melting
point of pure Cr has been overestimated, and a hypothetic small
Bohr magnetic moment has been assigned to Cr due to its weak
magnetic contribution to the heat capacity in the vicinity of the
Néel temperature. Since the above problem needs more specific
individual investigations including model development (such as
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Fig. 3. (Color online) Comparisons of the heat capacity of the alloys with Cr content of (a) 21 at.%; (b) 78.4 at.%; (c) 1.159 at.%; (d) 3.365 at.%; (e) 6.767 at.%; (f) 9.921 at.%
(g) 13.050 at.%; and (h) pure Fe, among the thermodynamic prediction, the experimental data and the reported experiments by Inden [20] and Kendall et al. [26].

the composition dependence of the magnetic contribution), this
work has not attempted to revise the thermodynamic description
of pure Cr. Moreover, it is believed that this will not bring any
noticeable impact on the present topic since the major interest of
spinodal decomposition in stainless steels concerns alloyswith less
than 30 at.% Cr.

It isworth tomention that the newmagneticmodel byChen and
Sundman [19] has been extrapolated into the binary system,which
means that the same type of changes for the magnetic model has
been applied to pure Cr. However, this will not have any apparent
influence on themagnetic contribution to the Gibbs energy of pure
Cr, since such a contribution frommagnetic ordering in the case of
pure Cr is intrinsically very small [23].

3.2. Models of solution and intermetallic phases

The substitutional solution model has been adopted for the
description of theliquid, α (body centered cubic structure) and
γ (face centered cubic structure) phases. The thermodynamic
model for the σ phase (topologically close packed structure),
which is the only intermetallic phase in the Fe–Cr system, has
been adopted as proposed by Joubert [24]. Joubert suggested
a simplified two-sublattice model, (Cr, Fe)10(Cr, Fe)20, based on
the composition range of the σ phase in different systems for
construction of multicomponent thermodynamic databases. The
molar Gibbs energy of the σ phase is given accordingly by the
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Fig. 4. (Color online) Phase equilibria and properties in the liquid phase region.
(a) Comparison of Hmix of the liquid phase between experiments and calculations;
(b) Comparison of the phase equilibria with the liquid phase involved. The melting
temperature of pure Cr suggested by Xiong et al. [3] is 2136 K.

following expression:

Gσ
m = y′

Cry
′′

Fe ·
oGσ

Cr:Fe + y′

Cry
′′

Cr ·
oGσ

Cr:Cr

+ y′

Fey
′′

Cr ·
oGσ

Fe:Cr + y′

Fey
′′

Fe ·
oGσ

Fe:Fe

+ 10RT [(y′

Cr ln y′

Cr + y′

Fe ln y′

Fe) + 2(y′′

Cr ln y′′

Cr + y′′

Fe ln y′′

Fe)]

+ (y′

Cry
′′

Cry
′′

Fe · LCr:Cr,Fe
+ y′

Fey
′′

Cry
′′

Fe · LFe:Cr,Fe + y′

Cry
′

Fey
′′

Fe · LCr,Fe:Fe

+ y′

Cry
′

Fey
′′

Fe · LCr,Fe:Fe + y′

Cry
′

Fey
′′

Cry
′′

Fe · LCr,Fe:Cr,Fe) (3)

where y′

Cr, y
′′

Cr, y
′

Fe and y′′

Fe represent the site fraction of Cr/Fe in
the first/second sublattice. L is the interaction parameter between
different species in the same sublattice, and can be expanded
in a Redlich–Kister polynomial [25]. It is worth to note that
an alternative three-sublatticemodel, (Cr, Fe)10(Cr, Fe)4(Cr, Fe)16,
mentioned in the same work by Joubert [24] could also be
considered, but the difference between these two models is
only significant in extrapolating to multicomponent systems with
considerable homogeneity ranges of σ .

3.3. Thermodynamic optimization

The parameters were evaluated by the optimization module
PARROT in Thermo-Calc version S. In terms of the previous

a

b

Fig. 5. Low temperature phase equilibria in the Fe–Cr system: (a) Stable phase
equilibria for the σ and bcc phases (dotted line shows the calculated Curie
temperature for homogeneous α solution in this work). The values of compositions
and temperatures for some critical phase transition points are denoted; (b) (Color
online) Comparison of the metastable miscibility gap and the phase boundary on
the Fe-rich side between modeling and experiments.

literature review [3], different weights have been assigned to the
reliable experimental data during the thermodynamic modeling.
The comparison between these experimental data and the present
calculated results will be discussed further in the next section.
It should be emphasized that the experimental data obtained in
this work has not been used in the optimization but instead used
to validate the present thermodynamic modeling. A set of self-
consistent thermodynamic parameters from the present modeling
is given in Table 3.

