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RADIATION ENHANCEMENT OF STRESS CORROSION CRACKING 

OF ZIRCALOY 

SHIH-HSIUNG SHANN 

· The Department of Nuclear Engineering of the University of California, 
and the Materials and Molecular Research Division of the 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

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. Radiation enhancement 

tests with Csi were also performed to check whether iodine released by 

irradiation can induce zircaloy SCC. Rupture lifetimes were measured 

as a function of stress, temperature, and the equivalent pressure of 

the corrosive agents. 

Iodine, iron iodide, and aluminum iodide can reduce the failure 

times in comparison to those of control specimens at the same stress 

and temperature without corrosive agent. Fractography is of cleavage 

type, and is completely different from the ductile dimple type failure 

for control specimens. There exists a critical stress of 379 MPa for 

iodine and iron iodide abov~ which "burst type•• failure occurs. 

"Pinhole type" failure predominates for lower stresses. Both types 

showed brittle fracture surfaces. 
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The presence of cesium iodide did not have any influence on failure 

time of zircaloy. The failure is burst-type, and the fractography is 

ductile. Radiation enhancement tests with cesium iodide did not cause 

reduction in failure time either. 

Compared to control specimens~ failure times were decreased for 

the tests under cadmium. All specimens failed under cadmium vapor by 

a burst mode, and fractography showed cleavage brittle characteristics. 

Chemical parameters such as reaction order, activation energy, and 

minimum pressure required for sec were determined. 

A crack propagation model originally designed for brittle solids 

was applied for SCC. This model can fit the present experimental data 

well. Variable stresses and surface roughness test results can be 

correlated quantitatively by the model. 
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RADIATION ENHANCEMENT OF STRESS CORROSION CRACKING OF ZIRCALOY 

SHIH-HSIUNG SHANN 

The Department of Nuclear Engineering of the University of California, 
and the Materials and Molecular Research Division of the 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

1. INTRODUCTION 

1.1 Objective 

The outstanding high temperature water corrosion resistance and 

highly desirable nuclear characteristics of zircaloy have made it an 

excellent cladding material for light water reactors. However, low 

ductility failures of the cladding still occasionally occur, pointing 

to the need for understanding of the fracture mechanism and prevention 

methods. 

The fractography of cracked cladding resembles that of stress 

corrosion cracking in the laboratory. 1 Previous works 1- 14 have 

studied mainly unirradiated specimens in iodine. Wood et al. 6, 11 

tested irradiation samples, but no tests concerning simultaneous 

irradiation and stress corrosion have been reported. 

Iodine is present as a fission product in irradiated fuel rods. 

However, according to thermodynamics, all of this iodine should be 

combined with the more abundant fission product cesium to produce the 

stable solid Csi. 15 This substance is not an active stress corrosion 

cracking agent to zircaloy, as demonstrated by out-of-pile tests.8, 13 

The main purpose of this project is to_ determine if sufficient free 

iodine is released from Csi by irradiation in order to activate the 

stress corrosion cracking process. 
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1.2 Review of Previous Work 

At the beginning of the present project (April 1977), there were 

several works concerning metallurgical and chemical aspects of iodine 

SCC in the literature.1- 15 The effects of stress,1- 15 temperature,6' 7 

strain rate,1 strain hardening, 1 residual stress,6 annealing, 6 

and basal pole orientation6 of zircaloy have been tested. But most 

tests used-qualitative models to explain their results. The only 

quantitative empirical model was proposed by the Bettis Atomic 

Laboratoryof Westinghouse. 5' 14 Kreyns 5 curve fit the double 

cantilever beam experimental results of Wood1 and found: 

4 da/dt = CK (1-1) 

where K is the stress intensity factor, a is the crack length, and C 

is a constant. They assumed that the crack propagation rate in 

zircaloy tube specimens is of the following form: 5' 14 

n 4 da/dt = C
0 

exp(-Q/RT) [I 2] K (1-2) 

Eq (1-2) can be integrated from the initial crack length a
0 

(pre

existing through manufacture or machining) to the final crack length 

ac, at which the net section stress of tube wall equals the ultimate 

tensile stress of zircaloy, to calculate the lifetime of tube specimen. 

Here they assumed the crack propagates from the initial length to the 

final length at which point ductile failure takes over and the tube 

fails immediate 1 y. They used their experimenta 1 results with least 

square curve fitting to determine the constants C
0

, Q, and n. 5, 14 
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In March 1980, SRI International published their detailed experi

mental study of iodine SCc. 16 They used a tube burst technique with 

sealed iodine solid inside zircaloy to measure the lifetime as a 

function of stress. The effects of zircaloy tube manufacturing 

technique, texture, surface condition, axial stress to hoop stress 

ratio, and damage accumulation were determined. 

In Arpi.l 1981, r~i ller et al. proposed a phenomenological model, 

SCCIG (Stress Corrosion Cracking Initiation and Growth), for iodine 

SCc. 17 They assumed diffusion-controlled iodine penetration into 

the crack tip according to the equation; 

where I2 is the external iodine concentration and I is the iodine 

concentration at the crack tip. f(e:) is a function of crack tip 

strain e:. With a "Bundle of Sticks" geometry in the zircaloy wall, 

they performed stress and strain calculations by force and momentum 

balance. A statistical initial surface flaw distribution was proposed 

and the model was fitted to SRI's experimental results. 16 For a 

faster calculation of inpile fuel condition, an explicity CFM II 

{Cladding Failure Model II) model was derived. 17 The SCCIG 

calculation result is the data base of CFM II. CFM II is used within 

the Spear-a fuel performance code. 

Peehs et al. performed tests to determine the threshold iodine 

concentration needed for scc. 18 A treelike glass apparatus was used 

to prepare precise aliquots of iodine for the tube-burst specimens. 

The glass tree was first pumped down and filled with iodine gas of 
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known pressure. After valving off capsules (branches), the iodine 

vapor pressure and capsule volume determined the amount of iodine con- .~l" 

tained in each capsule. The iodine ca~sules were sealed in zircaloy 

specimens with both ends capped. As the start of an experiment, the 
' 

·capsule was broken, and iodine was released to attack the zirconium. 

They found the minimum iodine inventory needed for SCC to be 1 mg/cm2, 

which corresponds to 10-12 torr if Zr/I equilibrium is achieved. 

1.3 Experimental Approach 

From a chemical point of view, the molecular beam metho.d utilized 

in the present study has the possiblity for reaction order and activa-

tion energy measurements. No previos zircaloy sec work used this 

method. The reported minimum pressure of iodine necessary is fairly 

high (-13 torr). 3 This value is beyond the range of our test 

apparatus. In order to examine the applicability of the present. 

experimental method, establishment of a complete iodine-zircaloy stress 

corrosion data base is necessary for a reference system and for better 

understanding of fracture mechanism Also, metal iodides such as Fei 2 
and Ali 3 could attain low partial pressures in a fuel rod, so the 

determination of minimum pressures required for metal iodide sec is 

important. Study of iron iodide and aluminum iodide SCC can also help ~ 

in understanding the surface chemistry of the iod1ne-zirconium system. 

A Van De Graaff accelerator is used as the radiation source in the 

cesium iodide irradiation study. The reaction chamber that is con

nected to the accelerator beam tube is under vacuum. By molecular flow 

from a Knudsen cell, a molecular beam of cesium iodide impinges on the 

zircaloy surface at the same spot as the proton beam bombardment. 
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Cadmium is a fission product which thermodynamics suggests should 

exist inside a fuel pin in the metallic state. 19 Liquid cadmium is 

known to cause severe embrittlement of zircaloy.19 In an in-pile 

situation, however,· the cladding is in contact with the low partial 

pressure vapor phase rather than with a condensed phase, so atomic 

beams of caQmium served as the active agent in this phase of the 

program. 

• 

: ~ t • 

.. .. t· 



2. EXPERIMENTAL 

2.1 Iodine 

6 

The present experient utilizes a tube-burst (biaxial) test mode. 

Tube samples internally pressurized with argon are connected to a 

pressure transducer (Statham PA-891-3M) and a filling valve 

(Figure 2,...1). The assembly is placed in an enclosure and heated 

resistively. 

For temperature measurement and control, a thermocouple is pushed 

against the zircaloy tube by a stainless steel spring,, the force of 

which is enough for the good contact between thermocouple and zircaloy, 

but is too small to cause indentation of the tube. Thin thermocouple 

wires (0.25mm diameter) are used in order to keep the heat loss 

through the thermocouple wires as small as possible. An electronic 

control system (Omega Engineer, Inc. Nadel 49) compares the output 

voltage of the thermocouple with a preset standard and operates a 

relay in order to turn on or off the heating current. The temperature 

can be controlled within =soc of the set temperature. 

The tube is pressurized by inert gas prior to closing the filling 

valve and inserting into the vacuum system. The hoop stress in the 

zircaloy tube is calculated from the thin-wall tube formula 

a = PR/w ( 2-1) 

where 

"-
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a= applied hoop stress 

P = internal gas pressure 

R = tube radius 

w =tube wall thickness 

7 

To prevent damage to the diffusion pump following a burst of the 

internally pressurized test specimen, a loose-fitting glass rod is 

inserted in the tube specimen to reduce the gas volume. When the 

specimen fails, less than 0.01 moles of gas flow into the vacuum 

system. 

Z.2 Iodine Equivalent Pressure Calculation 

Molecular iodine is supplied to the surface through a 4.6 mm 

diameter tubing which is 2 to 5 mm from the specimen surface. With 

this delivery system, iodine impinges on a spot -5 mm in diameter on 

the outside surface of zircaloy specimen. The iodine flow rate through 

the doser (1*) is calculated from Shock's model. 2° Conversion to 

equivalent pressure is accomplished by a procedure involving calibra

tion with argon. The details of the calibration and the calculation 

are discussed in Appendix A. 

2.3 Metal Iodides and Cadmium 

The same apparatus is used for metal iodides and cadmium cases. 

The iodine doser is replaced by a Knudsen cell. The corrosive agents 

are placed in the Knudsen cell and heated to a fixed temperature. The 

vapor pressure of the corrosive substances at that temperature 

determines thefiow rate through 1 mm diameter hole on the cell. The 

Knudsen cell was placed at 5-10 mm from the zircaloy specimen. It 

created an 8 mm diameter impingement spot on the tube. 
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2.4 Metal Iodide and Cadmium Equivalent Pressures 

The metal iodide or cadmium flow rate 1* through the orifice of ~ 

the Knudsen cell an be expressed as: 

1* = (1/4)nvwa2 (2-2) 

where: 

n = molecular density of corrosive agent in the Knudsen cell 

v = average velocity of the gas molecules in the Knudsen cell 

a = radius of the orifice on the Knudsen cell 

The gas density and molecular speed are determined at the Knudsen 

cell temperature TK: and 

n = PK/kTK 

v = I 8kTK/wm 

where 

PK = vapor pressure of corrosive agent in Knudsen cell at TK 

m = molecular weight of the corrosive agent 

k = gas constant 

(2-3) 

(2-4) 

Assuming a cosine distribution of the molecular beam from the 

orifice, the rate at which the corrosive agent strikes a unit area of 

the zircaloy surface at a distance d from the orifice is given by 

2 I* = 1*/wd (2-5) 
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The equivalent pressure Peq of the corrosive agent based on the 

impingement rate can be calculated by 

Combining Eqs. 2-2 through 2-5 yields 

(2-6) 

(2. 7) 

As an example, we can consider the cadmium case, PK = 0.6 torr 

at 400°C, a = 0.5 mm, and d = 7 mm, we get Peq = 4 x 10-3 torr. 

