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The development and evaluation of a multicomponent diffusion mobility database for Ni-rich alloys
are reviewed. In an effort to directly evaluate the mobility parameters in the database, a method for
optimizing the mobility parameters as a function of the experimental composition profiles is pro-
posed. This method is demonstrated for the NiCo system at 1100 °C. The optimization of four
diffusion mobility parameters improved agreement between the experimental and calculated com-
position profiles and decreased the error between the experimental and calculated interdiffusion
coefficients from 45 to <5%. This method can easily be expanded to multicomponent systems.

1. Introduction

Much of the processing and performance of Ni-base su-
peralloys is governed by multicomponent diffusion pro-
cesses. Back-diffusion during solidification defines the de-
gree of segregation in a casting.''?! Multicomponent
diffusion in the as-cast structure also determines the heat
treatment cycle because diffusion must be controlled to
avoid incipient melting during heating and to ensure that
complete homogenization has been obtained." The size and
composition of the vy’ (ordered face-centered cubic [fcc],
L1,) strengthening precipitates are also dependent on the
multicomponent diffusion occurring in the y (fcc) matrix
during the heat treatment cycle.'*>! Decreasing the amount
of interdiffusion between a protective coating and a Ni-base
superalloy substrate can increase the lifetime of a coating.'!
Many of these diffusion-driven processes can be modeled
using multicomponent thermodynamics and diffusion mo-
bility databases in conjunction with either finite-difference
or phase field simulation codes to numerically solve the
appropriate flux-balance equations.!”’

While several multicomponent thermodynamic data-
bases for Ni-base superalloys have been developed,®!'"!
the development of diffusion mobility databases has been
limited until recently. A multicomponent diffusion mobility
database for the fcc (y) phase for Ni-base superalloys was
developed!'""'?! to model some of the aforementioned dif-
fusion processes. This article reviews the development and
evaluation of this multicomponent diffusion mobility data-
base and then proposes a new evaluation technique.

This article is a revised version of the paper printed in the Proceedings
of the First International Conference on Diffusion in Solids and Liq-
uids—DSL-2005, Aveiro, Portugal, July 6-8, 2005, Andreas Ochsner,
José Grécio and Frédéric Barlat, eds., University of Aveiro, 2005.

C.E. Campbell, Metallurgy Division, National Institute of Standards
and Technology, 100 Bureau Dr., Gaithersburg, MD 20899-8555.
Contact e-mail: carelyn.campbell @nist.gov.

2. Database Development

The development of a diffusion mobility database is
based on the assumption that all of the phenomenological
diffusion coefficients can be expressed in terms of a diffu-
sion mobility function and a thermodynamic factor, and that
a vacancy exchange diffusion mechanism occurs in a crys-
talline phase. The intrinsic (lattice-fixed frame of reference)
diffusion coefficient is a product of the diffusion mobility
My and (9py/dx;), the thermodynamic factor.

\ I
D=2 M~
S ax;

(Eq 1)
The specie j is the diffusing specie, and k is the gradient
specie. The partial derivative of the chemical potential w;,
with respect to the mole fraction x;, defines the thermody-
namic factors, which can be easily calculated using an ap-
propriate multicomponent thermodynamic database. The
M{; matrix, which is both composition-dependent and tem-
perature-dependent, defines the diffusion mobility in the lat-
tice-fixed frame of reference. Following the work of Anders-
son and Agren,m] the off-diagonal terms of the diffusion
mobility matrix are assumed to be O (i.e., the correlation effects
are assumed to be negligible). The diagonal terms of the mo-
bility matrix are assumed to have the following form:

Mt = dy;x;M, (Eq2)
M =0 ! Ao Eq 3
i~ i RT eXp RT ( q )

where & is the Kroncker & symbol, equaling 1 wheni = k
and 0 when i1 # k, M, is the mobility of specie i in a given
phase, 0, represents the effects of the atomic jump distance
(squared) and the jump frequency (square meters per sec-
ond), and AQ;* is the diffusion activation energy of specie i
in a given phase (in joules per mole). As AQ:* and ®, can be
combined into one parameter, it is customary to assume that
0, is exponentially dependent on the composition'* and
thus can be evaluated with AQ;*."”!
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Fig. 1 Ni/René-88 at 1150 °C for 1000 h. Open symbols, experimental profiles; lines, those calculated by the DICTRA simulation. The

experimental error is within the size of the data symbols.!'?!

Andersson and Agren,"'3 Jonsson,"'>!! Engstrém and
Agren,"”! Helander and Agren,'®'”) and Borgenstam et
al.?®! expressed the composition and temperature depen-
dence of each AQ; in terms of a Redlich and Kister®!!
polynomial, as given in Eq 4:

AQ= E ijJ; + E Expxj E kAipj (o, = xj)k
i P k

>p

(Eq4)

where the Q! and the *AP are linear functions of tempera-
ture. The expansion of the composition dependence is simi-
lar to the CALPHAD approach!'®?>?3! ysed in the devel-
opment of the thermodynamic databases.

