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Abstract

A variety of experimental tracer diffusivities of Mg and O in magnesium oxide available in the literature were first assessed. Atomic
mobilities including bulk and short-circuit diffusion of Mg and O were then obtained by means of the CALPHAD (Calculation of Phase
Diagram) approach. Afterwards, the diffusion-controlled kinetic model of oxidation in a gas-MgO-Mg environment was developed based on
the moving boundary model and Fick’s law, coupling with the modified thermodynamic description of MgO. A mathematical expression
for parabolic rate constant k, of the oxide scale was derived for magnesia and correlated with the thermodynamic and diffusion kinetic
information. The evaluated k; results were in line with the experimental data. Finally, the oxidation process of pure magnesium at 673 K
was model-predicted, and the predicted evolution of the oxide thicknesses agreed very well with the experimental data. It was indicated that
the grain boundaries diffusion of magnesium cations predominated the high temperature oxidation process.
© 2020 Published by Elsevier B.V. on behalf of Chongging University.
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1. Introduction

Magnesium alloys possess excellent properties including
low density, high specific strength and rigidity, good damping
and cutting performance, great degradation behavior and bio-
compatibility, and thus serve as the key materials for realizing
the lightweight of automobiles and biomedical applications
[1-4]. However, the corrosion behavior limits the practical
applications of magnesium alloys [5-7]. In order to improve
the serviceability of magnesium alloys, it is crucial to study
the oxidation of pure magnesium and even magnesium al-
loys, which will be helpful for comprehensive understanding
of their oxidation mechanisms.

So far, there have been several experimental measurements
of the oxidation process of pure magnesium [8-12]. However,
it is very difficult to describe the oxidation behaviors over the
wider temperature range through purely experimental mea-
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surements due to their relatively high time/money cost. Un-
der this situation, some underlying modeling/numerical simu-
lation techniques are highly needed to describe the oxidation
process. In actual, the oxidation process of metals is a really
complex one, involving the chemical reactions between metal
and oxygen, as well as diffusion of cations and anions in
oxides [13]. Considering the fact that the rate of chemical re-
actions depends on the diffusion of ions, the overall oxidation
rate is mainly controlled by the mass transport through oxides.
The general Wagner’s model [14] provides an understanding
of mass transport processes occurring within a growing oxide
scale, thereby leading to a capacity to predict the effect on the
changes of the oxidation rate along with the temperature. In
the Wagner’s model [14], the complex process, including the
evolution of microstructures due to diffusion of ions, grain
growth, defect annihilation, spallation, etc., was simplified,
and the parabolic equation was derived by considering only
the diffusion-controlled process. It should be noted that the
parabolic rate constant in Wagner’s model should generally
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Fig. 1. (Color online) Calculated phase diagram of binary Mg-O system: (a) over the entire composition range; (b) in the vicinity of MgO compound, according
to the thermodynamic descriptions originally from Hallstedt [16] together with the modified thermodynamic descriptions for MgO in this work.

depend on both thermodynamic and kinetic parameters, in-
cluding oxygen activity and bulk diffusion coefficient. Very
recently, Xing et al. [15] derived an equation for parabolic
oxidation rate constant of Ni accounting for various diffusiv-
ities within the Wagner’s framework. However, in Ref. [15],
the empirical degree of defect ionization and vacancy concen-
tration were introduced to replace the thermodynamic factor,
which is not a general treatment for different metals/alloys.
Thus, there is a need to correlate the parabolic rate constant
with the general thermodynamic and kinetic information.

Up to now, only one set of thermodynamic descriptions
[16] for the Mg-O binary system exist in the literature,
while no relevant kinetic descriptions have been reported.
The Diffusion-Controlled Transformation (DICTRA) software
package, operating under the Calculation of PHAse Diagram
(CALPHAD) framework, has been widely employed to es-
tablish the atomic mobility databases for different materials,
from which various diffusivities of composition and temper-
ature dependence can be predicted together with the reliable
thermodynamic databases. During the past several years, DIC-
TRA has been employed to develop the atomic mobility de-
scriptions of the oxides for different metals, including pure
Fe [17,18], Cr [19] and Al [20], as well as some complex
oxides LaCoOj_5 [21].

Consequently, the oxidation process of pure Mg at high
temperatures is chosen as the target in the present work. The
major objectives are: (i) to perform critical review of all the
experimental tracer diffusivities of Mg and O in MgO in the
literature, and obtain the self-consistent atomic mobility de-
scriptions of O and Mg in MgO; (i) to derive a mathematical
expression for growth rate constant k, of oxide scale by fully
considering diffusion and thermodynamics in metal and oxy-
gen ions in the framework of the Wagner’s theory; and (iii) to
predict the growth process of magnesium oxide during oxida-
tion of pure magnesium, and clarify the oxidation mechanism
of pure magnesium.

2. Literature review on various diffusivities in MgO

The diffusion behavior of magnesium cations in MgO has
been extensively studied during the past years [22-29], and
different types of diffusion coefficients of ions in Mg-O sys-
tem are critically reviewed in the following and concisely
summarized in Table 1.

