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ABSTRACT 

Four fuel prototype assemblies for the Laguna Verde Power Plant were fabricated and irradiated for four years at Unit I of 
this plant. The average Hydrogen content of the loaded pellets was 0.34 l.tg/g UO2, normal for the dry hydrogen atmosphere 
used for sintering. Five lots were rejected for Hydrogen content over specifications. Different rework procedures were 
applied during production, but Hydrogen content remained well over 0.5 ~tg/g UO2 and the five lots were not accepted. The 
different treatments attempted and the identification of the root cause of the problem are described in this paper. The results 
point to additional impurity restrictions for causes totally different to neutron capture control. 

INTRODUCTION. 

Four 3.03 average enrichment prototype fuel assemblies for the Laguna Verde reactors (BWR-5 two 654 MWe units in 
Veracruz, Mrxico) were fabricated [1 ]. It was a joint project among the reactor owner, the reactor designer and the National 
Institute of Nuclear Research (ININ). Irradiation has been carried out successfully. Pellets were fabricated with four ADU 
powders: normal, recycled, blends of the two previous ones, and enrichment blends. High hydrogen problems arose only in 
the recycled group. The powder was received homogenized and granulated. Pellet design has controlled microstructure, high 
matrix density of 98-99% TD, stable density under irradiation and very low open porosity. The last one, as can be seen in the 
tests performed, is one of this fuels main characteristics. 

The fabrication process followed [2] consisted in adding on internal lubricant and a pore former, (variable amounts 
according to the lot processed), in homogenizing the powder, and pressing in a double effect mechanical press with a 
hydraulic cushion to 5.2 - 5.6 gr/cm 2 green density. Sintering was done in molybdenum batch furnaces for five hours at 
1780°C in dry hydrogen atmosphere. Lot sizes ranged from 10 to 12 kg. The process was completed with centerless wet 
grinding; due to contact with water, a final drying at 1050°C for two hours, also in dry hydrogen atmosphere was required. As 
will be seen later, the high temperature drying was just a precautionary measure taken because of the particular 
microstructure obtained in the process. Q.C. and Q.A. followed the standard procedures for this type of fabrication. 
Hydrogen content was checked right after sintering, repeated after drying, and checked a~ain if the storing period had bren 
more than three months. Finally, pellets from short rods were dried at 200°C and 10 mbar, together with the loaded 
production rods. A final moisture reduction just before the second end plug welding was obtained. Ninety-nine lots were 
accepted. Some lots were rejected due to two main reasons: non homogeneous density in some of the originally enrichment 
blended lots and high hydrogen content between 0.86 and 1.7 ~tg/g UO2 measured after the pellets had been exposed to plant 
environment from one to two days. Average hydrogen content for all fabricated pellets was 0.34 ~tg/g UO2, higher than the 
commercial production average of 0.10 to 0.15 lag/g UO2 obtained when wet hydrogen or cracked ammonia is used. 

The higher average hydrogen content obtained in dry hydrogen sintering was reported by Wheeler [3] in a classic work 
performed on tiny UO2 monocrystals treated at 1000°C. It was also found in ZrOz . The reason for the higher hydrogen 
solubility in the UO2 fluorite matrix was believed to be caused by small and undetectable changes in the O/U ratio. The 
higher hydrogen potential obtained in the wet hydrogen sintering produces an O/U ratio slightly over 2.00 and then higher 
interstitial oxygen content in the UOE lattice reducing the available space for the interstitial Hydrogen atoms. The pellets 
would then have a slightly lower hydrogen content. If, on the other hand, the O/U ratio were slightly less than 2.00 as was 
obtained in the dry hydrogen sintering, some metallic impurities in Uranium can precipitate and form hydrides. The 
hydrogen tied in this form would then be very hard to remove. 

