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Abstract

We apply molecular dynamics simulations based on a classic many-body potential to calculate the thermodynamic

properties of Fe–Cu alloys. In a recent publication [E.M. Lopasso, M. Caro, A. Caro, P.E.A. Turchi, Phys. Rev. B 68

(2003) 214205], we report on computational thermodynamics tools applied to the prediction of the phase diagram of

such a system. In this work, we calculate all its thermodynamic functions and cast the results in a so-called CALPHAD

(Computer Coupling of Phase Diagrams and Thermochemistry, www.calphad.org) format to critically compare them

with measured and calculated values as described in the CALPHAD database. From this comparison, conclusions are

drawn on the power and limitations of empirical potentials to describe the thermodynamics of complex systems.

� 2004 Elsevier B.V. All rights reserved.

PACS: 81.30.Bx; 82.60.Lf; 02.70.Ns; 65.40.�b; 64.75.+g; 82.20.Wt
1. Introduction

The ability to perform atomistic computer simula-

tions with predictive power in alloys is a subject that

has attracted the attention of the simulator�s community

for a while. When mechanical properties and micro-

structure are the focus of attention, simulations have

to be simple enough to allow dealing with a large num-

ber of atoms thus capturing the length scale that is rele-

vant for this class of problems. The classic, empirical

total energy expressions that are used have limitations

to address real materials. In particular Fe alloys, the

most commonly used material for structural applica-

tions, continue to be a major challenge for classic
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descriptions, as Fe is a complex element whose proper-

ties are determined by a subtle electronic behavior.

Impurities and intrinsic defects in Fe play a significant

role in determining its macroscopic mechanical proper-

ties, as is the case in nuclear reactor pressure vessels that

undergo embrittlement as a consequence of radiation

damage. Copper, an impurity present in commercial

steels in a saturated solid solution phase, precipitates

as a consequence of the microstructure damage gener-

ated by energetic neutrons. These precipitates, which

act as obstacles for dislocation motion, are one of the

most significant contributions to the increase of the

ductile–brittle transition temperature that, in turns,

determines the lifetime of the nuclear component. There-

fore, understanding the precipitation process and the

evolution of the precipitate structure is an important

step in the description of steel aging in a radiation

environment.
ed.
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Empirical simulations using classic potentials have a

long history addressing this material. In 1990 Phythian

et al. [1,2] reported a MD simulation that supported

the first direct experimental evidence that the small

Cu precipitates (2 nm) have bcc structure. They used

interatomic potentials for pure Cu derived in 1987 by

Ackland et al. [3]. In 1995, Osetsky et al. published a

series of papers on the Fe–Cu system [4–6]. In 1997

Odette et al. reported Lattice-MC (LMC) simulations

for complex Cu–Mn–Ni–Si structures in Fe [7]. They

report parameters of a lattice embedded atom model

Fe–Cu potential used in LMC cascade aging simula-

tions. In 1999, Wirth and Odette [8] and Domain

et al. [9] performed kinetic-LMC simulations of Fe–

Cu alloys. These simulations confirm the presence of

high vacancy concentrations in the precipitates. In

2001, Blackstock and Ackland, reported computer sim-

ulations of the phase transition of Cu precipitates in

Fe–Cu alloys from the bcc structure to the twinned

9R crystal structure [10]. They used the interatomic

potentials for Fe–Cu derived in 1997 by Ackland

et al. [11].

Besides the work referenced here, there exists a body

of research on ab initio techniques for this system that

we shall not address in this work which focus on empir-

ical potentials.

The problem of microstructure evolution of ferritic

steels under irradiation involves complex thermodynam-

ics of non-equilibrium and kinetic processes in alloys.

Even though the many-body potentials have extensively

been used to get insight into complex processes in sev-

eral types of simple solids, in particular transition metals

and some of their alloys [12,13], limited effort was de-

voted to the calculation of the complete equilibrium

phase diagram predicted by this type of approximation

and, from there, of the driving forces that govern non-

equilibrium processes.

