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UO2-Gd2O3

Sintered Densities
(from literature)

TD=Theoretical Density              Specification Range from [6]
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we can see a wide range of sintered 
densities

varying from 85%TD to 98% TD

Why?

TD=Theoretical Density              Specification Range from [6]
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We can observe 3 groups:

Coprecipitation very good sintered densities

Comilling good sintered densities (most)

Mechanical Mixture bad sintered densities (most)
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The adopted method for fuel fabrication seems to be mandatory 
to get good fuel pellets densities!

And this was confirmed by our experimental results!
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What is different ?

The level of homogeneity in the Gd2O3 distribution into the fuel 



ADU Coprecipitation Atomic Level
Most of the Gd2O3 powder originally added to the UO2 powder is 

present in the mixed powder as solid solution. After reduction, most of 
the gadolinium has already been incorporated in the UO2 FCC lattice 

(fluorite type). The Gd2O3 is homogenized in an atomic level
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coloured attack  developed by  Hammerschmidt and Saiger
Journal of Nuclear Materials , V 81, (1979) p153
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AUC Coprecipitation Microscopic Level
Some Gd2O3 powder originally added is present in the mixed powder as 
a solid solution and some of it remain as free BCC Gd2O3. Probably, the 
coprecipitation did not occur and a fractional precipitation has probable  
occurred instead. In this case, the homogenization is done in the liquid 

phase and a good homogeneity is achieved, in a microscopic level
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Dry Mechanical Mixture Macroscopic Level
In this case, all the Gd2O3 powder originally added is present in the 

mixed powder as free BCC Gd2O3. The worst homogeneity is achieved 
and the Gd2O3 is present as a dispersion of agglomerates within the 
UO2 powder. The high tendency of the Gd2O3 powder to agglomerate 

was promptly observed
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atomic level of homogeneity

microscopic level of homogeneity

macroscopic level of homogeneity



3 homogeneity levels 3 densification levels
Depending on the homogenization level, the shrinkage is delayed (1100-1400 C) 

and the final density is lowered. For dry mechanical mixing and AUC 
coprecipitation we can see this behaviour (sintering blockage)
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The sintering behaviour  of the powder prepared by mechanical mixing was 
confirmed in supplementary tests, even for small additions of Gd2O3 (2 wt%)

Over 1100 C the shrinkage is lowered and the densification is shifted to higher 
temperatures (1400 C). As a result, the final density achieved is lowered
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The first hypothesis would be the “diffusion barrier formation”, or formation of  
complexes phases with low diffusivity, indicated by:

Manzel and Dörr (Am.Ceram.Soc.Bull 59, n.6,p. 601, 1980)
Assmann, Peehs and Roepenack (J.N.M 153, p. 115, 1988)

(brownish areas in micrographies)
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Effect of gadolinium concentration on the sintered density of (U,Gd)O2 pellets 
prepared by  ADU  coprecipitation

(high homogeneity degree)
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Phases in the UO2-Gd2O3 System

This result showed that the sinterability of UO2-Gd2O3
decreases abruptly  over 50 at% Gd 



Variation of lattice parameter with dissolved gadolinium content

Phases in the UO2-Gd2O3 System

This result shows that , over 50 at% Gd , there are new phases which 
are different from fluorite (probably 3). The  break in the linear 

dependence indicates the ending of the fluorite monophase region 
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This study showed that over 50 at% Gd new phases different from fluorite 
are formed. The ending of the monophase region corresponds to the 

sudden decrease in the sinterability of the system 

The presence of these phases seems to be the cause for the densification 
decrease

But what can we say about the diffusivity of these phases?
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Scanning electron micrograph illustrating the UO2/Gd2O3 interface

Penetration curves were constructed  to determine the gadolinium
concentration profile  (WDS- Wavelength dispersive X-ray spectroscopy) in an

interdiffusion pair UO2/Gd2O3

Interdiffusion Studies
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Concentration profile across the UO2/Gd2O3 interface (3 regions)

From the penetration curve  the interdiffusion coefficients were calculated 
according to the Matano’s methodology

Interdiffusion Studies
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Interdiffusion coefficient as a function of the molar fraction of gadolinium

This result showed that over 50 at% Gd the interdiffusion coefficient also 
decreases abruptly

Interdiffusion Studies
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The sudden decrease in the sinterability
above 50 at% Gd corresponds to the 

ending of fluorite-lattice region as the 
same abrupt decrease in the interdiffusion 
coefficient.  The  same pattern among the 

graphs occurs at 80 at% Gd

In conclusion, different phases from 
fluorite-type are prone to be formed, 

which have low diffusivity and cause the 
decrease  in the sinterability of the system
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Would this confirm the

“diffusion barrier” hypothesis?

Let’s test this hypothesis!
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In this way, when the added (U1-xGdx) coprecipited powder has x<0.5, 
the final densities must be in the range observed for the coprecipited

10 wt% Gd2O3 powder (above 97.5 % TD)

ADU coprecipited powder 
(good Gd homogeneity and 

good sintering behaviour) was 
added to the UO2 powder  by 
mechanical mixture. The final 
composition was regulated to 

be always equivalent to 10 wt% 
Gd2O3

Testing the Hypothesis

Impossible to form the 
diffusion barrier. The 

composition is always  
bellow  50 at% Gd. So, 

bellow the region of low 
diffusivity phases
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The Diffusion Barrier Hypothesis was not confirmed!