The self-diffusivities of magnesium cations in MgO single
crystals over the temperature range of 1400~1600°C were
first measured in 1957 by Lindner and Parfitt [22], who used
the isotope exchange technology with the isotope 2*Mg. In
their experiments, the impurities in magnesia were ignored,
thus the magnesia was regarded as ideal crystals and the dif-
fusion was intrinsic. They found that the activation energy
of magnesium diffusion at low temperatures (<1400°C) was
lower than that at higher temperature (>1400°C). After that,
several further investigations on diffusion of magnesium in
pure MgO single crystals were reported by Harding et al.
[23,24] and Wuensch et al. [25]. Harding et al. [24] com-
pared their experiment data with those by Lindner and Parfitt
[22] and found that self-diffusion of magnesium in MgO is
sensitive to the impurities and easily affected by short circuit
diffusion at low temperatures. Wuensch et al. [25] employed
2Mg rather than Mg to measure the self-diffusion coeffi-
cients in an argon atmosphere. The experimental data mea-
sured by Harding et al. [23,24] are thus different from those
by Lindner and Parfitt [22]. Moreover, the initial materials in
the study of Wuensch et al. [25] contained even more impuri-
ties than those used by Lindner et al. [22], resulting in the in-
accurate experimental self-diffusivities by Wuensch et al. [25].

In the aspect of short circuit diffusion of magnesium ions
in MgO, Sakaguchi et al. [27] utilized Mg to measure the
diffusion coefficients of magnesium in single-crystal MgO,
taking both bulk and dislocation diffusion into consideration.
Orman et al. [28] measured the grain boundary diffusion
coefficients of magnesium in polycrystal MgO at 2273 K.
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Table 1
Summary of all the experimental diffusivitics of Mg and O in MgO available in the literature
Diffusivity Temperature/K Tracer Methods® Reference Materials and preparation” Note®
Dhg-bulk 1702~1889 BMg Sectioning [22] SC, 99.99% Company v
1400~2025 BMg Sectioning [23] SC, 99.94% Company v/
1530~2615 BMg Sectioning [24] SC, 99.94% Company v
1273~2673 %Mg MS [25] SC, 99.80% Company v
1121~1238 - - [26] SC, 99.96% Company N
973~1573 Mg SIMS [27] SC, 99.96% Company v
Dug-gh 2273 BMg M [28] PC, 99.98% Periclase .
1000~2250 - MD [29] PC, Ideal Shell model o
Dyig-dis 973~1273 %Mg SIMS [27] SC. 99.96% Company Y
Dnig-err 1371~1573 Mg SIMS [27] SC, 99.96% Company .
Do putk 1573~2023 130 IE [30] SC, 99.92% Periclase v
1367~1667 180 IE [32] PC, 99.68% Pyrolysis v
1273~1773 180 IE [33] SC. 99.68% Pyrolysis v
1573~2023 180 IE [34] SC. 99.96% Commercial v
1573~2023 130 IE [34] SC, 99.98% ORNL v
1673 180 SIMS [35] SC, 99.98% ORNL v
1580~1820 180 IE, PA [36] SC. 99.98% ORNL v
1473~1773 180 SIMS [37] SC, 99.98% ORNL v
1473~2373 180 SIMS [38] SC, HP MBE v
1573~1773 180 SIMS [39] BC, HP CVT v
1273~1923 180 SIMS [40] SC, HP CVT v
Do.gb 1900~2010 180 IE, PA [31] BC, 99.87% - v
1320~1700 130 SIMS [32] PC, 99.68% Pyrolysis v
1400~1728 180 - [33] PC, 99.68% Pyrolysis v
1473~1773 180 SIMS [37] PC, 99.99% ORNL v
1573~1773 180 SIMS [39] BC, HP CVT v
2273 180 M [28] PC, 99.98% Periclase v
1000~2250 - MD [29] PC, Ideal Shell model o
Do.gis 1473~1773 180 SIMS [37] SC. 99.99% ORNL v

4 SIMS: secondary ion mass spectroscopy, MS: mass spectrometer analysis, IM: ion microprobe, MD: molecular dynamics, IE: isotope exchange technology,

PA: proton activation analysis.

b SC: single crystal, BC: bicrystal, PC: polycrystal, HP: high purity. ORNL: Oak Ridge National Laboratory; MBE: molecular beam epitaxy; CVT: chemical

vapor transport.

¢ The sign represents whether the data are adopted in the present assessment. /: adopted for assessment, o: not adopted during the assessment of mobilities

but employed for comparing with the calculated results, ®: not adopted.

However, their experiments were under the condition of high
pressure from 15 to 25 GPa. Recently, the molecular dynamic
simulations were carried out by Landuzzi et al. [29] and the
grain boundary diffusion coefficients of Mg and O in MgO
were also evaluated.

Up to now, there have been many studies on diffusion
coefficients of oxygen in MgO available in the literature [28-
40]. In 1960, Oishi and Kingery [30] first measured the self-
diffusion coefficients of oxygen anions in single-crystal MgO,
and their measured self-diffusion coefficients of oxygen are
smaller than those of the magnesium cations by two orders of
magnitudes. However, their samples comprise a small amount
of impurities. In 1971, the grain boundary diffusion coeffi-
cients of oxygen in MgO with bicrystals were measured by
Mckenzie et al. [31] by means of Fisher’s model [41]. Their
results indicated that grain boundary diffusion would domi-
nate predominantly the mass transport property in polycrys-
talline MgO at low temperatures. After that, the self-diffusion
coefficients of oxygen were determined by Hashimoto et al.
[32] in polycrystalline MgO by isotope exchange technology
and they concluded that the diffusion of oxygen along the
grain boundaries are relatively faster than the bulk diffusion of