But Fe–Cu is just one example among the systems for

which it would be useful to have a description based on a

simple total energy expression from which forces can be

derived, because then multi-million atom scale molecu-

lar dynamics or Monte Carlo computer simulations

could be used to quantitatively predict the evolution of

complex microstructures.

In a recent paper we reported on phase diagram cal-

culations for Fe–Cu based on an classic Finnis–Sinclair

(FS) description of the energetics [14]. The resulting

phase diagram shows unexpected differences with the

known assessed one [15]. FS-Fe shows a transition to

an fcc phase right below melting that has no relation

to the experimental one which is driven by magnetism.

The melting point of FS-Fe (in the fcc phase) is at

2395 K, i.e., at 4/3 of the experimental Tm. FS-Cu has

a transition to a bcc phase at 1147 K, i.e., at about 3/4

of Tm, which does not appear in real Cu; its melting

point, in the bcc phase, is at 1582 K or 1.14 of the exper-
imental Tm. The intermediate temperature region of the

FS alloy shows an eutectoid at xCu = 0.91 and

T = 1025 K and a peritectic at xCu = 0.005 at 2384 K,

and a segregating bcc solid solution system with a low

mixing energy, producing a miscibility gap that closes

in the solid phase at a maximum of 1574 K, contrary

to experiment. As a consequence of this artificial feature,

there is a region around 1600 K of complete solid solu-

bility in the bcc phase.

In this paper we reformulate the way thermodynamic

quantities are represented as functions of temperature

and concentration, following the Redlich–Kister expan-

sion, which allows as performing a direct quantitative

analysis of the differences between the model predictions

and the assessed data for this system. As source of the

assessed data for this system, we use the CALPHAD

database (Computer Coupling of Phase Diagrams and

Thermochemistry, www.calphad. org).

The paper is organized as follows: In Section 2 we

briefly recall the CALPHAD [16,17] formalism. In Sec-

tion 3, we clearly show the link between the numerical

procedure used in our previous paper [14], and

CALPHAD to conveniently describe all thermody-

namic functions in alloys, and be able to compare

our results from computational thermodynamics with

those from standard databases in use with CALP-

HAD. In Section 4, we analyze in detail the sources

of the discrepancies, namely, enthalpy, entropy, and

free energy of each phase involved for the pure ele-

ments Fe and Cu, and the solid solutions of Fe–Cu,

between the FS and the CALPHAD description of

alloy thermodynamics. Finally, in Section 5, we draw

some conclusions about the ability of empirical for-

malisms such as FS to account for realistic thermody-

namic behavior as well as about the procedures that

could be further explored to improve the agreement

with experiment.
2. The CALPHAD thermodynamic modeling

The CALPHAD approach [16–18] represents a stan-

dardized way to express the thermodynamic information

of a system in terms of the free energies of the phases of

pure components, and the excess free energies of the

mixtures. Once the free energies are expressed in this

way, form suggested by the Scientific Group Thermo-

data Europe (SGTE) [19], the calculation of the quanti-

ties of interest can easily be performed using the

application software Thermo-Calc [20]. We then refor-

mulate our calculated thermodynamic functions re-

ported in [14] and compare them with the database

built in CALPHAD.

The form suggested for Gibbs free energies of the

unary phases is as follows:

http://www.calphad.org
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Fig. 1. Calculated Fe–Cu phase diagram obtained from the

application of Thermo-Calc to the CALPHAD data summa-

rized in Appendix A.
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GU
i ðT Þ � 0GU

i ðT Þ � HSER
i

¼ aþ bT þ cT lnðT Þ þ dT 2 þ eT 3 þ fT�1 þ � � �
ð1Þ

The left-hand side of Eq. (1) is the Gibbs free energy of

the element i in the structure U, GU
i ðT Þ, relative to a stan-

dard element reference (SER) state of the element i in its

stable state at 298.15 K and 1 bar, HSER
i . The coefficients

a,b, . . . ,f that enter Eq. (1) for the pure elements that are

used by SGTE [20] are taken from Dinsdale�s compila-

tion [21]. In the following and for comparison purposes

we adopted the SGTE description of Cu and Fe in the

various phases considered, namely fcc, bcc, and liquid.

