
Behavior of metallic ®ssion products in uranium±plutonium
mixed oxide fuel

I. Sato a,*, H. Furuya a, T. Arima a, K. Idemitsu a, K. Yamamoto b

a Department of Nuclear Engineering, Faculty of Engineering, Kyushu University, 6-10-1 Hakozaki, Fukuoka 812-8581, Japan
b Power Reactor and Nuclear Fuel Development Corporation, O-arai Engineering Center, Higashi Ibaraki-gun, Narita-cho, Oarai-machi,

Ibaraki-ken 311-1393, Japan

Received 28 August 1998; accepted 19 February 1999

Abstract

Metallic ®ssion products, ruthenium, rhodium, technetium, palladium, and molybdenum, exist in irradiated oxide

fuels as metallic inclusions. In this work, the radial distributions of metallic inclusion constituents in the fuel specimen

irradiated to a peak burnup of 7±13 at.% were observed with an electron probe microanalysis. Palladium concentration

is high at the periphery in all the specimens. Molybdenum shows the same tendency for the 13 at.% burnup specimen.

These results showed the signi®cant di�erence between experimental data and calculations with ORIGEN-2 at such

high burnups, which suggested that the migration of palladium and molybdenum was controlled mainly by di�usion of

gaseous species containing each metal along the fuel temperature gradient. Ó 1999 Elsevier Science B.V. All rights

reserved.

PACS: 28.41; 28.50

1. Introduction

Fast breeder reactor (FBR) fuels are expected to be

used to a very high burnup from the reason of cost

performance. The target burnup will be 20 at.% FIMA

[1]. In other words, one ®fth of the fuel metal will change

into ®ssion products. In order to attain this target

burnup, it is basically important to know the behavior of

®ssion products in the fuel.

Molybdenum, ruthenium, rhodium, technetium and

palladium are produced in mixed oxide fuels with high

®ssion yields and remain to be undissolved in fuel to

precipitate as metallic inclusions. These are called the

white metal phase, which has been well known from the

early time [2].

Molybdenum concentration in the metallic inclusions

in a �U0:7Pu0:3�O2ÿx fuel pin irradiated to 13 at.% peak

burnup in JOYO was lower than the expected value, and

that part of the molybdenum was released from the fuel

pellet to the fuel-cladding gap [3]. Tourasse et al. re-

ported existence of a molybdenum and cesium-rich

phase, so-called `JOG', at the fuel-cladding gap in high

burnup �U0:8Pu0:2�O2ÿx fuels [4]. On the other hand, in

fuel used in high temperature gas-cooled reactors, pal-

ladium is known to migrate relatively easily through the

fuel matrix to the silicon carbide layer [5].

As mentioned above, molybdenum and palladium

migrate in di�erent manners from those for the other

constituent elements of metallic inclusion. These be-

haviors of molybdenum and palladium, however, are

not understood well, and then must be evaluated with a

number of post irradiation examination data of many

fuels irradiated under various conditions. In our pre-

vious paper [3], the radial concentration pro®le was only

from molybdenum results measured in the fuels irradi-

ated to 13.3 and 11.7 at.%, but no data for other metallic

inclusion constituent elements.

In this work, the concentration pro®les of all con-

stituent elements in the metallic inclusion of the fuels
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irradiated to burnups from 7 to 13 at.% were measured

by using an electron probe microanalysis (EPMA)

technique, and were presented with the quantitative

metallography. Moreover, the migration behaviors of

molybdenum and palladium in fuel were discussed based

on these data.

2. Experimental

The fuels examined in this work were irradiated to

the burnup of 7 to 13 at.% in the experimental fast

reactor, JOYO, of Power Reactor and Nuclear Fuel

Development Corporation (PNC). The as-fabricated

characteristics and the local irradiation conditions of

the fuel specimens are listed in Table 1. Most of the

specimens were taken from axially near-middle loca-

tions of each fuel pin except for H71042 and G35722

fuel pins. Modi®ed 316 stainless steel (PNC316) [6]

was used as the cladding tube material. Post irradia-

tion examinations were performed in the fuels moni-

toring facility (FMF) of O-arai Engineering Center of

PNC.

