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Abstract

Diffusion between Al and Mg was investigated comprehensively using both high-throughput
experiments and density functional theory (DFT) calculations. Experimental diffusion
coefficients in fcc Al, hcp Mg, f—Mgi7Ali2, y-Mg:Als and e-Mgx3Alzo phases were collected by
combining diffusion multiples with forward-simulation analysis together with a critical review of
the experimental studies in the literature. The best settings to compute the dilute (impurity)
diffusion coefficients of Al and Mg using DFT were tested by comparing the computed data
using various DFT settings with the critically assessed experimental diffusion coefficients in
stable phases (fcc Al and hcp Mg). The optimal DFT settings were employed to calculate the
dilute diffusion coefficients of Al and Mg in metastable (hypothetical) phases (hcp Al and fcc
Mg) where experimental measurements were impossible. The atomic mobilities of Al and Mg in
the Al-Mg binary system across the entire composition range were then reliably optimized for
both the fcc and hep phases based on the comprehensive diffusion data obtained from both
experimental measurements for the stable phases and DFT calculations for the metastable phases.
This study demonstrates an efficient and reliable way to develop the fundamental mobility
databases using integrated experimental and computational methods.
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1. Introduction

Lightweight materials have received continuous global attention during past decades as
substitutes to traditional high-density alloys such as steel for vehicle weight reduction [1-5]. The
high and rising energy consumption in the transportation sector especially calls for weight
reduction to improve the fuel efficiency and to reduce the greenhouse gas emissions. The light
metals, Al and Mg, are excellent base materials for weight reduction. Al alloys are extensively
used in automotive, aircraft and aerospace industries primarily due to their low density and high
specific strength. Though Mg alloys have even lower density than Al alloys, their utilization is
still rather limited due to inadequate properties or high cost.

The Integrated Computational Materials Engineering (ICME) framework [6,7] is now widely
deployed to accelerate the design and processing optimization of new alloys with the
incorporation of computational tools. The CALPHAD (CALculation of PHAse Diagram)
approach [8] is one of the powerful tools to predict multicomponent phase equilibria and to
simulate kinetic processes when the pertinent thermodynamic and kinetic (mobility) databases
are established. Commercial software packages such as Thermo-Calc, Pandat and FactSage are
developed under the CALPHAD framework. There are existing thermodynamic databases for
both Al-based alloys and Mg-based alloys [9,10] and they have been incorporated into the above
software packages for commercial use. Reliable Al mobility databases have been developed after
a series of mobility assessments in the fcc phase on various Al-rich systems [11,12]. In contrast,
there is only one preliminary Mg mobility database available based on an assessment on very
limited diffusion data in Mg [13]. Recently new experimental diffusion studies on several binary
Mg systems have been published by Zhong and Zhao [14-16] and can contribute to improving
the Mg mobility database.

Mg is commonly used in Al alloys while Al is the most widely used alloying element in Mg
alloys. Therefore, accurately determining the atomic mobility of Mg in Al and vice versa is
crucial for establishing reliable Al and Mg mobility databases. Al has an fcc crystal structure
while Mg is stable in the hcp structure and there are three intermetallic phases (5-Mgi7Ali2, €
phase, y-Mg>Al3) according to the Al-Mg phase diagram. In the CALPHAD framework, the
atomic mobility assessment needs to be performed for each phase (fcc or hep) across the entire
composition (0% to 100%) range. Although diffusion data in the stable fcc Al and hcp Mg
phases can be collected from experimental measurements, it is impossible to measure the
diffusion data for the metastable (hypothetical) phases, i.e., the hcp Al and fcc Mg phases.
Nevertheless, these diffusion coefficient data for the metastable states are all necessary end-
points in the mobility assessments, as sketched in Fig. 1 using the hcp phase as an example; and
the same is true for the fcc phase. Usually, the mobility parameters in the metastable phases are
estimated from similar elements or using semi-empirical methods, which can lead to large
uncertainty. Density functional theory (DFT)-based first-principles calculations [17-21] provide
an alternative way to obtain the dilute diffusion data that cannot be measured from experiments.
Nevertheless, existing DFT calculations of dilute diffusion coefficients have focused on only
stable phases [19-28].

The existing mobility parameters of the Al-Mg system in the literature were only assessed in
narrow composition ranges of the Al-rich fcc phase [29,30] or Mg-rich hep phase [13,31],
separately. Moreover, those assessments did not employ all the experimental diffusion data. The
two previous mobility assessments of the AI-Mg fcc phase by Yao et al. [29] and Zhang et al. [30]



assumed the self-diffusion of Mg and impurity diffusion of Al in the metastable fcc Mg were
equal based on an empirical approximation proposed by Askill [32]. This approximation method
was also adopted by Wang et al. [31] to estimate the Al self-diffusion in hcp Al in the mobility
assessment of the Mg-Al hep phase while they simply used the parameter from the mobility
assessment by Bryan et al. [13] for the Mg impurity diffusion in hcp Al. However, Bryan et al.
[13] did not specify how they determine the parameters for Al self-diffusion and Mg impurity
diffusion in hcp Al. The mobility parameters in their assessment included an unrealistically large
activation energy for diffusion.

Consequently, the mobility parameters for Al and Mg in the fcc and hcp phases should be re-
assessed with new experimental diffusion coefficients in the stable phases and the first-principles
calculation of diffusion coefficients in the metastable phases. In this study, high-throughput
diffusion multiples [33—35] and forward-simulation analysis [36—38] were employed to extract
both interdiffusion and impurity diffusion coefficients in the stable phases for the AI-Mg system.
Various DFT calculation settings were tested to compute the dilute diffusion coefficients of the
stable phases and were compared with the carefully assessed experimental data in stable phases,
details in [39]. It is found that corrected projector augmented-wave [40,41] potentials with
Perdew-Burke-Ernzerh functional (labeled as PAW-PBEsol) [42] for energy barrier calculations
and vacancy formation energy calculations are the optimal exchange correlation functional
settings for Mg system while uncorrected projected augmented-wave potentials with Perdew-
Burke-Ernzerh functional (labeled as PAW-PBE) [43] are the optimal settings for diffusion
coefficients predictions in Al system. The optimal setting to compute attempt frequencies is
using finite difference method (FDM) and density functional perturbation theory (DFPT) for
self-diffusion and impurity diffusion predictions, respectively. The optimal DFT settings were
then employed to compute the dilute diffusion coefficients in the metastable phases (hcp Al and
fcc Mg). The mobility parameters in both the fcc and hcp phases of the Al-Mg system are thus
updated based on critical assessments of both experimental diffusion data and DFT data at the
full composition range, as schematically shown in Fig. 1 with the hcp phase as an example.

A reliable diffusion coefficient database of the Al-Mg system was also established based on
the comprehensive diffusion data collected in the S—-Mgi7Al12, y-Mg>Alz and e-Mgx3Al30
intermetallic phases in addition to the fcc Al and hcp Mg solid solutions.
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Fig. 1. Diffusion coefficients required for mobility assessment of the hcp phase at the full
composition range under the CALPHAD framework.