2.5 Cesium Iodide Irradiation Study 

For the cesium iodide simultaneous irradiation study, a Van de 

Graaff accelerator which serves as a radiation source is connected to 

the reaction chamber used in metal iodide experiments. When the sample 

bursts, argon flows into the vacuum system. This sudden increase in 

pressure could damage the accelerator beam tube. A slammer valve21 

was built and inserted between reaction chamber and the accelerator 

(Fig. 2-2). The valve closes in -0.2 msec after the pressure signal 

received by the ion gauge on the reaction chamber. The total time 

interval after tube burst, ion gauge response, and valve activation is 

short enough to close the slammer valve sufficiently quickly and 

prevents the argon shock wave from reaching the beam tube. The 

accelerator can be protected. 
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3. IODINE STRESS CORROSION CRACKING OF ZIRCALOY 

3.1 Introduction 

In order to achieve a long range pellet-cladding interaction study 

objective, and to examine the applicability .of the molecular beam 

.technique, the iodine stress corrosion cracking tests were undertaken. 

The results can be compared with previous work in the literature using 

different experimental methods. The iodine sec data is necessary for 

a reference system and for better understanding of the fracture 

mechanism. 

3.2 Experimental 

Tube specimens are internally pressurized with argon in order to 

produce a biaxial tensile stress state. Rupture lifetimes are measured 

as a function of stress, temperature, and equivalent pressure of 

iodine, which impinges on the zircaloy surfaces as a molecular beam on 

a spot of 0.5 em diameter. Figure 3-1 is a photo of the apparatus, 

which can be compared with Fig. 2-1 for detailed information. The 

fractography of the surface is observed by SEM. 

3.3 Materials 

Two lots of stress relieved zircaloy-2 were tested. One lot was 

obtained from SRI International (0.0. = 0.503 11 [12.8 mm], I.D = 0.453 11 

[11.5 mm]; the other lot was purchased from Sandvik Special Metals, lot 

number 9AX 32 (O.D. = 0.486 :1: 0.002 11 [12.3 mm], I.D. = 0.414 :1: 0.002 11 

[10.5 mm]). Table 3-1 gives the chemical composition. The Sandvik 

tubes were thinned down mechanically from the outside surface to 

0.25 mm wall thickness in order to decrease the pressure of argon gas 

needed for the desired hoop stresses (see Fig. 2-1). 

"-
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3.4 Results 

3.4.1 Failure Modes With iodine, the majority of specimens 

exhibited pinhole-type failure (Figs. 3-1 through 3-6)), which was 

completely different from the burst-type failure which occurred in the 

absence of iodine (Fig. 3-7). The Sandvik specimens with stresses 

between 372 MPa and 290 MPa all fractured in the pinhole model. Iodine 

SCC was not observed below a threshold stress (see Section 3.5.3). Two 

specimens with stress > 379 MPa fractured in non-pinhole mode, even in 

the presence of iodine. They will be discussed in Section 3.5.4. 

The fractography of pinhole and duttile failure are completely 

different. Figure 3-8 is a scanning electron micrograph of pinhole 

type failure. Figure 3-9 is for ductile failure. Figure 3-10 shows 

that besides the penetrating cracks, there are a number of non

penetrating cracks on the outside surface in the iodide-affected 

region. There are numerous small cracks branching out from the main 

crack at an angle to main crack propagation direction (Figure 3-11). 

As the main crack propagates, the remaining intact wall thickness 

decreases, so that the net section stress increases. After the crack 

length reaches a critical length, a transition to ductile failure 

occurs (Fig. 3-12) when the net section stress reaches the ultimate 

tensile stress and the tube fails immediately (see Eq. 3-4). Grains 

fail by cleavage, as shown in Fig. 3-13. 

3.4.2 Time to Rupture The results from unflawed specimens from 

SRI are plotted in Fig. 3-14. Preflawed (25 pm deep, 25 mm long 

notches) data are shown in Fig. 3-15. Stress corrosion cracking was 



14 

observed at iodine pressure as low as 10-3 torr. The iodine pressure 

necessary to cause stress corrosion cracking is much less than 

previously reported. 20 

Control specimen results for the Sandvik tubes at 300°C and time 

to failure versus stress at fixed iodine pressure and temperature are 

shown in Fig. 3-16 for comparison. Figure 3-17 gives the time-to

failure versus temperature for fixed stress and iodine pressure tests, 

and Fig. 3-18 is a time-to-failure/equivalent pressure relationship for 

Sandvik tubes. 

3.5 Discussion 

3.5.1 Iodine Concentration Most other studies use mg/cm2 as a 

unit to describe the iodine potential. According to basic chemistry, 

the partial pressure is the correct measure of chemical potential. 

Une22 performed experiments with different volume-to-surface ratios, 

keeping one variable constant and changing the other. The influence 

of the two variables on the time to failure was recorded. He concluded 

that in zircaloy stress corrosion cracking, the iodine partial pressure 

(e.g. torr), not the surface density (mg/cm2) is the correct unit for 

correlating the stress corrosion cracking phenomenon. We consider 

below the experimental methods for establishing the iodine concentra-

tion used in previous investigations: 

(A) A fixed amount of iodine is sealed in the inside of a zircaloy 

tube. 13 , 16 In this case, there is considerable surface 

other than zircaloy on which iodine can plate out. In 

addition, only the zircaloy is heated and the iodine will 
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condense on the cold regions of the system. The actual iodine 

responsible for stress corrosion cracking is much lower than 

what is reported. 

(B) A fixed amount of iodine is sealed inside the zircaloytube, 

and the tube is plugged at both ends, 4' 5'?,B, 14 , 17 or 

iodine is sealed with zircaloy in closed system, as in some 

·mandrel tests. 1' 6, 11 In these cases, the amount of iodine 

first decreases with time, eventually reaching an equilibrium 

between gaseous iodine, zircaloy, and a scale of lower 

iodide. 23 The monatomic iodine pressure approaches the 

equilibrium value, PI- 10-15 atm, calculated by 

Cubiciotti, 23 but we do not know how long it will take to 

achieve equilibrium. 

From the discussion above, it is clear that in previous 

investigations, insufficient attention has been given to maintaining 

constant, known iodine concentration or even using the correct units 

to describe the iodine concentration. 

3.5.2 Biaxiality In our specimen assembly (Fig. 2-1), one end is 

free. Under internal pressure, the hoop-axial stress is two (in other 
' 

works, the ratio~ is between 2 and 1 or not given8). The yielding 

condition of anisotropic materials such as zircaloy under biaxial 

loading depends on the ratio of two principal stresses, 24 , 25 so a 

hoop stress measurement alone is not a sufficient condition for fixing 

the time to failure. The time to failure can change with different 

stress biaxiality ratios even though the hoop stress, iodine pressure, 

and temperature are fixed. 
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3.5.3 ·Stress and Iodine Pressure Threshold One Sandvik specimen, 

held at 300°C and 328 MPa, did not fail after 80 hrs at an iodine 

pressure of 0.004 torr. A poss~ble explanation is that the stress was 

below the threshold stress for stress corrosion cracking for the 

·particular iodine partial pressure used. Alternatively, the iodine 

pressure_ was below the threshold value for that stress level. The 

threshold concepts are accepted by most previous workers. 1- 13 The 

threshold concept implies a change in fracture mechanism in narrow 

ranges of stress and iodine pressure, so that time to failure is 

greatly affected. 

3.5.4 High Stress Failure Two Sandvik specimens stressed near 

379 MPa did not exhibit pinhole type failure under iodine, but SEM 

fractography still showed cleavage fracture (Fig. 3-19). In 

zircaloy-4, iron iodide stress corrosion (Section 5.4.1), we also found 

that burst-type failure predominates for stresses higher than 376 MPa, 

while pinhole-type failure predominates at low~r stresses. Similar 

conclusions also were reached by Yaggee26 for their irradiated 

specimens and Baty27 in his unirradiated zircaloy stress corrosion 

cracking tests. 

3.5.5 Data Cor.relation Stress corrosion cracking of zircaloy is 

a low-ductility fracture process (strain in the range of a few 

percent). If crack propagation rather than crack initiation dominates 

the lifetime of specimen (Chapter 6), the model of slow crack growth 

under chemical attack for brittle solid may be applied to this 

situation. 28 In this model, the crack growth rate is described in 

chemical reaction rate terminology by: 

,• 
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da/dt = A[Peq]n exp(-E*/RT)F(K) (3-1) 

where 

a = crack length 

E* = activation energy of the chemical step' responsible for stress 

corrosion cracking 

n = reaction order 

A = constant 

F(K) in Eq. 3-1 is the functional dependence of the crack growth 

rate on the stress intensity factor, which is 

K = Ya /"a (3-2) 

Y = ge~metric factor 

Integrating Eq. 3-2: 

tf = (1/A[Peq]n)exp(E*/RT) (3-3) 

a
0 

= initial length of the crack pre-existing through manufacture 

(6 ~m) or machining (25 ~m) 

ac = crack length at which the net section stress is equal to the 

ultimate tensile stress: 

( 3-Ll ) 
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Here it is supposed that stress corrosion propagates the crack from the 

length a
0 

to ac where ductile failure takes place very rapidly. 

This final process can be seen on the SEM picture of Fig. 3-12. 

Least square curve fitting of.the T-Peq data at constant stress 

gives 

E* = 7~1 ± 0.9 Kcal/mole = 30 ± 4 KJ/mole (3-5) 

and 

n = 1.0 ± 0.2 

from three sets of data (Sandvik tubes, preflawed SRI, and unflawed SRI 

tubes) in Fig. 3-20. 

Two crack velocity/stress intensity factor relations 24 were 

tried: 

F{K) = exp (BK/T) (3-6) 

F(K) = Km (3-7) 

where B and m are constants. Both relationships all fit the stress

dependence data equally well. The form. F(K) = exp (BK/T) is theo

retically based on Eyring•s absolute rate theory, 29 being a manifest

ation of a pressure effect on the free energy of aCtivation·. 30 The 

.•. 



--

19 

purely empirical function F( K) = Km case gives m = 4.0 ± 0.1, which 

is consistent with the results of Tuck 5 and Polan. 14 

Sn 

Fe 

Cr 

Ni 

F e+Cr+N i 

Zr 

Table 3-l. Composition of Sandvik Zr-Z(9AX32) 

INGOT ANALYSIS 
COMPOSITION IN PERCENT 

Spec. TOP Middle 

1.20- 1.70 1.55 1.47 

0.07 - 0.20 0.14 0.13 

0.05 - 0.15 0.10 0.09 

0.03 - 0.08 0.05 0.04 

0.18 - 0.38 0.29 0.27 

balance 

Bottom 

1.46 

0.14 

0.09 

0.04 

0.28 

', 
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Figure 3-l. Photo of the stress corrosion cracking apparatus. 
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XBB 791-473 

Figure 3-2. Stress relieved Zr-2 (Sandvik lot no . 9AX32) failed 

after 13.2 hrs under 316 MPa and 0.014 torr iodine 

at 300°C. 
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XBB 791-482 

Figure 3-3. Stress reli eved Zr- 2 (Sandvik lot no . 9AX32) failed after 

5.0 hrs under 369 MPa and 0.014 torr iodine at 300°C . 
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XBB 791-474 

Figure 3-4. Stress relieved Zr-2 (Sandvik lot no . 9AX32) failed 

after 9.0 hrs under 369 MPa and 0. 01 torr iodine 

at 300°C . 



XBB 791-476 

Figure 3-5. Stress relieved Zr-2 (Sandvik lot no . 9AX32) failed after 

3.2 hrs under 324 MPa and 0. 02 torr iodine at 325°C. 
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XBB 791-481 

Figure 3-6. Stress relieved Zr-2 (Sandvik lot no. 9AX32) failed after 

17.0 hrs under 311 ~1Pa and 0.014 torr iodine at 270°C. 
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XBB 791-329 

Figure 3-7. Control specimens of Sandvik lot no. 9AX32 ruptured at 

300°C without iodine at stresses of 383, 370, and 343 r1Pa. 
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10 p m 

XBB 816-5516 

Figure 3-8. SEtl fractory of pin-hole type failure (preflavJed stress 

relieved Zr-2 from SRI) failed after 5.9 hrs under 361 f1Pa 

0.025 torr iodine, and 320°C . 
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40 p m 

XBB 816-5501 

Figure 3-9. sn1 fractography of ductile failure (unflawed, stress 

relieved Zr-2 from SRI); failed after 51.8 hrs at 

364 MPa and 320°C without iodine. 

-. 

