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ABSTRACT

This study extends a 1-parameter Z-Z-Z binary diffusion coefficient model to ternary and multicompo-
nent systems. The cross-binary and ternary interaction parameters in atomic mobility (diffusion coeffi-
cient) assessments were systematically tested on 4 ternary solid solutions: fcc Ag-Au-Cu, fcc Co-Fe-Ni,
fcc Cu-Fe-Ni, and bce Nb-Ti-V. A simple combination of the Z-Z-Z binary model parameters without any
additional fitting parameters already provides impressive predictions of the ternary diffusion coefficients
when the 3 cross-binary parameters are set to be the corresponding binary Z-Z-Z model interaction pa-
rameters, leading to a robust Z-Z-ternary diffusion model. Employment of 3 independent cross-binary
fitting parameters leads to an even better binary and cross-binary parameters only (BCBPO) model. Recom-
mendations are rendered based upon the amount of available experimental ternary diffusion coefficients.
These recommendations will substantially reduce the number of fitting parameters and improve the ro-
bustness of the resultant atomic mobility and diffusion coefficient databases for computational materials

design.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Diffusion coefficients are essential to model diffusion-controlled
processes and properties of materials, and are widely regarded
as one of the most important phase-based properties. The gen-
eral model of diffusion coefficients was elegantly established in
terms of atomic mobilities by Andersson and Agren [1] under the
CALPHAD (CALculation of PHAse Diagrams) framework [1-5]. The
atomic mobility M; of element i is defined by Einstein’s relation
M; = D} /RT = Dy, exp(—Q;/RT)/RT where Dj; and Q; are the pre-
factor and activation energy of the tracer diffusion coefficient D}, R
is the gas constant, and T is the absolute temperature. M; is further
expressed as:

D —Qy\ 1 RTInD; - Q\ 1 @;
M"ﬁ“"(ﬁ)‘ﬁe’(p(im =/ P\ Rr
(1)

Both Df; and Q; are grouped into a single parameter ®;=
RTInD§; —Q; = RTInDj, and this atomic mobility parameter ®; is
further expressed as the summation of the linear combination of
the end members in the composition space, the Redlich-Kister
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polynomial [6] and the Hillert polynomial [7]:
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J
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Where x; is the mole fraction of element i, and vj.kl=xs+

(1T —xj—x, —x)/3. <I>{ is the unary atomic mobility parameter of
the end member elements, which is essentially the corresponding
®; values of the self-diffusion coefficient when i = j or the impu-
rity (dilute) diffusion coefficient when i # j. rQJ{"k is the binary mo-
bility interaction parameter when i = j or k and is the cross-binary
mobility interaction parameter when i+ j or k. Each cross-binary
mobility parameter corresponds to the impurity diffusion coeffi-
cient of a third element in a binary alloy of the other two elements
in a ternary solid solution. The $ d){’k’l values are the ternary mobil-
ity interaction parameters introduced by Hillert [7]. For a ternary
A-B-C solid solution, each ®; parameter (i = A, B or C) is:
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The interaction parameters in the atomic mobility model are
optimized from experimental diffusion coefficients, and they are
usually assumed to be constants or linear functions of temperature,
i.e., a+bT where a and b are constants to be fitted. As demon-
strated for 18 diverse binary systems, diffusion coefficients of bi-
nary alloys can be well modeled without the bT term [8]. The same
should hold true for ternary and multicomponent systems even
though there are insufficient systematic data for ternary systems to
validate this assertion. Considering that most ternary diffusion co-
efficients are measured over a relatively narrow temperature range,
the necessity of introducing the bT term is very slim. It is thus rec-
ommended that no temperature term (i.e., bT) be introduced to any
of the cross-binary and ternary mobility interaction parameters dur-
ing atomic mobility assessments.

