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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Utilities are guided by vendor proposals that limit the rate of power increases in 

nuclear fuel rods so as to minimize pellet-cladding interaction (PCI) failures. The 

phenomenon responsible for these failures is the stress corrosion cracking (SCC) of 

the Zircaloy cl adding. The restrictions on the rate of power increases are undesir­

able; they lead to reduced plant capacity factors and the need to provide more 

costly replacement power. This project (RP1027) was designed to provide data on the 

SCC response of irradiated Zircaloy to aggressive iodine environments. Earlier 

results were reported in EPRI Interim Report NP-1155. The response of unirradiated 

Zircaloy subjected to simi1ar tests was described in EPRI Final Reports NP-717 and 

NP-1329. These experimental data form the basis for a model of the SCC of Zircaloy 

that is being developed under RP700.

PROJECT OBJECTIVE

This study was initiated to determine the susceptibility of irradiated Zircaloy to 

iodine-induced SCC. The effects of preirradiation metallurgical condition, fluence, 

fission-product chemistry and morphology, and the role of the oxide layer that forms 

on the inner surface of the cladding were evaluated. The response of the cladding 

was determined by using tube burst tests, uniaxial tensile tests, scanning electron 

microscopy, and optical microscopy.

PROJECT RESULTS

Irradiation generally increases the susceptibility of Zircaloy to SCC. Tests on 

specimens obtained from fuel rods that had been exposed to at least one cycle of 

reactor operation showed that the minimum stress required to fail the specimens 

varied by less than 10%, regardless of the initial metallurgical condition of the 

cladding. In the absence of significant fission-product releases, a uniformly thick 

zirconium oxide layer that formed on the inner surface of one type of cladding 

reduced its susceptibility to SCC. Defining the conditions required to form and 

maintain this oxide intact over the entire irradiation history of a fuel rod would 

permit a simpler approach to a PCI-resistant fuel rod design than the barrier
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designs being pursued in programs sponsored by the Department of Energy (DOE). SCC 

failures usually occurred at very low strains. Limited data suggest an inverse 

correlation between the yield strength of irradiated cladding and the threshold 

stress for SCC.

This report should be of interest to utility personnel with responsibilities in the 

area of reactor fuel design and performance.

H. Ocken, Project Manager 
Nuclear Power Division
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ABSTRACT

Irradiated Zircaloy cladding specimens that reached burnups from 6 to 30 MWd/kg U 

were exposed to iodine to investigate their stress corrosion cracking (SCC) suscep­

tibility. Constant-stress and stress-change tests were performed. Cladding from 

several sources (including BWRs and PWRs) was tested. Test temperatures ranged from 

320 to 360°C and applied hoop stresses ranged from 150 to 500 MPa (22 to 72 ksi).
p

Two iodine concentrations, 6.0 and 0.6 mg/cm , were used. Failure times ranged from 

360 s (O.lh) at high stresses to 5 x 10^ s (142 h) at low stresses. The 24-h 

failure stress was 171 ± 18 MPa (24.8 ± 2.6 ksi) regardless of the preirradiation 

metallurgical condition for all specimens that reached a burnup >10 MWd/kg U. This 

failure stress is lower than is typically measured on unirradiated Zircaloy. The 

effect on SCC behavior of an oxide that formed on the inner surface of one cladding 

type was evaluated. Uniaxial tensile tests were performed on some specimens. An 

analytical model for iodine-induced SCC of Zircaloy was developed that correlates 

reasonably well with the measurements.
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SUMMARY

A study was conducted at Argonne National Laboratory (ANL) to address the problem 

of the susceptibility of irradiated Light Water Reactor (LWR) cladding to failure 

by stress-corrosion cracking (SCC), in the presence of iodine, during periods of pel­

let cladding interaction (PCI) in an operating LWR. Pellet-cladding interaction has 

been identified as a cause of fuel-rod fai1ures during rapid power increases in 

commercial power reactors, when the accrued burnup of the fuel has achieved a level 

HO MWd/kg U. In the present study laboratory techniques were used to simulate 

reactor operating conditions with respect to cl adding stress and temperature and 

iodine concentration, while exercising a high degree of control over these test 

parameters. Iodine was used as the fission-product species because it has been 

shown that ^ SCC fractures in Zircaloy closely resemble PCI failures in irradiated 

LWR cl adding.

The ANL study investigated the susceptibility of irradiated Zircaloy to I^ SCC 

failure as influenced by preirradiation metallurgical conditior, fluence, and 

fission-product chemistry and oxide layer character on the cladding inner surface. 

Irradiated claddings from commercial Boiling Water Reactors (BWRs) and a Pressur­

ized Water Reactor (PWR) were used, representing cladding fluences in the range 

0.1 to 6 x 1021 n/cm2 (E > 0.1 MeV). Unirradiated and irradiated Zircaloy-2 and 

-4 claddings were tested, in both the annealed and stress-relieved conditions.

The I9 SCC tests were conducted over the temperature range 320-360°C, the stress 

range 177-483 MPa (26-70 ksi), and iodine concentrations of 0.6 and 6.0 mg/cm .

Test specimens included cladding from three BWR reactors [Oskarshamn-1 (Bu H3 

MWd/kg U), Quad Cities-1 (Bu ^8.5-11 MWd/kg U), and Big Rock Point (Bu 0.7, 7-8, 

and 17-24 MWd/kg U)] and one PWR reactor [H. B. Robinson (Bu ^27-30 MWd/kg U)].

Test specimens from the Oskarshamn-1 BWR represented cladding from both failed and 

unfailed fuel rods, while al1 other specimens came from unfailed fuel rods. The 

results of tests with Oskarshamn-1, and Quad Cities-1 cladding and some tests with 

Big Rock Point and H. B. Robinson cladding were reported in an interim report,

EPRI NP-1155 (September 1979).
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The SCC tests were conducted in the Alpha-Gamna Hot Cell Facility on 

(nominally) 15-cm-long specimens with the fuel removed. Analytical-grade iodine 

crystals (^25 and 250 mg) were added to the internal volume of the tube specimen 

before sealing the ends, and the specimen hoop stress was generated by internal gas 

pressure loading with either helium or argon. Curves relating hoop stress and the 

time to failure by SCC were determined for each cladding type. The low-stress 

portion of the S-shaped SCC curve represents a minimum (threshold) stress re­

quired to cause SCC cladding failure. Because this low-stress portion of the curve 

had a slightly negative slope, the stress at 24 h in all cases was considered to 

be the threshold stress because of the relationship of this period to in-reactor 

failure times. This portion of the SCC curve was determined by increasing the 

specimen pressure incrementally after each 24-h period until specimen failure oc­

curred. The high-stress portion of the same curve was determined by maintaining 

the specimen pressure constant at levels required to produce hoop stresses of 276 

and 483 MPa (40 and 70 ksi) until specimen SCC failure occurred.

Cumulative damage tests under SCC conditions were also conducted on a limited 

number of cladding specimens. In these tests the hoop stress was held constant 

for half the time to failure, as determined from previous SCC tests, and increased 

or decreased rapidly to a second constant stress level and held until specimen 

failure occurred.

In addition, a small number of uniaxial tensile tests were conducted on tubular 

specimens of Big Rock Point and Quad Cities cladding. The purpose of these tests 

was to establish whether tensile data can be used as an indicator of SCC suscepti­

bility, as well as to obtain data on the work-hardening characteristics of irradi­

ated cladding.

Posttest examinations were conducted on a representative number of failed speci­

mens using both scanning electron microscopy (SEM) and optical light microscopy.

The SEM examination was used to confirm SCC failure and to obtain detailed infor­

mation on the morphology of the fracture surface. Stress-corrosion cracking fail­

ures by rupture, axial crack formation, and pinhole leakage were examined. Op­

tical microscopy was used to determine the path of the through-wall cladding breach, 

to detect incipient inner-surface cracking and crack branching during crack 

propagation, and to determine the thickness and the uniformity of the inner-outer- 

surface oxide layers. Similar SEM and metallographic characterizations were carried 

out on untested sibling specimens to ascertain the pretest condition of the clad­

ding.
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The results of the ANL study indicate that irradiated LWR cl adding is more sus­

ceptible to SCC failure than unirradiated cladding of the same type, that this 

susceptibi1ity increases with increasing cladding fluence, that susceptibility is 

sensitive to fission-product release and deposition in the individual fuel rod, 

and that the morphology of the fracture surface varies with the stress and tempera­

ture at which the Ig SCC failure occurs. Also, a uniformly thick, high-qual ity 

oxide layer on the inner cl adding surface can afford a degree of protection to 12 
SCC in the absence of gross cesium compound deposits on the cl adding. Failure by 

the rupture mode predominated at high stresses; fail ure by pinhole mode predomi­

nated at low (threshold) stresses. Failure by the axial cracking mode occurred at 

intermediate stresses. Although differences in threshold-stress levels for differ­

ent claddings could be discerned within +8 MPa, the average threshold stress for 

all claddings at fluences >1 x 10 n/cm (>0.1 MeV), or fuel burnups ^10 MWd/kg U, 

is 171 30 MPa at 325°C regardless of fission-product deposition on the cl adding.

