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ABSTRACT 

In order to examine the cause of the reactor fuel pin pellet-cladding 

interaction phenomenon (PCI), stress corrosion cracking (SCC) experiments 

of Zircaloy under iodine, iron iodide, aluminum iodide, cesium iodide, and 

cadmium were undertaken. Rupture lifetimes were measured as a function of 

stress, temperature, and the equivalent pressure of the corrosive agents. 

Tests with CsI and simultaneous irradiation were also performed to check 

whether radiation decomposition can induce Zircaloy SCC. Iodine, iron iodide, 

and aluminum iodide substantially reduced the failure times in comparison 

to those of control specimens at the same stress and temperature. A 

critical stress of no 379 MPa for iodine and iron iodide separates burst 

type failure from low-stress short slit failures. Both types showed brittle 

cleavage fracture surfaces. The presence of cesium iodide did not have any 

influence on the failure time of Zircaloy. The failure was burst-type, 

and the fractography was ductile. Simultaneous radiation tests with 

cesium iodide did not cause reduction in failure time either. All specimens 

failed under cadmium vapor by a burst mode, but the fractography showed 

cleavage brittle characteristics and the failure times were much smaller 

than those of control specimens. The results indicate that neither elemental 

iodine nor its compounds are responsible for PCI failures. The most likely 

element for this role is cadmium. 



I. IWrRODUCr ION 

Since the earliest work by Rosenbaum, Davies and Pon(l), laboratory 

and in-reactor experiments designed to elucidate the mechanism of pellet-

cladding interaction (PCI) fuel rod failures have concentrated almost 

exclusively on iodine. The assumption that this is the responsible chemical 

agent is contained in models of PCI which have been constructed for incorpora-

tion into fuel perfonnance codes(2). The evidence implicating iodine is 

circumstantial, being based primarily upon the volatility and significant 

fission yield of this element and on the microstructural similarity of the 

failed Zircaloy specimens exposed to iodine in laboratory stress corrosion 

cracking (SCC) tests to cladding failures by PCI(2-6). The fission yield of 

cesium is many times larger than that of iodine and because of the great stability 

of the compound CsI, essentially all of the iodine inside an intact fuel rod is 

contained in this form. However, laboratory tests have demonstrated that 

CsI is not an SCC agent for Zircaloy. In order to prove that iodine is 

the element responsible for Zircaloy SCC inside a fuel pin one of the 

following conditions needs to be met. 

First, although CsI is the dominant iodine-bearing species in irradiated 

fuel, a very small partial pressure of elemental iodine is predicted thermo-

dyrithmically. Cubiocciotti, Jones and Syrett determined that CsI reaction 

-19 with the fuel produces an iodine pressure of the order of 10 	atm(7). 

Gtzmann calculates .an iodine pressure of ' 10 15  atm at 600 K for the 

reaction of esi.1i: iodide with fission product molybdenum in stoichiometric 

tirani.a:(S). if iodine is the cause of fuel rod PCI failures, it must be 

capab;e ef act:hg .55 an SCC agent to Zircaloy at extremely low pressure. 

I 
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Second, on the basis of the observation of iodine release from gamma-

irradiated cesium iodide crystals(9), radiolysis of cesium iodide has been 

proposed as a mechanism of liberating sufficient elemental iodine to produce 

stress corrosion cracking of the cladding of light water reactor fuel 

elements (7). 

Both of these possibilities were examined in the present study. The 

role of iodine in promoting Zircaloy SCC has been reassessed using an 

experimental technique which permits direct control of the iodine partial 

pressure to which the Zircaloy is exposed, instead of the quantity of 

iodine per unit surface area used in previous work. The effects of 

temperature, applied.stress and iodine partial pressure on the time-to-failure 

of biaxially-stressed Zircaloy tubes was determined. 

Similar experiments were performed using the metal iodides Fe1 2  and 

All3  because Zircaloy cracking is frequently observed to be initiated near 

iron or aluminum impurity particles on the surface(lO). 

By coupling the stress corrosion cracking apparatus to an accelerator 

ion beam, the effect of irradiation on the SCC potential of cesium iodide 

was studied. 

Finally, the ability of cadmium vapor to promote low-ductility failure 

of stressed Zircaloy was investigated and the relevance of the results to 

interpretation of PCI failures in reactor fuel pins is discussed. 

1.PEfl:ItAL 

The .apparatus shown in Fig. I cosists 	;ac.osedresistively4ieated 

Ziicä-lcy. tUbe .specithen pressiazed .inteaIIy wth agon to Rroduce the 

des ird hop str:ess. This press.urizedtUbe test prGcdure :E1Cd1Jce$ ;a 

stress b1ax]ality ratioopto-axin1 	two. The specimen 
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internal pressure is measured by a transducer and its temperature by a 

spring-loaded thermocouple contacting the outside surface near the middle 

of the tube. The specimen is housed in an evacuated chamber (10 -6  Torr base 

pressure) and contains a loose-fitting glass rod to reduce the gas load on 

the vacuum pumps when failure occurs. 