4. Results and discussion

According to the present thermodynamic modeling, the Fe–Cr
phase diagram has been updated as shown in Fig. 1. It should
be noted that most of the phase boundaries have been revised
according to thecomprehensive evaluation by Xiong et al. [3],
except for the γ -loop, which shows no significant difference with
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Fig. 6. (Color online) Thermodynamic properties of the bcc phase in the Fe–Cr sys-
tem (a) Comparison of Hmix for the α phase at 1529 K among experiments [34,35],
ab initio DLM calculations [18,36] and thermodynamic modeling in this work and
the one by Andersson and Sundman [9]; (b) Comparison of Hmix for the α phase at
0 K between the ab initio results [18,36] and thermodynamicmodeling in this work
and in Andersson and Sundman [9].

the previous modeling [9]. The features of the phase diagram and
thermodynamic properties will be discussed in this section based
on our experimental results from calorimetry and APT.

4.1. Curie temperature and heat capacity

The Curie temperature curve with a maximum at around 3 at.%
Cr estimated by Xiong et al. [3] has been confirmed by the DSC
measurements in this work. As shown in Fig. 2(a), the Curie
temperature at 3.36 at.% Cr, according to the present experiment,
is 11 K higher than for pure Fe, 1043 K. However, it is found that
the description of a small maximum of the Curie temperature will
not only require a large number of parameters in the form of
Redlich–Kister polynomials [25] but also cause trouble in fitting
the experimental Curie temperatures in the higher Cr content
region.

As shown in Fig. 3, good agreement can be easily found between
the calculated heat capacities and the experimental results from
this work and previous reports [20,26]. Generally, the present
modeling shows a better agreement with the experimental data

than theassessment by Andersson and Sundman [9]. Moreover, in
the vicinity of the Curie temperature, the present modeling
shows a smooth curve for the heat capacity in the magnetic
short range order region (i.e. above the Curie temperature). In
contrast, there is an abrupt change in the calculated curve in
the previous thermodynamic modeling [9]. This comes from the
thermodynamic description of pure Fe, and is more apparent in
Fig. 3(h). Thus, it indicates the advantage of adopting the revised
lattice stability of Fe [19].

4.2. High temperature phase equilibria and Hmix of liquid

The enthalpy of mixing of the liquid phase is rather scattered
compared with the Hmix of the solid bcc phase which will be
described in the next section. As shown in Fig. 4(a), the previous
assessments by Andersson and Sundman [9] and Lee [14] agree
with the experimental data by Iguchi et al. [27]. Contrarily, the
current thermodynamic modeling predicts that liquid Fe–Cr alloys
exhibit almost ideal behavior, which is in good agreement with
experimental data by Pavars et al. [28] and Thiedemann et al. [29].

Regarding the equilibria of the liquid phase, the recommended
experimental data by Adcock [30] and Putman et al. [31] in the
earlier review by Xiong et al. [3] have been considered as the most
reliable input in this work for assessing the liquid phase as shown
in Fig. 4(b).

It should be kept in mind that the melting temperature of
pure Cr was suggested to be 2136 K [3] instead of 2180 K as
adopted currently by SGTE [22]. Since the lattice stability of Cr
was not reassessed in the present work, the improvement of the
thermodynamic description above 90 at.% Cr is limited. Despite
of this, it is found that the large deviation from the experimental
liquidus as in the previous assessments [9,14] (see Fig. 4(b)) can
easily generate the negative value of Hmix for the liquid phase as
shown in Fig. 4(a).

4.3. Low temperature phase equilibria and Hmix of α

In Fig. 5, the stable phase diagram at low temperatures
with the σ and bcc phases was calculated according to the
present optimization. Good agreement can be found between
the present modeling and experimental data by Dubiel and
Inden [32] who determined the phase diagram from extra-long
term annealed samples. It should be emphasized that the phase
boundary between α + σ and α as determined by Hertzman
and Sundman [4] should not be considered as reliable data,
since the authors found that the samples with two phases (α
and σ ) were still far from the equilibrium state due to the low
number of nuclei of σ [4]. This is also the reason why these data
have not been considered in the thermodynamic description by
Hertzman and Sundman [4]. According to the present modeling,
the decomposition temperature of the σ phase is 774 K which
is in the evaluated range between 773 and 783 K by Xiong
et al. [3].

