
 

A short review on diffusion coefficients in magnesium alloys and related applications
Shi, Hui; Huang, Yuanding; Luo, Qun; Gavras, Sarkis; Willumeit-Römer, Regine; Hort,
Norbert
Published in:
Journal of Magnesium and Alloys

DOI:
10.1016/j.jma.2022.12.003

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication

Citation for pulished version (APA):
Shi, H., Huang, Y., Luo, Q., Gavras, S., Willumeit-Römer, R., & Hort, N. (2022). A short review on diffusion
coefficients in magnesium alloys and related applications. Journal of Magnesium and Alloys, 10(12), 3289-3305.
https://doi.org/10.1016/j.jma.2022.12.003

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 18. Mai. 2023

https://doi.org/10.1016/j.jma.2022.12.003
http://fox.leuphana.de/portal/en/publications/a-short-review-on-diffusion-coefficients-in-magnesium-alloys-and-related-applications(cc8e9479-63c7-4a85-b4b2-bad3ef1ca3cc).html
http://fox.leuphana.de/portal/de/persons/norbert-hort(63391d1b-3776-4df9-82a3-215e18f26d22).html
http://fox.leuphana.de/portal/de/publications/a-short-review-on-diffusion-coefficients-in-magnesium-alloys-and-related-applications(cc8e9479-63c7-4a85-b4b2-bad3ef1ca3cc).html
http://fox.leuphana.de/portal/de/publications/a-short-review-on-diffusion-coefficients-in-magnesium-alloys-and-related-applications(cc8e9479-63c7-4a85-b4b2-bad3ef1ca3cc).html
http://fox.leuphana.de/portal/de/journals/journal-of-magnesium-and-alloys(b67fac38-da0a-4d4a-bf8e-2f519f4b48b5)/publications.html
https://doi.org/10.1016/j.jma.2022.12.003


Available online at www.sciencedirect.com 

Journal of Magnesium and Alloys 10 (2022) 3289–3305 
www.elsevier.com/locate/jma 

Review 

A short review on diffusion coefficients in magnesium alloys and related 

applications 

Hui Shi a , Yuanding Huang 

a , ∗, Qun Luo 

b , ∗, Sarkis Gavras 

a , Regine Willumeit-Römer a , 
Norbert Hort a , c 

a Institute of Metallic Biomaterials, Helmholtz-Zentrum Hereon, Max-Planck-Str.1, Geesthacht 21502, Germany 
b State Key Laboratory of Advanced Special Steels and Shanghai Key Laboratory of Advanced Ferrometallurgy, School of Materials Science and Engineering, 

Shanghai University, Shanghai 200444, China 
c Institute of Product and Process Innovation, Leuphana University Lüneburg, Universitätsallee 1, Lüneburg D-21335, Germany 

Received 22 August 2022; received in revised form 2 December 2022; accepted 6 December 2022 
Available online 16 December 2022 

Abstract 

To have a better understand on the change of microstructure via kinetics, the diffusion behavior of Mg alloys is of special interest to 
researchers. Meanwhile, diffusion coefficients of Mg based alloys can explain and represent their diffusion behavior well. The evolution 
of experimental and calculated methods for detecting and extracting diffusion coefficients was discussed briefly. The reasonable diffusion 
data, especially self-diffusion coefficients, impurity diffusion coefficients and inter-diffusion coefficients of Mg alloys, were reviewed in detail 
serving to design the Mg alloys with higher accuracy. Then the practical applications of diffusion coefficients of Mg alloys were summarized, 
including diffusional mobility establishing, precipitation simulation and mechanical properties prediction. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: Magnesium alloys; Diffusion coefficients; Atomic mobility; Precipitation; Mechanical properties. 

1

 

c  

o  

b  

s  

a  

t  

t  

l  

r  

b  

b  

M
 

a  

i  

e  

c  

c  

i  

t  

c  

d  

p  

h
2
a

. Introduction 

Magnesium-based alloys have been the recent research fo-
us in fields such as automotive, aerospace and 3C industries
wing to their high specific strength, low density, good casta-
ility and other potential performance [1–7] . However, there
till exist several limitations [8–10] restricting their practical
pplications, e.g. poor corrosion resistance, low creep resis-
ance and limited room temperature deformability. In order
o improve the comprehensive performance of Mg-based al-
oys, alloying and heat treatment were normally utilized for
egulating their microstructures, which are strongly influenced
y their diffusion behavior [7 , 11–15] . Generally, the diffusion
∗ Corresponding authors. 
E-mail addresses: Yuanding.Huang@hereon.de 

(Y. Huang), qunluo@shu.edu.cn (Q. Luo) . 
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ehavior of Mg alloys is reflected as diffusion coefficients in
g-based alloys. 
Self-diffusion coefficients, impurity diffusion coefficients

nd inter-diffusion coefficients are mainly reported [16–18] to
ndicate diffusion behavior for Mg alloys. When all the atoms
xchanging positions are of the same type, diffusion coeffi-
ient of these atoms in pure metals is termed as self-diffusion
oefficient. The impurity diffusion coefficient of a solute atom
n pure metal can be measured at extremely low concentra-
ion of solute atoms. A different type of diffusion coefficient
ompared to these two types of diffusion coefficients is inter-
iffusion coefficient ˜ D that occurs between two metals de-
ends on chemical concentration gradient. The inter-diffusion
oefficient can reflect diffusion behavior adequately for some
ractical applications [19] . By now, much efforts including
iffusion couple and calculated methods has been expended
n investigating diffusivities data for binary Mg alloys [16] . 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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These various diffusion coefficients are also the bases of
he diffusion mobility database. In the past decades, the CAL-
HAD (CALculation of PHAse Diagrams) technique embed-
ing DICTRA (Diffusion Controlled TRAnsformation) mod-
le has developed as a computational tool to establish diffu-
ional mobilities data [13 , 16 , 20–25] and predict phase equi-
ibria. Compared to comprehensiveness in multicomponent
hermodynamic database, the development of atomic mobility
atabase is limited to binary Mg systems. The atomic mo-
ilities database for few ternary systems, containing Mg–Al–
n [21] , Mg–Al–Zn [16 , 24] , Mg–Al–Ga [20] and Mg–Al–Li
23] , were developed, which hinder the precipitation simula-
ion for multicomponent Mg alloys and following mechanical
roperties prediction. Therefore, studying on diffusion behav-
or is still an area of active present research [26] , owing to the
ack of diffusivities data for ternary or high-order magnesium
lloys. 

Experimental measurements and assistant calculation meth-
ds for determining relatively precise diffusion coefficients
ere reviewed in this paper. Main diffusion coefficients of
g-based alloys shown in different literature were summa-

ized, which provide the theoretical basis for promoting the
tomic mobility database of binary and multi-component Mg
lloys. The diffusion database of Mg alloys from the recent
esearch has been applied to investigating their precipitat-
ng evolution [27 , 28] and predicting their diffusion controlled
roperties. For instance, yield strength and hardness for Mg
lloys could be effectively estimated according to precipita-
ion simulation. Creep behaviors of Mg alloys at elevated tem-
erature [29] are also highly dependent on their diffusion data.
hus, Mg alloys with high performance are expected to be
esigned with reference to the review of these works. 

