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Abstract: High-temperature creep properties of sintered uranium dioxide pellets with two grain sizes (9.0 μm and 23.8 μm) were 
studied. The results indicate that the creep rate becomes a little faster with the reduction of the uranium dioxide grain size at the same 
temperature and the same load. At the same temperature, the logarithmic value of the steady creep rate vs stress has linear relation, 
and with increasing load, the steady creep rate of the sintered uranium dioxide pellet increases. Under the same load, the steady creep 
rate of the sintered uranium dioxide pellet increases with increasing temperature; and the creep rates of sintered uranium dioxide 
pellet with the grain size of 9.0 μm and 23.8 μm under 10 MPa are almost the same. The creep process is controlled both by  
Nabarro—Herring creep and Hamper—Dorn creep for uranium dioxide pellet with grain size of 9.0 μm, while Hamper—Dorn creep 
is the dominant mechanism for uranium dioxide with grain size of 23.8 μm. 
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1 Introduction 
 

Uranium dioxide is an important ceramic mainly 
used as a fuel in nuclear power plants[1−3]. All uranium 
dioxide pellets are produced by high-temperature 
sintering in hydrogen atmosphere. For the thoughts of 
environmentalism and purpose of economizing cost, low 
temperature sintering of uranium dioxide pellets has 
become the hotspot of research since 1960s. We have 
primarily studied the mechanism and processes in low- 
temperature sintering of uranium dioxide pellets. The 
sintered pellets are characterized by high quality and low 
cost[4−9]. However, the grain size of uranium dioxide 
pellets by low-temperature sintering is smaller than one 
by high- temperature sintering technology. 

The low-temperature sintering technology was not 
presented ever. So, the creep properties of uranium 
dioxide pellet sintered by this technology are unknown. 
Furthermore, the mechanism of uranium dioxide pellet 
was a focus of many studies. However, there is a great 
deal of disagreement in the literature. For example, based 
on the observation of a dependence of the creep rate on 
d−2 (d is grain size), WANG and NICH[2] and SELTZER 
et al[10] suggested Nabarro—Herring lattice diffusion 
creep as the controlling mechanisms for d=10−27 μm. In 

contrast, FROST et al[11] and SOLOMON[12] proposed 
Coble grain boundary diffusion creep as the dominant 
mechanism for uranium dioxide material having d≤10 
μm. So, in this work, the creep properties of uranium 
dioxide pellet with different grain sizes were measured; 
the results were compared; and the mechanism was also 
discussed. 
 
2 Experimental 
 

Specimens were made from a batch of uranium 
dioxide powder. Their density was 95% of the theoretical 
density of uranium dioxide pellet and the grain sizes 
were 9.0 μm (small grain size pellets by low-temperature 
sintering technique) and 23.8 μm (large grin size pellets 
by high-temperature sintering), respectively. All 
compression creep tests were conducted in a suitable 
furnace. The operating temperature of uranium dioxide 
pellet was 1 273−1 373 K, with pressure of 10 MPa in 
the reactor. They were performed at 20−50 MPa, 1 673 K 
and 1 773 K, respectively, under a nitrogen atmosphere 
to shorten the experimental time. 

Experimental process was as follows: load samples 
into the furnace, vacuumize to ＜0.1 MPa, add nitrogen, 
heat the furnace to needed temperature; when the 
temperature was stable, apply load to required load, use  
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displacement measuring device (grating micrometer 
sensor, TG130/TG150A, 0.5 μm) to record the 
displacement; when the experiment came to the steady 
creep, unload and cut off the electricity, then cool with 
furnace. The amount of compression was calculated 
using the displacement, then a chart was formed with 
abscissa of t (time) and ordinate of the amount of 
compression by the least square method. The slope of 
line is rate of steady creep. 
 
3 Experimental results 
 

Table 1 shows the steady creep rate of uranium 
dioxide pellets with different grain sizes (9.0 μm, 23.8  
μm) under 20−50 MPa at 1 673 K and 1 773 K, 
respectively. 
 