For a binary phase U, the Gibbs free energy is written

as

GUðfxig; T Þ ¼ refGUðfxig; T Þ þ idGU
mixðfxig; T Þ

þ xsGU
mixðfxig; T Þ; ð2Þ

where xi is the molar fraction of species i in the U phase,

and the terms on the right-hand side are, respectively,

the concentration weighted average molar Gibbs energy

associated with the pure elements, the molar Gibbs ideal

mixing energy, and the excess Gibbs energy due to non-

ideal contributions. In the general case of a multi-com-

ponent solution in a particular phase U, the excess Gibbs

energy of mixing is expressed by a Redlich–Kister

expansion [22], and the terms on the right-hand side of

Eq. (2), are expressed as follows:

refGUðfxig; T Þ ¼
X
i

xiG
U
i ðT Þ;

idGU
mixðfxig; T Þ ¼ RT

X
i

xi lnðxiÞ;

xsGU
mixðfxig; T Þ ¼

X
i

X
j>i

xixj
Xn

p¼0

pLU
i;jðT Þðxi � xjÞp;

ð3Þ

where pLU
i;jðT Þ is the pth-order binary interaction param-

eter between species i and j relative to phase U, usually

expressed as polynomials in temperature and pressure.

In the present study the Fe–Cu binary system was as-

sessed as follows. A one-sublattice model has been con-

sidered to describe the liquid, the fcc-A1 and the bcc-A2

solid solution phases with expressions for the molar

Gibbs energy given by Eq. (3). The excess Gibbs energy

is expressed by a three (1,2)-term Redlich–Kister expan-

sion for the liquid (bcc, fcc) phase, and a linear function

of temperature for each of the Redlich–Kister terms. For

the description of the alloy, the data, reported in Appen-

dix A, are from the SSOL database [23] that is used in

combination with the Thermo-Calc software [20], while

those in Appendix B correspond to our computational

results reported in detail in Ref. [14]. Note that although

a more recent CALPHAD optimization has been per-

formed for Fe–Cu alloys [24], the conclusions reported

in this paper remain basically unchanged. The resulting
phase diagram using the CALPHAD database that we

use for comparison purposes, is shown in Fig. 1.
3. CALPHAD parametrization of the FS numerical

results

We calculated the free energy per particle, f(T), at a

given temperature T through a thermodynamic integra-

tion between the state of interest and a reference state at

temperature T0 with known free energy f(T0) (obtained

using the switching Hamiltonian method), according to

the Gibbs–Duhem equation (for details on the proce-

dure, see Ref. [14]:

f ðT Þ ¼ f ðT 0Þ
T
T 0

� T
Z T

T 0

hðsÞ
s2

ds; ð4Þ

where h(s) is the enthalpy per particle. The enthalpy

(obtained from a MD run) is described by a second-

order polynomial in T, allowing an analytic integration

in Eq. (4):

�T
Z T

T 0

h/ðc; sÞ
s2

ds ¼ a/
c � b/

c T lnðT Þ � c/
c T

2 þ d/
c T :

ð5Þ

This procedure leads to the following general equation

for the free energy of each phase /, at composition xCu:

g/ðxCu; T Þ ¼ a/ðxCuÞ � b/ðxCuÞT lnðT Þ � c/ðxCuÞT 2

þ d/
GðxCuÞT � TsconfðxCuÞ: ð6Þ

In our original description of the free energy at a given

composition and temperature, g(xCu,T) c.f. Ref. [14],
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Fig. 2. Predicted Fe–Cu phase diagram obtained from the

application of the Thermo-Calc software to the results of FS

simulations summarized in Appendix B. The inset shows an

enlarged view of the high-temperature, Fe-rich part with the

peritectic invariant line.
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we used second order polynomial fits for the dependence

of the coefficients on the composition xCu. We first

choose xCu = 0 and 1 in Eq. (6) to obtain g/
FeðT Þ and

g/
CuðT Þ, respectively. Now, we translate these expressions

into the CALPHAD formalism that uses the Redlich–

Kister power series [21] for the free energy in excess of

the ideal solution:

g/ðxCu; T Þ ¼ refg/ðxCu; T Þ þ idgmixðxCu; T Þ þ xsg/
mixðxCu; T Þ;

