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A B S T R A C T 

Eight U02 /SS fuel pins poisoned with Gd 2 0 3 in form of molybdenum coated 
microspheres have been irradiated at burn-up values of 6 500, 9 400 and 
14 000 MWD/Tp. The linear power was of about 500 W/cm and the central 
temperature of the fuel varied from 2 000 to 2 600° C. 

Post-irradiation analysis showed tha t the molybdenum coated microspheres 
of Gd 2 0 3 remain intact when the temperature of the fuel does not exceed 
1 600° C. Above this temperature the Mo-coating is progressively destroyed 
which results in the reaction between U 0 2 and Gd203 . In the experiment no 
influence of burn-up on the behaviour of the microspheres could be observed. 
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1. INTRODUCTION 

It has been assest that the addition to reactor fuels of 
parasitic neutron-capturing elements in small amounts may 
be of great advantage for the reactor design and control. 

The depletion of these elements, usually designated as 
burnable poisons, during the reactor operation compensates 
for reactivity losses due to fuel depletion and accumula­
tion of stable fission products. 
The main advantages wich could be obtained through the use 
of burnable poisons are /~1_7 : extension of reactor endu­
rance, improved core performance through better flux factors, 
and reduced mechanical control of the reactor. The concen­
tration and the geometrical shape of burnable poison must 
be calculated such that its consumption rate follows the fuel 
depletion and that no poison residue remains at the end of 
the reactor core life. 
These requirements could be satisfied by the use of self-
shielded poisons consisting of microspheres of different dia­
meters wich should be burned completely at the end of the co­
re life-time. 
In the frame of a program sponsered by EURATOM, Fiat Nucleare 
and Ansaldo * for the development of a naval reactor, the use 
of burnable poison has been considered of particular advanta­
ge, mainly for reasons of reactor control. Therefore a deve­
lopment program of fuel elements containing burnable poisons 
has been undertaken. Fiat Nucleare has developed a technique 
of preparation of burnable poison consisting in microspheres 
of gadolinium oxide (GdpO~) coated with a thin molybdenum layer. 
wich acts as diffusion barrier between U0p and GdpO,>. The mi­
crospheres are incorporated in the U0p powder and sintered 
together in form of fuel pellets ¿~2_7· 

* Contrat d'association EUR/C/3622/6/61. -



The scope of the present work was to investigate the irra­
diation behavior of fuel rods containing this type of bur­
nable poison and especially the metallurgical behavior of 
the microspheres incorporated in the U0p fuel. 
Nine fuel rods have been irradiated at a heat rating and 
at temperatures representative of the peak values in the 
naval reactor-core. The rods were assembled in three tre­
foils wich reached three different burn-up values, in the 
range of 6.5 00 to 14.000 MWD/TU. The concentration of bur­
nable poison varied from.700 to 4.000 ppm, the diameter of 
the microspheres was of 300 and 500 microns. In addition 
some pellets contained burnable poisons in form of fine 
distributed powder. 

2. DESCRIPTION OF THE EXPERIMENT 

2.1. Irradiation facility 

The test section, containing nine fuel rods, has been 
irradiated in the organic loop DIRCE, which is located in 
the central channel of the reactor ISPRA-1. The unperturbed 
thermal neutron flux (maximum axial) integrated between 0 
and 0,58 eV is : 

0n m^v = I.2.IO14 n.cm"2 . sec."1 'o max. 

The schematic location of the in pile section inside the 
reactor channel is shown in fig. 1. 

2.2. Test section 

The test section, shown in fig. 2, consists of a fuel 
assembly suspended at a shielding plug. 



The fuel assembly is composed of three ZR­2 fillers (A, B, 

C), each containing three fuel rods. The coolant flows within 

the annuii existing between the fuel rods and the fillers. 

The three fillers are connected through a screwed central rod, 

which can be operated at the head of the test section. With 

this system the three fillers can be discharged separately 

after different irradiation time, in order to obtain three 

different burn­ups. The three upper fuel rods are instrumen­

ted with two CR/AI thermocouples each on the sheath. One rod 

is instrumented with a W­Re thermocouple in the center of the 

fuel. A view of the fuel assembly is shown in figure 3. A mo­

re detailed description of the test section with the design 

data has been given in the irradiation proposal /~3_7· 

2.3. Fuel rods 

Γ 

The nine fuel rods have been denominated as follows : 

­ 1 A, 2 A, 3 A upper trefoil 

­ 1 B, 2 B, 3 Β central trefoil 

­ 1 C, 2 C, 3 C lower trefoil. 