2. Methods

2.1 Experimental method

Diffusion multiples [33—35] integrate several diffusion couples and triples into highly
efficient samples that were used to determine phase diagrams and diffusion coefficients. Two
sets of diffusion multiples were made in this study to investigate the diffusion between
polycrystalline Mg (99.95 wt.%) and Al (99.95 wt.%) at temperatures between 275 °C and
420 °C, as shown in Fig. 2(a). To make the diffusion multiples, the metal blocks and cartridges
were prepared to desired dimensions by mechanical machining or/and electrical discharge
machining (EDM) and then ground to a fine surface finishing. The blocks were arranged inside
the cartridge according to the pre-designed geometry (Fig. 2(a)) and sealed with caps in vacuum
using electron-beam welding. The whole assemblies were then hot-isostatic pressed under 45 ksi
(310 MPa) to break the native oxide layer on the surface of the metal blocks and to promote good
initial contact between/among the blocks inside. The diffusion multiples were encapsulated in
quartz tubes with several Ta pieces (as oxygen absorber) placed inside and were evacuated and
backfilled with argon three times before finally being backfilled with 1/5 atmosphere pressure of
high-purity argon prior to being sealed off at last. Two diffusion multiples of the first set (20 x
20 x 25 mm) were annealed at 275 °C for 1760 h and 315 °C for 790 h, respectively, while two
of the second set (20 x 28 x 25 mm) were heat treated at 375 °C for 210 h and 420 °C for 100 h,
respectively. Due to the very low eutectic temperature in the Al-Mg-Sn ternary system, the
Mg>Sn piece inside the second set of diffusion multiples was intentionally isolated from direct
contact with Al, as shown in Fig. 2, allow them to be diffusion annealed at 375 °C and 420 °C.
The samples were quenched to room temperature by breaking the quartz tubes into a small water
tank after each diffusion annealing and cut into halves using EDM. They were prepared
metallographically for characterizations using optical microscopy, scanning electron microscopy
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(SEM). The diffusion concentration profiles were quantitatively measured using electron probe
microanalysis (EPMA) with a CAMECA SX100 electron microprobe operated at 15 kV
accelerating voltage and a 40° take-off angle. The step sizes of the EPMA scans varied from 1
um to 5 um depending on the thickness of phases. The overall experimental procedure is
summarized in Fig. 2(b).

Even though both the Boltzmann-Matano analysis [44] and Sauer-Freise method [45] have
been widely used to extract interdiffusion coefficients from diffusion couple concentration
profiles, they have difficulty in accurately determining diffusion coefficients near phase
boundaries and the pure metal ends of a diffusion couple due to the inherent data scattering and
the uncertainty in calculating the concentration gradients from composition profiles measured
using EPMA. Thus, these two methods are not reliable to extract the impurity (dilute) diffusion
coefficients of Al and Mg, or the interdiffusion coefficients of thin layers of intermetallic phases
in diffusion couples. Instead, a forward-simulation analysis (FSA) developed by Zhang and Zhao
[36-38] was employed in this study to reliably evaluate both interdiffusion and impurity
diffusion coefficients from diffusion couple composition profiles. Rather than using the
traditional methods based on concentration gradients to evaluate diffusion coefficients at many
points across a concentration profile, FSA evaluates the interdiffusion coefficient D of a A-B
binary system by: (1) assuming the logarithm of the interdiffusion coefficient D as a polynomial
function of composition with adjustable parameters for each phase (e.g., a linear function
log D = a + bXp where a and b are adjustable parameters and Xj is the mole fraction of element
B); (2) giving some initial starting values of a and b (thus the D values are computed from these
initial values for different compositions of the A-B system) to forwardly simulate the diffusion
profile based on the giving D values using the Fick’s diffusion equations and assuming local
equilibrium and mass balance at the phase interfaces for a multi-phase system; (3) computing the
total (summation of) least square errors between the simulated concentration profile and the
fitted experimental profile across the entire diffusion distance; and (4) repeatedly adjusting the
parameters until the summation of the least square errors reaches a minimum and the final
parameters define the D values across single-phase compositions. It is noted that the stress in the
diffusion zone is neglected in FSA but its influence on the diffusion coefficients is usually very
small. In the multi-phase binary system like Al-Mg, nucleation of intermediate phases is
assumed to be instantaneous in FSA, similar to the assumption in the traditional methods. The
diffusion process is simulated based on Fick’s diffusion laws with the assumption of local
equilibrium at the phase interfaces whose motion is controlled by the moving boundary condition:
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Where v/ is the velocity of the interface between two adjacent phases a and 3, J, and ] are the
mass flux of the phases at the interface, C, and (g are the concentration of the phases at the
interface. FSA makes no additional approximations in comparison with the traditional methods
except that FSA initially assumes the composition dependence of the interdiffusion coefficients
with polynomial functions based on the trends/values obtained using the Sauer-Freise method or
the Boltzmann-Matano analysis. As a result, the final composition dependence of the
interdiffusion coefficients after FSA does not significantly deviate from the actual values or the
results from traditional methods. Recently, Chen et al. developed an open-source software
package pydiffusion [46] for FSA to enable researchers to perform diffusion simulation and
diffusion data analysis.
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Fig. 2. (a) Design of two sets of diffusion multiples; and (b) Procedure of the diffusion multiple
experiment.

The Darken’s equation D = (x,Dj; + x5D})S¢ relates the interdiffusion coefficient D to the
mole fractions x, and xp, the tracer diffusion coefficients of A and B respectively D, and Dg, the
vacancy-wind factor S, and the thermodynamic factor ¢. As the composition approaches pure
elements, the vacancy-wind factor and the thermodynamic factor become one. As a result, the
interdiffusion coefficient D at pure A equals the impurity diffusion coefficient of B in pure A, Dj.
Symmetrically, as the composition approaches pure B, the interdiffusion coefficient D is
identical to the impurity diffusivity of element A in pure B matrix, D,. Therefore, the impurity
diffusion coefficients can be reliably obtained from the interdiffusion coefficients at the pure
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element concentrations using FSA with a reliability comparable to the radioactive isotope tracer
measurements [38]. The validity of the FSA has been demonstrated in many binary systems with
good agreement with the results obtained using other traditional methods, including complex,
multi-phase systems [14,15,37]; and consequently, FSA was readily applicable to the Al-Mg
system to extract the impurity diffusion coefficients of Al and Mg, and the interdiffusion
coefficients in fcc Al and hcp Mg solid solutions, and the f-Mgi7Al12, y-MgoAls, and -
Mg»3Alzo intermetallic compounds.

2.2 Computational method

DFT calculations are performed with VASP [47—49], a plane-waved based density functional
code. The projector augmented-wave [40,41] pseudopotentials within the generalized gradient
approximation [50,51] were used with incorporation of surface energy error correction (labeled
as PAW-PBEsol) [42]. PBEsol was found to improve the accuracy of the computed activation
energies as compared to other functionals, consistent with previous findings [21]. However, the
uncorrected projector augmented-wave [40,41] potentials with Perdew-Burke-Ernzerhof [43]
functional labeled PAW-PBE were found to improve the accuracy of vacancy formation energies
as compared to the predicted values from PBEsol as discussed below. Plane-wave cutoffs of 260
eV were used throughout, as well as 4 X 4 X 3 (96 atoms) and 3 X 3 X 3 (108 atoms) supercells
for hep and fcc structures, respectively. A 6 X 6 X 6 Monkhorst-Pack k-point mesh was used for
Brillouin zone integration with a Monkhorst-Pack grid for all supercells, containing the I'-point
in hep systems, as well as Methfessel-Paxton smearing with an energy width of 0.2 eV [52,53].
All atoms were relaxed using the conjugate gradient method until the forces were less than
0.1 meV/A. The calculated lattice parameters are a = 4.0413 A for fcc Al, a = 4.519 A for fcc
Mg, a = 3.291 A; c¢/a = 1.440 for hep Al and a = 3.685 A; c/a = 1.408 for hcp Mg using the
above settings. Vacancy hop rate is defined as w = v,exp(—E,/kgT), where v, is the attempt
frequency and E, the energy difference between saddle point and initial configuration, in the
transition state theory framework. The climbing-image nudged elastic band (CI-NEB) method
with one intermediate image was employed to determine transition state configurations and
energies for all systems [54]. The forces in NEB calculations were converged to within 5 meV/A.
Attempt frequencies were calculated from Vineyard’s equation [55],

foq Vi
Vo = =
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where v, and vj, are the real normal mode frequencies at the local energy minimum and saddle
point configurations respectively; and N is the total number of atoms in the system. For self-
diffusion computations, force constants were calculated using the finite difference small
displacement method [56,57]. Due to the better speed-convergence relation, the density-
functional perturbation theory (DFPT) [58,59] was used to calculate the force constants in the
impurity diffusion cases. Finally, to determine the vacancy formation energy and entropy, the
vibrational contribution to the free energy of both perfect and vacancy cells was calculated using
the Phonopy package [60]. The detailed description of the computational method refers to [39].