In all previous experimental studies of iodine SCC of Zircaloy a known 

quantity of iodine was added to the inside of the sealed tube. This 

procedure precluded control and even knowledge of the iodine pressure 

contacting the metal and led to the practice of describing iodine availability 

in the thermodynamically meaningless units of mg/cm2 . In the present experi-

ment, iodine and other SCC agents were delivered to the outside surface of 

the tube specimen in the form of a molecular beam with a well-defined equivalent 

pressure. The molecular beam impinged on a spot ". 5 mm in diameter on the tube 

and failure always occured inside this spot. Iodine was delivered to the doser 

tube in Fig. 1 from a reservoir at controlled temperature. The equivalent iodine 

pressure was calculated from the flow rate through the doser tube and gas 

kinetic theory by the method described in Ref. 11. When the metal iodides 

(Fe1 2 , Al1 3  or CsI) or cadmium were tested, the doser in Fig. 1 was replaced 

by a Knudsen cell, which is a tube containing the solid with a small ( 1 mm 

diameter) hole facing the Zircaloy tube surface. When heated to a temperature 

which produces the appropriate vapor pressue, a molecular beam of the desird 

species emerges from the hole and bombards the Zircaloy surface. The equivalent 

pressure of the molecular beam so formed is calculated from ithetic theory(11).. 

The tests with mOlecular iodine arid alumimini .idide as ISCC agents utilized 

stress-relieved Zircaloy-2 tubes from a lot supplied by SRI International 

which was similar to the tubing used in their study(12).. Thwever inost •1ig 
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was done on tubing obtained directly from Sandvik Special Metals Corp. 

The SRI specimens were 11.5 nun I.D. and the Sandvik material was 10.5 

mm I.D. Both tubing specimens were mechanically thinned from the outside 

to give a wall thickness of 0.25 nun and were used without further treatment 

other than an alcohol wash. Several SRI specimens were mechanically 

preflawed by machining longitudinal notches 25 urn deep, and 25 nun long on 

the outside surface. The experiments utilizing iron iodide, cesium iodide 

and cadmium were conducted with Sandvik stress-relieved Zircaloy-4 tubing. 

The I.D. of the tubes was 8.2 mm and the wall thickness was 0.64 nun. 

The material was used in the as-received condition. 

Surfaces of some specimens after the tests were examined by 

Auger electron spectroscopy (AES) or energy dispersive analysis by 

X-rays (EDAX) for their elemental composition. Since the surface 

analysis equipment was not part of the SCC test apparatus, the 

specimens had to be removed from the latter and transported to the 

former, thereby becoming exposed to air. Zirconium and iron iodides on 

the Zircaloy surface, react readily with air or water vapor and release 

ibdine, so none of this element was observed on surfaces exposed to the 

atmosphere. Aluminum iodide and cesium iodide do not react in this manner, 

and iodine could be detected after the tests. 

For testing the effect of irradiation on the SCC process with CsI, 

the flange shown on the left hand side of Fig. 1 was connected to a Van 

•d'e Graaff 'accelerator which generated a 10 ha, 175 key proton beam. The 

'H 'ion 'beam and 'the 'CsI inoletular beam struck the same spot on the heated, 

stressed ZIrca1oy suiface. 

1.11 	j35TJ':f5 

In all  eç- erinents the tine-to-rupture was measured for various 
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combinations of stress, temperature, and pressure of the SCC agent. In 

addition, the rupture was characterized macroscopically as "burst" (large 

strain at failure) or "slit" (low-ductility failure in the form of a 

longitudinal slit 1-2 nun long). The "pinhole" type of breath reported 

by Jones et al.(13) and Syrett et al.(14) was not observed. Figure 2 

shows a typical iodine SCC failure. The roughened zone around the slit is 

general corrosion which occurs within the confines of the iodine molecular 

beam spot. The fracture surface was characterized by scanning electron 

microscopy as "ductile-dimple" or "cleavage". In the latter case the 

surface features were characteristic of transgranular rather than inter-

granular failure. In both the macro- and micro-characterizations, the 

second features (slit on a macroscopic  scale and cleavage on a microscopic 

level) are characteristic of stress corrosion cracking failure of the metal. 

A transition to ductile failure occurs when the SCC crack grows to a length 

at which the net section stress reaches approximately the ultimate tensile stress. 

A. Iodine 

Figure 3 shows the variation of the time-to-failure of the Sandvik 

specimens with nominal hoop stress at 573 K and constant 12  equivalent 

pressure. At high stress, the failure time varies as a 8  but appears to 

flatten out at a stress of 300 MPa, which is consistent with the threshold 

stress determined by Jones et al. (13,15) for similar tubing. However, the 
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	threshokI stress may be dependent upon iodine availability; a specimen 

subjected to a lower iodine pressure (4 .x 1L0 Torr instead of the 

i. 4 x 10 2  Torr for the test of Fig 2) did not fail after 80 hours at 

.318 MPa. 