The limited tensile test data suggest a 1 inear correlation between postirradiation 

yield strength and the SCC threshold stress, the higher the yield stress the lower 

the threshold stress. Such a correlation suggests that the effect of cladding 

fluence on the threshold stresses arises from the higher yield stress as a function 

of fluence. The results of the complete cumulative-damage test matrix are compati­

ble with 1inear cumulative damage.

An analytical model was developed for the SCC failure of irradiated Zircaloy 

cl adding based on the test results and the posttest observation that SCC failure 

initiates by intergranular fracture at the inner surface and changes to cleavage 

and fluting fracture at some point during crack growth. The model assumes that 

the initiating intergranular fracture can be the result of chemical attack by 

iodine, while the cleavage and fluting fracture can be treated by the methods of 

1inear elastic fracture mechanics (LEFM). An important feature of the model is 

that it incorporates mechanical-property parameters which can be determined in­

dependently by other testing methods. The time to ^ SCC failure, t^, for an 

irradiated cladding specimen is predicted to be

B
A. exp

■K- \N ISCC
2 2yVB/ 4 4 

o y

2 2
o y

,2
' ISCC

W(a

S-3



where is the time to failure, A , B, and C are rate constants, K f ’ o
threshold-stress intensity for cleavage and fluting fracture, y is 

constant, a is the applied stress, W is the cladding wall thickness 

is the burst stress of the cladding.

ISCC is the 
a geometric

, and ag
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Section 1

INTRODUCTION

BACKGROUND

Pellet-cladding interaction (PCI) has been identified as a cause of fuel-rod fail­

ures in comercial reactors. These failures have usual ly occurred in fuel rods 

that had experienced a fuel burnup >_10 MWd/kg U and were then subjected to a rapid 

power transient. To minimize PCI fai1ures, fuel vendors introduced reactor opera­

tional procedures to reduce the risk of unacceptable power increases to old and 

reshuffled fuel rods. These procedures, while workable, can be expensive in terms 

of lost plant output. Therefore, a strong incentive exists to provide a more quanti­

tative understanding and control of the PCI phenomena to enable operating restric­

tions to be relaxed and eventually removed.

Cracks examined in failed fuel rods are tight and exhibit little or no gross piastic 

deformation (1_). They are usually located at pellet-pel let interfaces, often 

adjacent to fuel-pellet cracks. The fracture surfaces consist predominantly of 

cleavage-1ike pianes with a small percentage of fluting. The cleavage-1ike pianes 

are regions of flat, featureless surface that have been interpreted to be the 

result of chemically assisted cleavage along crystal planes that are close to the 

basal plane; the fluting has been interpreted as plastic failure of grains not 

properly oriented for cleavage (2J. The PCI crack characteristics are typical of 

failures due to stress-corrosion cracking (SCC) (3). The aggressive species are 

believed to be fission products produced during irradiation. Early 1aboratory 

tests were aimed at comparing SCC cracks with PCI failures. Rosenbaum et al. (4) 

first showed that fission-product iodine produced SCC fractures which closely 

resembled PCI failures. More recently, it was shown that the fracture surfaces of 

Zircaloy specimens that fai1ed in either cadmium or cesium environments also closely 

resembled PCI fracture surfaces (5). However, iodine is viewed as the fission 

product mostly 1ikely res ponsible for PCI failures. It provides the most represen­

tative results in laboratory tests, and thus practically all laboratory tests to 

date have been concerned with the effects of iodine on the SCC of Zircaloy.
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OBJECTIVES AND SCOPE

The present program was undertaken to investigate the influence of microstructure, 

fission-product chemistry, and mechanical properties on the susceptibility of 

irradiated Zircaloy cladding to iodine SCC. Several cladding sources were used 

in the program, and both PWR and BWR claddings were tested. The results of the 

program are expected to aid in the development of PCI models that can more accurate­

ly predict fuel-rod failure conditions, and to provide insight into the mechanisms 

responsible for iodine SCC.

The work performed in the program is divided into four tasks:

1. SCC susceptibility

2. Inner-surface and substructure characterization

3. Mechanical properties

4. Data analysis

The SCC susceptibility tests consist of short tern (<200 h) biaxial gas-pressuri­

zation tests in an iodine environment. Two types of SCC tests have been used in 

the program. The first type involved holding the stress and temperature levels 

constant until failure occurred in the cladding. The second type, designed to 

assess cumulative damage effects, was similar to the first except that the stress 

level was changed during the test to establish the effects of prior stress history 

on the time to failure. The surface and substructure characterization consisted 

of cladding examinations by scanning electron microscopy (SEM), energy-dispersive 

X-ray analysis, and optical metallography. The objectives of these examinations 

were to characterize the fission-product deposits on the cladding inner surface, 

the inner-surface oxide film, and the deformation and fracture at the SCC failure 

sites. The mechanical-property tests consisted of uniaxial tensile tests at ele­

vated temperature. The purpose of these tests was to determine the work-hardening 

characteristics of irradiated cladding and to determine a relationship between 

tensile properties and SCC susceptibility. The data-analysis task combined the 

results of the other tasks to develop a coherent picture of the factors that may 

control the SCC of Zircaloy cladding.

This final report emphasizes the work completed since an interim report, EPRI-1155 

(6_), was issued in September 1979. The interim report presented the details of 

specimen preparation, equipment, test procedures, pre- and posttest cladding charac­
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terization by metallography and SEM, the then available iodine SCC test results, 

and a preliminary empirical/mechanistic model that explained the SCC crack-propa­

gation process. The available SCC data that was reported consisted of the low- 

stress regime for H. B. Robinson (H3RJ cladding at 633 K; the low- and high-stress 

regimes* for Oskarshamn-I (OSK-I) cladding at 617 K; the low- and high-stress re­

gimes for Quad Cities (QC) cladding at 598 K; and the low-stress regime for medium- 

and high-burnup Big Rock Point (BRP) cladding at 598 K. The additional work that 

has been done includes the high-stress SCC regime for HBR cladding at 633 K; high- 

stress tests with HBR cladding at 598 K to determine the effect of test temperature; 

the high-stress regime for high-burnup BRP cladding at 598 K; the low- and high- 

stress regimes at 598 K for high-burnup BRP cladding from high-fission-gas-release 

rods; the low-stress regime at 598 K for medium burnup BRP cladding from a high- 

fission-gas-release rod and additional data points for a low-gas-release rod; 

and the low- and high-stress regimes for low-burnup BRP cladding at 598 K. Also 

cumulative-damage SCC tests were conducted with QC and high-burnup BRP cladding, 

and uniaxial tensile tests were conducted with the QC and low-burnup BRP cladding.

In addition, pretest and posttest cladding characterization was performed for fuel 

rods not previously used in the program. Where appropriate the earlier data are 

reported with the additional data for continuity.

*"Low"- and "high"-stress regimes are used here to describe the "flat" and 
“ascending" portions, respectively, of the complete SCC stress vs. time-to- 
failure curve. In some cases the magnitude of the "low"-stress values is 
actually greater than that of some "high"-stress values.
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Section 2

CLADDING CHARACTERIZATION

CLADDING MATERIALS

The cladding materials tested in this program came from a number of different 

sources. These cladding sources are sunmarized in Table 2-1. The Zircaloy-4 clad­

ding came from the H. B. Robinson (HBR) reactor and is the only PWR cladding used 

in the program. The annealed Zircaloy-2 claddinq came from the Quad Cities I (QC)

reactor; the cold-worked, stress-relieved Zircaloy-2 cladding came from the Big Rock
21 2Point (BRP) reactor. The claddino fluence ranged from 0.1 to 6 x 10 n/cm 

(E > 0.1 MeV).

SUMMARY OF PREVIOUS CHARACTERIZATIONS

The surface oxides, hydride content, and inner surfaces of most of the cl addi ngs 

were characterized earlier (6j. The hydrides and surface oxides were characterized 

by optical metalloaraohy and their characteristics are summarized in Table 2-2.

In general, the hydride concentrati on was low (<100 ppm by weight), which indicates 

that the hydrogen pickup during irradiation was small. The inner-surface oxides 

were nonuni form and varied from <1 to 18 ym in thi ckness, except for the medium- 

burnup (8-10 MWd/kn U) BRP cladding. This inner-surface oxide was uniformly thick 

(3-4 pm) around the entire circumference of the cladding.

The inner surfaces of the various claddings were characterized by scanning electron 

microscopy (SEM) and energy-dispersive X-ray analysis. Both the HBR and QC clad­

di ng were relatively clean and free of deposits. Fuel particles were randomly 

scattered over the surface, and wormlike or nodular growths, which have been 

observed in most irradiated claddings, were also present. No fission products were 

detected, except for cesium. The medium-burnup BRP cladding (165E) exhibited a 

charge buildup in the SEM that is an indicator of the nonconducting nature of the 

inner surface. Light circular areas, ^l00 ym in diameter, were observed on the 

surface. These areas were structurally similar to the surrounding areas, but they 

contained high uraniurn and cesium concentrations. Wormlike growths were also ob^ 

served. The high-burnuo BRP cl addi ng (165W) exhibi ted significant fuel/claddinq
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Table 2-1

SUMMARY OF IRRADIATED ZIRCALOY CLADDING MATERIALS

Rou
Vendor

Tube
Fabricator

Fuel 
Burnup 

(ilWd/kg U)

Fluence 
(1O^ n/cni^, 
>0.1 HeV)

Nominal Dimensions (mn)
Gas 

ReleaseMaterial Condition Reactor 00 Wal 1 Oval i t.y Rod No. ANL No.