2.3 Atomic mobility assessments

Diffusion coefficients generally depend on temperature and composition as well as pressure.
To model diffusion in an alloy matrix, atomic mobilities are used to store the kinetic information



in the database instead of the large number of composition-dependent diffusion coefficients. The
atomic mobility Mp of the element B can be represented as following when the ferromagnetic
contribution to the diffusion coefficient is negligible based on the absolute reaction rate theory
[61]:

_QB> L

RT /RT

R = 8.314 is the gas constant in //(mol - K), T is temperature in Kelvin, M g is the frequency
factor and Qjp is the activation enthalpy. Both M and Qp are functions of temperature,
composition and pressure. In the CALPHAD framework, the composition dependency of
RTInM g and Qp can be expressed as the Redlich-Kister expansion in addition to the linear
combination of the values at the endpoints of the Composition space:
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and "®j’ can be expressed as a polynomial of temperature and pressure. In the simple case when
ferromagnetic effect is ignored, a single parameter ®5 which combines RT In M3 and Qj is
enough: ®5 = RT In M3 — Q3.

The atomic mobilities can be used to calculate various types of diffusion coefficients. The
tracer diffusion coefficient Dy is directly related to the atomic mobility Mg by the Einstein
relation under the assumption of monovacancy mechanism of diffusion and neglecting the
correlation factor:

Dy = RTMjg
The interdiffusion coefficient ﬁ,?j can be expressed as following in the volume-fixed frame of

reference [62]:
du; Oy,
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k, j, n donates the diffusion component, gradient component and reference component,
respectively. §;; is the Kroneker delta and y; is the chemical potential of element i. In this regard,
a thermodynamic database is required to relate the diffusion coefficients to the atomic mobility.

Based on the above framework, the atomic mobility parameters can be optimized from
available experimental data and the mobility assessment was performed for each solid solution
phase (fcc and hep) separately across the entire composition range (pure to pure). Since diffusion
coefficients for the metastable phases such as hcp Al and fcc Mg are impossible to measure
experimentally, they were obtained through DFT calculations. This study will demonstrate the
use of such an integrated approach to perform a comprehensive assessment of the atomic
mobility of the Al-Mg system in both the fcc and hcp phases at the full composition range based
on both experimental and computational diffusion coefficients.



3. Results and discussion

3.1 Experimental data

The composition profiles measured from the four diffusion multiples are shown as blue
circles in Fig. 3. The interdiffusion between Al and Mg at the annealing temperatures led to
formation of the fcc Al solid solution, the hcp Mg solid solution, S-Mgi7Al12, y-MgrAl3, and e-
Mg»3Al30 phases, as identified in Fig. 3. The simulated diffusion profiles using FSA are plotted
as red lines in Fig. 3 and the extracted diffusion coefficients in the different phases of the Al-Mg
system are presented as red dots in Fig. 4. The diffusion data in the Mg hcp phase obtained in the
previous study by Zhong and Zhao using elegant liquid-solid diffusion couples [14] are also
included as blue circles. The data indicate that the interdiffusion coefficients in the solid solution
(fce and hep) phases increase with increasing solute concentration. The diffusion in the
intermetallic phases is much faster than that in the solid solution phases at the same temperature.
It is noted that only a few experimental data points were measured in the hcp phase at 275 °C
and 315 °C due to the spatial resolution of EPMA, as shown in the insets in Fig. 3, thus the
impurity and interdiffusion data for the hcp phase at these two temperatures should be regarded
as less reliable.

The experimental diffusion coefficients of the Al-Mg system in the literature are also
collected in addition to the data obtained from this study. Table 1 summarizes the experimental
studies of Al self-diffusion coefficients in fcc Al and Mg self-diffusion coefficients in hcp Mg,
respectively. Radioactive isotope tracer experiment is the most accurate way to determine the
dilute (impurity) diffusion coefficients but rather tedious and laborious. Moreover, the
radioactive isotope of Al is much more difficult to obtain than that of Mg. Only two tracer
experiments were conducted on the self-diffusion of Al while the other studies were all indirect
measurements. There were four nuclear magnetic resonance studies of 2’Al to obtain the self-
diffusion coefficients of Al. Three other studies reported the data by investigating void shrinkage,
diffusion-controlled climb, and interaction between solute and defects, respectively.

There were three tracer studies and one second ion mass spectrometry (SIMS) study on the
Mg self-diffusion coefficients. Lots of effort has been made to study the impurity diffusion
coefficients of Mg in the fcc Al phase since early 1930s, with 25 experimental studies collected
in Table 2. In the very early diffusion studies, although the investigators did not use the term
“diffusion couple”, they made diffusion couples of pure Al and Al-Mg alloys. The extracted
diffusion data may be less reliable due to the limitation of measurement techniques on the
diffusion composition profiles before EPMA was commercially available. Two tracer
experiments were available although their results have some disagreement. Diffusion couples
were employed most often, and ion-probe mass analysis was used once. Some of the studies also
involved the determination of diffusion data via other means such as analysis of weight loss by
the evaporation, precipitation near grain boundary, or surface segregation. There is appreciable
scattering/discrepancy among all those different datasets.

The experimental studies of the Al impurity diffusion coefficients in the hcp Mg phase are
summarized in Table 3. As mentioned above, radioactive isotope of Al is not easy to obtain.
Therefore, no tracer experimental data are available. Diffusion couples were employed in most
studies except for one SIMS study. Although Al is the most studied solute in Mg, obvious
discrepancy can be observed among different studies. A critical assessment is required to
determine the best judgement of the impurity diffusion coefficients of Al in hcp Mg, and Mg in
fcc Al



Table 4 lists all the experimental studies on the interdiffusion coefficients of the Al-Mg
system. Four studies used pure Al and Al-Mg alloys to assemble the diffusion couples to study
the diffusion in the fcc Al phase while one study used pure Mg and Mg-Al alloys to study the
diffusion in the hcp Mg phase. Pure Al to pure Mg diffusion couples were employed in two
studies that reported diffusion data for both solid solutions and the intermetallic phases. A
previous study by Zhong and Zhao used liquid-solid diffusion couples to study the diffusion of
Al in the hcp Mg phase. All the diffusion data collected in Tables 1-4 are the essential input to
the mobility assessment of the AI-Mg system.
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Table 1

Summary of experimental studies on self-diffusion coefficients of fcc Al and hcp Mg (NMR:
Nuclear magnetic resonance; SC: single crystal; PC: polycrystal; and TEM: Transmission
electron microscopy).

Temperature | Number of Number

Data o of data Methods Ref.

range (°C) temperatures .

points
456-643 11 11 Radioactive tracer [64]
300-460 8 8 NMR [65]
240-550 29 29 NMR [66]
400-610 6 10 Radioactive tracer [67]
DAl 85-209 9 9 TEM investigation on void shrinkage [68]
Al 130-200 8 10 Investigation on the diffusion-controlled [69]
climb
240-500 71 71 NMR [70]
240-510 46 46 NMR [71]
449 1 1 Interaction between solute and defect [72]
468-627 3 5 Radioactive tracer, PC [73]
6 .
42?57_;673555 4 2 (]:3_2)5(215 Radioactive tracer, SC [74]
Mg 10 .
Dug ggg:ggg 9 }Z CB_::;T Radioactive tracer, SC [75]
5

gggg:g;g; 3 }(3) 1\8}13111131 Second ion mass spectrometry | [76]
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Table 2

Summary of experimental studies on impurity diffusion coefficients of Mg in fcc Al.