The rods are similar except for the 1 A which is instru­

mented with a central thermocouple as shown in figure 4. Each 

rod consists of seven sintered U0p pellets S.S sheathed and 

closed by two S.S plugs TIG welded, with air filling. 

The lower pellet is thermally insulated by an Alp0~ disc; a 

Nimonic 90 spring ensures the positioning of the fuel column. 

Figures 5 and 6 show fuel rods before and after assembly. 

In table 1 the main characteristic data for the fuel rods are 

listed. ··■··.·· 
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Table 1 Characteristics of the fuel rods 

COMPONENT 

S HEAT 

(AISI 348) 

FUEL 

sintered UOp 

11 W% enriched 

in U ­ 235 

POISON 

monoclinic 

Gd
2°3 

PARAMETER 

Inner diameter 

Thickness 

Outer diameter 

Standard pellet diameter 
* 

pellet diameter of rod 

1C 

height of 1 pellet 

U0o density 

surface rugositv 

density 

■ 

VALUE 

8.6 

0.6 

9.8 

8.48 

8.40 

13 

93 

0.5 

97 

+ 

+ 

­

+ 

+ 

+ 

+ 

+ 

4­

τ 

0.025 

0.03 

0.000 

0.015 

0.01 

0.01 

0.25 

94.5 

1.2 

99 

t 
! 
t 
t 
t 
1 
1 

1 

i t 
l 

I 
t 
t 

I 
1 

1 
! 
1 

j 
1 
t 

! 
I 

1 
1 
I 
I t 
f 
t 
1 

i 
1 
t 

i 

UNIT ¡ 

mm j 

mm j 

mm | 

1 
! 
! 
[ 1 
! 

1 
mm ! 

i 
mm j 

mm j 

% T.D ! 
! 

AX mm 

% T.D 

■ 

The larger gap between fuel and sheath in the rod 1 C 

has been foreseen to reach a central temperature higher than 

the meeting point of the Gd_0„. 
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The poisons have been mixed to the U0p powder in form 

of powder or in form of microspheres. The microspheres, 

obtained with the sol­gel method, are coated with a 30/U 

molybdenum layer in a fluidised bed ¿~2_7· 

The rod 1 A contains pure U0p with a central hole for 

thermocouple insertion. 

The poison charge in the different fuel rods is described 

in table 2. 

Table 2 : Poison charge 

R O D 

2 A 

3 A 

1 Β 

2 Β 

3 Β 

1 C 

2 C 

3 C 

! 
1 
t 

! 

i 
1 

! 

i 
! 
t 
! 
! 

I 
1 

t 

I 

! 
I 
I 
I 

! 

t 

I 

1 

/U spheres 

diameter 

500 

500 

powder 

300 

300 

povder 

500 

300 

500 

Gd
2°3 

concentration 

ppm 

1400 

2100 

300 

700 

1200 

300 

4000 

700 

^1400 

f 

Fig. 7 shows the poison distribution inside the U0p pellet, 

The detailed description of fuel rods fabrication and 

characteristics has been given in reference ¿f"4_7· 
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3. IRRADIATION 

The test section has been irradiated during 6 cycles 
of the reactor, under the conditions listed in table 3. 

Table 3 : Irradiation conditions 

Coolant in pile flow : 
Coolant average pressure : 
Coolant velocity : 
Coolant inlet temperature : 
Coolant outlet temperature : 

Measured sheath average temp. : 
of the rods A 

Measured central temperature : 
of the rod 1 A 

G 
Ρ 
V 
Ti 
TO 

TS 

Tc 

= 

= 

= 

= 

= 

= 

= 

8 m3/h j 
p J 

10 kg/cm 
9,5 m/sec. f 
280°C ! 
290°C 

430°C ! 

2000°C 

The three sets of fuel rods have been irradiated 
for different times as indicated in table 4. 
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Table 4 : Irradiation times 

Fuel rods Β 

Irradiation time 

(days) 135.2 81.9 

The experimental values of sheath and fuel temperature and 

of power (determined by thermal balance) were in agreement 

within 5% with the design data. In table 5 are listed the 

power and the calculated burn­up for the different rods. 

Table 5 : Power and calculated burn­up 

1 

! 

1 ! 