Photographs along the radial direction on the

transverse section were taken for each specimen with an

optical microscope at magni®cation of either 400 or 520.

Metallic inclusions can be distinguished as white spots

from the fuel matrix on the photographs. Area of each

spot for specimens H71042, H71062, G35722 and

G35751 was measured to evaluate the fraction of occu-

pation area of the metallic inclusions over the cross

section of specimens. The minimum radius of the me-

tallic inclusion that can be measured using this method

was about 0.2 lm. The details of this procedure were

reported elsewhere [7].

EPMA technique was adopted for measuring the

concentrations of molybdenum, ruthenium, rhodium,

technetium and palladium in the metallic inclusions. The

acceleration voltage and absorption current were set to

25 kV and 0.1 lA, respectively. Characteristic X-rays

detected for quantitative analyses were La for molyb-

denum, ruthenium, rhodium and technetium, and Lb for

palladium.

3. Results

3.1. Radial pro®le of metallic inclusion

The cross section of the specimens was divided into

20±30 sections of concentric circles at equal interval

along the radial direction. The radial concentration

pro®le of the metallic inclusion was determined by

measuring the fraction of occupation area of the metallic

inclusions in each section.

Fig. 1 shows the occupation fraction pro®le of

specimens G35722 (burnup of 10.4 at.%), G35751 (13.3

at.%), H71042 (9.6 at.%) and H71062 (10.6 at.%) along

the radial direction from the cladding inner surface to

the center of fuel pellet. It can be seen that the occu-

pation fraction pro®les depend on the burnup or linear

heat rating. On the highest burnup specimen, G35751,

the fraction of occupation area of the metallic inclusions

reached a peak at about 700 lm from the cladding inner

surface, while it does at 1000 lm on H71062 also. In the

specimens, H71042 and G35722, irradiated to relatively

low burnups at lower linear heat ratings, however, the

radial pro®les were ¯at compared with the ones of

G35751 and H71062. From the di�erence in the pro®les

between the fuels irradiated to relatively high and low

burnups, it is suggested that the metallic inclusion mi-

grates over a considerably large distance in the higher

burnup fuel, considering that the FBR fuel has little

neutron depression.

Table 1

As-fabricated characteristic and irradiation condition of fuel specimens

Pin no. Specimen

no.

Fractional

location from

fuel column

bottom

As-fabricated characteristics Local irradiation condition

Pu/(Pu+U) Density

(%TD)

O/M ratio Diameter

(mm)

Linear heat

rating at

EOL (kW/m)

Burnup

(at.%)

Cladding inner

surface tempera-

ture at EOL (K)

A429 A42944 0.45 0.299 85 1.94 5.4 28.8 6.8 809

C860 C86062 0.45 0.293 93 1.97 4.6 23.4 9.6 753

C7A6 C7A662 0.455 0.293 93 1.97 4.6 24.0 7.6 758

H71042 0.23 22.2 9.6 716

H710 0.300 85 1.95 5.4

H71062 0.46 24.2 10.6 762

G305 G30561 0.51 0.297 85 1.95 5.4 25.8 11.9 765

G35722 0.07 20.9 10.4 695

G357 0.298 85 1.94 5.4

G35751 0.50 26.4 13.3 791
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3.2. Concentration pro®les of the constituent elements in

the metallic inclusions

Figs. 2±4 show the pro®les of relative concentrations

(fractions) of constituent elements, molybdenum, ru-

thenium, rhodium, technetium and palladium, in the

metallic inclusion as a function of distance from the

cladding inner surface each for A42944 (6.8 at.% burn-

up), H71062 (10.6 at.% burnup) and G35751 (13.3 at.%

burnup), respectively. In Figs. 3 and 4, ®ve kinds of lines

represent the relative concentrations calculated by OR-

IGEN-2 code with reasonable the assumption that the

neutron ¯ux is radially ¯at in the fuel.

Comparison of Figs. 2 and 3 indicates that the pal-

ladium migrates toward the outer fuel surface and that

the amount of palladium migration increases with

burnup. For the highest burnup specimen, it can be seen

in Fig. 4 that the relative concentrations of molybdenum
and palladium have peaks around 700 lm from the inner

surface of cladding, where the fraction of occupation

area of metallic inclusion is highest as shown in Fig. 1.