Temperature | Number of Numbe.r of Methods Ref.
range (°C) | temperatures data points
450 1 1 Al-Mg alloy core with Al coating [77]
365-440 3 3 Insertion of Al into Al-Mg eutectic [78]
420-520 5 5 Insertion of AI-Mg alloy into Al [79]
395-577 6 7 Al compressed with AI-Mg alloy [80]
410 1 1 Insertion of Al-Mg alloy into Al [81]
400-500 3 3 Al-Mg alloy hot rolling between Al [82]
395-535 3 3 Al clamped with Al-Mg alloy [83]
420-460 2 2 Al clamped with Al-Mg alloy [84]
400-500 2 2 Al cladded with Mg [85]
500 1 1 Al clamped with Al-Mg alloy [86]
275-425 6 6 Weight loss by evaporation from surface [87]
300-500 3 3 Diffusion couple [88]
350-420 4 4 Diffusion couple [89]
125-175 3 3 Precipitation near grain boundary in AI-Mg [90]
394-655 6 6 Radioactive tracer [91]
325-650 15 23 Radioactive tracer [92]
432-540 6 8 Ton-probe mass analysis [93]
417-545 8 8 Diffusion couple [94]
70-170 5 5 Surface segregation in AI-Mg [95]
375-575 8 11 Diffusion couple [96]
250-450 9 10 Diffusion couple [97]
250-575 6 6 Diffusion couple [98]
300-400 3 3 Diffusion couple [99]
380-420 3 3 Diffusion couple [100]
275-420 4 4 Diffusion multiple This study
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Table 3

Summary of experimental studies on impurity diffusion coefficients of Al in hcp Mg.

Temperature Number of Numbe'r of Methods Ref.
range (°C) temperatures data points
380-420 3 5 Diffusion couple [101]
300-400 3 10 Second ion mass spectrometry [102]
300-400 3 3 Diffusion couple [99]
365-420 j j . Diffusion couple [103]
365-420 3 12 Diffusion couple [104]
350-450 3 8 Diffusion couple [105]
450-600 4 4 Liquid-solid diffusion couple [14]
275-420 4 4 Diffusion multiple This study
Table 4

Summary of experimental studies on interdiffusion coefficients between Al and Mg (B-M:
Boltzmann-Matano analysis; S-F: Sauer-Freise analysis;, MDP: Multi-Diflux program; and FSA:

Forward-simulation analysis).

Authors Tf;;;g):r;tg © TI;I;E:E[E; Diffusion couple | Methods Phases Ref.
Minamino et al. 417-545 8 Al to Al-4.06 at.% Mg B-M fce [94]
Fujikawa & 375-575 6 Al to Al-5.97 at.% Mg
Takada 400-525 3 Al to Al-11.0 at.% Mg B-M fce [96]
425-475 2 Al to Al-14.4 at.% Mg
Hisayuki et al. 425-550 5 Al to Al-2.62 wt.% Mg B-M fce [106]
Fujita et al. 250-500 6 Al to Al-3 wt.% Mg S-F fcc [97]
Brennan et al. 300-400 3 Al to Mg B-M fce, hep, B, v [99]
Kulkarni & Luo 380-420 3 Al to Mg MDP fce, hep, B, v [100]
Kammerer et al. 350-450 3 Mg to Mg-9 wt.% Al B-M hcp [105]
Zhong & Zhao 450-600 4 Alin Mg FSA hcp [14]
This study 275-420 4 Al to Mg FSA fce, hep, B, v, €

3.2 Assessment of the dilute diffusion coefficients in fcc Al and hcp Mg

An assessment on experimentally measured dilute diffusion coefficients in stable phases is
necessary to judge the accuracy and reliability of DFT calculations and DFT calculation settings.
The optimal settings to compute the dilute diffusion coefficient in the fcc and hcp phases are to

be identified in the Section 3.3 so that the DFT calculations for the metastable hcp Al and fcc Mg

phases are more reliable. The dilute diffusion data of the Al-Mg system obtained from
experimental measurements, i.e., self-diffusion coefficients and impurity diffusion coefficients,
have been collected as Tables 1-3 and are assessed in the following sections.
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3.3.1 Self-diffusion and dilute diffusion in fcc Al

The experimental self-diffusion coefficients of Al are plotted as different symbols in Fig.
5(a), covering a temperature range from 85 °C to 643 °C. Two radioactive isotope tracer
experiments by Lundy and Murdock [64] as well as Beyeler and Adda [67] reported the diffusion
coefficients at elevated temperatures, and should be the most reliable. They are also in
reasonable agreement with the self-diffusion coefficients obtained from four NMR studies at
intermediate temperatures [65,66,70,71]. There are two indirect measurements of Al self-
diffusion coefficients at low temperatures by investigating the void shrinkage using TEM [68]
and the diffusion-controlled dislocation climbing [69]. The data are consistent with other data
including a single data point reported by Hood [72] from the analysis of the interaction between
the solute and defects. All experimental studies on Al self-diffusion were used to optimize the
recommended Al self-diffusion coefficient as an Arrhenius equation Dy; ;,, 4; = 1.8 X
1075~ 127351/RT (1m2/5) where R = 8.314 is the gas constant in J/(mol - K), T is the
temperature in K, as shown as the red line in Fig. 5(a).

Fig. 5(b) shows all the Mg impurity diffusion coefficients in Al reported in the studies
summarized in Table 2. In early years of experiments, investigators employed different methods
to determine the solute composition profile, such as spectrophotometric method [77,80,82,84], or
chemical analysis [79,81]. Those measured composition profiles may have relatively large
variations leading to uncertainties of the obtained diffusion data. Two groups extracted the Mg
tracer diffusion coefficient in Al using radioactive tracer method [91,92]; however, their data
have some obvious discrepancies at temperatures near the melting point of Al. Diffusion couples
were used together with EPMA to determine composition profiles by several groups since 1967
[88,89,94,96-100]. The Mg impurity diffusion coefficients in Al were obtained by extrapolating
the interdiffusion coefficients to very low/zero Mg concentration. One group also employed ion-
probe mass analysis to study the diffusion of Mg in Al [93]. Furthermore, the impurity diffusion
coefficients at very low temperatures were extracted by two groups: one used combined electron
microscopy and electron energy analysis to measure the solute concentration profiles near grain
boundaries due to precipitation [90] while the other group analyzed the Mg segregation near the
surface using Auger electron spectroscopy (AES) to extract the diffusion coefficients [95]. The
experimental measurements over the years cover a wide temperature range between 70 °C and
655 °C. Our current study also contributed additional impurity diffusion data from diffusion
multiples as the solid red dots in Fig. 5(b) from 275 °C to 420 °C. All of them are used to
optimize the impurity diffusion coefficients of Mg in Al, with less weight on the datasets from
the studies earlier than 1966 due to concern over the accuracy of early composition
characterization techniques. The red line in Fig. 5(b) presents the assessed Arrhenius equation of
the impurity diffusion coefficient of Mg in Al, Dyygin a1 = 5.6 X 1075~ 12673%/RT (;m2/s),
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3.3.2 Self-diffusion and dilute diffusion in hcp Mg

The self-diffusion coefficients of Mg from the experimental studies listed in Table 1 are
plotted in Fig. 6(a), in a temperature range of 250 — 635 °C. Due to the anisotropy of Mg, single
crystals were used for two radioactive tracer experiments to study the self-diffusion of Mg along
c-axis and within basal plane [74,75]. Two other groups studied the self-diffusion in
polycrystalline Mg using radioactive tracer [73] and secondary ion mass spectrometry [100],
respectively. All the diffusion data reported are in good overall agreement. Since polycrystalline
Mg are more widely used than single crystals, the atomic mobility optimized for the hcp phase
usually reflects the “average” diffusion in polycrystals. The assessed the Arrhenius equation of
Mg self-diffusion coefficients is Dy g i yg = 2.9 X 1075 7125748/RT (;m2/5) a5 shown as the red
line in Fig. 6(a).