A simple yet general binary diffusion (atomic mobility) model
was recently developed from a very systematic assessment of 18
binary systems [8]. It was found that only one fitting interaction
parameter (constant) is necessary for each binary solid solution in
contrast to 4 or more parameters that are often employed in the
literature CALPHAD atomic mobility assessments. This insight mo-
tivates us to extend the 1-parameter Z-Z-Z model to ternary and
multicomponent solid solutions to reduce the number of fitting pa-
rameters while increase the robustness.

Eq. (3) can be converted to Eq. (4) below by: 1) substituting
®; with RTInD; since these two quantities are equal, 2) divid-
ing both sides of Eq. (3) with RT, 3) setting r =0, and 4) setting
oy = d>;.‘] = ®'J (a constant for each binary solution) based upon
the Z-Z-Z binary diffusion model. Eq. (4) is expressed in diffusion
coefficient terms which are more straightforward than the some-
what abstract ®; values, especially for those who may not be fa-
miliar with the atomic mobility notation and not use CALPHAD
software.

InD; = x4 InD4 + x5 InDE + xc In DS + (xAxBQDA'B + XX DA€ + xBxc<I>f;'C) JRT
+ XaXpXc (XA A QQ'B’C + XB-B ¢2,B,C + Xc-Cq)ﬁ'B'c)/RT

(4.1)

InDj = x4 InDj + x5 In D& + xc In D§ + (xAxB DAB 4 xpxc DBC + xaxc DY) /RT
+ XX (xa ADAEC 4 x BOABE 1 x COABC) /RT

(4.2)

InDf = x4 InDA + x5 In DE + Xc I DE + (xaxc PAC + xpxc DEC + xa x5 DL P ) /RT
+ Xaxpxc(xa A OEEC 4 xp FDEEC 4 x CHLEC) RT

(4.3)

Where D{ is the self-diffusion coefficient of element i when i = j
and denotes impurity diffusion coefficient of i in j when i# j.
®iJ is the binary mobility interaction parameter (a constant, not
a+ bT) between element i and j as defined in the Z-Z-Z model

(8], d){”‘ is the cross-binary mobility interaction parameter when
i# jork and J®#5C is the ternary interaction parameter. i, j, k =
A,B or C in the above notations. There are 3 cross-binary and 9
ternary mobility interaction parameters, thus 12 total fitting pa-
rameters for each ternary solid solution according to Eq. (4).

The interdiffusion coefficients f)?j and intrinsic diffusion coeffi-

cients ’D?j can then be calculated as [1]:
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Where f)?j and ’D?j are the interdiffusion and intrinsic diffusion co-

efficients of element i in the matrix element n driven by the com-
position (chemical potential) gradient of element j. §;, is the Kro-
necker delta. p is the chemical potential of element k, which can
be obtained from thermodynamic databases/assessments. The self-
diffusion and impurity diffusion coefficients in pure elements and
the binary mobility interaction parameters are evaluated in the as-
sessments of the pertinent unary and binary systems. The cross-
binary and ternary mobility interaction parameters are optimized
from available ternary diffusion coefficients. To investigate the op-
timal combinations of the 12 fitting parameters for a ternary solu-
tion, 11 different combinations were tested in this study as listed
in Table 1. The objective of the optimization is to find the optimal
values of those sets of interaction parameters that minimize the
mean squared error (MSE):

N
MSE = % > (In|D*?| —1In ’Df’”d|)2 (7)

i=1

Where N is the total number of data points of available ternary
diffusion coefficients in a particular ternary solid solution, D;*” and

Df’red are the experimental diffusion coefficient and predicted dif-
fusion coefficient of the ith data point, respectively. Both D{*” and

Dfred here include interdiffusion coefficients as well as tracer and
intrinsic diffusion coefficients whenever available. A Python pro-
gram was written to perform the optimization process using the
dual-annealing approach [14] to find the global minimum of MSE
with the fitting parameters in defined bounds.

