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Abstract

Initially, the CALPHAD (Calculation of Phase Diagrams) method was established as a
tool for treating thermodynamics and phase equilibria of multicomponent systems.
Since then the method has been successfully applied to diffusion mobilities in
multicomponent systems, creating the foundation for simulation of diffusion processes
in these systems. Recently, the CALPHAD method has been expanded to other
phase-based properties, including molar volumes and elastic constants, and has the
potential to treat electrical and thermal conductivity and even two-phase properties,
such as interfacial energies. Advances in the CALPHAD method or new information
on specific systems frequently require that already assessed systems be re-assessed.
Therefore, the next generation of CALPHAD necessitates data repositories so that
when new models are developed or new experimental and computational information
becomes available the relevant low-order (unary, binary, and ternary) systems can be
re-assessed efficiently to develop the new multicomponent descriptions. The present
work outlines data and infrastructure needs for efficient CALPHAD assessments and
updates, highlighting the requirement for data repositories with flexible data formats
that can be accessed by a variety of tools and that can evolve as data needs change.
Within these repositories, the data must be stored with the appropriate metadata to
enable the evaluation of the confidence of the stored data.

Keywords: CALPHAD; Thermodynamics; Diffusion; Property data; Data and file
repositories; Materials data infrastructure
Review
The first efforts using computational methods to describe Gibbs energy functions to

represent the phases and describe phase equilibria were made more than 60 years ago

as reviewed in [1]. However, only after computers became available did these efforts

become systematic. In 1970, Kaufman and Bernstein [2] presented a collection of ana-

lytical thermodynamic descriptions of the Gibbs energy of the phases of binary and

ternary systems as functions of temperature and concentration. These descriptions

could be used for the calculation of phase equilibria and thermochemical properties in

a large number of systems. This collection established the CALPHAD method as a

valuable tool for the treatment of multicomponenta phase equilibria and spawned the

development of several software packages and databases with collections of thermo-

dynamic descriptions of multicomponent systems [1]. However, it soon became
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obvious that more sophisticated models were needed to account for the structure (long

and short range order) of these phases when describing the concentration dependence.

With the development of more physics-based model descriptions [3] the reproducibility

of the experimental information improved, but also required the revisions of systems

that had been already described by Kaufman and Bernstein [2].

Kaufman and Bernstein also presented the concept of “lattice stabilities” to describe the

thermochemical properties of the stoichiometric and often hypothetical end-member

phases in solid solutions. Although it is straightforward to obtain functions for the stable

forms of an element from their thermochemical properties, obtaining these quantities for

end-members that are not stable proved to be a challenge. In the early days of CALPHAD

these quantities were frequently estimated from the extrapolation of the properties of the

solution phases to the non-stableb end-member phase. This practice resulted in different

quantities being used by different authors for the same non-stable end-member form of

an element or phase. This was a severe impediment to the development of descriptions

for multicomponent systems since only one description of an element (phase) in a specific

structure can be used, e.g., the description of end-member A must be the same in all sys-

tems A-B, A-C, etc. This problem was greatly alleviated by the publication of the lattice

stabilities of the elements by Dinsdale [4]. These lattice stabilities allowed the develop-

ment of descriptions that were consistent with respect to the description of the elements,

but also made the re-assessment of older descriptions necessary.

The approach used by the CALPHAD method lends itself to the modeling of other

phase properties. It has been successfully employed for the description of diffusion

mobilities [5,6], molar volumes [7], and elastic constants [8]. Since the descriptions of

these properties are also based on the properties of the end-members and the models

being used, these properties are also strongly affected by any change to the model.

The strengths of the CALPHAD method are that the data obtained from the calcula-

tion with a CALPHAD description are self-consistent and that these descriptions

can be used for the extrapolation [9] of multicomponent systems. This makes the

CALPHAD method attractive for the prediction of materials properties [10] and the coup-

ling with materials simulation codes, such as solidification simulations [11] or phase field

simulations [12]. With this ability to describe multicomponent materials properties as

functions of composition and temperature, CALPHAD-based approaches have served as

the foundation for several successful materials design programs [13,14].

For the construction of functional databases to describe multicomponent systems it is

imperative that the same models are used for the description of the temperature, pressure

and the concentration dependence of the Gibbs energy of each phase in all of the consti-

tutive binary and ternary systems. Therefore, any modification of a constitutive subsystem

has a compounding effect on the description of a multicomponent system because it af-

fects every description of systems that includes this subsystem; e.g., a change in the binary

A-B system affects the description of the ternary systems A-B-C, A-B-D, etc. This com-

pounding effect also makes re-assessments of higher component subsystems necessary.

Figure 1 demonstrates this compounding effect illustrating the number of binary and

ternary re-assessments needed if one unary description is changed in a six-component

system. Since the inception of the CALPHAD method, models, functions for end-

member phases (including the quantities of the pure elements) and the descriptions of the

systems have been constantly evolving and re-assessments are continuously needed [15].



Figure 1 The data dependencies in the development of multicomponent CALPHAD databases are
illustrated in the above figure. For the six component A-B-C-D-E-F system, if the unary description for
component C is changed then all the circled binary and ternary systems must be re-evaluated.
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These re-assessments are needed not only as the result of the availability of improved

model descriptions or lattice stabilities for end-member phases, but also due to the avail-

ability of new experimental and theoretical data that improve the knowledge of a system.