. Development of methods for determining diffusion 

oefficients of Mg alloys 

.1. Experimental methods 

It is well known that diffusion coefficient data are the foun-
ation for constructing mobility database of Mg alloys, while
here is still a lack of sufficient experimental diffusion data.
ure Mg is prone to oxide and evaporate at high tempera-

ures [30–32] , which brings some obstacles to diffusion ex-
eriments. In addition, the diffusion occurring between pure
g and other elements or between two different Mg-based al-

oys requires a considerable amount of time to complete the
hole diffusion process at lower temperatures. That is, the
iffusion experiments at low temperatures also show some
hortcomings, which can be easily understood based on the
undamental diffusion mechanism and theory [19 , 33] . There-
ore, various experimental methods have been performed in

g alloys to avoid tough and time-consuming processes as
entioned above. 
Most self-diffusion coefficients and impurity coefficients

f Mg alloys were measured from the 1950s to the 1990s
sing the reliable tracer method [34–38] , which usually uti-
ized deposited isotopes attached on the surface of pure Mg to
etect diffusion profiles. However in addition to this being a
aborious and costly method, it is difficult to find suitable ra-
ioactive isotopes for some common elements such as Li, Ca
nd Al, which further restricts the widespread use of tracer
xperiments. Although the impurity diffusion coefficient of
l in Mg [39] and Mg self-diffusion [40] were measured by
 similar method, secondary ion mass spectroscopy (SIMS),
putter-roughening induced the uncertainty of experimental
esults. Recently, Yang et al. [41] prepared the semi-infinite
iffusion and characterized the samples through Glow Dis-
harge Optical Emission Spectroscopy (GD-OES) technique,
hich reduced the error caused by SIMS to some extent. 
The common experimental method used nowadays is dif-

usion couple [21 , 42] for detecting diffusion coefficients. The
iffusion couples suitable for Mg alloys can roughly be di-
ided into solid-state diffusion couples and liquid-solid dif-
usion couples. Solid-solid diffusion couples for binary Mg-
ased alloys usually consist of pure elements [15 , 43–65] .
heir annealing temperatures must be lower than the eutec-

ic temperatures to avoid the formation of liquid phases. This
ethod can also be extrapolated to detect the diffusion co-

fficients of Mg-based multi-component systems in a single
ample [21–23 , 25 , 66–68] . However, some pure elements are
asy to oxidize and cannot be easily prepared as pure diffu-
ion samples, for example, certain rare earth elements and Ca.
herefore, Mg-rich binary alloys can replace these pure ele-
ents as the components of solid-solid diffusion couples. Fur-

hermore, liquid-solid diffusion couple (LSDC) method was
onducted to measure the diffusion coefficients of Mg alloys.
he dip method was carried out for Mg alloys by Zhang
t al. [69] and Dai et al. [70] based on the idea of solid-
iquid contact. Nevertheless, the liquid part has a tendency
o oxidize, and then the dense oxide film on the surface of
he liquid part hinders the diffusion between materials. Thus,
hao et al. [26 , 71–73] firstly proposed a novel and convenient

iquid-solid diffusion couple method to obtain the diffusion
oefficients in Mg alloys at the elevated temperatures above
he eutectic temperatures. Choosing a suitable experimental
ethod according to the specific Mg systems is one of the

ey point to get accurate diffusion datasets. 
After yielding reliable experimental composition profiles,

he diffusion coefficients are extracted using a modified equa-
ion based on Fick’s law. Boltzmann–Matano analysis [74] is
 common method for extracting concentration-dependent
nter-diffusion coefficients, while some errors are caused due
o the difficulty in evaluating the concentration gradients near
hase boundary areas [22 , 75] and determining the Matano
lane location. Several other methods, Sauer–Freise method
76] , Hall method [77] , and Wagner method [78] are devel-
ped to eliminate these errors. Sauer and Freise [76] defined
 new equation for avoiding calculating the position of the
atano plane. However, this method is still closely associ-

ted with the concentration gradients, which are inaccurate at
he end of composition profiles. Hall [77] conducted a fur-
her modification based on the Boltzmann–Matano strategy,
nalyzing the end of composition profiles with a linear fit.
his method alleviates the aforementioned two problems, and
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erves as the main way to extract the diffusion coefficients
rom experimental results. Additionally, the Hall method in-
eed does well when calculating the diffusion coefficients at
he first and last 10% composition range [79] , especially when
valuating the impurity coefficients. Therefore, the selection
f these modified methods should rely on the composition
ange. However, it is apparent that the Hall method is only
alid when the diffusion coefficients are constant or nearly
onstant at the low composition regions [79] , indicating that
ertain conditions are required to use this technique. The
agner method [78] uses a similar equation as the Sauer–

reise method, which can also extract inter-diffusion coeffi-
ients reliably on the basis of accurate concentration gradient
ata. 

Apart from these traditional methods, the optimized nu-
erical inverse method is implemented to exact diffusion

oefficients from experimental composition profiles. Zhang
nd Zhao [75] developed a MatLab code by using Forward-
imulation analysis (FSA) analysis, showing good self-
onsistency for calculating diffusion coefficients. FSA method
s a numerical inverse method, which evaluates the diffusion
oefficients directly from diffusion composition profiles. To
ccelerate the speed of the program, the diffusion coefficients
alculated by traditional methods are used as initial parame-
ers. FSA method would also obtain the diffusion coefficients
ith random starting values. The agreement between results

xtracted by FSA method and traditional methods demon-
trates the reliability of FSA. 

.2. First-principle methodology 

Diffusion coefficients in stable phases have been studied
xperimentally, which only concentrated on partial Mg binary
ystems and few Mg ternary systems. Additionally, there still
xists some difficulty in measuring diffusion coefficients over
he whole temperature range. The diffusion data in metastable
hases cannot be extracted using experimental methods and
nalysis strategies. Therefore, density functional theory (DFT)
ethod is adjusted based on accurate experimental data, and

hen applied to predict diffusion coefficients of unexamined
g systems. 
The DFT calculations are generally performed by Vienna

b initio simulation package (VASP), a plane-wave basis set
80] . It is easy to find that the self-diffusion and impurity
iffusion coefficients in Mg vary with different DFT settings.
ifferent choices for diffusion model, energetic, entropic and

ttempt frequency calculations could lead to different DFT
ata. Exchange correlation (XC) functional [81] of local den-
ity approximation (LDA), the generalized gradient approx-
mation (GGA) [82] , ultra-soft pseudopotential (USPP) and
rojector augmented wave (PAW) are commonly used in eval-
ating diffusivities of Mg alloys [83 , 84] , while PAW was con-
rmed to be a relatively reasonable way. The vacancy con-
entration, solute-vacancy exchange jump frequencies and the
orrelation factors can determine the values of not only self
nd impurity diffusivities, but also inter-diffusion coefficients
83] . Vacancy concentration can be obtained using the su-
ercell method [85] . Jump frequencies are calculated using a
uasi-harmonic Debye model [86 , 87] . The correlation factors
f solute diffusion in hexagonal closed pack (hcp) lattice can
e assessed using 8-frequency model and the 13-frequency
odel [88 , 89] . Supercell size convergence test, K-point con-

ergence test, thermodynamic properties of pure hcp Mg, and
acancy formation in pure hcp Mg should be adjusted con-
tantly to meet the calculated requirements. All the experi-
ental and calculation diffusivities data were fitted using Ar-

henius equation as following: 

 = D 0 exp 

(
− Q d 

RT 

)
(1)

Where R is the gas constant, T is the absolute temperature,
 0 and Q d are the pre-exponential factor and activation energy

or diffusion, respectively. 