Al ,  speciinens expos&d to iodine at strsses less thai :7D MPa 



(open circles in Fig. 2) exhibited slit failures and cleavage fracture 

surfaces. The control specimens (closed circles in Fig. 2) failed in 

a burst mode and the fracture surfaces showed ductile-dimple features. 

Two tests with iodine at 379 MPa (stars in Fig. 2) failed in the burst 

mode inacroscopically but microscopically showed cleavage fracture surfaces. 

The rupture times for these two tubes fell between the iodine SCC curve 

and the line representing the control specimens. This behavior is consistent 

with the loss of effectiveness of iodine as an SCC agent at high hoop stresses 

observed by Jones et al. (13). 

The temperature dependence of the failure time at fixed nominal stress 

and iodine equivalent pressure shown in Fig. 4 is described by an activation 

energy of 7 ± 1 kcal/mole. This value is considerably lower than that 

deduced from the SCC experiments in which a fixed quantity of iodine is 

sealed inside the tube with the pressurizing gas. This type of test 

gives activation energies of 30 kcal/mole(13,16). 

The dependence of the failure time on equivalent iodine pressure for 

several combinations of hoop stress and temperature is shown in Fig. S. 

The stress listed for the preflawed SRI specimens is the.nominal rather 

than the net section stress. According to Jones et al. (15) the former 

as adequate a characterization of the true stress driving the SCC process 

as is the latter. The net section stress for the preflawed specimens 

in Fig. 5 is nearly equal to the iiomina1 stress for the imflawed 

specimens. If the net section stress best represented the true stres, 

the failure times for both sets of data rresenting the SRi ti±es hou1d 

have been the same. The results shown on the plot dleatly, do not 	jot 

this expectation; rather they are tonsistefit with an ifltet:protaton :of 

nominal hoop stress, not net section stress or stress •ifltensity factor., 



as the appropriate load variable for iodine SCC. This inference is substan-

tiated by transferring the data from Fig. 5 for both SRI specimens at an 

iodine pressure of 1.4 x 107 Torr to the plot of Fig. 3 in which stress 

is the independent variable. Making the modest temperature correction to 

the failure times using the activation energy of 7 kcal/mole, agreement 

with the Sandvik specimen data on Fig. 3 is found to be good provided that 

the nominal stress is used for the preflawed specimen data. 

The rupture times for the control specimens (no iodine) are indicated 

as horizontal lines in Fig. S. The data show that the features of iodine 

SCC (i . e., reduction of rupture time, low-ductility failure with a 

cleavage fracture surface) appear at an equivalent iodine pressure just a 

bit greater than 10 Torr (2 x 106  atm). It is not possible to compare 

this iodine threshold of the SCC process with the minimum iodine "availability" 

quoted in previous studies (Ref. 4, for example). In these cases, the iodine 

concentration was reported either on an areal basis or as the hypothetical 

iodine pressure which would have prevailed if no iodine reaction with the 

specimen had occurred. Least-squares fitting of the data in Fig. S for 

all three specimens tested yields a slope of -1 ± 0.1 for the lines on 

the log-log plots of failure time versus iodine equivalent pressure. 

The iodine SCC data collected in this investigation can be represented 

by the equation: 

= 	 -8 -1 	3500/T 
tF G 	eq 

where a is the nominal hoop stress, p eq  is the equivalent pressure of 

iodine and T is the absolute temperature. This foriiula is valid for 

the stress range 300< a < 380 a, beyond which iodine SCC does not occur. 



B. Aluminum Iodide 

Experiments utilizing All 3  as the SCC agent were conducted with 

Sandvik tubing at a fixed nominal hoop stress (365 MPa) at one temperature 

(573 K). Figure 6 shows the effect of All 3  pressure on the failure time. 	- 

The minimum pressure which causes SCC failure under these conditions is 

" lO Torr, close to that observed for iodine. At higher All 3  pressures, 

the rupture time decreases according to the function: 

tF 	eq 

Both burst and slit failure modes were observed, but all fracture surfaces 

were of the brittle cleavage type. 

After the experiments, the specimens were split along the crack, 

mounted and examined by EDAX for the distribution of aluminum and iodine 

on the fracture surface. The results are shown in Fig. 7 for various 

locations on the cracks of four of the specimens which failed by SCC. 