Specific thermal power j 

(average radial and axial) j 
w/gru j 

Linear power (average axial)! 

w/cm. j 

t 

Specific fission power } 

w/gru j 

Calculated Burn­up j 

MWD/TU 

> · 

A 

96 

500 

105 

14000 

B 

105 

546 

ï"- ' 

1 1 5 

iîssxci ρ ;;r':;:*;~. 

9400 

C 

'ir. 

100 

. ­, . 

515 

■θ iQ.·® flBx 

110 
i i·» :. 

•'4 J. ;­s W >. 

6500 
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In fig. 8 the temperature distribution inside the fuel 
for the different fuel rods is shown. 

N.B. : The six sheath-thermocouples have worked satis­
factorily for the whole irradiation period. A ve­
ry good performance was also given by the central 
T.C. of the rod 1 A, in W-Re, which has worked for 
70 days at 2.000°C, with 30 thermal cycles. 

4. POST-IRRADIATION EXAMINATION 

The post-irradiation examination included the following 
operations : 

- gamma scanning of fuel elements 
- determination of fission gas release 
- dimensional measurements of fuel elements 
- metallographic investigation of fuel pellets. 

4.1. Gamma-scanning measurements 

The used apparatus consists of a mechanical part in­
stalled inside the hot cell (fig. 9), a collimator system 
mounted in the concrete wall of the cell and the equipment 
for y-ray analysis outside the cell. An electronic control 
unit allows to run measurements automatically following a pre­
selected program for the displacement of the fuel rod and for 
the counting time. In the described experiments the fuel rod 
rotating during counting was in a fixed position with regard 
to the axial direction. The used collimator has an aperture 
of 0.5 mm. height and 20 mm. width. 
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The total y­activity in the energy range from about 50 KeV 

to 2500 KeV has been measured in steps of 0.5 mm. using a 

Nal­crystal. 

The measurement of the y ­activity of some single isoto­

pes has been carried out in steps of 5 mm. using a Ge­Li 

crystal. For the measurements of the rods 1 A and 3 A a steel 

shielding of 55 mm. thickness was placed between the fuel 

and the y­ray detector in order to lower the very high 

y ­activity. Therefore in the following results the abso­

lute values of the rods 1 C and 2 C can not be compared 

with the absolute values obtained for the rods 1 A and 3 A. 

The results of the y ­scanning measurements are reported 

in the figures 10 to 13. 

The total y ­activity distribution is roughly representati­

ve for the thermal neutron flux distribution in the irradia­

tion facility if one is not considering the increase of the 

flux at the end of the fuel stacks. Fuel rod 2 C with the 

lowest burn­up and the lowest irradiation temperature shows 

in some points an abrupt decrease of activity. These points 

correspond to the interfaces of two pellets with a dishing, 

which was originally present for each pellet. It cannot be: 

observed for the rods 1 C, 1 A, 3 A. Temperature and. irra­r; 

diation effects have smoothed out the activity concentra·?^ 

tions. In agreement with the irradiation conditions the pro­

files of the total activity of the rods 1 A and 3 A;are very 

similar. ... ■ ■ vt­r*,; sti'c r.m\̂ s»
;
<?6 i­¿c 

The activities of the single isotopes obtained with the Ge­

Li crystal are plotted, too, in the figures 10­13. The values 

have been calculated from the corresponding peaks in the spec­

tra. An example is given in fig. 14. The peak of the Nb 95 

is not considered quantitavely, because it is not well sepa­

rated from the Zr 95. 
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Due to the relatively short irradiation time only the 
Ru 103 and the Zr-95 could be measured for the fuel rods 
1 C and 2 C. The activity distribution seems homogeneous 
over the whole length of the fuel stack in the case of 
the rod 2 C. Fuel rod 1 C shows an increase in activity 
near the upper end of the fuel, where the temperature was 
highest. Migration of the fission products may be the rea­
son for this increase. 

For the rods 1 A and 3 A also the Cs 137 could be measured, 
due to the higher burn-up. At the bottom of the fuel stack 
where the neutron flux and consequently the temperature we­
re highest, a higher activity of Cs in comparison with the 
activities of Zr-95 and Ru 103 can be observed. 