All experimentally measured Al impurity diffusion coefficients in Mg are plotted in Fig. 6(b).
No experimental measurements were performed before 2006, probably due to the difficulties of
experiments involving Mg. No tracer diffusion study is available due to the rareness of
radioactive isotope of Al. Some obvious disagreement can be observed among the existing data
from different studies. Brenan et al. used SIMS to measure the diffusion profile after an Al thin
film was deposited on Mg [102], and they admitted that their diffusion data would overestimate
the true values due to increasing surface roughness of Mg. Subsequently, they used Boltzmann-
Matano analysis to extract the diffusion coefficients from polycrystalline Mg-Al diffusion
couples [99]. Several other groups also employed the diffusion couples to investigate the
diffusion of Al in hcp Mg. Rothova and Cermak assembled Mg to Mgi7Al2 diffusion couples
and determined the diffusion coefficients by fitting a simple analytical equation [101]. An
investigation using polycrystalline Al to single crystal Mg diffusion couples was performed by
Das et al. to study the anisotropic diffusion of Al in hcp Mg [103]. They extracted the diffusion
coefficients from EPMA-measured composition profiles using a multiphase simulation program
coupled with a thermodynamic database. Das and co-workers also prepared polycrystalline Mg
to Al diffusion couples to investigate the effect of the basal plane orientation on Al diffusion in
hcp Mg [104]. However, their data may not be reliable since their studies of diffusion of other
elements in Mg have shown obvious disagreement with reliable datasets as discussed in previous
studies [14,15]. Diffusion couples between polycrystalline Mg and a Mg-9 wt.% Al alloy were
used by Kammerer et al. to study the diffusion of Al in hcp Mg [105]. They employed the Hall
method [107] to extract the Al impurity diffusion coefficients in Mg from the composition
profiles measured using EPMA. Very recently, Zhong and Zhao studied the diffusion of Al in
Mg at relatively elevated temperatures using liquid-solid diffusion couples and FSA to extract
the impurity diffusion coefficient of Al in Mg [14]. Diffusion data were also obtained in this
study by performing FSA on diffusion profiles (Fig. 3) from the four diffusion multiples. The
diffusion data from both diffusion multiples and liquid-solid diffusion couples extend the
temperature range from 275 °C to 600 °C, helping determine the best trend of the impurity
diffusion of Al in Mg. Less weight was assigned to the datasets from Das et al [103,104] and
Brennan et al. [102] when assessing the best-fit Al impurity diffusion coefficients in Mg. As a
result, the best-fit Arrhenius equation of the impurity diffusion coefficients of Al in Mg is
Dgrinmg = 3.1 X 1075¢~133379/RT (m2/s), showing as the red line in Fig. 6(b).
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3.3 First-principles calculations

A recently developed Green’s function approach [108] was employed to compute the
transport coefficients for dilute solutes and vacancies from the DFT values of solute-vacancy
binding and transition state energies. Binding energies E; between Mg (Al) solutes (S) and
vacancies (V) in fcc Al (Mg) and hcp Mg (Al) (host A) are calculated from

E, = E(Ay_35,V1) + E(Ay) — E(Ay_1S1) — E(An_1V1),
where E(Ay), E(Ay_151), E(Ay_1V;) and E(Ay_,5,V;) are the energy of pure system, a
system containing a solute atom, a system containing a vacancy and a system containing a
vacancy-solute pair, respectively.

The common five-frequency model [109] was used to compute the impurity diffusion
coefficients in fcc. The five frequencies describe rates for vacancy hops in the solvent (wy),
vacancy rotation around the solute (w1), vacancy-solute exchange (w, ), dissociation from (ws)
and association towards (w,) the solute. Table 1 in [39] shows the attempt frequencies and
migration barriers for these five frequencies for diffusion of Mg(Al) in fcc Al(Mg) along with
the corresponding solute-vacancy binding energies.

The impurity diffusion coefficients of Al in hcp Mg and Mg in hcp Al were computed next.
Agarwal and Trinkle [18] argued that previously used eight-frequency [110-112] and 13-
frequency models [113] treat symmetrically inequivalent transitions incorrectly as equivalent;
and they proposed a corrected 16-frequency model [18] which was used in the current study. The
symmetry-unique frequencies identified in that model along with the corresponding solute-
vacancy binding energies are tabulated in Table 2 and Table 3in [39].

For self-diffusion coefficients, the five-frequency fcc model reduces to just the nearest
neighbor hop of the vacancy. For hcp systems, the 16 jumps are reduced to two, nearest neighbor
jumps on the basal and pyramidal planes. The energy barriers and attempt frequencies for
vacancy jumps in the elemental hcp and fce systems are listed in Table 4 in [39].

Transition energies and attempt frequencies were used to compute the Onsager matrix and
the diffusion coefficients D* of solute impurities as described in Ref. [108]. In the dilute limit,
D?® can be computed by

DS = kgTQ(c®)~1LSS
where L is the solute related diagonal of Onsager matrix and kg, T, {2, and c¢® are Boltzmann
constant, temperature (in K), volume per atom, and vacancy equilibrium concentration,
respectively. The equilibrium vacancy concentration is given by ¢® =
exp(— (E};rm - TSK)rm) /kg T), where Ef . and S{, .. are vacancy formation energy and
entropy, respectively, and Ef, .. includes the zero-point energy. Previous studies have shown
that the choice of exchange-correlation functional has a strong effect on the resulting formation
energies [20,21,114]. While the corrected PAW-PBE (PBEsol) was found to improve the
accuracy of the computed transition barrier energies in all systems, it was found that PAW-
PBEsol overestimates the vacancy formation energies in fcc and hcp Al, which is consistent with
the findings of Ref. [114]. Final values for vacancy formation energy and entropy in hcp/fce
Mg/Al structures are listed in Table 5 in [39].

Final self-diffusion and Al (Mg) impurity diffusion coefficients as a function of temperature
in fcc and hep Mg (Al) systems are shown in Figs. 5 and 6 for stable phases and in Fig. 7 for
metastable phases, respectively. For hep diffusion coefficients, the average value of diffusion,

2 1 . . C eee
Dgaye = 3 Dpasar + EDprism, was reported as the tensorial average of anisotropic diffusion along
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the basal Dpgsq; and prism Dy, planes. In both self-diffusion and impurity diffusion
calculations, there is good agreement between DFT and experimental values. Similar to Ref. [20],
it was found that the vacancy formation energy is the dominant factor for converged agreement
with experimental values, and our results show that it is indeed necessary to resort to uncorrected
PAW-PBE for the calculations of vacancy formation energies and entropies in the Al systems,
while sufficient accuracy with PAW-PBEsol calculations was observed for Mg systems. The
detailed calculation results using various DFT settings are available in [39].

Finally, the computed dilute/impurity diffusion coefficients D are fitted to an Arrhenius
equation, D = Dy exp(—E,.+/kgT), where D, and E,; are diffusion prefactor and activation
energy, respectively. Tables 5 and 6 compare the diffusion prefactors and activation energy
barriers for all self-diffusion and impurity diffusion with the assessed experimental data of this
study.

Table 5

Self-diffusion coefficients from DFT calculations of this study in comparison with the assessed
experimental data in this study as well as other DFT calculations in the literature. The self-
diffusion coefficients are fit to D = Dy exp(—E ¢ /kgT), where D, Dy and E ;¢ are diffusion
coefficient, diffusion prefactor and activation energy barrier, respectively. For fcc/hep Al fit to
the diffusion data derived from using regular PAW-PBE exchange-correlation for vacancy
formation energies are also included in this table.

