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1. Introduction 

 

The mechanism of oxidation of uranium dioxide in 

the air condition can be described, UO2 → U4O9/U3O7 

→ U3O8 [1]. 

The formation of U3O8 leads to an approximately 23% 

density decrease and a 36% volume increase [1]. The 

increased volume of U3O8 causes a safety problem of 

long-term storage. Because of the safety problem, more 

studies are required to estimate the behavior of a 

uranium oxidation. 

In this study, a surface-to-volume model is suggested 

to describe the kinetic mechanism from UO2 to U3O8. 

The purpose of this study is to describe the model of 

UO2 oxidation mathematically. 

 

2. Methods and Results 

 

Many researches have been studied to figure out the 

mechanism of U3O8. The concept of nucleation and 

growth is used commonly to explain the mechanism 

from UO2 to U3O8. It is agreeable to accept a sigmoidal 

curve to describe the formation of U3O8 [1]. 

Johnson-Mehl-Avrami model has been applied to 

express the sigmoidal curve of the reaction mechanism, 

nucleation and growth, mathematically [1,2,4]. However, 

Johnson-Mehl-Avrami model could not explain the 

effect of incubation time and cracking of uranium oxide 

[2]. 

A surface-to-volume model is suggested to consider 

the effect of incubation time and cracking. 

 

2.1 Johnson-Mehl-Avrami model 

 

α = 1 − exp(−K 𝑡𝑛)                        (1) 

 

The following expression is the Johnson-Mehl-

Avrami equation. In the Eq. (1), K  and n are 

determined empirically. α is a fraction from UO2 to 

U3O8 and t is time [4]. 

 

Table 1: The values of K and n at 573, 623,673 and 723 K 

 K n 

573 K 2.665E-8 1.7015 

623 K 6.387E-7 1.7248 

673 K 2.823E-6 1.7302 

723 K 9.629E-5 1.3337 

 

 
Fig. 1. Comparison of experimental data and calculation data 

by Eq. (1). 

 

Maximum errors of 573, 623, 673 and 723 K are 6.53, 

4.18, 0.49 and 2.83%. However, the model takes into 

account only the nucleation and growth without the 

effect of incubation time and cracking [2]. 

 

2.2 Phenomenological model 

 

�̇� =  ( 
 𝐾𝑝ℎ𝑒𝑛 ∙ 𝑆(𝑡) 

𝜌𝑢 ∙ 𝑉(𝑡)
 ) ∙ (𝑥𝑒𝑞 − 𝑥)                  (2) 

 

Eq. (2) is a phenomenological model. The dot is the 

time derivative of O/U. Kphen  and ρu   are a rate 

constant and molar density of uranium in UO2 

respectively. S(t)/V(t) is the surface-to-volume ratio. 

xeq is the equilibrium stoichiometry of U3O8 [3]. 

In the phenomenological model, the surface-to-

volume ratio is constant. However, the surface-to-

volume model proposes the change of the surface-to-

volume ratio due to the incubation time and cracking [3]. 

 

2.3 A surface-to-volume model 

 

�̇� =  𝑓(𝑡) ∙ (𝑥𝑒𝑞 − 𝑥)                         (3) 

 

where 𝑓(𝑡) is (𝐾𝑝ℎ𝑒𝑛 ∙ 𝑆(𝑡)) / (𝜌𝑢  ∙  𝑉(𝑡)) 

 

x(t, T) =  𝑥𝑒𝑞 + (𝑥0 − 𝑥𝑒𝑞)𝑒− ∫ 𝑓(𝑡)𝑑𝑡            (4) 

 

𝑥0 is the initial stoichiometry of UO2. 

A surface-to-volume model, Eq. (3), is suggested 

using Eq. (2). The surface-to-volume ratio is used to 

derive the surface-to-volume model. 

Some assumptions are given to derive the surface-to-

volume model. 

 



Transactions of the Korean Nuclear Society Autumn Meeting 

Gyeongju, Korea, October 26-27, 2017 

- Volume and surface increased exponentially. 

- Volume and surface are time-dependent. 

- Surface is affected by an increased volume. 

- Incubation time and cracking affect the surface 

and volume constantly. 

 
𝑑𝑉(𝑡)

𝑑𝑡
=  𝛼 ∙ ( 𝑉(𝑡) − 𝑎 )                         (5) 

 

 𝑉(𝑡) = ( 𝑉0 − 𝑎 ) ∙ 𝑒𝛼𝑡 + 𝑎                     (6) 

 

Eq. (6) is given by integration of Eq. (5). 

 
𝑑𝑆(𝑡)

𝑑𝑡
=  𝛽 ∙ ( 𝑉(𝑡) − 𝑎 )                        (7) 

 

𝑆(𝑡) =
𝛽

𝛼
( 𝑉0 − 𝑎 ) ∙ (𝑒𝛼𝑡 − 1)  +  𝑆0              (8) 

 

Eq. (8) is given by integration of Eq. (7). 𝛼 and 𝛽 

are a volume growth rate and surface growth rate 

respectively [5]. 𝑎 is a corrected value to explain the 

incubation time and cracking. 𝑉0 and 𝑆0 are an initial 

volume and surface. 