Although the scatter of these data is considerable, the trend of 

decreasing concentration with increasing distance from the surface 

exposed to the A11 3  beani is clearly established. The iodine 

concentration gradient is less steep than that of aluminum. These 

results suggest that a transport process, most likely surface diffusion, 

controls the rate of supply of the corrosive agents to the advancing 

tip. The mere pronQ.unced decrease in the akuninum signals than those 

from iodine wiih distance .a1cng the cra•k surface means that the Al: I 	 = 

ratio decreases along the crack. This suggests that the two elements 

nii'grated from t1ie;irface to the cxack tip at .east in part as independent 

species aid AdO .=not = intin the Aconstant L3 atom ratio of the gas phase 

nmum iodide whh su plies the exterior sth:face. 
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The open circles in Fig. 6 represent specimens which did not fail 

in 43 hours when subjected to Al1 3  pressures less than 10 3  Torr. 

However, all three specimens exhibited longitudinal nonpenetrating 

cracks on the surfaces exposed to the beam. The density of these embryo 

cracks (see Fig. 8) suggests that crack initiation was not limiting the 

SCC process and that slow crack propagation was at least in part responsible 

for determining the absence of failure in the 43 h testing period. 

C. 	Iron Iodide 

In this test series the SCC agent was gaseous Fe1 2  which impinged 

as a molecular beam on the outer surface of stress-relieved Zircaloy-4 

tube specimens. Figure 9 shows the stress dependence of the failure time 

at 623 K in the absence of the SCC agent and in the presence of an Fe1 2  

equivalent pressure of 9 x lO Torr. All specimens exposed to Fe1 2  

showed substantial reduction of the failure time compared to the control 

specimens and the fracture surfaces of the former were all of the brittle-

cleavage type. However, tubes with hoop stresses greater than 379 MPa 

failed in the burst mode macroscopically whereas those subjected to 

lower stresses exhibited slit fractures with very little gross strain. 

This feature of the Fe1 2  data is identical to that observed using iodine 

as the SCC initiator. However, failure times in iron iodide were much 

more sensitive to stress than those ith iødine. 

The temperature dependence of the failure tie shown in IFig, tO 

correspondsto 	 actival ion engy of 131 ;kcal noiL, ii4h is 	91th 

larger than the 7 cca/ioie óbserved wTiith .:odine.. 

The Fe 12 pr€s sure effect s1iwn in Fig . 11 sggests  aninn pressure 



of 10 Torr for the onset of SCC and a decrease with an exponent 

-0.9 + 0.1 at higher pressures. This result is the same as that found 

for 12  but is different from All 3 . 

The Fe12  results for Zircaloy-4 can be summarized by the equation: 

-20 0.9 66000/T 
tFa 	eq e 

In order to help clarify the relative significance of crack initiation 

and crack propagation, a specimen was subjected to a stress of 376 MPa at 

623 K and 1'eq = x 10 torr Fe1 2 . The tube was removed after 3 hr of 

testing, which is " 20% of its failure time under these conditions (Fig. 10). 

The outer tube surface at the beam spot was examined by scanning Auger 

electron microscopy in a system which was also capable of removing surface 

material by ion sputtering. 

The specimen surface prior to ion milling showed only iron and oxygen 

by elemental analysis. Cracks were visible on this corrosion coat. After 

removal of " 0.5 pm of the surface by sputtering, low- spatial -resolution 

ABS showed only zirconium. Figure 12 shows that a significant density of 

nonpenetrating cracks were still evident. These cracks therefore 

penetrated partially into the Zircaloy. Examination of individual cracks 

with high-spatial-resolution ABS showed all to be associated with high 

signals of iron and tin, in agreement with the findings of Cubiocciotti 

et al. (10). A high magnification view of the large crack in the center 

of the upper photo is shown in the lower part of Figure 12. 

One of the cracks inFig. 12 would undoubtedly have lecome enlarged 

and ultimately penetrated the tube wail had the SCC test been continued to 

the normal failure time under these conditions. This propagation step 

wou1dhave required at least 80% of the tube lifetime, which indicates that 
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initiation of cracks does not determine the time to failure, as has been 

suggested by Roberts et al. (15). 

D. Cesium Iodide 

Zircaloy-4 specimens were tested at 623 K with a molecular beam 

of CsI of 1.5 x 10 Torr equivalent pressure impinging on the surface. 

Posttest EDAX analysis of the fracture surface and the tube O.D. within the 

beam spot revealed both cesium and iodine in approximately a 1:1 atomic 

ratio. However, for hoop stresses between 370 and 390 MPa, the failure 

times fell on the curve for control specimens at the same temperature 

but without CsI. Except for the presence of white deposits of CsI visible 

by scanning electron microscopy, the fracture surfaces of the specimens 

which failed in CsI were indistinguishable from those of the control tubes. 

Cesium iodide by itself has no effect on creep rupture of Zircaloy. It 

does not induce stress corrosion cracking. 