. _ 
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40 p m 
XBB 816-5533 

Figure 3-10. Besides the main penetrating crack, there are many small 

cracks in iodine affected area. (Preflawed stress 

relieved Zr-2 from SRI failed after 59.3 hrs; 361 MPa, 

0.025 torr iodine, 320°C). 
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Figure 3-11. Same specimen as Fig. 3-8 showing many small cracks 

branching out from the main crack. 
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BRITTLE 

20 f m 

XBB 816-5500A 

DUCTILE 

Figure 3-12 . Transition from brittle mode to ductile dimple mode. 
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Figure 3-13. Grains failed by cleavage (preflai'Jed stress relieved Zr-2 

from SRI failed after 5.9 hrs; 361 r1Pa, 0.025 torr iodine, 

320°C). 
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Figure 3-14. Time to failure vs. iodine pressure relation for unflawed 

SRI specimens. 
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Figure 3-15. Time to failure vs. iodine relationship pressure for 

preflawed SRI specimens. 



'~',.., \ 

400 

-&. 
6 
en 
en 
w 
0:: 
r-
(f) 

200 

Figure 3-16 .. 

~ 

0 

* 
5 10 

CONTROL SPECIMENS 
WITHOUT IODINE 

SPECIMENS UNDER IODINE, Peq=,l.4xi0-2 TORR 

PIN HOLE TYPE FAILURE 

BURST TYPE FAILURE 

100 
TIME TO FAILURE (HR) 

200 

Time to failure vs. stress relations for control specimens without 
corrosive agent and specimens under 0 .. 014 torr ; odi ne at 3ooOc XBL B 12 -5220A 
(Sandvik specimens). 

w 
U1 



-C/) 

a:: 
::r: _ .... 

w 
a: 
':) 
...J 

<t 
u. 
0 .,._. 

w 
~ 
.,._. 

.. 

36 

T (°K) 

700 600 500 
50----------..---~ 

sjRESS = 314 MPa . ~ 

' ' 1--
I 

P. = I 4lt 10-2 TORR eq . 

I /T X I03(°K -I) 

XBL 799-7146A 

Figure 3-17 .. Time to failure vs. temperature relation-

ship for Sandvik specimens at 314 MPa.and 

0.014 torr iodine pressure. 
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10 f m 

XBB 816-5520 
Figure 3-19. SEM fractography of a burst tyre failure 379 MPa, 

300°C, 0.014 torr iodine pressure after 8.2 hrs. 

Cleavage (brittle) characteristics are similar to 

those in pinhole-type failure . 



39 

102.-------~------.------.--~----------~----~ 

50 

-a::: 
:r: -

w 
~ 5 
I-

---o-- SANDVIK 9AX32 300 

--<>- UNFLAWE D SRI 320 364 

-6- PREFLAWED SRI 320 36 I 

I ~--------------~----~--------------~------J 
10- 3 5 10-2 5 

IODINE PRESSURE (TORR) 

XBL 798-6805A 

Figure 3-20. Time to failure vs. iodine equivalent pressure for 

three lots of zircaloy tubes. 
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4. ALUfvliNUM IODINE STRESS CORROSION CRACKING OF ZIRCALOY 

4.1 Introduction 

The study of iodine stress corrosion cracking of zircaloy showed 

that this phenomenon can occur at very low iodine partial pressure 

(-10-3 ~orr) (Section 3.4.2). According to thermodynamics, inside a 

reactor fuel pin, iodine will be present mainly as cesium iodide. 

There is some possibility that other kfnds of iodides can exist at low 

partial pressure, which provides a reason for investigating metal 

iodide sec. 
4.2 Experimental 

The apparatus is the same as that used in the iodine experiments 

(Section 2.1 and 3.2), except that a Knudsen cell replaces the iodine 

doser. Aluminum iodide crystals are placed in the Knudsen cell and 

heated to create a molecular beam which impinges on the zircaloy 

specimen. Therrr.odynamic analysis suggests that only one major specie?; 

Ali 3 (g), is present in the vapor phase. The vapor pressures of all 

other components are several orders of magnitude lower (Appendix B). 

4.3 Materials 

Stress relieved zircaloy-2 from Sandvik Special Metals, lot 

No. 9AX32, \o.Jas studied. Detailed information about the tube is given 
-

in Table 3-1. The specimens were machined do\'m to 0.25 mm wall 

thickness from the outside surface as discussed in Section 3.3. 

4.4 Results 

Figure 4-1 gives the results of failure time versus equivalent 

aluminum iodide pressure. For the same time-to-failure, aluminum 
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' iodide can cause stress corrosion cracking at lower pressure than 

iodine. 

4. 5 Discuss ion 

4.5.1 Fractography Although there are both pinhole- and burst-

type failure under aluminum iodide, as shown in Fig. 4-1, the fracture 

surfaces of both types are of the cleavage brittle mode which is 

totally different from the ductile dimple surfaces observed in control 

specimens without any corrosive agent. 'Figure 4-2 and 4-3 show the 

fractography of the two types of failure. 

4.5.2 EDAX Examination Results Through EDAX (Energy Dispersive 

Analysis of X-rays) examination of the fracture surface, we detected 

both iodine and aluminum signals. There is a tendency for both signals 

to decrease on moving from the tube outside surface into the crack. 

Figures 4-4 and 4-5 give several test results as different positions 

on different specimens. 

4.5.3 Data Correlation By least square curve fitting of the 

failed specimens, the slope of lntf versus lnPeq plot was found to 

be -2/3 ± 0.1 (Fig. 4-1) compared to -1 for iodine (Section 3.5.5) and 

iron iodide (Section 5.5.2). 

4 .5.4 Iodide-Affected Surface Study of Unfai led Specimens Three 

specimens exposed to aluminum iodide without failure for a period 

longer than 43 hours unden1ent surface examination in order to locate 

any cracks which had initiated. The specimen with visible cracks 

(unpenetrated cracks) was the one under highest aluminum iodide 

equivalent pressure (1.1 x 10-3 torr) among the three unfailed tubes 

(Fig. 4-1). Figure 4-6 is a photo of iodide-affected region of that 
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specimen. Many sma 11 cracks have b~~n initiated, but it is difficult 

to identify which one will be the main crack. One of the initiated 
I 

cracks is shown under SEM in Fig. 4-7. Figure 4.:...8 is a higher 

magnification picture of the white deposit in Fig. 4-7, quite a few of 

which appeared on the surface. Thr6ugh EDAX analysis, the white 

deposits were shown to contain extremely high aluminum- and iodine-to-

zirconium ratios (Fig. 4-9). 

The specimen with medium aluminum iodide equivalent pressure 

(3.3 x 10-4 torr) did not indicate any visible cracks. However, 

under SEM magnification, some initiated cracks are seen (Fig. 4-10). 

Figure 4-11 is an SEM picture of an unfailed specimen surface with the 

lowest aluminum iodide equivalent pressure (8.0 x 10-5 torr). A 

suggestion of cracks is seen on the surface. Both surfaces (Fig. 4-10 

and 4-11) without visible crack initiation exhibit aluminum and iodine 

EDAX signals. 

From Fig. 4-7 and 4-10, we can confirm crack initiation, but it is 

hard to say whether the cracks in Fig. 4-11 are initiated in the sub-

strate metal or only on a thin corrosion film over the surface •. The 

general surface in Fig. 4-11 looks like a surface corrosion film. 

Whether the crack propagates into the underlying metal is uncertain. 

Three specimens survived without failure for 43 hrs with initiated 

cracks. Crack initiation occurs at very low iodide partial pressure 

(1.1 x 1o-3, 3.3 x 10-4,' and 8.0 x 10-5 torr). Cracks did not 

penetrate the wall thickness. We can draw the conclusion that crack 

initiation is not the only slow step which determines the time-to-

failure. Crack propagation will take some portion of specimen•s. 

1 ifetime. 
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2 11 m 

~ -- - - -
4 f m 

XBB 816-5505A 

Figure 4-2. SEM fractography of pinhole-type failure (Zr-2 (9AX3 2) 

fail ed after 36.7 hrs ~ 365 MPa, 300°C, l .4 x 10- 3 torr 

Ali 3) clea~~ge, transgranular failure. 

·. 
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2 p m 
XBB 816-5525 

Figure 4-3. SEM fractography of bu-st type failure (Zr-2 (9AX32) failed 

0 -3 ) after 9.4 hrs; 365 MPa, 300 C, 2.0 x 10 torr Ali 3 . 
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Figure 4-4. Aluminum EDAX signal moving from outside surface of the 

tube into the crack (for different positions and different 

specimens) CAl is the count of X-ray for aluminum, c1 
is the count of X-ray for iodine, and Ctot is the total 

count of X-ray for all elements. 

peq = 1.4 x 10-3 torr, tf = 36.7 hrs: ' ... 
Peq = 2 + 10-3 torr, tf = 9.4 hrs: OX6.V 

P eq = 5.1 x 10-3 torr, tf = 4.8 hrs: [] <> + 

Peq = 2 X 10-2 torr, tf = 2.9 hrs: .A 
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XBB 790-l48llA 

Figure 4-6. Unfailed specimen with visible crack initiation 
-3 

(1. l x 10 torr Ali 3 equivalent pressure, 365 MPa, 

and 300°C for 43 hrs). 
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20 p m 

XBB 816-5517 

Figure 4-7 . SEM of cracked zone of specimen in Fig. 4-6. 

•, 
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r-ttm 
XBB 816-5499 

Figure 4-8. Detailed view of the white deposit in Fi9. 4-7. 
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Al Zr I 

XBB 806-7326 

Figure 4-9. EDAX signals from the white deposit in Fig. 4-8. 
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4 p m 

XBB 816-5541 

Figure 4-10. SEM picture of unfailed specimen under 365 Mpa, 300°C , and 

-3 3.3 x 10 torr A1I 3 equivalent pressure for ~3 hrs . 
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4 p m 
XBB 816-5542 

Fig~re 4-11. SEM picture of unfai1ed specimen under 365 MPa, 8.0 x 10- 5 

torr hli 3 equivalent pressure, and 300°C for 43 hrs. 
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5. IRON IODIDE STRESS CORROSION CRACKING OF ZlRCALOY 

5.1 Introduction 

Previous experiments showed that iodine can cause stress corrosion 

cracking of zircaloy at low equivalent pressures (10-3 torr) 
. 

(Section 3.4.2). For the same time-to-failure, aluminum iodide can 

cause stress corrosion at lower ~artial pressure than that of iodine 

(Sectioh 4.4). According to thermodynamics, in a- reactor fuel pin most 

of the iodine should form cesium iodide but there still is a 

possibility of other iodides at low pressure. This possiblity is the 

reason for the present iron iodide study. 

5.2 Experimental 

The present experiment utilizes a tube burst type (biaxial) system 

as in the iodine (Section 3.2) and aluminum iodide (Section 4.2) tests. 

Iron iodide crystals are placed in a Knudsen cell and heated to create 

a molecular beam which impinges on a small spot on the zircaloy tubing. 

Thermodynamic analysis suggests that Fei 2(g) is the only major 

species present in vapor phase. 

5.3 Materials 

As received stress relieved zircaloy-4 tubing (Sandvik Special 

Metals lot No. JV11) was tested. The chemical composition of zircaloy 

is listed in Table 5-1. The outside diameter of the tube was 9.5 mm, 

and the wall thickness was 0.64 mm. Specimens 12.7 em long were used 

in the experiment. 

