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Abstract
The development of accurate kinetic databases by parametrizing the composi-
tion and temperature dependence of elemental atomic mobilities, is essential
for correct multicomponent calculations and simulations. In this work the auto-
mated assessment procedure for the establishment of CALPHAD-type kinetic
databases is proposed, including the storage of raw data and assessment results,
automatic weighting of data, parameter selection and automated reassessments.
This allows the establishment of reproducible up-to-date databases. The pro-
posed software, written in python, is applied to the assessment of a kinetic
database for the fcc Co–Cr–Fe–Mn–Ni high entropy alloy using only tracer dif-
fusion data for a sharp separation of thermodynamic and kinetic data. The estab-
lished database is valid for the whole composition range of the five-component
high entropy alloy.

Keywords: atomic mobilities, automated assessments, CALPHAD databases,
cross-validation

(Some figures may appear in colour only in the online journal)

1. Introduction

Diffusion, describing the transport of matter, either with or without thermodynamic driving
forces in form of concentration or chemical potential gradients, is a key process in the life-
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Figure 1. Dependencies of the assessed parameters in the different layers on each other
and the reassessments that have to be conducted (marked with red boxes), if an end-
member value, or a binary interaction term is rebuild. This is exemplified on diffusion
of A in an A–B–C alloy [10].

time of a material [1–3]. Diffusion determines or influences for example phase transformation
velocities [4], oxidation, annealing, pore formation and creep [5].

To predict and simulate correct diffusion behaviors, precise thermodynamic and kinetic
descriptions of the investigated composition and temperature space are inevitable. Such data
can be parametrized using the CALPHAD calculation of phase diagrams) method, which pro-
vides functional description for temperature and composition dependent models as well for the
storage of the parameters in database (thermodynamics: so-called tdb-files (thermochemical
database) and kinetics: so-called ddb-files (diffusivity database)) [6].

Thermodynamic databases, describing the Gibbs energies (unit: J mol−1), exist for most of
the important metallic material classes (e.g., Ni-based, Fe-based, or Al-based alloys). Kinetic
databases contain parametrizations of the atomic mobility, defined as the velocity of a species
per unit force (unit: m2 s−1 J−1 mol) [7].

In the CALPHAD method, different models can be applied to describe the elemental distri-
bution in phases, e.g., the sublattice model in the compound energy formalism (CEF) [6]. In the
sublattice model, each phase is represented by one or more sublattices, where a set of equivalent
positions, same Wyckoff positions, is treated as one sublattice. For simplicity, different sets of
equivalent positions can be combined to one sublattice, but one set cannot be separated into sev-
eral sublattices [6]. The sublattice description for face-centred cubic (fcc) Co–Cr–Fe–Mn–Ni
is (Co, Cr, Fe, Mn, Ni)1(Va)1. Since it forms a solid solution, all positions are equivalent for the
substitutional elements and the second lattice is only occupied by vacancies. To combine ther-
modynamic and kinetic databases the investigated phases must be represented with the same
sublattice description.

The parametrization in the CALPHAD-technique is based on a pyramidal structure (see
figure 1). The end-members, in thermodynamics the pure elements or stoichiometric com-
pounds and in kinetics the diffusion in pure elements, form the basis. Dependent on these
parameters additional interaction terms are added for accurate descriptions of alloying sys-
tems. Despite the advantages of straight-forward extrapolation to higher-order composition
space, this assessment structure makes modifications cumbersome.

To overcome this problem ESPEI—extensible self-optimizing phase rquilibria infrastruc-
ture [8, 9] was developed for automated assessment of thermodynamic databases. A similar
approach dealing with the automated assessment of atomic mobilities will be presented in this
paper.
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2. Modeling of CALPHAD-type kinetic databases

Atomic mobility databases contain models and the referring parameters to describe the com-
position, temperature, and pressure dependence of atomic mobilities. The functional form of
the atomic mobilities are stored in so-called diffusion dataBases, DDB-files [11]. In the con-
text of kinetic databases, it is important to clarify that the term end-member in the present
work are pure elements Co, Cr, Fe, Mn, Ni. Note that for many phases modeled with the CEF
the end-members cannot be pure elements and are diffusion species in a phase [12]. The term
‘unaries’ is misleading in case of atomic mobilities, since not only diffusion of A in A is an
end-member but also the mobilities of all other elements in pure A. For example, in a binary
A–B system, there are four end-members. In the following the mobility will be written as
MAlloy

Diffusing Element, e.g., A in pure A: MA
A , A in pure B: MB

A or A in A–B: MAB
A . The main difference

between thermodynamic and kinetic descriptions is that only one Gibbs energy exists for a
phase, independent of the number of components. In contrast, n independent atomic mobilities
exist in an n component alloy.