. Diffusion coefficients of different elements in Mg 

ystems 

.1. Self-diffusion coefficients of pure Mg 

Shewmon and Rhines [34] firstly investigated the self-
iffusion coefficients in Mg using the tracer method and pro-
osed the hypothesis that an anisotropy of diffusion existed.
his hypothesis was soon proven to be true in their later

esearch [35] , which was performed on oriented single crys-
al Mg. Differences in Mg self-diffusion coefficients parallel
nd perpendicular to the c-axis were also studied [40 , 90] us-
ng radioactive tracer and SIMS method, demonstrating good
onsistency with previous data [35] at a temperature range of
40–908 K. All the experimental results are plotted as differ-
nt symbols in Fig. 1 . 

As polycrystalline Mg is more widely used compared with
ingle crystal Mg, the average diffusion coefficients are intro-
uced as the main parameters [91] . For hcp diffusivity, the
otal diffusivity can be expressed as follows: 

 ave = 

2 

3 

D basal + 

1 

3 

D prism 

(2)

here D basal and D prism 

are the anisotropic diffusion coeffi-
ients along the basal plane and c-axis, respectively. The cal-
ulation results obtained from the DFT method [22 , 84 , 85 , 92–
4] are presented as the average diffusion coefficients in
ig. 1 . The deviation between experimental data and calcula-

ions at high temperatures can be attributed to the dominance
f di-vacancies, which are not included in calculation pro-
ess [95 , 96] . That is, two adjacent vacancies will be formed
s a cluster, which is stable and accelerate the diffusion rate
t elevated temperatures. The measured results and part of
omputed results in Fig. 1 were also assessed by Zhong
nd Zhao [16] using the above holistic approach, indicating
hat D 

hcp Mg 
Mg = 2.9 ×10 

−5 e −125748/RT (m 

2 /s). It is worth not-
ng that self-diffusion coefficients in metastable fcc Mg phase
ere calculated by Zhong et al. [22] and Hooshmand et al.

84] , which provides comprehensive diffusivity for evaluating
he mobility database. The calculated Arrhenius equation of
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Fig. 1. Summary of experimental and calculation studies on self-diffusion 
coefficients of hcp Mg [22 , 34 , 35 , 40 , 84 , 85 , 90 , 92–94 , 96] . 
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he self-diffusion coefficients in fcc Mg phase is D 

f cc Mg 
Mg =

.5 ×10 

−5 e −126000/RT (m 

2 /s). 

.2. Impurity diffusion coefficients of alloying elements in 

g 

.2.1. Impurity diffusion coefficients of rare earth elements 
n Mg 

Mg–RE systems have received great attention as RE ele-
ents are well known to improve the properties of Mg alloys

t elevated temperatures. Different intermetallic compounds
xisting in Mg–RE alloys have been widely investigated us-
ng diffusion couples methods. However, few studies on the
mpurity diffusion coefficients of RE elements in Mg were
erformed. This paper provides a comparison between the
xperimental and first principles calculations data of the im-
urity diffusion coefficients of main addition RE elements (Y,
c, Nd, La, Ce and Gd) in hcp Mg, as shown in Fig. 2 . 

Yttrium has a stable hcp crystal structure, and its self-
iffusion coefficients along the c-axis and basal plane have
een reported by Gornyj et al. [97] . The stable phases in Mg–
 systems were developed in literature [15 , 48 , 57] , indicating

hat three types of intermetallic compounds Mg 24 Y 5 , Mg 2 Y
nd MgY are formed in this system. Nevertheless, the impu-
ity diffusivity of polycrystalline Y in Mg has just been re-
ealed recently using the diffusion couple methods [15 , 57 , 73] .
ig. 2(a) presents the comparison between experimental and
alculated impurity diffusivities [17 , 85 , 94] of Y in hcp Mg,
hich shows great consistency. Thus, the reliable impurity
iffusion coefficients of Y in Mg can be evaluated as the av-
rage of experimental values. Additionally, compared with the
elf-diffusivity of Mg ( Fig. 1 ), the impurity diffusivity of Y in
g is approximately one order of magnitude lower. The sim-
lar phenomenon is also shown in Fig. 2(c) , for neodymium.
any attempts have been made by Xu et al. [98] to determine

he impurity diffusivity of Nd in liquid Mg, whose results
ere denoted using a blue open circle. Then Paliwal et al.

53] obtained the impurity diffusivity of Nd in a relatively
arrow temperature range (40 K), which brought a large un-
ertainty when assessing the activation energy. Meanwhile,
hong and Zhao [16] utilized the novel LSDC method to de-

ermine diffusivity at 888 and 903 K, presenting the same
ssue with the study of Paliwal et al. [53] . Even though ex-
erimental data in Xu et al. [98] are in good agreement with
rst principle calculations of impurity diffusivity of Nd in
g, the diffusivity at low temperature cannot be extrapolated

ccurately using data measured at elevated temperatures. The
mpurity diffusivities of Nd, La, Ce and Gd in Mg reported
n Wu et al. [93] varied greatly from other data in Fig. 2 ,
s confirmed in their own work. Thus their work was also
ot considered when evaluating diffusivities of these four el-
ments. Therefore, reasonable impurity diffusivities of Nd in
g can be identified combining the experimental values with
FT data [83 , 85] . The impurity diffusivities of Sc, La, Ce

nd Gd in Mg have been investigated over a wide range of
emperatures [26 , 43 , 57 , 99] , which agree well with DFT val-
es in Jhou et al. [17 , 83 , 85 , 94] . Y and Sc have lower impurity
iffusivities than Mg self-diffusion coefficients. Furthermore,
t can be easily concluded that the impurity diffusivities of Y
nd Sc in Mg are much lower than that of other RE elements
 Fig. 2 ). That is, Y and Sc diffuse more slowly than other
lements in Mg. 

The impurity diffusivities of the aforementioned RE ele-
ents in Mg are all detected experimentally, and compared
ith DFT results comprehensively. However, the diffusion
ata of the rest RE elements are not determined using exper-
mental methods. Firstly, it is quite difficult to prepare their
iffusion couples or to search for suitable radioactive isotopes.
econdly, these elements are not widely used in Mg alloys.
n spite of such situations, the diffusivities were still calcu-
ated using DFT methods [83 , 85 , 93] . The DFT data shows
hat heavy RE elements diffuse more slowly than light RE
lements in hcp Mg, and light RE elements tend to diffuse
aster than self-diffusion of Mg. In addition, the impurity dif-
usivities of these elements in Mg can be set as the average
alues of DFT data, which serve as the fundamental of mo-
ility parameters. 