In order to determine whether there is a synergistic effect of 

simultaneous irradiation and cesium iodide exposure during testing, a 10 pa, 

175 keV H+  beam from an accelerator bombarded the same spot on the tube 

surface as was illuminated by the CsI molecular beam. However, before 

undertaking testing with both molecular and ion beans, the effect of 

irradiation alone was investigated. The accelerator beam bombarded a 

tube heid at 623 •K and 386 MPa stress for a series of 8 hour periods 

interspersed :fth 16 hour off ::t1mes until failure occurred. In this 

interrtted mode of testing, the failure time of the irradiated specimen 

was 22.7 rLr, 'nared 	.24.3 hr for the controi specimens continuously 

heated.:and stressed without irradiation. The irradiated specimen failed 

abrst :.iode. ;jd howeda ductile dii le fractuie surface. This test 

3heU :thar t1e epfinctii 	:ftestii..g is equivalent to the 
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continuous mode and that proton irradiation of .the metal surface has no 

effect on the rupture properties of Zircaloy, 

Variation of the equivalent pressure in the irradiation tests is 

essential to discovering if radiation can convert normally innocuous CsI 

to an SCC agent for Zircaloy. If the equivalent pressure is too low, CsI 

molecules striking the surface will immediately evaporate, leaving little or 

none of this substance on the surface for the proton beam to interact with. 

At the other extreme, too large a molecular beam intensity will produce a 

thick scale of CsI and the proton beam will not penetrate to the scale-

Zircaloy interface where radiation decomposition must take place if it is 

to promote SCC. The range of 175 keV protons in solid CsI was calculated 

from the Northliffe and Schilling tables(16) to be 3 pm. 

The thickness of the scale during each test is calculated by estiinating 

the rate of scale growth and multiplying by the test duration. The rate 

at which a CsI film grows on the metal is the net CsI flux to the surface 

divided by the density of solid CsI. The CsI flux consists of three 

components. The molecular beam supplies cesium iodide at a rate given by: 

J eq 
beam 	(27i mkT)½ 

(1) 

where 1eq  is the equivalent pressure of CsI m is the mass of a mulecule of 

CsI, and k is Boltzmaim 's constant.. This equation .,assumes that the stkking 

probability of Csi n.t:he11ital srface is unity 

Again assin••g imit cdensation coefficient, the rate of vaporization 	
= 

of buLk £sl is: 

'1evap = (2 ikT)½ 



where pvap  is the vapor pressure of solid CsI. This formula gives 

'evap = 4 x 1014  molecules/cin2 -s at 623 K. 

Cesium iodide can be sputtered by the proton beam. For 10 ha of 

175 keV. H, Smith's model(17) gives a sputtering rate of: 

= 2.1 x 10 16  molecules/cm2 -s. sput 

The rate of growth of the CsI film thickness, ô, is: 

J 	-J 	- . J do = beam 	evap 	sput 
at 	 p 

where p is the density of solid CsI. If the numerator of this equation is 

negative, no CsI exists on the surface (except perhaps for monolayer or 

submonolayer quantities bound to the Zircaloy more strongly than binding 

in bulk CsI). 

Tube burst tests for CsI equivalent pressures from 10 to 10 

Torr with simultaneous proton irradiation were conducted. None of the 

specimens tested failed in 22 hr, which is when all. tests were terminated 

(the control specimen failed at 22.7 hrs). The presence of CsI films on 

the Zircaloy substrates was assessed experimentally by four methods. 

First, the specimens were mounted in resin, cut and polished at 

the beam spot and the film thickness measured in an optical microscope. 

Second, the specimens were observed during the test. During ion 

bothardment of insulating targets (such as Cs I), a blue light appears 

because of discharging of the potential built up by collection of the 

charged particles on the solid. On a metal target, no blue light is 

visible. Third, the beam spot was examined visually after each'test. A 

CsI film is often seen as a white deposit. Finally, the specimens were 
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examined by SF14 and EDAX. 

Table 1 shows the results of these tests. Specimens subjected to 

CsI equivalent pressures of 10 Torr or less showed no evidence of a 

CsI film by any of the tests described above. The tests conducted at an 

equivalent pressure of 10 Torr revealed a 30 urn thick film after the 

experiment, which compares well with the calculated thickness of 34 urn. 

However, this film is '\ 10 times thicker than the range of bombarding 

protons in CsI, so that none of the beam reached the CsI/Zircaloy 

interface. The test with a CsI beam equivalent to a pressure of 4 x 10 

Torr gave positive indications of CsI in three of the four tests, but 

the film could not be found by optical microscopy. The calculated film 

thickness for this pressure was 3 urn. This thin scale may have been lost 

during the mounting and polishing operations. 

