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This study is the most comprehensive test to date aiming at defining the optimal number of fitting pa-
rameters for a reliable mathematical description of the diffusion behavior of a binary solid solution. Our
systematic test of 18 diverse binary systems has yielded a surprisingly simple model with only one fitting
parameter/constant which can be evaluated from experimental diffusion data. The rest of the quantities
in the model are the self-diffusion and impurity (dilute) diffusion coefficients of the pure elements and
the thermodynamic factor which can be computed from a CALPHAD thermodynamic assessment of the
pertinent binary system. The 1-parameter Z-Z-Z model has been demonstrated to be very reliable and
robust since the 18 binary systems tested in this study include very asymmetrical systems such as Co-Pd
and Fe-Pd as well as Nb-Ti whose experimental diffusion coefficient data cover ~9 orders of magnitude
and over a temperature range spanning ~1200°C (from ~800°C to ~2000°C). The Z-Z-Z model allows both
tracer and intrinsic diffusion coefficients to be reliably computed for any composition at any temperature
after the sole constant is evaluated from the interdiffusion or all experimental diffusion data. Extension
of such a simple and robust model from binary to ternary and higher order systems will lead to a sub-
stantial reduction of fitting parameters and an enhancement of the reliability of future multicomponent
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1. Introduction

Diffusion coefficients are essential materials data to understand
and simulate kinetic behaviors in materials such as precipitate
growth and creep deformation as well as materials processing such
as casting/solidification, homogenization, and surface modification.
Mathematical models are required to describe diffusion coefficients
as a function of composition and temperature, either within the
CALPHAD (CALculation of PHAse Diagrams) framework [1-6] or be-
ing used directly in various modeling studies outside the CALPHAD
approach. Agren and Andersson have systematically established
such models of the diffusion coefficients in binary and multicom-
ponent systems by systematizing the framework of atomic mobili-
ties [7,8]. Their models are widely adopted by the CALPHAD com-
munity and the fitting parameters in their semi-empricial models
are evaluated from experimental diffusion coefficients and com-
puted data when reliable experimental values are not available.

Four fitting parameters are often employed to model the dif-
fusion coefficients of a binary solid solution (e.g., fcc, bcc or
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hcp); ie., two parameters (a+ bT) for each diffusing element
for each phase. Up to 6 and 8 fitting parameters are used for
many binary systems. Questions remain to date: (1) do we re-
ally need four fitting parameters for each binary solid solution
and are we over-fitting? and (2) what is the optimal number
of fitting parameters? We set out to answer these questions by
performing the most comprehensive test of the number of fit-
ting parameters of diffusion coefficient models for binary sys-
tems. Ascribing to the Occam’s Razor—that the simplest solu-
tion/explanation is most likely the right one, we posited that such
a systematic test might yield simpler and more robust binary dif-
fusion models with the fewest fitting parameters to avoid over-
fitting, which will further contribute to more robust models for
ternary and multicomponent systems. This article reports the in-
sights gained from our comprehensive model test of diffusion co-
efficients in 18 binary systems. A surprisingly simple yet gen-
eral model has emerged from this study which will substantially
simplify future assessments of diffusion coefficients and atomic
mobilities.
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2. Methodology

There are various types of phenomenological diffusion coeffi-
cients which can be measured under different experimental set-
tings [9]. Self-diffusion coefficient and impurity (dilute) diffusion
coefficient are measured for pure elements. Their temperature de-
pendence can generally be represented by the Arrhenius Eq. (1) or

(2):
A . j
D] = Do! exp <—%_> (1)

j
RT

Where R is the gas constant, T is the absolute temperature, DO{
is the pre-exponential factor and Qi] is the activation energy for

element i diffusion in element j. D{ denotes self-diffusion coeffi-
cient when i = j and represents impurity diffusion coefficient of i
in j when i # j. In addition to the above temperature dependency,
tracer, intrinsic and interdiffusion (chemical diffusion) coefficients
are also composition dependent. Darken’s equations relate these
three types of diffusion coefficients of a binary A-B system [10]:

D, =D;p, Dy=Dzp 3)

InD/ = +1InDy! 2)

D = x3Dj) + xaDjy = (XsDj; + XaDj)¢ (4)

Where Df represents tracer diffusion coefficient of i (A or B), Df
denotes intrinsic diffusion coefficient of i, and D is the interdiffu-
sion coefficient. x4 and xg are the mole fractions of elements A and
B, respectively. ¢ is the thermodynamic factor which can be easily
computed using CALPHAD software and associated thermodynamic
databases/assessments and is defined in a binary system as:

diny,  x du;

5 s _ s 0
dlnx; = RT dx;

= KT dx ©)

=1+

Where y; is the activity coefficient and p; is the chemical poten-
tial of element i in the alloy. G is the molar Gibbs free energy. The
thermodynamic factor is the same for both elements of a binary
system due to the Gibbs-Duhem relation. The Darken’s equations
are an approximation which assumes the vacancy wind factor to
be unity. Nevertheless, they are found to be a good approximation
through years of assessments and applications in numerous sys-
tems. The composition-dependent molar volume can be taken into
account in this framework using a more sophisticated treatment
[8,11], but its effect is ignored in the current analysis similar to
most CALPHAD atomic mobility assessments.

Based on Darken’s Eq. (4), the tracer diffusion coefficient of el-
ement A (e.g., Fe) becomes either the self-diffusion coefficient of
A when the concentration of B (e.g., Ni) approaches 0, or the im-
purity diffusion coefficient of A in B when the concentration of B
reaches 100% in the binary A-B system; and the same holds for the
tracer diffusion coefficient of B, as shown in Fig. 1 using the fcc
phase of the Fe-Ni system as an example. Therefore, reliable self-
diffusion coefficients and impurity diffusion coefficients, as shown
on both sides of Fig. 1, are the essential foundation upon which
the binary diffusion models can be built. These data serve as a
check for the diffusion coefficients measured across the composi-
tion - agreement on both sides with the independently measured
self-diffusion and impurity diffusion coefficients (often via reliable
tracer experiments) is testament for reliability.

It is noted that tracer diffusion coefficients serve as a bridge
relating all the other types of diffusion coefficients, as explained
above, and as shown in Fig. 1. Hence, modeling tracer diffusion
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coefficients is fundamental, and other types of diffusion coeffi-
cients can then be computed using Darken’s equations. A straight-
forward model of a binary A-B solid solution, based on the Agren-
Andersson treatment, describes the composition and temperature
dependence of tracer diffusion coefficients as:

InD} = x4 InDf + x5 InDP + xax5 Y 'O (x4 —x5)'/RT  (6)
r=0,1,.--

Where i = A or B. The first two terms on the right side of Eq. (6) are
the linear combinations of self-diffusion and impurity diffusion co-
efficients of the pure elements (A and B) in the composition space
while the third term is a Redlich-Kister polynomial [12] that mod-
els the non-linear (non-ideal) contributions through the binary in-
teraction parameters, ’@iA‘B. Considering only the zeroth-order in-
teraction r =0, the above equation is simplified into Eq. (7) or

(8):
InD; = x4 InD{ + x5 InD? + &% Bx,x5/RT (7)

D; = exp (xaIn D} + x5 In D?) exp (@7 *x4x5/RT) (8)

The interaction parameter &% = a; + b;T with q; and b; being
constants (i = A or B). dD'?’B is the same as the interaction parame-
ters in the atomic mobility notation according to the Einstein rela-
tion Df = RTM;, where M; is the atomic mobility of i. As a matter
of fact, one can multiply both sides of Eqs. (6) and (7) with RT
to convert them into the atomic mobility notation that is widely
used by the CALPHAD community since the atomic mobility pa-
rameter ®; = RT In(RTM;) = RT InD;*. The intrinsic and interdif-
fusion coefficients can then be derived from tracer diffusion coef-
ficients using Darken’s Egs. (3) and (4) with the thermodynamic
factor ¢ computed using CALPHAD software and thermodynamic
databases/assessments.

We set out to perform the most comprehensive test of the bi-
nary diffusion models described in Eq. (7) or (8) to determine
the optimal number of fitting parameters (from 0 to 4) as listed
in Table 1. Completely/mutually soluble binary systems are the
best test grounds since they provide the widest composition range
(from 0% to 100%) to test the models. Moreover, since the crystal
structure is the same for both elements in a completely soluble
system at the temperature range of mutual solubility, the impurity
diffusion coefficients are much more likely measured and available
for the model assessment. In contrast, non-mutually soluble sys-
tem such as Al-Mg would require the impurity and self-diffusion
data of hypothetical (metastable) fcc Mg or hcp Al, which adds un-
certainty to the model testing.

After an exhaustive search of the literature, including going
through diffusion data compilations such as Landolt-Bornstein
[9], Smithells [13], and Neumann and Tuijin [14], we found 18
mutually-soluble binary systems whose self-diffusion and impu-
rity diffusion coefficients of pure elements are reliable and there
are sufficient interdiffusion coefficients and tracer (and/or intrinsic)
diffusion coefficients across the compositions for a reliable model
assessment/test. The 18 binary systems are briefly summarized in
Fig. 2, including 11 binary systems with the fcc crystal structure
(Ag-Au, Au-Cu, Au-Ni, Co-Fe, Co-Ni, Co-Pd, Cu-Ni, Cu-Pt, Fe-Ni, Fe-
Pd, and Ni-Pd), 6 bcc systems (Nb-Ti, Nb-V, Nb-Zr, Ta-Ti, Ti-V, and
Ti-Zr), and 1 diamond cubic system (Ge-Si). We did not find any
binary hcp systems that satisfy the requirements of having high
quality data of both the self-diffusion and impurity diffusion co-
efficients of the pure elements as well as reliable interdiffusion
coefficients and tracer diffusion coefficients across the composi-
tion range. Nevertheless, it is our belief that the conclusions drawn
from our comprehensive assessment will be equally applicable to
hcp systems as well.
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Fig. 1. Diffusion coefficients and thermodynamic factor of the fcc phase of the Fe-Ni binary system (The plots in the center are for 1200°C only).