Zirealoy-2 Annealed OSK ASLA-ATOil Sandvik 13 2.2 11.78 0.85 'v. 02 383/A1 183 NA

Zirealoy-2 Annealed OSK ASEA-ATOll Sandvi k 14 2.3 12.24 0.80 -x. 02 290/D4 183 NA

Zirealoy-2 Annealed USK aSLA-ATOi 1 Sandvik 10.6 1.8 12.24 0.80 >,.02 414/A4 183 NA

Zircaloy-2 Annealed USK ASEA-ATUfl Sandvik 14 2.2 11.78 0.85 %. 02 185/A7 183 NA

Zircaloy-Z Annealed OSK ASEA-ATOil Sandvik 14 2.2 12.24 0.80 '>.02 185/Cl 183 NA

Zirealoy-2 Annealed l|C UE GE d.B-11 1.3-1.6 14.30 0.94 < .01 G-l 190D NA

Zircaloy-4 CW-SK HBR Uestinghouse Westinghouse 27-30 5-6 10.70 0.61 .09-.38 F-9 155B 0.2

Zircaloy-4 Cu-SR HBR Westinyhouse Westinghouse 27-30 5-6 10.70 0.61 .09-.38 G-6 1 55C 0.2

Zircaloy-2 CW-SK BRP Exxon Sandvik 24 4 14.28 1.29 ->.03 DB30
0005

1 65W 2.1

Zirealoy-2 CW-SR BRP Exxon Sandvik 0.6-1.0 11.38 0.86 < .01 JJ40
0002

1 65F 17.8

Zirealoy-2 CW-SR BRP Exxon Sandvik 7 0.6-1.0 11.38 0.86 < .01 JK40
0001

1 65E 0.4

Zircaloy-2 CW-SR BRP Exxon Sandvik 0.7 0.1 14.26 1.14 < .01 XA30
303

165A 0.3

• •
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Table 2-1 (Cont'd.)

Material 

Zircaloy-2 

Zirealoy-2 

Zircaloy-2 

Zircaloy-2

SUMMARY OF

Condition Reactor
Rod

Vendor
Tube

Fabri cator

CW-SR BRP Exxon Sandvik

CW-SR BRP Exxon Sandvi k

CW-SR BRP Exxon- Sandvi k

CW-SR BRP Exxon Sandvi k

IRRADIATED ZIRCALOY CLADDING MATERIALS

Fuel 
Burnup 

(MWd/kq IJ)

Fluence 
x 10^ 1 n/cnr 

>0.1 MeV

Nominal Dimensions 
(ran)

OD Wall

17.3 2.6 14.22 1.04

22.9 3.4 14.27 1.30

22.9 3.4 14.22 1.29

22.4 3.3 14.27 1.30

Ovality Rod No. ANL No.
Gas Release

%

.01
DK50

014 165U 0.4

.02
DJ50

004 165V 15.0

.02 DJ50
001 165T 16.6

.01 DJ50
0007

165AG 18.6



Table 2-2

RESULTS OF PRETEST CLADDING CHARACTERIZATION MEASUREMENTS

Oxide Thickness (ym)
and Distribution_________ Hydride Distribution

Source Inner Surface Outer Surface and Amount ANL No.

H. B. Robinson 0.5-7 20-30 Circumferential 155B
(uniform) (mediurn)

Quad Cities 0.5-6 1-40 Random 190D
(nonuniform) (nodular) (low)

Big Rock Point 3-4 2-5 Random 165E
(medium burnup) (uniform) (uniform) (low)

Big Rock Point 0.5-18 50-70 Random 165W
(high burnup) (nonuniform) (uniform) (low)
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interactions in the form of circular nrowths that were ^150 ym in diameter and 

^18 pm thick. The surface of the deposits was composed of large nodular or worm­

like growths. Back-scattered electron images of the deposits indicated that they 

had a hinh uranium concentration. Both BRP rods (165E and 165W) had exhibited 

low fission-gas release.

LATER CHARACTERIZATIONS

The samnles examined previously were al1 from 1ow-gas-release rods. Because of 

the potential influence of fission products on the SCC susceptibility, the later 

characterizations of the various cl adding concentrated on the differences between 

high- and low-nas-release rods. Samples from three additional rods from the BRP 

reactor were examined in detai1. These were rods JJ400002 (165F), DK50014 (165U), 

and DJ500007 (165AG). The 165F rod had the same burnup as the previously examined 

165E rod, but an appreciably higher gas release (14.3% vs 0.2%). The 165U and 

16SAG rods had comparable burnups (17.3 and 22.4 MWd/kg U, respectively) but sig­

nificantly different gas releases (0.4 and 18.6%, respectively). The cladding from 

rod 165E (low gas release) exhibited a uniformly thick inner-surface oxide around 

the circumference, as shown in Fig. 2-la. A high-quality inner-surface oxide 

1ayer is uniform in thickness, and is continuous and without breaches. In 

contrast, sections of the inner-surface oxide in specimens from rod 165F (high gas 

release) appeared to have been degraded by fission-product deposits, as shown in 

Fig. 2-lb. It is believed that the degradation of the oxide 1ayer is related to 

the greater amount of fission-product deposition associated with high fission-gas 

release.

The cladding from rod 165U (low gas release) exhibited relatively clean areas 

as well as areas covered by particles composed of uranium and zirconium, as 

shown in Fig. 2-2. Hormlike growths were observed in isolated areas. In contrast, 

cladding from rod 16SAG (high gas release) exhibited a wide range of deposit 

formations and compositions. Typical features of the surface are shown in Fig. 2-3. 

Figure 2-3a shows beads at the edne of a smooth film that covers much of the sur­

face. This film is composed primarily of uranium, with small amounts of zirconium, 

cesium, and possibly tellurium. Figure 2-3b shows the wormiike growths that are 

observed in most irradiated samples. Several types of deposits containing iodine 

were also observed on the inner surface, as shown in Fig. 2-4. The deposit 

shapes are elongated (Fig. 2-4a), spherical (Fia. 2-4b), needlelike (Fig. 2-4c), 

and rodlike (Fig. 2-4d). The elemental composition of these deposits is primarily 

cesium and iodine with smaller amounts of zirconium and uranium.
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(a)

(b)

Fig. 2-1. Inner-surface oxide on high burnup BRP cladding: (a) ID oxide
on low-fission-gas-release rod 165E, (b) ID oxide on high-fission-gas- 
release rod 165F.
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(a)

—a—

- ’H
-t j

(b)

Fig,, 2-2o Typical surface appearance of BRP cladding from low-gas-release rod 165U<,

(a) (b)

Fig„ 2-3. Inner-surface appearance of BRP cladding from high-gas-release 
rod 165AGo
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Fig. 2-4. Iodine-cesium deposits observed on inner-surface of BRP 
cladding from high-gas-release rod 165AG. (a) elongated, (b) spherical,
(c) needle-like, and (d) rod-like.
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Two siqnificant conclusions are drawn from these observations. First, the amount 

of volatile fission products deposited on the cladding inner-surface is directly 

related to the amount of fission gas released. This fission-product deposition 

is related to gas release but not to burnup. Thus, low-burnup, high-fission-gas- 

release fuel rods will exhibit larger amounts of fission-product deposits than 

high-burnup, low-fission-gas-release fuel rods. Second, extensive fission-product 

deposition can result in the degradation of a high-quality zirconium oxide layer on 

the cladding surface. The effect of this high-quality ZrOg layer and also its deg­

radation by fission-product deposits on the susceptibility of the cladding to iodine 

SCC will be shown in a later section.
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Section 3

TEST OPERATIONS

SPECIMEN PREPARATION

The preparation of specimens used in the iodine-induced SCC tests, the iodine- 

containing cumulative damage tests, and the iodine-free uniaxial tensile tests 

reported here was essentially the same as the specimen preparation described for 

SCC tests in the interm report (15). A brief review of the specimen-preparation 

procedures for HBR, QC, and BRP specimens is included here to promote continuity 

of text material.