System Reference Do(m?/s) | Eqce(eV/at) | Egce(kJ /mol)
Dpgsar | 2.7x10° 1.16 111.9
[25] (DFT) Dprism | 2.9x10° 1.18 113.9
Dpgsar | 4.5%x10° 1.23 118.7
[23] (DFT) Dprism | 4.9x10° 1.29 124.5
Dpasar | 6.8x107 1.34 129.4
[21] (DFT) Dyrism | 5.9x10” 1.35 130.7
hep Mg Dpgsar | 1.4x10™ 1.40 135.1
[201 (DFT) Dprism | 1.4x10* 1.41 136.2
Dpusar | 2.0x10° 1.22 117.3
[19] (DFT) Dprism | 2.0x10° 1.23 118.6
. Dpgsar | 4.0x10° 1.29 124.5
This study OFT) 7, T 3.2x10° 1.30 1254
Assessed experimental data | 2.9x10” 1.30 125.7
fcc Mg This study (DFT) 1.5x10° 1.26 121.6
[26] (DFT) 7.8x10° 1.27 122.5
fcc Al 3
[20] (DFT) 6.5x10 1.27 122.2
fec Al This study (DFT) 2.4x107 1.45 139.9
fcc Al (vac:PAW-PBE) This study (DFT) 9.6x10° 1.32 127.4
fcc Al Assessed experimental data | 1.8x10” 1.32 127.4
. Dpgsar | 2.9x10° 1.22 117.7
hep Al This study OFT) 77, T 1.9x10° 1.23 118.7
. , Dpgsar | 4.1x10° 1.20 115.8
hep Al (vac:PAW-PBE) | This study (DFT) Dyprism | 2.8x1 0° 101 1167
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Table 6

Impurity diffusion coefficients from DFT calculations of this study in comparison with the
assessed experimental data of this study as well as other DFT calculations in the literature. The
impurity diffusion coefficients are fit to D = Dy exp(—E4.¢/kgT), where D, Dy, and E .+ are
diffusion coefficient, diffusion pre-factor and activation energy barrier, respectively. For fcc/hcp
Al fit to the diffusion data derived from using regular PAW-PBE exchange-correlation for
vacancy formation energies are also included in this table.

Do(mz Eact (eV Eact (k]
System Reference /s) /at) /mol)
Dpgsar | 1.9x10° 1.31 126.8
[19] (DFT) Dprism | 2.0x10° 1.36 131.2
Dpgsar | 5.7x10° 1.47 141.8
[20] (DFT) Dprism | 6.0x10° 1.50 144.7
3.4x10° 1.34 129.3
(211 (DFD) gbafal 3 1z10-5 1.36 131.5
Alinhep Mg Dy | 42x10° 142 137.0
basal . . .
(28] (DFT) Dprism | 7.2x10° 1.48 142.8
This study Dpgsar | 5.2x107 1.39 134.1
(DFT) Dprism | 7.2x107 1.44 138.9
Assessed experimental 3.1x107 1.38 133.4
data
Al in fcc Mg This study (DFT) 1.0x10° 1.46 140.9
[115] (DFT) - 1.21 116.7
Mg in fcc Al [27] (DFT) 1.2x107 1.27 122.5
[20] (DFT) 9.4x10° 1.25 120.2
Mg in fce Al This study (DFT) 3.7x107 1.41 136.0
g{gg];)“ fec Al (vacPAW- This study (DFT) 1.4x10° 1.29 1245
Mg in fec Al Assessedgg‘tge“memal 5.6x10° 1.31 126.7
. This study Dpgsar | 8.6x10° 1.19 114.8
Mg in hep Al (DFT) Dprism | 1.1x10° 1.20 115.8
Mg in hep Al (vac:PAW- This study Dpgsar | 5.0x10° 1.08 104.2
PBE) (DFT) Dprism | 6.3x107 1.10 106.1
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3.4 Atomic mobility assessment

All the experimental diffusion coefficients in the stables phases of the Al-Mg system have
been collected in Tables 1-4. And the dilute diffusion coefficients in the metastable (hypothetical)
phases are also determined using the optimal settings of first-principles calculations. Both the
experimental and computational diffusion data were used for the atomic mobility assessment of
the fcc and hep phases at the full composition range (0% to 100%). This process was conducted
using the PARROT module of the Thermo-Calc software. The thermodynamic information was
obtained from the latest Al thermodynamic database TCALSG6 for the fcc phase, and Mg
thermodynamic database TCMGS for the hcp phase.

3.4.1 Atomic mobility of the fcc phase

One of the four end-members of the atomic mobility in the fcc phase, @4}, was directly
converted using the Einstein relation from the experimental self-diffusion coefficients of fcc Al,
Dy in a1 obtained in Section 3.2.1. The end-point Cb,ﬁ,lg was also directly converted from the

assessed impurity diffusion coefficients of Mg in Al, Dy g in a1 - The other two end points of the
atomic mobility for the fcc phase, Cbgllg and CDII\‘Zz correspond to the Al impurity diffusion in fcc

Mg and self-diffusion of fcc Mg. Since these values cannot be experimentally measured, they are
determined from the first-principles calculations as described in Section 3.3.

With the assessed four end-members, the interaction parameters of the mobility description
were evaluated based on the interdiffusion coefficients in the fcc phase listed in Table 4.
Diffusion couples were made between pure Al and Mg-containing Al alloys by four groups
[94,96,97,106] to study the interdiffusion in the fcc Al phase. Pure to pure Al-Mg diffusion
couples were assembled by two groups [99,100] and the interdiffusion in f-Mgi7Ali2 and y-
Mg>Als intermetallic were studied in addition to the hcp Mg and fcc Al solid solutions. The &
phase was observed at two temperatures in the Al-Mg diffusion couples inside the diffusion
multiples assembled in this study. The diffusion profiles were then determined using EPMA
from the diffusion samples. Boltzmann-Matano analysis [44] was employed by most groups to
extract the interdiffusion coefficients. Fujita et al. [97] used the Sauer-Freise method [45] to
obtain the interdiffusion data instead. A Multi-Diflux program coupled with a thermodynamic
database was used by Kulkarni and Luo to determine the interdiffusion coefficients [100]. This
method may have introduced uncertainty associated with the thermodynamic database, so less
weight was assigned to this dataset during atomic mobility assessment. FSA was employed in
present study to extract the interdiffusion coefficients from the four diffusion multiples. Since
most studies showed essentially linear increase of the interdiffusion coefficients with increasing
Mg concentration in the fcc Al phase, constants were used to model the mobility interaction
parameters. A comparison between the experimental data and calculated values from this
assessment of the interdiffusion coefficients in the fcc phase is shown in Fig. 8. The optimized
mobility parameters, which are summarized in Table 7, can reproduce most experimental data
fairly well.
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3.3.2 Atomic mobility of the hcp phase

The mobility optimization process of the hcp phase is identical to the fcc phase. It started
with assessing the two stable end-members of the atomic mobility, CDII\‘Z:Z and @Zg , which can be

converted from the experimentally determined and assessed self-diffusion coefficients of hcp Mg
Dyg in mg»> and impurity diffusion coefficients of Al in hcp Mg Dy i mg» respectively. The end-
members of the atomic mobility in the metastable hcp Al phase @4} and CD,A\,,lg, were converted
from the Al self-diffusion coefficients in hcp Al and Mg impurity diffusion coefficients in hep Al,
respectively, both from first-principles calculations.

After assessing the four end-points of the mobility parameters, the interdiffusion coefficients
in the hep phase extracted from all studies listed in Table 4 were employed to obtain the
mobility interaction parameters. Kammerer et al. used diffusion couples made up of pure Mg and
a Mg-9 wt.% Al alloy to investigate the interdiffusion in hcp Mg and employed Boltzmann-
Matano analysis to obtain the interdiffusion coefficients [105]. The novel liquid-solid diffusion
couples developed by Zhong and Zhao [14] do not require the preparation of solid solution alloy
to assemble diffusion couples as Kammerer et al. did, and the interdiffusion coefficients at
elevated temperatures (450 °C to 600 °C) were extracted. Additional interdiffusion data at
temperatures between 275 °C and 420 °C were obtained from the diffusion multiples made in
this study. The results in these two studies as well as those from Kammerer et al. determined the
composition dependence of the interdiffusion coefficients while less weight was put on the other
two pure to pure Mg-Al diffusion couple studies by Kulkarni and Luo [103] and Brennan et al.
[99]. The mobility interaction parameters were modeled again using constants. A comparison
between the calculated interdiffusion coefficients from the assessment and experimental data is
presented in Fig. 9. Table 7 lists the optimized mobility parameters in the hcp phase.