This is demonstrated very clearly with the spectra of the 
figures 14 and 15. Fig. 15 shows the spectrum measured on 
the lower end of the rod 1 A. There is a significant peak 
of the Cs 137 and the two peaks of the Cs 134 are recogni­
zed. The spectrum of the fig. 14 is a typical one for a mea­
surement of the fission products inside the fuel stack. Only 
a small peak of the Cs 137 can be seen. The ratio between 
the quantity of Cs 137 and Zr-95 is much lower in the case of 
the spectrum of the fig. 15 than the corresponding of the fig. 
14. Furthermore the fuel rods 1 A and 3 A show a rather high 
scattering of the Cs and Ru activities (Fig. 12 and 13). The­
se observations indicate a migration of these isotopes insi­
de the fuel. 
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4.2. Fission gas release measurements 

The fuel rods 1 C and 2 C have been punctered under 
vacuum. Using a stepwise expansion of the fission gases 
released from the element into the vacuum system, samples 
for Kr-85 measurements ( a known fraction of about 10 
of the total quantity of gas ) and for mass-spectrometric 
analysis ( about 0.1 of the total quantity of gas ) have 
been prepared. 

Table 6 shows the composition of the gas samples mea­
sured by mass spectrometry. /~It must be mentioned, that 
the capsules where filled originally with air. It cannot 
be excluded that some air entered in the flask of the rod 
2 C during preparation of the gas sample. Therefore the 
value of 81.3 % may be to high, but it can be assumed that 
this has no influence on the determination of Kr and Xe_7· 

The isotopie composition of the Kr and Xe of the gas 
samples is given in table 7. The measured values are nearly 
the same for the two rods. In the table there are also re­
ported the theoretical compositions of the fission gases 
which are created during irradiation inside the fuel. There 
is a good agreement between these calculated values and the 
observed values for the released fission gases. 

The amount of the released Kr-85 has been measured by 
y -spectrometry. The spectrometer was calibrated with a 
known standard sample of Kr-85. Using these results and the 
mass spectrometric analysis of table 7 the amount of released 
fission gases have been calculated. Furthermore the total 
amount of the Kr and Xe created during irradiation have been 
determined by theoretical calculation. The results are com­
pared in table 8 with the observed fission gas release. The 
fuel rod 1 C with the higher temperature shows a slightly 
higher gas release. 
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Table 6 : Puncture test 
Gas analysis by mass-spectrometry 

1 

Gas 

H2 

He 

Ar 

Kr 

Xe 

Air 
! 

1 
Quantity /~%J 

rod 1 C rod 2 C 

3.8 1.7 

0.6 0.3 

0.1 0.1 

3.2 2.3 

22.3 14.3 

70.0 81.3 
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Table 7 : Puncture test. Isotopie composi­
tion of fission gases 

t 1 1 | Isotopes 

j Kr 83 
84 
85 

[ 86 

j Xe 129 
j 130 
j 131 

132 
134 

I 136 
| 
1 

Fission 

rod 1 C 

14.0 
27.5 
7.1 
51.3 

0.2 
0.1 
10.9 
17.7 
30.2 
40.9 

gas released 
/"% 7 

rod 2 C 

14.3 
27.3 
7.1 
51.3 

0.2 
0.1 
10.9 
17.3 
30.2 
41.3 

Fission gas created 
Ctj 

14.1 
25.9 
7.5 
52.4 

1,7.10"3 

1.1.10 ô 

9.8 
16.8 
31.4 
41.8 

. . , . * 



I 

Created quantity 
cm3 

1 C : Kr 1.09 
Xe 7-72 

Kr + Xe 8.81 

2 C : Kr 1.10 
Xe 7.73 

Kr + Xe 8.83 

Released quantity 
cmJ 

0,27 
1.87 
2.14 

0.27 
1 .66 
1 .93 

1 1 

Fraction released | 

24.8 | 
24.2 j 
24.3 j 

r 
1 

t 1 

24.5 i 
21 .5 i 
21 .9 I 

IO 
o 

Table 8 : Fission gas release of the fuel rods 1 C and 2 C. 
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4.3. Dimensional measurements 

The diameter of the fuel rods has been measured each 
20 mm of length, in two angular positions. The measured 
values are all included in the range between 9,79 and 9,81 mm. 
From the comparison with the values before irradiation wich 
varied from 9,800 mm to 9,815 mm it appears that the outer 
diameter of the fuel pins did not change during irradiation. 
Length measurements of the fuel pins showed no change, due 
to the irradiation. 