HYDROGEN SOURCES IN PELLETS 

Hydrogen (or water) can be captured in the fabrication process from sintering gas, wet grinding and from the environment 
during storing. All UOz sintering atmospheres contain Hydrogen, and trapping the sintering gas at the sintering temperature 
in the closed porosity is always possible. The gas is normally liberated at temperatures over 1000°C, in the form of water or 
elemental Hydrogen, in a non diffusion controlled process, according to Olander et al. [5]. The trapped Hydrogen can also be 



in solution in the UO2 lattice. According to Wheeler [3] Hydrogen solubility in UO2 can occur within a very wide range: 
from 0.03 to 0.4 lag/g UO2. Solubility depends on the UO2 lattice defects and can not always be correlated to temperature and 
pressure. According to the above mentioned reference, Hydrogen can be trapped at closed pores or grain boundaries. 
Different authors propose different hydrogen trapping places. However, all come to the conclusion that high temperature [3, 
4, 5] is necessary to liberate the gas. During fabrication we applied a 1050°C drying, taking into account that much higher 
temperatures could produce tmacceptable densification and dimensional changes. 

The second mentioned source of hydrogen is water retained in open porosity resulting from wet grinding or even from the 
storing environment. This moisture can normally be liberated with a 100 - 150°C drying [4]. However, "hard to dry" pellets 
in the 93-96 % TD density range, requiring a 400°C drying have been reported. The fact was traced to bottleneck shaped 
pores of "tea kettle type". This type of pores has never been shown, at least in the open literature. A high open porosity value 
and low density pellets with a lot of interconnected porosity seem to be the necessary conditions for this water retention. It is 
clear, however, that if  this type of pores exists, drying is going to be very hard because the narrow neck in the pores will need 
a high internal vapor pressure and then high drying temperature, to liberate the water contained in the bottle [4]. In our case, 
the interest lies only in the possible capture of water from the environment during storing, since final drying of the loaded rod 
is only at 200°C. However, verification of the open porosity and pore structure SEM examination, can prove that the 
"bottleneck" pores theory is pertinent. 

Open literature on the high Hydrogen content problem is actually very old (1975-82); we are presently trying to acquire a 
new vision for a problem that has always been related to low density and high open porosity pellets. Wheeler's conclusions 
on the solubility of Hydrogen in Uranium Dioxide are still the most important results in open literature to date. Most fuel 
fabricators, (not all) now use dry ground and pellet microstructures, with a high density matrix and controlled porosity that 
minimize the moisture absorption problem. 

A fourth possibility, in addition to the above mentioned ones, is to have precipitate hydrides. According to the literature 
[4], Hydrogen can be retained as crystallization water in A12 03,  SiO2 or CaO precipitates. 

The same reference reported that additions of 5000 ppm of each compound, separately added to the pellet produced a 
maximum increment of 0.3 ppm in the hydrogen content. However, since specification limits are 250 ppm for A1, 200 ppm 
for Si, 150 ppm for Ca and 500 ppm for Fe, these elements are not going to be a significant concern. The same reference 
indicates as possible hydride forming precipitates Sn, Zn, Cd, Pb and Mn. 

CHARACTERIZATION OF TROUBLESOME PELLETS. 

A complete characterization required by the QA plan was made during fabrication of the assemblies. We will only discuss 
the parameters relevant for the high Hydrogen pellets, adding normal Hydrogen content control lots. 

Table 1. Hydrogen content in lots included in this study 

Lot identification 

340011 
, , , 

340014 
260O 10 
260012 

320023 
071012 

Powder type 

Blend of ADU and recycled 
Blend of ADU and recycled 
Blend of ADU and recycled 
Blend of ADU and 
recycled. 
ADU 
ADU (Control lot) 

H2 content immediately 
after fabrication ].t~g UO2 

1.71 

1-12 content after 
rework l.tg/g UO2 

1.36 
1.25 0.79 
1.4 0.54 

0.86 

0.81 
0.22 

0.57 

0.67 
0.153 

Note: The first three digits in identification are the pellet enrichment. 