After a literature search of ternary diffusion data, the fcc Ag-Au-
Cu, fcc Co-Fe-Ni, fcc Cu-Fe-Ni and bcc Nb-Ti-V phases were iden-
tified as the testing cases since: 1) ternary interdiffusion coeffi-
cients are measured across majority of the composition range of
the ternary solid solutions; and 2) the self-diffusion and impurity
diffusion coefficients of the pure elements as well as the binary
diffusion coefficients are well assessed. It is noted that there is
a miscibility gap near the Ag-Cu binary in the Ag-Au-Cu system
[9] as well as the Cu-Fe binary in the Cu-Fe-Ni system [15] within
which diffusion coefficients could not be measured. The literature
experimental ternary diffusion data of these 4 systems are summa-
rized in Table S1 and their distribution over the composition space
is plotted in Fig. S1 in the Supplementary Information.

The thermodynamic quantities (thermodynamic factors) as re-
quired by Eqgs. (5) and (6) were obtained using the Thermo-
Calc Software [16] and its associated databases TCCU3 [17],
TCNI9 [18] and TCTI2 [19]. The pertinent unary and binary
systems were already assessed in our previous study [8] and
the assessed parameters were directly adopted in this study
except for the Ag-Cu and Cu-Fe binaries. The assessed pa-
rameters of the impurity diffusion coefficients of Cu in Fe,
DE¢ =2.1 x 1075 exp(—272378/RT), and Fe in Cu, D& =1.0 x



Table 1
Diffusion models and the corresponding fitting parameters (variables v;) for each ternary solid solution explored in this study and the number of mobility interaction parameters used in the literature CALPHAD mobility
assessments of the fcc Ag-Au-Cu, fcc Co-Fe-Ni, fcc Cu-Fe-Ni and bee Nb-Ti-V solid solutions in the literature. A, B, C=Ag, Au, Cu or Co, Fe, Ni or Cu, Fe, Ni or Nb, Ti, V, respectively.

Interaction parameters (v;) used in this study Number of interaction parameters used in the literature mobility assessments
Parameter notation Model-# Ag-Au-Cu  Co-Fe-Ni Cu-Fe-Ni Nb-Ti-V
0 0* 1 2 3 4 5 6 7 8 9 Ref. [9] Ref [10]  Ref.[11]  Ref [12]  Ref. [13]

Binary q;,ﬁB <DA.B q)A,B q)A.B (DA,B CDA-B q)A,B ¢.A.B CDA-E CI)A-B q)A,B (I)A.B 3 2 2 0 2

q)/;,B <I>A.B CI)A-B ¢.A.B (I)A,B CI)A-B CI)A,B ¢.A.B (I)A,B CI)A-B ¢A,B ¢A.B 3 2 2 0 2

CDQ'C CI)A'C cI)A.C Q)A.C (I)A,C CI)A-C q)AAC ¢.A.C (I)A,C CI>A~C ¢A.C (I)A,C 1 1 1 2 0

qyc‘\.C <DA,C q)A.C (I)A'C ‘:DA'C @A.C q:,AAC (DA‘C (DA,C q;A.C (DAAC (DA,C 1 1 1 2 5

dDg'C CI)B-C CI)B~C Q)B.C (I)B,C CI)B-C <I)B.C ¢.B.C (DB'C CI>B~C <I)B.C ¢B,C 2 4 1 4 2

q)g,(.' <I>B'C CI)B,C ¢B.C <1>B'C (I)B.C CI)B~C ¢.B.C CI)B-C CI)B-C q)B.C <I>B'C 2 4 2 4 1
Cross-Binary e 0 dBC 0 " " 0 2 " " " 0 0 1 1 0

@5 0 AC 0 v v, 0 i v, v, v, 1 0 1 1 0

48 0 LBy 0 v s 0 v 3 Vs 3 1 0 1 1 0
Ternary AABC 0 0 0 A Vs 0 Vs A Vs Vs Vs 1 1 0 1 1