Table 1
Fitting parameters (constants) in the diffusion models explored in this study.
Model Interaction term of element A Interaction term of element B
0O-parameter model ~ @45 =0 =0
1-parameter model ~ ®4f =a opf=a
2-parameter model ~ ®3F = a4 4P =g
4-parameter model 4% =a, + baT D38 = ag + bT
Diffusing Element interaction terms ®## =a; + b;T were then evaluated from the
composition-dependent interdiffusion coefficients. The interdiffu-
Co|Fe|NiPd|CujAujAg|Pt]Ti |Nb| v | Z’ | Ta Ge| Si sion coefficients, most often obtained from diffusion couple exper-
Co iments (e.g. [15]), are employed to optimize different numbers of
e Color code for the irlltere'ictio.n parametfers listed in Table 1 while the tracer and intrin-
crystal structure of sic diffusion coefficients are used to test the model performance.
Ni pure elements: The objective of the optimization/fitting is to find optimal coeffi-
pd fec cients of dJ'?’B that minimize the objective function:
n
Cu . bcc . F— % Z (ln Dfred _In Diexp)2 (9)
Au Diamond cubic i—1
-
E Ag Where n is the number of input data points, D{*" and Df’”d are
= | pt the experimental diffusion coefficients and predicted diffusion co-
'§ - efficients of the ith data point, respectively. A Python program
S| Color code of data source: was coded to perform the whole parameter-optimization and test
Nb Assessed in the literature processes. It is noted that both tracer diffusion coefficients and
v | A N intrinsic diffusion coefficients were not used to fit the parame-
ssessed in this study . .
— ters, they are used only for model test/validation. The datasets
| 2| Estimated from DFT are separately employed in this manner to investigate whether a
Ta . Estimated in the literature diffusion model can be developed only with reliable interdiffu-
" sion coefficients as input since they are the most common type of

] composition-dependent data reported in the literature. The model
si test process is also summarized at the bottom of Fig. 1. The results
of this study are described in the ensuing sections.

Fig. 2. Summary of assessments of the self-diffusion and impurity diffusion coeffi-
cients of pure elements in the 18 binary systems. 3. Results and discussion

3.1. Self-diffusion and impurity diffusion coefficients

The self-diffusion and impurity diffusion coefﬁcients Dlj are The self-diffusion and impurity diffusion coefficients le of the
evaluated first to determine the parameters DO{ and QJ. The 18 binary systems are mostly evaluated from experimental data
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while some of them are determined from first-principles calcula-
tions when experimental data are not available, as shown in Fig. 2.
For simplicity, most of the optimized DO{ and Q{ are taken from
the mobility assessments in the literature or the handbook of Neu-
mann and Tuijin [14], depending on which source better repro-
duces all the available experimental data. D4¥, DS and D) are re-
evaluated in this study, while D24, DX and DS are estimated from
first-principles calculations due to the lack of direct experimental
measurements. It is noted that there is neither direct experimen-
tal measurement nor first-principles calculations of the impurity
diffusion coefficient of Ti in Ta, thus D%’ is taken from the mobil-

ity assessment by Liu et al. [26]. The D{ values of all 18 systems,
represented in the form of the Arrhenius Eq. (1), are summarized
in Table 2. It should be noted that Dgl, DZ, and DZ are not ex-
pressed as a single Arrhenius Eq. (1) but a combination of two
exponentials to describe their abnormal temperature dependence,
following the literature practice for these elements. All the eval-
uated self-diffusion and impurity diffusion coefficients are plotted
as a function of temperature in comparison with experimental data
(when available) in the Supplementary Information, Fig. S1.

3.2. Composition-dependent diffusion coefficients

According to the Darken’s Eqs. (3) and (4), the thermody-
namic factor ¢ is essential to derive intrinsic and interdiffusion
coefficients from tracer diffusion coefficients. In this study, the ¢
values of 17 binary systems are obtained using the commercial
databases TCNI9 [32], TCFE10 [33], TCTI2 [34], TCSLD3 [35] and
TCCU3 [36] from the Thermo-Calc Software [37] while the ¢ val-
ues are obtained from a thermodynamic assessment in the litera-
ture for the Ge-Si system [38]. The ¢ versus composition curves at
various temperatures for all 18 binary systems are plotted in Fig. 3.

With the assessed self-diffusion and impurity diffusion coeffi-
cients (Table 2 and Fig. S1) as well as the computed thermody-
namic factor (Fig. 3) of each system, the diffusion model with dif-
ferent combinations of interaction parameters (Table 1) is fitted us-
ing the critically reviewed experimental interdiffusion coefficients.
The model performance is then evaluated by comparing the ex-
perimental and predicted tracer and intrinsic diffusion coefficients.
The experimental information of tracer, intrinsic and interdiffusion
coefficients of the 18 binary systems in the literature are summa-
rized in Table S1 in the Supplementary Information file. In this sec-
tion, four representative examples, the Ag-Au and Fe-Pd systems
with the fcc crystal structure, the Ge-Si system with the diamond
cubic crystal structure, and the Nb-Ti system with the bcc crystal
structure, are presented to illustrate the model testing process. The
results of other systems including 9 fcc binaries and 5 bcc binaries
are then followed while the corresponding figures are provided in
the Supplementary Information, Figs. S2-S15.

3.3. The fcc phase of the Ag-Au system

Ag and Au form a continuous solid solution with the fcc crystal
structure over the entire composition range. Mead and Birchenall
[39] measured the Au tracer diffusion coefficients at 25 and 75 at.%
Au with the radioactive Au over a range of temperatures. They also
measured interdiffusion coefficients but admitted that the results
were of low accuracy due to the porosity formation in the diffu-
sion couples. The Ag and Au tracer diffusion coefficients were also
measured by Mallard et al. [40] with radioactive Ag and Au diffus-
ing into a series of Ag-Au alloys at different temperatures. Inter-
diffusion coefficients and tracer diffusion coefficients of Ag and Au
at 49.2 at.% Au at various temperatures were obtained by Johnson
[41] with chemical analysis and radioactive isotopes in incremental
diffusion couples. The interdiffusion coefficients of Ag-Au system at
900°C were reported by Seith and Kottmann [42] based on a Ag-Au
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Table 2

Summary of the Arrhenius equations for the self-diffusion
and impurity diffusion coefficients of the pure elements in
the 18 binary systems (TS: This Study). R = 8.314 J/(mol - K),
T in Kelvin, and D{ (diffusion of i in j) in m2/s.

Notation  Diffusion equation, m?/s Ref
DjE 1.3 x 1075 exp(—175892/RT) [16]
D 7.9 x 107% exp(—169000/RT) [18]
D¢ 6.2 x 107 exp(—199000/RT) [14]
Dy 6.1 x 107° exp(~170900/RT) TS

DSu 2.2 x 107° exp(—196943/RT) TS

Dt 2.1 x 107% exp(—219200/RT) TS

D% 2.2 x 10* exp(—301654/RT) [22]
Dfe 1.1 x 10”4 exp(—301710/RT) [14]
Dy 2.4 x 107* exp(—284724/RT) [22]
p¥ 6.2 x 107°® exp(—255124/RT) [19]
Dju 9.3 x 107% exp(—167950/RT) [23]
D& 4.9 x 107> exp(—205872/RT) [16]
DY 3.5 x 107 exp(—250125/RT) [25]
D 6.5 x 107° exp(—247994/RT) [23]
D 2.1 x 107 exp(—262500/RT) [14]
DFe 4.6 x 107° exp(—284100/RT) [14]
DN 1.0 x 107* exp(—269400/RT) [14]
DM 5.0 x 107> exp(—272534/RT) [21]
DS 7.8 x 1072 exp(—310423/RT) [24]
D, 4.5 x 107" exp(—478686/RT) [24]
Db 5.2 x 107° exp(—395599/RT) [30]
bl 8.9 x 1077 exp(—171238/RT) [27]
Dy, 3.4 x 107* exp(—330149/RT) [31]
Dz 2.7 x 107° exp(—116800/RT)+ [14]

2.6 x 107° exp(—238500/RT)
Dy 2.5 x 107 exp(—188400/RT). [14]
DY 1.9 x 10~* exp(—232788/RT) [25]
D$ 2.8 x 107° exp(—270348/RT) [17]
Dfe 3.0 x 10* exp(—314000/RT) [14]
o 2.3 x 107* exp(—287000/RT) [17]
DFd 5.3 x 107% exp(—242479/RT) [19]
DS 6.6 x 107® exp(—255685/RT) [20]
D 4.0 x 107® exp(—251348/RT) [21]
D, 6.9 x 107° exp(—265700/RT) [14]
Dk 2.0 x 107> exp(—266300/RT) [14]
DSu 3.6 x 107° exp(—227726/RT) [23]
Dt 6.6 x 107° exp(—261427/RT) [23]
D 3.2 x 107 exp(—319954/RT) [24]
Dl 3.7 x 107" exp(—485572/RT)+ [24]
2.5 x 1077 exp(—345476/RT)

DI 2.3 x 107° exp(—426474/RT) [26]
DIl 1.0 x 1077 exp(—155731/RT) [26]
Db 2.8 x 107° exp(—369003/RT) [27]
Dl 2.5 x 107° exp(—438281/RT) [26]
pn 2.2 x 1077 exp(—151990/RT) [28]
DY, 3.9 x 107* exp(—329984/RT) [28]
D# 6.1 x 107 exp(—140357/RT) [29]
Db 4.4 x 107° exp(—375659/RT) [31]
Dl 2.7 x 107% exp(—179393/RT) [28]
DY, 1.4 x 10~ exp(—325008/RT) [28]
DP 2.8 x 107 exp(—357000/RT) [14]
DI 1.1 x 1077 exp(—131671/RT) [29]
DZ 2.8 x 107 % exp(—81100/RT)+ [14]

1.7 x 1075 exp(—194100/RT)

diffusion couple. Balluffi and Seigle [43] investigated the interdif-
fusion using Ag-Au vapor-solid diffusion couple at 940°C, and de-
termined the intrinsic diffusion coefficients with the help of inert
markers in the diffusion couple. Ebert and Trommsdorf [44] de-
termined the temperature-dependent interdiffusion coefficients at
91.23 at.% Au by means of incremental diffusion couples.

