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It is a very common belief that the pellet-cladding interaction (PCI) 

phenonienon whidafflkts the Zircaio l.ddingofL1R fuel rOdsis a Tnani 

festation of stress corrosion cracking (SCC) with the responsible chemical 

agent being elemental iodine(l). On its face, this mechanism is contrary 

to thermodynamics; since the fission yield of cesium exceeds that of 

iodine, CsI, not I or I2  is the overwhelmingly favored species. Cesium 

iodide, however, does not cause stress corrosion cracking of zircaloy in 

laboratory tests. It is commonly assumed that the iodine pressure in an 

intact fuel rod is controlled by the formation of the cesium-fuel compound 

Cs 2UO4 , which produces a free iodine pressure of "-' 10 19  atm(2 , 3). This 

iodine pressure, which roughly corresponds to the atom density of inter-

galactic space, can hardly be expected to drive an earthly process at measure-

able rates. Radiolysis of CsI has been put forth as a mechanism for generating 

sufficiently large non-equilibrium concentrations of free iodine to cause 

Zircaloy SCC, but attempts to verify this hypothesis have been unsuccessful 

(2,4-6). 

Recently, Gtzmann(7) has suggested that the formation of the ternary 

cesium-nolybdenum-oxygen compound Cs 2M004 , which is thermocheniically more 

stable than the corresponding cesium-uranium-oxygen compound, could increase 

the free iodine partial pressure to a value large enough to cause Zircaloy 

SCC. Assuming that cesium molybdate forms according to thermodynamics, which 

is not at all certain since no such compound has ever been observed in irra-

diated LWR fuel, the pressure of atomic iodine in equilibrium  with fuel with 

an oxygen potential of-ItO :kcal/mole  is " 4 . 10 	:atm at 600:1< 7).. It can 

be shown that such a small pressure cai;iot drive-a sifficiently large -diffu-

sive flux of iJodiTe in a 1addirig .cradk to su:tain crak. p rQpa 	: on  in an 



SCC process. Consider a crack 100 jtm deep and 10 i-tm wide at its mouth 

If iodine is transported by molecular diffusion from the mouth to the tip 

of this crack, the maximum flux is given by: 

N1  = D(p1 ) 1/aRT 

where D is the diffusion coefficient of atomic iodine in the gas filling 

the crack, (p1 ) 1  is the iodine pressure at the crack mouth, a is the crack 

length, R is the gas constant and T is the temperature. For a typical 

total pressure of 10 atm in the fuel element, the diffusion coefficent of 

iodine in helium is estimated to be -0.2 cm 2/s(8). Using these data in 

the above formula gives an iodine atom flux in the crack of 10 cm 2s 1 
. 

Or, only 100 iodine atoms/s enter the mouth of the crack per centimeter of 

length. In obtaining this result, the iodine pressure at the crack tip 

was assumed to be zero. This is thermodynamically impossible, for there 

must at least be an iodine pressure corresponding to dissociation of 

gaseous CsI which presumable fills the crack. If the crack is propagating 

by stress corrosion cracking, it is more likely that the iodine pressure 

at the crack tip is at least that needed to maintain the Zn/Zr two-phase 

system in equilibrium. 

Instead of direct diffusion of elemental iodine, Gotzmann(7) has 

suggested that the CsI/Cs couple acts to transport iodine from the fuel 

surface to the crack tip, in a manner analogous to the transport of oxy-

gen in the fuel by the CO 2JCO or H2CJH2  couples. The purpose of the pre-

sent note is to pursue this suggestion -quantita ively to determine if it 

can proide the justification for the .rcae of icdiie in 2irc1Q)T SCC.. 

In the vapor transpoi-t model., i-od i-ne is transported from .e outer 

fuel surface fdesignatod ss 'locaion 1) to the tip if a growirig crad in 

the cladding in the form of CsL At the crack tip (location 2) Cs I is 



decomposed to deliver iodine to the crack. The liberated cesium gas dif-

fuses back to the fuel-cladding gap to pick up more iodine from the fuel 

surface. For modeling purposes, a crack of length a and constant width 

is assumed. No chemical reaction is permitted on the sides of the crack, 

which are assumed to be covered with a zirconium iodide film whose surface 

is in equilibrium with the prevailing iodine activity of the gas. How-

ever, the crack propagates because of the iodine supply to. the tip, and 

penetration of the crack into the metal continually exposes fresh metal 

surface which acts as a sink for iodine transported by CsI. Although the 

fuel surface temperature is somewhat higher than the inner cladding tem-

perature because of the thermal resistance of the fuel-cladding gap, the 

system is assumed isothermal for the present analysis. 