5.4 Results 

5.4.1 Failure Mode The control specimens without Fei 2 exposure 

failed by a burst mode. Under iron iodide, specimens stressed higher 
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than 379 MPa also showed burst-type failure (Fig •. 5-1). Lower stresses 

produced pinhole-type failure (Fig. 5-2). Our experience with iodine 

stress corrosion led to the same transition stress (Section 3.5.4). 

Yaggee et al., 26 in.their irradiated zircaloy iodine stress corrosion 
• 

susceptibility study, and Baty27 in his zircaloy iodine SCC test also 

concluded that failure by a burst mode predominates at high stresses, 

while failure by a pinhole mode predominates at low stresses. 

5.4.2 Time t6 Failure Figure 5-3 gives th~ results of time-to-

failure versus stress at fixed temperature and iron iodide equivalent 

pressure. This plot shows that the time-to-failure was greatly reduced 

by 9 x 10-3 torr Fei 2 no matter ~hat the fracture mod~. 

5.5 Discussion 

5.5.1 Fractography The SEM fractography of a pinhole-type failure 

is shown in Fig. 5-4. and a burst-type failure is shown in Fig. 5-5. 

Both indicates brittle cleavage, which is also found with iodine and 

aluminum iodide (Section 3.4.1, 3.5.4, and 4.5.1). Branch crack~ at 

an angle to the main crack seen in Fig. 5-5 are completely different 

from the surface of the ductile dimple failure mode for control speci-

mens (Fig. 3-9). The shortened lifetime due to the presence nf iron 

iodide and cleavage fracture serve to classify iron iodide as a stress 

corrosion cracking agent to zircaloy. 

5.5.2 Iron Iodide Equivalent Pressure Figure 5-6 shows the time

to-failure versus iron iodide equivalent pressure (Peq) at constant 

stress and temperature. The line in this figure results from least 

square fitting of the data points. The slope of lntf vs. lnPeq is 
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-0.9 ± 0.1, which is to be compared with slope of -1 for iodine 

(Section 3.5.5) and -2/3 for Ali 3 (Section 4.5.3). 

5. 5. 3 Temperature Dependence Time-to-fail ure1 versus temperature 

at constant stress and equivalent iron iodide pressure results are 

shown in Fig. 5-7. Least square curve fitting gives the slope of 

lntf versus 1/T which corresponds to ah activation energy of 131 

.Kcal /mole. 

5.5.4 Data Correlation The model for crack growth in a brittle 

• solid is applied to present situation. In this model, the crack growth 

rate is described in chemical reaction terminology by Eq. 3-1. 

The crack velocity/stress intensity factor relations given by 

Eqs. 3-6 and 3-7 were tried. The first one gives the best fit to the 

stress dependence data. The second one gives m = 20. 

5.5.5 Crack Initiation Experiment shm'ls failure times for a 
0 -3 . 

stress of 375.8 MPa, temperature of 350 C, and 8.6 x 10 torr Fei2 
equivalent pressure in the range of 15 to 16.7 hrs (Fig. 5-3. 

Specimens with this stress, temperature, and Fei 2 pressure were held 

for 3 and 4.5 hrs then taken out for surface examination. No visible 

crack initiation was observed. However, SEM showed cracks in both 

cases (Fig. 5-9). Whether the cracks are present only on the outside 

surface ~orrosion film or penetrate into the underlying metal will be 

discussed in the next chapter (Chapter 6). 
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Table 5-l. Composition of Sand~ik Zr-4(JVll) 

INGOT ANALYSIS 

Spec. 

1.20- 1.70 

0.18 - 0.24 

0.07 - 0.13 

0.28 - 0.37 

COMPOSITION IN PERCENT 

balance 

TOP 

1.54 

0.20 

0.11 

0.30 

Middle 

1.51 

0.21 

0.11 

0.31 

Bottom 

1.58 

0.23 

0.12• 

0.35 
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1 2 3 4 5 6 

XBB 816-5493 

Figure 5-l . Burst type failure for specimen under 379 MPa, 350°C, and 8.6 x 10-
3 

torr iron 

iodide equivalent pressure after 9.4 hrs. 
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emlH II jill ij iii iji II l l I I II Ill I lj II iijl I II Iii II jii I ljii II jiiiij 
1 . 2 3 4 5 6 

CBB 805-6069 

Figure 5-2. Pinhole type failure for specimen under 376 r1Pa, 

360°C and 8.6 x 10-3 torr iron iodide equivalent 

pressure after 3.3 hrs 
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4pm 
XBB 816-5535 

Figure 5-4. SEM fractography of pinhole-failed specimen in Fig . 5-2. 

f 
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4 p m 

XBB 816-5503 

Figure 5-5 . SErl fractography of burst-failed specililen in Fig. 5-l. 
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TEMPERATURE=350°C 
STRESS: 376 MPa 

150.5 HRS WITHOUT Fei2 

XBL 8012-13429A 

Figure 5-6. Time-to-failure vs. iron iodide equivalent pressure 

relationship under fixed stress and temperature. 
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Figure 5-7. Time-to-failure vs. temperature relation~hip under 

fixed stress and iron iodide equivalent pressure. 
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DUCTILE 

40 p m 

XBB 816-5502A 

Figure 5-8. Brittle-to-ductile transition on the fracture 

surface (Fig 5-5 specimen). 

BRITTLE 
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4 p m 

{e) 3 hre exploeure 

4 pIll 

(b) 4, 5 hre explosure XBB 816-5512A 

Figure 5-9. Iodide-affected surface of specimen under 376 MPa, 350°C, 

-3 and 8.6 x 10 torr iodine equivalent pressure; removal 

before failure. 
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6. CRACK INITIATION STUDY FOR IRON IODIDE SCC 

6.1 Introduction 

A specimen was exposed to a molecular beam of iron iodide, stress, 

and temperature typical of the sec tests for 20 percent of its failure 

time, and then removed. Following this test cracks were found on the 

iodide-affected surface (Section 5.5.5). In order to check whether 

these cracks were present only on the corrosion film or penetrated into 

the underlying metal, scanning Auger electron microscope (SAM) an~ 

argon ion beam sputtering techniques were used. Since Auger electrons 

are of low energies, those emitted by atoms deep from the surface 

cannot escape, so we can study near-monolayer surface chemical 

compositions by SAM. 

6.2 Experimental 

The surface Auger electron spectrum of the specimen is shown in 

Fig. 6-1. Both iron and oxygen signals were detected (FeO), but no 

zirconium was found. Iodine peaks are not seen, but would lie between 

the oxygen peaks. Since SAt~ sensitivity for oxygen is orders of 
0 

h h f 
0 

d 
0 31 d 1 magnitude h1gher t .an t at o 10 1ne, we cannot raw any cone u-

sions concerning the presence of iodine. Then argon sputtering was 

staded on the region sho~tm in Fig. 6-2. After 30 minutes of sput-

tering, or removal of 0.5 ~m (a rough estimate from the rate of 
0 0 lob to 0 31,32) s 0.04 ~m/mln on Ta 2 5 ca 1 ra 1on spec1men . puttering was 

terminated when the surface Auger electron spectrum showed only 

zirconium. The final spectrum i s shown in Fig. 6-3. Since the metal 

surface was exposed, we can check if cracks penetrated into the metal. 

The specimen was examined with SEM for better resolution. 
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6.3 Results and Discussion 

6.3.1 Crack Propagation Dominates the Specimen Lifetime After 

examinatio~ we find: that cracks penetrated into the underlying metal. 
I 

We conclude that the initiation period for iron iodide stress corrosion 

cracking is less than 20 percent of its lifetime. Crack propagation 

is the time consuming step in the sec process. 

6.3.2 Crack Initation Sites Figure 6-4 is a picture of sputtered 

region under SE~ and EDAX. It is the same spot depicted in Fig. 6-2. 

Figures 6-5 through 6~9 are regions with high incipient crack 

densities. Their EDAX spectra show abnormally high tin and iron con

centrations by comparison with the larger area covered in Fig. 6-4. 

Figure 6-10 is a region of low crack density, with normal tin and iron 

concentrations. Different chemical composition can change the hardness 

of metal, and so affect the sputtering rate~ 13 the features in 

Fig. 6-5 to 6-9 may be artifacts caused by different sputtering rates. 

Nonetheless, regions with higher concentrations of alloying elements 

(tin or iron) appear to act as sites for crack initiation. Jones 

et al. arrived at the same conclusion in their indenter crack 

initiation study. 13 
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40 p m 
XBB 816-5515 

Figure 6-2. The sputtered regi on under SAM after 30 min . 
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40 p m 

Zr Sn Fe 

XBB 816-55148 

: Figure 6-4 . Argon sputtered region under SEM. 
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r----i 
4 p m 

Zr Sn Fe 

XBB 816-5540A 

Figure 6-5. Region A (with high crac~ initiati on ~robability). 
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4 p m 

Fe 

: 

XBB 816-5539A 

Figure 6-6 . Region B (with high crack initiation probability). 
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Figure 6-7. Regi on C (with high crack initiati on probability). 
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Figure 6-8. Region D (with high crack initi ation probability) . 
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Fe 

XBB 816-5513A 

Figure 6-9 . Region E (with high crack init i ation probability). 
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Zr Sn Fe 

-· 
XBB 816-5511 A 

Figure 6-10. Region F (with low crack initiation probability) . 
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7. CADMIUM VAPOR EMBRITTLEMENT OF ZIRCALOY 

7.1 Introduction 

Cadmium is a fission product which thermodynamics suggests should 

exit inside a fuel pin in the metallic state. 19 •33 Based on 

specimens exposed to liquid cadmium or contacting a solid cadmium film 

(produced by vacuum evaporation), cadmium severely embrittles 

zircaloy. 13 •19 •33 In an inpile situation, the probability that the 

cladding is in contact with .metallic (solid or liquid) cadmium is much 

smaller than exposure to cadmium vapor. This points the need for a 

study of zircaloy-cadmium vapor behavior under stress. 

7.2 Experimental 

The present experiment utilized a tube-burst type (biaxial) test 

mode. The same apparatus for creating the stress as the one used in 

iodine, aluminum iodide, and iron iodide studies was employed. Cadmium 

solid was placed in a Knudsen cell and heated to create a molecular 

beam impinging on the zircaloy surface. The rate at which cadmium 

atoms strike the zircaloy surface (moles/sec cm 2) can be transformed 

to equivalent pressure (torr) by the method outlined in Section 2.4. 

7.3 Materials 

As received stress-relieved zircaloy-4 (Sandvik Special Metals lot 

number JV 11) was used in this study. The same lot of zircaloy-4 was 

tested in iron iodide stress corrosion cracking. Detailed chemical 

composition and dimensions are listed in Table 5.1. 

7.4 Results 

7.4.1 Failure Mode Every tube tested under cadmium showed 

burst-type failure (Fig. 7-1) even when the rupture time was less than 
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that of the control specimens. The pinhole mode characteristics of 

iodine, aluminum iodide and iron iodide did not appear in the case of 

cadmium. Recently, Wood et a1. 34 have shown that the strain at 

failure in an iodine erivironment is much smaller than in cadmium, which 

can eXplain the differenc~ in fracture mode. Pinhole-failure occurs 

with low failure strain (less than several percent) in iodine and 

iodides, while cadmium fracture occurs at high strain. 

7~4.2 Time~to-Failure Fig~re 7-2 gives the time-to-failure versus 

stress relationship for cadmium-affected specimeris. The presence of 

_cadmiu-m vapor decreased the zircaloy 1 ifetime. As an example, at 

376 MPa, we can compare the 151 hr lifetime for controls specimen with 

the less than 16 hr lifetime of samples under cadmium •.. 