The collected interdiffusion coefficients from the literature are
all employed to fit the diffusion model with 0, 1, 2, and 4 inter-
action parameters, respectively. The intrinsic and tracer diffusion
coefficients are predicted accordingly using Eqs. (3), (4) and (8).
The experimental data are compared with the modelled values in
Fig. 4, showing that the model with no interaction parameter (i.e.,
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Fig. 3. Thermodynamic factor ¢ of the 18 binary systems analyzed in this study showing the diversity of behaviors including very asymmetrical systems such as Au-Cu,
Au-Ni, Co-Pd, Cu-Pt, Fe-Ni, Fe-Pd, and Ni-Pd. Some of the abrupt changes in the thermodynamic factor plots are due to magnetic transitions, ordering transitions, or other
effects.
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Fig. 4. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid solution of the Ag-Au binary system.

“ideal” diffusion behavior) can predict both the tracer and intrin-
sic diffusion coefficients reasonably well. It should be noted that
the diffusion coefficients at different compositions were shifted by
different factors to separate the data for visualization in the plots
of subfigures (e) to (p). The 1-parameter model further enhance
the model performance, especially in terms of interdiffusion co-
efficients. The 2-parameter and 4-parameter models do not show
much improvement; and as a matter of fact, the two subfigures
(1) and (p) of Fig. 4 clearly show signs of over-fitting with the 4-
parameter model.

3.4. The fcc phase of the Fe-Pd system

Fe and Pd form a complete solid solution of the fcc phase
over a wide temperature range. Gomez et al. [45] measured the
interdiffusion coefficients at 4 temperatures between 1100°C and
1250°C using diffusion couples. Fillon and Calais [46] determined

the tracer diffusion coefficients of the Fe-Pd system using radioiso-
topes Fe and Pd at the same temperatures. Intrinsic and interdif-
fusion coefficients were obtained by van Dal et al. [47] via regular
diffusion couples and multi-foil couples at 1100°C.

All the above interdiffusion coefficients are fed to the model
with different number of interaction parameters. The comparisons
between computed data and experimental data are plotted in
Fig. 5, showing that the 0-parameter model does not work for this
binary system and the 1-parameter model drastically improve the
model performance. Additional fitting parameters (2 and 4) do not
lead to improved model performance, and the 4-parameter model
has led to reduced agreement with the Pd tracer diffusion coeffi-
cients (See subfigures (j) to (1) in Fig. 5).

One can see from subfigures (e) to (1) of Fig. 5 that the
tracer diffusion coefficients of both Fe and Pd behave quite “reg-
ularly/symmetrically”, and the very asymmetrical behavior of both
the interdiffusion coefficients (subfigures (a) to (d) in Fig. 5) and
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Fig. 5. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid solution of the Fe-Pd binary system.

the intrinsic diffusion coefficients (subfigures (m) to (p) in Fig. 5) is
predominately the result of the very asymmetrical thermodynamic
factor, ¢, showing in subfigure (j) of Fig. 3.

3.5. The diamond cubic phase of the Ge-Si system

The Ge-Si system forms a continuous solid solution with a di-
amond cubic crystal structure. Kube et al. [48] determined the Si
and Ge tracer diffusion coefficients in Si-Ge isotope heterostruc-
tures at several compositions in the temperature range of 690 -
1270°C using secondary ion mass spectrometry (SIMS). Zangenberg
et al. [49] also employed SIMS to measure the Ge isotope con-
centration profiles and calculated its tracer diffusion coefficients
at various compositions over the temperature range of 850°C to
1050°C. Strohm et al. [50,51] conducted tracer experiments in var-
ious SiGe wafers or epilayers and obtained the Ge tracer diffu-

sion coefficients between 653 and 1263°C and Si tracer diffusion
coefficients between 861 and 1047°C. The Si and Ge tracer diffu-
sion coefficients in Sip,Gegg layers were extracted by Latinen et al.
[52] via tracer experiments.

Xia et al. [53] studied the interdiffusion in Si-Ge heterostruc-
tures with Ge composition between 0 and 56 at.% over the temper-
ature range of 770 - 920°C from the diffusion profiles measured
using SIMS. The interdiffusion coefficients over the full composi-
tion range over a wide range of temperatures were extracted by
Gavelle et al. [54] using SIMS. Aubertine and Mclntyre [55] ob-
tained the interdiffusion coefficients over the composition range
of 7.5 - 19.2 at.% Ge between 770 and 870°C from SiGe superlat-
tices over a small concentration gradient. Ozguven and McIntyre
[56] also employed a similar approach and reported the interdiffu-
sion coefficients at 91 at.% Ge at four temperatures from 600°C to
700°C.
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Fig. 6. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the diamond cubic solid solution of the Ge-Si binary system.

It is noted that the interdiffusion coefficients decrease dramat-
ically as the Si concentration increases, varying by ~6 orders of
magnitude (~10"17 to ~1023). The data reported by Gavelle et al.
[54] show a characteristic “bend-over” (subfigure (a) to (d) in
Fig. 6), leading to disagreement with the highly reliable impurity
diffusion coefficient of Ge in Si. Such a “bend-over” of interdiffu-

sion coefficients as a function of composition is the result of insuf-
ficient spatial resolution of the composition measurement in re-
lation to the sharp concentration gradient, as explained in detail
by Chen and Zhao [57]. Such a “bend-over” situation has been ob-
served in other systems such as Au-Ni, Nb-Ti, Nb-Zr, Ta-Ti, and Ti-V.
Hence, the data points of Gavelle et al. in the high Si concentration
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range are excluded from being used for the fitting of the diffusion
model. Fig. 6 shows the comparisons between the model results
and experimental data. The O-parameter model (“ideal” diffusion
behavior) already predicts the experimental interdiffusion coeffi-
cients and the tracer diffusion coefficients well. Additional fitting
parameters do not improve the model performance much.

3.6. The bcc phase of the Nb-Ti system

A completely soluble bcc phase is formed between Nb and Ti
over a wide temperature range. Peart and Tomlin [58] obtained the
Nb tracer diffusion coefficients in a series of Nb-Ti alloys as a func-
tion of temperature. The Nb tracer diffusion coefficients in Nb-Ti
alloys with less than 15 at.% Nb at various temperatures were also
determined by Gibbs et al. [59]. Pontau and Lazarus [60] measured
the Nb and Ti tracer diffusion coefficients at 3 compositions in a
temperature range of 950 - 1511°C.

Diffusion couple experiments were conducted to obtain the in-
terdiffusion coefficients of the Nb-Ti system. The data were re-
ported in temperature ranges of 1450 - 2075°C by Roux and Vignes
[61], 1000 - 1400°C by Ugaste and Zajkin [62], 1000 - 1200°C by
Polyanskii et al. [63], 900 - 1000°C by Fedotov et al. [64], 800 -
1200°C by Gryzunov et al. [65], 1100 - 1300°C by Vergasova et al.
[66], 900 - 1100°C by Zhu et al. [67], and 800 - 1200°C by Chen
et al. [68].

The interdiffusion coefficients drop remarkably as Nb compo-
sition increases. Zhu et al. [67] and Chen et al. [68] reported
the interdiffusion coefficients in the Ti-rich side compositions. The
data measured by Roux and Vignes [61] and Ugaste and Zajkin
[62] have good agreement with the Ti impurity diffusion coeffi-
cients in Nb. These data sets are used to fit the diffusion model.
The modeled diffusion coefficients are compared with the experi-
mental data in Fig. 7. While 1, 2 and 4 interaction parameters re-
produce the interdiffusion coefficients in similar agreements, the
1-parameter model performs best in predicting the tracer diffu-
sion coefficients. In fact, the predicted Nb tracer diffusion coeffi-
cients from the model with 4 interaction parameters are not in
good agreement with the experimental data, and show a clear sign
of over-fitting - See subfigure (1) of Fig. 7. It is noted that the 1-
parameter model shows a good overall fit for this binary system
whose experimental diffusion coefficient data cover ~ 9 orders of
magnitude (~1071! to ~10729 m2/s) and over a temperature range
spanning ~1200°C (from ~800°C to ~2000°C), Fig. 7.