The 15-cm-long BRP cl adding specimens were cut from fuel-rod sections with fuel 

intact, as previously reported for HBR and QC cladding specimens. Fuel-rod sec­

tioning was performed dry with a high-speed cut-off wheel (SiC), in the nitrogen 

atmosphere (<50 ppm of oxygen and moisture) of the Alpha Gamma Hot Cell Faci1ity 

(AGHCF). An eddy-current inspection was not performed on BRP fuel rods before 

sectioning as previously done for HBR cl adding because of the uncertainty in the 

interpretation of eddy-current results in the presence of fission-product deposits 

on the inner surface of the cladding. While the tightly packed fuel in specimens 

of HBR cladding had to be forcefully removed, the loosely packed fuel in the lower- 

burnup BRP rods was easily removed by 1ight tapping of inverted specimens. The 

ends of as-cut specimens were deburred to ensure smooth specimen assembly by remote 

means. Profilometry measurements were made on individual specimen lengths at 45° 

angular increments to determine specimen ovality and inner- and outer-surface rough­

ness. To minimize the adverse effects of surface roughness on the specimen-sealing 

operation, the outer-surface oxide and "crud" layer were polished with a fine emery 

cloth, and the specimen outer diameter was remeasured with a hand-operated microm­

eter. Specimen inner-diameter measurements were made with an “Intermik" inside 

micrometer after cleaning the inner surface with a nylon tube brush. In general, the 

inner- and outer-surface measurements of as-cleaned HBR and BRP cladding used in 

tests reported here varied <jj% for specimens cut from a common fuel rod. The low 

ovality (<0.02 mm) found in HBR and BRP cladding used in the present tests made 

the special handling techniques (annealing and rounding of specimen ends) developed
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for previously reported high-ovality (^0.08 mm) HBR cladding (_6) unnecessary. The 

outer and inner measurements were used to establish the dimensional tolerances for 

the machined components of the mechanical seal, to determine the wall thickness 

of the cladding, and in hoop stress calculations. The cladding wall thickness was 

taken as (OD - ID)/2.

APPLICATION OF SCC PRESSURE SEALS

Cladding specimens used in the iodine SCC tests and cumulative-damage tests were 

mechanically sealed with modified "Swagelok" fittings as previously described else­

where (6,7). Components of the mechanical pressure seal are shown in Fig. 3-1, 

a schematic representation of a mechanically sealed test specimen. These components 

include the tolerance-fitted, top and bottom zirconium end plugs and the tolerance- 

modified "Swagelok" fittings. Solid Vycor-glass rods were used to displace 98% of
3

the specimen internal volume, and thereby limit the total system volume to 85 cm .

A nominal 25 mg of elemental iodine crystals were added to the specimen in a small 

Vycor ampule as illustrated in Fig. 3-1. This ampule was broken during the specimen­

sealing operation.

Profilometer data indicated some variation in the surface roughness of BRP cladding 

obtained from low-, medium-, and high-burnup fuel rods. Where the surface roughness 

of high-burnup BRP cladding was >0.015 mm (^0.006 in.), slight changes were made in 

the dimensional tolerances of the mechanical seal components to ensure the pressure 

integrity of the seal. The torque rate applied by the motor-driven variable-speed 

torque wrench (6,7) in sealing BRP cladding specimens was varied depending on the 

cladding fluence. A faster torque rate and a higher level of torque were applied 

in the sealing of cl adding from low-burnup BRP fuel rods; a slower torque rate and 

a slightly lower level of final torque was applied to cl adding from high-burnup BRP 

fuel rods. On the average, each mechanical pressure seal was completed within 

15-20 min, depending upon surface roughness and cladding fluence, with a seal 

reliabi 1 ity >_95% on the initial application.

APPLICATION OF UNIAXIAL TENSILE GRIPS

The tensile grips for tubular cladding specimens were based on a variation of the 

"Swagelok" design used in the mechanical pressure seal. These grips were applied 

remotely to each end of the cladding tensile specimen, and the gripping action was 

actuated with the same in-cel 1 equipment used to tighten the mechanical pressure 

seals for the SCC tests. Since the gripping action is applied to both the outer
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VYCOR RODS (2)SWAGELOK FITTING
OUTSIDE
SLEEVE

IODINE ' 
AMPULE

CLADDING SPECIMENINNER END PLUG

TO
HIGH-
PRESSURE
LINE

Fig0 3-1 o Cutaway schematic drawing of specimen-sealing method and 
location of internal specimen components.



and inner surfaces of the specimen, the tensile grips were expected to support a 

maximum axial tensile load of ^3200 g (^7000 lb), without slippage, at temperatures 

up to ^673 K (400°C). The grip was designed to test 14.3-mm (0.564-in.)-0D by 

12.4-mm (0.490-in.)-ID irradiated Zircaloy-2 cladding with an estimated yield and 

ultimate stress of 641 and 689 MPa (^93 and M00 ksi), respectively, at 325°C (8).

A single proof tensile test was successfully conducted on a specimen of unirradiated 

BRP cladding at about 25°C.

TEST PROCEDURE 

General

The SCC tests and the cumulative-damage tests on irradiated HBR, QC, and BRP clad­

ding reported here were performed in-cell using the Mark-I Biaxial Creep Apparatus, 

a gas-pressurization system using helium. The system was described in detail in 

the interim report (j6). In each SCC and cumulative-damage test the specimen was 

tested in a flanged stainless steel chamber, which served the dual role of an en­

vironmental enclosure and containment for material fragments produced in rare 

instances of violent specimen rupture. Specimen protection against the nitrogen hot-
3

cel 1 atmosphere was provided by a helium cover gas flowing at ^400 cm /min. After 

initial specimen pressurization from a 1-liter vessel in the Mark I system, al1 

tests were conducted under "short" volume conditions, in which the sum of the speci-
3

men and equipment volumes was 1imited to ^85 cm . Specimen pressurization was com­

pleted within 30 s. Before each test, the stainless steel chamber was cleansed of 

residual iodine by heating to 450°C for 1 h while purging with flowing he!iurn. 

Likewise, the internal specimen volume was purged with helium to minimize the concen­

trations of nitrogen, oxygen, and water vapor which could affect the test results. 

Specimen purging consisted of six or more successive cycles of specimen pressuriza­

tion and depressurization within the pressure range ^7 and 3 MPa. Iodine loss from
-4the specimen was discounted on the basis of its very low vapor pressure (Vp < 10 

atm) (9), and the extremely low vapor pressure of cesium or zirconium iodide 

(Vp MO"14 atm) (10) that might form within the specimen at the 27°C ambient cel 1 

temperature. The effectiveness of the specimen purging operation in reducing gaseous 

impurities is supported by the results of Garzarol1i et al. (11) who found that the 

threshold iodine pressure required to cause SCC cracking in Zircaloy cladding at 

constant specimen pressure (stress) increased as the oxygen and water-vapor content 

of the inert pressurizing gas increased. Iodine-induced SCC crack formation was 

obtained consistently in al1 the present tests on irradiated Zircaloy cl adding as a 

result of the initial 25 mg of iodine added. During each test, specimen tempera­

ture and pressure were controlled within +2°C and +_2%, respectively, and both were 

monitored continuously and recorded.
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Iodine SCC Tests

Figure 3-2 is a schematic representation of the pressurization sequences used in 

SCC tests and cumulative-damage tests. The minimum (threshold)-stress portion of 

the complete SCC curve shown in Fig. 3-2d was determined by the threshold-stress 

tests illustrated in Fig. 3-2a. Each pressure (stress) step was held constant for 

24 h, then increased to a higher stress in the absence of soecimen failure during 

the previous holding period. The magnitude of individual stress increments was 

largely a matter of judgment based on initial tests on previously untested cladding, 

and was influenced by such factors as cladding type (Zircaloy-2 or -4), cladding 

fluence as indicated by fuel burnup, and experience gained from previous tests on 

similar cladding. The high-stress portion of the SCC curve was determined by the 

high-stress tests illustrated in Fig. 3-2b.

Cumulative-Damage Tests

Cumulative-damage tests were conducted at 598 K (325°C) on medium-burnup QC and 

high-burnup BRP cladding using the stress-increment and stress-decrement techniques 

illustrated in Fig. 3-2c. The specimen stress (pressure) was held constant at the 

initial stress, a-j, for about half the time determined for failure at in SCC 

tests (t-j = l/2t^ at o-j), then changed abruptly to a stress and held constant 

to failure. The value of was greater than ct-j for stress-increment tests and 

less than a-j for stress-decrement tests. Al 1 cumu 1 ative-damage tests were conducted 

with 25 mg of iodine, in the same equipment, and under comparable test conditions, 

as used in the constant-stress SCC tests. The initial holding time, t-|, at each 

value of the initial stress, a-j, was estimated from the appropriate SCC curve for 

the cladding being tested.

In stress-increment cumulative-damage tests, the 1-1 iter vessel was used during 

the initial pressurization and again when the stress was incremented from a-j to 

(+Aa). About 30 s after the initiation of each pressure step the 1-1 iter vessel 

was isolated from the pressurizing system, and the test was conducted under "short- 

volume" conditions as in the case of SCC tests.