7.5 Di'scussion 

· 7.5.1 Scatter of Oat~ The tubes of lot JV 11 came in 1 m 

lengths. The specimens we used were 12~7 em long, so seven could be 

cut from each tube. Figure 7-2 shows some scatter in experimental 

results for specimen~ from different tubes. Fortunately, in 

Figure 7-2, 7-3~ and 7-4, systematic results can be 6btained by dealing 

with specimens from the same tube. The scattering phenomenon only 

exits between tubes but not for samples taken from the same tube. The 

reason for the scatter between tubes is still unknown. The following 

gives two possibilities: 

(A) Comparison of Figs. 3-16 and 5-3 with_Fig.-7-2 shows th~t the 

tf versus stress curves are much flatter for Cd than for 

12 or_fei 2. Since the slop~ of the time-to-failure versus 
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stress.plot is near zero, a small change in stress could cause 

a large change in the time-to-failure. The uncertainty in 

stress may come from small differences in wall thickness. 

(B) Some factors affecting the cadmium-zircaloy interaction change 

from tube to tube. In iodine and metal iodide SCC, failure 

always ·occurred at the center of iodide-affected region where 

the beam impingement rate is the highest~ while in the cadmium 

case, the failure occurred randomly inside the cadmium-

affected region. There may be some unknown surface factor~ 

or surface inhomogeneity, controlling the process. 

7.5.2 Fractography The SEM fractography shown in Figs. 7-5 and 

7-6 reveals many reaction products (i.e., alloys) on the fracture 

surface. The white deposits show higher cadmium-to-zirconium ratios 

(corresponding to ZrCd or Zr2Cd) than that of the average surface 

(< 5 percent Cd). Some of them even show peaks of iron besides 

zirconium and cadmium. Beneath the reaction products, we still can 

see that the fracture surface is of cleavage type with considerable 

branching from the main crack (Fig. 7-5 and 7-6). 

Because of the brittle fracture mode (on a microscopic level) and 

shortened lifetimes, we can conclude that the cadmium vapor has an 

influence on zircaloy mechanical behavior. 

7.5.3 Data Correlation The brittle solid crack propagation model 

(Eq. 3-3) used for iodine and iron iodide is applied to the cadmium 

results. Because the results for tf versus stress scatter appreci

ably between tubes, good fitting values of the parameters could not be 

··• 
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derived. However, the stress exponent in Eq. 3-7 appears to be -20. 

In Fig. 7-4, we utilize specimens for time-to-failure versus temper-

ature experiments \'lhich are all from one tube. The same is true for 

tf versus equivalent pressure tests (Fig. 7-3). The equivale~t 

pressure and temperature dependence relations will be discussed in the 

next two sections. 

7.5.4 Cadmium Equivalent Pressure The relationship of time-to

failure and equivalent pressure of cadmium is shown in Fig. 7-3. Least 

squares fitting of those data gives: 

tf a {P )-1.0 ± 0.2 
eq . (7.3) 

7·.s.s Temperature Window In Fig. 7-4, we find that the specimens 

tested at 8.3 x 10-3 torr cadmium vapor and 330°C did not fail for 

300 hrs, thereby departing from the general trend of the curve. 

According to Ola, 35 there is a temperature window for liquid metal 

embrittlement; the strain of failed specimens is reduced 6nly in a 

small temperature range. Outside of this temperature window, there is 

no significant reduction in failure strain in comparison to that of 

the control specimens. We conducted additional experiments in order 

to examine the phenomenon with gaseous metal embrittlement. 

Figure 7-7 shows the experimental results. For 8.3 x 10:-3 torr 

Cd, we find reductions of failure time for temperatures between 380°C 

and 335°C. In th is ran ge the plot of ln tf versus 1/T gives an acti-

vat i on energy E* = 54 :1:. 2 Kcal/mole. Specimens tested at 3Bs"c and 
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395UC fall in the scatter band of the control specimen curve. Both of 

them showed ductile dimple fractography (Fig. 7-8). Specimens tested 

at 330°C did not fail for 200 and 300 hrs. The 8.3 x 10-3 torr curve 

in Fig. 7-7 showed a bend of the failure-time versus temperature curve 

at 330°C. We conclude that a temperature window exists between 335°C 

and 380°C for 8.3 x 10-3 torr cadmium vapor. Likewise, there is 

temperature window, 370°C to 325°C, for 4 x 10-3 Cd equivalent 

pressure, and 385°C to 315oC for 16 x 10-3 torr Cd equivalent 

pressure. The specimen tested under 2 x 10-3 torr did not show 

reduction of lifetime, and exhibited ductile dimple fractography at 

test temperature (Fig. 7-9). We conclude that 2 x 10-3 torr is below 

the threshold pressure for Cd SCC. 
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Figure 7- 1." Burst type failure for specimen under 388 t1Pa, 350°C, and 

8. 3 x 10-3 torr cadmium equivalent pressure after 2.8 hrs. 
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Figure 7-2. Time-to-failure vs. stress relationship for control 

specimens without corrosive agent and specimens under 

fixed cadmium pr~ssure (8.3 x 10-3 torr) and temperature 

(350°C). 
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Figure 7-3. Time-to-failure vs. cadmium equivalent pressure 

relationship under fixed stress and temperature. 
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Figure 7-5 . SEM fractography of burst-failed specimen in Fig. 7-1. 
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Figure 7-6. SEM fractography of burst-failed specimen in Fig. 7-1 . 
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4 p m 
XBB 816-5504 

Figure 7-8. Fractography of specimen failed under 395°C, 376 MPa, 

8.3 x 10-3 torr Cd after 1.6 hrs. 
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XBB 817-7015 

Figure 7-9. Fractogra~hy of specimen tested under 2 mtorr 

and 360°C showing ductile dimple fractography. 

._ 
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8. EFFECT OF CESIUM IODIDE ON THE FAILURE TIME OF ZIRCALOY 

8.1 Introduction 

Iodine is a well known stress corrosion cracking (SCC) agent of 
- ' 

zircaloy. Inside a reactor fuel piri, iodine will be present mainly as 

cesium iodide according to therrriodynamics. 15 In pile, iodine-maY be 

liberated by radiolysis of Csi, 36 which is the reason for'· 

investi'gating cesium iodi'de stress corrosion cracking with and without 

· irradiatiol'). 

8.2 Experimental 

8.2.1 • Nonirradiated Case The-experiment utilizes the tube-burst 

(biaxial) test mode. The apparatus is the same as that· used in metal 

iodide tests without radiation.· Cesium iodide crystals are placed in 

a Knudsen'cell and heated to a temperature sufficient to create a 

mo1ecu1ar·beam of a desired equivalent pressure impinging on the 

zircaloy specimen s~rface (Section 2.4). 

8.2.2 Irradiated Case· For the irradiation study, a Van de Graaff 

accelerator is connected to the apparatus used in· the non irradiated · 

case. + . 1 The H beam from the acce era tor and the cesium iodide 

molecular beam strike the same spot on the zircaloy specimen. Internal 

pressurization of the closed tubular specimen with argon produces the 

biaxial stress state •. However, when the specimen fails, the argon 

flows out of z ircaloy· tube into the vacuum system and the Van de Graaff 

accelerator tube. To prevent this abrupt pressure rise from damaging 

the accelerator, a slammer valve21 is placed between the reaction 

chamber and the accelerator. As soon as the pressure reading of ion 
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gauge on the reaction chamber increases, the slammer valve is auto

matically fired and closes to isolate the two regions in 0.2 msec. 

This time period is short enough to prevent the shock wave of released 

argon from reaching the Van. de Graaff accelerator tube. 

8.3 Naterials 

Zircaloy-4 tubing from Sandvik Special Metals Co. lot No. JV 11 is 

tested. Detailed information on these mat~rials is given in Table 5-1. 

8.4 Results 

8.4.1 Cesium Iodide Affected Specimens Without Irradiation 

The time-to-failure versus stress results are shown in Fig. 8-1. 

The data points and fitted curve of the control specimens (without 

corrosive agent) are included in the figure for comparison. There is 

no effect of cesium iodide on zircaloy failure lifetime. Specimen 

failure under Csi is of the burst-type (Fig• 8-2) and the fractography 

is completely ductile (Fig. 8-3). There are some white deposits on the 

fracture surface which give higher cesium and iodine EDAX signals than 

that of the overall surface. EDAX signal from the outside surface of 

cesium iodide-affected region (Fig. 8-4) show only cesium and iodine 

(44 percent I and 56 percent Cs [atomic percent]). 

8.4.2 Specimen with Irradiation Only 

Because of University regulations, the Van de Graaff accelerator 

can be operated only from 8:00a.m. to 5:00p.m. Therefore, the 

.experiment utilizes step function loadings for failure lifetimes longer 

than eight hours. Temperature and irradiation are applied during the 

daytime for eight hours and turned off during the night. The time to 

: 



97 

failure is the sum of the time periods that the specimen was under 

irradiation and temperature before fracture. One specimen was tested 
-~. . '.• '. . ~ 

under 386 MPa, 350 C and 0.35 MeV, 5 llA H2+ beam current. The 

failure time was 22.7 hrs in comparison with 24.3 hrs for control 

specimens in continuous test mode without irradiation. The fracture 
.. · 

is burst-type, and the fracture surface shown in Fig. 8-5 is ductile 

dimpe, the sanie as that of control speCimens without radiation and 

corrosive agent. The effect of irradiation and the step function 
• '· .: •. .! ·•. • ·\·· 

loading on the mechanical response of zircaloy is negligible. We will 

use this result as a reference 'state for the Csi irradiation study. 

8.4.3 Irradiated and Cesium Iodide Affected Specimens For 

experiments with cesium iodide and irradiation, the availability of 

cesium iodide is also a step function as the temperature and irradia-

tion discussed in the previous section. Five experiments were com-
! 

pleted under 386 MPa hoop stress, 350°C, and irradiation condition 

defined by 350 kev; 5 ... A H;~ The c:r equivalent pressures used were 
-4., -4. 

10-3, 4 x 10 , 10 , 5 x. 10-5, and 10-5 torr. Table 8-1 gives 

the test results. None of the specimens failed after 22 hrs, which is 

when the tests were terminated. Figure 8-6 is a photo of the specimen 

under Ll x 10-4 torr, which sho~tJS a ~<'lhite Csi deposit on the tube 

surface. The black region is the area struck by the positive ion 

beam, which exhibits a thinner Csi film because of ion sputtering. 

8 • 5 D i s c us s i on 

8.5.1 Unirradiated Cesium Iodide Affected Specimens The specimens 

failed under cesium iodide only in a burst-mode (Fig. 8-2) and the 
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fractography was ductile (Fig. 8-3). There was no decrease in time-to

failure due to the presence of Csi (Fig. 8-1). We can conclude that 

cesium iodide does not cause stress corrosion cracking of zircaloy 

without radiation. The same (negative) ~esult has been observed by 

Cubicciotti and Jones. 13 

8.5.2 Irradiated and Cesium !odide Affected Specimens Five 
+ specimens were tested 3.5 ~ieV, 5 t.tA H2 bombardment over a tvJO-order-

of magnitude range of Csi equivalent pressures. None of them failed 

during the 22 hrs test perod (Table 8-1). In other studies no failure 

was nh$erved in the inpile ce~ium iodide irradiation stress corrosion 

cracking tests of Davis et a1., 37 and ~Jood et a1. 38 The idea that 

molecular or·atomic iodine released from Csi by radiation can activate 

stress corrosion cracking of zircaloy does not appear to be 

substantiated. 