3.7. The fcc phase of the Au-Cu system

The tracer diffusion coefficients of Au in disordered CuzAu al-
loy were determined by Benci et al. [69], as well as Alexander
[70] with radioactive Au over a range of temperatures. Heumann
and Rottwinkel [71] measured the interdiffusion, intrinsic and
tracer diffusion coefficients in Cu-rich Au-Cu solid solutions at
860°C with various diffusion couples and radioactive Au and Cu.
Badia and Vignes [72], Borovskii [73], Pinnel and Bennett [74] and
Ravi and Paul [75] obtained the interdiffusion coefficients of Au-
Cu system from diffusion couples at various temperatures, respec-
tively. Interdiffusion coefficients at 725°C were reported by Ziebold
and Ogilvie [76] based on diffusion couple experiments. The lat-
tice interdiffusion coefficients at 750°C were reported by Austin
and Richard [77] along with grain boundary diffusion coefficients
using electroplated Au onto Cu bicrystals. The diffusion model is
fitted with different number of interaction parameters using the
interdiffusion coefficients reported by Badia and Vignes [72], Pinnel
and Bennett [74], Ziebold and Ogilvie [76] and Heumann and Rot-
twinkel [71]. The interdiffusion coefficients reported by Ravi and
Paul [75], Austin and Richard [77], and Borovskii [73] are less reli-
able because they do not agree well with the impurity diffusion
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coefficients of Au in Cu or Cu in Au. The O-parameter diffusion
model does not work as shown in the left-hand column (subfigures
(a), (e), (i), (m), (q), (u)) of Fig. S2 in the Supplementary Informa-
tion. The 1-parameter model works well as shown in the second
column (subfigures (b), (f), (j), (n), (r), (v)) in Fig. S2. Additional
fitting parameters (2 and 4) do not improve the fitting, as shown
in Fig. S2.

3.8. The fcc phase of the Au-Ni system

Kurtz et al. [78] used the radioactive Au to extract the Au tracer
diffusion coefficients in various Au-Ni alloys at different tempera-
tures. Reynolds et al. [79] employed tracer method to determine
the Ni tracer diffusion coefficients in Au-Ni solid solutions as well
as diffusion couples to extract the interdiffusion coefficients at
various temperatures, respectively. The interdiffusion coefficients
of Au-Ni were determined with regular diffusion couples at four
temperatures while the intrinsic diffusion was analyzed via multi-
foil couple experiment at 900°C by van Dal et al. [80]. lijima and
Yamazaki [81] studied the interdiffusion of the Au-Ni system by
means of diffusion couple at three temperatures. The collected in-
terdiffusion coefficients from the studies by lijima and Yamazaki
[81], Reynolds et al. [79] and van Dal et al. [80] were used to fit
the diffusion model with various number of interaction parame-
ters, except for the data at high Ni concentrations from the study
of Reynolds et al. [79]. The problem with the Ni-rich data has
been explained by Chen and Zhao [57]. The modeling results are
presented in Fig. S3 in the Supplementary Information. One can
clearly see that the O-parameter model does not work (the left
column - subfigures (a), (e), (i), (m), (q)); the 1-parameter model
works well (the second column - subfigures (b), (f), (j), (n), (1))
and additional fitting parameters lead to no improvement.

3.9. The fcc phase of the Co-Fe system

Radioactive Fe and Co were used to determine the tracer diffu-
sion coefficients in Co-Fe alloys in the composition range of 49-68
at.% Fe at 1200°C by Kohn et al. [82]. Ugaste et al. [83] also ex-
tracted the tracer diffusion coefficients of the Co-Fe system while
Fishman et al. [84] determined the values at equiatomic Co-Fe
alloy as a function of temperature. Hirano and Cohen [85] ex-
tracted the Co tracer diffusion coefficients as a function of com-
position from 1060°C to 1310°C. Badia and Vignes [72], Ustad and
Sorum [86] and Hirano et al. [87] employed diffusion couples to
extract interdiffusion coefficients at various temperatures, respec-
tively. However, the interdiffusion coefficients reported by Ustad
and Sorum [86] and Hirano et al. [87] are not in good agree-
ment with the impurity diffusion coefficients. Consequently, only
the dataset from Badia and Vignes [72] is fed to the diffusion
model with different numbers of interaction parameters. Fig. S4 in
the Supplementary Information shows that the 0-parameter model
shows a reasonable agreement; the 1-parameter model leads to
slightly better performance; and additional parameters slightly de-
grade the model performance.

3.10. The fcc phase of the Co-Ni system

Million and Kucera measured the Co tracer diffusion coefficients
in the composition range of 0-80 at.% Ni between 1057°C and
1306°C [88] as well as the Ni tracer diffusion coefficients in the full
composition space of the Co-Ni system in the temperature range of
1065-1290°C [89]. Hirano et al. [90] obtained the Co and Ni tracer
diffusion coefficients in 4 Co-Ni alloys as a function of temperature.
Hirai et al. [91] and Ugaste et al. [83] determined the interdiffu-
sion coefficients at 1100°C using diffusion couples. The interdiffu-
sion coefficients of the Co-Ni system at various temperatures were
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Fig. 7. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc solid solution of the Nb-Ti binary system.

extracted from diffusion couples in several studies by Zhang and
Zhao [92], Heumann and Kottmann [93], Borovskiy et al. [94], Us-
tad and Sorum [86], Kucera et al. [95], and lijima and Hirano [96],
respectively. The model with 0, 1, 2 and 4 interaction parameters is
fitted respectively with all the interdiffusion coefficients reported
in the above literature except the data obtained under the mag-
netic transition condition. Fig. S5 in the Supplementary Informa-
tion shows the model test results. The tracer diffusion coefficients
at different compositions were shifted by different factors to sep-
arate them for better visualization in subfigures (i) to (I) and (q)
to (x). The O-parameter (“ideal” diffusion behavior) model works
well; the 1-parameter model leads to slightly better performance;
and the 2-parameter and 4-parameter models lead to worse agree-
ment of the Ni tracer diffusion coefficients (the bottom row - sub-
figures (u) to (x) of Fig. S5). Clear sign of over-fitting is seen for
the 4-parameter model for the Ni tracer diffusion coefficients in
subfigure (x) of Fig. S5.

10

3.11. The fcc phase of the Co-Pd system

lijima and Hirano [97] determined the intrinsic diffusion coeffi-
cients of Co and Pd at the Kirkendall marker composition of 22.5
at.% Pd at 1149°C in a Co-Pd diffusion couple. They also studied
the interdiffusion in the Co-Pd binary system using a series of dif-
fusion couples in the temperature range of 880 - 1193°C. Only this
set of interdiffusion coefficients is used to fit the diffusion model
with various number of interaction parameters. It is noted that the
data obtained in the ferromagnetic region are not used to feed the
model. Only two data points of intrinsic diffusion coefficients were
reported so there is insufficient data to make a sound judgement
on the model performance. However, one can clearly see from Fig.
S6 in the Supplementary Information that the O-parameter model
does not work, the 1-parameter model fits the interdiffusion co-
efficients really well, and the additional fitting parameters do not
lead to any appreciable improvement.
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3.12. The fcc phase of the Cu-Ni system

Monma et al. [98] reported the Cu and Ni tracer diffusion co-
efficients in three Cu-Ni alloys at various temperatures. The Cu
and Ni tracer diffusion coefficients as a function of temperature
in three other Cu-Ni alloys were also determined by Ausavice and
Dehoff [99]. Damkohler and Heumann [100] obtained the Cu and
Ni tracer and intrinsic diffusion coefficients in Cu-rich Cu-Ni solid
solution compositions (up to 20 at.% Ni) at 1000°C using radioac-
tive tracers and diffusion couples. Levasseur and Philibert [101] and
lijima et al. [102] studied the interdiffusion and intrinsic diffu-
sion coefficients with the Kirkendall markers in diffusion couples
at 1000°C. In addition, foil method was employed to obtain dif-
fusion data at the same temperature by Heumann and Grundoff
[103]. Thomas and Birchenall [104] investigated the interdiffusion
in Cu-Ni diffusion couples annealed at temperatures from 923°C
to 1049°C. Marchukova and Miroshkina [105] obtained interdiffu-
sion coefficients at 920°C and 1000°C from diffusion couples while
Brunel et al. [106] measured the interdiffusion coefficients between
710°C and 1066°C. It is noted that the interdiffusion coefficients at
1000°C reported by various groups are in good agreement, but the
data at other temperatures show considerable disagreement and
some datasets do not agree with the well-established impurity dif-
fusion coefficients, as shown in Fig. S7 in the Supplementary In-
formation. Only the data at 1000°C were employed to fit the dif-
fusion model with various numbers of interaction parameters. The
0-parameter (“ideal” diffusion behavior) model already show good
agreement and additional fitting parameters do not lead to im-
provements, Fig. S7.

3.13. The fcc phase of the Cu-Pt system

Johnson and Faulkenberry [107]| determined the Cu and Pt
tracer diffusion coefficients in four Cu-Pt alloys at various temper-
atures. Kubaschewski and Ebert [108] reported interdiffusion coef-
ficients at 13.9 at.% Cu as a function of temperature from diffusion
couple experiments while Mishra et al. [109] measured the inter-
diffusion coefficients over the full composition range at 4 temper-
atures. However, the data from Mishra et al. do not agree with the
impurity diffusion coefficients. Therefore, only the interdiffusion
coefficients determined by Kubaschewski and Ebert [108] were
used to fit the diffusion model. With such limited interdiffusion
coefficient data, the diffusion model is vulnerable to overfitting,
as shown in Fig. S8 in the Supplementary Information. The mod-
els with 2 or 4 interaction parameters predict unrealistic Pt tracer
diffusion coefficients, pushing the predicted lines below the data
range in subfigures (k) and (I) of Fig. S8. The 0-parameter model
works for this binary system, but the 1-parameter model yields
better agreement and is the best choice for this binary system.