The search for the root cause started after carrying out the rework procedures (up to two additional high temperature 
drying operations) permitted by approved "QA fabrication and QC plan". Hydrogen determination in all cases was hot 
extraction (over 1600°C) in a Leco RH-404 Determinator. The results reported here are averages of five pellet analysis. 
Pellet grain sizes for all lots were in the 10 to 15 ~m range. The optical microscopy characterization [6] required in the QC 
plan of the rejected lots, was completed after the fuel delivery in the SEM. Most work was performed at 5000X, coveting 
samples with a gold evaporated film. It was difficult to obtain magnification over 10,000 X even without the gold film. Full 
details of the experimental procedures and pore quantification using an image analyzer (Leco 2001) are reported in the above 
reference. 



We did not find interconnected porosity, and outside of some small pressing defects (bimodal pore distribution) in only 
one of the problem lots, the microstructure had normal random distribution. Aggregated laminar porosity generally 
associated with high open porosity was not present. The microstructure did not allow us to detect differences in open pore 
content; however, during the fabrication run, it was detected that open porosity of normal pellets ranged between 0 and 0.02 
%, and for high hydrogen pellets it ranged from 0.02 to 0.08 %. This is not in any case, a significant difference. Trapping of 
water during process was not considered the root cause of high Hydrogen content taking into account the pellet 
microstructure obtained. 

METHODOLOGY. 

Pellet Hydrogen content Reduction Experiments. Our initial aim was to recover the high Hydrogen pellets. Repeated 
drying operations on sintered pellets under the same conditions (two hours at 1050°C in dry hydrogen atmospheres) did not 
produce a substantial Hydrogen reduction in the pellets. We had to check wet process and storing conditions, and look for 
treatments that did not change pellet dimensions and density, both at final values. Maximum allowable heat treatment 
temperature should not be more than 1200°C. Each possible 1-I2 location led to an experiment having in mind that pellet 
specification had to be met. Experiments were performed as follows: 

Table 2. Experimental summary 

Hydrogen retention cause Experiment carried out 

High 1-12 and low 1-12 control lot 
selection 

v 

Chemical composition and 
microstructural characterization 
comparative analysis 

Moisture absorption 
v "  Open porosity studies 

Hydrogen trapped in closed 
pores 

Hydrogen solved in UO2 lattice 

Increase H2 diffusion with drying at 
higher temperatures and neutral 
atmospheres 

Drying in more oxidant atmospheres 
(more negative oxygen potentials) 

Hydride formation Characterization with SEM and 
EDS 

All experiments, except the second and the last, were directed at obtaining an engineering rework solution. The other two 
could identify the root cause, but not solve the engineering problem. 

Influence of storing conditions 

We dried sintered pellets under production conditions (1050°C) in dry Hydrogen, then changed the atmosphere to dry N2 
at 200°C; finally the pellets were unloaded at 80°C. 

Table 3 summarizes the results for different test conditions. 



Table 3. Hydrogen content for A to F heat treatments 

Lot 
identification 

Initial 

260010 0.54 0.57 0.51 0.51 0.47 
340011 1 .36 0.94 0188 0.72 0 . 8 9  

, 

071012 0.22 0.13 0.10 0.08 0.23 

1-12 content (It g/g UO2) 
C D 

0.49 0.59 
, , , 

0.79 0.68 
0.07 0.11 

A. Warm pellets loaded in vials and analyzed within 2 hours 
B. Analyzed after three days in the pilot plant 
C. Analyzed after three days in H20 saturated atmosphere 
D. Analyzed after six days in the pilot plant 
E. Analyzed after six days in H20 saturated atmosphere 
F. Analyzed after 18 days of water immersion and four days in the pilot plant (air dried) 

The Hydrogen content has been reduced somewhat at least in two lots in the high temperature drying, but there is no 
influence of storing conditions (Hydrogen content within normal analysis deviations). Pore morphology already 
characterized, eliminates environmental influence as a possible cause. 