In stress-decremented cumulative-damage tests, the 1-1 iter vessel was used in the 

initial specimen pressurization only. The subsequent stress decrement (-Aa) was 

accomplished with a variable-volume, dead-end cavity. In cumulative-damage stress- 

decrement tests (-Act), the cavity was isolated from the pressurization system at 

"zero" gage system pressure. The stress (pressure) decrement was achieved by
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Fig„ 3-2o Schematic representations of pressurizing sequences used in SCC tests 
and the resultant data plot: (a) pressure-step tests to determine a., s (b) tests 
to determine steep portion of I2 SCC curve, (c) tests to determine damage accumu­
lated in upward and downward power ramps, (d) complete SCC curve.
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suddenly opening a hand-operated isolation valve. System pressure equalization at 

the lower pressure Pg was accomplished in about 6 s. Iodine concentration within 

the specimen is unaffected by the addition of the cavity volume to the initial 

system volume, because the total moles of both helium and iodine remain the same.

The isolation valve was then closed and the cumulative-damage test continued to 

failure at the lower stress (pressure), P^, under "short-volume" conditions.

Specimen pressure control was immediately assumed by the electronic system.

The step-wise stress (pressure) decrements and increments shown in Fig. 3-2c are 

idealized representations of experimental goals. These stress decrements and in­

crements could not be achieved experimentally, but they could be closely approxi­

mated. Figure 3-3a is a schematic representation of an experimentally achieved 

stress (pressure) decrement. On initial pressurization from the 1-liter volume, 

pressure equalization occurs in about 30 s, as was the case for SCC tests. When 

the stress decrement is initiated, the specimen pressure falls over a 1-s period to 

a minimum value about 20% below the desired pressure (P^), then equilibrates at 

the desired value P^ in 6 s. The shape of the pressure-decrement curve is influenced 

by the physical characteristics of the system and by the cooling effect of an ex­

panding gas from P-j to (?£ < P-j) • The system characteristics include the fric­

tional resistance to gas flow through a small-bore tube, the low system volume, 

and the flow restrictions of the in-line orifice.

Figure 3-3b is a schematic representation of an experimentally achieved stress 

(pressure) increment. Both sections of this curve are approximately identical and 

also represent pressurizing conditions achieved for SCC tests.

Uniaxial Tensile Tests

Four uniaxial tensile tests were conducted in the program. Two tensile tests 

were conducted on medium-burnup QC cladding, and two were conducted on low-burnup 

(M MWd/kg U) BRP cladding. The four tensile specimens, obtained from the fuel 

rods by the same procedures used for the SCC specimens, were ultrasonically cleaned 

in acetone to remove loose activity from the outer surface and fuel particles from 

the inner surface, rinsed in alcohol, and gas (nitrogen)-dried. After cleaning, 

the gamma activity of the low-burnup BRP cladding was MOO mr/hr while the gamma 

activity of QC cladding was M R/hr. The residual gamma activity of all four 

specimens was sufficiently low to permit the transfer of individual specimens to a 

low-level beta-gamma hot-cell facility for tensile testing. The tensile grips were
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attached to each specimen by remote means in the air atmosphere of the clean area of 

the high-level, hot-cel 1 faci1ity, and transferred to the low-level hot cel 1 with 

pull bars in place. The tensile tests were performed in a floor-model Instron ten­

sile machine with a 5000-kg (M1 ,000-lb) load-cel 1 capacity. The load-strain record 

for each tensile test was obtained with a SATEC, Model PSH SMS high-temperature ex- 

tensometer, and the load-strain curve was recorded on the Instron X-Y plotter.

Axial strain was measured over a 5.08-cm-long specimen gage length. The specimen 

and tensile grips were heated in a three-zone, split-tube, resistance furnace, with 

power and temperature control provided for each zone. Specimen temperature was 

monitored with three Chrome!-Alumel thermocouples located at the center and at each 

end of the 5.08-cm-long gage section. The thermocouples were held in contact with 

the specimen surface by spring clips. During the tensile test, specimen tempera­

ture was controlled within +7°C and recorded on a strip chart. The tensile tests 

were conducted to axial strains considerably beyond the yield stress, but below the 

ultimate stress, to prevent cladding rupture. This precaution was taken to avoid 

possible contamination of the low-level hot-cel 1 facility by particulate activity 

that might be released from the inside of the ruptured specimen.
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Section 4

TEST RESULTS

SCC TESTS

The nominal hoop stress for all SCC tests was calculated by the standard expression 

used for a pressurized thin-wal1 cylinder (12):

a = 
nom

<V^i>

- >■()
p. (4-D

where rQ and r^ are the external and internal radii, respectively, of the cylinder 

and P is the internal pressure. Diametral strain at failure was determined from 

posttest micrometer measurements of the outer specimen diameter taken at axial 

locations on either side of the failure site, but not less than one specimen 

diameter away from the failure. The diametral strain (e^) was calculated with the 

expression

where is the nominal posttest specimen diameter and DQ is the outer specimen 

diameter before testing.

The iodine-induced SCC failure strain observed in irradiated Zircaloy cladding 

covered a wide range from about 0.5 to 1% for HBR cladding tested at 633 K (360°C) 

to <0.01% for QC cladding and BRP cladding tested at 598 K (325°C). An important 

point to note is not the relative magnitude of the failure strain, but the fact 

that it was always very low, and within the strain range normally associated with 

brittle failure. An additional point to be emphasized is that most of the SCC 

failures occurred or initiated near the center of the gage length, the region of 

minimum end effects. In the following tables listing the results of SCC tests, the 

axial location of the failure site is given in terms of the specimen diameter. The 

letter M indicates a failure site at the middle of the gage length; 2TE indicates a 

failure site located two specimen diameters from the top end of the specimen.
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Therefore, in a 12.7-irim (0.5-in.)-diameter specimen the 2TE designation locates the 

failure site about 25.4 mm (1.0 in.) below the Swagelok closure at the top of the 

specimen.

Irradiated H, B, Robinson Cladding (Stress-relieved Zircaloy 4)

Two SCC tests were conducted on high-burnup HBR cladding at 633 K (360°C) to com­

plete the partial SCC curve reported previously (6_). These specimens, 155BC7 

and 155BC8, were SCC tested at nominal hoop stresses of 273 and 413 MPa (39.6 and 

60 ksi), respectively. The completed SCC curve at 633 K is shown in Fig. 4-1, and 

the data are tabulated in Table 4-1. Specimen 155BC7, tested at the lower stress, 

failed by a pinhole breach; specimen 155BC8 tested at the higher stress failed by 

rupture. Three additional SCC tests (155BC9, 155BC5, and 155BC6) were conducted on 

HBR cladding at 598 K (325°C) to determine the temperature effect on SCC failure 

time for high-burnup Zircaloy cladding. In these latter three tests, specimens 

155BC6 and 155BC9 were tested at a nominal hoop stress of 275 MPa (40 ksi), while 

specimen 155BC5 was tested at a nominal hoop stress of 414 MPa (60 ksi). The 

results do indicate a temperature effect on SCC failure time in the temperature 

range 598-633 K (325-360°C). The curves in Fig. 4-1 suggest a "threshold" (mini­

mum) stress for iodine-induced SCC failure within 24 h for irradiated HBR cladding 

that is <200 MPa (29 ksi) at 633 K (360°C) and <275 MPa (40 ksi) at 598 K (325°C). 

The open squares with arrows shown in Fig. 4-1 represent SCC tests that were ter­

minated without specimen failure at the indicated stress levels and test times. 

Finally, specimen 155BC9 tested at 598 K (325°C) and a hoop stress of 275 MPa 

(40 ksi) failed in 1.1 x 10 s (0.03 h) by a pinhole breach through the cladding 

wall. The observed time to failure is about 1/500th of the time to failure deter- 

mined for the duplicate specimen 155BC6 (1.1 x 10 s vs. 5.5 x 10 s) tested at 

the same temperature and nominal hoop stress. This difference in SCC behavior 

might be explained by the fact that specimen 155BC9 was tested at 598 K and 275- 

MPa stress for 1.8 x 10 s (50.6 h) without the addition of iodine. This was done 

to determine whether any trace of residual iodine (or iodine compound) remaining 

on the inner surface after fuel removal could be effective in initiating SCC fail­

ure. If it is assumed that the time required for crack initiation and growth to a

critical length is very 1arge compared to the time required to propagate a crack of

critical length to SCC fai1ure, then it would follow that the crack ultimately

responsible for the failure had grown to near critical length during the initial

50.6-h test period. Such a crack could have originated as an existing crack in 

tne irradiated cladding or could have been initiated at the site of trace quantities
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Table 4-1

RESULTS OF BIAXIAL IODINE SCC TESTS ON IRRADIATED HBR CLADDING AT 325 AND 360°C

Stress
Preflaw lodine Test

Hoop Stress,^
Intensity Total Fai1ure

ModAb)

Failure
Specimen Depth Amount Cone, 

(mg/cr.r)
Temp. Pressure Factor Time T i me Strain^) Failure , , 

Location^ ;Number (um) (mq) PC) Steps MPa (ksi) (MPa •iv%) (h) JUI. Remarks

1bbBP-1 200 250 7.9 300 1 115 (10.88) 2.4 24 Developed leaks at
2 140 (20.30) 2.9 24 both end seals after
3 160 (23.21) 3.3 5-2

0.53 d
(a) 5.2 h. Cut and

4 380 (55.11) 7.9 53.73 p V W 0.68 M resealed twice.