Although each re-assessment is progress, it is also a setback in the development of the de-

scription of multicomponent systems because of the previously mentioned compounding

effect that delays the growth of these databases and the extension to the modeling of other

phase properties using the CALPHAD method. As a result of this the CALPHAD com-

munity has become increasingly reluctant to adopt changes in models and end-member

phase properties, even when it is known that updates need to be executed. This clearly

demonstrates the urgent need for tools and data repositories to streamline the re-

assessment process and make it more efficient.

The purpose of this article is to give a perspective of future development of the

CALPHAD method within the concept of the Materials Genome Initiative [16] and

to identify data repositories, data compilation and software needs.

Thermodynamics

Thermodynamics defines the state of a system when interacting with the surroundings,

based on the first and second laws of thermodynamics. The first law of thermodynamics

describes those interactions, and the second law of thermodynamics governs the evolution

inside the system. Consequently, how the system is controlled from the surroundings dic-

tates the state function used to describe the system. Under typical experimental conditions,

temperature, pressure, and mass are the variables being controlled, thus the Gibbs energy

is the characteristic state function widely used in materials science and engineering. The

Gibbs energy of a system with more than one phase is the sum of the Gibbs energies of in-

dividual phases. The Gibbs energy of a stoichiometric phase, i.e., a completely ordered

phase, can be simply described by its Gibbs energy of formation from its components.
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For a solution phase, the chemical activity of a component, i, is defined as ai = fixi
with fi being the activity coefficient and xi the mole fraction, and its value depends on

the reference state where ai = 1. A commonly used reference state is the stable element

reference (SER) state, i.e., its stable structure at 298 K and 105 Pa, with its chemical po-

tential denoted by μSERi , though it is sometimes more convenient to use a pure compo-

nent in the same structure of the solution as the reference state of chemical activity,

with its chemical potential denoted by μoαi , where α represents a specific structure/

phase. The Gibbs energy can thus be written using both reference states of chemical ac-

tivities as follows.
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where exG α
m and exG SER

m are the excess Gibbs energy of mixing in J/mol, and μoαi −μSERi

is the lattice stability of component i in structure α with respect to the SER state, T is

the temperature in K and R is the gas constant in J/(mol K). It is self-evident that the

lattice stability is extremely important as it dictates the value of Gibbs energy of mixing.

Any change in lattice stability will result in a different excess Gibbs energy of mixing to

maintain the same Gibbs energy of the phase. The excess Gibbs energy of mixing is

commonly modeled using the Muggianu extension of the Redlich-Kister formalism due

to its symmetrical characteristics when applied to multicomponent systems [17,18], i.e.,
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where the summation of i, j, k is over all components, and mL ij , Li, Lj, and Lk are the

excess binary and ternary mixing terms and are temperature-dependent using a form

similar to that shown in [4], i.e.,

mLij¼maijþmbijTþmcijT InTþmdijT
2þmeijT

3þmf ij=T ð4Þ

where the coefficients (a,b,c,d,e, and f ) are model parameters evaluated from thermo-

chemical and phase equilibrium data, typically with m ≤ 2 and only ma ij and
mb ij being

used. Model parameters often need to be re-evaluated when new data become available,

particularly data for metastable phases and metastable states. New data at low tempera-

tures now accessible by first-principles calculations based on density functional theory

(DFT) [19] also necessitate the revision of model parameters to extend and validate the

Gibbs energy functions to 0 K. The Einstein and Debye models have been proposed

to describe the heat capacity [20], and the implementation of these models into

CALPHAD descriptions is being investigated by several groups [21-23]. Vřešt’ál et al.

[24] developed an extension of the Dinsdale [4] Gibbs energy functions of the pure
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elements to 0 K employing an extended Einstein model. New model descriptions for the

temperature and pressure dependence of the pure elements have been discussed at a

recent workshop [25-29].

For solution phases with short-range and long-range ordering additional order-

parameters are needed to fully define the state of the phase. Long-range ordering is

commonly treated by sublattice models [30] with the Gibbs energy of mixing defined in

the individual sublattices (This is discussed in detail in the Section “Crystallography”).

The cluster site approximation [31] treats long-range and short-range ordering; how-

ever, sublattice models were shown capable of including both long-range and short-

range ordering [32,33]. Magnetic ordering has been treated by adding a magnetic

contribution to the total Gibbs energy. This magnetic contribution is based on the local

magnetic moment theory of Curie and Weiss [34,35]. However, it has been recognized

that current descriptions of the magnetic contributions to the Gibbs energy still cannot

accurately describe all the observed properties [21,27,36,37], and a concept of mixture of

individual magnetic microstates has been proposed [38-41].

Modeling of a liquid remains a challenge, particularly the liquid properties below

the melting temperature. A two-state model [42] has been suggested to describe the

temperature dependence of the Gibbs energy but this model has been demonstrated

for only a few cases [36,43] and is partially supported by the recent DFT-based molecu-

lar dynamic simulations [44]. Short-range ordering in the liquid phase can be described

using a quasi-chemical model [45], the associate model [46,47] or the liquid ionic sub-

lattice model [48].

Currently, CALPHAD modeling is based on the Gibbs energy, which describes a thermo-

dynamic system at constant temperature and pressure, as most experimental data are col-

lected under these conditions. However, describing a thermodynamic system at constant

temperature and volume using the Helmholtz energy may be useful for direct implementa-

tion of data from first-principles calculations and coupling with diffusion simulations of

systems with large molar volume differences. Although, Lu and Chen [49] have investigated

the implementation of the Helmholtz energy within the CALPHAD approach for fcc-Cu,

this approach has yet to be tested for multicomponent, multiphase systems.