The temperature dependence of atomic mobilities can be described with the Arrhenius law
(see equation (1)), since diffusion in solids occurs mainly via a vacancy-assisted process and
the vacancy concentration is temperature dependent [13, 14]

Mk
i = Mk,0

i exp

(
− Qk

i

RT

)
1

RT
, (1)

where R (J mol−1 k−1) is the ideal gas constant, T the temperature in Kelvin (K), Mk,0
i the

frequency factor and Qk
i is the activation enthalpy (J mol−1) for diffusion of i in k, where k

stands for unary, binary, or higher order systems. This term can be extended for magnetic and
ordering phenomena, which is described in detail in [14]. Qk

i and Mk,0
i can be grouped into one

single parameter, Qi = −Qk
i + RT ln Mk,0

i , in the case when there is no magnetic effect on the
atomic mobility [13, 15]. It was found that Mk,0

i is only slightly concentration dependent and
thus the whole composition dependence is evaluated within Qk

i [12, 16]. The Redlich–Kister
expansion [17] plus ternary interactions give

Qi =
n∑

p=1

xpQ
p
i +

n∑
p

n∑
q>p

xpxq

[
m∑

r=0

Apq,r
i (xp − xq)r

]

+
∑

p

∑
q>p

∑
v>q

xpxqxv[vs
pqvB

pqv,s
i ]. (2)

The first term of equation (2) describes the interpolation between p end-members, and xp,
p = 1, 2, . . . , n. The second term adds binary interaction terms xp and xq for the fitting parame-
ter Apq,r

i , where p and q, q > p, are the indexes of interacting elements and r is the order. The last
term describes ternary interactions, following the symmetric thermodynamic approach with

νs
pqv = xs +

(1 − xp − xq − xv)
3

, s ∈ (p, q, v) (3)

and ternary interaction parameter Bpqv,s
i , which describes the influence of interactions between

p, q and vth end-member on diffusion of element i.
The models are parametrized with the help of measured or calculated kinetic data. Mostly,

tracer diffusion coefficients Di, interdiffusion coefficients D̃i j and intrinsic diffusion coef-
ficients iDi are used. Tracer diffusion coefficients are directly related to atomic mobilities:
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Di = MiRT, i = 1, 2, . . . , n. Interdiffusion and intrinsic diffusion coefficients contain thermo-
dynamic information and to extract atomic mobilities, assumptions about the thermodynamics
are necessary. Thus such an extraction is ambiguous. The use of intrinsic and interdiffu-
sion coefficients bounds the mobility database to the used thermodynamic databases, e.g., the
mc_fe.tdb, release 2.060 database is linked to the mc_fe.ddb, release 2.012 [18]. This depen-
dence is problematic if the thermodynamic database is, for example, updated of if someone
wants to combine other databases. Note that in case of using the same CEF models and high-
quality thermodynamic descriptions the same mobility database can be used with different
thermodynamic databases [7].

The assessments procedure for kinetic databases follow a general procedure, consisting of
the search for experimental data then the selection or weighting of these data, where the impor-
tance of each data-set is evaluated. In a next step, the end-member parameters are assessed and
the number of binary and ternary interaction parameters is selected and those parameters are
fitted to the data.

In literature, many mobility assessments are published, e.g., [7, 18, 19], but they have similar
drawbacks:

• Addition of new data→ the whole procedure has to be repeated, which is time-consuming.
• No general procedure for the weighting of data → person-dependent, not reproducible.
• No general procedure for the selection of parameters (model selection) → person-

dependent, not reproducible.
• Atomic mobility assessments/databases are available for different parts of the phase dia-

gram and, in general, cover the whole composition space. However, it is not clear how
precise are the parameters for the extrapolation to areas where the experimental data do
not exist yet. A universal automated approach for creating a mobility database covering
the whole composition space and based only on the tracer diffusion data was not published
previously.

To overcome these problems, a new standardized and automated assessment procedure is
proposed in form of the automated assessment of atomic mobilities python-based software
(PyMob) [10]. This framework handles the storage and weighting of raw data, model selection,
assessment of model parameters, storage of assessed parameters and the reassessment proce-
dures. To demonstrate the functionality of the proposed approach, we will apply this software
to develop a purely kinetic database for fcc Co–Cr–Fe–Mn–Ni which is independent of all
thermodynamic databases and valid for the whole composition range. It is worth to mention
here that if the different thermodynamic descriptions to assess the self-diffusion mobilities
are used, it becomes difficult to combine various binary and ternary assessments into large
multicomponent systems. To efficiently develop a mobility database, one needs to create a
self-consistent database that uses the same temperature and pressure functional descriptions of
the mobility of pure elements. A similar problem was solved by Dinsdale [20] for CALPHAD
multicomponent thermodynamic databases.

3. Automatisation

A new standardized and completely automated assessment procedure is proposed in form
of the PyMob python-based software. This framework handles the storage and weighting
of raw data, model selection, assessment of model parameters, storage of assessed parame-
ters and reassessment procedures. The development of the PyMob software was inspired by
the ESPEI—extensible self-optimizing phase equilibria infrastructure [8, 9] framework that
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Figure 2. Software structure of PyMob [10].

deals with automated thermodynamic database development. This software will be available
at ICAMS homepage [21]. In the following, first general software features will be presented
and then the modified cross-validation approach [22, 23] and the parameter selection method
are described in detail.