BpaBC 0 0 0 Vs Vs 0 Vs A Vs Vs s 0 1 0 1 0

Cppbe 0 0 0 Vs A 0 Vs Vs Vs Vs Vs 0 1 0 1 0

AppBC 0 0 0 Uy V4 0 Vs s V4 s v, 0 1 0 1/3 1

BpaBC 0 0 0 Vs Vs 0 Vs Vs Vs s g 0 1 0 1/3 0

CopBe 0 0 0 A Vs 0 s Vs Va s Vg 0 1 0 1/3* 0

APABC 0 0 0 A Vs 0 Vs Ve Vs Vs V10 1 1 0 1/3* 1

BpABL 0 0 0 A Vs 0 Vs Ve Vs Vs Vi 1 1 0 1/3* 0

CpiBe 0 0 0 A V4 0 Vs Ve V4 Vs V12 1 1 0 1/3* 0
Total number of interaction parameters for a ternary 3 3 4 4 5 6 6 7 7 9 15 18 23 12 20 15

system (including binary parameters)

ooyz - pup Suoyz ‘m

2zzbll (2202) 202 pipiaIv DIALIOS
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Fig. 1. The performance of different diffusion models for the fcc Ag-Au-Cu solid solution in comparison with the results from the mobility assessment by Liu et al. [9].

10-° exp(—197000/RT), were taken from Ref. [20], while the pa-
rameters of Ag in Cu D/C%gr =4.7 x 1072 exp(—191533/RT), and Cu

in Ag, D’éﬁ =2.7 x 1073 exp(—179012/RT) were accepted from Ref.
[9]. The binary mobility interaction parameter between Cu and Fe
was determined to be zero (®“Fe = 0) according to the assess-
ment by Liu et al. [21] while the binary mobility interaction pa-
rameter between Ag and Cu was assessed in the current study as
®AsCU — 71449 (m? - J)/(mol - s), as shown in Fig. S2 in the Supple-
mentary Information.

For the fcc Ag-Au-Cu solid solution, Ziebold and Ogilvie
[22] measured the interdiffusion coefficients at 725°C. Liu et al.
[9] performed the mobility assessment on this system and re-
ported 12 binary parameters, 2 cross-binary parameters and 4
ternary parameters as summarized in Table 1. Eleven models
with different combinations of fitting parameters as listed in
Table 1 were tested in this study using the same ternary inter-
diffusion data, and the model performances are compared with
the literature mobility assessment in Fig. 1. The solid diago-
nal line represents a perfect agreement between experimental
data and model-predicted data while the two dashed lines de-
notes a factor of 3 or 1/3 deviation, respectively. It is noted
that Model-0 which is a simple combination of the three bi-
nary parameters without any ternary related fitting parameters
predicts the ternary interdiffusion coefficients as good as that
of the mobility assessment of Liu et al. Model-0* without the
introduction of any ternary-related fitting parameters but simply
assuming the cross-binary interaction parameters to be equal to
the corresponding Z-Z-Z model binary interaction parameters (i.e.,
(D'é'B — (DA’B, (IDQC — q>A,C7 q)llf‘c — (DB*C, and all 9 j(b?.B,C — 0)
substantially outperforms (has a lower MSE than) the assessment
of Liu et al.

For the fcc phase of the Co-Fe-Ni system, Cui et al. [10] evalu-
ated the interdiffusion coefficients at 1100°C from the experimental
diffusion profiles measured by Ugaste et al. [23], and then assessed
the atomic mobility of the ternary system together with the in-
terdiffusion coefficients reported by Sabatier and Vignes at 1136°C
[24] and 1315°C [25]. Divya et al. [26] determined the interdiffu-