Crystallography

The basis for any CALPHAD description is the model selection. The models for

temperature and pressure dependence are usually selected for the entire system while

the model for the concentration dependence is specific for each phase. The modeling

of ordered phases with homogeneity ranges or interstitial solutions are usually de-

scribed with the sublattice model. In the early days of the CALPHAD method, the spe-

cifics of the sublattice model were chosen in part out of convenience to describe the

appearance of a phase in the phase diagram without much consideration of the physical

properties of the phase. However, for accurate description of the phase properties and

reliable extrapolation to multicomponent systems it is imperative that the crystal struc-

ture of the phase is considered when the model is chosen. The choice of model has not

only implications on the thermodynamic modeling, but also on the modeling of diffu-

sion, molar volume and other phase-based properties.

The basic premise of the sublattice model is that a sublattice is assigned for each dis-

tinct site in the crystal structure. Each of the sublattices can be occupied by one or
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more species, which are usually elements, ions or a vacancy forming regular type solu-

tions. End-members of a phase represent the phase with only one species on each

sublattice. In a full thermodynamic description of a multicomponent phase the num-

ber of parameters to describe the end-members and regular type interactions could

become excessively large. For example, if all the elements in the system were allowed

to occupy each sublattice in a phase, the number of end-member phases would be nk

where n is the number of elements and k is the number of sublattices. One option is

to generate these parameters from first-principles calculations, and the other option is

to reduce the number of parameters by introducing constraints or decreasing the

number of sublattices. Constraints are usually based on nearest neighbor and, maybe,

second nearest neighbor configurations while similarities, such as co-ordination num-

ber, point symmetry etc., and the changes in site fraction upon deviation from the

ideal stoichiometry are used as criterion for combining different sublattices. There-

fore, the use of crystallographic information is crucial for selecting the proper model

descriptions.

The selection of the model to describe the concentration dependence of the Gibbs

energy function of a phase is typically made during the assessment of a binary or

ternary system. Consideration of the phase properties only in the system being

assessed may result in a model description that is not suitable to describe the phase

correctly in a multicomponent system. For example, the substitutional behavior on

two or more distinct but similar sites could be very similar in the A-B system while

in the A-C or A-B-C system the substitutional behavior may be quite different. If in

the assessment of the A-B system the model is simplified by combining the similar

sites into one sublattice, this model would not be capable of describing the substitu-

tional behavior in the A-C or A-B-C systems. Therefore, it is essential to examine

all the mechanisms of deviation from stoichiometry of a phase in all systems where

this phase occurs before any combinations of sublattices are used for its model de-

scription. Therefore, site occupation data are also important data for the refinement

of the model parameters.

The crystallographic information needed to correctly determine a phase can be found

in classic compilations, such as Pearson’s Handbook [50], or in electronic databases,

such as ICSD [51], Pauling File [52] or Pearson’s Crystal Data [53]. The advantage of

electronic databases is that they are easily searchable and allow with relatively little

effort the extraction of phase information for all elemental combinations for which data

for this phase are available. The electronic databases also offer the advantage that

they can be combined with other software that could be developed to assist in

model selection. Since the model of the crystal structure is critical to the develop-

ment of functional databases for multicomponent systems, unique identifiers for

the crystal structure that are linked to the description of the individual phases are

needed. Such an identifier could be the space group and Wyckoff sequence as rec-

ommended by Brown et al. [54] and adopted by the International Union of Pure

and Applied Chemistry (IUPAC).

Phase diagram data

Important phase diagram data for the development and verification of a CALPHAD

type description are phase boundary data. These data are either determined from
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isothermal measurements or scans of phase changes with heating and cooling experi-

ments. In most of these experimental measurements the pressure is kept constant. Iso-

thermal measurements are usually carried out on samples that have been heat treated

and quenched; only in rare cases is an isothermal measurement made in situ. These

measurements can be either quantitative phase analysis, such as electron probe micro-

analysis (EPMA) or energy dispersive x-ray analysis (EDX), or semi-quantitative obser-

vations of phase changes with slightly different compositions in metallographic or x-ray

diffraction samples. Scans with temperature can be simple thermal analysis (TA), differ-

ential thermal analysis (DTA) or differential scanning calorimetry (DSC). With these

latter methods the signal caused by the enthalpy change in the material resulting from

the phase change is recorded. Zhao [55] provides an overview of the experimental

methods available for the determination of phase diagrams.

For an assessment of the thermodynamic description using an optimization proced-

ure the experimental error associated with these data needs to be input. In addition to

the experimental error itself other factors that affect accuracy must also be considered,

such as material purity and heat treatment history of the sample. Therefore, it is im-

perative that a repository of experimental phase diagram data contains all this informa-

tion. Unfortunately not all experimental work reported in the literature contains these

data in sufficient detail and some of these accuracies need to be estimated during an as-

sessment. When auxiliary estimates on data accuracy have been made in an assessment

this also needs to be documented.

Thermochemical data

The availability of thermochemical data is extremely valuable for the development

of a thermodynamic description of a system. However, in general the only quan-

tities that can be directly measured are enthalpies and chemical potentials while all

other quantities, such as heat capacity or entropies, are derived from these mea-

surements. The majority of enthalpies are determined with a variety of calorimetric

methods [56,57]. The chemical potentials are usually determined from electromo-

tive force (emf ) [58] or vapor pressure measurements [59,60]. Depending on the

specific method the values are obtained either through direct or indirect measure-

ments. In cases where the values stem from indirect measurement methods, the

values may need to be used in their converted form; however, in all other cases the

directly measured value should be used. Unfortunately, the originally measured data

are not always reported and the information given may be inadequate to recon-

struct the originally measured data. The reported values may carry errors that have

accumulated from measurement to measurement, and also may be affected by the

choice of reference, which is used to correct for temperature differences at different

stages of the experiment. Even though it is desirable to use only data from direct

measurements these data may not be available. For particular systems, the melting

points of the components or other thermochemical properties of the system may

limit the use of some direct measurement techniques. Thus, when using indirectly

obtained data, the way these data are derived must be documented and taken into

account when the accuracy of these data is evaluated.