3.1. Technical details

The software written in Python (version 3.7) handles end-member assessments and the fitting
of binary and ternary interaction terms. Due to the CALPHAD-type pyramidal structure, the
binary interaction terms depend on the end-member results and the ternary interaction terms
on the end-member and on the binary interaction terms. These three assessment stages are
encapsulated and treated independently in the subsequent order. The assessment procedure on
each stage is similar and shown in figure 2 with the blue circle. For every subsystem on the
given stage, the following steps are executed: (1) check if the assessment result exists, (2) if
yes, the assessment is not repeated and the next subsystem is chosen. If the result has not been
already stored, the available raw data are collected, the assessment is conducted and the new
results are stored and then the next subsystem is chosen for the assessment.

3.1.1. Data storage. Raw data, tracer diffusivities and Arrhenius parameters are tested against
duplication and reasonability, and then they are stored in a structured query language (SQL)
database. This allows automatic access and selection of the required data during an assessment
step for the given sub-system. Thus, the user is not responsible for selecting the ‘correct’ data.
In reverse conclusion it also means that not only user-selected data are used for the assessment.
This handling additionally ensures that data are reusable in prospective assessments and it
preserves resources, since the raw data do not have to be entered again, which also decreases
the error rate.

The assessment results are also stored in SQL databases. This allows encapsulation of
each assessment stage and fast accessing, e.g., to check if the results exist already and thus
an assessment is not necessary for a given subsystem or to construct a ddb-file for further
applications.

3.1.2. Fitting method. Taking the simplest case (no magnetic or ordering contribution), the
temperature dependence of end-member data is fitted using Arrhenius law. For the elements
which are ferromagnetic in fcc structure it is not valid. In particular, the problem of Curie tem-
perature for Co was investigated in many works, e.g. [15]. We omit this effect in this paper and
keep that for the future work. To estimate the best set of parameters for this model, the maxi-
mum likelihood estimation (MLE) can be used [24]. The likelihood function L(θ1, . . . , θp; X) =
P(X|Θ, M) is defined as the probability P of observing the data X = (x1, x2, . . . , xn) using the
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Figure 3. Dealing with lack of data in end-member assessments [10].

model M with the parameters space Θ. The observed data are, for example, outcomes of an
experiment. The aim of MLE is to find the values of the model parameters that maximize the
likelihood function over its parameter space

θ̂ = arg max
θ∈Θ

L̂(θ ; X) = arg max
θ∈Θ

P(X|Θ, M). (4)

In our case the model M is the Arrhenius law from equation (1), where θ1 =
Mk,0

i
RT and θ2 = Qk

i

are parameters to be estimated from data, R is gas constant and T is the temperature. In the
MLE the parameters are determined such, that they maximize the likelihood that the Arrhenius
model describes the observed experimental data. In this work, we assume that the tracer diffu-
sion data has a normal (Gaussian) probability distribution, since the determined data are subject
to a number of uncertainty sources, e.g., purity of the sample, temperature measurement, and
the accuracy of the sectioning technique. These errors add up and the central limit theorem
states that although the single uncertainty sources can have different distributions, their sum
approaches the normal distribution [25]. On that condition the MLE can be technically imple-
mented as the least squares method, which in general form can be defined as equation (5)
(further details can be found in statistical textbooks, e.g., in [24])

−→
θ = arg min

−→
θ′ ∈Θ

n∑
i=1

wi(yi − M(xi,
−→
θ′ ))2, (5)

where Θ is parameter space, xi is an independent variable, wi is associated with the weight
of ith data, and n is the number of data points. yi and M(xi,

−→
θ ) are actual and esti-

mated values of dependent variable, respectively. arg min returns a vector
−→
θ for which∑n

i=1wi(yi − M(xi,
−→
θ ))2 obtains its smallest value.

3.1.3. End-member assessment. The end-member assessment is special, since the parame-
ters are critical. The procedure is shown in figure 3. If raw data are available, these data are
assessed. If there are no data, it is distinguished between impurity, e.g. diffusion of A in B, and
self-diffusion, e.g. diffusion of A in A. In case of impurity diffusion, the matrix value is adapted,
meaning in this case the assessed parameters for B diffusion in B. For self-diffusion the fre-
quency factor is chosen as 1 × 10−5 [26, 27] and the activation energy is calculated, using its
relation to the melting point [28]. It can also be calculated with DFT data, e. g. self-diffusion
coefficients of fcc Ni [29], but it is complicated and time-consuming.

3.1.4. Reassessment. In general, a reassessment is necessary if new raw data are added to
the database. Therefore, due to the CALPHAD-type pyramidal structure shown in figure 1,
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Figure 4. (a) Distribution of Cr diffusion data in pure Ni, measured by different research
groups, and comparison between assessments with equally weighted data (dashed
line) and with weighted data (solid line) using the modified CV method. (b) Iterative
procedure for the split into test and train data in the CV approach [10].

multiple assessments results can be affected [30]. To ensure an update of all necessary param-
eters, the assessment results of all directly or indirectly concerned parameters are deleted from
the assessment result database (compare the green part in figure 2). The assessment cycle is
started automatically after the addition of raw data and the deleted assessment results will be
replaced by the reassessed results.