A comparison of the metastable bcc miscibility gap between
modeling and experiments is shown in Fig. 5(b). The calculated
miscibility gap is in good agreementwith the accepted experimen-
tal data by Kuwano [3,33]. The consolute temperature is 960 K,
i.e. 56 K higher than the one by Andersson and Sundman [9], in
good agreement with the evaluation by Xiong et al. [3] (∼970 K).

A comparison of Hmix of the α phase at around 1529 K between
thermodynamic modeling [9] and experiments [34,35] is given in
Fig. 6(a). The calculations in the present work and the previous
one [9] can both well reproduce the experimental data which is
rather symmetric. However, as shown in Fig. 6(b), the predicted
Hmix ofthe α phase at 0 and 298 K shows a rather asymmetrical
profile. Furthermore, the ab initio calculations in the ferromagnetic
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Fig. 7. (a) A sketch showing the feature of enthalpy of mixing according to experiments [34,35] and ab initio calculations [18,36]; (b) Comparison of MOE between ab initio
calculations [18,36] and thermodynamic modeling; (c) Comparison of MOEM between ab initio calculations [18,36] and thermodynamic modeling. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

states using differentmodels conducted bydifferent groups [18,36]
show a negative value of Hmix on the Fe-rich side, which
indicates a certain solubility of Cr in (α-Fe) at 0 K. In the
present thermodynamic modeling, it is found that any attempt
to introduce such solubility of Cr in (α-Fe) at 0 K will both
prevent a reasonable representation of the experimental Hmix for
the α phase at 1529 K, and result in a much higher consolute
temperature than given by experiments [33]. In view of this, one
should be aware of that the ab initio prediction at 0 K deserves
some further studies due to the unsophisticated treatment on the
Cr-rich side. The treatment using the ferromagnetic state (but not
antiferromagnetism or spin density wave [37,38]) on the Cr-rich
side in the ab initio calculations is certainly a rough simplification,
and will introduce unpredictable uncertainty for the results on the
Fe-rich side.

In order to understand the difficulties of fitting Hmix at both
temperatures, 0 and 1529 K, by thermodynamic modeling, an
illustration of the magnetic contribution to the Gibbs energy is
shown in Fig. 7. Two different physical quantities discussed in
the previous work [3] are recalculated according to the present
thermodynamic description. One is the difference between the
heat of mixing of the paramagnetic (or disordered local moment
(DLM)) and ferromagnetic (FM) states, E (DLM) − E (FM), which
represents the absolute value of the magnetic ordering energy
(MOE), and the other one is the so-called magnetic ordering
energy of mixing (MOEM) [3], which shows alloying effect on the
magnetic ordering energy. As can be seen, for pure Fe, the ab initio
calculations show nearly a double value for MOE compared to the
thermodynamic modeling. In addition, there is a strong tendency

of maximum in the contribution frommagnetism. Nevertheless, in
the present thermodynamic modeling, a small positive value can
be generated for MOEM (see Fig. 7(c)) which can be understood as
a contribution from the magnetic short range ordering effects [3].
Still, it is far from the large positive values needed to accommodate
the ab initio calculations. However, the model-predicted sign
change of MOEM in this work probably can be interpreted as a
contribution to the short range order (SRO) inversion effects which
was firstly found in an early calculation by Hennion [39] by using
tight-binding generalized perturbation method at 0 K, and later
experimentally reported at 703 K with 11 at.% Cr by Mirebeau
et al. [40,41].

So far, there are no experimental data in phase equilibria indi-
cating that Cr is soluble in (α-Fe) at 0 K [3].Moreover, it is notewor-
thy that in some other atomistic simulations (e.g. embedded-atom
method [42]), the calculated consolute temperaturewill be incred-
ibly high (∼2700 K) [42] if Cr is assumed to have some solubility
in (α-Fe) at 0 K.

After the intensive discussion on the modeling of the α phase,
it is necessary to make a short note on the recent efforts of
the ab initio studies of the σ phase [11,12,28,43–49]. By using
the Mössbauer technique and ab initio calculations, the entropy
difference between the σ and α phase has been determined in the
work of Dubiel et al. [46], whichwere consistentwith themodeling
by Houserová et al. [11]. One shall also bear in mind that due
to the ferromagnetism of the σ phase below about 50 K [50,51]
the magnetic contribution to the total energy in the atomistic
calculations needs to be taken into account [45,47,48].
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Fig. 8. Comparison of the chemical spinodal line betweenmodel prediction and experimental data. Experimental data can be found in the compilation by Xiong et al. [3]. The
blue symbols represent the alloys in the spinodal dominating regime, the red ones are in the nucleation and growth dominating regime. Themagnetic transition temperature
curve according to the present work is presented as dotted line in purple, while the one from the previous work [9] is given as chained line in blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Because of the foregoing discussion on magnetic properties,
atomistic simulations of the Fe–Cr system with high accuracy
become a formidable task.