ð7Þ

where

refg/ðxCu; T Þ ¼ xCug
/
CuðT Þ þ ð1� xCuÞg/

FeðT Þ; ð8Þ

idgmixðxCu; T Þ ¼ RT ½xCu lnðxCuÞ þ ð1� xCuÞ lnð1� xCuÞ�
ð9Þ

and

xsg/
mixðxCu; T Þ ¼ xCuð1� xCuÞ

X
p

pL/
Cu;FeðT Þð2xCu � 1Þp;

ð10Þ

where the coefficients pL/ are functions of temperature

for each phase / (pressure is always zero in this work).

If the summation in Eq. (10) extends only to p = 0,

we are left with what is called in text books the quasi-

chemical approximation, namely, xsg/
mixðxCu; T Þ ¼ xCu

ð1� xCuÞX. The polynomial expression in Eq. (10) thus

describes how the parameter X depends on the composi-

tion, having the quasi-chemical approximation as a par-

ticular case.

By equating Eqs. (6) and (7), and keeping in mind

that in the fitting procedure reported in [14] the coeffi-

cients of Eq. (6) are second-order polynomials in xCu,

we find that it is equivalent to retain only the p = 0 term

in the series and that this 0L/
Cu;FeðT Þ is given by

0L/
Cu;FeðT Þ ¼ �a/

2 � d/
2 T þ b/

2 T lnðT Þ þ c/
2 T

2; ð11Þ

where the sub-index 2 in the coefficients refer to the qua-

dratic terms in the T expansion of the coefficients a, b, c,

and d in Eq. (6), see Appendix B. We realize now that by

keeping only a second-order polynomial to describe the

concentration dependence of the coefficients of the free

energy in Ref. [14], we in fact choose to have symmetric

excess free energies of each phase in the solid solution

[17].

With Eqs. (6) and (11) a database in the CALPHAD

format can be created, see appendix, and the Thermo-

Calc software can be conveniently used to accurately

calculate the phase diagram. The results are shown in

Fig. 2, together with an inset showing an enlarged view

of the high-temperature, Fe-rich part with the peritectic

invariant line. Within a few degrees Kelvin, it is quite

comparable to the one reported in Ref. [14] that resulted

from a simple but laborious common tangent construc-

tion. The advantage of using software such as Thermo-
Calc is that we can readily compare the free energies,

enthalpies and entropies of the model Fe–Cu alloy under

consideration with the standard CALPHAD database

mentioned in the previous section.
4. Thermodynamic analysis

Let us now analyze these results in order of impor-

tance from the point of view of their impact on MD sim-

ulations of microstructure evolution of Fe–Cu dilute

solutions. In this sense, the bcc phase of Cu appearing

at 1150 K, together with the bcc–fcc transition of Fe

are the most striking features.

To understand which contribution to the free ener-

gies is primarily responsible for these phase transitions,

we show in Figs. 3 and 4 the enthalpies and entropies

of the FS-Cu and Fe, respectively, together with the

reference database. To define a common zero of the

enthalpy scale for comparison purposes, the values of

the enthalpy of fcc Cu (331962 J/mol; cf. Fig. 3, top pa-

nel), and bcc Fe (408901 J/mol; cf. Fig. 4, top panel),

both at T = 298.15 K, have been subtracted to all (three

phases) enthalpy curves. The agreement between both

curves for fcc Cu, Fig. 3 (upper panel) is very satisfac-

tory at all temperatures below melting, indicating the

adequacy of the FS formalism to describe thermody-
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namic properties of pure Cu. It is important to acknowl-

edge that a departure at high temperatures between the

curves is to be expected due to contributions that are ne-

glected either in the FS–MD model, such as electronic

heat capacity, electronic temperature contribution to

changes in the potential energy surface, or in the simula-

tion, such as the contribution from the equilibrium va-

cancy concentration.