3.14. The fcc phase in the Fe-Ni system

Interdiffusion coefficients of Fe-Ni were obtained via diffusion
couples at temperatures between 1136°C and 1356°C by Badia and
Vignes [72], between 1100°C and 1300°C by Borovskiy et al. [94],
between 950°C and 1100°C by Ganeshan et al. [110], and between
705 and 1426°C by Ustad and Sorum [86], respectively. Million
et al. [111] determined the Fe and Ni tracer diffusion coefficients
between 985°C and 1305°C using radioisotopes and measured the
interdiffusion coefficients from diffusion couples in the tempera-
ture range of 950 - 1250°C at the full composition range. The in-
trinsic and interdiffusion coefficients at 1200°C were reported by
Levasseur and Philibert [112] using diffusion couples. Kohn et al.
[82] used radioactive Fe and Ni to determine the tracer diffusion
coefficients of the Fe-Ni system and employed diffusion couples to
determine the interdiffusion and intrinsic diffusion coefficients at
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1200°C. The diffusion model with different interaction parameters
was fed with the collected interdiffusion coefficients except some
datasets which disagree with the impurity diffusion coefficients.
The model test results are compared in Fig. S9 in the Supplemen-
tary Information, showing that the O-parameter model serves as a
rough approximation, the 1-parameter model improve the model
performance, and additional fitting parameters do not lead to im-
provement.

3.15. The fcc phase of the Ni-Pd system

van Dal et al. [47] measured the intrinsic and interdiffusion co-
efficients of the Ni-Pd binary system between 900°C and 1200°C
with incremental and multi-foil diffusion couples. Those interdif-
fusion coefficients are fed to the diffusion model with various in-
teraction parameters and the results were summarized in Fig. S10
in the Supplementary Information, showing that the O-parameter
model does not work for this binary system, the 1-parameter
model substantially improves the model performance, and addi-
tional fitting parameters do not lead to too much improvement.

3.16. The bcc phase of the Nb-V system

Interdiffusion coefficients of the Nb-V system at various tem-
peratures have been determined using diffusion couples. Vergasova
et al. [66] measured the values at 1300 - 1500°C while Babkin
et al. [113] and Ugaste et al. [114] conducted experiments at 1500°C
and 1200°C, respectively. A temperature range of 1450 - 2075°C
was investigated by Roux and Vignes [61]. In addition to inter-
diffusion coefficients, Geiss et al. [115] and Mokrov and Zharkov
[116] also determined the intrinsic diffusion coefficients over the
temperatures of 1404 - 1750°C and 1250 - 1710°C, respectively.
Overall, all the datasets of interdiffusion coefficients have a simi-
lar trend of composition dependence. The data from Babkin et al.
[113], Geiss et al. [115] and Mokrov and Zharkov [116] were chosen
among them to feed the diffusion model since they are more con-
sistent with one another. The results are summarized in Fig. S11
in the Supplementary Information, showing that the O-parameter
model does not work, the 1-parameter model works really well,
and additional fitting parameters do not lead to too much improve-
ment. As a matter of fact, subfigure (I) of Fig. S11 shows sign of
over-fitting of the Nb intrinsic diffusion coefficients.

3.17. The bcc phase of the Nb-Zr system

Both Nb and Zr tracer diffusion coefficients were determined
by Herzig et al. [117] at 5.5 at.%, 16.3 at.% and 28.1 at.% Nb over
a temperature range of 762 - 1598°C, and by Tiwari et al. [118] at
1 wt.% and 2 wt.% Nb over a temperature range of 900 - 1200°C.
Zou et al. [119] measured the Nb diffusion coefficients in a Zr-19
at.% Nb alloy between 647°C and 894°C. Interdiffusion between Nb
and Zr has been investigated extensively by several research groups
using diffusion couples. Patil et al. [120] determined the interdiffu-
sion coefficients over the full composition range from 1320°C to
1720°C while Balakir et al. [121] measured at 4 temperatures be-
tween 700°C and 1500°C and Vergasova et al. [66] measured at
1100°C and 1300°C. On the other hand, Chen et al. [68] and Prasad
and Paul [122] only reported the interdiffusion coefficients at the
Zr rich side at temperature range of 800 - 1200°C and 1000 -
1200¢°C, respectively. It is because the steep concentration gradients
in the Nb-rich side of the diffusion couples is beyond the spatial
resolution of the measurement and thus the interdiffusion coeffi-
cients could not be determined reliably from such steep-gradient
part of the concentration profiles. Consequently, only the interdif-
fusion coefficients at the Zr-rich side are considered as input to the



W. Zhong, Q. Zhang and J.-C. Zhao

diffusion model. Fig. S12 in the Supplementary Information sum-
marizes the results and shows that the O-parameter model does
not work, the 1-parameter model substantially improves the fit to
both the interdiffusion and tracer diffusion coefficients, and addi-
tional fitting parameters do not lead to further improvement. It
is noted that the tracer diffusion coefficients at different compo-
sitions in subfigures (m) to (f) were shifted by differnt factors to
separate them for visualization purpose.

3.18. The bcc phase of the Ta-Ti system

Fedotov et al. [64] employed diffusion couples to determine
the interdiffusion coefficients at both 900°C and 1000°C. Ansel
et al. [123] investigated the interdiffusion of the Ta-Ti system from
1000°C to 1900°C using various diffusion couples and measured
the intrinsic diffusion coefficient at 12.25 at.% Ta of the Kirkendall
marker plane. The interdiffusion coefficients in the Ti-rich region
were reported by Chen et al. [68] since they realized the problem
associated with the steep concentration gradients in the Ta-rich
part of the diffusion profiles as explained earlier [57]. The “bend-
over” region of the interdiffusion coefficients in the Ta-rich com-
positions obtained by Ansel et al. [123] are not reliable and were
excluded from being used to fitting the diffusion model. Fig. S13 in
the Supplementary Information shows that the model with 1 inter-
action parameter performs better than the others in predicting the
intrinsic diffusion coefficients. The 0-parameter model does not fit
the interdiffusion coefficients well for this binary system.

3.19. The bcc phase of the Ti-V system

Murdock et al. [124] measured the tracer diffusion coefficients
of the Ti-V systems at 10 wt.% increments over the entire compo-
sition range from 900°C to about 50°C below the melting points.
Diffusion couples were employed by various groups to obtain the
interdiffusion coefficients. Carlson [125] reported the interdiffu-
sion coefficients and determined the intrinsic diffusion coefficients
of the marker plane compositions at 1350°C. Interdiffusion coeffi-
cients at several temperatures from 1000°C to 1400°C were mea-
sured over the full composition range by Ugaste and Zajkin [62].
Zhu et al. [67] reported the interdiffusion coefficients in the tem-
perature range of 800 - 1200°C while Fedotov et al. [64] obtained
the data in the range of 900 - 1500°C but their data seem to be
problematic since their datasets at 900°C and 1000°C overlap each
other and the data overlap again at 1350°C and 1500°C. Interdif-
fusion coefficients from 900 to 1200°C was reported by Kale et al.
[126] but their data show the characteristic “bend-over” at high V
concentrations, leading to orders of magnitude disagreement with
the reliable impurity diffusion coefficient of Ti in V, as shown in
Fig. S14 in the Supplementary Information. Thus, only the inter-
diffusion coefficients at the Ti-rich side were fed to the diffusion
model. The results in Fig. S14 show that 0-parameter model does
not work, the model with 1 interaction parameter has comparable
performance with models with 2 or 4 fitting parameters.

3.20. The bcc phase of the Ti-Zr system

Herzig et al. [127] measured the Ti and Zr tracer diffusion co-
efficients in a Ti-49 at.% Zr alloy at various temperatures. Thibon
et al. [128] determined the interdiffusion coefficients using diffu-
sion couples over a wide temperature range from 830 to 1730°C
while Bhanumurthy et al. [129] reported data at 900°C. The tem-
perature range investigated by Brunsch and Steeb [130] is 650
- 1050°C and Raghunathan et al. [131] conducted diffusion cou-
ple experiments from 901 to 1068°C. Chen et al. [68] and Zhu
et al. [67] employed diffusion multiples to obtain the interdiffu-
sion coefficients in the temperature range of 800 - 1200°C and
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900 - 1100°C, respectively. Most of the collected interdiffusion co-
efficients were used to fit the diffusion model, except for the data
from Bhanumurthy et al. [129], which deviate from the composi-
tion dependence of other datasets. The modeling results are shown
in Fig. S15 in the Supplementary Information and are very similar
to the other bcc systems: the 0-parameter model does not work,
the 1-parameter model works well, and additional fitting parame-
ters add no benefits.

3.21. Quantitative evaluation of the models

The assessed self-diffusion and impurity diffusion coefficients
of the pure elements and the computed thermodynamic factors
are the foundation upon which diffusion models of the 18 binary
systems are built. The critically reviewed interdiffusion coefficients
are then employed to optimize the 1, 2, and 4 interaction param-
eters in the diffusion models; and the models are tested using
the experimental tracer and intrinsic diffusion coefficients. Quali-
tative comparisons between the modelled and experimental diffu-
sion data as functions of composition and temperature are shown
and discussed system by system in the previous sections and in the
Supplementary Information. For a few systems such as the Ag-Au,
Co-Fe, Co-Ni, Cu-Ni, Cu-Pt, Fe-Ni, Ge-Si, and Nb-Ti systems, the 0-
parameter “ideal”-behavior model can serve as the first-order ap-
proximation. Generally, the 1-parameter model performs well in
comparison with the 0-parameter model. Further increase of the
number of fitting parameters does not lead to better prediction of
the tracer and intrinsic diffusion coefficients; and as a matter of
fact, has led to overfitting in a number of systems.

This section provides a more quantitative evaluation of the
quality of the models with 0, 1, 2 and 4 fitting parameters. Here,
the mean absolute error (MAE) is defined to quantify the model
performance on the test datasets (tracer and intrinsic diffusion co-
efficients):

n

Z |10g10D,-EXp - 10g10DfrEd|
i=1

MAE = 1
n

(10)
Where n is the number of data points, D{*P and Dfmd are the
experimental diffusion coefficients and predicted diffusion coeffi-
cients of the ith data point, respectively.