The concentrations of ruthenium, rhodium and

technetium increase toward the fuel center, but the

possibility of migration of these elements is little since

these changes can be expected from the decrease of

concentrations of molybdenum and palladium near the

center.

3.3. Appearance of large metallic inclusion

The size of the metallic inclusions was 10 lm gener-

ally. Large metallic inclusions can be observed near the

outer fuel surface. Fig. 5 shows a photograph of such a

typical large precipitate observed in the specimen

H71042. This precipitate has higher concentrations of

palladium and ruthenium than the usual precipitates,

and accompanies the barium oxide phase and void in the

adjacent region.

Fig. 2. Concentration pro®les of molybdenum, ruthenium,

rhodium, technetium and palladium in metallic inclusions

(burnup� 6.8 at.%, A42944).

Fig. 3. Concentration pro®les of molybdenum, ruthenium,

rhodium, technetium and palladium in metallic inclusions

(burnup� 10.6 at.%, H71062).

Fig. 4. Concentration pro®les of molybdenum, ruthenium,

rhodium, technetium and palladium in metallic inclusions

(burnup� 13.3 at.%, G35751).

Fig. 1. Fraction of occupation area of metallic inclusions in

each section as a function of distance from cladding inner

surface of each specimen fuel matrix.
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4. Discussion

4.1. Concentration pro®les of palladium and molybdenum

The rare metal elements which have little solubility in

the fuel matrix precipitate, and subsequently form the

metallic inclusions in the grains or grain boundaries. The

migration of constituent elements in the metallic inclu-

sions along the temperature gradient in fuel includes two

processes. One is the migration accompanied by the fuel

restructuring, which takes place mainly in the early stage

of irradiation. Another is the vaporization±condensa-

tion through the cracks and tunnels formed by the

connection of ®ssion gas bubbles on the grain boundary.

The di�erence in the extent of migration among the

constituent elements makes the concentration pro®le

uneven. In this work, the following discussions are fo-

cused on the latter process, because the specimens were

irradiated to high burnup.

The EPMA observations shown in Figs. 2±4 indicate

that the migration of palladium from the fuel center to

the periphery begins at relatively low burnup, while that

of molybdenum does at high burnup. In contrast, the

relative concentrations of ruthenium, rhodium and

technetium in the metallic inclusions increase preferen-

tially along the direction to the fuel center. However, for

these elements, the actual migration may be of a lesser

extent, because the gradual increase of palladium and

molybdenum concentrations toward the fuel periphery

should entail the gradual decrease in the relative con-

centrations.

Fig. 6 shows the concentration ratio of molybdenum

to ruthenium (called as Mo/Ru ratio here) and palladi-

um concentration in the metallic inclusions close to the

central void as a function of burnup, together with

Tourasse's result of Mo/Ru ratio [4]. The shaded areas

show the regions expected from the calculation by using

ORIGEN-2 code. This ®gure suggests that palladium

moves even at a low burnup, while molybdenum begins

to migrate over 10 at.%. The present result for Mo/Ru

ratio is higher than Tourasse's result. The observed

di�erence may be attributed to the di�erence in the ir-

radiation conditions (especially linear heat rating) and

fuel characteristics (especially O/M ratio) between the

studies.

The compositions of metallic inclusions obtained in

this work are tentatively plotted in the quasi-ter-

nary molybdenum±(ruthenium, technetium)±(palladium,

Fig. 5. A metallic inclusion consisting mainly of palladium located near fuel periphery (burnup� 9.6 at.%, H71042).

Fig. 6. Burnup-dependence of Mo/Ru concentration ratio and

Pd concentration in metallic inclusions near the central void.
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rhodium) phase diagram given by Kleykamp [8] for

1700°C as shown in Fig. 7, although this temperature

does not agree with the temperature of the fuel during

irradiation. In Fig. 7, open symbols indicate composi-

tions of inclusions near the central void for 6.8 at.%

(A42944), 9.6 at.% (C86062), 7.6 at.% (C7A662), 10.6

at.% (H71062), 11.9 at.% (G30561) and 13.3 at.%

(G35751). In addition, solid symbols do compositions of

two phases in the large metallic inclusion of H71042 (9.6

at.% burnup) shown in Fig. 5.