The same comparison for the Cu bcc phase, Fig. 3

(middle panel) shows a discrepancy, namely, a more sta-

ble bcc phase for the FS-Cu than for the assessed data in

the entire temperature range, but more noticeable above

1000 K. This signals already one possible contribution

to the erroneous enhanced stability of the FS-Cu bcc

phase. The last comparison, the FS-Cu enthalpy for

the liquid phase is compared to the assessed data in

Fig. 3 (lower panel). Although a significant difference

appears in its temperature dependence, it fortuitously
happens that in the region around the experimental Tm

both curves have similar values, indicating that, if the

bcc phase of Cu would not appear as a stable phase,

the fcc crystal would melt quite at the right T, provided

the entropy contribution is correct.

A similar comparison for the Cu vibrational entropy

in all three phases is shown in the same Fig. 3. The

agreement for the fcc phase is quite satisfactory over

the entire temperature range, and the same can be said

for the bcc phase up to the melting temperatures. The

liquid entropy, instead, is too small in the region of

interest, and this causes an increase in the melting

temperature.

With these comparisons, we can already state that the

reason for the presence of a high temperature bcc phase

in Cu is the too small bcc enthalpy, or equivalently the

too small bcc–fcc energy difference. Entropy in turn,

which is related to vibrational frequencies, i.e. second

derivatives of the energy, are quite correct for both fcc

and bcc phases of Cu, at least in the temperature range

of interest, but is too small for the liquid phase, which
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implies a too high melting temperature for the fcc and

bcc phases. Finally, the fcc phase of FS-Cu is quite cor-

rectly described in terms of its enthalpy and entropy.

The fcc–bcc energy difference at zero temperature is a

parameter usually considered in the development of clas-

sic potentials, but in the case of this potential it has only

been checked that the bcc energy at 0 K lies above the

fcc value (c.f. Ref. [3]). The FS result gives +2275

J/mol, while the CALPHAD value is +4011 J/mol.

It is interesting to see what the melting temperature

of the fcc Cu would be if the bcc phase is suspended

from the thermodynamic analysis by increasing its en-

thalpy. This happens to be 1499 K, 10.5% higher than

the experimental value.

Focusing now on the Fe behavior, Fig. 4 show the

enthalpy and entropy for the bcc, fcc, and liquid phases.

The discrepancies are notorious in all three phases. The

reasons for this are to be found in the magnetic and elec-

tronic contributions [25]. At the Curie temperature of Fe,

TC = 1033 K, an anomaly is observed in the enthalpy

as well as in the entropy of the CALPHAD bcc phase,

which is, of course, absent in the classic prediction.

The non-magnetic fcc phase is nonetheless also poorly

described. It is interesting to note that the CALPHAD

database shows that the enthalpy of both bcc and fcc

phases are quite similar above 1500 K, while the FS pre-

dictions are both not only well below the CALPHAD

values but also quite different. In Ref. [25] a quantitative

estimation of the lattice, electronic and magnetic contri-

butions to the specific heat is performed, in which the

lattice component is modeled with a Debye model, the

electronic component is modeled with a linear term

and the magnetic one is obtained as the difference be-

tween the experimental value and the two previous con-

tributions. In this way the authors find expressions for

the specific heat below and above the Curie temperature

showing the cusp at the ferromagnetic–paramagnetic

transition.

Entropies of the bcc, fcc and liquid phases are also

shown in Fig. 4. Here again, the discrepancies are very

important. Above 1500 K, all three bcc, fcc and liquid

FS entropies are �2kB/at. below the CALPHAD values.