3.2. Cross-validation

The previous works in the direction of the optimization of the estimation of the CALPHAD-
based thermodynamic model parameters used the Markov Chain Monte Carlo technique with
the criteria based on the classical Cramér–Rao bound [31–33]. A variety of raw data is stored in
the database and they are often measured by different research groups, using samples of diverse
purity and different laboratory equipment. For example, in figure 4(a), the tracer diffusion
data for Ni in pure Ni are shown and colored for different references. It can be directly seen,
that data-set 10 differs significantly from the other ones. The modified K-fold cross-validation
(KFCV) method, which is proposed as a reproducible method to weight heat capacity data-sets
automatically [22, 23] can be adapted and applied to tracer diffusion data. In original KFCV all
data are split into k equal-sized data-sets (typically k = 5–10) randomly. Then, k − 1 data-sets
form the training data that are used to evaluate the model parameters, and the left-out data-set,
the test data-set, is used for testing. The distribution between train- and test-data is resampled
such that every data-set is once used as a test data-set (see figure 4) [24]. In the modified KFCV
method, in contrast to the original KFCV, each fold is chosen deliberately with a different size.
As in the case of diffusion data, one can assume that the outlying data or the discrepancies
between the data occur due to errors in the experimental set-up, e.g., purity of the sample
or inaccuracy of experimental devices. Mostly one data-set, published by a research group,
uses samples from the same source and conducts the experiments using the same experimental
devices. Therefore, these data are assumed to have the same ‘experimental error’. To include
this knowledge, the data are not split randomly into equal-sized sets (as it is provided in a
general CV procedure), but instead, they are separated by reference, resulting in datasets of
varying sizes. This provides the possibility to estimate the uncertainty of every single dataset
from different references or available sources to be included in CALPHAD-type assessment.
This is shown for Ni diffusion into Ni in figure 4, where the data from 16 different references
are marked with diverse colors.
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Table 1. Resulting assessment parameters for the weighted (with modified CV) and non-
weighted (without modified CV) fit for Ni diffusion into Ni.

Non-weighted Weighted

D0(m2 s−1) 1.50 × 10−4 1.00 × 10−5

Q(J mol−1) 204 675 241 220

The procedure to determine the weights of the different sets is as follows:

(a) Check if the data-set contains data from more than three references:
→ no: stop, not sufficient for CV,
→ yes: continue.

(b) Divide raw data by references into k data-sets.
(c) For every data-set t in k:

1 Assign data-set t as test data, as shown in figure 4(a).
2 Assign data-sets k\t as train data, as shown in figure 4(a).
3 Evaluate model parameters using the train data.
4 Calculate residual standard error (RSE) for the test defined as

RSE =

√∑n
i=1(yi − ŷi)2

n − p− 1
, (6)

where p is the number of model parameters, n is the number of data points, yi and ŷi are
actual and estimated dependent variable, respectively.

(d) Determine RSEmin and RSEmax.
(e) Calculate the weight for each data-set using the following equation

w j = 1 − RSE j − RSEmin

RSEmax
(7)

for j = 1, 2, . . . , k, where k is the number of data-sets.

The weights for the different data-sets for Ni diffusion into Ni are presented in figure 4(a).
The CV method assigned a low weight to the outlying data-set 10. Here, the value of weight
is in the range of [0, 1]. Using equation (7) automatically implies that the data-set with the
lowest RSE obtains a weight of 1.0 and the distribution of weights depends on the difference
between RSEmin and RSEmax. For example, for Ni diffusion into Ni, data-set 10 obtains the
lowest weight of 0.01. In figure 4(a), the final fit using the weights obtained from modified
CV is shown in red and a non-weighted fit is shown in black. The influence of data-set 10 can
be directly seen in the final results. The assessed parameters are listed in table 1. Using the
weighted data, instead of the non-weighted ones, results in a lower value for the prefactor and
the activation energy.

3.3. Parameter selection

The binary and ternary interaction terms adjust the composition dependence of atomic mobil-
ities in binary and ternary systems and they are only added if necessary [6]. Therefore, one
has to make sure to avoid under- and overfitting [24, 34]. In case of underfitting, the model
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does not capture the structure of the data, because parameters or terms are missing that would
appear in a correct model. The fit and the predictive performance of an underfitted model is
poor. In case of overfitting, too many parameters are used that describe the train-data exactly,
but their predictive behavior is lost.