4.4. Phase separation and microstructure evolution

4.4.1. Model-predicted spinodal curve
The chemical spinodal based on the present thermodynamic

modeling and the previous modeling by Andersson and Sund-
man [9] is plotted in Fig. 8 compared with available experimental
data collected in the work of Xiong et al. [3]. Due to the small dif-
ference in atomic size between Fe and Cr, it is commonly believed
that the difference between the coherent and chemical spinodal
is small. Compared with Andersson and Sundman [9], the spinodal
predicted from the newmodeling is closer to the Fe-rich side above
650 K and almost vertical to the composition axis over the whole
temperature range (see Fig. 8).

It should be emphasized that, the model-predicted spinodal
region on the Fe-rich side at 0 K shown in Fig. 8 is at 21.7 at.%
Cr, which is different with a simple extrapolation from the
previous modeling [9]. The present calculated results are not

contradicting to the prediction from ab initio calculations [17] that
the pair interactions show a sign change on the Fe-rich side from
ordering to clustering. One could envisage that MOEM shown in
Fig. 7(c) is the cause of such an SRO effect which deserves more
detailed ab initio calculations by incorporating magnetic effects
explicitly [17].

Interestingly, even though the phase boundary on the Cr-
rich side is rather smooth, a horn on the spinodal line due to
the antiferromagnetic effects can be found (see the right bottom
zoom-in in Fig. 8). Instead of having a well-developed horn,
Andersson and Sundman’s description [9], which is not meant for
low temperature equilibrium of course, gives an isolated small
cusp-like spinodal curve at above 99 at.% Cr.

4.4.2. Comparison between modeling and experiments
It is expected that there is no sharp transition from nucleation

and growth to spinodal decomposition [52,53]. Rather, there is a
transient region showing both features. This could also be one of
the reasons why both spinodal decomposition and nucleation and
growth can be observed in the vicinity of 30 at.% Cr by the different
experiments in Fig. 8. Furthermore, some of the differences in
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Fig. 9. 2D concentration maps of Cr in the aged alloys with 26.65, 31.95 and 37.76 at.% Cr measured by APT. The size of the concentration contour patterns is 30 × 30 nm2 .
The chemical compositions of the alloys are indicated in the phase diagram at the bottom. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

the literature may stem from the difficulty in identifying the
different phases in a decomposed structure aswell as experimental
difficulties to define sub-nano nuclei.

The evolution of the microstructure during phase separation
from the homogeneous state of the unaged alloys to the
clearly phase separated state was studied from the 3D-APT
(three dimensional atom probe tomography) data using 3D
iso-concentration surface, 3D atom maps of Cr, and 2D (two
dimensional) concentration maps of Cr. The 2D concentration
maps (see Fig. 9) were constructed using a cube size (voxel size)
of 1 nm3 and the upper and lower limit of the concentration
scale was set to 15 at.% from the average concentration in the
material. It should bementioned that the appearance of the 3D iso-
concentration surfaces are sensitive to the concentration threshold
used and hence the presentation in Fig. 9 is judged to be a fairly
unbiased qualitative description of the microstructure.

Frequency distributions of Cr constructed using 25 ions per
group are presented in Fig. 10, together with the corresponding
random (binomial) distribution. As the detection efficiency is 37%
and the lattice parameter of the bcc structure is 0.287 nm, the size
of each group is 0.80 nm3. In the unaged condition, the measured
distribution is close to the random distribution as shown in
Fig. 10(c). After heat treatment at 773K, themeasureddistributions
start to deviate from the random distribution and becomes wider,
which is indicative of a phase separation [54] as shown in Fig. 10.

According to the model-predicted spinodal curve in this work,
alloy SFC6 is just outside the chemical spinodal, and thus may
be located in a transient region. It is noticed that the frequency
distribution of alloy SFC6 is quite asymmetric (see Fig. 10(a)) and
could be considered as an overlap of two peaks. The weak peak on
the Cr-rich side is in the vicinity of 60 at.% Cr, which is inside the
miscibility gap. As shown in Fig. 9, the 2D concentration maps of
Cr of alloy SFC6 (26.65 at.% Cr) aged for 1000 h clearly shows that
the isolated particles dominated themicrostructure. This indicates
that the non-classical nucleation is the governing mechanism for
the phase separation of alloy SFC6. This agrees with the results
presented by Miller [55] where an alloy with 25.3 at.% Cr aged at
773 K had both isolated islands and a 3D interconnected structure.