From these enthalpies and entropies, the free energies

of the different phases can be drawn. The usual way to

show these curves is as free energy difference with re-

spect to the stable phase of each material. Fig. 5 shows

the free energy differences for FS and CALPHAD Cu

(upper panel) and Fe (lower panel). Arrows indicate

the phase transitions between the relevant phases: the

first arrow from the left in the upper panel indicates

the fcc to bcc transition of FS Cu at 1147 K, the second

shows the real fcc melting. The third arrow shows melt-

ing of the FS-fcc Cu, while the last one shows a curious

re-entrance of the fcc phase as the stable one above

�2700 K, if the liquid phase is disregarded. This is

against the observation that the bcc phase is usually
the stable phase at high T for metals due to the smaller

entropy (or equivalently, smaller Einstein frequency)

associated to a smaller number of neighbors [26].

For Fe, the arrows in Fig. 5 (lower panel) indicate

(from left to right) the bcc–fcc transition, the re-entrance

of the fcc phase, the melting of fcc Fe, the bcc to fcc FS

transition, and the melting of the FS fcc Fe.

The discrepancies among these curves is so severe

that, in the case of Cu, it is hard to establish any degree

of reliability in predictions like the relative stability of

bcc versus fcc precipitates of Cu in Fe. However, in

qualitative terms, it can be said that the FS and CALP-

HAD free energy difference curves for Cu run approxi-

mately parallel in the temperature ranges where each

one is relevant, suggesting that the temperature depen-

dence of these functions is correctly captured by the

FS model. This gives hope that it may be possible to im-

prove the free energy description of FS Cu by an appro-

priate fit to these thermodynamic functions.

For Fe in turn, the situation is more complex in the

sense that a significant difference exists between the tem-

perature dependence of the fcc–bcc curves obtained

from FS and CALPHAD, as shown in Fig. 5. All three

FS phases of Fe have a rather weak T-dependence,

reflecting the absence of contribution from the electronic



Fig. 6. Excess molar enthalpy alloyDH (in J/mol), vibrational

entropy alloyDS (in J/Kmol), molar Gibbs energy alloyDG (in

J/mol) for Fe–Cu alloys as functions of the Cu composition at

T = 1100 K. The solid (dashed, dotted) line corresponds to the

liquid (bcc, fcc) phase of the alloy. The curves without (with)

dots refer to the CALPHAD (FS) results.
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degrees of freedom and magnetism in the FS formalism.

Although these differences are huge, we may speculate

that the free energy differences, as those reported in

Fig. 5, are the relevant thermodynamic functions deter-

mining equilibrium phases and driving forces in

non-equilibrium processes. A difference between the

CALPHAD and FS fcc–bcc free energies can probably

not be solved in a simple way within the FS frame-

work. However a description of Fe much closer to real-

ity may be obtained if the free-energy difference between

the liquid and bcc phases can be substantially reduced,

given the fact that its temperature dependence is quite

correct but its absolute value is greater by a significant

amount.

So far we discussed the pure elements. Now we ana-

lyze the behavior of the alloy at 1100 K. Fig. 6(a) shows

the excess enthalpy of mixing according to CALPHAD

and FS, for the three phases under consideration. The

first evidence that comes out of this figure is that the

FS, despite having been adjusted to the experimental

heats of solution of a single impurity (i.e., to the deriva-

tives of these curves at xCu = 0 and 1) fails to describe

the strength of the repulsion in concentrated alloys in

all three phases. There is more than a factor of two be-

tween the CALPHAD and the FS values. The second

observation is that the FS curves are symmetric with re-

spect to equi-atomic composition, xCu = 0.5, while the

real alloys show a slight asymmetry, mainly in the fcc

phase.

Fig. 6(b) shows the excess entropy of mixing (vibra-

tional) that is the temperature-dependent contribution

to the excess Gibbs energy of mixing given by Eq. (3)

(third equation) for CALPHAD or Eq. (10) for FS.

While the CALPHAD results show positive contribu-

tions, asymmetric for the solid phases and symmetric

for the liquid phase, the FS results predict negative, sym-

metric ones. The influence of this wrong prediction of

the vibrational entropy on the final value of free energy

is not so dramatic if we consider that mixing entropy

gives a contribution that is 3–5 times larger than this

vibrational one, in such a way that the final excess entro-

py (vibrational + configurational) is positive for all

phases in both datasets, with FS approximately one half

the CALPHAD values.