oxygen. One year later, Shirasaki and Hama [33] reported that
the self-diffusivities of oxygen in loosely-sintered and well-
sintered polycrystalline MgQO, following the same approach
by Hashimoto et al. [32]. Thereafter, Oishi et al. [34] mea-
sured two groups of the oxygen diffusivities in 1983, and the
obvious differences between diffusion mechanisms at differ-
ent temperatures were observed. They claimed that diffusion
was impurity-insensitive at high temperatures while structure-
sensitive at low temperatures, i.c., that the existence of dis-
locations and subgrains could increase the diffusion coeffi-
cients, which is actually in line with the diffusion mecha-
nism of magnesium in MgO. In the same year, Henriksen
et al. [35] determined the diffusivities of oxygen in pure,
doped and deformed samples at 1673 K by means of the
secondary-ion mass spectrometer (SIMS) method, and ex-
plained that the rate of oxygen diffusion in deformed materials
was about fourfold larger than that in undeformed samples.
Meanwhile, Reddy and Cooper [36] measured the diffusion
coefficients of oxygen in MgO in the temperature range of
1580 to 1820 K. Then, 'O was used as a tracer element in
single crystals, deformed single crystals and polycrystals of
MgO, and thus bulk, dislocation and grain boundary diffusion
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coefficients of 0 were measured by means of SIMS method
by Dolhert [37]. In 1994, Yang and Flynn [38] measured the
diffusivities of oxygen anions using high-purity magnesium
oxides produced by molecular beam epitaxy (MBE), which
is smaller than others by about two orders of magnitude. Af-
ter that, Liberatore and Wuensch [39] measured the diffusion
coefficients of oxygen in bulk and grain boundaries by using
MgO bicrystals with high purity prepared by chemical vapor
transport (CVT) and concluded that the enhancement of dif-
fusivities was more conspicuous along grain boundaries with
higher energy. In 2002, Yoo et al. [40] evaluated the prefac-
tor and activation energy of oxygen diffusion coefficients in
larger range of temperature and the smaller standard devia-
tions were observed. In 2015, the molecular dynamic simula-
tions were also applied by Landuzzi et al. [29] to evaluate the
grain boundary diffusion coefficients of oxygen that deviate
largely from the experimental data [32,33,37,39].

3. Model descriptions

3.1. Thermodynamic model

The Mg-O phase diagram was reported by Wriedt [42] in
1987. It was pointed out by Wriedt [42] that MgO is not an
ideal stoichiometric compound but with a very narrow homo-
geneity range. However, the specific homogeneity range has
never been reported so far. In 1993, Hallstedt [16] assessed
the thermodynamic description of the Mg-O system by means
of CALPHAD approach. Hallstedt [16] firstly took the solu-
bility of oxygen in liquid magnesia into account, while the
solubility of oxygen was not considered in the solid mag-
nesia, and MgO was thus treated as an ideal stoichiometric
compound. In addition, the site occupations of ions in lattice
were regular, so the formula unit of solid magnesia with two
sublattices was written as (Mg? ¥){(0%>7);, where the first
sublattice denotes the octahedral interstices and the second
one was occupied by oxygen anions in a face-centered cubic
(fce) lattice. It should be noted that the vacancies were not
considered in the formula unit, and thus the MgO phase was
treated as a rigid stoichiometric phase.

Although the homogeneity range of MgO is too narrow
to be measured accurately, it should not be neglected in the
study of diffusion kinetics. The similar treatment in our pre-
vious studies on binary Co-Si [43] and Al-O systems [20] is
also applied to the present Mg-O system, i.e., that very tiny
homogeneity range can be introduced in MgO by modifying
its thermodynamic descriptions but keeping the deviation of
the invariant reaction temperatures within 2 K. Based on the
thermodynamic description by Hallstedt [16], the new sub-
lattice model (Mg? *, Mg* *, Va);(0>~); was employed for
MgO by introducing the magnesium cations with high va-
lence to maintain the electro-neutrality. As a result, the molar
Gibbs energy of MgO phase can be written as:

1 0 1 0 1 0
Gn = .VMgZ+ GMg”:OZ* + yMgH GMg”:OZ* + Yva GVa:02*
+ RT (yI[\.’Ig2+ lﬂ yll\'lg2+ + yiﬂg” ]1'1 .-}’IlV[g-“’Jr +)’{"d ll'l y{/a) + Gex
()

where in is site fraction of X in the i sublattice, °Ga.p is
the mole Gibbs energy of the end member of compound,
and G the excess Gibbs energy. In this work, OGMgH:Oz— =
OGpg2r-00-+70000, *Gyy02- = 0 and G =0 were set, while
the other parameter OGMgzﬁOzf was kept as the reported values
in Hallstedt’s original work [16].

Based on thermodynamic descriptions originally from
Hallstedt [16] together with those for MgO modified in this
work, the phase diagram of binary Mg-O system was calcu-
lated, as presented in Fig. 1. As can be seen in the enlarged
part of the Mg-O phase diagram, a very narrow homogene-
ity range exists in the MgO compound now. With the derived
thermodynamic descriptions for MgO in Eq. (1), the site frac-
tions of vacancy at the stoichiometric composition of MgO
under the condition of P(0,)=0.21 atm was computed and
plotted in Fig. 2(a). Moreover, the corresponding thermody-
namic factor and chemical potential of O in MgO as a func-
tion of O compositions at 673 K were also calculated and
shown in Fig. 2(b). As can be seen in Fig. 2, the site frac-
tion of vacancy increases as the temperature increases, while
the chemical potential profile indicates that the direction of
driving force is consistent with the concentration gradient.
Moreover, as the mole fraction of oxygen is close to 0.5,
the thermodynamic factor will approach to the infinity. Under
this circumvent, the so-called average thermodynamic factor
as proposed in [43] is also introduced here. The detailed dis-
cussion can be referred to the Appendix.