If an irradiation enhancement of CsI stress corrosion cracking is 

present, it should have been observed in the tests at 4 x 	or 10 

Torr equivalent pressures, for in this range the film thickness should 

have been smaller than. the range of protons in solid CsI. The dose rate 

to the tube surface to a depth equal to the ion range was calculated to 

be 2 x 108  rad/s for the accelerator proton beam used in the tests. For 

comparison, the dose rate due to recoil fission fragments on the inner 

surface of the cladding of a fuel element in typical LVR operating 

conditions was computed to be 2 x 106  rad/s (11). Thus despite an energy 

deposition rate 100 times larger than that delivered to cladding by 

:;fjs5 ion fragments and a 100 fold range of CsI availability, no 

irradiation initiation of SCC of Zircaloy by cesiun iodine was observed 

in our :ec]er.1efltS. 
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E. Cadmium 

The effect of cadmium vapor on the failure time and fracture mode 

of Zircaloy-4 was investigated at equivalent pressures between 2 x lO 

Torr and 1.6 x 10 2  Ton-. Although tube failures with cadmium showed 

many of the features found with iodine and the metal iodides, there were 

two distinctive differences. First, although all specimens exposed to 

cadmium which resulted in reduced failure times showed cleavage fracture 

surfaces by SFIvI examination, the macroscopic character of the rupture at 

all stresses was of the burst type. In the cases of iodine and iron iodide, 

burst failure with SCC microscopic fracture features occurred only at high 

stresses. 

Second, the measured failure times showed considerably more scatter 

than those observed with the other SCC agents even though all specimens 

were taken from the same lot of Zircaloy. This variability was somewhat 

reduced by using specimens cut from the same tube (each of which was 1 m 

long). The poorer reproducibility of the data is seen in Fig. 13, in which 

data from three tubes are shown. These data show that the failure time-

stress line is much flatter for cadmium than it is for iodine or iron 

iodide. This feature of the cadmiuin-Zircaloy interaction means that small 

errors in the hoop stress (due to minor variations in wall thickness at the 

beam spot, for example) are manifest as large changes in failure time. 

Another difference 1etween cadmium and the other species tested is 

the location of the fracture  surface kn the beam spot. In ibdine and metal 

- 	iodide SCC, failure invariably occurred at the .Center of the spot whe.re  

beam ..impirgement rate was the h.ihest, ihereas with cadrniuxn, failures 

.occurred randomly inside the ntire :zone efined ly ihe size -of the beam 

spot. This lChavicr suggests a greater sitivity to surface :chemlcal or 
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physical inhomogeneities for cadmium SCC than for fracture caused by 

iodine or the metal iodides. Such an effect could also result in 

exaggerated scatter of the failure time between different tubes from 

the same lot. 

Figure 13 demonstrates the deleterious effect of low pressure cadmium 

vapor on the burst properties of Zircaloy, with reductions in failure time 

typically a factor of ten. The cleavage fracture surfaces are decorated 

with white deposits which were shown by EDAX to correspond to the known 

intermetallic compounds ZrCd and Zr 2Cd. The cadmium concentration on 

the remainder of the fracture surface was less than 5 atom percent. 

The dependence of failure time on equivalent pressure at 623 K and 

380 MPa stress is shown in Fig. 14 for specimens taken from two tubes. 

For both sets of data, the relationship 

tF 	eq 

was found. The separation of the two lines is attributed to the tube-to-tube 

variability discussed above. 

The temperature dependence of the failure time (Fig. 15) exhibits 

a feature not found in the tests with iodine and the metal iodides. The 

lnt - l/T type of temperature dependence of the rupture time seen in 

Figs. 4 and 10 occurs only over a narrow temperature range with cadmium. 

Within this window, the activation energy is 54 ±2 kcal/mole. The width 

of the window b• ecomes iiarrower as the equivaleiit pressure decreases and 

disappears entirely for p eq = 2 x 10 Torr. This minimum pressure for 

SCC of Zircaloy is close to that found for iodine aid the metal i&ides. 

Even at higher equivalent pressures., the failure time turns:to tat 
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observed in control specimens at high temperature, presumably because cadmium 

striking the Zircaloy surface immediately vaporizes. The SCC features of the 

rupture also disappear at low temperatures,prohably because the Cd-Zr inter-

action which is a prerequisite for SCC is kinetically limited and cadmium 

simply collects harmlessly on the Zircaloy surface as does cesium iodide. 

A temperature window for cadmium liquid metal embrittlement has also been 

observed(18). It is of interest to note that iodine SCC of Zircaloy also 

has an upper temperature limit; Honann(19) has shown that iodine has no 

effect on the burst properties of Zircaloy for temperatures greater than 

1100K. The temperature window for cadmium may simply be narrower than 

those of the other SCC agents tested. 

IV DISCUSSION 

A. chemical Aspects of Zircaloy SCC 

Stress corrosion cracking of Zircaloy by gaseous iodides is a 

complex blend of heterogeneous chemistry and fracture mechanics. Because 

practically nothing is known about the mechanisms of the reactions of 

iodine and the metal iodides with zirconium, the chemical aspects of 

the process can only be vaguely outlined. 