8.5.3 Film Formation in Irradiated and Cesiumiodide Affected 

Tests Three mechanisms determine the Csi thickness on zircaloy~ 

(A) Sticking of the Incident Beam 

The incident Csi beam can serve as a Csl source. The· 

equivalent pressure is calculated from the primary molecular beam 

intensity (see Section 2-4): 

lads =Peq ;·~2.rnkTK (8-1) 

Where P is the equivalent pressure~ m is the mass number, k is eq 
the gas constant, and TK is the Knudsen cell temperature. The 

sticking probability of Csi molecule is assumed to be unity. The 

-. 
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results of lads for different incident Csi beam equivalent 

pressures are given in Tab 1 e 8-2. 

(B) Desorption 

The desorptitin rate of Csi from zircaloy is proportional to 

the vapor pressure of Csi at the specimen temperature: 

I -= P . I I 2nmkT . des vap (8-2) 

Where T is the zircaloy specimen temperature, and P is the - . vap 

Csi vapor at 350°C '(5 x 10-6 torr). We find ~des = 3.7 x 

io14 molecules/cm2sec at 350°C .(Table 872). Therefore, a Csi 

film 'can form on zircaloy surface for some high Gs'I ava'ilabil ity 

tests (I ads > Ides). This phenomenon does not happen for 

iodine, 'aluminum iodide, iron iodide,. and cadmium because 

Ides > Iads under all con·ditions. 

(C) Ion Sputtering 
+ The bombardment by H2 can cause ion sputtering of the Csl 

+ film from the zircaloy surface. H2 is the majority species 

in the Van de Graaff machine rather H+ and H;~ As a 

350 keV H; strikes the spe~imen surface, it splits into two 

protons each with half of the or.iginal H; energy. 39 The 

sputtering rate of solid is calculated by Smith's model, 32 which 

gives 2.1 x 1016 100lecules/cm2sec leaving the surface for 

175 keV, 10 llA proton bombardment. 
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The calculated film thickness after 22 hrs of testing, 

including those mechanisms discussed above, are s.hown in the 

next-to-last column of Table 8-2. 

By graphical and numerical integration of Northliffe and Schilling 

Tables, 40 we find the ·range of 175 keV H+ in Csl is about 3 pm. In 

order to make sure that the proton can penetrate to the metal/Csi 

interface, measurement of the Csl film thickness is important. Four 

methods were used here to check the Csi film: 

(A) Visual Method during the Experiments 

During ion bombardment of ceramic targets, there is a blue 

light in the bombarded region arising from the discharge of 

positive hydrogen ions. This phenomenon does not exist for 

conducting metallic targets. For the 10-3 and 4 x 10-4 torr 

experiments, we ob~erved the blue light duri~g testing, which 

means that a ceramic layer was formed on zircaloy surface. For 

other three low Csi pressure tests (10-4, 5 x 10-5, and 10-5 

torr)~ no blue light was observed during the experiments; the 

specimen surface was conductive. 

(B) Visual Appearance after the Experiment 

We found white Csl deposits on the specimens after high Csl 

pr~s~ure tests (10-3 and 4 x 10~4 torr) (Fig. 8-6). There was 

no Csl deposit on the specimens after low Csl pressure tests 

(10-4, 5 x 10-5, and 10-5 torr); as shown in Fig. 8-7, the 

black triangular mark caused by ion bombardment was the only mark 

on the zircaloy. 

,• 
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(C) Optical ~1icroscopy 

Specimens were 'mounted ~~ith Kold Mount resin, cut and 

polished at the position of the deposit, and the film thickness 

measured by optical microscope. We found a 30 ~m film on the 

10-3 torr specimen (Fig. 8-8). Compared with 3Ll ~m from the 

adsorption, desorption, and sputtering calculation (Table 8-2), 

the agreement is good. 
..A 

The search for Csl on the 10 torr 

specimen failed; either the polishing and cleaning agents etched 

out the Csi film, or vibration during the process loosened it. 

(D) EDAX Analysis 

Specimens taken out of the apparatus were delivered to the SEM 

for EDAX analysis. 'For the 4 x 10-4 torr experiment, the surface 

·Csl films inside and outside of the ion bombardment region are 

shown in Fig. 8-9 {Ll6 atom percent I and 54 atom percent Cs) and 

Fig. 8~10 (44 atom percent and 56 atom percent Cs), respectively. 

Figure 8-11 shows the transition zone between them. 

EDAX detects only Cs, I, but no Zr, which means that Csi film was 

thicker than 3 ~m, the x-ray penetration distaAce. The signal from 

underlying zirconium metal cannot penetrate the film to reach the 

detector. The calculated value of the Csi film thickness for this 

case is 3.4 ~m (Table 8-2). 

For the 5 x 10-5 and 10-S torr specimens, no Csi film was 

detected (Fig. 8-12). This is expected from our calculation 

(Table 8-2). Only some white deposits, containing Cs, I, and Zr 

appear on the iodide-affected and bombarded surfaces (Fig. 8-12). 

The density of these deposits for the 5 x 10-5 torr experiment 

is higher than that for the 10-5 torr test. 
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+ 8.5.4 Effect of Film Thickness The range of 175 keV H in Csi 

is 3 pm. If the Csi film is thicker than the radiation can not reach 

the metal Csi interface. In this case, no iodine will be released 

near the zirconium metal. From ch.emical ·point of viei·J, we ~>Jish to use 

the highest possible Csi in1pingemeht l"ate. But high Csi supply rates 

produce film> 3 11m thick which protect the film/metal interface from 

irradiation. At the other extreme, a low Csi impingement rate will 

insure a thin film (or submonolayer surface concentrations). But even 

with radiolytic decomposition of adsorbed Csi, the concentration may 

be too low to produce sec. 

8.5.5 Enet·gy Deposition Rate from the Proton Beam Compared with 

the Inpile Environment For. low iodine equivalent pressure tests (5 x 

-S -5 , 1 d 10 ~ and 10 torr), no Csl fi m was etected by EDAX, because the 

net adsorption rate was negative (Table 8-2). The radiatiDn deposits 

all of its energy in the zircaloy in these tv10 tests. A 175 keV, 

10 pA proton current is formed at the zircaloy surface by bombardement 

with 350 keV, 5 pA H2+ particles. 38 From the Northliffe and 

Schilling Table,40 the range this energy proton in zirconium is 
? . 

1.1 mg/cm~ (1.8 llm). The energy deposition rate is then: 

. 6 -12 ) = (0.175 x 10 ev x 1.6 x 10 erg/eV (8-1) 

5 ) -19 X[(lO-. coulomb/sec /(1.6 x 10 coulomb/electron charge)] 

/(1.1 x 10-3 gcm-2) 

= 1.6 x 1010 erg/g-sec 

= 1.6 x 108 rad/sec 

.. 
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For a fuel rod inpile, fission fragment recoil from the outer fuel 
y 

surface is the mast important energy de.pos it ion. mechanism. 39 The 

fission fragment recoil current is given by41 

(8-2) 

where llff is the range of fission fragments in uo2 and for a fuel 

pellet of radius R operating at 11near power P. 

we take the stopping power of iodine in silver (26 keV llg-1cm2)42 

as an approximation39 for fission fragments in zircaloy. 39 For a 

. 50 MeV fission fragmerit, 39 we find the range is about 3 llm and dose 

rate is about 1.6 x 106 rad/sec (R = 0.5 em and= 300 W/cm). 

Thus, the proton beam delivers -100 times as much energy to the 

cladding as fission fragment recoil during irradiation. Nonetheless, 

we find no irradiated Csi stress corros fan cracking of zircaloy at any 

Csi equivalent pressure. 



Table 8-l Radiation enhanced Csi test results 

Test ~lode Continuous 

Csi Equivalent 
Pressure (torr) 

Radiation Intensity 

Failure Time (hr) 

Csi Film 
Thickness (llm) 

Csl film 
Detected Method 

lads 
Ides + Isput 

Stress = 386 MPa 
Temperature·= 350°C 

0 

0 

24.3 

0 

3.5 ~1eV 

5 -~A H2+ 

22.7 

* No failure ~fter 22 hrs of testing 

1o-3 

3.5 MeV 
·5 ~A H2+ 

* 
30 

c 

> 1 

a Visual (during experiment) (i.e., blue light) 
b Visual (post-test) 
c Optical microscopy 
d EDAX analysis 

Discontinuous 

4 x 1o-4 1Q-4 

3.5 MeV 3.5 MeV 
5 ~A H2+ 5 ~A H2+ 

* * 
> 3 

a 

> 1 < 1 

5 x 1o-5 1o-5 

3.5 MeV 3.5 MeV 
5 llA H2+ 5 ~A H2+ 

* * 
None .··None 

a,b,d a,b,d 

< 1 < 1 
_, 
0 
~ 
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Table 3-2 Adsorption. Desorption. and Sputtering Calculation (Specimen Temperature= 350"C. Test .Time= 22 Hours) 

P eq (tor-r) 

IQ-3 

il X 10..../l 

10-.a 

5 X lQ-5 

1o-5 

* The fi 1111 

Ld 
" s 2 

(molecules/em sec) 

6.1 X HJ16 

2.5 X 1016 

6.4 X 1o15 

3.3 X 1Q15 

6.7 X 1014 

1des 
(mo lecul es/c;tisec) 

3.7 x 1014 

3.7 x Io1ll 

3.7 X 1014 

3.7 X 1Q14 

3.7 x 1oi4 

thickness(o) was calculated from the net 

Is put 
(mo 1 ecu 1 es I eta2sec) 

I net= 

Iads- (Ides•I sput) 

FilM THICKNESS (pm) 

By Calculation*. By Experiment 

2.1 X 1Q16 > 0 34 30 

2.1 X lQ16 > 0 3.4 > 3 

2.1 X 1Q16 < 0 None 

2.1 X 1Q16 < 0 None None 

2.1 X 1Q16 < 0 None None 

adsorption rate Inet and the test time. 

...... 
0 
(.]1 

. - •. ~. _-' . . 
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Figure 8-1. Time-to-failure vs. stress for control specimens and specimens subjected to CSI. 
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. XBB 800-127 47 

Figure 8-2. Burst-type failure of specimen under 395 MPa, 1. 5 x 10-
3 

torr Csl, and 350°C after 11 hours. 



108 

Figure 7-3. Fractography of specimen in Fig. 8-2. 

10 f m 

XBB 816-5497A 
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20 p m 

XBB 816-5519 

Figure 8-4. Csi-affected region on 0.0. surface of 

specimen in Fig. 8-2. 
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XBB 816-5498 

4pm 

Figure 8-5 . Fractography of the specimen tested under radiation 

without Csi . 
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Proton beam spot . 

Csl molecular beam 

XBB 817-7014A 

Figure 8-6. 
. -4 

Specim~n tested under 4 x 10 torr Csl, 386 MPa, and 

0.35 MeV, 5 ~A, H2+ irradiation. 
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Proton beam spot 

XBB 817-7013A 

Figure 8-7 . Specimen tested under 5 xl0- 5 torr Csl, 396 nPa, 350°C, and 

0. 35 MeV, 5 ~A, H2+ irradiation. 
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ZIRCALOY I FILM I 

40 p m 

XBB 816-5510A 

Figure 8•8. Optical microscopy of the film on specimen 

under 10-3 torr Csl, and rad~ation for 22 hrs . 
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10 r m 

2 p ra 

XBB 816-5537A 

Figure 8-9. Cesium iodide and radiation-affected region on 

specimen ~ubject to 4 x 10-4 torr Csi (46 atom % I 

and 54 atom % Cs). flo cracks visible. 
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2 p m 
XBB 816-5508A 

Figure 8-10. Cesium iodide-affected zone outside the irradiation 

region on specimen in Fig. 8-6 (44 atom % I and 56 atom % Cs) . 
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Figure 8-11 . The transition zone between Fi0. 8-9 and 8-10. 
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9. DISCUSSION 

9.1 Crack Propagation Controls the Failure Time 

According to the crack initiation study discussed in Chapter 6, we 

find that the crack is initiated within 20 percent of the specimen•s 

lifetime, which suggests that crack propagation is the slow step in 

sec of zircaloy. Since the assumption of small strains is valid for 

stress corrosion cracking of zircaloy, the crack propagation model for 

brittle solids 28 •30 •43 can be applied. 

