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ABSTRACT

A detailed thermodynamic assessment bas been made of the chemical
reactions of fission products in LWR fuel rods. Using recent thermo-
dynamic data and the in-reactor oxygen potential and temperature range
of LWRs, equilibrium thermodynamic calculations were performed for the
most plausible reactions of the fission products. The emphasis in this
model is on the chemistry of cesium and rubidium and their reactions
with the fuel, other fission products, and the zircaloy cladding. The
model predictions are discussed for their implications in fuel-clalding

interactions.
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INTRODUCTION

It is commonly agreed {1] that the presence of both stress and an
aggressive environment is necessary to induce cladding failure in LWR
fuel rods. Thus, the nature of the chemical environment in the vicin-
ity of PCI-failures (Pellet-Clad-lnteraction) is probably the key to
interpreting the mechanisms involved in such failures. In order to
do this, it is necessary to consider the reactions of the fission
products with each other, the fuel, and the zircaloy cladding.

Large amounts of oxygen and fission products are generated
during irradiation of the fuel rods. Since the affinity of the fission
products for oxygen is less than for uranium (the rare earths form more
stable oxides; but they form solid solutions with UO2+X and will not
exist as separate phases), the large excess of oxygen ensures that
not all of it is combined with the fission products. Thus, the
chemical states of the fission products will be effectively set by
the oxygen potential (oG = RTlnpOZJ of the system. Furthermore, for
a reaction to occur, migration of the fission products across the
fuel to the cladding must take place. In thec presence of the strong
temperature gradients in the fuel rod (2500K at the centerline, 600K
at the cladding), volatile fission product species will migrate to
the cladding. Hence, the oxygen potential and the temperature are
the two key parameters in the subsequent thermodynamic analysis.

A preliminary thermodynamic model has been published previously
{2]. The purpose of this paper is to present a more detailed

analysis of fission product reaction behavior in IMWR fuel rods.

-1-



Using recent thermochemical data (Appendix 1) and the in-reactor
oxygen potential range of LWR fuel rods, -100 to -130 kcal/mol [3,4],
equilibrium thermodynamic calculations were performed for complex
reactions of the fission products. The emphasis here is on the
chemistry of cesium and rubidium, since cesium (and, to a lesser
extent, rubidium) has always been observed in the fuel-cladding
gap. In addition, these elements form a mmber of very stable
compounds. This suggests that the chemical activity of other
aggressive fission products such as iodine and bromine [5}, tel-
lurium and selenium [6], and, possibly, molybdenum [7], may well
be determined by cesium and rubdium.

COMPOSITION OF THE VAPOR

As Cs(g) and Rb(g) are released from the fuel during irradia-
tion, they could react with oxygen to form the various oxides. It
is assumed that the partial pressure of cesium, Pcs? is less than
its vapor pressure at the cladding temperature, approximately 10_Zatm.
Thus, for Pes = 10.Z atm, the partial pressures of the other oxide
species in the vapor are estimated to be

Pes,0 = 1.17 x 10 atm
Pesp = 1-61 x 107%atn
Similar values can be estimated for the rubidium oxide species in the
vapor. The partial pressure of rubidium, PRp’ is assumed to be in the

same ratio to Peg 28 the ratio of their fission yields, that is,

Ppp -~ 10'3 atm. Hence, the equilibrium form of the vapor will be
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predominantly elemental Cs and Rb.
REACTIONS WITH THE FUEL

Cs(g) and Rb(g) can react with the fuel to form a series of
uranates [8]. At the oxygen potentials of interest in LWRs (-100 to
-130 kcal/mol), the uranates most likely to form are CsZU04(5),

C52U207(s), and possibly CsZU4012(s), according to the reactions:

2Cs(g) + UOZ(S) + Oz(g) = C52U04(s) 1)
205,00 (s) = Cs,U,0; (s) + 2Cs(g) + 3 Oy() @
2Cs(g) + 4U02(s) + Zoz(g) = CsZU4012(5) (3)

The partial pressures of Cs(g) associated with these reactions have
been calculated for oxygen potential and temperature conditions
typical of the fuel-cladding gap and are shown in Table 1.

Inspection of the values for Pgg Suggests that C52U04(5) and
C52U207(s) are most likely to form. However, the activity of
C52U207(s) is estimated to be negligible and C52U04(s) should be the
principal uranate. Figure 1 shows isobars fur Cs(g) in the C52U04(s)
+ 1o, +x(s) system. This suggests that significant pressures of
cesium will develop only in the immediate vicinity of the fuel
periphery. The pressure decreases dramatically across the gap.