The number of interaction parameters depends on the existing data and the assessed end-
member results. If new data are added or end-member parameters are modified, the number
of required interaction parameters for a good fit can vary. For an automatic model selection,
penalized likelihood criteria [24, 34], or other models like minimum description length [24] or
parametric bootstrap [24] can be used. Following the example of ESPEI, the corrected akaike
information criteria (AICc), a penalized likelihood criterion was chosen [34, 35] which tends
to be more accurate and allows to avoid the overparameterization especially for small samples:

AICc = 2p+ n ln(RSS(n)) +
2p2 + 2p

(n − p− 1)
, (8)

where p is the number of parameters and residual sum of squares (RSS) is RSS:

RSS =

n∑
i=1

(yi − ŷi)2, (9)

where yi and ŷi are actual and estimated dependent variable, respectively.

4. Application and results

In this work, the proposed automated assessment procedure is applied to the development of a
database for fcc Co–Cr–Fe–Mn–Ni. As raw data only tracer diffusion data are used to ensure
an independence of thermodynamic databases. The database, in the following referred to as
Tracer DB, is valid for the whole composition range.

4.1. Available raw data

The available raw data are the basis for the assessment in the following sections. Tracer diffu-
sion data are either available as single tracer diffusion coefficients (at one temperature and one
composition), or in form of a parameterized Arrhenius law (prefactor and activation energy,
see equation (1)), describing a temperature range. In the second case, single data points were
re-calculated in equal distances for the given temperature range. Therefore, the same amount as
initially measured data points is reconstructed, and if the number of data points is not available,
it is assumed to be two, because this is the minimum for an Arrhenius fit. This results in total of
2222 data points for the fcc Co–Cr–Fe–Mn–Ni system: 578 data for Co diffusion, 268 data for
Cr diffusion, 535 data for Fe diffusion, 116 data for Mn diffusion and 725 data for Ni diffusion.
The available data for Co, Cr, Fe, Mn and Ni in end-member (blueish), binary (reddish) and
ternary (greenish) sub-systems of Co–Cr–Fe–Mn–Ni are shown in figure 5. Diffusion data in
pure Cr and Mn are not available since Cr does not form a stable fcc structure and fcc Mn is
stable only in a small temperature interval. The amount and the distribution of available raw
data differs strongly with the diffusing element, e.g. for Co and Mn there are no diffusion data
in ternary alloys.

4.2. Assessment results

The assessment procedure has three steps and therefore the assessment results are split into
the end-member results, binary interaction and ternary interaction terms. The uncertainty for
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Figure 5. Available tracer diffusion data for Co, Cr, Fe, Mn and Ni in all unary (blueish),
binary (reddish) and ternary (greenish) sub-systems of fcc Co–Cr–Fe–Mn–Ni [10].

Table 2. End-member assessment results for fcc Co–Cr–Fe–Mn–Ni systems.

Diffusing element Matrix M0 (m2 s−1) Q(J mol−1) Mode

Co Co 1.50 × 10−4 298158.15 Normal
Cr 1.00 × 10−5 308138.04 Adapted
Fe 2.50 × 10−5 283070.13 Normal
Mn 1.00 × 10−5 214713.62 Adapted
Ni 1.29 × 10−5 276224.19 Normal
Co 8.40 × 10−6 253700.00 Normal
Cr 1.00 × 10−5 308138.04 Default

Cr Fe 3.32 × 10−3 298611.12 Normal
Mn 1.00 × 10−5 214713.62 Adapted
Ni 1.00 × 10−5 241220.69 Normal
Co 3.00 × 10−6 237747.76 Normal
Cr 1.00 × 10−5 308138.04 Adapted

Fe Fe 5.70 × 10−5 280201.30 Normal
Mn 1.00 × 10−5 214713.62 Adapted
Ni 5.60 × 10−5 262050.02 Normal
Co 6.00 × 10−6 238061.23 Normal
Cr 1.00 × 10−5 308138.04 Adapted

Mn Fe 3.00 × 10−6 245525.98 Normal
Mn 1.00 × 10−5 214713.62 Default
Ni 7.50 × 10−4 280900.00 Normal
Co 5.30 × 10−5 281527.44 Normal
Cr 1.00 × 10−5 308138.04 Adapted

Ni Fe 1.00 × 10−6 230448.95 Normal
Mn 1.00 × 10−5 214713.62 Adapted
Ni 8.90 × 10−5 276666.70 Normal

10
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Figure 6. End-member assessment results for diffusion of Co, Cr, Fe, Mn, and Ni in fcc
Co, Fe, and Ni.

the end-member model parameters was for the prefactor 5–50%, for the activation energy
0.25–5%, for binary parameters >70% according to reports of the fitting procedure.

11



Modelling Simul. Mater. Sci. Eng. 29 (2021) 055007 K Abrahams et al

Table 3. Comparison of the selected binary interaction terms using AIC criterion in fcc
Co–Cr–Fe–Mn–Ni. An ‘x’ marks parameters that were not selected and lightblue col-
ored boxes indicate acceptance. The numbers give the orders of the accepted parameters
(see equation (2)).