If the partial molar volumes are assumed to be constant,
the diffusivities in Eq 1 can be transformed to the volume-
fixed frame of reference,

C o
ij = 2 (B — X)X M, a (Eq5)

i=1 ]

Note that the tracer diffusion coefficient is not dependent on
the thermodynamics and can be expressed as:
D#=RTM, (Eq 6)

A 13-component diffusion mobility database for the fcc
phase for Ni-rich alloys was developed using available
tracer, intrinsic, and chemical diffusivity data,"'"'? and pre-
vious diffusion mobility assessments.”>!>17-2* The diffu-
sion mobility optimization was performed using the Ni-base
superalloy thermodynamic database assembled by Saun-
ders."® Using an optimization program, PARROT*! (Note:
the use of any commercial product does not constitute an
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endorsement by the National Institute of Standards and
Technology), the experimental diffusion data can be used to
assess the composition and temperature dependence of the
activation energy in Eq 4. The optimization begins by first
using initial estimates for the parameters in the mobility
equation and by calculating the diffusion coefficients cor-
responding to the known experimental data. Based on the
comparison of the experimental and calculated diffusion
coefficients, the mobility parameters are optimized to
achieve the best agreement possible. Additional details of
the optimization procedure are given in previous work.!''-!

3. General Database Evaluation

Evaluation of the database included a comparison with
known diffusion correlations, measured ternary and quater-
nary diffusion coefficients, and measured single-phase and
multiphase diffusion couple profiles. Comparisons with
known diffusion correlations and measured diffusion coef-
ficients are reviewed by Campbell et al.!'"! Diffusion simu-
lations using a developed diffusion mobility database and a
multicomponent thermodynamic database'® have been
compared with experimental single-phase!'*?®! and multi-
phase Ni-base superalloy couples.?”) The comparison
between the predicted and measured composition profiles
for the single-phase (y) René-88/Ni couple after 1000 h at
1150 °C is shown in Fig. 1. The average (+SD) normalized
error between the predicted and measured composition pro-
files is 13.5% + 11.5%. This is less than the average ex-
perimental error. For multiphase diffusion couples, in which
one of the planar layers contains a matrix phase and a sig-
nificant fraction of a precipitate phase, the predicted matrix
phase (y) composition profiles were compared with the
measured composition profiles. An example of one such
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Fig. 2 IN100/René-88 at 1150 °C for 1000 h. Open symbols, experimental profiles; lines, those calculated by the DICTRA simulation.

The experimental error is within the size of the data symbols.!?”’

couple, René-88/IN100, is shown in Fig. 2.*”! The IN100
alloy has a significant fraction of y" in the y matrix: thus,
the diffusion couple contains two multiphase planar layers.
On the René-88 side, the couple consists of a y matrix with
a small fraction of MC carbide and, on the IN100 side, the
couple consists of a y matrix with a significant fraction (13%)
of ' precipitates and a small fraction of MC carbides.

4. New Technique for Database Evaluation

While the comparison of measured and calculated diffu-
sion coefficients and composition profiles has shown good
agreement, it is difficult to access the error associated with
the optimized mobility parameters used in the diffusion da-
tabase. As a result, a scheme was developed to optimize a
given set of mobility parameters as functions of the exper-
imental composition profiles. This method involves de-
veloping an optimizer to work in conjunction with the
DICTRA"*?8! software program. The current work will
demonstrate the optimization of the diffusion mobility pa-
rameters for the Co-Ni system at a constant temperature
using Mathematica and Python scripts to interact with the
DICTRA program. It should be noted that Hoglund'**! per-
formed similar work using a DICTRA-Matlab toolbox.*"

A NiCo diffusion couple that was heat treated at 1150 °C
for 1000 h was chosen for this study because it provides a
simple binary in which both elements are completely
soluble in one another. The measured and calculated (initial)
Co and Ni composition profiles are shown in Fig. 3. To
compare the experimental composition profiles to the cal-
culated composition profiles using the existing diffusion

mobility database, the Matano interface is calculated for the
experimental profiles and equated with the initial interface
grid position used in the simulations. The experimental
composition dependence of the interdiffusion coefficient
can be calculated using the Matano-Boltzmann method,!!
and the results are shown in Fig. 4. The corresponding cal-
culated interdiffusion coefficient composition dependence
is also shown in Fig. 4. While the initial comparison of the
calculated and measured composition profiles are in good
agreement, Fig. 4 reveals significant discrepancies between
the experimental and calculate interdiffusion composition
dependence. The calculated D y; composition dependence,
which is based on the initial diffusion mobility database, has
a similar profile shape to that of the experimental curve;
however, the calculated values are 45% larger than the ex-
perimental values. This leads to the question: Can the dif-
fusion mobility parameters be optimized to improve the
agreement between the measured and calculated composi-
tion and interdiffusion coefficients profiles?