Regarding alloy SFC7 with 31.95 at.% Cr, the frequency
distribution diagram in Fig. 10(b) for the sample aged for 200 h
becomes asymmetric and much wider than the one aged for 20 h.
This coincides with the 2D concentration maps of Cr plotted in
Fig. 9, in which both a 3D interconnected structure and areas with
isolated islands can be observed after 200 h aging. As shown in the
phase diagram (see Fig. 9), alloy SFC7 is just inside the chemical
spinodal, and thus also in a transient region between spinodal
decomposition and nucleation and growth regimes.

In contrast to alloys SFC6 and SFC7, it is found that the frequency
distribution diagram for alloy SFC8 in Fig. 10(c) was widening
faster when the aging time increased. Only after 100 h of aging,
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Fig. 10. Frequency distribution diagrams of Cr, constructed using 25 ions per group
for different alloys with (a) 26.65, (b) 31.95, and (c) 37.76 at.% Cr determined by
APT. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

the peak of the frequency diagram shows a comparable full width
at half maximum to the one of alloy SFC7 aged for 200 h, and the
center of its peak has less deviation from the one of the binomial
distribution.

As can be observed in the 2D concentration maps of Cr in
Fig. 9, the interconnected structure dominates the microstructure
of alloy SFC8. Furthermore, the determined 3D atom maps of the
Cr distribution with the size of 30 × 15 × 8 nm3 (see Fig. 11)
show clearly that the amount of the interconnected structure
increases with the Cr content. This can be well explained by the
present thermodynamicmodeling, since alloy SFC8 is clearly inside
the chemical spinodal. The above observations also support the
evaluation by Xiong et al. [3] that a transition region can be
found within the composition limit from 24–36.3 at.% Cr and the
temperature range between 700 and 830 K.

In view of the above, the APT results are in good agreementwith
the model-predicted spinodal curve in this work. Despite of the

transient region in the vicinity of the chemical spinodal curve, it is
expected that the present thermodynamic modeling will provide
more accurate driving forces for spinodal decomposition, which
are essential for simulating themicrostructural evolution using the
phase field technique.

5. Conclusions

(1) A thermodynamic modeling by using the revised lattice sta-
bility of pure Fe down to 0 K was performed for the Fe–Cr
system. Significant improvements are visible by comparison
of the phase diagram and thermodynamic properties between
this work and previous assessments [9,14]. The present work
shows a promising way to improve the current thermody-
namic databases of alloy systems.

(2) The successful implementation of the revised lattice stability of
pure Fe could act as a template for some other thermodynamic
descriptions concerning low temperature thermodynamics.
Therefore, it is worth to revise the lattice stability of pure Cr
further using an analogous way as for pure Fe by Chen and
Sundman [19]. Improvements of the magnetic model are also
needed because of the problems found in the magnetic phase
diagrams of Fe–Cr and Fe–Ni in our previous work [15].

(3) In this work, heat capacities of Fe-rich alloys were determined
by DSC measurements. The present modeling generally shows
better agreement with the experimental heat capacities,
compared with the previous modeling. A small maximum on
the Curie temperature curve at about 3 at.% was confirmed
experimentally.

(4) The present thermodynamic description rules out the possibil-
ity to introduce any solubility of Cr in (α-Fe) at 0 K predicted
by the ab initio calculations which are computed at ferromag-
netic states of the Fe–Cr alloys. However, a positive value of
MOEM on the Fe-rich side can still be predicted in the present
modeling.

(5) The model-predicted spinodal curve is different from the one
by Andersson and Sundman [9]. The chemical spinodal limit
on the Fe-rich side starts from 21.7 at.% Cr at 0 K. A horn on the
Cr-rich spinodal curve was found and deserves further study.

(6) The 3D-APT data clearly indicate a transition from nucleation
and growth to spinodal decomposition in the prepared
alloys. Alloys with 26.65 and 31.95 at.% Cr are inside the
region with a transition regime between nucleation and
growth and spinodal decomposition, while the one with
37.76 at.% Cr close to the edge of the transition region and
mainly shows the behavior like spinodal decomposition. The
experimental observations are well explained by the model-
predicted spinodal curve, which also validates the present
thermodynamic description.
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Fig. 11. (Color online) Atom maps of the Cr distribution for alloys with (a) 26.65, (b) 31.95, and (c) 37.76 at.% Cr determined by APT. The size of the box for analysis is
30 × 15 × 8 nm3 .

Appendix. Supplementary data

Supplementary material related to this article can be found
online at doi:10.1016/j.calphad.2011.05.002.
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