Fig. 8 shows the D*P versus DP®d calculated by the models
with 0, 1, 2 and 4 interaction parameters for the various binary
systems examined in this study. The diagonal black dashed line
represent a perfect agreement while the dotted lines represent a
deviation with a factor of 3 or 1/3. The calculated MAE are also
presented on the subfigures. The first row (subfigures (a) to (d))
in Fig. 8 shows that for the 11 fcc binary systems, the MAE drops
from 0.308 to 0.154 as the first fitting parameter is introduced. The
2-parameter and 4-parameters models have worse MAE, 0.335 and
0.276, respectively. For the 6 bcc binary systems, the 1-parameter
and 2-parameter models have a very similar MAE, 0.126 and 0.124,
respectively; thus the 1-parameter model is highly preferred with-
out the burden of fitting the second parameter, as shown in the
second row (subfigures (f) to (i)) of Fig. 8. For the diamond cubic
phase of the Ge-Si binary system, the 1-parameter model has the
lowest MAE and thus the best performance, as shown in the third
row (subfigures (k) to (n)) in Fig. 8. For the entire 18 binary sys-
tems, the 1-parameter model also has the lowest MAE, as shown in
the bottom row (subfigures (p) to (s)) of Fig. 8. It is clear that the
1-parameter is the best and most robust model in consideration of
all the 18 binary systems. The extracted binary fitting parameters
of the 18 systems coupled with Thermo-Calc Software databases
are summarized in Table 3. For the readers without access to the
CALPHAD software, the interaction parameters coupled with the
thermodynamic assessments in the open literature are also listed
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Fig. 8. Comparison of the mean absolute error (MAE) between experimental and predicted tracer and intrinsic diffusion coefficients of the 18 binary systems modeled with
0, 1, 2 and 4 fitting parameters as well as the mobility assessments in the literature.

Table 3

The assessed binary interaction parameter ®48 in (m? .J)/(mol - s) of the 18 binary systems by fitting the most reliable tracer, intrinsic and interdiffusion
data, coupled with the Thermo-Calc Software databases and thermodynamic assessments in the literature, respectively, and the number of interaction
parameters used in the mobility assessments in the literature.

System Interaction parameter ®A-B obtained in this study and the coupled Number of interaction parameters used in
thermodynamic databases the mobility assessments in the literature
PAB Thermodynamic PAB Thermodynamic
database assessment

Ag-Au, fcc -15021 TCCU3 -15021 [132] 6 [18]
Au-Cu, fcc 43282 TCCU3 43282 [133] 4 [23]
Au-Nji, fcc 97519 TCSLD3 97519 [134] 5 [135]
Co-Fe, fcc 7120 TCFE10 7120 [136] 4 [22]
Co-Ni, fec 15096 TCNI9 15096 [137] 2 [22]
Co-Pd, fcc 146463 TCNI9 152325 [138] 6 [139]
Cu-Ni, fcc 1083 TCNI9 1089 [140] 4 [25]
Cu-Pt, fec -39856 TCNI9 -39856 [141] 6 [23]
Fe-Ni, fcc 49942 TCFE10 49942 [142] 38 [143]
Fe-Pd, fcc 92766 TCNI9 92766 [138] 4 [21]
Ge-Si, dia. cubic -29367 (38] -29367 (38] 7 [24]
Nb-Ti, bee 77831 TCTI2 82692 [144] 4 [27]
Nb-V, bee 132825 TCTI2 132825 [145] 6 [31]
Nb-Zr, bee 127691 TCTI2 127690 [146] 6 (30]
Ni-Pd, fec 115134 TCNI9 115134 [138] 4 [147]
Ta-Ti, bee 102859 TCTI2 102858 [148] 4 [26]
Ti-V, bce 79863 TCTI2 87171 [145] 6 [28]
Ti-Zr, bee 35125 TCTI2 45835 [149] 6 [29]
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in Table 3. In addition, one can easily implement the 1-parameter
model without the use of a CALPHAD software by following the
guide in the next section.

The tracer and intrinsic diffusion coefficients calculated using
the mobility parameters assessed in the literature (references listed
in Table 3) are also compared in Fig. 8 as subfigures (e), (j), (o) and
(t) - the right-hand side column. It is noted that the mobility as-
sessments in the literature employed all the diffusion data includ-
ing the tracer and intrinsic diffusion coefficients. In contrast, only
interdiffusion coefficients were used to optimize the fitting param-
eters in the model in the results reported in Figs. 4-8 while both
the tracer and intrinsic diffusion coefficients served as test datasets
only. Consequently, the mobility assessments in the literature are
supposed to give smaller error or MAE since both the tracer and
intrinsic diffusion coefficients were also used to optimize their mo-
bility parameters. When the most reliable experimental tracer, in-
trinsic and interdiffusion coefficients were employed together to
optimize the sole constant ®*8 as reported in Table 3, the MAE for
the 1-parameter model drops from 0.169 to 0.161 for the 18 bi-
nary systems together, comparable to the MAE value of 0.160 of the
literature mobility assessments. Therefore, the 1-parameter model
in current study shows comparable performance to the literature
atomic mobility assessments in predicting the tracer and intrin-
sic diffusion coefficients, as shown in Fig. 8; yet, the number of
interaction parameters used in the literature mobility assessments
(summarized in Table 3) is way more than the 1-parameter model:
except for the Co-Ni binary system where 2 parameters were used,
all the other 17 binary systems used 4 to 8 parameters. To the au-
thors’ knowledge, no literature assessments used a single param-
eter model as emerged from the current study. This comparison
suggests that too many parameters were used in most of the lit-
erature atomic mobility assessments/databases (except for Co-Ni),
leading to risk of overfitting. The 1-parameter model revealed in
this study is very simple yet robust.

4. Further discussion

It is straightforward to implement the 1-parameter diffusion
model for a binary A-B system. The first step is to collect the self-
diffusion coefficients of both pure A (Dﬁ) and pure B (Dg) and the
impurity diffusion coefficient of A in pure B (Df\) and B in pure
A (Dg) from the literature similar to those listed in Table 2 (and
shown in Fig. S1 in the Supplementary Information).

The thermodynamic factor ¢ then needs to be computed using
a CALPHAD software package or through the following process di-
rectly from a thermodynamic assessment of the A-B binary system.
The molar Gibbs free energy G of a simple solution phase (fcc, bcc,
hcp, diamond cubic, etc.) is usually modelled as the following in
the CALPHAD approach:

G = X4G3 + XpGY + RT(x4 Inxs + xgInXp) + Xax5 > Li(xa — xp)*
k=01,
(11)

Where Gg and Gg are the molar Gibbs energies of the pure el-
ements or the so-called lattice stabilities, and thus the first two
terms on the right hand side of Eq. (11) is the contribution from
the Gibbs energy of the constituents of the phase based on the
rule of mixture. The third term is the contribution of the ideal en-
tropy of mixing. The last term is the excess Gibbs energy, which
is expressed as the Redlich-Kister polynomial where the L, values
are the related coefficients.

It is straightforward to calculate the thermodynamic factors ac-
cording to Eq. (5). Combining Eq. (5) and the above Eq. (11), the
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thermodynamic factor is computed as:

2XpXp

> 2k + 1)L(xa — xp)"

k=0,1,--

p=1

—2xx5 Y k(k— DLg(xa — xp)*
k=2.3,.

(12)

Only the parameters L, of the molar Gibbs free energy G are
needed while other terms disappear due to the derivatives (The
ideal mixing term becomes 1). The L, values can be directly read
from the published thermodynamic assessments in the literature
(It is noted that thermodynamic assessments are available in the
open literature for most binary systems). Generally, the order of k
is up to 2 for most binary systems; and thus the thermodynamic
factor is simplified to:

o=1- ZX/;Q’;?LO fork=0 (13.1)

o=1- 2’1‘;;3[L0+3L] (%a —x5)] fork=1 (13.2)
2XpX

¢ = 1= "5 [Lo+ 3L (%a — %p) + 512 (xs — x5)” — ALoxaxs
fork=2 (13.3)

For example, the thermodynamic factor of the Ge-Si system can
be calculated with the parameters in the thermodynamic assess-
ment by Berche et al. [38] who reported Ly = 3500 J/mol and the
higher order L, values were all zero. Therefore, the thermodynamic
factor of the Ge-Si system is simply:

 2XceXsilo
RT

It is noted that the magnetic contribution to the molar Gibbs
free energy is ignored in the above Eqs. (11-13), but its effect on
the thermodynamic factor is usually negligible except for composi-
tions very close to the Curie temperature or the Néel temperature.
One can also add the equation of the magnetic contribution, avail-
able from the pertinent binary thermodynamic assessments in the
literature, to Eq. (11) and take a second derivative against compo-
sition (xg) to include the magnetic contribution directly.