 

𝑓(𝑡) =  (
 𝐾𝑝ℎ𝑒𝑛

𝜌𝑢
) (

𝛽

𝛼
( 𝑉0−𝑎 )∙(𝑒𝛼𝑡−1) + 𝑆0

( 𝑉0−𝑎 )∙𝑒𝛼𝑡+𝑎
)            (9) 

 

𝑓(𝑡) =  (
 𝐾𝑝ℎ𝑒𝑛 𝛽

𝜌𝑢 𝛼
) (1 −

1

𝑎
(𝑉0−

𝛼

𝛽
𝑆0)

1+( 
𝑉0−𝑎

𝑎
 )∙𝑒𝛼𝑡

)           (10) 

 

Eq. (10) is got by arrangement of Eq. (9).  

 

𝐴1 =  (
 𝐾𝑝ℎ𝑒𝑛 𝛽

𝜌𝑢 𝛼
)                             (11) 

 

𝐴2 =  ( 
𝑉0−𝑎

𝑎
 )                              (12) 

 

𝐴3 =  
1

𝑎
(𝑉0 −

𝛼

𝛽
𝑆0)                           (13) 

 

𝑓(𝑡) =  𝐴1 (1 −
𝐴3

1+𝐴2∙𝑒𝛼𝑡)                      (14) 

 

In order to organize Eq. (10) simply, unknown values 

are substituted with the constants like 𝐴1, 𝐴2 and 𝐴3. 

Eq. (14) is putted at Eq. (4) to derive the surface-to-

volume model. In the Eq. (14), 𝐴1, 𝐴2, 𝐴3 and 𝛼 are 

determined empirically. 

 

x(t, T) =  
8

3
 −  

2

3
((

1+𝐴2

1+𝐴2𝑒𝛼𝑡)

𝐴1𝐴3
𝛼

∙ 𝑒𝐴1( 𝐴3−1 )𝑡)       (15) 

 

Eq. (15) is the surface-to-volume model to describe 

the sigmoidal curve of the reaction mechanism. 

 

Table 2: The values of 𝐴1, 𝐴2, 𝐴3 and 𝛼 at 573, 

623,673 and 723 K 

 𝐴1 𝐴2 𝐴3 𝛼 

573 K 1.95E-4 9.37E-3 1.00 1.70E-4 

623 K 1.19E-3 1.98E-2 0.99 1.09E-3 

673 K 2.60E-3 3.16E-2 0.99 2.59E-3 

723 K 3.19E-3 5.80E-2 0.98 3.02E-3 

 

 
Fig. 2. Comparison of experimental data and calculation data 

at 573 K by Eq. (15). 

 

 
Fig. 3. Comparison of experimental data and calculation data 

at 623 K by Eq. (15). 

 

 
Fig. 4. Comparison of experimental data and calculation data 

at 673 K by Eq. (15). 
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Fig. 5. Comparison of experimental data and calculation data 

at 723 K by Eq. (15). 

 

Maximum errors of 573, 623, 673 and 723 K are 1.02, 

0.67, 2.44 and 3.73%. The surface-to-volume model is 

matched well with the experimental data. 

 

3. Conclusion 

 

The Johnson-Mehl-Avrami model has widely been 

used to describe a sigmoidal curve of the reaction 

mechanism from UO2 to U3O8. However, the model 

takes into account nucleation and growth without the 

incubation time and cracking [1,2]. 

The surface-to-volume model describes the sigmoidal 

curve of the reaction mechanism with time-dependent 

surface-to-volume ratio. 

The surface-to-volume model is correct as well as the 

Jonhson-Mehl-Avrami model with the experimental data 

at 573, 623,673 and 723 K.  

 

REFERENCES 

 

[1] McEachern, Rod Joseph, and P. Taylor. "A review of the 

oxidation of uranium dioxide at temperatures below 400 C." 

Journal of Nuclear Materials 254.2 (1998): 87-121  

[2] Quémard, Ludovic, et al. "On the origin of the sigmoid 

shape in the UO 2 oxidation weight gain curves." Journal of 

the European Ceramic Society 29.13 (2009): 2791-2798. 

[3] Olander, D. R. "Mechanistic interpretations of UO2 

oxidation." Journal of nuclear materials 252.1-2 (1998): 121-

130 

[4] Ohashi, Hiroshi, Etsuzo Noda, and Takashi Morozumi. 

"Oxidation of uranium dioxide." Journal of Nuclear Science 

and Technology 11.10 (1974): 445-451. 

[5] Harris, Leigh K., and Julie A. Theriot. "Relative rates of 

surface and volume synthesis set bacterial cell size." Cell 

165.6 (2016): 1479-1492. 