3.2. Diffusion kinetic model

The oxidation rate of magnesium at high temperatures is
controlled by diffusion [44], which is driven by the gradient
of chemical potential. Based on the Agren’s theory, the flux
of the ions in the lattice-fixed reference frame is given as
[17]
oy = = (g Mg M ) - 2
where p; is the chemical potential, Vj the volume per mole
of anion sites. My, is atomic mobility of component i jump-
ing from one site to a neighboring site and has the form:
Miva=Mopexp(-Q/RT), in which My is the frequency factor,
which is the function of vibrational frequency (v), jump dis-
tance (8) and temperature (7) via M.;:SQW’RT, while Q is the
activation energy. Here, by assuming that atomic mobilities of
magnesium cations in the first sublattice have the relationship
M2+ va=Mmg3va=Mmgva, Eq. (2) can be simplified as

(2)

L 8PLMg
Vo 9z

According to Ref. [17], one can obtain the expression for
the tracer diffusion coefficients Dj,. which is given by

(3)

_
Img = _)'Mg)’VaMMgVa

Diﬂg = y{faRTMMgVR “)

Compared with Einstein’s equation: D*=RTM, the atomic mo-
bility of magnesium in MgO can be inferred

MMg = y{,’aMMgVa (5)



S. Ma, F. Xing and N. Tua et al./Journal of Magnesium and Alloys 8 (2020) 819-831 823

x10?
50 T T T
-3 r T T
3 2
2 40F s
> Z
3 30 F
© -1
> ; W
‘S e e 8 w12 u e e
c 20 k 10000 (1/K) _
3=
©
g
@ 10Ff :
=
0 1 1 1
500 1000 1500 2000 2500
T (K)

13.5

13

12.5

Log,, (Thermodynamic factor)

11

(Jow/r) O Jo [enusjod [eaiwayD

10.5

Mole fraction of O

Fig. 2. (Color online) Calculated (a) site fractions of vacancy at the stoichiometric composition of MgQO under the condition of P(02)=0.21 atm; (b)
thermodynamic factors (red solid line) and chemical potentials (blue dash line) of O in MgO as function of O composition at 673 K, based on the presently
obtained thermodynamic descriptions for MgO with slight modifications of the original parameters from Hallstedt [16].

As mentioned above, the ions in MgO diffuse according
to the vacancy mechanism. Although the second sublattice is
fully occupied by oxygen anions in the thermodynamic model
above, there are a few sites for vacancies, of which the con-
tribution is too small to be considered in the thermodynamic
model. Supposing that the site fractions of species in the sec-
ond sublattice are yi. and y}, the flux of the tracer O* along z
axis in a lattice-fixed frame of reference can also be expressed
in the similar way,

Jo= = WaMovRT iﬁ (©)
which yields: )
6 = WaRT Moy, (7)
Then, the atomic mobility of oxygen has the form:
Mo = yy,Mova (8)

It should be noted that there are several types of diffusivi-
ties besides the bulk diffusivity in normal lattice. As a matter
of fact, there are various defects in real crystals, like disloca-
tions and grain boundaries in polycrystals, which can largely
enhance the diffusion velocity through reducing the activa-
tion energy. Considering the influence caused by defects, it is
necessary to use effective diffusion coefficients to replace the
bulk diffusivity in the present work. To quantitatively analyze
the diffusion behavior in real polycrystals, the model proposed
by Hart [45] and Harrison [46] was utilized to describe the
effective diffusion coefficients in this work [47]. The same
frequency factor with bulk diffusion but a redistributed coet-
ficient Fyeq for activation energy was introduced in the circuit
diffusion compared with the bulk atomic mobility. Then, the
atomic mobilities along dislocation and grain boundaries can
be expressed as

MDs — M(t),mk exp (—FrcdDIszUIk)

RT

RT ®

bulk
MGB _ Mgum exp ( FredGBQ )
where the value of redistributed coefficient in the equation
is generally less than 1 for the circuit diffusion. Fi4 is in
relation to the energy of the defects, including Burger’s vec-
tor and thickness of grain boundaries, where Burgers vector’s
square represents the energy of a dislocation, and the grain
boundary thickness, to some extent, represents the energy of
a grain boundary. Besides, the effective diffusion coefficients
are connected to the quantity of the defects relating to the
key factors, namely, the dislocation density and grain size.
Thus, the effective mobility and diffusion coefficients can be

expressed as [45,46]
38 38
chff — EMGB e pszD[S - (1 _ E _ pr)Mbulk
38 35
Deff = EDGB i pszDIS + (] — g _ pr)Dbulk (10)

here § denotes the average thickness of grain boundaries, d av-
erage grain size which depends on the temperature and time,
p dislocation density and & Burgers vector. pbulk  pDIS - [GB
and Dy are the tracer diffusion coefficients in bulk, dislo-
cation and grain boundary and the effective tracer diffusion
coefficients, respectively.