With the self-diffusion coefficients (D4 and D) and the im-
purity diffusion coefficients (Df\ and D’g) of both pure elements
known and the thermodynamic factor ¢ computed as described
above, experimental composition-dependent interdiffusion coeffi-
cient D values are then employed to fit/optimize a single unknown
parameter ®4-8 which is a constant (not a+ bT) in Eq. (14):

@CeSi = 1

D = [xpexp (xaInD} + x5 InD}) + x4 exp (x4 InDf + x5 In D} ) |

¢ exp (P*Pxyxp/RT) (14)

After the constant ®4-8 is obtained (such as the values in
Table 3), the interdiffusion coefficients at any composition and
temperature can be computed from Eq. (14). The tracer diffusion
coefficient D} (i=A or B) of any composition at any temperature
can be computed via Eq. (15):

D; = exp (xaIn D} + x5 In D?) exp (®*Ex4x/RT) (15)

The intrinsic diffusion coefficient Df = Di¢ is simply the tracer
diffusion coefficient multiplied by the thermodynamic factor. In
this way, all the diffusion coefficients in the binary A-B system can
be computed. For the convenience of future reference to this 1-
parameter model, it is hereby called Z-Z-Z binary diffusion model.
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In practical assessments, all the experimental data for a binary
solid solution, including tracer, intrinsic and interdiffusion coeffi-
cients, should be used together to optimize the constant ®4-8 us-
ing both Eq. (14) and (15) as well as Dg =Df¢. In this way, the
optimized ®4-8 value represents the best description of the diffu-
sion behavior of the solid solution. It is noted that the ®*8 values
reported in Table 3 are obtained by fitting the most reliable ex-
perimental tracer, intrinsic and interdiffusion coefficients for each
binary system.

For those who use a CALPHAD software package such as
Thermo-Calc for atomic mobility (diffusion coefficient) assess-
ments, the implementation of the Z-Z-Z model is even simpler
since the thermodynamic factor can be computed within the soft-
ware. The mobility interaction parameters are usually set to be:
PAB=V; + Vo« T and ®48 =V; + V4« T, where Vi, V5, V5 and V4
are variables/constants to be optimized from experimental diffu-
sion coefficients. To implement the Z-Z-Z model, one simply sets
both V, and V4 to be zero, and V; and V; to be equal. In other
words, one can simply set ®3% =V; and ®}* =V;, and optimize
only one parameter, V;. The optimized V; should be the same as
the ®4-B obtained without using a CALPHAD package.

Our systematic test of the model parameters clearly shows that
the temperature dependent terms V, « T and V4 = T are completely
unnecessary for all the 18 systems tested in this study. Even for
the Nb-Ti binary system whose experimental diffusion coefficient
data cover ~9 orders of magnitude (~10-"! to ~1020 m?/s) and
over a temperature range spanning ~ 1200°C (from ~800°C to
~2000°C), the temperature-dependent fitting terms are not needed
to model this system, Fig. 7. In other words, the temperature de-
pendence of diffusion coefficients of alloys is well described by the
temperature-dependence of the self-diffusion and impurity diffu-
sion coefficients of the pure elements as well as the thermodynamic
factor. One can see from Fig. 3 that the thermodynamic factor is
temperature dependent.

When the single constant ®4-5 in the Z-Z-Z model as repre-
sented by Eqs. (14) and (15) is zero, the Z-Z-Z model becomes
the zeroth-order zero-parameter (Z-Z) model of Eqgs. (16) and (17),
which represents a kinetically ideal-behaving system (it still in-
cludes the thermodynamic factor, thus not a thermodynamically
ideal-behaving system).

D = [xpexp (xaInD} + x5 InD5) + x4 exp (x4 InDj + x5 InD}) | - @
(16)

D; = exp (xaInDf! + x5 In D?) (17)

As a matter of fact, the Z-Z model does a reasonable job in de-
scribing the behavior of several systems as shown in the left-hand
side column of Fig. 4 (Ag-Au), Fig. 6 (Ge-Si), Fig. 7 (Nb-Ti), Fig. S4
(Co-Fe), Fig. S5 (Co-Ni), Fig. S7 (Cu-Ni), Fig. S8 (Cu-Pt), Fig. S9 (Fe-
Ni), Fig. S13 (Ta-Ti), Fig. S14 (Ti-V), and Fig. S15 (Ti-Zr) [The figures
whose numbers have an “S” are in the Supplementary Informa-
tion]. When no interdiffusion coefficient or other diffusion data are
available for a particular binary system, it is recommended that the
Z-Z model which contains only diffusion coefficients of the pure
elements and the thermodynamic factor, be employed to estimate
the diffusion coefficients of alloys in the binary system. The Z-Z
model estimate will be much better than no data at all or using
any of the single diffusion (either self-diffusion or impurity diffu-
sion) coefficient of the pure elements as an estimate for the alloys.

The surprisingly excellent performance of the Z-Z-Z model for
all 18 diverse binary systems implies that the “excess” behavior
(i.e., deviation from the kinetically ideal behavior) for both ele-
ments in a binary solid solution is similar. It is noted that the
atomic mobility of each element can be orders of magnitude dif-
ferent, yet the deviation of each element from its ideal atomic mo-
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bility behavior is similar. This in a sense is similar to the fact that
the molar Gibbs free energy of the pure elements in a binary sys-
tem is very different, yet the thermodynamic factor for diffusion,
which describes the deviation from the ideal mixing behavior, of
both elements are the same based on the Gibbs-Duhem relation. Fu-
ture theoretical analysis may reveal if an equivalent Gibbs-Duhem
relation may hold to some extent for atomic mobilities of binary
solid solutions.

When more and more binary systems are assessed in the fu-
ture using the Z-Z-Z model, the values of the single constant ®#-B
(as those listed in Table 3) may be correlated with some other
parameters of the binary systems, e.g., the degree of deviation of
composition-dependent lattice parameters or/and elastic constants
from the Vegard’s law. Such correlations may be revealed through
either simple data analyses or the use of machine learning tools;
and they will be very useful in estimating the diffusion coefficients
of alloys using the Z-Z-Z model for binary systems whose experi-
mental diffusion coefficients of alloys are unavailable.

5. Conclusions and Concluding Remarks

Four fitting parameters are often employed to model the dif-
fusion coefficients (atomic mobilities) of a binary solid solution in
the widely used framework established by Agren and Andersson;
i.e.,, two parameters (a+ bT) for each diffusing element for each
phase [7,8]. Up to 6 and 8 fitting parameters are used for sev-
eral binary systems, as shown in Table 3. Our study is the most
comprehensive test to date aiming at defining the optimal number
of fitting parameters for a reliable mathematical description of the
diffusion behavior of a binary solid solution.

After an exhaustive search of the literature, 18 completely sol-
uble binary systems were identified that satisfy the following con-
ditions: (1) reliable self-diffusion coefficients and impurity dif-
fusion coefficients of both pure elements are available, (2) reli-
able composition-dependent interdiffusion coefficients are avail-
able, and (3) there are experimental measurements of tracer dif-
fusion and/or intrinsic diffusion coefficients to be used to check
the predictions from the diffusion coefficient models with various
number of fitting parameters. These 18 binaries cover a very wide
range of thermodynamic behavior as shown by the diverse ther-
modynamic factor in Fig. 3, including very asymmetrical systems
such as Au-Cu, Au-Ni, Co-Pd, Cu-Pt, Fe-Ni, Fe-Pd, and Ni-Pd. The
experimental diffusion coefficients (self-diffusion, impurity diffu-
sion, tracer diffusion, intrinsic diffusion and interdiffusion coeffi-
cients) in these 18 binary systems were collected and reviewed. A
systematic test of the CALPHAD diffusion coefficient (atomic mo-
bility) models with 0, 1, 2 and 4 fitting parameters was then per-
formed on these 18 binary systems.

Our systematic testing of the 18 diverse binary systems has
yielded a surprisingly simple model with only one fitting param-
eter. The Z-Z-Z model is described by Egs. (14) and (15), and the
single constant ®4-8 in these equations can be evaluated from ex-
perimental diffusion data. The rest of the quantities in these equa-
tions are the properties (self-diffusion and impurity diffusion coef-
ficients) of the pure elements and the thermodynamic factor that
can be computed from a CALPHAD thermodynamic assessment of
the pertinent binary system.

The 1-parameter Z-Z-Z model has been demonstrated to be
very reliable and robust since the 18 binary systems tested in our
study include very asymmetrical systems such as Co-Pd and Fe-Pd
(Fig. 3) as well as Nb-Ti whose experimental diffusion coefficient
data cover ~9 orders of magnitude (~10~"! to ~10-2° m?/s) and over
a temperature range spanning ~ 1200°C (from ~800°C to ~2000°C).
For all of them, the Z-Z-Z model works well. Additional fitting pa-
rameters do not lead to appreciable improvement of model perfor-
mance and as a matter of fact sometimes lead to over-fitting.
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The Z-Z-Z model allows both tracer and intrinsic diffusion co-
efficients to be reliably computed for any composition at any tem-
perature after the ®A-8 parameter/constant is evaluated/fitted from
the interdiffusion data. This has been demonstrated for all 18 bi-
nary systems tested in this study. This conclusion is already em-
bedded in the CALPHAD atomic mobility treatment/framework, but
might be less apparent to those who are not familiar with the
atomic mobility notation.

When no interdiffusion or other (tracer and intrinsic) diffusion
coefficient data of alloys are available for a particular binary sys-
tem, it is recommended that the zeroth-order zero-parameter (Z-
Z) model, as represented in Eqgs. (16) and (17) that contain only
diffusion coefficients of the pure elements and the thermodynamic
factor, be employed to estimate the diffusion coefficients of alloys.