Fig. 6(c) displays the Gibbs free energies for all three

phases at 1100 K. It is clearly seen through a common

tangent construction that the impact of these enthal-

py–entropy differences results in much higher FS solubil-

ity limits for both terminal phases.

Contrary to FS-Cu, FS-Fe presents so severe depar-

tures from real Fe, originated in the limitation of the

classic approximation to account for electronic and

magnetic contributions, that it is difficult to say how

much better a Fe potential can be devised within this

empirical framework. However, if we focus on free-en-

ergy differences between the phases, to address problems
of phase equilibrium and kinetics of phase transforma-

tions, it seems possible to decrease the enthalpy of FS-

liquid Fe to lower its melting point, in which case the

spurious fcc phase of Fe would not appear in the equilib-

rium diagram. This would already represent a substan-

tial improvement.

The analysis presented so far shows that besides the

fcc phase of Cu, all other phases present in the Fe–Cu

system have serious discrepancies with the thermody-

namic data of the real system. This fact does not neces-

sarily reflect unsolvable limitations of the empirical

approach to describe real materials, but certainly sheds

light on the unquestionable necessity of incorporating

thermodynamic data during the initial stage of potential
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Fig. 7. Predicted Fe–Cu phase diagram obtained from the

application of the Thermo-Calc software to the modified results

of FS simulations summarized in the appendix. An additional

+4017 J/mol was added to the FS description of the Gibbs

energy of the bcc phase of pure Cu (see text).
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development, so that the main features of real multi-

component alloys are captured. We can speculate that

some of the problems reported here may eventually be

solved. For instance, it seems possible to increase the en-

thalpy of the bcc Cu to remove it from the phase dia-

gram. Also, a small change in enthalpy and/or entropy

of fcc and liquid Cu could help to adjust the melting

point of pure Cu. As an example, we present in Fig. 7

the phase diagram of Fe–Cu obtained from FS results

after adding an energy of +4011 J/mol to the bcc phase

of Cu, so that the energy difference between fcc and bcc

Cu is identical to the energy difference in the CALP-

HAD approach (note that this is just a shift into the en-

thalpy predicted by the potential, not a redesign of the

potential, which is not the objective of the present

work). With a new Cu potential that would introduce

this modification into the energetics, the phase diagram

presented in Fig. 7 is probably the best that can be ex-

pected from empirical potentials for Fe–Cu alloys in

the sense of phases present. It remains to decrease the

solubility limit by increasing the enthalpy of mixing,

what would probably require a different description of

the hetero-atomic interactions.
5. Conclusions

We conclude from this study that alloys in the

framework of empirical potentials require a different

treatment of the hetero-atomic interactions if the con-

centrated cases are to be correctly described. Both Fe–

Cu as well as the case we studied previously, Au–Ni,

show that adjusting the heat of solution of a single
impurity is not enough to describe the complex behavior

of concentrated systems. This problem, we believe, can

be addressed by further modifications to the empirical

formalism to incorporate concentration dependent inter-

actions that will reproduce the magnitude of excess en-

thalpy of mixing, as well as the asymmetry around

equi-atomic composition. Additionally, a careful check

of the energetics of all possible phases of the pure ele-

ments appears also as a critical issue to correctly predict

the equilibrium phases, avoiding the appearance of

spurious.
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Appendix

Thermodynamic parameters (energy in J/mol, tem-

perature T in K) that describe the Fe–Cu system. Param-

eters not indicated here are set to zero. Notations are

explained in Section 2 of the main text. Note that within

CALPHAD an additional magnetic contribution to the

Gibbs energy, that is not reported here, has to be in-

cluded for pure Fe in the bcc and fcc phases (cf. Ref.