sion coefficients at 1150°C. Xia et al. [11] measured the interdiffu-
sion coefficients at 900°C and re-assessed the atomic mobilities by
combining their own data with the data in Refs. [10,25]. All the
ternary interdiffusion coefficients except for the data from Divya
et al. [26] were used to optimize the 11 models in this study since
their data have much larger variation than the other datasets. The
model performances are compared with the 2 literature mobility
assessments [10,11] in Fig. 2. The number of mobility interaction
parameters used in the 2 literature assessments are also summa-
rized in Table 1, showing very discrepant choices of parameters
for the same system. Cui et al. [10] employed 14 binary interac-
tion parameters and 9 ternary interaction parameters while Xia
et al. [11] used 9 binary parameters and 3 cross-binary parame-
ters. Model-0 and Model-0* without any ternary related fitting pa-
rameters already predict the ternary interdiffusion coefficients rea-
sonably well. Model-4 with 3 cross-binary parameters has better
performance than that of the two literature mobility assessments.

For the fcc Cu-Fe-Ni solid solution, Cserhati et al. [27] and
Ugaste et al. [28] reported ternary interdiffusion coefficients at
1000°C. Tracer and interdiffusion coefficients were determined by
Danielewski et al. [29] as well as Ronka et al. [30]. Belova et al.
[31] evaluated the tracer diffusion coefficients of Cu, Fe and Ni at
998°C. The 11 models were tested in this study using all the above
experimental data. The model performances are compared in Fig. 3
along with the mobility assessment by Liu et al. [12]. Liu’s assess-
ment involved 12 binary, 3 cross-binary and 5 ternary interaction
parameters as listed in Table 1. Model-0 already has good per-
formance. Model-0* without any ternary-related fitting parameters
appreciably outperforms the mobility assessment of Liu et al.

For the bcc Nb-Ti-V solid solution, Aitbaev et al. [32] extracted
interdiffusion coefficients at both 1000°C and 1200°C via diffusion
couples. Wei et al. [13] measured the interdiffusion coefficients
at 1000°C, 1100°C and 1200°C, and assessed the atomic mobili-
ties. They used 12 binary parameters and 3 ternary parameters as
shown in Table 1. The performances of the 11 different models op-
timized from all the ternary diffusion data are compared in Fig. 4
along with the mobility assessment of Wei et al. [13]. Model-0
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Fig. 2. The performance of different diffusion models for the fcc Co-Fe-Ni solid solution in comparison with the results from the mobility assessments by both Cui et al.
[10] and Xia et al. [11]. The analysis with all the datasets, including those from Divya et al. [26], is shown in Fig. S3 in the Supplementary Information.
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Fig. 3. The performance of different diffusion models for the fcc Cu-Fe-Ni solid solution in comparison with the results from the mobility assessment by Liu et al. [12].
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Fig. 4. The performance of different diffusion models for the bcc Nb-Ti-V solid solution in comparison with the results from the mobility assessment by Wei et al. [13].

with only binary interaction parameters without any ternary ad-
justments already outperforms the literature mobility assessment.
Model-0* substantially outperforms Model-0.

The effectiveness of progressive introduction of the cross-
binary and ternary interaction parameters on the model perfor-
mances as measured by the MSE value was systematically stud-
ied, and the results are shown in Figs. 1-4 and summarized
in Fig. 5 which shows that Model-0* which sets the cross-
binary interaction parameters to be the corresponding Z-Z-Z bi-
nary model parameters has surprisingly good performance in
comparison with Model-0. The results also clearly show that
introduction of 1 cross-binary interaction parameter by set-
ting ®}F = ®AC = ®5C = constant and all 9 J®EC =0 (Model-
1) is usually more effective in improving the model perfor-
mance (lowering the MSE value) than the introduction of 1
ternary interaction parameter by setting all 9 J®##C = constant

and ®2F = 4 = ®5C = 0 (Model-2). Introduction of 2 fitting pa-
rameters by setting both QJZ"B = dD/;'C = dDﬁ'C = constant #1 and