Diffusion of hydrogen contained in closed porosity 

We attempted to facilitate Hydrogen diffusion from closed pores, obtaining the following results: 

Table 4. Hydrogen content after 1050°C dry hydrogen drying and N2 cooling from 800°C 

Lot identification Initial 

260010 ' 0'.54 
340011 1.36 
071012 0.22 

Hydrogen content (~ g/g UO2) 
A D E 

, 

0.59 0.62 0.60 
0.87 1.02 0.85 

, , , 

0.18 0.27 0.21 

Analysis conditions A, D and E as indicated in table 3 

Table 5. Hydrogen content after drying a 1200°C and cooling in N2 atmosphere 

Lot identification Initial Hydrogen content 
(~ e4g u~) 

A 
260010 0.54 0.58 
340011 1.36 0.73 
071012 0.22 0.13 

Analysis conditions: A as indicated in table 3 

We added a dimensional control after 1200°C drying 

Table 6. Average diameter variation after 1200°C drying 

Lot identification Initial diameter (mm) Final diameter (mm) 
" 260010 10.4324 

340011 
10.4328 
10.4352 10.4312 

071012 10.4390 10.4358 

Heat treatment at 1200°C produces between 0.4 ].tm and 3 ~m diameter reduction Grinding allowance is between 100 and 
150 ~tm. 



Density reduction ranges from 0.036 to 0.165 % TD and specifications permit a 1 %  TD variation. Hydrogen 
reduction is still very small. 

Reduction of Hydrogen held in solution in UO2 lattice 

Drying was performed under the following conditions: heating for two hours at 1280°C and cooling in water saturated at 
20°C hydrogen. The results are included in the following table. (Results of drying in dry H2 at 1200°C are also included). 

Table 7. Drying at 1200°C in Hydrogen 

Lot identification 
Initial 

Hydrogen content ~ g/g UO2) 
Dry Hydrogen 

atmosphere 
260010 0.54 0.58 

'340011 ' ' 1.36 . . . .  0.73 
071012 0.22 0.13 

Hydrogen saturated 
at 20°C. 

0.56 
0.69 
0.09 

There is no important difference. More negative hydrogen potential atmospheres are going to change O/U ratio. 

Precipitate characterization by SEM and EDS 

Three types of precipitates were identified, among possible Hydrogen bearing compounds: AI, Sn and Cd. We used a 
Philip XL-30 Scanning Electron Microscope coupled to an EDAX New SL-30, 139-25 Energy Disperse Spectrometer in a 
metallographically polished sample without a gold conductive film. This has some influence in obtaining a good image 
resolution. Precipitate shape and composition can be seen in the figures. Unfortunately, Hydrogen and oxygen are not 
detected in the EDS. Trace content at this level did not allow an X-ray diffraction identification. The above mentioned 
references [4] indicate that we could have A1203, SnH4 and CdH4 contributions to hydrogen content. Heat treatments that can 
keep pellets within specifications and can be performed in a normal sintering furnace will not remove hydrogen in this case. 

Powder and pellet chemistry. 

Table 1 lists all troublesome lots. However, research was focused on three of them: lots 340011, 260012 and a control lot 
071012 considered as representative of the average production. 

The chemical composition of these three lots is included in Table 8. 

Table 8. Chemical composition of studied lots 

Impurity 
(ppm) 

F 
340011 

Lot 
260010 071012 

1.0 
CI 0.6 0.6 0.6 
C 36.8 36.8 28.2 
N 20.16 20.16 22.0 

0.16 0.16 0.15 G d  

Th 

0.2 0.2 0.2 
Cr 3.9 3.2 2.0 
Fe 23.7 1.6 6.0 

Mo I 2.5 , 2.2 3 
Na [ 20.3 19.6 4.0 
Zn 2.0 j 2.5 9.0 
Si [ 5.0 j 5.0 [ 5.0 
AI 7.0 7.3 10.5 
Co 1.0 1.0 1.4 
Pb : 1.0 1.1 i 1.0 
Ni 3.4 2.6 2.0 