9.2 Proposed Environment Affected Crack Propagation Model 

Following Weiderhorn30 •43 and Evans, 28 adsorption of reaction 

of chemically active species at the crack tip can lead to slat~ crack 

growth. We can assume that the reaction 

2I(ads) + Zr(s) --~ Zri 2(s) 
(9-1) 

occurring at the crack tip is the rate-determining process. If the 

velocity of the crack is controlled by the rate of reaction at the 

crack tip, the crack velocity is proportional to the reaction rate. 

From absolute-rate theory, 29 the rate of reaction (9-1) is 

proportional to: 

(kT/h)[Iads] 2[Zr]exp(-6G*/RT) (9-2) 

Where k, T, h, and R are the Boltzmann constant, absolute temperature, 

Planck •s constant, and gas constant, respectively. 6G* is the change 
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in free energy as the reaction passes from the initial to the activated 

state. 

The free energy of activation can be divided into four terms: 

' 
6G* = 6E* - T6S* + a 16V* + Vmv/p (9-3) 

Where 6E* is the activation energy, 6S* the activation entropy, and 6V* 

·the activation volume. The last term represents the change in free 

energy of reactants resulting from surface curvature; Vm is the molar 

volume of the solid, v the surface tension of gas-solid interface, and 

p the radius of curvature at the crack tip. a•, the principle tensile 

stress at the crack tip is related to the stress intensity factory K 

by: 

a 1 a: K . (9-4) 

The crack velocity is proportional to rate of reaction 

da/dt a: (kT/h)[IadsJ2[Zr]exp(-6E*/RT)exp(BK/T) (9-5) 

Since the experimental range of T is small, the 1 inear dependence of T 

is minor in comparison to exponential dependence. We get 

da/dt = A•[radsJ
2

exp(-6E*/RT)exp(BK/T). (9-5) 
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Where A1 is a constant independent of stress, temperature, and adsorbed 

iodine concentration. Now [lads] will be determined for the 

different iodine-bearing gases which bombard the zircaloy surface. 

9.2.1 Iodine The surface iod'ine pop"ulation is assumed to be in 

equilibrium with the supply from the molecular beam: 

(9-6) 

[ I ] ;-1\,""1 p1 1/2 ads = (9-7) 

where P1 is the equivalent pressure of iodine in the molecular beam 

striking the zircaloy. Inserting Eq (9-7) into Eq (9-5) yields 

(9-8) 

Here the exponential temperature dependence in K1 is contained in 

* E1. 

9.2.2 Aluminum Iodide From thermochemistry we know that in the 

vapor phase over crystalline aluminum iodide, A1I 3(g) is the major 

species; A1I(g)' I(g) and r2(g) are of several orders smaller in 

pressure. Therefore, the triodide drives the following chemical 

reaction on the zircaloy surface: 
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A1IJ(g) <===> A1I(ads) + 2I(ads) · (9-9) 

Reaction (9-9) is assumed to be in equilibrium. Consumption of 

!(ads) by reaction (9-1) is neglected. The law of mass action 

applicable to this reaction is: 

(9-10) 

where P2 is the equivalent pressure of A113 in the molecular beam. 

Since [Ali(ads)] = (1/2)[I(ads)] because of the stoichiometry of 

Eq. 9-9, 9-10 becomes: 

(9-11) 

and Eq (9-5) yields 

(9-12) 

9.2.3 Iron Iodide The reaction considered in this case is: 

Fel2(g) <===> Fel(ads) + !(ads) (9-13) 

Assuming reaction (9-13) to be at equilibrium with the incident Fei2 
molecular beam: 
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(9-14) 

where P3 is the equivalent pressure of Fer2 molecular beam. Since 

[Fei(ads)] = [!ads)]' 

[ I ] _ K 1/2p1//2 
(ads) - 3 3 (9-15) 

We get from Eq (9-5) 

(9-16)) 

These reaction models reproduce the stress, temperature, and equivalent 

reaction pressure dependences which were observed experimentally. In 

particular, the observed reaction orders (unity for I2 and Fei2 
and 0.7 for Ali 3) are predicted by the proposed .chemical model. 

9.3 In-Pile Situation 

9.3.1 Chemistry of Iodine In a recent publication, 23 

Cubicciotti et al. discussed iodine chemical activity in reactor fuel 

pin. They showed that the iodine partial pressure is determined-by the 

equilibrium between cesium iodide and cesium uranate: 

Csi(s)+(1/2)U02(s)+(1/2)02{from fuel) 

<=>{1/2)Cs2uo
4 

(s)+I(g) (9-17) 

The calculated pressure of monoatomic iodine is 1o-19 atm (at -410 

KJ/mole of 02). The equilibrium pressure of I(g) for. a monolayer of 
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chemisorbed iodine on zircaloy is also -1o-19 atm. 23 They 

suggested that reaction .9-17 generates a pressure of iodine (1o-19 

atm) which is large enough to create a chemisorbed iodine layer on 

zircaloy. 23 The reactor fuel center has a higher oxygen potential. 

A power rise can release fission products {e.g., Csi) from hot fuel 

center to the gap and simultaneously increase the oxygen potentia 1 in 

the pellet-cladding gap. Both effects according to reaction 9-17, 

increase the iodine activity. 23 

However, possible kinetic limitation must be considered in addition 

to the thermochemistry. The impingement rate of gas molecules on 

surface is determined by: 

Impinging Rate = P /I 21rmkT {9-18) 

where P is iodine pressure, m its molecular weight, k the gas constant, 

and T the temperature. For 1o-19 atm of I(g), 

impingementrate = 10-19atm x 1.0133 x 106 gcm-1sec-2tatm 
jJ2n x 126.9g/mole x 8.314 x 107gcm2sec-2mole-1K-l x 623 K 

= 1.58 x 1o-20moles/cm2sec 

=.9.5 x 103atoms/cm2sec 

A rough estimate of the atom size in the iodine crystal can be calcu

lated from the density of iodine, 4.93 g/cm3, or 2.3 x 1o22atoms/cm3• 

. . 3 1 -23 3 The volume each atom occup1es 1s 4. x 0 em /atom. Therefore, 

{4.3 x 1o-23 )213 = 1.2 x lo-15cm2 is roughly surface area occupied 
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by each iodine atom. There are 8.2 x 1014 atoms/cm2 for a monolayer 

iodine surface layer. If we assume that every iodine molecule which strikes 

the zircaloy will stick, we find it will take 2700 years to form a monolayer 

of adsorption under 1o-19atm of mo.noatomi.c iodine. Thus, neither the 

hypothesis of irradiation decomposition of Csi nor the equilibrium pressure 

of I in a fuel pin appears to implicate fission product iodine in the PCI 

(pellet-cla.dding interaction) process. 

9.3.2 Chemistry of Cadmium Cadmium remains in the elemental state 

inside a reactor fuel pin, 19 , 33 and is sufficiently volatile to be present 

in the fuel-cladding gap. 15 The vapor pressure is calculated to be 0.25 

torr at cladding temperature, 350°c.44 

Let us consider a 1 em long section of a 1 em diameter fuel rod. A 

90 percent smear density is assumed, so ·that the section contains 0.64 cm3 

of solid uo2 and 0.07 cm3 of gas space. The number of fissions per unit 

volme can be calculated from the burnup, and the total cadmium produced in 

the section is given by: 

Nco = YCd x {0.64 cm3) x (D) x Burnup(in fv1Wd tonne-1) 

x 2.7x1014 fissions tonne MWd-1 g-1;6.023x1o24 (9.19) 

Where (D) is the density of U02 (10.98 g/cm3), and .YCd is the fission 

yield of cadmium (0.1 percent). 15 Cadmium can be present in either the 

gas or the condensed phase. The mass balance is: 

(9-26) 
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where nCd is the gram moles of cadmium present as a condensed phase. 

Combining Eqs 9-19 and 9-20 shows that enough cadmium in the vapor phase 

is produced after 0.15 MWd/tonne burnup to attain the 0.25 torr vapor 

pressure. For a 30,000 MWd/tonne fuel lifetime, most cadmium will exist in 

condensed phase and maintain the partial pressure of cadmium at 0.25 torr. 

This pressure is much higher than 4 x lo-3 torr pressure required for 

cadmium va~or embrittlement of zircaloy (Section 7.5.4). Cadmium is a prime 

candidate for the PCI instigator in light water reactors. The fracture 

surface of specimens failed in out-of-pile tests with cadmium vapor is 

similar to these observed for in~pile PCI failures. However, cadmium 

embrittlement always produces large strain, burst-type failures in the 

laboratory, whereas PCI failures in reactor fuel cladding is of the small 

strain, pinhole-type. 
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10. CONCLUSIONS 

10.1 Unirradiated Stress Corrosion Cracking Test Results 

Compared to control specimens at the temperature and stress, 

failure times are greatly reduced.by the.presence of iodine, iron 

iodide, and aluminum iodide. For both iodine and iron iodide, there 

exists a stress (379 MPa), above which 11 btlrst-type 11 failure occurs. 

Lower stresses produce 11 pinhole-type 11 failures. However, the 

fractography of both types of failures show .cleavage characteristics 

which are very different from the ductile dimple fracture surface found 

in the absence of corrosive agents. These three types of stress 

rupture failures are shown in Fig. 10-1. 

All specimens tested under cadmium exhibited burst-type failure 

and the fracture surface showed brittle-type cleavage features. For 

cadmium, the rupture times were shorter than those of the controls 

specimens but exhibited more scatter than those in iodine or metal 

iodides. Fracture occurred randomly inside the cadmium-affected region 

on the zircaloy specimen, unlike iodine and iodides, where failure 

always took place at the center of molecular beam spot. There may be 

some unknown surface inhomogeneity controlling the cadmium embrittle

ment process which is not present in sec by iodine or metal iodides. 

Specimens cut from different tubes gave widely varying rupture times 

in cadmium, but tests using the same zircaloy tubes gave consistent 

results. 

In cesium iodide tests, plots of time to failure versus stress did 

not show any decrease in comparison with control specimens. SEM 
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fractography revealed completely ductile behavior, the same as that 

without a corrosive agent. 

Greatly reduced failure times and brittle fractography are the two 

main features of stress corrosion cracking. On both counts, iodine, 

iron iodide, and aluminum iodide are stress corrosion cracking agents 

for zircaloy. However, casium iodide is not. This behavior is 

consistent with the thermochemistry of the reaction16 

o.ssr 2(g) + Zr(s) --- Zrr1•1 (s) 

~G
0

600K = -37.9Kcal/mole 

0.37Al! 3(g) + Zr*(s) - 0.37A1(s) + Zrr1. 1 (s) 

~G
0

600K = -11.0 Kcal/mole 

0.55 Fei2(g) + Zr(s) - 0.55Fe(s) + Zrr1. 1 (s) 

~Go600K = -32.7 Kcal/mole 

1.1 Csi(g) + Zr(s) -- 1.1Cs(1) + Zri1. 1 (s) 

~Go600K = + 29.4 Kcal/mole 

(10-1) 

(10-2) 

(10-3) 

( 10-4) 

The standard free energies are negative, suggests that the first 

three reactions are possible, but the last one is prohibited. This may 

be the reason why iodine, iron iodide, and aluminum iodide, but not 

cesium iodide, can cause sec of zircaloy. 