]ohCA-1 80 250 7.9 360 1 220 (31.91) 3.7 0.53 Iodine SCC failures
2 220 (31.91) 3.7 2.0, n 

0.5 d
in area of SS end

3 220 (31.91) 3.7 3.0 P TE,BE piugs.

1bbCA~b JO 250 7.9 360 1 205 (29.73) 2.2 0.5(d) 0.5 c 0.26 1 TE,1 BE Iodine SCC failures 
in area of SS end piugs

1bOBD-3 50 250 7.9 300 1 215 (31.18) 3.1 24 / n
10.5^2 225 (32.63) 3.3 34.5 c 0.25 M SCC failure away from 

preflaw.
14.3^15bBD-b 0 250 7.9 300 1 200 (29.01) “ 14.3 p 1.1 M __

lsbBD-4 0 0 - 360 1 200 (29.01) - 7.4(d) 7.4 R 0.4 M Tested with fuel in 
specimen.

1 t)bBB-b 0 0 _ 360 1 221 (32.1) - 41.3
2 278 (40.3) 4.0
3 376 (53.2) 4.2

441 (63.9) 22-6M7
3.0 d

Tested with fuel in
485 (70.4) 75.2 R 0.8 BE specimen.

155BC-7 0 25 U.79 360 i 273 (39.61 ) - o.e6d) 0.61 P 0.1 2BE

155BC-8 0 25 0.79 360 i 413 (59.90) - 0.18^ 0.18 R ND M
155BC-9 u 2o 0.79 325 i 275 (39.95) - 0.03^d' 0.03 P <0.01 2TE Tested 50.6 h at

275 MPa without 
iodine.



Table 4-1 (Cont'd.)

RESULTS OF BIAXIAL IQDIilE SCC TESTS Oil IRRADIATED HBR CLADDItlG AT 325 AND 360°C

-p=>i-1^

Specimen
Humber

Prefl aw 
Depth
(um)

lodine
Amount Cone,

(mq) (mq/cm^)

Test
Temp.
(°C)

Pressure 
Ste_ps _

1

Hoop Stress,^ 
HPa (ksi)

Stress 
Intensity 
Factor 

(MPa t.^)
T i me
illl

Total
T i me 

(h)

Fai1ure 
Mode^^

Failure 
Strain

(50
Failure , , 
Location' ' Remarks

1b5BC-5 0 Zb 0.79 32b 414 (60.03) - 1.49(d) 1.49 P 'uO.19 2BE --

labBC-6 0 25 0.79 325 1 276 (40.07) - 1 5.3^^ 15.3 P ■uO.10 M --

^Nominal hoop stress for unflav/ed specimens; net hoop stress for flawed specimens, 

indicates pinhole; C indicaces axial cracking; R indicates rupture.

indicates middle of specimen; numbers indicate distance from top end (TE) or botton end (BE), in tube ODs. 

^Time when specimen failed.

^Failure occurred at site of preflaw, 

indicates not determined.
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of iodine or iodine compounds. With the addition of iodine (25 mg), the crack growth 

rate to a critical crack length was increased, and the subsequent propagation of 

the critical length crack to failure was instantaneous.

High-burnup, Low-fission-gas-release, Big Rock Point Cladding (Stress-relieved 
Zircaloy-2)

The test results at 598 K (3250C) for high-burnup BRP cladding from low-fission- 

gas-release fuel rods (DB300005 - DK50014) are listed in Table 4-2. The cladding 

fluence is estimated to be 4 x 10 n/cm (E > 0.1 MeV) at a reported fuel burnup 

of 24 MWd/kg U. The (solid) SCC curve for this cladding is shown in Fig. 4-2.

Figure 4-2 indicates that the "threshold" stress required to promote iodine- 

induced SCC failure within 24 h is about 165 MPa (24.0 ksi).

High-burnup, High-fission-gas-release, Big Rock Point Cladding (Stress-relieved 
Zircaloy-2

The cladding characterization studies showed a marked increase in fission-product 

deposition on the cladding of high (>10%)-fission-gas-release rods and the apparent 

degradation of the possibly protective nature of the inner oxide layer. Attempts to 

use cladding from high-gas-release rods to complete the high-burnup SCC curve gave 

results inconsistent with previous data. Therefore, to determine whether the 

greater fission-product deposition affects the SCC threshold stress, a series of 
tests was conducted with cladding from high-gas-release rods DJ50004, DJ50001, and

DJ500007. Unfortunately, sufficient cladding was not available from one rod to

cover the desired stress-time regime. Test results at 598 K (325°C) for these
21rods are listed in Table 4-3. The cladding fluence is estimated to be 4 x 10 

n/cm^ (E > 0.1 MeV) at a reported fuel burnup of 23 MWd/kg U. The (dashed) SCC 
curve for this cladding is also shown in Fig. 4-2 and indicates that the "threshold"

stress required to promote iodine-induced SCC failure within 24 h is about 139 MPa 

(20.1 ksi). Although the difference in the "threshold" stress of high-burnup BRP 

cladding from high- and low-fission-gas-release fuel rods is only ^12% (165 MPa 

vs. 139 MPa), this difference is real and not the result of experimental data 

scatter. This view is supported by the stress-increment data for specimen 165AG-12 

given in Table 4-3. Between pressure steps 5-6 and 6-7, the hoop stress in speci­

men 165AG-12 was increased by increments of 5.6% and 5.3%, respectively, in an 

attempt to determine the "threshold" stress for failure in 24 h. These stress 

increments are about half as large as the 12% difference in the "threshold" stress 

for high- and low-fission-gas-release cl adding shown in Fig. 4-2. Open symbols 

with arrows in Fig. 4-2 represent tests terminated without failure at the stresses 

and times indicated.
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Table 4-2

ja>l

RESULTS OF BIAXIAL IODINE SCC TESTS AT 325°C ON HIGH-BURNUP BRP CLADDING FROM LOW-FISSION-GAS-RELEASE RODS

Specimen
Number

lodine
Amount Cone.

(mg) (mg/cm2)
Pressure

Step
Hoop Stress 
HPa (ksi)

Failure
Time
(h)

Fai1ure 

Hode^a^

Failure
Strain

(%) (c)
Failure

Location

165W-8 25.5 0.61 1 180 (26.14) 4.0 P ^0.05 M

165W-10 25.2 0.60 1 172 (24.89) 6.8 P ^0.05 2 1/2 BE

165W-12 25.2 0.60 1 156 (22.65) 142.0 C ^0.05 M

165W-18 25.0 0.60 1 275 (39.93) 1.98 R ND M

165W-19 25.0 0.60 1 408 (59.14) 2.98 R ND M

165W-20 25.1 0.60 1 274 (39.82) 15.44 R ND 1 BE

165U-4 25.0 0.60 1 499 (72.33) 0.35 R <0.01 1 BE

^a^P indicates pinhole; C indicates crack

indicates middle of specimen within

; R indicates

1/2 Tube OD; 2

rupture.

1/2 BE indicates a distance of 2 1/2
Tube OUs from bottom end.

(r)
' 'ND indicates not determined.
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Table 4-3

RESULTS OF BIAXIAL IODINE SCC TESTS AT 325°C ON HIGH-BURNUP BRP CLADDING FROM HIGH FISSION-GAS RELEASE RODS

Fission-gas Iodine Fai1ure
Specimen

Number
Release 

(%)
Amount

(mg)
Cone.

(mg/crP)
Pressure

Step
Hoop Stress 

MPa (ksi)
Time
(h)

Strain
(%)

Failure 
Mode (a)

Failure 
Location (b)

16SV-10 15.0 25.0 0.63 1 414 (59.98) 0.84^ 'N3.14 R 2 1/2 BE

IbSTlBA 16.6 25.0 0.67 1 151 (21.91) 7.67^ ^0.05 P 1 BE

165T18B 16.6 25.0 0.67 1 119 (17.22) 3.42^ ^0.05 P 4TE

165AG12 18.6 25.0 0.67 1 104 (15.05) 24.0

2 111 (16.12) 24.0

3 114 (16.56) 71.7

4 118 (17.10) 24.3

5 125 (18.08) 24.0

6 132 (19.10) 24.0

7 139 (20.12) 69.0^ ^0.04 P 2 1/2 BE

165AG19 17.1 25.0 0.67 1 221.3 (32.10) 2.95^ ^0.04 P 2 1/2 TE

165AG20
165V5

17.1
13.5

25.0
25.0

0.67
0.63

1
1

221.3
273

(32.10)
(39.64)

2-2Slcj 
1.181 j

%0.04
^0.05

P
P

2TE
1/4 TE

^a^P indicates pinhole

indicates middle 
(c)

; C indicates crack; R

of specimen within 1/2

indicates

Tube OD;

rupture.