3.3. Oxidation kinetic model

The diffusion-controlled oxidation process obeys the
parabolic law. According to the Wagner’s theory [14]:

X2=Fyt (11)

where X represents the oxide thickness (unit: m), k, oxide
growth rate constant (unit: m?%/s) and f time (unit: s). Based
on Eq. (11), the key to evaluate the thickness of oxides as a
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Fig. 3. (Color online) Schematic diagram for the oxidation process of pure
Mg as well as growth process of MgO.

function of time lies in the reasonable value of kp, which is
determined by both thermodynamics (driving force) and ki-
netics (diffusion coefficients). In fact, the reliable thermody-
namic and kinetic information needed for &, can be provided
by the CALPHAD-type thermodynamic and kinetic descrip-
tions. The derivation of the mathematical expression for & is
described in the following.

The oxidation rate can be determined by the moving rate
of interfaces, including both oxide/metal and oxide/gas inter-
faces. The inward diffusion of oxygen ions results in an inter-
nal migrating interface towards pure Mg, while the outward
diffusion of magnesium ions can cause an external migrat-
ing interface towards gas. The schematic diagram is shown
in Fig. 3. Based on the moving boundary model [20], the
moving rate of boundary has the form:

v v
W)Cg — ﬁ)(ff :Jf — Jf (12)
m m

where v denotes moving rate of interface, Vi the molar vol-
ume of i (i=c, f) phase and J,' the diffusion flux of compo-
nent k in i phase, which can be expressed by Fick’s first law:

0
Jp= Dy (13)
ox

Here, Dy denotes chemical diffusion coefficient of component
k. Dy can be related to the tracer diffusion coefficient Df and
thermodynamic factor [16] via the following equation:

o
RT dny

Since thermodynamic factor for a nearly stoichiometric
compound is infinity, the average thermodynamic factor de-
fined as [43] is introduced and the detail discussion is listed
in the Appendix. The combination of Egs. (12)—(14), and may
determine the moving rates of two interfaces of oxide phase,
respectively. Therefore, the values of k, can be determined
by the sum of moving rates of interfaces in both sides and
finally simplified into:

Dy = D , (k=Mg, O) (14)

A
ky = % (Df@lg + D6)=AM0(MMg + Mo) (15)

where Ao denotes the difference of chemical potential of
oxygen in magnesium oxide. According to the local equilib-
rium hypothesis, the identical components in the two phases
have the same chemical potentials at interface. Thus, the
chemical potentials of oxygen at two interfaces equal to those
of gas and Mg (hcp) phase respectively. Moreover, since mag-
nesium oxide owns a very narrow homogeneity range, i.e.,
that MgO is nearly a stoichiometric compound, the variation
of chemical potential of oxygen can be expressed by:

Apo = GNE + GO —2GMe0 (16)

Here, G,/ denotes the molar Gibbs energy of i phase. The de-
tail derivation process of Eq. (17) can also be referred to the
Appendix. Based on Egs. and , one can easily evaluate the
oxidation rate constant k, according to the available thermo-
dynamic and kinetic descriptions, from which the evaluation
of the thickness of oxides as a function of time can be easily
performed instead of the complex numerical simulations.

4. Results and discussion
4.1. Bulk diffusion in MgO

The atomic mobilities for bulk diffusion in MgO were as-
sessed on the basis of various experimental diffusivities in the
bulk MgO available in the literature by means of a non-linear
least-squares optimization scheme incorporated in the PAR-
ROT module of the DICTRA software package. The experi-
mental tracer diffusivities of Mg in MgO in Refs. [22-27] as
displayed in Fig. 4(a) were used to assess the atomic mo-
bility parameters of Mg. On the contrary, as shown in Fig.
4(b), the experimental data of O [30,32-40] have a larger
scatter because the purity of samples reported in the litera-
ture are not identical, which is one of the relating key factors
of diffusion coefficients. The impurity contents may change
the quantity of vacancies, ions interaction and substructures,
thereby, influencing the tracer diffusion coefficients. The sam-
ples studied in the Refs. [30,32,33] with the highest impurity
correspond to the highest diffusion coefficients in Fig. 4 (b).
Conversely, the samples in Ref. [38] with the highest purity
possess the lowest diffusion coefficients. Moreover, the sam-
ples with similar purity have the diffusion coefficients close
with each other. Therefore, the experimental data from Ref.
[38] were accepted to evaluate the atomic mobility descrip-
tions for O in MgO. The other data in Fig. 4(b) are consid-
ered as the results of the combined contributions of the bulk
and short circuit diffusion, which will be discussed in Section
4.3. The evaluated atomic mobility parameters are expressed
as Eq. (17):

—233634.8
Mﬂ‘;{,u = 1.0481 x 10 %exp (—)mz/s

RT
MBS — 59341 x 1077 exp (%)mz/s (17)

The calculated bulk diffusion coefficients of the magne-
sium cations and oxygen anions as a function of inverse abso-
lute temperature under different oxygen partial pressures and
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Fig. 4. (Color online) Calculated bulk diffusion coefficients of (a) Mg and (b) O in MgO as a function of inverse temperature and oxygen partial pressure,

compared with the experimental data [22-27,30,32-40].

temperatures are shown in Fig. 4, compared with the experi-
mental data [22-27]. It should be noted that the partial oxygen
pressure determines the vacancy concentration in MgO, which
affects the diffusion coefficients according to Eq. (4) and (7).
As can be seen in Fig. 4 (a), the calculated temperature-
dependent bulk diffusion coefficients of magnesium increase
slightly as the partial oxygen pressure increases and agree
very well with most of the experimental data [22,24-27]. It
should be noted that the experimental data in Ref. [23] de-
viate from the calculated results because the impurities ex-
ist in the tracer solution, as explained in Ref. [24]. As can
be seem in Fig. 4(b), the calculated bulk diffusion coeffi-
cients of oxygen also accord with the experimental data in
Ref. [38].