From this phase diagram, it can be seen that the

compositions of all inclusions remain in the single e-
phase region except one of H71042, and that the

compositions of ones in the fuel irradiated to a higher

burnup (11.9 and 13.3 at.%) shift to ruthenium- and

technetium-rich regions. The inclusions in high burnup

fuels are poor in molybdenum, compared with other

ones. The large inclusion formed near the periphery of

H71042 at relatively low temperature consists mainly

of palladium which migrated from the higher tem-

perature region. It is most likely that a large amount

of palladium segregates ruthenium in the metallic in-

clusion to form a small volume of ruthenium rich

phase.

4.2. Migration mechanisms of palladium and molybdenum

Fission gases mainly release easily through some

paths, such as macro- or micro-cracks, grain boundaries

and interconnected tunnels [9]. Migrations of palladium

and molybdenum by means of gaseous molecules di�u-

sion through these paths [10] can be assumed to be an

operative mechanism, because molybdenum and palla-

dium are expected to migrate substantially and easily as

much as ®ssion gases according to the observations and

considerations mentioned above.

First, discussion will be focused on the migration

mechanism of palladium which can not form an oxide

under the oxygen potentials expected to be attained in

the FBR oxide fuel during irradiation. Some couples

of researchers have measured and calculated either

the vapor pressures or the activities of constituent

elements in several kinds of metallic inclusions over

the temperature range at 1000±2000 K [11±14]. Ac-

cording to their investigations, the degree of vapor

pressures of constituent elements changes in a de-

scending order of palladium, rhodium, ruthenium and

molybdenum under vacuum. For instance, the vapor

pressure of palladium and rhodium are 10ÿ8 and

10ÿ15 Pa at 1000 K, and 10ÿ2 and 10ÿ6 Pa at 1500 K,

respectively.

By assuming that vapors with higher pressures

contribute more toward the radial migration, the ex-

perimental results shown in Figs. 2±4 can be well

understood, i.e. palladium begins to migrate at a

burnup less than 10 at.%, and has more than 10ÿ2 Pa

of the vapor pressure around the central void. The

vapor pressure of the solid can be expressed such as

Fig. 7. Quasi-ternary Mo±(Tc, Ru)±(Pd, Rh) phase diagram [9] at 1700°C with this work data near central voids (s) and near pe-

riphery (d).
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A exp�ÿDH=RT � and so has a strong temperature

dependence, while there is little dependence of palla-

dium vapor pressure on its composition of alloys

[13,14]. It is expected that palladium migrates by

means of gaseous molecules di�usion along the vapor

pressure gradient created by temperature gradient in

fuels.

Next, migration of gaseous molecules containing

molybdenum, of which metallic vapor pressure over

pure metal is the lowest in all the constituent ele-

ments, is discussed. It is well-known that the molyb-

denum, unlike palladium, forms several kinds of

chemical compounds, depending on the oxygen partial

pressure. Matzke et al. reported the burnup-depen-

dence of oxygen partial pressure and showed that the

partial pressure of �U0:8Pu0:2�O1:98 could change from

10ÿ13 to 10ÿ7 Pa at 1500 K with the increase of the

burnup up to 11.2 at.% [15]. At the higher tempera-

tures, the oxygen partial pressure was higher than

10ÿ7 Pa.

In order to evaluate gaseous migration of molybde-

num, the chemical forms of molybdenum were consid-

ered in the range of oxygen partial pressure in FBR

oxide fuel during irradiation. Mo, MoO2, Cs2MoO4 and

MoO3 are found as gaseous molybdenum-containing

species. Cs2MoO4 can form more easily than others

since its free energy of formation is the lowest. However,

according to EPMA observations, cesium remaining in

the higher temperature region was signi®cantly low be-

cause of high mobility of elemental cesium and other

cesium compounds [16]. Therefore, Cs2MoO4 may not

contribute to the migration of molybdenum in a high

burnup fuel.