A data repository of experimental phase diagram data and thermochemical data

and all the relevant metadata, including documentation on the error estimation, is
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needed to improve the accuracy, efficiency, and reproducibility of the CALPHAD

assessments.

Diffusion

CALPHAD-based diffusion mobility databases have been developed based on the phe-

nomenological theory of diffusion for multicomponent systems developed by Onsager

[5,6]. Assuming irreversible thermodynamics and an exchange mechanism in a crystal-

line material, the diffusional flux, Jk, of a component is assumed to be proportional to a

thermodynamic force, for an isothermal isobaric system,

Jk ¼ −
Xn−1
i

Dki
∂ci
∂z

ð5Þ

where Dki is the diffusivity (m2/s), ci is the concentration of component i (Note: where

xi is the mole fraction of component i, and Vm is the molar volume of the phase), and z

is the diffusion distance. Rewriting Eq 5 in terms of the more convenient quantities,

the chemical potentials μι, and using the chain rule, the flux and diffusivity can be

expressed as

Jk ¼
Xn‐1
i

L0ki
∂μi
∂cj

∂cj
∂z

and Dkj ¼ −
Xn−1
i

L0ki
∂μj
∂cj

ð6Þ

where L
0
ik is a proportionality factor which is dependent of the mobility of individual

components, and ∂μi/∂cj are the thermodynamic factors. Thus, the diffusivities are de-

fined by a pure thermodynamic factor and pure kinetic factor (L
0
ik ). The kinetic factor,

L
0
ik , is defined by the atomic mobilities as follows:

L
0
kj ¼

Xn
i¼1

δik−ckV ið ÞciyVaMi ð7Þ

Where δik represents the Kronecker delta and =1 when i = k and = 0 when i ≠ k, and
Vi is the partial volume of element i, and yVa is the fraction of vacant lattice sites on

the sublattice where i is dissolved. The atomic mobility, Mi, is defined by an Arrhenius

function:

Mi ¼ Mο
i exp

−Qi

RT

� �
1
RT

ð8Þ

where Qi and Mo
i , the activation energy and frequency factor, respectively, are expanded

using Redlich-Kister polynomials to express the composition and temperature depend-

ence (similar to the excess Gibbs energy in Eq 3.) of the mobility and are the functions

stored in the diffusion mobility databases [5,6]. It should be noted by assuming the mo-

bility matrix is diagonal in a lattice fixed frame of reference, as followed in the Darken

approximation, the coupling between fluxes, otherwise known as the vacancy wind

(Manning-effect) is neglected. For additional information on the inclusion of these fac-

tors see the following work [61,62].

When radioactive tracers are used in a homogeneous material, the concentration gra-

dient approaches zero and tracer diffusivity is defined as a function of the kinetic fac-

tors, which are proportional to the atomic mobility. Thus, the tracer diffusivity is



Campbell et al. Integrating Materials and Manufacturing Innovation 2014, 3:12 Page 9 of 23
http://www.immijournal.com/content/3/1/12
independent of a concentration gradient, D�
i ¼ RTMi. While the temperature depend-

ence of the diffusivity of many species can be described by an Arrhenius relation,

there are some materials that have anomalous behavior at low temperatures, such

as β-Ti and β-Zr. These diffusivities could be described using a two-exponential

fit [63].

Tracer diffusivity data from single crystal material are the preferred experimental data

on which to build a diffusion mobility database, as these data are not dependent on a

thermodynamic factor or influenced by the Gibbs energy. However, for a given system,

it is often difficult to find enough tracer diffusivity data to complete a diffusion mobility

description (some data sources of diffusivity data, mostly tracer and impurity data,

found in [64-66]). Thus, chemical and intrinsic diffusivity data are used to complete the

diffusion assessments. Using these data requires a thermodynamic database to calculate

the concentration gradients and to determine the diffusion mobilities [67-69]. In the

volume-fixed frame of reference for substitutional elements the chemical diffusivity,
VDkj, is defined as

VDkj ¼
Xn
i¼1

δik−xkð ÞxiMi
∂μi
∂xj

Vm ð9Þ

The derivatives of the chemical potential can be calculated using a CALPHAD-based
description of the thermodynamics. The intrinsic diffusivity, LDkj, is defined in the

lattice-fixed frame of reference, where the sum of the diffusion fluxes equals the vacancy

flux, as:

LDkj ¼
Xn
i¼1

δxixiMk
∂μk
∂μj

ð10Þ

Similar to the thermodynamic and phase diagram data, it is essential when reporting
diffusivity data to include not only the measurement error, but also the type of material

used, the initial composition/s and relative errors, and the methods used to analyze the

data.