4.2. Short-circuit diffusion in MgO

In practice, most materials are polycrystal, and thus a large
amount of defects such as grain boundaries and dislocations
coexist. As mentioned in Section 3.2, the jumping rates of
atoms along the short-circuit paths such as grain boundaries
and dislocations are much higher than that in the lattice.
Therefore, the contributions of both grain boundaries and dis-
locations to diffusion should be taken into account. On the
basis of Eq. (9), the mobilities along the short-circuit paths
were evaluated by the same method declared above.

The experimental diffusivities of Mg along the dislocations
reported in Ref. [27], shown in Fig. 5(a), were employed to
assess the atomic mobility parameters. Moreover, the exper-
imental data in Ref. [37], as shown in Fig 5(b), were used
to assess the atomic mobility parameters of O along the dis-
locations, the obtained atomic mobility parameters along the

dislocations are presented as follows:

—130387.6
M, = 1.0481 x 10~ exp ()mz/s

RT
—282749.7
MES = 5.9341 x 107" exp (T)mz/s (18)

As shown in Fig. 5, both calculated diffusivities of Mg
and O conform to the experimental data in Ref. [27] and
Ref. [37] respectively. Comparing the mobility along the dis-
locations with that in the bulk, the redistributed coefficients
of activation energy along the dislocations can be calculated
as FM2  =0.558, FOs = 0.560.

Besides the dislocation diffusion coefficients, the grain
boundary diffusion coefficients of Mg and O are also stud-
ied, and the results are displayed in Fig. 6. For the oxygen
anions, there are several groups of experimental data on the
grain boundary diffusion coefficients available in the litera-
ture, including the data from the experimental measurements
[31-33,37,39] and the molecular dynamics simulations [29].
The molecular simulation results scatter much larger over sev-
eral magnitudes than the experimental data, and thus were not
used in this work. Moreover, the scattering between different
sets of experiments [31-33,37,39] for the grain boundary dif-
fusion coefficients of O is about two magnitudes. It is quite
normal because the high-angle grain boundaries have higher
energy than the low-angle grain boundaries along which the
diffusivities are lower [39]. In order to balance the influences
from different categories of grain boundary, the average grain
boundary diffusion coefficients of O were used by fitting to
all the experimental data [31-33,37,39], and the results can
be seen in Fig. 6(b).

Due to lack of data on magnesium diffusion along
grain boundaries (except for one piece of information from
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Fig. 6. (Color online) Calculated grain boundary diffusivities of (a) Mg and (b) O in MgO as a function of inverse temperature, compared with the experi-

mental/theoretical data [29,31-33,37,39].

molecular dynamics simulations [29] which cannot be ac-
cepted in the present work), no assessment for magnesium
mobility for the grain boundary diffusion was performed here.
As discussed above, the redistributed coefficients of Mg and O
along dislocations are nearly the same. Thus, it seems reason-
able to assume that the grain boundary diffusion coefficients
of Mg and O also have the same redistributed coefficient, as
adopted in this work to predict the grain boundary diffusion
coefficients of Mg in MgQO. The predicted grain boundary
diffusion coefficients of Mg in MgO as a function of inverse
temperature are presented in Fig. 6(a).

The finally obtained atomic mobility parameters of Mg and
O diffusion along grain boundaries are given as

—144601.9
Mgy, = 1.0481 x 10 %exp ()mz/s

RT

(19)

—312520.
MG&e, = 5.9341 x 10" exp (—g)mz/s

RT

Here, Eq. (19) represents the average grain boundary mobili-
ties. As shown in Fig. 6(a), the predicted grain boundary dif-
fusion coefficients agree with the molecular dynamics results
from Landuzzi et al. [29] at temperatures higher than 2000
K. When the temperature is the lower than 2000 K, the no-
ticeable differences between the two values exist, and become
larger and larger as the temperature decreases. As can be seen
in Fig. 6(b), the agreement between calculated results and the
experimental data seems to be good. Moreover, the mobility
for diffusion of O along the high-angle grain boundaries is
higher by about ten times than the average value, which is
however higher than the mobility for diffusion of O along
the low-angle grain boundaries by around ten times. The



S. Ma, F. Xing and N. Tua et al./Journal of Magnesium and Alloys 8 (2020) 819-831 827

redistributed coefficients of grain boundary diffusion coeffi-

cients of Mg and O can be evaluated as Frz([%B =Fqp =
0.619.

4.3. Effective diffusion in MgO

With Eq. (10), the effective diffusion coefficients can be
evaluated based on the obtained atomic mobility parameters
for diffusion along the bulk and short-circuit paths.

The factors influencing the diffusion along dislocation in-
clude dislocation density and burgers vector. As reported in
the literature [27,37,48], the dislocation density is insensitive
to the change of temperature. The values of dislocation den-
sity in MgO are in the range of 1x 10" /m?> ~ [ x 10
/m? [27,37]. In this work, the typical value p=1x 10'* /m?
was adopted. Besides, the burgers vector of main dislocations
is 5 < 110 > considering that MgO is with the face-centered
cubic structure [49-51]. Based on the lattice parameters avail-
able in the literature, the length of burgers vector can be cal-
culated as 0.297 nm [50]. Therefore, the value of pb? in Eq.
(10) is calculated in the order of 10>, One can obviously see
that the contribution of diffusion along the dislocation to the
effective diffusion is small and thus may be neglected.