Matsui et al. estimated vapor pressures of the spe-

cies containing molybdenum as a function of oxygen

partial pressure over Mo0:45Ru0:45Pd0:1 alloy based on

the regular solution model [11]. The vapor pressure of

(MoO3)3 was highest beyond the oxygen partial pres-

sure of 10ÿ7 Pa, which was expected to be equivalent to

the one in high burnup fuels. Here, (MoO3)3 is a

polymeric molybdenum oxide. MoO3 tends to be some

polymeric states in gas phase [17]. Over 10ÿ7 Pa of the

oxygen partial pressure, the vapor pressure of (MoO3)3

is 10ÿ3 Pa, and is comparable with the vapor pressure

of palladium, 10ÿ2 Pa at 1500 K. In their work,

pressures of vapors containing either of the other

constituent elements were estimated over molybdenum±

ruthenium±palladium, molybdenum±ruthenium±rhodi-

um and molybdenum±technetium±palladium alloys,

and their vapor pressures were lower than the vapor

pressures of MoO3 and (MoO3)3 in the interesting

range of oxygen partial pressure. These suggest that

molybdenum can migrate as gaseous species (MoO3)3

or MoO3, at high oxygen potential, which corresponds

to the oxygen pressure of the fuel irradiated to a high

burnup.

4.3. An attempt of quantitative analysis on the migration

of palladium along the temperature gradient

The EPMA observation showed that palladium mi-

grated from the center of fuel at high temperature to the

periphery of fuel at low temperature, which indicated

that palladium migrated as gaseous species, resulting

from the di�erence in vapor pressure. In order to explain

this result, the migration mechanism of palladium is

discussed here on the basis of the di�usive or convection

transports [18±20]. The Fick's ®rst law of di�usion is

employed to con®rm whether the palladium vapor

emitted from the metallic phase could di�use along the

temperature gradient. This method was advocated by

Watanabe et al. [18]. It is assumed that there exist only

the metallic vapors in the considered system, so that the

gaseous oxide species such as (MoO3)3 are neglected.

The deposition±vaporization rate, RMe, of each me-

tallic element, which indicates its degree, can be ex-

pressed in Eq. (1). This equation was obtained through

the derivation shown in Appendix that had been per-

formed based on the literature [16,18,21±27].

RMe � 5:082� 10ÿ9���������
MMe

p � 10�AMe�BMe=T ��a� b� c�

�mol=m3 s�; �1�
where

a � BMe�ln 10� dT
dx

� �2

� �BMe�ln 10�Tÿ4:5 � Tÿ3:5�;

b � ÿd2T
dx2
�BMe�ln 10�Tÿ2:5 � Tÿ1:5�;

c � dT
dx

� �2

2:5BMe�ln 10�Tÿ3:5
ÿ � 1:5Tÿ2:5

�
:

Me, MMe and T are an element of the metallic inclusion,

the atomic weight (kg/mol) of Me and absolute tem-

perature, respectively. The vapor pressure of Me chan-

ges as a function of temperature according to the

equation 10�AMe�BMe=T �, where AMe and BMe are constants

for Me. Eq. (1) shows that the deposition±vaporization

rate is proportional to the vapor pressure.

The deposition±vaporization rate of each constituent

element was estimated by applying Eq. (1) to an imag-

inary system, where there is a temperature gradient such

as along the fuel radius. The system is a tube of which

the inner surface is homogeneously covered with the

metallic elements. The metallic gaseous molecules can

axially move in the tube system. To make an estimation

of such a system requires to determine the axial tem-

perature distribution and the constants AMe and BMe.

The former was acquired for a specimen, G35751, with a

code for thermal and deformation analysis of reactor
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fuel, CEDAR [28]. The latter was obtained from ex-

perimental data [23±27] over each pure metal in vacuum.

Fig. 8 shows the deposition±vaporization rates for

®ve constituent elements as a function of location. This

®gure illustrates that palladium can be removed from

the hotter region and deposit at the colder one. And the

magnitudes of deposition and vaporization rates of

other elements are much smaller than that of palladium

since palladium has higher vapor pressures by four or-

ders of magnitude compared to the other elements.