The diffusion mobility of the Co-Ni system at 1150 °C is
represented by the following equations:

(Eq7)

CCAQ#, = xy(=393,000) + Xy (—380,400) + X, Xpi(=5570)
(Eq8)

AQ%,
QNI) (Eq 9)

1
fee |
My +RTexp< RT
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Fig. 3 Experimental and calculated composition profiles as a function of distance for the NiCo system at 1100 °C for 1000 h
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Fig. 4 Experimental and calculated interdiffusion coefficient as a function of composition for the NiCo system at 1100 °C

A Qf, = Xoy(—394,400) + Xy (—386,300) + xetni(—18,750)
(Eq 10)

The first term in Eq 8 represents the activation energy for
the self-diffusion of Co in pure Co, the second term repre-
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sents the activation energy for the diffusion of Co in pure
Ni, and the third term is a Co-Ni interaction term. Similarly,
the first term in Eq 10 represents the activation energy for
the diffusion of Ni in pure Co, the second term represents
the activation energy for the self-diffusion of Ni in pure Ni,
and again the third term is a Co-Ni interaction term. For this
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set of diffusion mobility parameters, the second term of Eq
8, the first term of Eq 10, and both interaction parameters
are optimized (the four underlined terms in Eq 8 and 10).
The parameters representing the self-diffusion of Co in Co
and Ni in Ni are not optimized because these parameters are
well defined by established tracer diffusivity data. Note that it
is for demonstration purposes only that only one composition
profile at a constant temperature is considered. Ideally, one
would consider all of the experimental diffusion data for the
NiCo system at various temperatures for the optimization.
Figure 5 is a schematic of the method used to optimize
the selected mobility parameters. DICTRA, using the initial
diffusion mobility parameters listed in Eq 8 and 10 and
using the thermodynamic database developed by Saun-
ders,'™ calculates the composition profiles for the Co-Ni
diffusion couples at 1100 °C for 1000 h. The calculated
profiles are then compared with the experimental profiles
using Mathematica to calculate the average error between
the two sets of profiles. The average error is calculated as:

) b
Error(zy, Mo, My;) = E(b —a)’ f Wi(2)(x"*(z = 2)
= ;
12

= x(z; Mcy; My,))* dz (Eq 11)

where z equals distance; b-a equals the length of couple;
Wi(z) is a weighting function, which is currently set to 1;
X" and xical, respectively, are the measured and calculated
compositions at a given distance z; and z, equals the error
associated with the position of the initial Matano interface.
Mathematica is then used to minimize the error using a least
square fit as a function of the M., My;, and z,. This pro-
cedure involves both changing the mobility parameters and
shifting the position of the experimental profile as a func-
tion of distance (z,). The four underlined mobility param-
eters in Eq 8 and 10 are altered based on the minimization.
A Python script is used to modify the diffusion mobility

Run DICTRA
{via python)

Calculate Error
(via Mathematica)

Change M, and z,, Run new simulation

description used by DICTRA, to run a new DICTRA simu-
lation with the modified mobility parameters, and to export
the new calculated composition profiles back to the Math-
ematica script. The average error is recalculated, and the
process continues until an acceptable minimum is obtained.

The results of this optimization procedure are shown in Fig.
3 and 4. The agreement between the measured and calculated
composition profiles is improved, especially for the Co-rich
side of the couple. The measured and calculated interdiffusion
coefficient dependence on composition is significantly im-
proved: the coefficients are within 5% of the measured values.
A comparison of the initial and optimized mobility parameters
is given in Table 1. The largest relative change was for the
Co-Ni interaction parameter for the mobility of Co.

In addition to the optimization of the mobility param-
eters, the current technique allows for possible experimental
error in determining the Matano plane, which was used as the
reference grid position when comparing the experimental and
calculated composition profiles. During the optimization, the
experimental profiles are shifted by a distance, z,. The opti-
mized value of z;, is the error associated with the Matano plane.
For this simple Co-Ni optimization the error was —1.58 pm.

5. Conclusions

This simple example demonstrates that experimental
composition profiles can be used to optimize the diffusion
mobility parameters. This method can be easily expanded to
multicomponent systems and can incorporate multiple ex-
perimental profiles at various temperatures. The simplicity
of the binary NiCo system provided the opportunity to check
the optimization method using both composition and diffusion
coefficient profiles. In higher-order systems, checking the
interdiffusion coefficients will be more difficult because the
experimental interdiffusion coefficients cannot be deter-
mined from just one experimental composition profile.

This type of optimization procedure will be used to de-
termine the errors associated with the mobility parameters
in the multicomponent diffusion mobility database by opti-
mizing the mobility parameters with respect to various
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Table 1 Comparison of initial and optimised
diffusion mobility parameters

Parameter Initial value  Optimized value = Change
Co in Ni -380,400 -382,600 0.6%
Ni in Co —394.,400 —-408,200 3.5%
Co-Ni interaction for Co -5,570 -6,410 15.1%
Co-Ni interaction for Ni 18,750 18,860 0.6%

single-phase Ni-base superalloy diffusion couples. This
technique also provides a method for the assessment diffu-
sion mobility parameters directly from experimental com-
position profiles, thus avoiding some of the errors associ-
ated with determining interdiffusion coefficients using a
Matano-Boltzmann-type method.
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