Table 7
Atomic mobility parameters of the fcc and hcp phases of the Al-Mg system.
The fcc phase
Mobility This study Ref. [29] Ref. [30]
N oAl | —127351-90.86 x T | —126719 — 92.92 X T —123112 - 97.34 X T
M:fblAhlty (Dﬁlllg —141180 — 9547 X T —112499 — 81.26 X T —112499 — 81.26 X T
4HM 0 0 0
N (D%:Z —121160 — 9241 X T —112499 — 81.26 X T —112499 — 81.26 X T
Nf)‘lzbl\l/}lgty Daly | —126739-8138xT | —118018 — 9243 X T —121268 — 89.95 X T
Py 80987 53551 84924
The hcp phase
Mobility This study Ref. [13] Ref. [31]
o4} | —115706 —104.1x T | —157050 — 54.63 X T —73360 — 95.08 x T

Mobility | @9

—133379 —86.23 X T

—152310 — 62.05 X T

—143015—-73.88 xT

ofAl P AHMI 125173 —709180 + 1167 X T jzgézz 23;3;2 i ;;g:gz z ;
| @9 | —125748-86.93xT | —125077 —88.17 X T ~125077 — 88.17 X T
hﬁ‘;"g/}lgty @il | 105022 - 1008 x T | —941760 + 63.18 x T ~941760 + 63.18 X T
Py 154978 —288420 + 1967 x T 0
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3.4 Comparison with other databases and mobility assessments

As mentioned in Section 1, there are two mobility assessments in the literature on the Al-rich
fcc phase of the Al-Mg system, which are also summarized in Table 7. Yao et al. [29] and Zhang
et al. [30] assessed the atomic mobilities in the fcc phase. Not all of the experimental data were
employed for the assessment of Al self-diffusion by Yao et al. [29] while Zhang et al. [30] put
too much weight on the indirect measurements using NMR and the low temperature experiments.
As for the assessment of Mg impurity diffusion in Al, Yao et al. [29] only adopted the data from
three experiments. Although Zhang et al. [30] collected more data from 14 studies, there are still
more than 10 other studies that were available but not included in their assessment. Both
assessments estimated the self-diffusion in the metastable fcc Mg using the same empirical
relation [32] in the mobility assessment of the Al-Zn system by Cui et al. [116]. They also
assumed the Al impurity diffusion in fcc Mg is the same as the Mg self-diffusion in fcc Mg,
which is very arbitrary. As a result, the activation energies for self-diffusion and impurity
diffusion are lower than the DFT calculation results of this study. The interaction parameter in
the fcc phase was optimized using only two diffusion couple studies from Minamino et al. [94]
and Fujikawa & Takadain [96] in both assessments. The resulting parameters are very different
from this study.

There are also two mobility assessments for the hcp phase of Al-Mg system in the literature.
Bryan et al. [13] assessed the self-diffusion of hcp Mg using all four studies summarized in
Table 1 and Wang et al. [31] adopted the values in their assessment. The resulting parameters
are similar as our assessment. The assessment of the Al impurity diffusion in hcp Mg should be
updated by including all the experimental data summarized in Table 3, especially the results of
the recent by Zhong and Zhao as well as new data from the current study. Bryan et al. [13]
didn’t specify how they evaluated the diffusion coefficient in the metastable hcp Al, although the
values were given in the database file. The activation energy and pre-exponential factor for the
Mg impurity diffusion in hcp Al were incredibly large and should thus be considered
questionable; yet, they were adopted by Wang et al. [31] who used the estimated self-diffusion of
metastable hcp Al by Cui et al. [116]. The activation energy is much smaller than the DFT result
of this study, thus may not be very reliable. With inclusion of the new experimental
interdiffusion data and the DFT results, the new assessment from this study used fewer
parameters to reproduce the experimental data well and thus, should be more reliable.

The new mobility assessments of both the fcc and hep phases of the Al-Mg system at the full
composition range are also compared to the commercial database from Thermo-Calc in Fig. 10.
The new assessments lead to smaller composition dependence of interdiffusion in the fcc phase
near pure Al end than the database from Thermo-Calc but shows stronger concentration
dependence of interdiffusion in the hcp phase near the Mg end. Both trends from our assessment
agree better with the experimental results, as shown in Figs. 8 and 9. The results of first-
principles calculations of this study show that the diffusion coefficients in the metastable fcc Mg
and hcp Al are slower than what were used by Thermo-Calc. With the new experimental
diffusion data in the stable phases over a wide composition and temperature range from the
diffusion multiples and liquid-solid diffusion couples as well as the first-principles calculations
of diffusion in the metastable phases, the new mobility assessment of the Al-Mg system should
be more reliable than previous assessments and the commercial Thermo-Calc database.
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3.5 Diffusion coefficient database of the Al-Mg system

Although the assessed mobility values listed in Table 7 can be used to readily compute the
interdiffusion coefficients of both the fcc phase and the hcp phase of the AI-Mg system at any
given temperature and composition, it is coupled with the thermodynamic databases from
Thermo-Calc and requires a CALPHAD software to perform the calculations. Moreover, the
interdiffusion coefficients in the f-Mgi7Al12, y-MgoAls and e-Mg»3Alsg intermetallic phases are
also very valuable data but are not included in the mobility assessments. For researchers who
could not access a CALPHAD software but would like to use the interdiffusion coefficients
themselves (not mobilities) without being tied up with any thermodynamic database or software,
an easy-to-use set of equations was developed to enable computation of the interdiffusion
coefficients of any phase at any given composition and temperature, Table 8.

The experimental diffusion data obtained from this study as well as those from the literature
over a wide range of temperatures and compositions (Figs. 4, 8 and 9) allowed us to fit the
interdiffusion coefficients at each composition (but multiple temperatures) as a function of
inverse temperature with an Arrhenius equation D = D, exp(—E4.¢/RT) to yield the pre-factor
D, and activation energy E,; for that composition (alloy). Such analysis was performed at 1 at.%
increments for the hcp Mg, fcc Al and the f-Mgi7Al12 phases; and the results are then plotted as
a function of composition, as shown in Fig. 11. The diffusion activation energy (E,.;) was fitted
with a linear equation for each phase whereas the pre-factor (D) was fitted with an exponential
equation (also linear when the vertical axis is plotted in the logarithmic scale on the right-hand
side in Fig. 11). The well assessed impurity diffusion coefficients shown in Figs. 5 and 6 are also
used in the above fitting for both the hcp and fcc phases to ensure agreement at the pure element
compositions. The resultant equations are summarized in Table 8.

The interdiffusion coefficients from Kammerer et al. [105] are in good agreement with the
data obtained in this study as well as those from Zhong and Zhao using liquid-solid diffusion
couples. These datasets were employed for the Arrhenius fitting for individual compositions of 1,
2, 3, 4 at% Al, respectively so that the pre-factor D, and activation energy E,.; were obtained for
each of those compositions, as shown in Fig. 11(a). For the interdiffusion coefficients in the fcc
Al phase, the pre-factor D, and activation energy E ., were determined at 94, 95, 96, 97, 98 and
99 at.% Al compositions based on the interdiffusion coefficients obtained in this study,
Minamino et al. [94] and Fujita et al. [97] in addition to selected data from Fujikawa and Takada
[96]. The results are showing in Fig. 11(b).