.2.2. Impurity diffusion coefficients of some common 

lements in Mg 

The impurity diffusion coefficients of six alloying elements
n Mg shown in Fig. 3 were investigated more widely than
ther elements, and the diffusion data of these Mg binary
ystems were applied to ternary systems in the Section 3.3 .
even sets of impurity diffusivities of Al in Mg were com-
ared with calculation results, indicating that experimental
ata from [24 , 45 , 72] are well consistent with calculated data.
owever, this data was much lower than those diffusivities de-

ermined experimentally by Brennan et al. [39] using SIMS
ethod, similar to the tracer method but not reliable. The
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Fig. 2. Impurity diffusion coefficients of main addition RE elements [15–17 , 26 , 43 , 53 , 57 , 73 , 83 , 85 , 93 , 94 , 98 , 99] (a) Y, (b) Sc, (c) Nd, (d) La, (e) Ce and (f) Gd 
in hcp Mg. 
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Fig. 3. Impurity diffusion coefficients of common elements [13 , 16 , 17 , 22–26 , 36–39 , 45 , 49 , 56 , 58 , 71–73 , 83 , 85 , 93 , 100] (a) Al, (b) Zn, (c) Sn, (d) Li, (e) Ca and 
(f) Mn in hcp Mg. 
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urface roughness occurred during the sputtering process was
entioned [39] as a significant factor which led to uncertain

esults. In addition, it can be easily found that diffusivities
easured by Das et al. [56 , 58] in Fig. 3(a) were even larger.
herefore, they would not be included when assessing the

mpurity diffusion coefficients of Al in hcp Mg. Ganeshan
t al. [100] made the first attempt to calculate the diffusion
oefficients using DFT methods. The most important param-
ters correlation factors are relatively large for elements Al,
n and Sn, which cause the calculated results to be one order
f magnitude lower. So reliable impurity diffusivities of Al
n Mg can be acquired by re-assessing diffusion data in lit-
rature except [39 , 56 , 58 , 100] . The way to obtain reasonable
mpurity diffusivities of Zn in Mg is similar to Al. The data
rom [25 , 38 , 45 , 73 , 94] can be used to evaluate the impurity
iffusion data, excluding other controversial results. 

The impurity diffusivities of Sn in Mg were also mea-
ured using both tracer method [36] and diffusion couple [73] .
ig. 3(c) indicates that these two sets are very close, which
an directly be used to assess diffusion data without con-
idering calculation results. It is noteworthy that Zhang et al.
13] performed assessment by DICTRA software package and
btained the diffusion data extremely close to experimental re-
ults. For Li ( Fig. 3(d) ), Zhong and Zhao [71] and Christian-
on et al. [23] determined its impurity diffusion coefficients
y liquid-solid diffusion couple and solid-solid diffusion cou-
le, respectively. The results from [83] matched well with
iffusion data from Zhong and Zhao [71] and Christianson
t al. [23] . Hence, their work [83] can be taken into account,
ut experimental data should be significantly emphasized. As
ure Ca cannot be used for preparing diffusion couples, there
s only one set of impurity diffusion data of Ca in Mg re-
orted by Zhong and Zhao [72] . Moreover, there are also little
xperimental diffusion data for element Mn [26 , 37] . Despite
he fact that there is no sufficient diffusion data, the reason-
ble impurity diffusivities of Ca and Mn in Mg still need to
e improved depending more on experiments. Similarly, as-
essing impurity diffusion data for elements Be, Fe, Ni, Cu,
a, Ag, Cd, In, Sb, U and Pu [36 , 50 , 99 , 101–104] in Fig. 4

hould focus more on experiments. For the other elements
ithout experimental data (marked in light blue), the diffu-

ion coefficients can be gained by analyzing DFT data. In a
rief summary, diffusion of 67 elements has been investigated
y researchers using tracer method, SIMS method, diffusion
ouple or/and first principle calculations. The effective way
o obtain the reasonable diffusivities of these elements in Mg
an be concluded as: considering the reliability of experimen-
al and calculated methods when screening the available data,
nd then concentrating more on experimental data. All the
lements with experimental diffusion data are summarized in
his work, which is presented in Fig. 5 . 

.2.3. Influence of temperature and additional alloying 

lements on impurity diffusion data in Mg 

The impurity diffusion coefficients of the aforementioned
are earth elements ( Fig. 2 ) and some common elements
 Fig. 3 ) in hcp Mg at elevated temperatures have a higher
alue than that at low temperatures. The temperature depen-
ence of the impurity diffusion coefficients for these elements
n hcp Mg can all be described using Arrhenius relation. How-
ver, impurity diffusivities measured over a narrow tempera-
ure interval cannot determine the pre-exponential factor and
ctivation energy precisely. For that reason, assessment of im-
urity diffusion coefficients should rely on more experimental
ata over a relatively wide temperature range. Interestingly, it
s easy to be found in Figs. 2–5 that impurity diffusion data in
cp Mg has not been obtained experimentally at lower tem-
eratures (especially below 523 K) owing to sluggish diffu-
ion. This phenomenon also confirmed that impurity diffusion
oefficients of alloying elements highly depend on tempera-
ure. 

The impurity diffusion coefficients of Al, Zn, Sn and Ga in
cp Mg are described in details in the Section 3.2.2 , which are
ndependent on their own contents. To explore the influence
f the content of additional alloying elements on impurity
iffusivities, the impurity diffusion data in Mg–Al–Zn, Mg–
l–Sn and Mg–Al–Ga ternary alloys were compared with that

n hcp Mg in this paper. Mg–Al–Zn is the most representative
g ternary system, which was first studied by Čermák et al.

38] . The impurity diffusivities of Zn in Mg–Al primary solid
olution were examined by tracer method over the range of
48–848 K. The impurity diffusivities of Zn in Mg–0 at.% Al
38] are close to that measured by Zhong and Zhao [73] and
ammerer et al. [45] , as indicated in Fig. 3(b) . Table 1 shows

he impurity diffusion coefficients of Zn in Mg–Al alloys with
ifferent Al concentrations at different temperatures, suggest-
ng that the value of impurity diffusivities of Zn increases
lightly with the increase of Al concentration. Wang et al.
24] re-calculated the experimental data in [105] using the
all method (listed in parentheses of the Table 1 ), and the

mpurity diffusivities of Al or Zn in hcp Mg were in accor-
ance with experimental data in Fig. 3(a) and (b). As listed
n Table 1 , the re-calculated impurity diffusion coefficients
f Al in Mg–Zn [24] deviate from that of Kammerer et al.
105] significantly, especially when the composition of Zn is
ow. The re-calculated impurity diffusion coefficients of Zn in

g–Al [24] , however, agree well with that in [105] . Although
he impurity diffusion coefficients in Mg–Al–Zn ternary sys-
em are inadequate, it is evident that increasing Al and Mg
romote their impurity diffusion coefficients in Mg–Zn and
g–Al. 
There was only one set of impurity diffusion coeffi-

ients in hcp Mg–Al–Sn and Mg–Al–Ga system. For Mg–
l–Sn system, the impurity diffusivities of Sn in hcp
g–Al D 

Mg 
Sn( Mg−Al ) and Al in Mg–Sn system D 

Mg 
Al( Mg−Sn ) 

ere analyzed by Zhou et al. [68] at 673 and 723 K.
ig. 6(a) shows the variation of these two values, illustrat-

ng that D 

Mg 
Sn( Mg−Al ) and D 

Mg 
Al( Mg−Sn ) have a strong connection

ith temperature. Nonetheless, it seems that they have lit-
le compositional dependence due to the effect of Al–Al and
n–Sn pair by roughly considering impurity diffusion data

n Fig. 6(a) . Zhou et al. [20] also investigated the evolution
f D 

Mg 
Al( Mg−Ga ) and D 

Mg 
Ga( Mg−Al ) values with the increase of Ga

ontent and Al content at 673 and 723 K, respectively. The



3296 H. Shi, Y. Huang, Q. Luo et al. / Journal of Magnesium and Alloys 10 (2022) 3289–3305 

Fig. 4. Diffusion of 67 alloying elements was investigated in literature for impurity diffusivities donated in the periodic table. 