Table 1 Steady creep rate of UO2 pellets at 1 673 K and 1 773 K 

1 673 K 1 773 K 
Grain 

size/μm 
Stress/ 
MPa 

Steady creep 
rate/(10−4mm·h−1) 

 Stress/ 
MPa 

Steady creep 
rate/(10−4mm·h−1)

 30 7.282 0  20 3.619 3 
9.0 40 10.900 0  30 7.429 3 

 50 15.300 0  40 11.700 0 
 30 4.034 2  20 1.936 0 

23.8 40 9.892 1  30 4.518 7 
 50 13.900 0  40 10.513 0 

 
Creep of stoichiometric polycrystalline uranium 

dioxide with standard grain size is usually described in a 
ε&lg —lgσ plot (Fig.1). The limit of creep or the creep 

rate can be calculated using extrapolation under the same 
temperature. 

Calculation formulae for steady creep stress and 
strain are described. The relationship between stress and 
strain for uranium dioxide (9.0 μm and 23.8 μm) at     
1 673 K is listed in formulae (1) and (2), respectively, 
and the same relationship at 1 773 K is listed in formulae 
(3) and (4). 
 

,92 482.5lg 00 451.1lg 1 −= σε& T=1 673 K, d=9.0 μm (1) 
5,7 994.6lg 75 454.2lg 2 −= σε& T=1 673 K, d=23.8 μm 

(2) 
7,6 646.5lg 40 698.1lg 3 −= σε& T=1 773 K, d=9.0 μm (3) 
1,0 876.3lg 80 418.2lg 4 −= σε& T=1 773 K, d=23.8 μm 

                  (4) 
 

The steady creep rate is calculated when the stress is 
10 MPa. The results are： =1ε& 0.929 4×10−4 mm/h, 

=2ε& 0.288 3×10−4 mm/h, =3ε& 1.125 6×10−4 mm/h, 
=4ε& 0.348 4×10−4 mm /h 

Table 1 and Fig.1 show that the steady creep rate 
becomes a little faster with the reduction of the uranium 

dioxide pellet grain size at the same temperature and the 
same load. At the same temperature, the logarithmic 
value of the steady creep rate vs stress has linear relation; 
and with increasing load, the steady creep rate of the 
sintered uranium dioxide pellets increases. Under the 
same load, the steady creep rate of the sintered uranium 
dioxide increases with increasing temperature; and the 
creep rates of sintered uranium dioxide with the grain 
sizes of 9.0 μm and 23.8 μm under the load of 10 MPa 
are almost the same. 
 

 
Fig.1 ε&lg —lgσ curves of UO2 pellets at different temperatures: 
(a) 1 673 K; (b) 1 773 K 
 
4 Mechanism discussion 
 

The stress exponent (n) for uranium dioxide pellet 
with grain size of 9.0 μm is about 1.5 at 1 673 K and 
about 1.7 at 1 773 K. The stress exponent (n) for uranium 
dioxide pellet with grain size of 23.8 μm is about 2.42 at 
1 673 K and about 2.44 at 1 773 K. In order to analyze 
the mechanism of uranium dioxide pellets, ε&lg —lgσ 
curve of experiment is compared with Nabarro—Herring 
creep, Coble creep and Hamper—Dorn creep. 
 
4.1 Comparison with Nabarro—Herring creep 

The mathematical model of Nabarro—Herring 
creep[16] is 
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where ε&  is the creep rate; K is Boltzmann’s constant; 
=A& BΩ/b3 (B=12−40, Ω=(4/3)πR3, R=0.080 nm); b is 

Burgers vector; d is grain size; σ is stress; D is 
self-diffusion coefficient equal to 2×10−19−5×10−18 

m2/s at 1 673 K and 1.0×10−17−1.0×10−16 m2/s at 1 773 
K; Q is the activation energy equal to about 544 kJ/mol. 
Two formulae are deduced using above data: 
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At 1 773 K, 
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The steady-creep rates of this creep model are 

shown in Table 2. 
 
4.2 Comparison with Coble creep 

The mathematical model of Coble creep is 
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where A is a constant equal to 50; D is boundary 
diffusion coefficient, D=D0exp[−Q/(RT)]; D0 is the grain 
boundary diffusion energy coefficient under standard 
condition; Q is the grain boundary diffusion activation 
energy equal to about 377 kJ/mol; other parameters are 
expressed as formula (5). Two formulae are deduced 
using above data: 

At 1 673 K, 
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At 1 773 K, 
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The steady creep rate of this creep model is also 

shown in Table 2. 
 