all 9 fCDl’,‘"B‘C = constant#2 (Model-3) leads to minor improve-
ment over Model-1. Introduction of 3 independent cross-binary
parameters ®2F ~ ®2C ~ ®8C =3 constants and all 9 JPMBC =
0 (Model-4) leads to more consistent improvement of perfor-
mance than Model-5 which introduces 3 ternary mobility interac-
tion parameters by setting A(DQ'B’C:BQDQ’B"C:CQD’:’B'C = constant #1,
ADLBCBPLBCCHLEC = constant #2, APLBC=LPLECCPABC -
constant #3, and ®%F = A€ = BC = 0. Even though Model-5
performs slightly better than Model-4 for Co-Fe-Ni, it is much
worse for Nb-Ti-V, even inferior to Model-3, as shown in Fig. 5(e).
Thus, the more consistent Model-4 is preferred. Model-7 which is
based on Model-4 by introducing a 4" parameter by setting all 9
1@HBC = constant #4 again delivers a more consistent, even though
small, improvement of performance over Model-4 than Model-6
which is based on Model-5 by introducing a 4™ parameter &8 =
QDQ'C = QD%C = constant #4. All these results clearly show that the
introduction of cross-binary mobility interaction parameters is more
effective and consistent in improving the model performance than the
ternary mobility interaction parameters. Model-8 which is a combi-

nation of Model-6 and Model-7 with 3 cross-binary and 3 ternary
parameters leads to minor improvements over Model-7. Model-9
includes 3 cross-binary and 9 ternary parameters leads to marginal
improvement over Model-7 which only introduces 3 cross-binary
and 1 ternary parameters. Considering that experimental ternary
diffusion data are usually limited for most ternary systems and of-
ten limited to a certain composition space, less plentiful than the
4 systems studied herein, both Model-8 and Model-9 are discour-
aged since too many fitting parameters are prone to overfitting and
less reliable when extrapolating into multicomponent systems.

The above results point to robust diffusion models (Model-
0* and Model-4) for ternary solid solutions as represented by
Eq. (8) which is simplified from Eq. (4) by eliminating all ternary
mobility interaction parameters but still including the 3 cross-
binary interaction parameters. It is noted that Model-0* is a special
case of Model-4.

InD; = x4 InD4 + x5 In D} + xc In D + (xaxp @ + xaxc PAC + xBxc®§'C)/RT
(8.1)

InD} = x4 InD4 + x3 In D5 + xc InD§ + (xAxB¢>A*B + xgxc PEC 4+ xAxCdD'g'C) JRT
(82)

InDf = X4 InD¢ + x5 In DE + Xc In D + (Xaxc PAC + xpxc BPC + xAxBQD’C"B)/RT
(8.3)

The following recommendations are hereby rendered based
upon the insights from the current study:

» When no experimental ternary diffusion data are available, Model-
0* should be employed which is entirely based on diffusion data
of the unary and binary systems by setting ®}f = dAB, A€ =
®AC, and ®BC = ®BC in Eq. (8). As a matter of fact, Model-0*
yields quite impressive predictions for all 4 systems tested in this
study and it is hereby termed "Z-Z-ternary diffusion model" for
future referencing convenience.
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Table 2

The assessed mobility interaction parameters of the fcc Ag-Au-Cu, fcc Co-Fe-Ni, fcc Cu-Fe-Ni and bce Nb-Ti-V solid solutions. A, B, C = Ag, Au, Cu or Co, Fe, Ni or

Cu, Fe, Ni or Nb, Ti, V, respectively.

Model Parameters, Ag-Au-Cu (fcc) Co-Fe-Ni (fcc) Cu-Fe-Ni (fcc) Nb-Ti-V (bcc)
(m?-J)/(mol - 5)
Model-0* Model-4 Model-0* Model-4 Model-0* Model-4 Model-0* Model-4
Binary PAB -15021 -15021 7120 7120 0 0 77831 77831
PAC 71449 71449 15096 15096 1083 1083 132825 132825
PBC 43282 43282 49942 49942 49942 49942 79863 79863
Cross-binary <I>L’3’B -15021 -20327 7120 -21426 0 26840 77831 48869
d)ﬁ‘c 71449 149619 15096 6438 1083 10038 132825 149667
<I>§’C 43282 43067 49942 18953 49942 35232 79863 74660

Number of cross-binary and ternary interaction parameters
0 il 2 3 4 6 12

« When some experimental ternary diffusion data are available for
a ternary system, Model-4 is recommended where <1>‘é'B + d>§’c #
®B-C = 3 fitting constants in Eq. (8). This model is termed "binary
and cross-binary parameters only (BCBPO) diffusion model".