0.1 
1.0 
1.0 

1.0 
1.0 

0.19 

0.1 
1 

1.0 

0.19 0.13 

0.1 
6.5 
2.7 

1.0 
5.0 

Mg 
B 

Ag 
V 

31 i 27 i 40.3 
Cd 0.3 0.3 0.2 
Ca 14.4 2.0 8.8 . 
Cu . 0.7 . 1.4 1.0 
M n  2.6  . 2 .6  1.0 



EDS and SEM Characterization 

Samples were examined in the SEM without a deposited film only for the photographs a gold film was added. Three 
representative images are included. Polyhedral precipitates are present in all cases and can be easily differentiated from the 
pores. Precipitate content is larger in the high hydrogen samples. 

The EDS analysis of these precipitates is included. A1 and Sn are present in the precipitates in all cases and sometimes 
Cd is also found. All these elements can retain Hydrogen [4]. This is the most significant characterization result. 

Fig. 1.- Sample 260010 (1.4 ppm H2) arrows indicate the precipitates identified by EDS. 

Fig. 2.- Sample 340011 (1.71 ppm I~) arrows indicate the precipitates identified by EDS. 



Fig. 3.= Sample 071012 (0.22 ppm I-Iz) arrows indicate the precipitates identified by EDS. 

Elements present in the precipitates as determined in the EDS were analyzed in the pellets. 
Results are indicated in Table 9. 
There are no significant differences in the chemical composition. 

Tabla 9.-Chemical composition by EDS 

ELEMENT . . . .  260010 ] . 3 4 0 0 1 1  I . 071.0!2 
Wt % 

C ' 1.'17-6.6 ' 1.77 6.6 . . . .  0.66'3.94 
O . . . . .  5.97' 12.55 . . . . . .  8.24'-18.94 . . . .  5.12 20.99 ' 
AI 1.28 - 1i.73 3.58- 8.18 1.27 10.23 
U 67.84- 91.33 62.94- 86.11 60.88 - 86.89 
CA 0.0 0.93 - 2.35 0-3.66 
Sn . . . . .  0.0- 4.86 . . . . . .  2.78'- 4.78 . . . . . .  1.78 -3.68 ' 

Metals found in precipitates were verified by ICP. Results are shown in Table 10. Carbon content determination was 
carried out by Leco combustion method. Carbon analysis was performed because of  the presence of  a black insoluble 
precipitate during the chemical nitric attack. This precipitate had a weight percent average composition determined by EDS in 
the f'me black powder  and it was: Cr-6%, C-8%, O-33%, A1-2%, Sn-0.27%, FE-43%, Si-6% and Ni-4%. Non soluble 
material  accounts only for 0.3% that do not invalidate the previous results. However ,  this problem will be taken into account 
for future research identification of  other possible Hydrogen bearing compounds. 

Table 10.- Pellet Chemical Analysis of precipitates identified by SEM 

Element ppm 
260010 340011 071012 

A1 20.3 1.25 7.5 

CA 0.11 0.43 0.12 

Sn < 0.6 < 0.6 < 0.6 
C 21 20 20 



SUMMARY AND CONCLUSIONS. 

Hydrogen is strongly tied in the pellet structure. Solution in the U(h lattice is not possible, or at least diffusion is not a 
hydrogen releasing mechanism. Moisture absorption has been ruled out. 

Precipitates seem to be the most likely place for hydrogen retention. However, three more experiments are still needed. 
1. To produce pellets with high A1, Sn and Cd, and to verify hydrogen content obtained after sintering in dry hydrogen 

atmospheres. Aluminum addition alone does not produce important hydrogen retention; however mixed with Sn or Cd, 
it can produce different results, because all these elements appear together in the same precipitates. Since we do not 
have powder of the same high Hydrogen lots, we are going to add impurities intentionally to the control lot powder. 
Impurity content is too small to obtain results in X-ray diffraction. 

2. To quantify the precipitate content in the three lots. 
3. To prepare samples for TEM-EELS (Electron Energy Loss Spectroscopy) for identifying hydrogen in the precipitates. 
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