4.4. Metallographic examination of fuel pellets 

The main objective of this experiment was to- investi­
gate the behavior of molybdenum coated microspheres of 
Gdp0„ in contact with the U0p, under irradiation. It is. 
known that Gdp0- reacts with U0p at temperatures above 
1.500°C forming a solid solution over the entire composi^ 
tion range. The molybdenum coating should act as. a diffu-.;· 
sion barrier between U0p and Gdp0^. An extensive metallo^ °-; 
graphic investigation has been made on selected fuel pel-?, 
lets wich differed by the burn-up, the central temperature-, 
the concentration of Gdp0„,. and the diameter of the micro­
spheres. Pellets containing burnable poison in form of powder 
were also examined. μΐΐν 
Longitudinal an transversal sections of the pellets have 
been prepared. By 'successive steps of polishing- the Mo-coated 
microspheres of GdpO_ distributed in the fuel.pellets could 
be observed. ■­'·­­ '­s­Vl©­ ,· ­rtaiToo eriT assvri&d-

The radial position of the observed microspheres·has been mea­

sured with a low magnification optical microscopef.i rtsQirîècf. 

Taking into consideration the radial temperature distribution 

in the pellets shown in fig. 8 it was possible to determine 

the mean irradiation temperature of the single microspheres. 
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Eightysix section« from pellets of the fuel rods 3 A, 
3 B, 1 C and 3 C have been polished and submitted to 
metallographic examination. A total number of about 7? 
microspheres could be observed in these fuel sections. 
Fig. 16 to 18 show the metallographic aspect of micro­
spheres in function of their radial position in the fuel 
pellets for the elements 1 C, 3 Β and 3 A. In the same 
figures the radial temperature distribution is indicated, 
wich permits to determine for each microsphere its mean 
irradiation temperature. One can observe that the micro­
spheres remained intact in the temperature range below 
1.500 - 1.600°C. Above this temperature the molybdenum 
coating is more or less destroyed and the reaction between 
U0p and Gdp0~ takes place. 
In most cases the spherical shape of the gadolinium oxide 
remains and one can assume that the self shielding effect 
of the poison spheres is not suppressed. 
In some cases the microspheres are deformed when they are 
located in the zone of the columnar grains of the U0p. It 
may be that the mechanical deformation of the microspheres 
due to the grain growth of the U0p contributes to the ruptu­
re of the molybdenum coating. 
Fig. 19 and 20 show two examples of deformed microspheres 
in the zone of the columnar grains of U0p. 
Fig. 21 shows an example of an intact microsphere near the 
surface of the U0~ pellet. 
Fig. 22 shows a microsphere located at the limit of the 
columnar grain zone. The ondular appearence of the molybde­
num surface seems to indicate the beginning of a reaction 
between the constituents. This effect results finally in the 
destruction of the coating with the subsequent reaction 
between the U0p and the Gdp0_. 
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Fig. 23 illustrates this reaction in different sections 
of a microsphere. The porous zone in the different pho­
tographs could be considered as the reaction boundary. 
At this stage of the reaction a large number of small 
metallic inclusions (probably Mo) can be observed in 
the ceramic material. In order to illustrate the behaviour 
of the microspheres we have plotted in fig. 24 the total 
number of intact and defected microspheres in function of 
their irradiation temperature and of the burn-up of the 
fuel elements. 
The influence of the temperature on the integrity of the 
microspheres appears very clearly in this figure, while 
the burn-up does not seem to have any influence. 

5. CONCLUSION 

The present experiment has demonstrated that the molybde­
num coated microspheres of GdpO_ incorporated into U0p pel­
lets behave satisfactorily under irradiation until a tempes-
rature of about 1.500 to 1.600°C. Above this temperature 
the molybdenum coating is progressively destroyed wich re­
sults in the reaction between the U0p and the Gdp03. 
No influence of burn-up on this effect could be detected, 
for burn-up values ranging from 6.500 MWD/T.. to 14.000 MWD/T̂ j. 
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Fig.9- Gamma-scanning équipement 
A : fuel element 
B: collimator 
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microsphere in the columnar grain zone of U02 (burn-up 14.000 MWD/T , temperature 1730°C). 



45 

50 Χ 

150 Χ 

Fig. 21 : View of an intact microsphere near the surface of the 
UOp pellet (burn-up 14.000 MWD/T«, irradiation tempe­
rature 890°C). 
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columnar grain zone (burn-up 14.000 MWD/TTT, tempera­ture 1460°C). u 
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