The oxygen potentials associated with the formation of CsZUO4(s)

2

and for UD,, _(s) are shown in Fig. 2 for a cesium pressure of 10~

24X
atm. This diagram provides an extremely effective basis for com-
paring the stability of the various compounds. For oxygen potentials
above the C52U04—1ine in Fig. 2, CsZUO4(s) is stable as a separatc

phase.



Table 1. Partial Pressures of Cs{g) Associated with Uranate-Forming
Reactions
pCs[aun) at AG(OZJ kcal/mol
Compound Temp K -110 -130
Cs, U0, 600 37210 16x10°
1000 7.2 x 107 0.11
-17 -15
C52U207 600 L.5x 10 . 6.3 x 10
1000 1.0 x 1078 1.2 x 107
-7
CSZU4012 600 8.0 x 10 15.5
1000 17.5 4.1 x 108
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Fig. 1. Oxygen potential as a function of temperature for the
U02+x(s) + CsZUO4(s) region with icobars of Cs(g}.



The

behavior of Rb(g) in the Rb2U04(s) + U02+x(s) system is

similar and the pressures of rubidium are estimated to be less than

1073 atm

in the fuel-cladding gap. Also, the oxygen potentials

associated with the formation of Rb2U04(s) are shown in Fig. 3, which

can also

be used to compare the stabilities of the various rubidium

compounds.
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Oxygen potentials associated with the formation of various
ternary cesium compounds for a cesium partial pressure of

1072 atm.
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Fig. 3. Oxygen potentials associated with the formation of various
ternary rubidium compounds for a rubidium partial pressure

of 1073 atm.

FORMATION OF MOLYBDATES

Cesium and rubidium form a number of molybdates [9]. As in the
case of the uranates, CSZMOO4 (s) and RbZMOO4 (s) are the most probable
compounds formed at the oxygen potentials and temperatures of

interest. All other molybdates are calculated to have very low
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activities. The oxygca potentials associated with the formation of
C52M004(s) and Rb?Moo4(s) are also shown in Figs. 2 and 3, respectively.
Inspection of the values indicates that at higher temperatures (>900X)
the molybdates are more stable than the uranates. This suggests that
comigration of cesium and molybdenum as CsZMoO4(g) from the hot center
to the fuel-cladding gap will occur (the volatility of RbZM004(s] is
not known, but it is assumed to behave similarly). However, condensed
phase C52M004[s) or szMoO4(s) is iess <table than the corvesponding
uranates, thereby suggesting that the latter 1111 be the predominant
phases in the vicinity of the fuel-cladding gap. On the other hand,
for Cs(g) or Rb(g) pressures less than 10_10 atm the molybdates are
more stable than the uranates over the entire te—erature range, as
Figs. 4 and 5 show.

FORMATION OF ZIRCONATES

Fission-product Zr reacts with oxygen in the fuel rod to form a
very stable oxide, ZrOZ(s), which also forms a solid solution with
U02+x(5). Even so, its high yield suggests that Zr and/or ZrO, might

also react with Cs(g) and Rb(g) to yield the respective zirconates:*

2Cs(g) + Ir(s) + 3 0, = Cs,Z104(s) @)

2s(g) + Zr0,(s) + 3 0, = Cs,2105(s) (5)

* The compound Rb,Zr0, is known [10? but C522T0 has not been de-
scribed in the Iitefature. Post-irradiation dxamination of spent
LWR fuel rcds [4,11] has shown the presence of a Cs-Zr-O compound
in the fuel-cladding gap. We, therefore, assume that CSZZrO3 can
exist.
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Fig. 4. Oxygen potentials associated with the formation of various
ternary cesium compounds for a cesium partial pressure of

1076 atn.



ential. kcal/mol

+
’

Oxygen Pc

-

500 1000 1500 2000 2500

Temperature, K
XBL 812-8288

Fig. 5. Oxygen potentials associated with the formation of various
ternary cesium compounds for a cesium partial pressure of

10710 atm.

Using the estimated values in Aprendix 1, the oxygen potentials
for both reactions were calculated and are shown in Figs. 2 and 3.
Clearly, the formation of zircomates is thermodynamically more favor-
able than eizher the uranates, or the molybdates at temperatures below

1500K. On the other hand, the zirconates are only likely to exist as
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separate phases at oxygen potentials below -220 kcal/mol and temper-
atures below 800K, conditions unlikely to be found in the fuel rod.
The situation in the fuel;cladding gap, however, is favorable to
zirconate formation: even for Pcs of the order of 1079 or 10710
atm, CsZZrOS(s) is more stable than either CszMoO4(s) or Cs,U0, (s)
(see Figs. 4 and 5). Thus, Cs or Rb reaching the inner surface of
the cladding will react to form the respective zirconates, which
should also be the predominant phases in the fuel-claddiné gap.
REACTIONS WITH IMPURITIES IN THE FUEL