Fig. 5. Summary of the evaluated values of impurity diffusion coefficients 
for alloying elements investigated experimentally in Mg. 
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mpurity diffusion coefficients of Al and Ga in Mg at these
wo temperatures were also depicted in Fig. 6(b) , demonstrat-
ng that D 

Mg 
Al( Mg−Ga ) and D 

Mg 
Ga( Mg−Al ) increase with increasing

a and Al concentration. 

.3. Inter-diffusion coefficients in binary and ternary Mg 

lloys 

Diffusion couples are the main methods for determining
nter-diffusion coefficients in Mg binary and ternary systems,
hich are indispensable for better understanding the diffusion
ontrolled processes in terms of alloys preparation, heat treat-
ent and service periods. However, the inter-diffusivity data

n Mg alloys are scarce, compared with their impurity diffu-
ion coefficients. For binary systems, only inter-diffusivities of
lements Al, Zn, Sn, Li, Mn, Ce, Y, Gd, Nd, Sc, Dy, Cu and
r were investigated. Inter-diffusion coefficients ˜ D Mg−−Al and
˜ 
 Mg−−Zn were studied by several researchers, whose experi-
ental data are shown in Fig. 7 . Note that the inter-diffusion

oefficients basically shows an upward trend with the increase
f Al and Zn content at all temperatures, which can explain
hat the melting points of hcp Mg solid solution decrease
ith the addition of Al and Zn. Mg alloys with higher inter-
iffusion coefficients will possess the lower activation energy,
nd thus weak bonding strength among atoms. The melting
oints of alloys then decrease since they are in proportion
ith bonding strength. Obviously, the inter-diffusion coef-
cients in hcp Mg with Zn are approximately an order of
agnitude higher than those in hcp Mg with Al at the same

emperature. ˜ D Mg−−Al increases much more quickly with Al
ddition, compared to the increase rate of ˜ D Mg−−Zn with Zn
ddition. The inter-diffusion coefficients for the other alloy-
ng elements are not summarized in this paper, since there
xists only one set of data for each system. In more details,
hen assessing the binary interaction parameters �Mg,X 

X , ex-
erimental inter-diffusion coefficients should be determined
t more than three temperatures and over a relatively wide
omposition range [16] . 

In Mg ternary alloys, the main (direct) inter-diffusion co-
fficients ( ̃  D 

k 
ii and 

˜ D 

k 
j j ) and cross (indirect) inter-diffusion co-

fficients ( ̃  D 

k 
i j and 

˜ D 

k 
ji ) are extracted from the compositional

rofiles, which denote the effect of concentration gradient of
ne alloying element on the diffusion rate of the same ele-
ent and other elements in the presence of a third element,
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Table 1 
Impurity diffusion coefficients of Al in Mg–x at.% Zn solid solution D 

Mg 
Al( Mg −−Zn ) at 673 and 723 K, and Zn 

in Mg–x at.% Al solid solution D 

Mg 
Zn( Mg −−Al ) over the range of 648–848 K [24 , 38 , 105] . 

T (K) D 

Mg 
Al( Mg −−Zn ) Value (m 

2 /s) T (K) D 

Mg 
Zn( Mg −−Al ) Value (m 

2 /s) 

648 648 D 

Mg 
Zn( Mg −−1 . 60 Al ) 1.00 ×10 −14 

1.16 ×10 −14 

D 

Mg 
Zn( Mg −−3 . 53 Al ) 1.19 ×10 −14 

1.41 ×10 −14 

D 

Mg 
Zn( Mg −−8 . 18 Al ) 1.43 ×10 −14 

1.49 ×10 −14 

673 D 

Mg 
Al( Mg −−0. 02 Zn ) 1.71 ×10 −15 673 D 

Mg 
Zn( Mg −−2. 70 Al ) 9.11 ×10 −15 

(6.75 ×10 −15 ) 
D 

Mg 
Al( Mg −−1 . 00 Zn ) 2.92 ×10 −15 (5.28 ×10 −16 ) D 

Mg 
Zn( Mg −−8 . 18 Al ) 4.81 ×10 −14 

4.71 ×10 −14 

D 

Mg 
Al( Mg −−2. 10 Zn ) 2.06 ×10 −15 D 

Mg 
Zn( Mg −−9 . 10 Al ) 3.35 ×10 −14 

698 698 D 

Mg 
Zn( Mg −−1 . 60 Al ) 5.70 ×10 −14 

5.38 ×10 −14 

D 

Mg 
Zn( Mg −−3 . 53 Al ) 6.37 ×10 −14 

6.82 ×10 −14 

D 

Mg 
Zn( Mg −−8 . 18 Al ) 9.27 ×10 −14 

1.02 ×10 −13 

723 D 

Mg 
Al( Mg −−1 . 00 Zn ) 2.69 ×10 −14 (1.61 ×10 −14 ) 723 D 

Mg 
Zn( Mg −−2. 80 Al ) 5.80 ×10 −14 

(4.08 ×10 −14 ) 
D 

Mg 
Al( Mg −−2. 00 Zn ) 5.56 ×10 −14 D 

Mg 
Zn( Mg −−8 . 10 Al ) 1.49 ×10 −13 

D 

Mg 
Zn( Mg −−8 . 18 Al ) 2.17 ×10 −13 

2.36 ×10 −13 

748 748 D 

Mg 
Zn( Mg −−1 . 60 Al ) 2.35 ×10 −13 

2.61 ×10 −13 

D 

Mg 
Zn( Mg −−3 . 53 Al ) 2.61 ×10 −13 

2.82 ×10 −13 

D 

Mg 
Zn( Mg −−8 . 18 Al ) 1.08 ×10 −12 

1.44 ×10 −12 

798 798 D 

Mg 
Zn( Mg −−1 . 60 Al ) 6.91 ×10 −13 

6.84 ×10 −13 

˜ D 

Mg 
Zn( Mg −−3 . 53 Al ) 6.75 ×10 −13 

6.81 ×10 −13 

848 848 D 

Mg 
Zn( Mg −−1 . 60 Al ) 2.36 ×10 −12 

2.30 ×10 −12 

D 

Mg 
Zn( Mg −−3 . 53 Al ) 2.64 ×10 −11 

2.55 ×10 −11 

Fig. 6. Impurity diffusion coefficients of (a) Al in hcp Mg–Sn and Sn in hcp Mg–Al system [68] and (b) Al in hcp Mg–Ga and Ga in hcp Mg–Al [20] . 
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Fig. 7. Inter-diffusion diffusion coefficients of (a) Mg–Al at the low Al concentration range [45 , 46 , 60 , 72] and (b) Mg–Zn at the low Zn concentration range 
[24 , 45 , 73] . 
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espectively [21 , 106] . These two types of inter-diffusion co-
fficients in Mg–Al–Zn, Mg–Al–Sn, Mg–Al–Ga and Mg–Al–
i were reported in [20 , 21 , 23 , 68 , 107] . Their corresponding
tomic mobility parameters were assessed on the basis of
iffusion data in sub-binary systems, ternary inter-diffusion
oefficients together with thermodynamic descriptions. 