The reason that elemental iodine, iron iodide and aluminum iodide 

are active stress corrosion cracking agents for Zircaloy whereas cesium 

iodide is not is a direct reflection of the stability, of the iodides with 

'respect to zirconium iodide. The most likely iodide produced on a 

zirconium .surface attacked by low pressure of iodine-bearing gases is 

the monoiodide Zn '(Cubicciotti(7) report's 'the monoi'odide to have an I/Zr 

ratio :f L. 1, but the perfectly s'toichiometnic des'igPat ion 'will be used 

'in the following discuss ion).. The equilibrium pressure. of elemental 
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iodine over the two-phase Zr/ZrI solid mixture is " 10 5  atm at 600 K(7,8), 

so that any iodine pressure greater than this will convert Zr to Zn. 

A rough measure of the relative stability of metal iodides with respect 

to ZrI is afforded by the standard free energy change of the reaction: 

-MI (cr) +Zr(s) = Zn(s) + M(s) n n 

This calculation requires combining the equilibrium iodine pressure over 

the two-phase solid mixture Zr/ZrI with the free energies of formation of 

the iodides MIn (2O)• The free energy changes for M = Fe and M = Al at 

600 K are found to be -33 and -11 kcal/mole, respectively, whereas that for 

M = Cs is +29 kcal/mole. Thermodynamically at least, zirconium metal can 

decompose All 3  and Fe12  and thereby release iodine for formation of zirconium 

iodide, which is presumably a prerequisite for stress corrosion cracking. 

Cesium iodide, on the other hand, will not react with zirconium. 

The above calculation is about all of the assistance that thenno-

chemistry can offer in elucidating the SCC process. Further understanding 

requires consideration of the rates of the steps involved. Some evidence 

bearing on the pertinent chemical kinetics is contained in the activatiOn 

energies and equivalent pressure dependences determined experimentally. 

For iodine, the failure time varies inversely as the equivalent iodine 

pressure., thi:h is indicative of a linear mechanism. In addition, the 

aci-tin nrgy for iodiiie :SCC is ' I kcal/mo1e The linear pressure 

dependence andthe  lowactivation energy suggest that the rate-controlling 

tep is ;associated fiih :a gaseous diffusion zor perhaps surface diffusion 

process.. :Stiess corrosion crac4ing by Fe1 2  is aIs:o linear but its very 

large acthation enegy, (i31ca[;/iiole) can only be att.mibuted to a rate- 



controlling solid state diffusion or chemical reaction step. The activation 

energy for All 3  SCC was not measured, but the variation of the failure 

time with p3  rules out a rate-limiting diffusional step. eq 

B. Minimum Iodine Pressure for ZircaloySCC 

Justification of the role of elemental iodine in pellet-cladding 

interaction (PCI) failures of LWR fuel elements is sometimes based on 

the presumption of an equilibrium chemical reaction involving the fuel 

or fission products which decomposes sufficient CsI to produce the 

requisite iodine pressure. The largest equilibrium pressure believed 

possible is nu 
1015  atm at 600 K(8). Using this pressure for p eq  in 

oz 
Eq(l) and estimating the projected area of an iodine atom to be 12 

three months would be required for a monolayer of iodine to form on the 

inner surface of the cladding of a fuel element. It is unlikely that an 

iodine pressure of this magnitude could be responsible for PCI. The 

results of the present work place the minimum iodine pressure for Zircaloy 

SCC at about 	atm. Iodine pressures of this magnitude are not present 

inside irradiated fuel(21), nor, as shown in this study, can direct 

charged particle bombardment of surface-absorbed CsI liberate sufficient 

free iodine to produce an iodine potential equivalent to the minimum 

required pressure for SCC. If iodine is indeed responsible for PCI, the 

basic mechanism is still unknown, for none of the current explanations 

appear to be tenable. 

C.. 	Cadmium 

Contrary to the controversy concerning the chemistry of iodine inside 

a fuel pin., the elemental. state of cadmium is indlputáble. The esent 

study has shown that low pressures of this element can produce the micro- 
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scopic features and diminished failure times which are commonly offered in 

justification of iodine-induced PCI failures. Moreover, the temperature 

window in which the cadmium SCC process operates encompasses typical 

cladding temperatures. The major discrepancy between the specimens 

failed in laboratory tests with cadmium vapor and actual PCI failures 

is the type of gross tube breach. All cadnriuin 5CC failures were found 

to be of the burst type, whereas PCI produces fine cracks in the cladding(22). 

However, there have been no laboratory tests with cadmium vapor on 

irradiated Zircaloy, which may behave differently from the unirradiated 

material used in this study. Support for this supposition is found in 

the study of Tomalin, Adainson and Gangloff(23), who determined that contact 

of irradiated Zircaloy specimens with solid cadmium in mandrel SCC tests 

produced PCI-type failures. 

Cadmium is often dismissed as a possible cause of PCI failures 

because of its low fission yield ( 0.1%). However, it is a straight-

forward matter to show that if all of the fission product cadmium in a 

1 cm I.D. fuel pin with 90% smeared density was released to the void spaces, 

the cadmium pressure would attain the vapor pressure at 623 K (0.25 Torr) 

after a burnup of 0.15 MWd/torine. Even if a substantial fraction of the 

cadmium is not released from the fuel, there clearly is enough of this 

element to exceed the minimum pressure for SCC found in this work 

(2 x lO Torr) ., particularly for fuel bu•ups of tens of thousands of 

MWd/tonne. 