As mentioned in Section 4.1, all the experimental data ex-
cept the data from Ref. [38] were not used to evaluate the
atomic mobility parameters because the purity of samples was
not satisfactory. That is because the impurities in those sam-
ples may largely enhance the diffusion coefficients. To some
extent, the content of impurities can be viewed as the dis-
location since both of them can serve as the fast path for
diffusion. As presented in Fig. 4(b), the influences of differ-
ent dislocation densities on the bulk diffusion are compared
with the experimental data with different impurities, and the
results show a good agreement with the experimental data.
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Fig. 7. (Color online) Calculated average grain size of MgO as a function
of temperature, compared with the experimental data [29,31-33,37,48,52,53].

As for the grain boundary diffusion, the influence fac-
tors include the thickness of grain boundary and the average
grain size. As reported in the literature, the thickness can be
viewed as a constant for simplification, and thus the typical
value =1 nm [28,29,31,39] was adopted here. Moreover, as
the temperature increases, the grains may coarse, resulting in
the decrease of interface energy. Therefore, the average grain
size should be a function of temperature, i.e., d=Aexp (BT),
where d denotes the average grain size, while A and B are
the undefined constants. As shown in Fig. 7, the temperature-
dependent average grain sizes can be obtained by fitting to the
experimental data [29,31-33,37,48,52,53] using a least-square
method:

d =5.399 x 102 exp(0.0044637) (20)
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Fig. 8. (Color online) Model-predicted effective diffusion coefficients of (a) Mg and (b) O as a function of inverse temperature, compared with the bulk and

short-circuit diffusion coefficients.



828

where d is the average grain size in the dimension of m, T
temperature in K.

Based on the obtained atomic mobility parameters and the
values for factors p, b, d, 8, the effective diffusion coeffi-
cients can be evaluated, and displayed in Fig. 8. As can be
seen in Fig. 8, at higher temperatures, the effective diffu-
sion coefficients are close to the bulk diffusion coefficients
but show large scattering at lower temperature conversely. It
can be explained by the different grain sizes existing at dif-
ferent temperatures. As the temperature decreases, the grains
become smaller and there are more grain boundaries to en-
hance the diffusion of ions. By contrast, at high temperatures,
the large grains eliminate the effect of grain boundaries on
diffusion. Therefore, the contributions of short-circuit paths
to diffusion can be ignored at higher temperatures but turn
to be more and more essential as the temperature decreases.
For instance, as shown in Fig. 8(b), the extrapolated value of
Dobai at 500 K is close to ~107%° m2/s, while those of Dogn
and Dopis are in the range of 107%~10-% m?/s. It should
be noted that the reliability of the obtained effective diffusion
coefficients at lower temperatures needs further confirmation
because it is very difficult to measure the grains with sev-
eral nanometers accurately. Moreover, by comparing Fig .8
(a) with Fig. 8(b), the effective diffusion coefficients of O are
much lower than those of magnesium cations. Base on Eq.
(15) , it can be concluded that the high-temperature oxidation
process of pure Mg is predominantly controlled by diffusion
of the magnesium cations.

4.4. Oxide growth rate constant k, and prediction of
oxidation process of pure Mg

Based on the kinetic model of oxidation in Section 3.3,
the growth rate constant of oxides k, can be evaluated based
on Egs. (15) and (16) by the thermodynamic and kinetic
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Fig. 9. (Color online) Logarithmic values of growth rate constant of oxide
kp as a function of inverse temperature from 500 K to 2000 K, compared
with the experimental data [8-12].

descriptions obtained in this work. In order to truly reveal the
oxidation mechanism, different sets of k, values were calcu-
lated by considering different types of diffusion coefficients
(i.e., bulk, grain boundary and/or effective diffusion coeffi-
cients). The calculated results and the experimental growth
rate constants are shown in Fig. 9, where the experimental k,s
were calculated based on Eq. (11) together with the experi-
mental thickness in Refs. [8-12], while the model-predicted
values of k, were calculated by the bulk diffusion coefficients
(black line), grain boundary diffusion coefficients (blue line)
and effective diffusion coefficients with different grain bound-
ary angles (red, green, orange lines), respectively. Based on
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Fig. 10. (Color online) Model-predicted evolution of thickness of MgO oxide at 673K and P(0O3)=0.21 atm using different sets of diffusivities, compared

with the experimental data [11,12].
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Eq. (11), the oxide thickness as a function of time can be
directly predicted by the evaluated k,. The model-predicted
thickness of MgO at P(O;)=0.21 atm and 673K is presented
in Fig. 10. It can be found that the model-predicted thickness
according to the effective diffusivities with the high-angle
grain boundaries can reproduce all the experimental data per-
fectly, which indicates the high-angle grain boundaries exist
predominantly in the MgO polycrystals at 673 K.

From Fig. 9 and Fig. 10, one can conclude (i) that the
calculated results based on the effective diffusivities repro-
duce the experimental data satisfactorily, which illustrates the
reliability of the presently evaluated atomic mobility descrip-
tions for Mg and O in MgO; (i) that the grain boundaries
can largely enhance the oxidation rate, especially at low tem-
peratures; and (iif) that the grain boundaries with high angles
can enhance the diffusion coefficients more effectively than
those with low angles.