Two manufacturing impurities in the fuel, A1203 and SiOz, could
strongly affect the chemistry of cesium and rubidizm. Calculations
of the oxygen potentials associated with the formation of CsAlOZ(sj/
RbAlOZ(s] and CSZSiOS(s) were performed using tne estimated values
in Appendix 1 and these are shown in Fig. 6 for the cesium compounds.
A comparison of the values in Figs. 2 and 6 shows that only
CsZSiO3(s) is more stable than C52U04(s] or CszM004(s), but less
than CsZZrOS(s) {the aluminates are unstable above 1373K [12]). This
suggests that deliberate additions of Si or §i0, to the fuel might
inhibit Cs(g) and Rb(g) migration. The simultaneous presence of
Al,0, and SiO2 in the fuel could well lead to the formation of the

273
complex aluminosilicate, CsAlSizoﬁ. Calculations using recent
thermochemical data for CsAJSiZO6 [13], however, showed that its
stability is comparable with that of CSZSios(s). Thus, simultaneous
addition of Al or A1203 to the fuel would not enhance the effective-

ness of Si or SiO2 in inhibiting the migration of cesium and

rubidium.
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Fig. 6. Oxygen potentials associated with the formation of CsAlO (S}
and Cs S10 (s) for a cesium partial pressure of 10 tm.

Table 2 compares the stabilities of all the ternary cesium com-
pounds based on equilibrium cesium partial pressures for typical
temperatures and oxygen potential conditions existing in the fuel-

cladding gap.
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Table 2, Partial Pressures of Cs(g) Associated with Various Ternary

Compounds
Pc (atm) at AE(OZJ kecal/mel
Compound Temp X ~110 -130
Cs,U0, 600 3.7 x 10713 1.6 x 1077
1000 7.2x 1074 0.11
Cs, Moo, 600 3.8 x 10719 7.3 x 10712
1000 3.9x10° 9.2 x 1072
Cs, 2r0y 600 5.1 x 1074 1.5 x 1074
(from Zr) 1000 6.9 x 10719 1.3x 10715
CsAL0, 600 3.2x 1070 2.1x 1077
1000 1.2 13.8
s, 510 600 17107 1.2 x 10712
-9 -4
1000 3.8 x 10 1.1x 10

REACTIONS WITH THE HALOGENS

The fission yields of the halogens are significantly less than Cs
and Rb, and all the fission-product iodine and bromine are expected to
be tied up as the respective halides, which are among the most stable
compounds known. In the strong temperature gradient, the halides will

evaporate from the hot center and condense in the cooler fuel-cladding
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gap. In this case the partial pressures of gas-phase iodine species

can be calculated for the C52U04(5) + U00,, (s) + Zr(s) + Csl(s) system.

2+x
The results of one such calculation for an oxygen potential of -130
kcal/mol are shown in Fig., 7. Clearly, the predomina: equilibrium
species should be CsI(g), the pressures of the other iodine-bearing

species are negligibly small.

Temperature, K
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Fig., 7. Partial pressures of various iodine-bearing species as a
function of temperature for conditions in the fuel-
cladding gap.
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The thermodynamics of reaction of the halides with zircaloy are
unfavorable, since for the reaction

4CsT(s) + Zr(s) = 4Cs(g) + ZrI4(s) (6)
the calculated thermodynamic activity of ZrlI,(s) is about 10740 for
cesium partial pressures as low as 10'10 atm. If, however, as
suggested in the literature {1} iodine (and, possibly, bromine) is
an active agent in the PCI failure of zircaloy cladding, its activity
at the cladding imner surface must ke sufficient to cause such
failure. In the fuel-cladding gap iodine may be generated by the
reaction

GsI(s) + 3 0,(g) + 3 UO,(s) = 3 Cs0,(s) + 1(g) ™

from which the iodine partial pressure can be calculated to be 10_21

atm at 600K for an oxygen potential of -110 kcal/mol, large enough
for monolayer iodine coverage of the zircaloy cladding {14]. Whether
this is sufficient to cause the observed PCl-failures in fuel rods

is still an open question. Peehs et al [15] have found in laboratory
tests that solid iodides on the zircaloy surface are involved in
stress corrosion cracking (SCC) and that the minimum surface concen-
tration required for SCC is about 3 x 1070 grams iodine per square
centimeter area. This represents about 30 monolayers of iodine over
the entire surface. Some recent research [16] has shown that iodine
SCC of zircaloy will not occur below iodine partial pressures of

10'B atm. On the other hand, radiolytic decomposition of CsI(s)
might liberate sufficient iodine to enhance the activity at the

cladding inner surface, although there is evidence that no iodine
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is released from CsI(s) crystals exposed to a y-radiation field in
a liquid cesium source with py ~ 1072 atm {17]. Further, rubidium
will also be actively competing for both iodine and bromine, so
that supposedly the activity of the halogens at the cladding inner
surface will be even lower. Hence, it seems highly unlikely that

the halogens play a major role in PCI failures.