ADU coprecipited powder 
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composition was regulated to 

be always equivalent to 10 wt% 
Gd2O3
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the micrographies of sintered
UO2-10wt%Gd2O3 pellets (mechanical 

mixing) showed larger pores than pure 
UO2

The curve of pore diameter distribution 
was shifted in the direction of larger 

diameters
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There is an unbalanced diffusion (material transport) between UO2 and Gd2O3. The Gd 
diffuses preferably into the fluorite lattice of UO2. We can see in both figures that Gd 

penetrates much more promptly in the UO2  lattice 

When the diffusion process starts (≅ 1100 C), Gd from agglomerates diffuses preferably 
into the UO2 matrix, leaving back pores (Kirkendall Effect). Once the pores were formed 
at high temperature, they are difficult to be eliminated in the further sintering process

remember that the Gd2O3 powder 
showed agglomerates with ≈30 μm 



look at the sintering curves for UO2-Gd2O3 pellets prepared 
according to the dry mechanical mixture method for  Gd2O3 

incorporation

(commercial H2, 5C/min up to 1650 C)



The shrinkage decreases when the diffusion process starts, and 
also the pore formation (Kirkendall Effect). After Gd dissolution, 
the shrinkage  starts to increase again.  During sintering, pores 

are being formed and eliminated simultaneously

This is the “Pore Formation Hypothesis”



The shrinkage decreases when the diffusion process starts, and 
also the pore formation (Kirkendall Effect). After Gd dissolution, 
the shrinkage  starts to increase again.  During sintering, pores 

are being formed and eliminated simultaneously

Let’s test this new hypothesis!



To test the hypothesis, 
Gd2O3 granules were 

mixed with UO2 powder

< 37 μm
37 – 45 μm
45 – 53 μm

It was observed  a 
consistent increase in 
the pore diameter with 

the increase in the Gd2O3
granule diameter 

(second peak in the bimodal 
distribution)

If the Gd2O3 granule is 
bigger than 45 μm, we 
can see some granules 
partially solubilized and 
a void partially formed 

around the agglomerate



Detail of the pore formation due the Kirkendall effect

Gd2O3 agglomerates

UO2 matrix

The “Pore Formation Hypothesis” was confirmed  experimentally



Sintering curves for UO2-Gd2O3 pellets carried out under argon and hydrogen
(10 wt% Gd2O3, heating rate 5 ºC/min)

Another experimental evidence could be obtained by separating the two 
opposed phenomena, the shrinkage due to the sintering process and the 

dilatation caused by the pore formation due to the Kirkendall effect



Sintering curves for UO2-Gd2O3 pellets carried out under argon and hydrogen
(10 wt% Gd2O3, heating rate 5 ºC/min)

That could be made by means of a dilatometric test where the reducing H2
atmosphere was substituted by inert argon atmosphere.  As the O/U ratio of 

the original UO2 powder  was 2.15, the amount of U5+ cations was 
considerable. With inert atmosphere, the U5+ cations originally present in 

the UO2.15 powder remain in this oxidation state during the sintering 
process.  So, the sintering process is favoured and begins at lower 

temperatures and also finishes at lower temperatures. In this way, the 
whole sintering curve is shifted to smaller temperatures



Sintering curves for UO2-Gd2O3 pellets carried out under argon and hydrogen
(10 wt% Gd2O3, heating rate 5 ºC/min)

Under reducing atmospheres, the dilatation component is significantly 
smaller than the shrinkage component, which is very significant in the 

temperature range in which the Kirkendall effect occurs. So, the resultant is 
shrinkage. Therefore, in reducing atmospheres, the Kirkendall effect (pore 
formation) does not result in dilatation, but in a decrease in the shrinkage 
rate during the period in which the formation of solid solution occurs. This 
mechanism explains the shape of the sintering curve. When the formation 

of the solid solution is completed, the shrinkage rate increases again



Sintering curves for UO2-Gd2O3 pellets carried out under argon and hydrogen
(10 wt% Gd2O3, heating rate 5 ºC/min)

Under argon atmosphere, as it was expected, the sintering begins at 
temperatures significantly lower than the ones corresponding to the 
reducing H2 atmosphere (due to the presence of U5+). When the solid 
solution formation is initiated, the shrinkage component due to the 

sintering process is smaller than the dilatation component resulting from 
the pore formation due to the Kirkendall effect, which results in a dilatation 

that could be detected



Sintering curves for UO2-Gd2O3 pellets carried out under argon and hydrogen
(10 wt% Gd2O3, heating rate 5 ºC/min)

This result also confirms the Pore Formation Hypothesis



CONCLUSION

The Mechanism:
Kirkendall Effect: A significant difference in the interdiffusion 

coefficients of the gadolinium into UO2 and of the uranium into 
Gd2O3 causes a misbalancing in the material transport during the 

formation of the solid solution. As a consequence, the densification 
during sintering occurs simultaneously with the formation of pores 
in places where originally were present Gd2O3 agglomerates. The 
diameters of these pores are proportional to the initial diameter of 
the agglomerates originally present. The pores formed are stable, 
once they have been formed in high temperature in an essentially
closed pore structure. Under this situation, it is not possible the 

elimination of these pores after their formation, in the subsequent 
sintering process. The pores remain in the sintered pellet and cause 

the low densities observed

The phenomenon is better characterized as a concurrence between 
pore formation and elimination during the sintering process than as 

a sintering blockage
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