The iodine pressures at the fuel surface and the crack tip are de-

termined by appropriate chemical equilibria. In addition, the following 

reaction is in equilibrium at both locations: 

Cs(g) + 1(g) = CsI(g) 
	

(1) 

At the fuel surface the iodine pressure is assumed to be controlled 

by the equilibrium(7): 

2CsI(s) + Mo(s) + 20 2 (g) = Cs 2Mo04 (s) + 21(g) 	(2a) 

or 

2CsI(s) + Mo02.(s) + 02 (g) = Cs 2Mo04 (s) + 21(g) 	(2b) 

The equulibñumiodlne pressure established by these reactions depends 

on the activity of molybdenum or its oxide. When this is specified, the 

1eerture .:at thefuel surface given., and the presence of pure condensed 

Cs.i assumed, both 	and (p 1 ) 1  are fixed and 	is gtvenby: 

Cs.I I 

3.- 



where K0  is the equilibrium constant of reaction (1) and the CsI pressure 

is equal to the vapor pressure. 

The iodine potential at the crack tip is assumed to be controlled by 

the iodine pressure in equilibrium with the Zr(s)/Zn(s) two-phase solid 

system: 

Zr(s) + 1(g) = Zn(s) 
	

(3) 

Hence for the specified temperature, (p 1 ) 2  is fixed by the above reaction 

and the equilibrium of reaction (1) can be written as: 

(p 	) 

Cs 2 - K0  (p1 ) 2  

In the vapor transport model, there is a nonzero net flux of the 

element iodine from the fuel surface to the crack tip but the net flux of 

cesium (either as Cs vapor or CsI vapor) must be zero. Thus: 

NCI = Nc5 	 (4) 

where the diffusive fluxes of CsI and Cs are 

NCS = aRT 	 - CsI21 	
(5) 

Nc =Ti1Cs2 - 	Csl1 	 (6) 

Here D is the diffusion coefficient of Cs or CsI (the two are assumed to 

be equal) in the inert gas filling the crack. From eqs (4) - (6): 

CsIl - 	CsI2 	Cs2 - 	Csl 	 (7) 

Eliminating 	and Cs2  by the equations derived previously yields: 

1 
I l 	K0 (p 1 ) 1  

CsI 2 = f + 	1 	CsI 1 	 (8) 

L 	K0 (p 1) 2 	 - 

-4- 



Substituting Eq(8) into Eq(5) yields: 

- D(pcs i)i 	(P1)2 - 
NCsIRT 	+ 	i 	 (9) 

[ 	'oPi½ 

Taking 600K as a typical temperature at the fuel-cladding interface, 

the thermodynamic quantities in Eq(9) are: 

= 1.2 x 10 	atm(ref. 9) 

(p1 ) 2 =6x10 6 atm(refs.3and7) 

(K0  = 3 x 10 25  atin 	(ref. 10) 

2 x 	atm for AGO= - 90 kcal/mole 
2 

(p) = 	 (Fig. 6 of ref. 7) 

14 x 10 	atm forG0  = - 100 kcal/mole 
Using these values in Eq(9), the CsI flux for IG0 	- 100 kcal/mole is 

2 
zero because the iodine activity (i.e., p 1 ) is the same at the fuel sur- 

face and at the crack tip. However, for 	> - 100 kcal/mole, 
2 

>> (i1)2 and Eq(9) simplifies to: 

D(pci) 1 
Nc51 = aRTK0 (p 1 ) 2  (10) 

The diffusion coefficient of cesium or cesium iodide in helium at pres-

sures ranging from 5 atm (typical of a BWR fuel rod) to 20 atm (for .a 

prepressurized :PWR fuel rod) is '0..2 	2/5(8) ,. For a tyl.cal s:tess c:or- 

rosion crack length of 100 pm, Eq(10) gives :a ceshn iodide flux :dowl the 

10 pm wide crack of less than i0.02 molecules/s per eit:iJete Jength. 

-5- 



Thus, the CsI/Cs vapor transport mechanism does not appear to be any more 

likely to cause stress corrosion cracking than does a process based on 

transport of elemental iodine inside the crack. In both cases the enormous 

stability of cesium iodide prevents attainment of iodine activities suf-

ficiently high to approach those found necessary for stress corrosion crack-

ing of zircaloy in laboratory experiments utilizing free iodine ( 10 6  atm, 

ref. 6). There does not appear to be any way of justifying on fundamental 

grounds the role of iodine in PCI failures of light water reactor fuel pins. 
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