A similar analysis was performed on the interdiffusion coefficients in the f-Mgi7Al12
intermetallic compound based on the data from Kulkarni and Luo [100], Brennan et al. [99] and
this study at compositions of 40, 41, 42, 43, 44 at.% Al to obtain the composition dependence of
the pre-factor D, and activation energy E,.¢, as shown in Fig. 11(c).

Since the interdiffusion coefficients of the y-Mg>Als are essentially constant at each
temperature with a very narrow composition range, only one Arrhenius equation needs to be
developed to describe the interdiffusion coefficients as a function of temperature. All the
experimental data obtained in this study as well as those from Kulkarni and Luo [100], and
Brennan et al. [99] were used for the equation fitting, as shown in Fig. 12(a).

The interdiffusion coefficients in the e-Mgz3Al30 intermetallic phase are constants at the two
temperatures measured in this study. Since no other data are reported in the literature. A fitting

29



through these two data points, Fig. 12(b), gives the equation shown in Table 8. One needs to be
very cautious in using this particular equation — even though it is better than nothing, it may have
large uncertainty that needs to be narrowed with availability of future experimental data.

The Arrhenius equations in Table 8 represent our best judgement and fitting to the overall
datasets and the overall trends in each phase. They provide the convenience of computing the
interdiffusion coefficients of each phase at a given composition and temperature, thus serving as
a very comprehensive and convenient diffusion coefficient database for the Al-Mg binary system.

Table 8

Interdiffusion coefficient (D) equations of each of the phases in the Al-Mg system that can be
used to compute the interdiffusion coefficient values by inputting composition and temperature;
where x4, and x4 are the mole fraction of Al and Mg, respectively; R = 8.314 is the gas

constant in ] /(mol - K); and T is temperature in Kelvin. D is in m%/s.

Phase Diffusion coefficient equation
~ s 192616 x4, + 133379
hep D = 3.1 X 107> exp(48.59 x,;) exp (— RT )
- 26092 x,; + 94767
B-Mgi7Al12 D =5.5%x 1077 exp(8.27 x,;) exp (— ?QIT )
~ 200385
e-MgasAlzp D = 6124.7 exp (_ RT )
~ 77724
y-MgrAls D = 2.7 x 10 %exp (— 7T )
~ —169749 x, + 126739
fce D = 5.6 x 1075 exp(—22.48 x, ) exp (— }’:'7? )

30




142 2 1073
————— Linear fit of Eact ,,-° ]
140 - ® Eact ’,’/
3 P
E138 | — - -
& A& - -
3136 | 7 E
(] o2 P i 4 =
e 1074 ©
iy L & — ]
- 134 ;,/ ° o ‘t?_l
2 g
S132L.~" ¢ hcp Mg X
=l b
1)
<
13Qu= 000 === Exponential fit of Do
¢ D
128 . A . . 102
0 1 2 3 4
(a) Mole Percent Al
130 1 1074
----- Exponential fit of Dg
128+ o D
- o Q’—/ P
g 126 | o o
) P o ¢ «
i g [ PP o 3¢ ~
> 124 - SEEEN 3
= * =
1 L % _ -5
uc.r 122 > & 10 %
= o
= 120 — - o
g fcc Al a
5118 +
(¥} 7
< ..’
116 - @  mEswss Linear fit of Eact
® E.t
114 : . : 107°
94 96 98 100
(b) Mole Percent Al
107 105
----- Linear fit of Eact
® Euct
> °
g e
~106 - @
X 106 — - =
> €
2 e =
g s
w [ ’,/ (9]
c o el Mgi/Al;; o
=) )
E wsy- * | =
8 | e g =
< e " *
----- Exponential fit of Dg
* Do
104 1 1 1 Il 1 10—5
39 40 41 42 43 44 45
(c) Mole Percent Al

Fig 11. Pre-factor and activation energy for interdiffusion coefficients in the hcp Mg (a), fcc Al (b)
and [—-Mgi7Al12 (c) phases as a function of composition obtained by plotting the experimentally
measured interdiffusion coefficients at a constant composition as a function of 1/T to obtain the
activation energy and pre-factor and then plotting the results as a function of composition.

31



10-11 S T T T T T

AN
€ “ e
: r 0\\ M92A|3
5 | ‘\\ o
O A ¢
8 10_12: \\ .
c L .\\ ]
9 B \\\
1] E \
-] | ) \\.
R B This assessment ¢
g | @ This study LY
= - 4 Kulkarni & Luo .\\
® Brennan et al. %
10—13 | 1 1 | 1\h
1.3 1.4 1.5 1.6 1.7 1.8 1.9

(a) 103/ T (K™ 1)

10713 s T T 3

AN ---- This assessment -
@ i \\ ® This study 1
El N
=
8 107Hp ., :
(= i My
& g N
3] i “
(@) L AN
@) \
c - .
S
2 10°15¢ € phase .
e i kY
[ i
+ r S
£ |
_16 | | \\\

0% 1.7 1.8 1.9

(b) 103/ T (K™1)

Fig 12. Interdiffusion coefficients in the y—Mg2Alz (a) and e-Mg23Al30 (b) intermetallic phases as
a function of temperature. The results for the e-Mg23Al30 phase should be used with caution
since there are only two data points available.

32



4. Conclusions

An integrated experimental and computational approach was demonstrated to perform
reliable atomic mobility assessments of both the fcc and hep phases in the Al-Mg system, which
is essential for the establishment of reliable diffusion and mobility databases for both lightweight
Al alloys and Mg alloys. Four diffusion multiples were made to collect diffusion concentration
profiles across the binary Al-Mg compositions at 275 °C, 315 °C, 375 °C and 420 °C. Forward-
simulation analysis of these profiles allowed extraction of interdiffusion coefficients of all phases
in the AI-Mg binary system. The new experimental data together with literature results allowed
us to build a comprehensive diffusion coefficient database for all the phases in the Al-Mg system
and are summarized in Table 8. This study also provided reliable interdiffusion coefficients for
both the f-Mgi7Ali2 and y-Mg>Als intermetallic compounds as well as preliminary diffusion
data for the e-Mgy3Al30 intermetallic phase, as shown in Table 8, as well as Figs. 4, 11 and 12.

For atomic mobility assessments under the CALPHAD framework, the self-diffusion and
impurity (dilute) diffusion coefficients of metastable phases such as fcc Mg and hcp Al are
required, but these quantities cannot be measured experimentally. DFT calculations were
employed to compute these essential input values for CALPHAD assessments of the atomic
mobilities. Systematic DFT calculations of self-diffusion and impurity diffusion coefficients
were performed first for the stable phases (hcp Mg and fcc Al) using various DFT settings,
details in [39]. The best-assessed experimental data afforded judgement on the optimal settings
for DFT calculations: corrected PAW-PBE (PBEsol) for calculations of transition barrier
energies in all systems and uncorrected PAW-PBE for the vacancy formation energies and
entropies (especially for the Al systems). These DFT settings were then employed to compute
the self-diffusion and impurity diffusion coefficients of the metastable fcc Mg and hcp Al phases.

The atomic mobilities of Al and Mg have been optimized from the critically assessed
experimental data on both self-diffusion and impurity diffusion coefficients in stable fcc Al and
hcp Mg phases, the computed DFT data in the metastable fcc Mg and hcp Al phases, and the
literature experimental interdiffusion data augmented with newly collected data from both
diffusion multiples and liquid-solid diffusion couples; as summarized in Table 7. This study has
substantially improved the reliability of the Al and Mg mobility parameters, and will contribute
to the establishment of next-generation Al and Mg mobility databases that will be more accurate
for kinetic simulations for accelerated development of advanced Al alloys and Mg alloys for
lightweight applications.

This study sets an example for future atomic mobility assessments of other systems by
showing the integration of experimental measurements with complementary first principles
calculations of diffusion coefficients of metastable phases where experimental measurements are
not accessible.
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