REACTIONS OF THE CHALCOGENS

As in the case of the halogens, the large excess of cesium (and
rubidium) should tie up fission-product tellurium and selenium as
the respective chalcogenides. However, these compounds may be
thermally unstable above 1000K [18]. On the other hand, with the
exception of the rare earths and the alkaline earths, other fission-
product chalcogenides are thermodynamically mich less stable. Thus,
tellurium and selenium should migrate in the clemental state to the
fuel-cladding gap.* However, lack of thermodynamic information on
complex chalcogenides makes detailed predictions about the chemical
state of these elements difficult. Te and Se are very reactive
towards zircaloy [6] and may be potentially embrittling. Their role

in PCI failure is probably a minor one, but needs to be defined more

closely.

* The rare earths and the alkaline earth metals form very stable

~xides [2] and are not expected to be available to transport
~cllurium and selenium. However, recent evidence [18] from
-rst-irradiation examination of mixed-oxide fuel indicates
~rzt barium and tellurium comigrate, possibly as Ba-Te-0
~rmpennd.
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Based on the above analysis, it is suggested that cesium and
rubitium as they are generated will react with the fuel, halogens,
molybdenum, and possibly, fission-product zirconium. Since there
are no significant gaseous species in the Cs-U-O or Rb-U-O systems,
cesium and rubidium are expected to migrate as the halides and the
molybdates to the fuel periphery. Telliurium and selenium should
migrate there in their elemental states. In the fuel-cladding gap
a number of solid phases will be present. Whether -under in-reactor
conditions such a cheinical environment in the gap is entirely
favorable to PCI failure of zircaloy cladding needs to be explored
further. The halogens appear to play a relatively minor role in
PCI failure and currently accepted mechanisms based on icdine-
induced cracking need to be reevaluated. The deliberate addition
of Si or 5i0, to the fuel might inhibit cesium and rubidium migra-
tion to the rladding.

Though the analysis as proposed here is comprehensive, it is
based on equilibrium calculations using mainly room temperature
thermochemical data. For more accurate calculations, data on most
of the complex fission-product compounds is needed in the temper-
ature range 300-1000K. A research program has been initiated to
obtain high temperature thermodynamic data on cesium and rubdium
chromates, molybdates, zirconates, and the chalcogenides. First
results appear to be in good agreement with the sparse data

available in the literature.
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Appendix 1. Thermodynamic Data

-aH, 298 s°,208
Compound kcal/mol Ref. cal/mol Ref.
uo, (s) 259.32 19 18.41 19
0,(8) 0 - 49,005 19
Rb(g) +19.53 20 40.873 20
Cs{g) +18.68 21 41.962 21
RbZO(S) 78.9 22 25.1 22
CSZO(S) 82.69 23 35.1 24
Csut) +15.00 21 134.25 21
Cs,0(g) 22.00 21 119.19 21
C52U04(s) 460.39 25 52.5 25
CSZU207(S) 764.6 25 78.33 25
C52U4Olz(s) 1332.22 26 125.82 26
Rb:UO1(s) 457.3 25 48.5 25
CSZM004(S) 362.00 27 59.36 27
RbZMOO4(S) 357.06 27 56.0 27
Cszlros(s) 417.83 28 42.62 28
RbZZrOs(S] 413.56 28 39.52 28
CszTe(s) 73.12 28 38.1 28
Cs,Se(s) 75.44 28 37.3 28
szTe(G) 74.91 28 34.7 28
szse(s) 77.28 28 33.9 28
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Appendix 1. Thermodynamic Data (continued)

-Aﬂg, 298 50,298
Compound kcal/mol Ref. cal/mol Ref.
CsAlOZ(S) 240.41 28 28,96 28
RbAlOZ(S) 241.72 28 z1,51 28
CSZSiOS(S) 354.75 28 45.01 28
RbZSiOS(S) 353.33 28 37.31 28
CsI(s) 83.9 29 29.2 29
RbI(s) 78.5 20 28.2 20
CsBr(s) 94.3 20 26.0 20
RbBr(s) 93.0 20 26.00 20
I(g) +25.57 14 43,26 14
ZTI4(5) 116.87 14 59.8 14
ZrIS(S) 93.69 14 47.18 14
ZrI4(g) 84.84 14 106.84 14
Zrls(g) 30.83 14 97.99 14
ZrBr4(s) 181.8 30 53.7 30
ZrBra(g) 154.1 30 99.04 30
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