[22]). If no temperature range is specified this implies

that the data are applicable at any temperature.
Appendix A. Within CALPHAD (from Ref. [22])

• Liquid: (Cu,Fe)

Gliq
Cu ¼ þ12964:84� 9:510243T � 5:83932 10�21T 7

þ Gfcc
Cu; 298:15 K < T < 1358:02 K

¼ þ13495:4� 9:920463T � 3:64643 1029T�9

þ Gfcc
Cu; 1358:02 K < T < 3200 K;

Gliq
Fe ¼ þ1225:7þ 124:134T � 23:5143T lnðT Þ

� :00439752T 7 � 5:8927E� 08T 3 þ 77359T�1

þ Gfcc
Cu; 298:15 K < T < 1811 K

¼ �25383:581þ 299:31255T � 46T lnðT Þ

þ 2:2960310þ31T�9 þ Gbcc
Fe ;

1811 K < T < 6000 K;
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0Lliq
Cu;Fe ¼ þ36087:987� 2:3296885T ;

1Lliq
Cu;Fe ¼ þ324:52964� :032700618T ;

2Lliq
Cu;Fe ¼ þ10355:386� 3:6029763T :

• bcc: (Cu,Fe)

Gbcc
Cu ¼ þ4017� 1:255T þ Gfcc

Cu; 298:15 K < T < 3200 K;

Gbcc
Fe ¼ þ1225:7þ 124:134T � 23:5143T lnðT Þ

� :00439752T 2 � 5:8927 10�8T 3

þ 77359T�1; 298:15 K < T < 1811 K

¼ �25383:581þ 299:31255T � 46T lnðT Þ

þ 2:29603 1031T�9; 1811 K < T < 6000 K;

0Lbcc
Cu;Fe ¼ þ39257:976� 4:1498304T :

• fcc: (Cu,Fe)

Gfcc
Cu ¼ �7770:458þ 130:485403T � 24:112392T lnðT Þ

� :00265684T 2 þ 1:29223 10�7T 3

þ 52478T�1; 298:15 K < T < 1358:02 K

¼ �13542:33þ 183:804197T � 31:38T lnðT Þ

þ 3:64643 1029T�9; 1358:02 K < T < 3200 K;

Gfcc
Fe ¼ �1462:4þ 8:282T � 1:15T lnðT Þ þ 6:4E� 04T 2

þ Gfcc
Cu; 298:15 K < T < 1811 K

¼ �27098:266þ 300:25256T � 46T lnðT Þ
þ 2:78854 1031T�9 þ Gfcc

Cu;

1811 K < T < 6000 K;

0Lfcc
Cu;Fe ¼ þ48232:565� 8:6095425T ;

1Lfcc
Cu;Fe ¼ þ8861:8816� 5:2897513T :
Appendix B. From an FS description of alloy

thermodynamics

• Liquid: (Cu,Fe)
Gliq
Cu ¼ �6754:975494þ 215:8308996T

þ 0:000129907830T 2 � 36:2183687T lnðT Þ;

Gliq
Fe ¼ �6541:346078þ 214:4482650T

� 0:000664648753T 2 � 34:2281661T lnðT Þ;

0Lliq
Cu;Fe ¼ þ10514:0049616þ 71:6509610T

þ 0:00121146964T 2 � 8:58265838T lnðT Þ:
• bcc: (Cu,Fe)

Gbcc
Cu ¼ �5002:892143þ 143:8084700T

� 0:000367416086T 2 � 26:4848335T lnðT Þ;

Gbcc
Fe ¼ �7072:015320þ 131:4515955T

� 0:001630022940T 2 � 23:2336643T lnðT Þ;

0Lbcc
Cu;Fe ¼ þ22519:6729195� 31:0132753T

� 0:00256978993T 2 þ 5:07753979T lnðT Þ:

• fcc: (Cu,Fe)

Gfcc
Cu ¼ �7217:140161þ 126:5781221T

� 0:00281924306T 2 � 23:3658491T lnðT Þ;

Gfcc
Fe ¼ �2093:372978þ 130:4481482T

� 0:00086810734T 2 � 23:6089921T lnðT Þ;

0Lfcc
Cu;Fe ¼ þ26403:2069170� 17:0991278T

þ 0:00117451576T 2 þ 2:32491019T lnðT Þ:
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