10.2 Oat~ Correlation of Failure Times 

The rupture time data are correlated in terms of the crack growth 

model: 28 ,30 
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da/dt = A pnexp(-E/RT)exp(BK/T) (10-5) 

Where a is the crack length, p is the partial pressure of the SCC 

agent, K is the stress intensity factor, and T is the temperature. A 

and B are constants. When integrated from the initial length a
0 

to 

the final length ac at which the net section stress reaches the 

ultimate tensile stress, Eq. 10-5 gives the rupture time. The chemical 

or corrosion aspects of sec is related to the reaction order n and 

activation energy E. These parameters are shown in Table 10-1. 

The reaction orders for 12 and Fei 2 are both unity, whereas 

that of A1I3 is 2/3. These values reflect a rate-limiting surface 

chemical step with kinetics associated with the number of iodine atoms 

per molecule of SCC agent. The order for cadmi~m embrittlement is 

unity. Alloying processes take place at the zircaloy specimen surface. 

This crack growth model also predicts SCC experiments with variable 

loading and surface roughness. 45 

Despite the successes of the model, the basis of its applicability 

to iodine sec is still uncertain. First, the model contains no 

provision for a threshold stress below which iodine does not affect 

the rupture lifetime. Equation 10-5 is valid only for stresses larger 

than the threshold value, which can only be determined empirically. 

threshold stress may be required to initiate cracks, but, once done, 

their propagation is governed by the growth theory utilized here 

(Chapter 6). 

A 
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Second, the model does not explicitly account for variations in 

specimen texture, although this variable may influence parameters A 

and B in Eq. 10-5. 

Third, the stress dependent term in the model' is exp (a• ~V*/RT). 

If we use the maximum values a• =oUTS and ~V* = Vm (the molar 

volume) 

The value is not large enough to account for rapid reaction at crack 

tip compared to the flat outside surface of the tube when the stress 

is applied. 

10.3 Radiation Enhanced Cesium Iodide Stress Corrosion Cracking Tests 

Because of the limitation of the proton range in Csi (3 ~m), we 

attempted to avoid thick Csi film formation on the zircaloy specimens 

by reducing the Csi supply from the Knudsen cell (Section 8.5.3). 

However, the low Csl pressure irradiated tests (5 x 10-5 and 10-5 

torr) did not show stress corrosion cracking phenomenon. Neither did 

the higher Csi pressure experiments which very likely had Csi film 

> 3 ~m thickness, which would prevent the proton. beam from reaching 

the film/metal interface where iodine liberation would be most 

effective. 

10.4 In Pile Situation 

From the discussion in Section 9.3, we know that the pressure of 

I(g) generated by the equilibrium of Csi(s) and Cs 2uo4(s) is not 
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sufficient for zircaloy SCC. Radiation dissociation of Csi is 

necessary if PC! is to cause Csi stress corrosion cracking of zircaloy. 

Besides this report, two other papers37 , 38 failed to dewDnstrate an 

irradiated Csi stress corrosion cracking phenomenon •. However, cadmium 

is. in the elemental state inside the reactor fuel pin,19 , 33 and it 

can embrittle zircaloy at lm<~ pressure {4 x 10-3 torr) (Section 

7.5 .4 ). Much higher i~pi le cadmium partial pressures are calculated 

(Section 9.3.2). The amount of cadmium produced by fission is more 

than enough to create the required pressure (Section 9.3.2). Cadmium 

provides an alternative PC! mechanism. 

-· 
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Table 10-1. Chemical Parameters for Zircaloy SCC 
ACTIVATION 

SCC MINIMUM PARTIAL STRESS REACTION ENERGY STABILITY OF 
AGENT PRESSURE TORR EXPONENT ORDER KCAL/MOLE IODIDE 

I2 1 X IQ-3 -4 1.0 :1: 0.1 7 -38 

Fei2 3 X IQ-3 -20 0.9 :1: 0.1 131 -33 

Ali3 1 x Io-3 0.7 :1: 0.1 -11 

Csi ~· No Effect +29 

CD 4 X lQ-3 -20 1.0 :!: o. 2 54 

(A) t-1 in daldt a Kfi. 
(B) AGo (Kcal/rr.ole) for the reaction: · 

1/N MIN(g) + Zr(s) ~-~ Zri(s) + 1/N t1(s) at 600°K 
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Figure 10-1. Comparison of fractography . 
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APPENDIX A IODINE FLOW RATE CALIBRATION 

A.1 Introduction 

In order to provide enough iodine, the diameter of the iodine doser 

was made as large as possible (subject to the limitation of the dif

fusion pump's speed). In the iodine experiment, the doser diameter is 

slightly larger than the mean free path at the vapor pressure over 

solid iodine at room temperature. This means that the flow through 

the filing tube is in the free molecular flow range. However, 

calibration is necessary to achieve accurate iodine flow rates and 

equivalent iodine pressure at the zircaloy surface. 

A.2 Apparatus 

The apparatus for the present experiment shown in Fig. A-1 consists 

of two major parts. The doser assembly consists of a doser tube, 

reservoir, several valves, and an argon filling line. Several dosers 

were tested. The dimensions of the doser tubes were the same as the 

iodine dosers ·used in the stress corrosion cracking tests (Chapter 3}. 

The second part of Fig. A-1 is the "target" assembly which cbnsists of 

a tube with 1 mm hole in the center. A wide range pressure gauge and 

an ion gauge are connected to the tube for pressure measurement inside 

the target tube. The target tube is the same size as the zircaloy 

specimen. 

A.3 Calibration Procedure 

Argon is used in the calibration experiment. The wide range 

pressure gauge from Granville Phillips Co. was supplied with an argon 

calibration curve. The corrosive nature and unknown gauge calibration 

of iodine dictated for use of argon as a substitute. 
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The calibration procedure is as follows: 

(1) Remove the target assembly from the system. With the outlet 

valve of the reservoir closed, fill the reservoir with argon. 
. . 

Close the filling valve, open the outlet valve of the 

reservoir. Argon gas flows through the doser into the vacuum 

system. The pressure drop of the reservoir is recorded as a 

function of time to determine the flow rate. 

(2) Repeat part (1) with the target assembly in the system. The 

distance between the doser outlet and the 1 mm hole on the 

target is varied over the range of values used in the iodine 

stress corrosion cracking tests (Chapter 3). 

(3) With the outlet and filling valves of reservoir open, adjust 

the regulating valves on argon filling line. The pressure in 

the reservoir is adjusted to create a desirable flow rate of 

argon through the doser. Wait long enough to let the gas 

inside the target tube come to equilibrium (i.e., when the 

incoming and outgoing rates through 1 mm hole are equal). 

The outgoing rate at the hole is proportional to the gas 

pressure inside the target assembly. The incoming rate 

depends on flow rate through the doser and distance between 

the doser outlet and the 1 mm hole on the ~arget tube. This 

incoming rate defines the equivalent pressure created by the 

doser and the doser-target geometry. Gauges on the target 

assembly measure the gas pressure whic~ is the equivalent 

pressure produced by the argon flow through the doser. 

. 
• 
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A.4 Results and Discussion 

(1) Figure A-2 gives the pressure drop versus time in the 

experiments of Part (1). The curve in the figure is the 

calculated value from Schock•s mode1. 20 The pressure drop 

in the reservoir is calculated from the argon flow rate, 

which is obtained by solving the following equation for the 

dimensionless mass flow rate M. 

where 

D = diameter of doser tube [em] 

L = length of doser tube [em] 

m =mass flow rate [g/sec] 

• • 2 
M = [4m /RT]f,rD p1 

p1 =pressure at tube inlet (iodine or argon reservoir) 

[dyne-cm-2] = [g-cm-1sec-2] 

(A-2) 

R1 =universal gas constant divided by the molecular weight of 

flowing gas [g-cm2sec-2mole-1K-1]/[g-mole-1] 

= [cm2sec-2K-1] 

[ I 0.51TRT("'/D~] 

is the dimensionless pressure at doser inlet 
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v = viscosity of flowing gas [poises] = [g-cm-1sec-1] 

The discrepancy between theory and experiment is small. We 

can use the Schock model to calculate the mass flow rate m 
for iodine and convert this to the molar flow rate 1* 

(moles/sec) by dividing by 254. 

(2) As a result of step (2) of the calibration procedure, we find 

that the presence of the target assembly does not affect the 

argon flow rate for all doser sizes and doser-target distances 

used {Fig. A-3). This means that small gap .between the doser 

outlet and the target produces a very small resistance to gas 

flow in comparison to that of the doser tube itself. 

(3) If the distance beb1een the doser outlet and target {d) is 

large in comparison with doser diameter {D), the gas flux on 

where 

the target surface may be assumed to arise from a point 

source: 

2 I* =X 1* /Trd 

1* = iodine flow rate through the doser {moles/sec) 

I* = impingement rate of iodine molecules on the target 

{mo 1 es/cm2cm) 

{A-3) 

X= peaking factor46 which characterizes non-cosine emission from 

1 on g ch anne 1 s 

... 

- -. 
~-
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The equivalent pressure Peq is given by 

where 

I* = P ·;~ 2nmkT eq 

m =molecular weight of the flowing gas 

k = gas constant 

T = temperature of the gas 

(A-4) 

Figures A-4 and A-5 give examples of X values versus flow rate and 

doser outlet to target distance for two certain size doser after 

part (3) experiment. The peaking factor is expressed as a 

combination of Eqs. A-4 and A-5. 

From Fig. A-4 and A-5, it is seen that the peaking factor X 

depends only on doser size and distance between doser and target, 

and not on the flow rate. It is reasonable for the impingement 

rate to be proportional to flow rate. 

In general, the peaking factor depends on angular distribution 

of molecules leaving the doser, doser target-distance, and doser 

diameter. In our experiment, the length of the doser is much 

larger than the diameter. The angular distributions of the flow 

from different dosers must be almost the same.46 We take a 

normalized distance, the doser-target distance divided by doser 

diameter, as a control variable. The target sees the same 
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geometric effect from dosers with equal normalized distances. So 

we expect the peaking factor to be dependent only on the normalized 

doser-target distance, as shown in Fig. A-6. All data points fall 

in a narrow band. 

A.S Conclusion 

The calibration method with argon used here gives reasonable flow 

rates and peaking factors. We can apply Eqs. (A-1)-(A~3) to determine 

the molar flow 1* from the iodine doser inlet pressure p1 and 

Fig. A-6 to the calculation of iodine equivalent pressure on zircaloy 

surfaces. 

C) -·. 
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Figure A-1. Doser flow rate calibration apparatus. 
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APPENDIX B CALCULATION OF VAPOR PRESSURE OVER ALUMINW1 IODIDE IN A 

STAINLESS STEEL KNUDSEN CELL 

The following chemical reactions are considered in the Knudsen 

cell (made of staipless steel) above solid aluminum iodide: 

Ali 3{s) = Ali3(g) 

A1I 3(g) = Ali(g} + I2(g) 

I 2( g) = 2 I (g) 

I2(g) + Fe(s) = Fei2(g) 

The opening of the Knudsen cell is very small, so we can assume 

that the amount of gas outflow is negligible. There is no disturbance 

of the equilibrium in the vapor phase. Two possible conditions are 

considered: 

(1) PFei
2
(g) is less than the vapor pressure of Fei2(s) 

There is no solid Fei2 present. We take the mass 

balance equation into consideration: 

Number of iodine atoms in vapor phase 

= 3 X (number of aluminum atoms in vapor phase) 

for congruent vaporization. 

All equilibrium pressures can be calculated. 

(2) PFei
2

(g) is equal to the vapor pressure of crystal 

Fei2(s) 
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Since solid Fei 2 is present in the system, 

We can caluclate the value of other vapor pressures by 

setting PFel equal to the vapor pressure of Fei 2(s). 
2 . 

After detailed calculation, we find no Fei2 solid 

present, and A1I3(g) is the major species in vapor. The 

relative pressures of vapor components are indicated in 

Fig. B-1. 
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Figure B-1. Relative pressures of vapor species over aluminum iodide 

crystals in a stainless steel Knudsen cell. 
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