
Figure caption 

 

Figure 1: Radial temperature profiles and concentration profiles of chromium measured by 

EPMA for ramp tests LHT1 (figure 1a) and LHT2 (figure 1b) 

Figure 2: X ray maps of the elements Cr, Mo, Ru and O in the pellet center for the LHT2 

ramp test. 

Figure 3: Comparison of the radial concentration profiles of Cr and Mo measured by EPMA 

for the LHT2 ramp test. 

Figure 4: Comparison of the Chromium profiles measured by EPMA for ramp tests LHT1 

(figure 1a) and LHT2 (figure 1b) as a function of temperature. 

Figure 5: Oxygen potential profile in the pellet at the end of the power ramp (12 hours 

holding time) for the ramp tests LHT1 (blue diamonds) and LHT2 (purple triangles) in the 

[1500 – 2000°C] temperature range. Continuous segments indicate the phase stability diagram 

of the Cr-O system [11]. An extrapolation up to 2000°C of the solubility model (validity up to 

1800°C) is made. Chromium iso-solubility curves are shown in dashed lines. Figures in italics 

indicate the iso-solubility values expressed in %wt. Cr / UO2. 

Figure 6: Evidence of a significant reductive perturbation in the high temperature section of 

the pellets (center) during a power ramp - Diagram established with the FactSage software - 

Curve (1) : simulated equilibrium state of a stoichiometric UO2 fuel irradiated at 30GWd/t U. 

This initial state is controlled either by the (MoO2(s)/Mo(s)) or by the (Cs2MoO4(l)/Cs2MoO7(l)) 

redox systems (which are very closed), depending on the thermodynamic data base used. 

Experimental points : equilibrium state achieved by the rodlets LHT1 (blue diamonds) and 

LHT2 (purple triangles), subjected to a power transient, after a 12 hours holding time at high 



power (468 and 530 W.cm-1) without cladding failure. An uncertainty of ± 7 kJ/mol O2 is 

estimated from the variations of the measured Cr solubility data (cf. Figure 4). The final state 

is approximately controlled by the (Cs2MoO4(l)/Cs(l, g) + Mo(s)) redox system. This is 

consistent with the stabilization of metallic molybdenum, ruthenium and chromium as 

observed experimentally, as well as a high release of gaseous caesium controlled by the 

equilibrium Cs2MoO4(l) = Cs(g) + Mo(s) + 2O2(g) or   Cs(l) = Cs (g). 

Figure 7: Literature survey of oxygen potential measurements on UO2 fuel subjected to 

temperature gradients. Black squares: test LIT2/3 [10]; Black and white squares: test LIT/B4 

[10]; Grey circle: test LHT0 [15]; Blue diamonds and purple triangles: tests LHT1 and LHT2 

[present work]. 

  



 

 

Figure 1a 
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Figure 1b 

 

 

 

FIGURE 1 
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Figure 2 

 

  



 

 

 

 

Figure 3 
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Figure 4 
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Figure 5 

  

-480

-460

-440

-420

-400

-380

-360

1500 1600 1700 1800 1900 2000

R
T

 ln
 p

(O
2)

  (
kJ

/m
ol

 O
2)

Temperature ( °C)

Cr2O3(s) CrO(l)

Cr(s)

0.120%0.110%

0.100%

0.090%

0.082%

0.076%

0.070%

0.050%

0.060%

0.040%

0.030%

0.010%

0.020%

--- LHT1 

--- LHT2 



 

 

 

 

Figure 6 
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Figure 7 
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Table caption 

 

Table 1: Characteristics of the power-ramped samples investigated 

 LHT 1 LHT 2 

Irradiation time 2 Cycles 2 Cycles 

Average burn-up   GWd/tM 29.7 29.9  

Cladding Zy4 Zy4 

Fuel UO2-0.2%Cr2O3 UO2-0.2%Cr2O3 

235 U content    % 4.5%  4.5% 

Maximum power during ramp W/cm 468 531 

Holding time 12h04 12h11 

Power at the sample position  

 W/cm 

450 520 

 

 

Table 2: Parameters of the chromium solubility laws in UO2 in the 1500°C - 2000°C temperature 

range, from reference [11] 

The solubility law is of type
T

U
V)(og )(log 21010 ++= pOlpyCr , with pO2 in bar, T in K and yCr the 

soluble chromium molar fraction in UO2. An uncertainty of 7% is associated to the calculated solubility data 

expressed in weight % Cr / UO2. 

 

Chromium  
phase 

Slope p V 
 

U (x10-4) 
 

Cr 2O3 0.00 0.1385 -0.4827 
CrO 0.25 -4.872 1.034 
Cr 

(T>1651 °C) 
0.75 -8.391 2.816 

Cr 
(T<1651 °C) 

0.75 -6.076 2.370 

 

 



 

Table 3: Oxygen activity data versus temperature for high burn-up UO2 fuel rods, nominally stoichiometric, under 

power ramps 

 

Fuel 
specimen 

Initial 
enrichment 

Additive 
Cr2O3 

Initial pellet  
diameter 

Average 
burn-up 

Maximum 
power 

Holding 
time 

(Temperature, µO2) 
(°C; kJ/mol O2) 

Methodology Reference 

 % U-235 ppm mm GWd/tU W/cm h 
Fuel 

surface Fuel center 
 

 
LIT/B4 2.34 0 12.2 18.9 230 nd (2) (470; -443) (  970; -523) emf (1) [10] 
LIT2/3 2.55 0 12.4 11.4 394 nd (2) (540; -463) (1605; -556) emf (1) [10] 

LHT0 4.0 0 8.2 32.4 463 12 (400; -251) (1800;    -   ) 
Phase 

analysis [15] 
LHT1 3.7 2000 8.2 26.7 470 12 (400;    -   ) (1935; -375) Cr solubility This work 
LHT2 3.7 2000 8.2 29.9 540 12 (400;    -   ) (2200; -375) Cr solubility This work 

(1) ElectroMotive Force measurements with a (NiO/Ni) reference electrode at 750°C 
(2) Not documented 

 