Diffusing Element

Interaction Co Cr Fe Mn Ni

Co–Cr x x x x x
Co–Fe 1 x 2 x x
Co–Mn x x x 1 x
Co–Ni 1 x x x 2
Cr–Fe x 0 2 x 0
Cr–Mn x x x x 0
Cr–Ni x 2 1 x 2
Fe–Mn x x x 2 0
Fe–Ni x 2 2 x 2
Mn–Ni x 0 x x x

4.2.1. End-member results. The end-member assessment results following equation (1) are
listed for considered elements: Co, Cr, Fe, Mn, and Ni in table 2, which contains five columns:
diffusing element, matrix, M0, Q, and mode. The column mode indicates if raw data were
available and a normal assessment was conducted, or if the data were adapted or default values
were used (according to the scheme of end-member assessment presented in section 3.1.3).
In figure 6, the end-member assessment results are presented. The results are obtained for
diffusion in Co, Fe, and Ni, since data were available for these systems. The plots show the
experimental tracer diffusion data in comparison to the calculated Arrhenius dependency with
the fitting parameters from table 2. The experimental data are splitted by references and the
corresponding weights calculated by CV method (section 3.2) are added for each reference for
the information.

4.2.2. Interaction parameters. If the end-member assessments do not represent the com-
position dependence of the mobility data well, binary and ternary interaction terms can be
added (according to Redlich–Kister equation (2)). To avoid overfitting, additional interaction
parameters are selected using the penalized likelihood criterion AIC (see section 3.3 for more
details).

The comparison between the selected parameters using the AIC criteria is shown in table 3
for the binary interaction terms. The fields marked by an ‘x’ indicate that the interaction param-
eter was not selected in the assessment process using the given criterion. A blue colored cell,
states that the interaction parameter is chosen. In case of binary interaction terms, all possi-
ble interactions are listed and if a parameter is selected, also the order (see second term in
equation (2)) of the parameter(s) is/are given.

4.2.2.1. Binary Interaction Parameters Binary interaction terms have an additional order term
(r), the range can be from 0 to basically infinite. For binary systems in fcc Co–Cr–Fe–Mn–Ni,
the interaction terms of order 0,1 and 2 were considered in the fitting procedure. The found
parameters are listed in table 4. For binary systems that are not listed were either no diffusion
data available, or additional interaction parameters are not necessary.

For Co diffusion, binary interaction terms are added for the Co–Fe and Co–Ni system. For
Cr, parameters of 0th and 1st order are selected for the Cr–Ni and Fe–Ni system. Most inter-
action parameters are added for Fe diffusion. Not only in Fe binary systems (Fe–Co, Fe–Cr,
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Table 4. Binary interaction parameters, determined using AIC (see equation (8)), for the
fcc Co–Cr–Fe–Mn–Ni system.

Diffusing Element Interaction Order Value

Co Co–Fe 0 47774.39
Co Co–Ni 0 39544.30
Co Co–Ni 1 −17254.22
Cr Cr–Ni 0 90989.25
Cr Cr–Ni 1 76435.80
Cr Cr–Fe 0 −104527.60
Cr Fe–Ni 0 −21344.70
Cr Fe–Ni 1 −29239.77
Fe Fe–Co 0 −5426.16
Fe Fe–Co 1 86414.68
Fe Fe–Cr 0 −248776.44
Fe Fe–Mn 0 3232919.08
Fe Fe–Mn 1 −1582992.04
Fe Fe–Ni 0 25886.58
Fe Cr–Ni 0 −266605.63
Mn Mn–Co 0 57901.61
Ni Ni–Co 0 22873.17
Ni Ni–Cr 0 −612586.00
Ni Ni–Cr 1 581465.47
Ni Ni–Fe 0 60435.86
Ni Ni–Fe 1 −24352.99

Fe–Mn, and Fe–Ni), but also as impurity in the Cr–Ni system. For Mn, only one parameter
is added for the Mn–Co interaction, and for Ni, additional parameters of 0th and 1st order are
selected for the Ni–Co, Ni–Cr, and Ni–Fe system.

In figure 7, the composition (left figure) and temperature (right figure) dependent profiles
for Fe–Co system are shown. The different colors indicate different temperatures (left figure),
or rather different compositions (right figure). The composition dependence is described with
a wave-like profile, reproducing the experimental data points well. In the right figure it can be
seen that the predicted mobilities fit very good for 10 and 50 at.% Fe, while for 6 at.% Fe, the
mobilities from Tracer DB deviate slightly from the measured data.

The composition and temperature dependence of Ni diffusion in Co–Ni is shown in figure 8.
The amount of available experimental data is significantly larger than for the Co–Fe system.
Again, during the assessment, parameters of 0th and 1st order were added, but with smaller
parameter values than for Fe diffusion in Co–Fe, resulting in a slightly curved profile describ-
ing the composition dependence (see figure 8 left). The temperature dependent plot (see figure 8
right) reveals, that the higher the Ni concentration the better the agreement between Tracer DB
and experimental data.