Just as the CALPHAD thermodynamic databases require a consistent set of refer-

ence lattice stabilities, the diffusion mobility databases also require a consistent set of

reference tracer-diffusion mobilities for the pure elements. However, unlike the lattice

stabilities, which have been established, the reference tracer-diffusion mobilities have

yet to be established. A reference tracer-diffusion mobility database for the pure ele-

ments is in the process of being developed in conjunction with NIST and a group of

international researchers [70]. The reference mobilities are determined by reviewing

all of the available experimental data and assessments for a given element. When

multiple assessments exist for the same element, weight mean statistics are used to

determine which assessment best represents the critically reviewed experimental data

[71]. The reference mobility database also requires values for the non-stable end-

members. These quantities may be estimated using diffusion correlations [72,73] or

using data from first-principle calculations [19,74-76] or atomistic simulations [77],

when possible.

The choice of sublattice model is also important in the development of robust diffu-

sion mobility databases. Even if only tracer diffusivity data are used to developed the
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diffusion mobility description, eventually the diffusion and thermodynamic descriptions

will be used together to predict diffusional controlled phase transformations and

thus the same phase model must be used by both the diffusion and thermodynamic

database. The choice of phase model must accurately represent the crystal structure

and the active diffusion mechanism. For example, in modeling the austenite (fcc)

phase for a steel, carbon should not be placed on the substitutional sublattice, but ra-

ther on the interstitial sublattice.

Physical phase-based properties related to the thermodynamics
Molar volume and thermal expansion

Recently, the CALPHAD approach has been applied to more phase-based properties,

such as molar volume and elastic moduli, and databases of assessments of functions for

these properties are in the process of being developed. Again essential to the develop-

ment of these CALPHAD-based descriptions are reference experimental data and a ref-

erence database for the pure end-member quantities in various phases. Molar volumes

for the stable crystalline phases and compounds can be determined using high accuracy

lattice parameter measurements, such as x-ray or neutron diffraction. For liquids,

molar volumes may be measured directly, determined from measured volume changes

occurring during melting or solidification, or derived from changes in the melting

temperature as a function temperature. Databases can be developed assuming pressure

independent volumes below 1 GPa [78]. Above pressures of 1 GPa, the pressure

dependent volumes should be included by using the appropriate equation of state

(EOS) [79] (This will be discussed further in the next section). Hallstedt et al. [78] rec-

ommended that metastable end points can be extrapolated from binary lattice param-

eter data using Vegard’s law, assuming that a linear composition dependence holds. In

using this process as many binary systems as possible should be considered to deter-

mine an average extrapolated metastable end-member quantity. Low solubility in a

given phase may limit the application of this extrapolation method. When this occurs,

using first-principles calculations to estimate the lattice parameter is the preferred

method.

The temperature dependence of the molar volume (thermal expansion) and heat cap-

acity are related in both the Mie-Grüneisen and Einstein models. The molar volume, is

defined as function of linear expansion (CLE), α, as the following:

Vm ¼ V ο exp
TR
Tο

3αdT

0
@

1
Aþ ΔVmagn

m Tð Þ ð11Þ

Where the first term represents the nonmagnetic molar volume and the second

term, ΔVmagn
m , is the magnetic contribution to the molar volume. The variable is

the molar volume at the reference temperature, T0, usually 298.15 K. Lu et al.

[7,80] applied the CALPHAD method to expand the nonmagnetic volumetric expansivity

by defining:

3α ¼ aþ bT þ cT2 þ dT−2 ð12Þ

where the constants a, b, c, and d are evaluated using available data from lattice par-

ameter expansion data determined using diffraction methods or measured length
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changes determined using dilatometric and interferometric methods. (It should be

noted that high temperature diffraction data are preferred as vacancy contribu-

tions can be minimized.) The magnetic contributions to the molar volume are treated by

Fernández Guillermet [81]. Based on this formalism Lu et al. developed descriptions for a

number of fcc, bcc and hcp elements [7]. Lu et al. [7] acknowledged that the current mod-

eling efforts do not describe the Invar effect well in Fe-Ni alloys and additional modeling

efforts are needed [41]. Lu et al. [7] demonstrated that the Debye-Grüneisen model is use-

ful to approximate thermal expansion coefficient for metastable and unstable phases and

systems where experimental data are lacking. Kim et al. [82] demonstrate the use of first-

principles to develop multicomponent composition thermal expansion coefficients descrip-

tions for Ni-Al based systems.

Alternatively, Hallstedt et al. [78] noted that the thermal expansion contribution to the

volume is generally small and thus, a simple polynomial may be sufficient at this time.

Vm ¼ V ο 1þ B
V ο

T−Tοð Þ þ C
V ο

T2−T 2
ο

� �� 	
ð13Þ

Assuming.
α ¼ 1
V
dV
dT

≈
1
V

Bþ 2CTð Þ ð14Þ

For metastable phases, Hallstedt et al. [78] suggested using the same thermal expan-
sion descriptions that correspond to the stable phases. If thermal expansion data for a

liquid phase are not available, it has been recommended to assume that the thermal

expansion is proportional to the volume of the liquid using the same proportionality

constant that is defined for the solid phase. The additivity rule can be used as approxi-

mation for intermediate phases with missing thermal expansion data [78]. Hallstedt

demonstrated the feasibility of this approach for Al, Mg, and Si [83].

Recently, Zhang et al. [84] demonstrated yet another approach for modeling the thermal

expansion. This approach was used to evaluate 42 pure metallic elements and was based

on Debye-Grüneisen model. The approached showed potential to for use to extrapolate

thermal expansion coefficients when sufficient temperature data is unavailable.