Apart from aforementioned diffusion coefficients in Mg
lloys, information on grain boundary diffusion is also im-
ortant. However, only the activation energy for grain bound-
ry diffusion (92 kJ/mol) in pure Mg was proposed by Frost
108] . Besides, GB diffusion coefficients of Al [55] , Zn [38] ,
a [109] and Ge [110] in Mg has been measured so far.
onetheless, there is merely a single set of GB diffusion co-

fficients for each element. The specific GB diffusion coef-
cients are not concluded in this work, owing to inadequate

nformation from literatures. 

. Practical applications of diffusion coefficients in Mg 

lloys 

.1. Assessment of atomic mobility for Mg based alloys 

In general, diffusion coefficients depend significantly on
ompositions and temperatures, which makes these data com-
lex and massive, especially in multi-component Mg systems.
tomic mobility, establishing based on diffusion coefficients,

re modelled for providing the diffusion information of Mg al-
oys. According to the theory of Andersson and Ågren [111] ,
he atomic mobility M B for element B could be divided into
wo main parts, the frequency factor M 

0 
B and activation energy

 B , which would be expressed as following: 

 B = M 

0 
B exp 

(−Q B 

RT 

)
1 

RT 
= exp 

(
RT lnM 

0 
B 

RT 

)

exp 

(−Q B 

RT 

)
1 

RT 
(3) 

here R is the gas constant. Both RT lnM 

0 
B and Q B are depen-

ent on composition, temperature and pressure, and they can
e grouped into one parameter φB = −Q B + RT lnM 

0 
B . This

ingle parameter can be expanded on the basis of the CAL-
HAD in the Redlich-Kister polynomials as: 

B = 

∑ 

p 

x p φ
p 
B + 

∑ 

p 

∑ 

q>p 

x p x q 

[ ∑ 

r=0, 1 , 2,... 

r φ
pq 
B 

(
x p − x q 

)r 

] 

+ 

∑ 

p 

∑ 

q>p 

∑ 

v>q 

x p x q x v 

[ ∑ 

s= p,q,v 

s φ
pqv 
B 

(
x s + 

1 − x p − x q − x v 
3 

)] 

(4) 

here φP 
B is the value of φB , x p and x q denote the mole frac-

ion of element p and q, binary and ternary interaction pa-
ameters are given by φ

pq 
B and φ

pqv 
B , respectively. 

To the best of our knowledge, current reliable atomic mo-
ility of Mg systems follows the traditional procedure, which
tarts from the comprehensive review of various diffusion
oefficients. Meanwhile, the assessment of atomic mobility
atabase for Mg alloys is merely concentrated on binary and
everal ternary systems resulting from limited ternary or high-
rder diffusion data in hcp Mg. Zhong and Zhao [16] has
oncluded and assessed 22 binary Mg–X systems. Take Mg–
n binary system as an example [13 , 16 , 24] , φMg 

Mg , φ
Mg 
Zn , φ

Zn 
Zn 

ere firstly fixed according to self-diffusivity of hcp Mg, im-
urity diffusivity of Zn in hcp Mg, self-diffusion coefficients
f Zn, as exhibited in Section 3 . For lack of sufficient data,
he impurity diffusivity of Mg in Zn (for obtaining φZn 

Mg ) was
ssumed to equal to self-diffusivity of Zn when the content
f Zn approached to 1. Then φ

Zn,Mg 
Zn was retrieved from inter-
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Fig. 8. Relationship between atomic mobility database and different types of 
diffusion coefficients. 
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iffusion coefficients in the hcp phase. Zhang et al. [13] also
e-assessed the atomic mobility of Mg–Al and Mg–Sn al-
oys over a wide composition range, which helped evaluate
he atomic mobility for Mg–Al–Sn system [21] . φSn,Mg 

Al and
Al,Mg 
Sn in Zhang et al. [21] are adjustable parameters accord-

ng to the impurity diffusion coefficients of Al in hcp Mg–Sn
nd Sn in hcp Mg–Al obtained from two different ternary dif-
usion studies. Even though many attempts have been made
y fellows, the diffusional mobility of only four hcp ternary
ystems, Mg–Al–Sn [16 , 21 , 112] , Mg–Al–Zn [16 , 21 , 24] , Mg–
l–Ga [20] and Mg–Al–Li [23] were assessed. Narrow exper-

mental ternary diffusion data and uncertainties in evaluating
he interaction parameters add the difficulties in establishing
he atomic mobility of high-order Mg systems. A novel com-
utational framework for assessing diffusional mobility di-
ectly from its composition profiles was proposed by Zhong
t al. [113] . It definitely provided an assistant idea for ob-
aining mobility database, however, it has not been applied in

g systems. 
Once the atomic mobility and thermodynamic database are

stablished, different types of diffusion coefficients over a
ide range of temperature and composition can thus be de-

ived [20] . As demonstrated in Fig. 8 , various diffusion co-
fficients, i.e., tracer diffusion coefficients, inter-diffusion co-
fficients, etc., can be deduced from the related equations. It
s worth pointing out that n is set as component dependent,
ip is the Kronecker delta (if i = p, δip = 1, otherwise δip = 0),
i and x i is the chemical potential and the fraction of ele-
ent i , respectively. The thermodynamic factor ∂μi 

∂x i 
can be

asily obtained from thermodynamic database. In addition,
obility database can be utilized for precisely predicting the

iffusion-controlled process, which will be discussed in Sec-
ions 4.2 and 4.3 . 
.2. Simulation of precipitation evolution for Mg based 

lloys 

Precipitation simulation of Mg alloys can reasonably opti-
ize their mechanical properties by virtue of predicting char-

cteristic of precipitates, including size, number density, vol-
me fraction and particle size distribution. Many simulation
ools, for example, MatCalc [114] , PanPrecipitation [112 , 115–
17] , PrecipiCalc [118 , 119] , and TC-PRISMA [13 , 120] have
een developed to simulating the precipitation evolution, com-
ined with reliable thermodynamic database and assessed
tomic mobility. Among these tools, PanPrecipitation and TC-
RISMA were adopted in Mg systems. Kampmann-Wagner
umerical (KWN) model [121] was chosen as the precipi-
ation model, which is developed based on Langer-Schwartz
heory [122] . 

Precipitation processes are composed of three stages, phase
ucleation, growth and coarsening [123] . According to the
lassic nucleation theory (CNT), the nucleation rate J(t) is
alculated by: 

 = N V Zβ∗ exp 

(
−�G 

∗

kT 

)
exp 

(−τ

t 

)
(5)

here Z is the Zeldovich factor, β∗ is the atomic attachment
ate, N v is the density of nucleation site, k is the Boltzmann
onstant, T is the temperature, t is the time, τ is the incuba-
ion time, �G 

∗ is the activation free energy required for the
ormation of a stable nucleus. The nucleation rate has a strong
elationship with system thermodynamics, since the key com-
onent, driving force energy for generating precipitate from
he matrix could be calculated from a reliable thermodynamic
atabase. 