4.2.2.2. Ternary Interaction Parameters For ternary interactions, only parameters in the
Cr–Fe–Ni system were evaluated, if it is needed by AICc, due to otherwise lack of data for
other ternary system. The parameters that were automatically chosen using the PyMob soft-
ware are given in table 5. For the ternary interaction parameters, there is no order, but instead
a main element s is always provided (see equation (3)). For Cr diffusion in Cr–Fe–Ni, two
parameters are added (for Cr and Fe as main element). For Fe diffusion, only two parameters,
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Figure 7. Comparison between the predicted mobilities from Tracer DB and experi-
mentally measured data for Fe diffusion in Co–Fe. Left: composition dependence of
ln(D), separated by temperature. Right: temperature dependence of ln(D), separated by
composition.

Figure 8. Comparison between the predicted mobilities from Tracer DB and experi-
mentally measured data for Ni diffusion in Co–Ni. Left: composition dependence of
ln(D), separated by temperature. Right: temperature dependence of ln(D), separated by
composition.

Table 5. Ternary interaction parameters, determined using AICc (see equation (8)), for
the fcc Co–Cr–Fe–Mn–Ni system. s refers to the element used in equation (3).

Diffusing element Interaction s Value

Cr Cr–Fe–Ni Cr 672683.36
Cr Cr–Fe–Ni Fe 635353.79
Fe Cr–Fe–Ni Cr −5198738.43
Fe Cr–Fe–Ni Ni 2257776.98
Ni Cr–Fe–Ni Fe −4679404.54
Ni Cr–Fe–Ni Ni 2295218.52

for Cr and Ni as main elements, are chosen and for Ni diffusion two parameter, for Fe and Ni
as main element, are selected.
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Figure 9. Influence of the addition of binary and ternary interaction parameters on the
mean deviation of the assessment results from the measured data. The mean is always
taken over one alloy system [10].

4.3. Influence of binary and ternary interaction terms

The influence of the addition of binary and ternary interaction parameters is summarized in
figure 9. For every diffusing element, the mean deviation between the experimentally mea-
sured and predicted mobility/tracer diffusion coefficient is shown separately for every alloy.
The deviation was calculated for every data point and then the mean was taken with respect
to every sub-system. This was performed for three different scenarios: (1) only end-member
assessment results are used to predict the mobilities (denoted as ‘end-member assessment’),
(2) binary interaction parameters are included (denoted as ‘binary interaction’), and (3) the
mobilities are predicted using end-member parameters, binary and ternary interaction terms
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(denoted as ‘ternary interaction’). For diffusion into one-component alloys (pure Co, Fe, or
Ni) only the end-member results are presented, since binary and ternary interactions do not
influence these results. The same accounts for ternary interaction parameters in binary alloys.
For all higher-order systems, all three possibilities are revealed. The binary interaction term
for Co diffusion in Co–Fe rises the mean deviation slightly, because here the mean deviation
is calculated, while for the parameter selection (AICc) the RSS is used (see equation (8)),
which punishes large deviations stronger. For Co diffusion into Co–Ni, Co–Cr–Fe–Ni, and
Co–Cr–Fe–Mn–Ni the binary interaction term lowers the mean error significantly. The results
including ternary parameters do not change, since no ternary parameters were selected during
the assessment for these systems. Concerning Cr diffusion, the binary interaction term lowers
the mean deviation for all binary systems, except for Cr–Fe where no parameter was chosen,
and all higher-order systems significantly. Also ternary interaction terms were parametrized
and led to further improvement. In case of Fe diffusion, the binary interaction terms increase
the mean deviation in ternary and higher-order systems. The addition of ternary interaction
parameters decreases in general the mean deviation. However, the parameters for Fe–Cr inter-
action are strongly biased in such a sense that the raw data only represent Fe-rich or Cr-rich part
of the phase-diagram, this influences the results for four- and five component alloys. The lack
of data for Mn diffusion results in only one binary interaction parameter for Co–Mn, but this
influences the results for higher-order data positively. For Ni diffusion, all three binary inter-
action terms in Cr–Ni, Co–Ni, and Fe–Ni decrease the mean deviation in the binary systems
and in the Cr–Mn–Ni system, but increase it in Cr–Fe–Ni. The addition of a ternary interac-
tion parameter for the Cr–Fe–Ni system decreases the deviation again. Interestingly, in case
of Ni diffusion in Co–Cr–Fe–Ni and Co–Cr–Fe–Mn–Ni, the best results are obtained with
only using the end-member assessment results. The diffusion data in the Co–Cr–Fe–Mn–Ni
and Co–Cr–Fe–Ni system were not taken into account in this assessment. Here, they are used
to test the extrapolation to four and five component systems. For Co, Cr, and Ni diffusion, the
mean deviation in both systems is around 1%, and for Fe and Mn around 3%, which is smaller
than the experimental accuracy [36].

5. Conclusions

A software for automated assessment and reassessment of atomic mobilities was developed
with the following advantages over conventional assessments:

• Automatic storage of raw data in SQL databases. It is ensured that not only selected
data are used, but all available data. Additional data can be easily added and during a
reassessment old and new data are employed.