The deposition-vaporization rate pro®le agrees with

the concentration pro®le obtained in the EPMA obser-

vations. It is well understood that only palladium can

migrate preferentially from the hotter region to the colder

one. However, the calculation and the EPMA observa-

tion for the concentration pro®le show a peak at the

middle and at the periphery of the fuel pellet, respectively.

This disagreement probably arises from a di�erence of

path cross sections between the imaginary and the real

fuel systems. In other words, the real paths of gaseous

metals are heterogeneously distributed in the irradiated

fuel system, and not similar to the tube assumed in the

imaginary system. Better models of the path for gaseous

migration are needed in order to grasp the migration of

palladium in the form of gaseous species in detail.

5. Conclusion

The migrations of palladium and molybdenum were

evaluated on the basis of the quantitative metallography

and concentration pro®les of constituent elements in the

metallic inclusion of FBR mixed oxide fuels irradiated to

7±13 at.%, together with the results of thermodynamic

and kinetic analyses. The ®ndings are summarized as

follows:

(1) Palladium migrates from the center to periphery

of fuel along a temperature gradient at low burnup.

(2) Molybdenum begins to migrate at over 10 at.%

burnup.

(3) Palladium can migrate as a gaseous metal, while

molybdenum can do as (MoO3)3 or MoO3 in high ox-

ygen potential.

(4) Such migrations for gaseous species may depend

on the actual con®guration of the paths formed in the

fuel during irradiation.
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Appendix A

The di�usion coe�cients of molybdenum, rutheni-

um, rhodium, technetium and palladium are estimated

in gas phase of fuel during irradiation as follows. There

are ®ssion gases, volatile ®ssion product gases and the

Fig. 8. Deposition±vaporization rate of the metallic elements and the temperature distribution over the imaginary tube system.
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inert gas in the fuel, but it is assumed in this calculation

that only xenon and vapors of the constituent elements

of metallic inclusion ®ll in the system because of higher

®ssion yield of xenon than other gaseous FPs. The the-

oretical di�usion coe�cient of each constituent element

is [21]

DMe � 1

6
k2

MeCMe; �A1�

where kMe � 1=� ���2p p=V �Pi�Nid2
i � (the mean free path

of Me),

CMe �
������������
8RT
pMMe

s
�collision frequency of Me�:

The symbols of Me, DMe and MMe are an element of the

metallic inclusion, the di�usion coe�cient (m2/s) of Me

and the atomic weight (kg/mol) of Me, respectively. The

symbol Ni, di, V, T and R are number of i element in the

system, atomic radius (m) of i, system volume (m3),

temperature (K) and gas constant (J/mol/K).
P�Nid2

i �
mainly depends on Nxenon, because the pressure of xenon

is higher by ®ve orders of magnitude than the other

gases. Nxenon=V is proportional to the pressure in the

system. The pressure of the xenon is about 15.6 atm at

room temperature according to the pin puncture test of

G357 pin [16], then

DMe � 4:223� 10ÿ8

���������
T

MMe

r
�m2=s�: �A2�

The di�usion coe�cients depend only on temperature

because the weight of each element is almost equal to

one another.

According to the ®rst di�usion law of Fick, the ¯ux,

JMe, of Me through the gas phase is

JMe � ÿDMeDCMe � ÿDMe

dCMe

dx
; �A3�

where CMe (mol/m3) and x are the concentration of Me

in the gas phase and the location. By the use of Boyle±

Charles' law, CMe is expressed as follows [18]:

CMe � NMe

V
� PMe

RT
: �A4�

Moreover, a temperature dependence of the vapor

pressure over each solid metal is [22]

PMe � 10�AMe�BMe=T �: �A5�

AMe and BMe can be determined from some experimental

data such as Refs. [23±27]. Substituting Eq. (A2),

Eq. (A4) and Eq. (A5) into Eq. (A3),

JMe � 5:082� 10ÿ9���������
MMe

p � 10�AMe�BMe=T �

� dT
dx

BMe�ln 10�
T 2:5

�
� Tÿ1:5

�
: �A6�

In steady state, the deposition±vaporization rate [18]

is a di�erential of the ¯ux for the location, x; there-

fore

RMe � ÿdJMe

dx
: �A7�
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