4TE indicates a distance of 4 Tube ODs.

indicates failure time.
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Figure 4-2 also indicates that the SCC curves for high- and low-fission-gas- 

release cladding from high-burnup BRP fuel rods tend to merge into one SCC curve 

for hoop stresses above 221 MPa (32.1 ksi). The stress level at which a merger of 

the two SCC curves appears to occur is established by the SCC test results for dup­

licate specimens 165AG-19 and -20 given in Table 4-3. Both specimens were tested 

at a hoop stress of 221 MPa, and their corresponding failure times were 1.06 x 

104 and 3.10 x 103 s (2.95 and 2.25 h).

Medium-burnup, Low-fission-gas-release, Big Rock Point Cladding (Stress-relieved 
Zirea Toy-2)

Three tests on medium-burnup, low-gas-release BRP cladding were among the tests 

reported in the interim report, where they were referred to as "low-burnup" cl ad­

ding. Because even lower-burnup BRP cladding was subsequently added to the program, 

these specimens are now referred to as "medium-burnup" cladding. The results of 

these tests at 598 K, together with the results of two additional tests conducted 

since the interim report, are given in Table 4-4 and plotted as the sol id circles 

in Fig. 4-3. The specimens came from fuel rods JK400001, which had a burnup of

^7 MWd/kg U and a fluence between 0.6 and 1.x 10^ n/cm3 (E > 0.1 MeV). The two

additional tests, specimens 165E-10 and -11, were an attempt to extend the threshold- 

stress data, or low-stress regime, to longer times. However, the specimens failed 

in generally the same time as the earlier tests. These data and the open circles 

in Fig. 4-3 from unfailed tests support the conclusion that the probable threshold 

stress for this cladding is about 280 MPa (40.6 ksi) and that the cluster of data

points for failed tests probably lies near the upward bend in the SCC curve. The

high-stress portion of the curve, therefore, would be expected to 1ie near or to 

the left of the curve for high-burnup cladding, also shown in Fig. 4-3.

Medium-burnup, High-fission-gas-release Big Rock Point Cladding (Stress-relieved 
Zircaloy-2)

The finding of the fission-product release effect on the high-burnup BRP cladding 

prompted the limited testing of cladding from high-gas-release, medium-burnup rod 

JJ400002, to determine the threshold-stress value, the test results at 598 K (325°C) 

are listed in Table 4-5. The cladding fluence is estimated to be between 0.6 and 

1.0 x 1031 n/cm3 (E > 0.1 MeV) at a reported burnup of ^8 MWd/kg U. Fission-gas re­

lease was calculated to be about 17.8%. Data points for the four SCC tests conduc­

ted on this cladding (specimens 165F-7, -9, -10, and -11) are plotted as the solid 

squares in Fig. 4-3.
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The four data points for this cladding indicate that the threshold stress is indeed 

lowered by the presence of extensive fission-product deposition on the cladding sur­

face. The threshold stress appears to be in the vicinity of 200 MPa (29 ksi), com­

pared with 280 MPa (40.6 ksi) for the low-gas-release cladding. This difference is 

significantly greater than what was found for 1ow and high-gas-rel ease high-burnup 

cladding, suggesting that the effect is either minimized at higher burnup or that 

different mechanisms are res ponsible for the effects. Note also that the high- 

stress regime of the curve would have shorter times to failure than the low-gas-re- 

lease cl adding.

The behavior of this cladding is believed to be related to the heavy cesium-bearing

deposits found on the inner surface of the 165F series specimens. The 165F series

specimens 1 isted in Table 4-5 exhibited a gamma activity that was consistently a

factor of ten greater than the gamma activity exhibited by the 165E series specimens

1isted in Table 4-4. Gamma scanning of specimen 165F-9 (Fig. 4-4) indicated that
137the activity was due primarily to Cs activity peaks with a period approximately 

that of a pel 1et 1ength.

Low-burnup Big Rock Point Cladding (Stress-relieved Zircaloy-2)

Test results for low-burnup ( short-cycle) BRP cladding (fuel rod XA30303) at 598 K

(325°C) are 1 isted in Table 4-6. The cl adding fluence is estimated to be ^0.1 x

1021 n/cr/ (E > 0.1 MeV) at a reported fuel burnup of 0.7 MWd/kg U. The SCC curve

defined by the five data points given in Table 4-6 is plotted in Fig. 4-5. A refer-
21ence SCC curve for high-burnup BRP cladding with an estimated fluence of 4 x 10 

2
n/cm (E > 0.1 MeV) is also shown in Fig. 4-5 for comparison. The "threshold" 

stress for iodine-induced SCC failure in 1ow-burnup BRP cladding is about 226 MPa 

(^32.7 ksi). This "threshold" stress is about 1.4 times as high as the comparable 

"threshold"-stress value of 165 MPa (24.0 ksi) determined for high-burnup BRP clad­

ding shown in Fig. 4-2. Since the specimens for both the high- and low-burnup BRP 

cl adding were obtained from 1ow-fission-gas-release fuel-rods, the difference in the 

SCC curves shown in Fig. 4-5 is attributed to the effect of fluence on the SCC fail­

ure of irradiated Zircaloy cl adding at 598 K (325°C).

CUMULATIVE-DAMAGE TESTS

Nine cumulative-daraage tests were performed: two tests on QC cladding and seven on

BRP cl adding, all a t 598 K (325°C). The results are given in Table 4-7. The hold­

ing time (t-j) at the initial stress (a-|) was determined by the expression t-j =

(l/4)tf at o-|, where t^ is the time to failure at a-j determined in an SCC test. The

SCC curves for these cladding materials were used to obtain the value for t^
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Table 4-4

RESDLTS OF BIAXIAL IODINE SCC TESTS AT 325°C ON MEDIUM-BURNUP BRP CLADDING FROM LOW-FISSION-GAS-RELEASE FUEL ROD

.(b)lodine
Specimen 

i lumber

16GE-4

Amount Cone. 
(mg) (mcj/cr,^)

26.7 0.67

essure Hoop Stress 
MPa (ksi)

Time
(h)

Failure

Mode^

Failure
Strain

(%)

1 206 (29.90) 22.9

2 220 (31.80) 19.7

3 228 (33.04) 2.8

4 230 (33.33) 3.1

5 244 (35.39) 17.1

6 249 (36.09) 2.1

7 256 (37.21) 8.0

8 262 (38.07) 19.5

9 271 (39.36) 0.7

10 275 (39.85) 46.6

11 287 (41.66) 3.5

12 297 (43.02) 15.3

13 311 (45.10) 3.1^ P 0.19

Failure

Location (c)
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Table 4-4 (Cont'd.)

RESULTS OF BIAXIAL IODINE SCC TESTS AT 325°C ON MEDIUM-BURNUP BRP CLADDING FROM LOW-FISSION-GAS-RELEASE FUEL ROD

lodine Fai1ure 

Mode^

Fai 1 ure^)
Fai1ure

Location
Specimen

Number
Amount

(mg)
Cone.

(mg/cm2)
Pressure

Steps
Hoop Stress 
MPa (ksi)

Time
(h)

Strain
(%)

165E-7 25.6 0.64 1 310 (44.9(5 2.0^ R >1.2 M

16SE-9 25.6 0.64 1 297 (43.02) 3.3^ R >2.0 M

16SE-10 25.0 0.64 1 320 (46.41) 1.21 ^ R ND M

T6SE-n 25.0 0.64 1 277 (40.1$ 1.02^ R ND 3BE

(alv ;P indicates pinhole; R indicates rupture.

^IID indicates Not Determined •
(c)x ml indicates middle of specimen with 

top end of specimen.
1/2 tube 0D; 2TE indicates distance of 2 tube ODs from

^indicates failure time.
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Table 4-5

RESULTS UF BIAXIAL IODINE SCC TESTS AT 3^5°C ON MEDIUM-BURNUP BRP CLADDING FROM HIGH-FISSION-GAS-RELEASE FUEL ROD

Specimen
Number

lodine
Pressure

Steps
Hoop Stress 
MPa (ksi)

Time
(h)

Failure

Mode^

Failure
Strain

(%)

Failure

Location
Amount

(rag)
Cone. „ 
(mg/a/)

165F-9 25 0.64 1 247 (35.80) 0.67^ C 0.03 3TE

165F-11 25 0.64 1 248 (35.97) 0.25^ C <0.01 1/2 BE

165F-7 25 0.64 1 266 (35.58) 0.85^ C 0.08 1 BE

165F-10 0 0 1 245 (35.53) 90.2

0 0 2 258 (37.42) 95.0

0 0 3 274 (39.74) 70.1

25 0.64 4 180 (26.11) 25.0

5 192 (27.85) 23.0

6 205 (29.73) 8.6^ C <0.01 1/4 TE

fai...........(a)^ JC indicates axial crack.

^3TE indicates distance of 3 tube ODs from top of specimen.

(c) indicates failure time.



GAMMA SCAN

Fig0 4-4o Cs137 Profile in specimen 165F-9 from a medium-burnup, high-gas- 
release BRP fuel rodo
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Table 4-6

RESULTS OF BIAXIAL IODIUE SCC TESTS ON LOW-BURNUP BRP CLADDING AT 325°C (Bu ^1 MWd/kg U)

Specimen
Number

Iodine
Amount Cone.