• Automatic administration of assessment results. The assessed results are stored in SQL
databases for easy access and reuse. Due to automatic reassessment, these parameters are
always up-to-date.

• Automatic weighting of data. A modified CV method was implemented, to weight the
data from different references with respect to each other. Due to the rare number of tracer
diffusion data, a separation of data into pure test and train data is not reasonable.

• Automatic selection of interaction parameters. Since the number of binary and ternary
interaction parameters depends on the end-member assessments, the alloy, and the exper-
imental data, the selection is automatized. To avoid overfitting, a penalized likelihood
criterion is chosen: corrected AICc.

• Automatic reassessment. If new raw data are added, one or several parameters have to
be reassessed. These parameters are automatically tagged and a reassessment is initiated.
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• Reproducible results: since all steps are automatized, the assessment is independent of
the user and can be repeated.

The automated assessment software PyMob was applied to develop Tracer DB, a univer-
sal database, purely based on tracer diffusion data. Other data, like interdiffusion or intrinsic
diffusion coefficients were not included. Although this reduces the amount of usable data, a
purely kinetic database could be established. Interdiffusion and intrinsic diffusion data con-
sist of a thermodynamic and a kinetic part and to extract only the kinetics, a thermodynamic
database or other thermodynamic values have to be used. This bounds the kinetic database to
the chosen thermodynamic database, which is avoided for Tracer DB. Furthermore, Tracer DB
is valid for the whole composition range and not only for a specified part of the phase diagram,
as it is the case for conventional databases.

These preliminary requirements were applied to the development of an atomic mobility
database for the fcc Co–Cr–Fe–Mn–Ni system (see section 4.2.2). This system was chosen
due to its challenging elements, such as Cr and Mn, that do not form a stable fcc structure.
Furthermore, many experimental tracer diffusion data were found in literature, not only for the
pure elements and binary system, but also for higher-order systems, even for the equiatomic
five-component alloy. The assessment included binary and ternary interaction parameters, but
the four- or five-component data were not used in the assessment. Therefore, these data could
be utilized to verify and check the extrapolation to higher-order data. Data for end-member
assessments were available for diffusion of Co, Cr, Fe, Mn, and Ni in Co, Fe, and Ni (see
section 4.1). Especially for Co and Ni self-diffusion, outlying data-sets were found, which
were lowly weighted by the CV method (see section 3.1.3). Several binary and even ternary
interaction terms were added (see section 4.2.2). It was found that the average deviations in
the four and five component alloys were below 8 %. For Co, Cr, and Ni diffusion the deviation
was even below 2%.
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Appendix. Abbreviations of the references used in PyMob

For the assessment of the diffusion data many experimental data were collected. Some were
taken from previous assessments, e.g. from [37–40]. Others were taken either from their orig-
inal paper or taken from books (e.g. [36, 41]). For a correct allocation, here we refer to the
original reference. If the original reference was not available, the corresponding book, where
the data are taken from, is cited. In the figures, obtained from PyMob, the references are given
by ‘last name of first author + year’ for simplicity. The relation to the citation used in this
paper are given in table 6.
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Table 6. Relation between the reference scheme implemented in PyMob, and therefore,
also used in graphs obtained from PyMob, and the reference scheme used in this work.

Reference in PyMob Reference this Work Reference in PyMob Reference this Work

Aucouturier1965 [42] Krishtal1968 [43]
Badia1961 [41] Kuznetsov1972 [44]
Badia1967 [45] Lee1988 [46]
Badia1969 [47] Lee1993 [48]
Bakker1968 [49] MacEwan1959 [50]
Bowen1965 [41] Maier1976 [51]
Bowen1970 [52] Mead1955 [53]
Bristoti1974 [54] Million1969 [55]
Bronfin1975 [56] Million1971 [57]
Buffington1961 [58] Million1972 [59]
Bussmann1979 [60] Million1985 [61]
Davin1963 [62] McCoy1963 [63]
Duhaunay1979 [41] Monma1964 [64]
Fedorov1963 [65] Murarak1964 [66]
Fishman1970 [41] Neimann1953 [67]
Gaertner2018 [68] Neimann1955 [69]
Gruzin1954 [70] Neumann1986 [71]
Gruzin1955 [72] Neumann2001 [73]
Guiraldenq1962 [74] Nix1951 [75]
Haessner1965 [76] Nohara1970 [77]
Henry1975 [78] Nohara1971 [79]
Henry1978 [80] Nohara1973 [81]
Heumann1986 [82] Reca1967 [83]
Hirano1962 [84] Rothman1980 [85]
Hirano1972 [86] Ruzickova1970 [87]
Hoffmann1956 [88] Ruzickova1981 [87]
Huntz1973 [89] Shinyaev1963 [90]
Iijima1977 [91] Suzuoka1961 [92]
Ivantsov1966 [93] Swalin1956 [94]
Jung1992 [95] Vladimirov1978 [96]
Kohn1970 [97] Wazzan1965 [98]
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