The growth rate for spherical particles under the diffusion-
ontrolled assumptions, where Gibbs-Thompson effect is also
onsidered, is simply given as: 

 = 

dr 

dt 
= 

2σV 

β
m 

K 

R 

(
1 

R 

∗ − 1 

R 

)
(6)

here R and R 

∗ are the radii of the practical and critical
uclei, respectively. σ is the interfacial energy between α-
g and β-precipitate, and V 

β
m 

is the molar volume of the
recipitate phase β. K is kinetic parameter, which can be
escribed with solute composition and mobility as: 

 = 

⎡ 

⎢ ⎣ 

∑ 

i 

(
x β/α

i − x α/β
i 

)2 
ξi 

x α/β
i M i 

⎤ 

⎥ ⎦ 

−1 

(7)

here x β/α
i and x α/β

i are the solute composition of precipitate
nd matrix at the interface of precipitate and matrix, respec-
ively. M i is the atomic mobility of the solute element i in the
-Mg phase. ξ i is a factor for adjusting the effective diffusion
istance as the supersaturation varies [124] . For non-spherical
articles [120] , additional pre-factors will be added to opti-
ize Eq. (6) . 
In line with the aforementioned theory, kinetic parame-

ers are also required for performing precipitation simulation
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Fig. 9. Volume fraction of precipitate γ -Mg 17 Al 12 (a) in Mg–8.8 wt.% Al and Mg–5.9 wt.% Al alloys at 473 K and (b) in Mg–9 wt.% Al and Mg–6 wt.% 

Al alloys at 443 K from experiments and simulation [13] . 
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alloy in virtue of its thermodynamic description, atomic mo- 
xcept from thermodynamic database and diffusional mobil-
ty. The parameters, nucleation site, molar volume of α-Mg
nd precipitate, and interfacial energy, would be used in the
imulation. Zhang et al. [116] predicted the microstructural
volution of γ -Mg 17 Al 12 phase in AZ91 alloy, which is ac-
ordance with the experimental results in Celotto [125] . Sun
t al. [112] also predicted the number density and radius of
g 2 Sn phase in Mg–1.3 at.% Sn and Mg–1.9 at.% Sn at

73 K, showing good agreement with measured values in
endis [126] . Additionally, Xia et al. [117] utilized the built-

n atomic mobility database in PanPrecipitation module ac-
urately obtained β-precipitate in Mg–Sm–Zn–Zr alloy with
esponsible modified kinetic parameters, an idea that was also
sed in their subsequent work [14] with assessed atomic mo-
ility parameters of Mg–Zn–Nd alloy. 

Zhang et al. [13] assessed the atomic mobility of Mg–
l, Mg–Zn and Mg–Sn systems and then performed sim-
lation of precipitation behavior based on assessed mobil-
ty data and reliable thermodynamic data using TC-PRISMA
ool. The volume fraction of precipitate γ -Mg 17 Al 12 in Mg–
.8 wt.% Al and Mg–5.9 wt.% Al alloys at 473 K ( Fig. 9(a) )
nd in Mg–9 wt.% Al and Mg–6 wt.% Al alloys at 443
 ( Fig. 9(b) ) were simulated in their work, which were
early in agreement with experimental data from Celotto and
astow [127] and Lee et al. [128] , respectively. It is no-

iceable that the simulated results from Paliwal and Jung
27] were far from experimental data, and it may result
rom poor reproduction of the nucleation stage. Thereby,
easonable precipitation simulation work based on assessed
tomic mobility provides reliable specific information of
recipitate. 
.3. Prediction for mechanical properties of Mg based alloys

For further practical application, atomic mobility database
ould also be useful for predicting the mechanical proper-

ies of Mg alloys. The precipitation evolution of Mg alloys
btained from atomic database can be predicted using the
ethod described in Section 4.2 , which would help calculate

he strength increment during the precipitation process and
hus optimize their heat treatment process. 

The overall yield strength can determined according to the
ule of additions and expressed as [115] : 

y = σ0 + σgb + σss + σp (8)

here σ 0 is the intrinsic strength of α-Mg. σ gb is the strength
esulting from grain boundary hardening, and would not
hange during ageing process. Sun et al. [129] and Liu et al.
130] confirmed that the grain size stayed stable at differ-
nt ageing stages, indicating that the contribution of grain
oundary strengthening would not alter. σ ss originates from
he solid solution strengthening, which depends on the mean
olute concentration of each alloying element [115 , 131] . The
orming of precipitates would consume the solute atom in the
atrix, and hence the influence of the solid solution strength-

ning decreases with the ageing time prolonging. σ p is the
recipitation strengthening term, where shearing and bypass-
ng are the main mechanisms for impeding dislocations. The
ontribution of precipitation strengthening can be estimated
sing the obtained precipitation information. Zhang et al.
116] reasonably estimated the overall yield strength of AZ91
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Fig. 10. Predicted strengthening contributions and yield strength of (a) AZ91 alloy compared to experimental data in [125] and (b) Mg–3Nd–0.2Zn alloy 
compared to data in [133 , 134] at 473 K. 
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s  
ility and kinetic parameters. Experimental yield strength in
ig. 10(a) is calculated in this work from experimental Vick-
rs hardness in [125] , since Vickers hardness (HV) could be
heoretically deduced from yield strength (MPa) [132] as: 

 V = c 
(
σy + �

)
(9)

here c is the elastic constraint factor, � represents the in-
rease in flow stress arising from the strain hardening. The
arameters c and � are constant for same material, which
an be determined by fitting several experimental data. The
imilar positive outcome has been shown in Fig. 10(b) [14] ,
ndicating that diffusion coefficients serve as one of the most
ignificant inputs for elucidating composition-microstructure-
echanical property relationships of Mg alloys. 
Creep resistance is another representative mechanical prop-

rty, which can be considered as an important criterion for
etermining the serviceability of Mg alloys in practical ap-
lications [135] . Diffusion is one of the most essential pro-
esses controlling the creep behavior of Mg alloys [136] .
ven though the activation energies of diffusion have different
hysical meaning from that of creep behavior, the creep re-
istance of Mg alloys can be related with their diffusion data
hrough activation energies value. Fig. 11(a) [137] presents
he deformation mechanism of metal materials, revealing dif-
usion properties show strong link with creep behavior of Mg
lloys at elevated temperatures over 0.5 T m 

and very low
tresses. The corresponding diffusional creep mechanism can
e divided into several types, Nabarro-Herring (N-H) creep
138] , Coble creep [139] and pipe diffusion [140] , occur-
ing through crystal lattice, only along grain boundary and
referentially along dislocation cores, respectively. Nonethe-
ess, both compressive and tensile creep behavior of Mg al-
oys were operated at moderate temperatures [141] by most
esearchers, which cannot meet the requirements for diffu-
ional creep. According to these theories and reproduced rate-
ontrolled creep mechanism for Mg alloys in Fig. 11(b) [142] ,
t seems that the diffusional creep mechanism is the secondary
mportance compared with other creep mechanisms [140] . 
For pure Mg, the activation energy value Q for creep is
ery similar to that for self-diffusion at very high tempera-
ures [140] , showing that creep strain results directly from
he movement of Mg atoms [136] . Thus, self-diffusion coef-
cients of pure Mg shown in Section 3.1 can be applied in

heoretical analyses. Zhang et al. [143] observed the creep be-
avior of as-extruded GW83 alloy under the stress of 40–70
Pa at 443–473 K (about 0.5 T m 