4.3 Comparison with Hamper—Dorn creep 

The mathematical model of Hamper—Dorn creep is  
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where A is a constant equal to 7×10−11; other parameters 
are expressed as formula (5). Two formulae are also 
deduced using above data: 

At 1 673 K,  
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At 1 773 K,  
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The steady creep rate of this creep model is also 

shown in Table 2. 
The logarithms of the steady creep rate and stress in 

Table 2 are calculated, and then ε&lg —lgσ curves are 
drawn and compared with the experimental results in 
Fig.2. 

It can be seen from Fig.2, experimental results of 
 
Table 2 Creep rates calculated in this experiment and other creep models 

Creep rate Temperature/ 
K 

Grain 
size/μm 

Stress/ 
MPa Experiment Nabarro—Herring Coble Hamper—Dorn 

 30 7.282 0 7.881 2 0.729 1 2.976 7 

9.0 40 10.90 0 10.50 8 0.972 1 3.968 9 

 50 15.30 0 13.13 5 1.215 1 4.961 1 

 30 4.034 2 1.126 9 0.039 4 2.976 7 

23.8 40 9.892 1 1.502 6 0.052 6 3.968 9 

1 667 

 50 13.90 0 1.878 3 0.065 8 4.961 1 

 20 3.619 3 24.78 9 12.45 0 9.385 0 

9.0 30 7.429 3 37.18 3 18.68 8 14.07 8 

 40 11.70 0 49.57 8 24.90 0 18.77 0 

 20 1.936 0 3.544 8 0.673 3 9.385 2 

23.8 30 4.518 7 5.317 2 1.009 9 14.07 8 

1 773 

 40 10.51 3 7.089 5 1.346 5 18.77 0  
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uranium dioxide pellet with the grain size of 9.0 μm 
correspond to the theoretical values of Nabarro—Herring 
creep; while those of uranium dioxide pellet with the 
grain size of 23.8 μm accord with the theoretical values 
of Hamper—Dorn creep. 

By combining with Nabarro—Herring creep and 
Hamper—Dorn creep, a new formula which corresponds 
to the experimental result is proposed:  
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where M and N are coefficients; ε&  is the steady creep 
rate of experiment. Values of M and N are calculated and 
listed in Table 3. 

Table 3 shows that the creep process is controlled 
both by Nabarro—Herring creep and Hamper—Dorn 
creep for uranium dioxide with grain size of 9.0 μm. The 
Hamper—Dorn creep is predominate, which is ascribed 
to diffusion mechanisms. While it is controlled by 
Hamper—Dorn creep for uranium dioxide with grain 
size of 23.8 μm, which is ascribed to grain boundary 
sliding. It is similar to the results of Fig.2. 

 

 
Fig.2 Comparison of ε&lg —lgσ between experiment and creep models: (a) 1 673 K, 9.0 μm; (b) 1 673 K, 23.8 μm; (c) 1 773 K, 9.0 
μm ; (d) 1 773 K, 23.8 μm 
 
Table 3 Values of M and N 

M 
Grain size/μm 

M1 M2 M3 M4 M5 M6 
Average 

9.0 0.877 80 1.059 90 1.260 00 −0.374 30 −0.287 80 −0.229 40 0.3844 00 

2.8 −0.571 50 −2.401 70 −2.899 60 1.275 50 1.091 14 0.706 90 −0.466 60 

N 
Grain size/μm 

N1 N2 N3 N4 N5 N6 
Average 

9.0 0.122 20 −0.059 90 −0.260 00 1.374 30 1.287 80 1.229 40 0.615 60 

2.8 1.571 50 3.401 60 3.899 60 −0.275 50 −0.091 14 0.293 10 1.466 60  
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5 Conclusions 
 

1) The creep rate becomes a little faster with the 
reduction of the UO2 grain size at the same temperature 
and the same load. 

2) At the same temperature, the logarithmic value of 
the steady creep rate vs stress has linear relation; and 
with increasing the load, the steady creep rate of the 
sintered UO2 pellets increases. 

3) Under the same load, the steady creep rate of the 
sintered UO2 increases with increasing temperature. 

4) The creep rates of sintered UO2 with the grain 
sizes of 9.0 μm and 23.8 μm under the load of 10 MPa 
are almost the same. 

5) The creep process is controlled by both Nabarro
—Herring creep and Hamper—Dorn creep for uranium 
dioxide with grain size of 9.0 μm; while Hamper—Dorn 
creep is the dominant mechanism for uranium dioxide 
with grain size of 23.8 μm 
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