« When lots of ternary diffusion data are measured for a ternary
system, one may try Models 4 to 7 to find the optimal balance of
model performance and number of parameters (especially Model-
7).

The second and third recommendations above shall be sound
even for those who insist on using 2 interaction parameters (con-

12 "\fl ;gﬁ_z Ag-Au-Cu stants <I>:3j # d)?j ) for each binary solid solution (More than 2 pa-
1| bl"""%_l\/l% rameters are discouraged as demonstrated in Ref. [8]). In this case,
o | \\ one simply applies the above recommendations to Eq. (3) during
S M-S atomic mobility assessments by setting all 9 ternary mobility in-
06 gm-0* . g teraction parameters to zero.
04 | M_4‘Q)__9;":':.:_M$;8 M-9| The assessed interaction parameters of both Model-0* and
(b) 0.2 e M7 Model-4 of the 4 ternary solid solutions are listed in Table 2 to-
0.23 gether with the binary mobility interaction parameters of the per-
M-0 Co-Fe-Ni tinent binary systems.
0.21 "?.;g:'\ﬂ;ylM 5 It is straightforward to further extend the robust Z-Z-ternary
W 0.19 \M-z 9 B diffusion model (Model-0*) and the BCBPO ternary model (Model-
£ s N-4 16 4) to multicomponent solid solutions:
0.17 - 8ree. M8 A y ik
o1 MS M7 e - InD} = ij InD} +inxjcl>”/RT+ ' Z ’xjxkcbl!' /RT (9)
~~~~~~~~~~ d j J#i J.k#i; k> j
© The interdiffusion coefficients (13;7].) and intrinsic diffusion co-
Cu-Fe-Ni efficients (’D?j) of the multicomponent system, including all the
cross-terms, can then be computed from Egs. (5) and (6) by ob-
i taining the D} values from Eq. (9) and the chemical potential
‘§ values from the pertinent thermodynamic databases or published
M-8 CALPHAD assessments. Again one can multiply both sides of Egs.
IV S M-9 (8) and (9) with RT to convert back into the atomic mobility (®;)
(d) 03 L ey notation. Such robust Z-Z-ternary and BCBPO models will substan-
: tially reduce the fitting parameters yet enhance the robustness of
o ,M-0 Nb-Ti-V future atomic mobility and diffusion databases for reliable model-
63 ";"\-u.g/'-z IVIO—S ing of kinetic processes and materials properties.
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Table S1. Experimental ternary diffusion data in the literature of the fcc Ag-Au-Cu, fcc Co-Fe-Ni, fcc Cu-
Fe-Ni, and bcc Nb-Ti-V solid solutions. Dn is the interdiffusion coefficient of element i in element n

driven by the composition gradient of element j.

System Literature Temperature, °C Experimental ternary diffusion data
Agz‘ft‘scu Zicbold & Ogilvie [1] 725 D, Df. DAY, DA,
Cui et al. [2] 1100 DEeco, DEEN: DiEcos DECN:
Sabatier & Vignes [3] 1136 DEeco, DEEN: Diecos DECN:
C"(fi‘z)Nl Vignes & Sabatier [4] 1315 DEe.,, DEe,. DEe. Dke.
Divya et al. [5] 1150 Dsco> Diores Diecos Diere
Xia et al. [6] 900 Dsco> Déore Diecos Diere
Cserhati et al. [7] 1000 DXt DN, DN, DN,
Ugaste et al. [8] 1000 DXt DN, DN, DN,
Cu-Fe-Ni . .
(fec) Danielewski et al. [9] 1000 DN, DXL, DN DN e, Dy Dives Dy
Ronka et al. [10] 1000 DN, DN, DN DNie, Dy Dives Dy
Belova et al. [11] 998 D¢y, Die, Dyi
Nb-Ti-V | Aitbaev et al. [12] 1000, 1200 Db DNb DNb. DNP
(bec) | Wei et al. [13] 1000, 1100, 1200 DNB. DNb DNb. DNP
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Fig. S1. Distribution of the experimental ternary diffusion coefficients over the composition space of the 4
ternary systems: (a) the fcc phase of the Ag-Au-Cu system; (b) the fcc phase of the Co-Fe-Ni system; (c)
the fcc phase of the Cu-Fe-Ni system; and (d) the bcc phase of the Nb-Ti-V system.

S2



10713 . . . 10713 T . ; .

Literature Literature
%ﬁ“E:E:E:E:ﬂ:E—&-ﬁ:::: O Barreau et al. o Barreauetal.
10-14 :______E]__D___D__[l_g_ O J 10714 EF o= E::E::#EE::
—_ oo -~ .  TTm==4 — =z===F==777 =
N"ﬁ 0o 0O g m] N& _________ DBD—
[ £  |[a—emmmmTT7 o o
= 10-15 (A0 © o TTTme--ol ] = 10-15 [ _
R ——— S | e
2 Bogpg Tl -o- 770 I ST L L 'EI'DE -e- 770
= £ - __oppHl
- 10716 pmmmmmmm e ] -0- 762 - 10-16 _” =TT ] -0- 762
0o g BRIy -e- 710 ¥ -e- 710
= AN - - H S sl -e- 638
107 : : ; -e- 604 10 — - — -e- 604
0 5 10 15 20 _4 sa5 9 92 94 96 98 100 _q 545
(a) Ag Cu at.% Cu (b) Ag Cu at.% Cu
10712 T . . T 10712 T T T .
_____________ L-0-m-3-4 Literature Literature
_____________ a-0-g-g- o Oikawa et al. O Sato
o D_ﬂ._D_f T°C E
B10-1B LT T ] _ % -13 L
,;; e A.0-g-a-g e~ 1000 £ 10
N J:L_I:l_.g._u_.t -o- 949 e
e S S O_pD.n.0-§ -e 901 8
@ -
£ 10-14 | 0o0og ®- 859 o 10-14 J
= 77 femmmmmmmm———— -D-—n--lj-—a— -o- 827 gﬁ o o - T°C
""""""" 000 o ] -e 803 s -e- 850
""""""""""""" -e- 750 -e- 820
10—15 L L L 1 -o- 729 10—15 ! ! 1 ! -®- 795
95 96 97 98 99 100 _o 701 0 1 2 3 4 5 _e g0
(C) Ag Cu at.% Cu (d) Ag Cu at.% Cu
10712 T : . 10-12 i i
Literature NS Literature
by, o Patil & Sharma “S:E!G O Hoffman et al.
© 1071 ¢ Tvgd 3 @ Y
~ My ~ _ s
o —14 \\!§\ a \ﬂk\
@ 10 3 Ny 3 @ \QQ
3 g\ @ N
g A 510 | BN |
5 o + ‘§ﬂ
107 ¢ SNy 1 2 AN
g, o N o
¥, Cu at.% NN Cu at.%
‘2‘:, —e 14 Y -e- 18
10-16 1 1 L —e- 25 10-15 L L —e- 4.2
9 10 11 12 . aa 8 9 10 11 . 66
(e) 10000/T (K™?) (f) 10000/T (K™?)

Fig. 82. The assessment result of the fcc Ag-Cu binary system using the 1-parameter Z-Z-Z model in
comparison with the experimental data: (a), (b) and (c) interdiffusion coefficients [14,15]; (d), (e) and (f)
Ag tracer diffusion coefficients [16—18].
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