V. CONCLUSIONS 

Tube burst SCC tests of Zircaloy with gaseous I2  Fe12 , and All3  

showed different activation energies and gas pressure and stress 
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dependences of the failure time. These differences reflect different 

mechanisms applicable to the three SCC agents; iron and aluminum do not 

merely act as inert carriers of iodine to the Zircaloy surface. The 

minimum pressure of any of these species required to produce SCC of 

Zircaloy is " 10 6  atm. The time to failure in the tests was found 

to be determined more by crack propagation than by crack 

initiation. 

Cesium iodide did not produce stress corrosion cracking of 

Zircaloy, even when subjected to intense ion radiation from an accelerator. 

Iodine SCC of fuel cladding by radiation decomposition of cesium iodide 

cannot be justified. 

Cadmium SCC of Zircaloy reproduced many of the features of PCI 

failures of fuel pins and this fission product is a strong contender for 

the responsible, element in low ductivility cladding failures. 
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Figure Captions 

Apparatus for studying stress corrosion cracking of Zircaloy by gaseous 

chemicals. The system shown is for use with elemental iodine. For less 

volatile species, the doser is replaced by a Knudsen Cell. 

Spot on the surface of a Zircaloy tube which had been exposed to a 

molecular beam of iodine of 0.014 Torr equivalent pressure for 9 hours. 

The tube was stressed to 369 MPa(hoop) and held at 573 K during the test. 

The low-ductility failure is visible as an axial slit 1 mm long. 

Stress dependence of Sandvik Zircaloy-2 tube failure times with and 

without iodine at 573K. The ultimate tensile strength of the material 

is indicated by the arrow on the ordinate. 

Temperature dependence of Sandvik Zircaloy-2 tube failure times for a 

nominal hoop stress of 314 MPa and an equivalent iodine pressure of 

1.4x10 2  Torr. 

Iodine equivalent pressure dependence of the failure time of Zircaloy-2 

tubing. The horizontal lines labeled "no iodine" give the failure 

times of control specimens under the same temperature and loading 

conditions. 

Effect of All 3  equivalent pressure on the failure time of Zircaloy-2 

tubing. The line has a slope of -2/3. 

EDAX signals meving from outside surface of the tube along the fracture 

surface of stress corrosion cracks. CA, is the aliininiin signal, C 1  is 

that for iodine and Ctot  is the total signal for all elements. For 

different positions on the following specimens 

eq = 1.4 x 10 Torr, tf = 36.7 hrs: V • 4 

!eq = 2 x lO Torr, t = 9.4 hrs: 10 X A V 

eq 503 T0rr,tf4.815 	EJ. + 
Peq2 xl0 2  Torr, tf = 2.9 hrs:: A 
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8, Small crack in the outer surface of an unfailed Zircaloy-2 tube 

which had been subjected to a nominal hoop stress of 365 NPa and 

3. 3x1 0 Torr pressure of All 3  at 573 K for 43 hours. 

Stress dependence of the failure times of Zircaloy-4 tubes with and 

without exposure to Fe1 2  at 623 K. The ultimate tensile strength 

of the material is indicated as the arrow on the ordinate. 

Temperature dependence of the failure time of Zircaloy-4 tubes 

exposed to Fe1 2 . 

Variation of the failure time of Zircaloy-4 tubes with equivalent 

pressure of Fe1 2  at fixed stress and temperature. The arrow 

indicates the rupture time of the control specimen under the same 

conditions but without corrosive agent. 

Scanning Auger microsopy of nonpenetrating cracks on the surface of 

a Zircaloy-4 tube which had been exposed to Fe1 2  for 20% of its 

failure lifetime. The specimen was ion-sputtered on the beam spot 

until the Zircaloy signal from the low resolution picture (top) was 

that of the substrate Zircaloy. The high resolution image of a large 

crack (bottom) showed a strong iron signal by Auger analysis. 

Rupture times of three Zircaloy-4 tubes from the same lot with and 

without cadinii.nn exposure. 

Effect of equivalent pressure of cadmium on the failure times of 

specimens cut from two Zircaloy-4 tubes. 

l5.. Temperature -effect on Zi-rcaloy-4 failure times at four cadmium equiva.-

lent pressures. The lifetimes of control specimens follow the 

straight line in :t plot. Reduction in tUbe lifetime occurs only 

over a range of temperatures which becomes narrower as the equivalent 

cadmium ;pressure is reduced, eventually disappearing at a pressure of 

;2flO Trr.  
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Fig. 2 Saidvik Zircaloy-2 specimen failed after 9 Aourg unUer 

309 I,lPa stress and 0.014 Torr iodine pressure at 573 JT 
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