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2. Model Description

 Zirconium and its alloys are widely used as key components in the
nuclear industry due to their excellent physical and chemical properties.

 The oxidation process of zirconium can be divided into three stages,
(i) the Zr(O) solution phase forms and the solubility of oxygen can rise
to 35±1 at.% according to the phase equilibrium information;
(ii) that the oxide ZrO2 grains nucleate and grow at the metal/gas
surfaces;
(iii) that the diffusion-controlled growth of ZrO2 layer predominates the
oxidation process.

 The anisotropic diffusion in the hcp Zr(O) solution phase due to the
nature of the hexagonal close-packed (hcp) structure of zirconium.

1. Research Background

2.1 Thermodynamic model

Sublattice model of hcp Zr(O):

3. Research strategy

5. Conclusions
Based on the critically-reviewed experimental diffusivities in the

literature, the anisotropic atomic mobilities of Zr and O along the a-b
plane and c axis in hcp Zr(O) were first obtained by using the
CALPHAD method.

 The anisotropy ratio (AR) values showed that the diffusion anisotropy of
Zr and O in the hcp Zr(O) is weakened with the increase of temperature.
In other words, the diffusion properties of hcp Zr(O) turn to be
isotropic as the temperature rises gradually.

Moreover, the model-predicted anisotropic interdiffusion coefficients
in hcp Zr(O) also indicated an isotropic point at x(O)=0.19 for each
temperature. When the oxygen content is lower than 0.19, the diffusion
coefficients of oxygen along the a-b plane are larger than those along
the c axis. While the case is the contrary when the oxygen content is
higher than 0.19.

 The model-predicted concentration profiles quantitatively describe the
evolution of the oxygen concentration in the hcp Zr(O) during the early
oxidation stage of pure Zr. The oxidation mechanism was concluded
that: (i) the actual diffusion behaviors of O in hcp Zr(O) along the a-b
planes predominates the oxidation process; (ii) the contribution of short-
circuit diffusion is weak over the wide temperature range; and (iii) the
initial oxidation rate is highly related to the oxygen dissolution process.
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2.2 Diffusion model with the anisotropic effect

where y is the site fraction and the superscripts I and II denote the first and
the second sublattice, respectively; GA:B is the mole Gibbs energy of the end
member A:B, and L is the interaction parameter.

where R is the gas constant, T the absolute temperature, M0 the pre-
exponential factor and Q the activation energy. ∅ is the thermodynamic
factor, the θ is the angle at which the crystal deviates from the a-b plane.

Fig.1 (a) Schematic diagram for the diffusion process and oxygen concentration profiles during 
the oxidation of pure Zr; (b) The hexagonal close-packed (hcp) structure of zirconium
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Fig.2 Calculated Zr-O phase diagram
according to the thermodynamic
descriptions

C. Wang, M. Zinkevich, F. Aldinger, Calphad,
28 (2004) 281-292.
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Fig.3 Calculated temperature-dependent self-diffusion coefficients of Zr and O in the single-crystal 
hcp Zr:  (a)(c) parallel to the c axis, and (b)(d) parallel to the a-b plane, compared with the 

corresponding experimental data

Fig.4 Calculated temperature dependence of self-diffusivities of Zr in the single-crystal hcp Zr at (a) 
θ=14°, and (b) θ=54°

Fig.5 Calculated self-diffusion coefficients of Zr in the single-crystal hcp Zr as a function of 
temperature and crystal orientation

Fig.6 Evaluated anisotropic ratio of self-diffusion of Zr (a) and impurity diffusion of O (b) in 
single-crystal hcp Zr

Fig.7 Calculated self-diffusivity of Zr (a) and impurity diffusivity of the O (b) parallel and 
perpendicular to the c axis is in the single-crystal hcp Zr, compared with the corresponding 

experimental data in polycrystal hcp Zr

Fig.8 (a) Calculated temperature and concentration dependence of interdiffusion coefficients in 
hcp Zr; (b) Model-predicted oxygen concentration profiles in hcp Zr(O) solid solution at 

1123.15 K along different crystal directions 

Fig.9 (a) Schematic diagram for hcp Zr(O)/hcp Zr diffusion couple; Model-predicted oxygen 
concentration profiles for three hcp Zr(O)/hcp Zr diffusion couples annealed at (b) 1173 K for 4 
weeks, (c) 948 K for 8 weeks, and (d) 895 K for 8 weeks, compared with the experimental data

Zr O(a) (b)

Zr(a) O(b)

(a) (b)

1 0.5(Zr) (O,Va) (1)

( )
( )( )

II
m Zr O Zr:O Zr Va Zr:Va O O Va Va

0 1
O Va Zr:O,Va Zr:O,Va O Va

0.5 ln ln

 L L

G y y G y y G RT y y y y

y y y y

= + + +

+ + −

Ⅰ Ⅱ Ⅰ Ⅱ Ⅱ Ⅱ Ⅱ

Ⅱ Ⅱ Ⅱ Ⅱ
(2)

0

exp
p

p i i
i

M QM
RT RT

 
= − 

 
(3)

( )0ln1 1exp exp
p

i ip i
i

Q RT M
M

RT RT RT RT

 − + Φ  = =      
(4)

Zr:Va Zr:O
O Zr Va O Zr O Oy y y yΦ = Φ + ΦⅠ Ⅱ Ⅰ Ⅱ (5)

Zr:Va Zr:O
Zr Zr Va Zr Zr O Zry y y yΦ = Φ + ΦⅠ Ⅱ Ⅰ Ⅱ (6)

*
i iD RTM= (7)

( )Zr(O) imp self
O Zr Zr O O O ZrD C V D C V D φ= + (8)

hcp Zr(O) hcp Zr(O) 2 hcp Zr(O) 2( ) cos sinab c
i i iD D Dθ θ θ= + (9)

Thermodynamic Factor

Thermodynamic 
Description

Phase Diagram

Chemical Potential

Experimental 
Diffusivities 

Atomic Mobility 
Parameters

Anisotropy

𝑎𝑎𝑎𝑎𝑀𝑀O
hcp Zr

𝑐𝑐𝑀𝑀O−Para1
hcp Zr

𝑐𝑐𝑀𝑀Zr−Para2
hcp Zr

𝑎𝑎𝑎𝑎𝑀𝑀Zr−Para2
hcp Zr

validation

Inter-diffusion coefficients 

Concentration Profiles

……

Numerical Simulation

CALPHAD

Anisotropic atomic mobilities of hcp Zr(O) solid solution and their application 
in description of early-stage oxidation process of pure Zr

Qiang Tang, Sa Ma, Fangzhou Xing, Lijun Zhang*
State Key Laboratory of Metallurgy, Central South University, Changsha, Hunan 410083, P.R. China

E-mail address of corresponding author: lijun.zhang@csu.edu.cn   

Publication:
 Qiang Tang, Sa Ma, Fangzhou

Xing, et al., Corrosion Science,
186 (2021) 109445.

E-mail address: qiangtang@csu.edu.cn

Mr. Qiang Tang is a master student of Prof. Lijun Zhang’s
PPM group at Central South University, Changsha, P.R.
China. The research interest lies in diffusion kinetics process
in alloys and oxides.

PPM Group

4.1 Anisotropic atomic mobilities and their validation

4.2 Kinetic modeling of early-stage oxidation process of pure Zr

mailto:lijun.zhang@csu.edu.cn
mailto:qiangtang@csu.edu.cn

	幻灯片编号 1