Elastic properties

To apply a CALPHAD approach to modeling the elastic properties requires using an

EOS, which can be expressed in the form V =V (T,P) and can be integrated, and data

on the bulk moduli. The data needed to describe the EOS include the volume, Vo(T),

compressibility, Ko(T), and the pressure dependence of the compressibility at a refer-

ence temperature [78]. Most of the bulk moduli for the elements and many compounds

are known. When experimental data are not available first-principles calculations,

using volume functions fitted to an appropriate EOS, can be employed [85,86]. The

temperature dependence can be obtained through the thermal expansion assuming that

the temperature dependence of elastic stiffness coefficients mainly results from the volume

change as a function of temperature. This approach has been demonstrated by Liu et al.

[8] for the Mg-Al system.

As noted previously to describe the volume at pressures above 1 GPa, the pressure

dependence must be included in the EOS [78]. Lu et al. [79] developed such an EOS
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based on the work of Jacobs and Oonk [87], which extrapolates well to at least 6000 K

and 200 GPa.

Vm T ; Pð Þ ¼ Vm T ; Pοð Þ þ cIn
kο T ;Pð Þ
k T ;Pοð Þ

� �
ð15Þ

Where c = c(T) is defined by the pressure data, κ is the isothermal compressibility,

and κo is the isothermal compressibility at Po. The Gibbs energy is then expressed as.

G T ; Pð Þ ¼ G Tð Þ þ c Tð Þ
k T ; Pοð Þ exp

Vm T ; Pοð Þ−Vm T ;Pð Þ
c Tð Þ

� �
−1

� �
: ð16Þ

The temperature dependence of Vm(T,Po) is given by Eq. 13. Other EOS have also been

considered [88-90]; however, all of these EOS have had some compatibility issues with the

CALPHAD method that results in the incorrect prediction of high pressure thermophysical

properties. Brosh et al. [91] proposed another EOS which attempts to address some of

these capability issues; however, an EOS which satisfactorily accounts for the compatibility

issues with CALPHAD has yet to be identified. Hammerschmidt et al. [28] give a summary

of the calculation of the elastic constants and point out that the magnetic properties of

a phase also need to be taken into account for their treatment.

Physical base properties independent of thermodynamics

The phase-based properties that have been addressed thus far are either thermo-

dynamic quantities or use the thermodynamics to fully describe the property. However,

the CALPHAD method has been demonstrated to apply to other properties.

Electrical resistivity and thermal conductivity

The electrical resistivity of a phase is composed of contributions from scattering of

conducting electrons and static lattice defects. The electrical conductivity, the inverse

of the electrical resistivity, ρ, is related to the thermal conductivity via Wiedemann-

Franz law, which states:

λ ¼ LT=ρ ð17Þ

where λ is the thermal conductivity, L is the Lorentz number and T is the absolute

temperature (K). However it should be noted when the heat is conducted by phonons,

as in an insulating phase, the assumptions made in the Wiedemann-Franz law no lon-

ger apply. The temperature of these quantities can be described by linking to the heat

capacity as demonstrated, by Grimvall [92], or by using a simple polynomial as shown

in the work by Terada et al. [93].

Using a CALPHAD approach the composition dependence of these quantities can be

expressed. For example, the electrical resistivity in a metallic binary solid solution can

be expressed as a sum of the pure component contributions and a mixing term, as

proposed by Nordheim for a metallic binary solid regular solution [94]:

ρα ¼ 1−xð ÞρA þ xρB þ kx 1−xð Þ ð18Þ

where ρα is the electrical resistivity of phase α, ρA and ρB are the electrical resistivities

of components A and B in the α phase, and k is an excess mixing term.
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Terada et al. [95,93] have reviewed the thermal conductivity in a wide range of inter-

metallic compounds and have found that the Wiedemann-Franz law applies for not

only stoichiometric intermetallic compounds, but also for off-stoichiometric com-

positions, such as NiAl and CoAl. Using the work of Terada et al. [93] and others

[96] should provide a starting basis for thermal conductivity and electrical resistivity

CALPHAD-based databases.

For insulating materials, such as oxides and semiconductors, Gheribi and Chartrand

[97] developed a model based on the Debye model to predict thermal conductivity.

This CALPHAD-based model, which simultaneously optimizes the thermal expansion,

heat capacity and bulk modulus, also correctly predicts the thermal conductivity as a

function of temperature.

In addition to the phase-based properties described in this work, the CALPHAD

approach could be used to describe the composition and temperature of optical, thermo-

electric, acoustic properties of materials.

Interphase properties

The ability to simulate microstructure evolution requires not only input of many

phase-based properties (thermodynamic, diffusion, volume), but also many interphase

dependent properties. The physical properties of molten alloys are dependent on the

surface tension (i.e., for solder and solidification applications). Using Bulter’s equation,

which defines an equilibrium between the bulk and monolayer surface, Picha et al. [98]

and Tanaka et al. [99] have developed CALPHAD-based descriptions for various low

melting binary metal systems and molten salt systems. The interfacial energy between

two solid phases is an essential input for simulating precipitation and coarsening pro-

cesses; however, these values are often difficult to measure and calculate. Establishing a

database of available measured interfacial energies and methods to extrapolate these

quantities is critical for the use of many precipitation codes. Currently, composition in-

dependent interfacial energies between phases are used within most precipitation and

coarsening simulation tools [100-102]; however, if sufficient data were collected and

stored composition-dependent interfacial energies CALPHAD databases might be de-

veloped. Efforts to estimate the composition dependent interfacial energies for a given

set of solid phases were reviewed by Costae Silva et al. [103], who noted that while

thermodynamic approaches can provide reasonable estimates, fundamental first-

principles approaches [104] should be used as the reference values. More recently, Shi

and Luo [105] developed a method to estimate the interfacial energy associated with a

grain boundary between two phases. Combining these and other methods with data

available from coarsening experiments [106,107] and single-sensor DTA nucleation

cooling experiments [101] a CALPHAD based databases could be established, where the

interfacial energies are defined by two phases.