) and reported that the pri-
ary tensile creep mechanism was Mg self-diffusion. Creep

ctivation energy of dual-phases MA21 alloy was determined
xperimentally by Zhang et al. [144] as 123 kJ/mol at 373–
23 K (about 0.45–0.5 T m 

) under 30 MPa. The creep Q value
f MA21 alloy would increase smoothly with the increase
f temperatures, which was very close to the activation ener-
ies for Mg self-diffusion and/or Al self-diffusion. Hence, the
reep rate of MA21 alloy at relatively elevated temperatures
ould depend on the dislocation blocking behavior caused by
iffusion of Mg and/or Al atoms. In addition, Ouyang et al.
145] extracted the creep Q value of T4 and T6 state Mg–15
t.% Gd alloy below and above 533 K (about 0.5 T m 

) under
0 MPa and the value of Q is 141 kJ/mol at high tempera-
ures. It is consequently suggested that the creep mechanism
f Mg–15 wt.% Gd alloy would be dependent on the diffu-
ion of Gd in Mg. The conclusion in [145] may be inferred
rom the theory in [72] that fast diffusion rate of solute atoms
n hcp Mg will lead to poor creep resistance of Mg-based al-
oys. However, sufficient explanations has not been given in
uyang et al. [145] . Furthermore, high impurity diffusion co-

fficients of Ca in Mg ( Fig. 3(e) ) cannot explain the fact that
reep resistance of Mg–Ca alloys improved with the increase
f Ca [142] . Wang et al. [146] confirmed futher that impurity
iffusion of solute in Mg cannot determine the creep behav-
or of Mg alloys. Therefore, diffusion of Mg and/or alloying
toms has been taken as the mechanisms of their creep be-
avior through hindering dislocation moving. 

Apart from relatively high temperatures, diffusional creep
an also occur at low temperatures (about 0.4 T m 

) and high
tresses. The activation energy of pipe diffusion is consid-
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Fig. 11. (a) Deformation mechanism map [137] and (b) the distribution of the rate-controlling creep mechanisms for Mg alloys in a stress range of 20–120 
MPa and temperature range of 373–623 K [142] . 
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i  
red to be slightly higher than that of grain boundary dif-
usion of Mg. There is only one set of activation energy
or grain boundary diffusion in pure Mg (92 kJ/mol) [108] ,
iffering from diffusion data summarized in Section 3 but
roviding a reference to analyzing the creep mechanisms of
g alloys. The creep activation energy for AZ91 alloys and

n-containing AZ91 alloys were detected by Mahmudi and
oeendarbari [147] as 110 kJ/mol at 600 and 650 MPa in

he 423–523 K range, which could be connected with pipe
iffusion. The dominate creep mechanism of as-cast MRI153
agnesium alloys was also inferred as pipe diffusion, con-

idering that the average Q value were in the range of 99.5–
15.2 kJ/mol at the temperatures between 425 and 490 K with
pplied stress from 360 to 600 MPa [148] . The same pipe dif-
usion controlled creep rate mechanism was also confirmed in
n-containing MRI153 Mg alloys by Nami et al. [149] . The
reep mechanisms of AZ61 alloys [150] , Ca and Sb added
Z91 alloys [151] and AZ81 alloys [152] at high stresses

nd low temperatures were all suggested to be pipe diffusion
n that the average creep activation energies were marginally
igher than activation energy for pipe diffusion. That is to say,
he creep mechanism could be revealed through comparing
he creep activation energies and diffusion activation energies
xtracted from diffusion data. Another activation energy for
attice diffusion of Mg (135 kJ/mol) [108 , 153] is used for
etermining the creep mechanism at relatively low stresses
nd temperatures. For instance, average creep activation ener-
ies of Sn added AZ91 alloys were obtained in Mahmudi and
oeendarbari [147] as 125–150 kJ/mol under 150 MPa, im-

lying that the creep rate were controlled by lattice diffusion
t relatively stresses. Some Mg alloys achieved the transi-
ion from lattice diffusion to pipe diffusion controlled creep
echanism by increasing applies stresses [152 , 154] . All these

tudies indicate that determining the relationship between dif-
usion data and creep resistance of Mg alloys help design Mg
ased alloys with high creep performance. The diffusion data
hich are deemed to be useful in analyzing creep mechanisms
f Mg alloys are listed in the Section 3 . 

. Conclusions and remarks 

.1. Summary 

In summary, experimental measuring and feasible calcu-
ated methods are well-developed for determining diffusion
oefficients precisely. Diffusion data of rare earth elements
nd some common elements in Mg systems are reviewed in
his article for establishing atomic mobility database within
he CALPHAD spirt. Different types of diffusion coeffi-
ients over a wide temperature and composition range can
e deduced from reliable atomic mobilities of Mg alloys.
anprecipitation and TC-PRISMA are two main simula-

ion tools for predicting precipitation behavior of Mg alloys
hrough combining thermodynamic database, diffusional mo-
ility database with kinetic parameters. The number density,
ize, volume fraction and particle size distribution of pre-
ipitates in Mg alloys can be well predicted using the pre-
ipitation simulation. Furthermore, overall yield strength and
orresponding hardness for ageing Mg alloys will be calcu-
ated accurately since the precipitation strengthening domi-
ates during the ageing process. The correlation of diffusion
ata and creep mechanisms of Mg alloys are also reviewed in
etail, which provides insight into their creep behavior. Thus,
he diffusion coefficients could serve as one key input for con-
ecting composition-microstructure-mechanical properties. 

.2. Outlook and remarks 

The review article herein provides an overview on exst-
ng diffusion coefficients for Mg alloys and their correspond-
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ng applications. A seemingly complete connection has been
stablished, while there is still a gap in this field. In the fu-
ure, the key issue to expand further atomic mobility database
or ternary or high order Mg alloys will be to improve the
fficiency for determining diffusion coefficients. Preparation
ethod, friction welding technology along with heat treat-
ent process, could be an attempt to obtain better diffusion

or Mg systems. Based on Fick’s second law, the diffusional
obility could be assessed directly from high-throughput ap-

roach, where different types of diffusion coefficients would
e calculated. Taking advantage of available diffusion data,
igh-throughput approach would be optimized continuously
o reduce the uncertainty. In the end, the better agreement
an be achieved between calculated composition profiles and
xperimental composition profiles. 

Poor strength and creep resistance are still the backwards
or Mg alloys. Precipitation simulation founded on diffusiv-
ties data is definitely significant for optimizing heat treat-
ent process and thereby expecting optimum properties of
g alloys. However, lack of atomic-scale investigations on
echanical properties of Mg alloys made it difficult to es-

ablish the connection mechanical performance with the dif-
usion of atoms, even with diffusion data. Thus, various in-
itu observation technologies should be exploited to analyze
he microstructural evolution, which would reveal the intrin-
ic mechanisms. Especially for creep behavior of Mg alloys at
igh temperatures and low stresses, researchers always point
ut the relationship between diffusion behavior and creep
echanisms theoretically, rather than experimental confirma-

ion. It would also be the reason for misunderstanding the link
etween diffusivities and creep mechanisms. Further atomic-
cale experimental exploration is essential, which will provide
ore specific and convincing evidence for understanding the
echanisms and predicting the mechanical performance. 
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