Our next step is to extend the Z-Z-Z model into ternary sys-
tems to help reduce the number of fitting parameters for ternary
and higher-order solid solutions. When the number of fitting pa-
rameters in each binary is reduced from 4 to 1, the total number
from the three binaries is reduced from 12 to 3. Even when the
number for each binary is reduced from 2 to 1, the binary-related
parameters are reduced from 6 to 3. A systematic test of ternary
systems will reveal how many additional ternary related interac-
tion parameters will need to be introduced to reliably describe the
diffusion behavior of ternary solid solutions. The reduction in the
number of fitting parameters for binary and ternary systems will
substantially reduce the total number of parameters for multicom-
ponent systems and yet improve the robustness of the resultant
diffusion (atomic mobility) databases.
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Conversion between diffusion coefficients and atomic mobility:

Atomic mobility M; is defined by Einstein’s relation M; = D;/RT = Dy; exp(—Q;/RT) /RT where
Dy; and Q; are the pre-factor and the activation energy of the Arrhenius equation of the tracer diffusion
coefficient D; of element i. Thus,

M = Dy; <_Qi) 1 RTInDg; — Qi) _ 1 (‘Di) (s1)
i =g PR ) T RT®P RT “RT P \rT

Where the atomic mobility parameter ®; widely used by the CALPHAD community is: ®; =
RTInDg; — Q; = RT InD;. For a binary A-B solution where i = A or B, ®; is further expressed as [1]:

cDi = xA(I)iA + XBCD? + XpXp [ 2 rq){l'B(xA - xB)r] (52)

r=0,1,...

Where TCDf'B values are the atomic mobility interaction parameters to be fitted. Since ®; = RT In D/,
Equation (S2) can be converted into Equation (S3) which is the same as Equation (6) in the article.

InD;} = x4 InD# + x5 InDF + x,xp Z rcbf'B (x4 —xg)" /JRT (83)
r=0,1,
Therefore, one can convert back and forth between tracer diffusion coefficient D, and atomic mobility
parameter @; via the simple relation: @; = RT In D]

Table S1. Summary of experimental interdiffusion, intrinsic and tracer diffusion coefficients in the
literature for the 18 binary systems (@: used for parameter optimization; ©: partially used; O not
used).

System | Literature Diffusion data Method Note | Ref
Seith & Kottmann D Diffusion couple L [2]
Balluffi & Seigle D, D! Diffusion couple L [3]

Ag-Au | Mead & Birchenall Dyg Tracer [4]
Mallard et al. D* Tracer [5]
Johnson D,D* Diffusion couple, Tracer | @ [6]
Ebert & Trommsdorf D Diffusion couple [7]
Badia & Vignes D Diffusion couple ] [8]
Ziebold & Ogilvie D Diffusion couple ® | [9]
Pinnel & Bennett D Diffusion couple ® |[10]




Heumann & Rottwinkel D,D*,D! Diffusion couple, Tracer | ® | [11]

Au-Cu | Ravi & Paul D Diffusion couple O 1[12]
Borovskii D Diffusion couple O |[13]

Austin & Richard D Electroplating O | [14]

Benci et al. Dy, Tracer [15]
Alexander Dy, Tracer [16]

Reynolds et al. D, Dy; Diffusion couple, Tracer | @ | [17]

Au-Ni | van Dal et al. D, D! Diffusion couple ® |[18]
lijima & Yamazaki D Diffusion couple ® |[19]

Kurtz et al. Dy, Tracer [20]

Badia & Vignes D Diffusion couple L J [8]

Ustad & Sorum D Diffusion couple O |[21]

Hirano et al. D Diffusion couple O |[22]

Co-Fe  "Kohn etal. D* Tracer [23]
Ugaste et al. D* Tracer [24]

Hirano & Cohen D¢, Tracer [25]

Fishman et al. D* Tracer [26]

Hirai et al. D Diffusion couple ® | [27]

Zhang & Zhao D Diffusion multiple ® | [28]
Heumann & Kottmann D Diffusion couple ] [29]

Ugaste et al. D Diffusion couple ® | [24]

CoNi Borovskiy et al. D Diffusion couple ® | [30]
Ustad & Sorum D Diffusion couple ® | [21]

Kucera et al. D Diffusion couple ® | [31]

lijima & Hirano D Diffusion couple ® | [32]

Hirano et al. D* Tracer [33]

Million & Kucera D, Tracer [34]

Million & Kucera Dy Tracer [35]

Co-Pd | Iijima & Hirano D, D! Diffusion couple ® | [36]
Levasseur & Philibert D, D! Diffusion couple ® |[37]

lijima et al. D, D! Diffusion couple ® | [38]

Thomas & Birchenall D Diffusion couple O |[39]

.| Heumann & Grundhoff D, D! Foil ® | [40]
Cu-Ni Marchukova & Miroshkina D Diffusion couple O | [41]
Brunel et al. D Diffusion couple [42]
Anusavice & DeHoff D* Tracer [43]

Monma et al. D* Tracer [44]
Damkohler & Heumann D*, D! Tracer, Diffusion couple [45]

Mishra et al. D Diffusion couple O | [46]

Cu-Pt | Johnson & Faulkenberry D* Tracer [47]
Kubaschewski & Ebert D Diffusion couple ® | [48]
Levasseur & Philibert D, D! Diffusion couple ® | [49]

Ustad & Sorum D Diffusion couple ® |[21]

| Borovskiy et al. D Diffusion couple O | [30]
Fe-Ni - "\fillion et al. D, D* Diffusion couple, Tracer | ® | [50]
Badia & Vignes D Diffusion couple ] [8]

Kohn et al. D, D*, D! Diffusion couple, Tracer | @ | [23]

Ganesan et al. D Diffusion couple O | [51]

van Dal et al. D, D! Diffusion couple ® | [52]

Fe-Pd | Gomez et al. D Diffusion couple ® | [53]
Fillon & Calais D* Tracer [54]

wn
N




Xia et al. D Diffusion couple ® | [55]

Gavelle et al. D Diffusion couple O | [56]
Aubertine & Mclntyre D Diffusion couple ® | [57]

.| Ozguven & Mclntyre D Diffusion couple ® | [58]
Ge-St eibe et al. D" SIMS [59]
Strohm et al. D* Tracer [60]

Strohm et al. D* Tracer [61]
Zangenberg et al. Die SIMS [62]

Latinen et al. D* Tracer [63]

Roux & Vignes D Diffusion couple ® | [64]

Ugaste & Zajkin D Diffusion couple ® | [65]
Polyanskii et al. D Diffusion couple O | [66]
Gryzunov et al. D Diffusion couple O |167]

Nb.Ti Fedotov et al. é Diffusion couple O | [68]
Vergasova et al. D Diffusion couple O | [69]

Chen et al. D Diffusion multiple ® |[70]

Zhu et al. D Diffusion multiple ® |[71]

Peart & Tomlin Dyy Tracer [72]

Gibbs et al. Dy Tracer [73]

Pontau & Lazarus D* Tracer [74]

Geiss et al. D, D! Diffusion couple ® | [75]

Mokrov & Zharkov D, D! Diffusion couple ® | [76]
Vergasova et al. D Diffusion couple O | [69]

Nb-V' MRabkin et al. D Diffusion couple ® | [77]
Ugaste et al. D Diffusion couple O |[78]

Roux & Vignes D Diffusion couple O |[64]

Patil et al. D Diffusion couple O | [79]

Chen et al. D Diffusion multiple ® | [70]
Vergasova et al. D Diffusion couple O | [69]

Balakir et al. D Diffusion couple O | [80]

Nb-Zr 175 sad & Paul D Diffusion couple O | [81]
Herzig et al. D* Tracer [82]

Tiwari et al. D* Tracer [83]

Zou et al. Dyp Tracer [84]

Ni-Pd | van Dal et al. D, D! Diffusion couple ® | [52]
Fedetov et al. D Diffusion couple O | [68]

Ta-Ti | Chen et al. D Diffusion couple ® |[70]
Ansel et al. D, D! Diffusion couple O | [85]

Ugaste & Zajkin D Diffusion couple ® | [65]

Zhu et al. D Diffusion multiple o | [71]

Ti-V Fedotov et al. D Diffusion couple O |1[68]
Carlson D, D! Diffusion couple ® | [86]

Kale et al. D Diffusion couple O | [87]

Murdock et al. D* Tracer [88]

Thibon et al. D Diffusion couple ® |[89]
Bhanumurthy et al. D Diffusion couple O | [90]

. Chen et al. D Diffusion couple ® | [70]
Ti-Zr - "Brunsch & Steeb D Diffusion couple ® | [91]
Zhu et al. D Diffusion couple ® |[71]
Raghunathan et al. D Diffusion couple ® | [92]

Herzig et al. D* Tracer [93]
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Fig. S1 (Part I of 3). Self-diffusion and impurity diffusion coefficients of the pure elements in the 18 binary
systems from the literature and the current assessment (See Table 2 in the main text for reference details).
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Fig. 81 (Part 2 of 3). Self-diffusion and impurity diffusion coefficients of the pure elements in the 18 binary
systems from the literature and the current assessment (See Table 2 in the main text for reference details).
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Fig. 81 (Part 3 of 3). Self-diffusion and impurity diffusion coefficients of the pure elements in the 18 binary
systems from the literature and the current assessment (See Table 2 in the main text for reference details).
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Fig. S2. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Au-Cu binary system.
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Fig. 83. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Au-Ni binary system.
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Fig. §4. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Co-Fe binary system.
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Fig. §5. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Co-Ni binary system.
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Fig. S6. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Co-Pd binary system.
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Fig. S§7. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Cu-Ni binary system.
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Fig. §8. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Cu-Pt binary system. The lines in subfigures (k) and (1) are mostly below/outside the bottom

of these sub-figures and thus are substantially below the experimental results, showing substantial
deviation.
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Fig. 89. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc solid
solution of the Fe-Ni binary system.
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Fig. §10. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the fcc
solid solution of the Ni-Pd binary system.
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Fig. S11. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc solid
solution of the Nb-V binary system.
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Fig. 8§12. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc solid
solution of the Nb-Zr binary system.
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Fig. S13. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc solid
solution of the Ta-Ti binary system.
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Fig. S§14. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc
solid solution of the Ti-V binary system.
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Fig. 815. Comparison of the performance of diffusion models with 0, 1, 2 or 4 parameters for the bcc solid
solution of the Ti-Zr binary system.
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