Grain boundary diffusion models, thermal migration models [108], and nucleation

models are also used to predict composition dependent microstructure evolution and

require additional material dependent input, such as the grain boundary diffusion coef-

ficients, dislocation densities, and nucleation kinetics. Eventually composition and

temperature dependent databases for these quantities will also be required. Thus, ex-

perimental databases documenting these inputs should also be established; however,

the specific format for these data is yet to be determined.
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Data repositories and tools
Repositories

Based on the evolution of CALPHAD modeling and multicomponent database devel-

opment, it is now clear that data repositories are essential for improving the efficiency

of future modeling and assessment work. Without these repositories, the effort needed

to improve current descriptions will continue to be burdensome and continue to slow

the implementation of new models. As CALPHAD modeling expands to other phase-

based properties there will be even greater need for these data repositories. For these

repositories to be effective, these data need to be well documented. This documentation

needs to be sufficient such that the user does not need to obtain the original work to

determine the error associated with the data for the application of interest.

Although there are currently many various data compilations (such as [109,110]), it is

rare that these data can be easily manipulated into the desired format. Some of these

data compilations, especially those in printed form, are rarely updated. The advantages

of electronic compilations include the possibility of easier data manipulation and the

ability to easily update with new information.

NIST has been charged with developing materials data infrastructure and data re-

positories to support the Materials Genome Initiative (MGI). NIST has initiated

several different efforts in the areas of data capture, data dissemination, and data

processing to develop this infrastructure, as illustrated in Figure 2. As a first step,

files used in the assessment of the description of a given system should be collected

and stored electronically in a public repository, such as that initiated by NIST and

Kent State [111] (http://nist.matdl.org/). Figure 3 is screen shot of this repository, which
Figure 2 Schematic representing NIST data efforts in the areas of data capture, data dissemination,
and data processing. Data capture efforts include the Thermodynamic Research Center (TRC) expansion of
the Guided Data Capture program (http://trc.nist.gov/GDC.html) and developing data curation tools based
on ontologies. Data dissemination efforts include the TRC ThermoML archive and the NIST interatomic
potential repository (http://www.ctcms.nist.gov/potentials/). The overlapping areas show the development
of workflow tools, data repositories, ontologies using natural language processing (NLP), and meta-data
standards that are needed for all the data efforts.

http://nist.matdl.org/
http://trc.nist.gov/GDC.html
http://www.ctcms.nist.gov/potentials/


Figure 3 Screen shot of the customized DSpace repository (nist.matdl.org) to support a variety
open and private data communities.
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is a customized version of the open source software DSpace (http://www.dspace.org/),

showing the development of different materials-based data communities. Authors are

asked to contribute the files from their work. These files can then be linked to the ori-

ginally published work. It is advantageous that the files used to assess the description

can be directly associated to the files containing the description. Figure 4 illustrates the

relationship the evaluated data files and the files containing the functional descriptions.

Although these files are software specific, translation tools can be used to make the data

available to other software codes.
Figure 4 Schematic illustrating the proposed relationship between evaluated data files and
CALPHAD functional descriptions to be used in developing a CALPHAD-base file repository.

http://www.dspace.org/
http://www.nist.matdl.org
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Data may be collected in repositories either as single value points or as a data series.

Most data can be stored as single value points; however, some data must be stored as a

data series. For example, a diffusion profile is a data series where the individual data

points must be stored together to be meaningful. The format for the repository, while

not specific, must be flexible enough to accommodate extensions while maintaining

easy data retrieval. The format must be able to define a unique material in an unam-

biguous way such that the same material identifier can be used by other databases and

tools searching for information on that specific material. In addition, phase names must

also be unique and unambiguous. Examples of currently used identifiers for che-

micals include the Chemical Abstracts Registry (CAS) number [112] and International

Chemical Identifier (InChI) [113]. An example for defining phase names is given by

Schmid-Fetzer et al. [114]. One possibility for a flexible data format is the use of various

extensible markup languages. Some of the languages to be consider for use include

MatML specifically designed for the interchange of materials data [115] and ThermoML

for thermochemical and thermophysical property data [116-118]. Other choices to

consider are the HDF5 (Hierarchical Data Format) format used by the Materials Data

Environment [119] or data-interchange formats such as, JSON (Java Script Object

Notation) [120] or BSON (Binary Script Object Notation) [121]. Regardless of the choice

of data format, the data stored should ideally include descriptions of the appropriate

metadata. These metadata would include information describing how the individual

datum was obtained. These descriptions could include information on material purity,

alloy preparation, etc., for experimental data and information on the method and input

used, etc., for calculated data. For phase data it is essential that the data are linked to the

crystal structure of the phase. Following the recommendations of the CCN (Commission

on Crystallographic Nomenclature), the crystal structure should be inputted using the

format prescribed by Brown et al. [54]. A preliminary summary of the information

needed for data typically used in CALPHAD assessments is shown in Table 1. If all en-

tries in Table 1 are provided, this would represent an ideal data description case. In real-

ity, it is accepted that information to all entries in Table 1 may not be known. For

example, a diffusion couple composition profile may be entered for a given system:

ideally, the profile should be entered with a corresponding micrograph of the micro-

structure and the compositions should be identified as single phase or multiphase. How-

ever, this information may not be available, but the composition profile still provides

valuable information and should be entered.