Though the predicted k, values and thicknesses of MgO
during oxidation are consistent with the experimental data,
one should bear in mind that the naturally formed oxide film
on Mg is quite diverse and depends on various factors. For
example, the contributions of defects like grain boundary and
dislocation were included in Eq. (10), but some empirical or
typical parameters of defects were used due to lack of suffi-
cient experimental data on i.e., the thickness of grain bound-
ary, and the dislocation density. Therefore, in order to perform
the quantitative modeling of the real oxidation process in dif-
ferent metals/alloys, the accurate description of microstruc-
ture evolution during the oxidation process should be a prior,
which will be the topic for next paper.

5. Conclusions

* Atomic mobility descriptions for Mg and O in MgO were
first obtained by means of CALPHAD approach based on
various diffusion coefficients critically reviewed from the
literature, together with the reported thermodynamic de-
scriptions. Both bulk diffusion and short-circuit diffusion
were taken in account. Different diffusivities evaluated ac-
cording to the obtained atomic mobilities agree well with
most of the experimental data.

A mathematical expression for growth rate constant k, of
oxide scale by fully considering diffusion and thermody-
namics in metal and oxygen ions was proposed in the
framework of the Wagner’s theory. The growth rate con-
stant k, of magnesium oxide was predicted by the obtained
atomic mobility descriptions, and the predicted kps show a
good agreement with the experimental data.

The growth of magnesium oxide as a function of time
at 673 K was simulated based on the Wagner’s model.
The simulated results with high-angle grain boundaries re-
produced the experiments satisfactorily. Furthermore, the
mechanism of magnesium oxidation over a wide range
of temperature was discussed. The results indicate that
grain boundary diffusion of magnesium cations predom-
inated during the high temperature oxidation process.

.
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Appendix. Derivation of oxide growth rate constant k,

The modified formula unit of solid magnesium oxide phase
is given with two sublattices as:(Mg, Va);(0);, where the va-
lences of ions are neglected. Nevertheless, to ensure the diffu-
sion of oxygen in the second sublattice based on vacancy dif-
fusion mechanism, the formula unit can be rewritten as (Mg,
Va);(0,Va),. As reported in Ref. [13], the chemical diffusion
coefficients of magnesium and oxygen ions in magnesium ox-
ide can be expressed by:

< Mg O/Mg . Mo 9o
MeRT dnmg’ ORT ano

Here, n; (i=Mg, O) represents the number of species i per
mole first or second sublattice sites, which can be regarded
as one during calculation since the fraction of vacancy is close
to zero. Because the mole fraction x; has a relationship with
ni(x; =n;/ (nmMg+no)), the chemical diffusion coefficient of O
in Eq. (Al) can thus be deduced as:

Dy =D Do =D

(A1)

. o dpo dxo  D§  nonmg  dpo
Do=Dgr =5 5
RT 9xp dno RT (ﬂMg + np) dxo

D dpo  Dj

T 4RT dxo  4RT

where ¢ is thermodynamic factor which can be determined
from thermodynamic description. And the chemical diffusiv-
ity of Mg has the same form. Using the Gibbs-Duhem re-
lationship, and xymez=x0=0.5, one can express the chemical
diffusivity of Mg as:

¢ (A2)

— Diﬂlg dpimg _ Dl‘tlg dpo _ Dl)‘:’[g
4RT dxmg  4RT dxo  4RT
In the stoichiometric compound, the average thermody-

namic factor ¢,.[41] needs to be introduced to replace ¢

for evaluation of the diffusion coefficients:
Ha— w1 Apo
O _——

= — (A4)
0xo Xy — X1 Axo

Dy, (A3)

where x| and x» respectively denote minimum and maximum
of mole fraction of oxygen in MgO, p; and py are chemi-
cal potentials. According to Eq. (16), the chemical potential
difference Ao could be calculated.
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As is mentioned in Section 3.3, the distance between the
two interfaces of MgO phase related to the interface moving
rate, is the thickness of oxide film. Based on Eq. (12), in-
terface moving rates could be deduced by chemical diffusion
flux. It should be noted that the mole fraction of O in mag-
nesium and the mole fraction of Mg in gas are approximated
to be zero, resulting in zero flux of component O and Mg
in pure magnesium phase and gas phase, respectively. More-
over, the mole fractions of magnesium and oxygen in MgO
are both 0.5. Therefore, combined with the Fick’s first law,
the absolute values of interface moving rates could be derived
as:

BCO BCM
Vil =2VinDo ax I [val = 2VinDwmg BXE (AS)
where v; and vy respectively denote moving rate of

metal/oxide interface and oxide/gas interface, Vy, the volume
occupied by per mole ions (sum of magnesium and oxygen
ions). Vy, is considered as independent of composition. It is
reasonable to assume that the concentration profiles within
MgO phase region is linear at any time as magnesium oxide
has very narrow homogeneity range. Thus, the growth rate of
magnesium oxide could be determined by interface moving
rates:

ax W,
i il + [va| = T(DolAC0| + Dg| Acug))

2
= (Dol Aol + Dy A ) (A6)

where Axo and Axy, respectively represent mole fraction
difference of O and Mg, and Axo=Axy,. Combine Eq.
(11) with the solution of Eq. (A6), growth rate constant of
oxide k, is derived as:

Ap

kp = 41A%0| (Do + Duvg) = 7 (D;,,g + Dg) (A7)
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