ESPEI

In a project supported by the United States Automotive Materials Partnership

(USAMP) of Department of Energy, Shang et al. [122] developed an relational infra-

structure, ESPEI (Extensible Self-optimizing Phase Equilibrium Infrastructure), based

on SQL (structured query language). In ESPEI, all data are organized through the phase

identifiers with one for each individual phase-based on crystallographic information.

There are currently about 300 phase identifiers in ESPEI covering known symmetries

designated by space groups. The input data are tabulated for each phase in three

groups: thermochemical data from first-principles calculations, thermochemical data

from experiments, and phase equilibrium data. Each data point is divided into mul-

tiple entries with one for each element in the phase, which enables the extension to



Table 1 General summary of information needed to define data used in CALPHAD
assessments

Data type entries Descriptors for entries Additional Sub-descriptors

Elements present

Type of value (e.g. enthalpy, heat of
formation, phase boundary, diffusivity,
lattice parameter, bulk moduli)

Experimental or computational
method

Type of measurement
(direct or indirect)

Number of phases present

Datum value and error Type (single value or series)

Units

Actual value (s) and error (s)

Phase Information for each phase Phase name

Composition and fraction
and errors

Crystal structure (this input will
follow the format prescribed by
the CCN) or amorphous

Lattice parameter

Temperature and error Units

Pressure and error Units

Metadata

Type of material Bulk composition

Material purity

Sample preparation Sample preparation

Microstructure information Single Crystal

Polycrystalline (grain size,
dislocation density)

Non-crystalline

Data manipulation details (if any,
e.g. reference state corrections,
analysis method to determine

interdiffusion coefficient)

Reporting format (raw data, digitized
data, other)

Reference (DOI or text ; one must
be present)

Additional information
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multi-component systems. In addition to the value and uncertainty, each entry de-

tails the independent variables and their uncertainties such as temperature, pressure,

composition, magnetic data, and other miscellaneous information. The ESPEI SQL

data are searchable by elements. An automation procedure was developed to model

Gibbs energy functions of individual phases in binary and ternary systems using the

three groups of data mentioned previously.

The data flow in ESPEI is illustrated in Figure 5. ESPEI heavily depends on thermo-

chemical data from DFT-based first-principles calculations for both stoichiometric

and solution phases at finite temperatures [19] due to the lack of experimental

measurements of thermochemical properties of individual phases. Even though the



Figure 5 Schematic illustrating data flow in ESPEI.
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discrepancies on lattice stability between the classic CALPHAD modeling and DFT-

based first-principles calculations still exist [123] progresses have been made to narrow

the differences such as bcc Ti [124] and fcc W [125], even for liquid solution phases

[44]. The efficient special quasirandom structures (SQS) approach [126-128] is particu-

larly useful in predicting the enthalpy and entropy of mixing in solid solution phases

using phonon or Debye models [129,130]. Consequently, the thermodynamic model pa-

rameters of all individual phases can be evaluated solely from DFT-based first-principles

calculations. On the other hand, the uncertainty in DFT-based first principles calcula-

tions prohibits accurate predictions of phase equilibrium temperature and compositions

between two or more phases, and model parameters are further refined using phase

equilibrium data from experiments.

Conclusions
The CALPHAD method is a powerful tool for assessing the properties of multicompo-

nent, multiphase materials that can readily be coupled with materials simulation tools.

However, the method is currently lacking strategies for straightforward implementation

of new models and new data to update databases. The basis for efficient update methods is

the availability of the data that are needed for determination of the functions used by the

CALPHAD method.

The strengths of the CALPHAD method are that the data obtained from the calcula-

tion with a CALPHAD description are self-consistent and that descriptions of constitu-

tive subsystems can be combined for the extrapolation [9] of multicomponent systems.

However, from the assessment of the descriptions to the prediction of the properties in

a multicomponent system, the confidentiality interval of the calculated data is not avail-

able from the calculations. Although several attempts [131,132] have been made to

quantify the reliability of these calculated data none of these methods has been tested

for its general applicability for results from calculations of multicomponent systems.

For full implementation into an Integrated Computational Materials Engineering

(ICME) approach, information on the confidence of the multicomponent predictions is

needed to design materials within specified property tolerances. While the CALPHAD

approach only requires unary, binary, and ternary data, multicomponent data are
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essential for providing verification and confidence assessments of the multicomponent

material property predictions. Thus, it is important that multicomponent property data

are also published and stored in data repositories [133].

As outlined in the 2008 National Research Council report on ICME [134], a data re-

pository infrastructure is needed. The report suggests following the example of the hu-

man genome project (HGP) [135]. This would require that data from government

sponsored research be published in publically available databases as recently mandated

by the recent US government executive order [136]. Likewise, materials-oriented re-

search journals should require that the reported data be deposited in a publically avail-

able database before the research is accepted for publication. The development of a

cyber-infrastructure is required as a first step, within the framework of the Materials

Genome Initiative [16]. This infrastructure is needed to host repositories, to provide

tools to enable efficient population of reference data repositories, and to integrate the

variety of different repositories and tools currently being developed. NIST has initiated

several projects and collaborations to develop this infrastructure and host some of

these repositories (nist.matdl.org and materialsdata.nist.gov/dspace/xmlui).
Endnotes
aIn this article the term “multicomponent” is used to describe systems with more

than 3 components.
bThe term “non-stable” is used if a distinction between metastable and unstable is

not available or not needed.
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