(mq) (mq/cm2)
Pressure

Steps
Hoop Stress 
HPa (ksi)

Time to 
Fai1ure 

(h)

Failure

flode^

Fai1ure 
Strain 

(%)
Failure 
Location'' '

166AA8 25,0 0.65 1 224 (32.41) 68.22 P ^0.04 2 1/4 TE

166AB12 25.0 0.65 1 227 (32.92) 40.34 P ^0.04 2 TE

166AA7 25.0 0.65 1 236 (34.18) 5.92 P ^0.02 1/2 TE

IbbAAlO 25.0 0.65 1 275 (39.87) 8.4 P ^0.07 3 TE

165AB1 24.9 0.65 1 409 (59.37) 3.77 P ^0.18 1 TE

^a^P indicates pinhole.

(b)2 jf: indicates failure site located 2 tube diameters from top end.
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Table 4-7

RESULTS OF CUMULATIVE DAMAGE TESTS FOR HIGH-BURNUP QC AND BRP CLADDING AT 325°C

Ratio

Specimen
Number

Cladding
Type

Fission-gas
Release

(%)
°1

MPa
t-|(a)
(min)

(01)

(ksi) tf-l 1)

190D2-7 QC
Annealed

Low 274 (39.76) 57.12 0.440

190D2-8 Zircaloy-2 Low 418 (60. 45) 19.26 0.498

165U-6 BRP
Cl addi ng

0.22 486 (70.50) 12.0 0.345

165U-13 CW-SR
Zircaloy-2

0.22 480 (69.67) 12.5 0.353

165U-12 0.22 449 (65.16) 16.0 0.404

165V-4 13.5 381 (55.24) 28.0 0,467

165T-8 14.9 275 (39.87) 45.0 0.497

165V-6 13.5 189 (27.43) 57.0 0.306

165T-4 14.9 275 (39.87) 45.0 0.497

QC cladding Bu ^30 MWd/kg U; BRP cladding Bu ^29 MWd/kg U.

^a^Hold time at initial stress a] [t] = (l/2)tf

^^Time to failure at 02 

(c)1 'C indicates crack; P indicates pinhole; R indicates rupture

^Dc indicates damage coefficient in Eq. [4-3]
C 01v ' Aa = 02-01 stress increment (02 > o-j), decrement (02 < 01).

a.
HPa

?
(ksi)

Total
Time
(min)

t (b) 
t2
(min)

Ratio
^2(^2)

Fai1ure

Mode^
& Length 

(cm) D W c
Aa<e>

MPatf-2^°2^

412 (59.74) 63.92 6.8 0.176
C

0.6) 0.616 + 138

279 (40.42) 79.02 59.76 0.460 (1.4) 0.958 -139

278 (40.30) 57.1 45.1 0.501 (8^9) 0.846 -208

279 (40.48) 65.88 53.38 0.593 (6*4)
D

0.946 -201

242 (35.15) 81.15 65.15 0.603 (7.6) 1.007 -207

246 (35.65) 79.67 51.67 0.506 (3.8) 0.974 -135

179 (25.98) 66.91 21.91 0.085 (6*0) 0.582 - 96

298 (43.15) 109.5 52.50 0.684 ( - ) 0.989 +109

152 (22.02) 103 58.0 0.016 (K2) 0.513 -123



in the above expression. Figure 4-6, reproduced from the interim report, shows 

the SCC curve for the QC cladding and illustrates the manner in which t-j was estab­

lished. The QC data are tabulated in Table 4-8. Figure 4-2 was used for the BRP 

cladding.

The two cumulative-damage tests on QC cladding included one stress-increment test 

where a-j and were 274 and 412 MPa, respectively, and one stress-decrement test

where a-j and were 418 and 279 MPa, respectively.

Six of the seven cumulative-damage tests on BRP cladding were stress-decrement 

tests; one was a stress-increment test. The stress-decrement tests included 

specimen 165U-6 with a-j = 486 MPa and ©g - 278 MPa, specimen 165U-13 with a-j =

480 MPa and = 279 MPa, specimen 165U-12 with = 449 MPa and og = 242 MPa, 

specimen 165V-4 with = 381 MPa and = 246 MPa, specimen 165T8 with a-| = 275 MPa 

and Qg = 179 MPa, and specimen 165T-4 with a-j = 275 MPa and = 152 MPa. The 

single stress-increment test was conducted on specimen 165V-6 with a-j = 189 MPa 

and = 298 MPa. Specimens 165V-4, 165V-6, and 165T-4, and 165T-8 were found to 

be from high-fission-gas-release fuel rods.

The experimental data are analyzed in accordance with the simple linear damage 

rule:

D = VgT j +
c t^. (cri) t^ (ag)

Aa 5

(4-3)

where Dc = Damage coefficient leading to SCC failure,

= Initial cladding stress, 

t-j = Holding time at ,

tf = Time to failure accrued in the initial step of an SCC test, 
T1

Og = Final cladding stress, 

tg = Time to failure at a^,

tf = Time to failure accrued in the final step of an SCC test, 
r2

and
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Table 4-8

RESULTS OF BIAXIAL IODINE SCC TESTS ON IRRADIATED QUAD CITIES CLADDING AT 325°C

Iodine Total Failure

Mode^

Failure
FailureSpecimen Amount Cone.g Pressure Hoop Stress, Time Time Strain

Number (mg) (mq/eni ) Step Mpa (ksi) (h) (h) (%) Location

190D1-6 24.6 0.56 1 198.7 (28.82) 6.5 6.5 P 0.01 M

190D1-2 25.5 0.66 1 164.0 (23.79) 20.5
2 177.2 (25.70) 26.2, , 

18.7^c^3 182.0 (26.40) 65.4 P 0.06 3/4 BE

190D2-5 26.5 0.60 1 183.9 (26.67) 1.4^ 1.4 P 0.01 1 BE

190D1-3 24.5 0.55 1 274.2 (39.76) 1.75^ 1.75 P 0.01 M

190D1-4 24.8 0.56 1 274.2 (39.76) 2.58^ 2.58 P 0.01 2 BE

190D1-5 24.8 0.56 1 411.9 (59.74) 0.69^ 0.69 R 0.03 2 BE

190D1-7 25.8 0.58 1 411.9 (59.74) 0.60^ 0.60 R 0.16 2 BE

190D2-7 25.4 0.57 1 274.2 (39.76) 0.952/ % 
0.110^CJ2 411.9 (59.74) 1.062 R 0.04 1 BE

190D2-8 24.8 0.56 1 416.8 (60.45) 0.321( ) 
0.996^c2 278.7 (40.42) 1.317 C 0.01 2 TE

indicates pinhole; R indicates rupture; C indicates axial cracking.

indicates middle of specimen within 1/2 tube OD; numbers indicate distance from top end (TE) or bottom 
end (BE), in tube ODs.

(c) Time when specimen failed



FAILURE TIME (h)

10 2 10 1 10° I01 I02 I03

♦ FAILED
o—UNFAILED

~ 65.0 min

FAILURE TIME (s)

Fig* 4-6. Results of iodine SCC tests on irradiated QC cladding at 598 K illustrating
the manner in which cumulative-daraage-test parameters were established.
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Aa = Stress increment when Og > a-j, and stress decrement when < a-j

The damage accumulation in the specimen is presumed linear when the value of Dc 

in Eq. 4-3 approaches unity for iodine-induced SCC failure.

Two of the cumulative-damage results in Table 4-7 do not support the 1 inear­

damage rule in Eq. 4-3. Seven of the tests were stress-decrement tests (-Aa), 
and two were stress-increment tests (+Aa). Only five of the seven stress-decrement 

tests (QC specimen 190D2-8 and BRP specimens 165U-6, 165U-13, 16511-12, and 165V-4) 

exhibited an apparent agreement with the 1inear-damage rule expressed in Eq. 4-3. 

The Dc values obtained in these tests varied from 0.846 to 1.007, and the group 

average (Uc) was 0.946+.06. The Dc values for the two remaining stress-decrement 

tests (BRP specimens 165T-8 and -4) were 0.582 and 0.513, respectively, indicating 

nonlinear cumulative-damage behavior. Finally, the Dc values for the only two 

stress-increment tests performed (QC specimen 190D2-7 and BRP specimen 165V-6) were

0.616 and 0.989. Only the value 0.616 is inconsistent with the linear-damage rule 

expressed in Eq. 4-3. In summary, the results of only six of the nine cumulative- 

damage tests given in Table 4-7 exhibit apparent agreement with the simple linear- 

damage rule expressed in Eq. 4-3. Five of these six tests share several points 

of similarity. All five are stress-decrement tests; they begin with a very high 

initial stress (a-j = 144-211 % above the "threshold" stress for BRP cl adding and 

122% above the "threshold" stress for QC cladding); the residence time at the 

initial stress is short; and the stress decrements are large. In contrast, the 

two stress-decrement tests that do not exhibit linear cumulative-damage behavior 

have a much lower initial stress (approximately 30-50% lower), a correspondingly 

longer residence time at the initial stress (M.6-3.7 times longer), and a smaller 

stress decrement. Specimens 165T-8 and -4 are also from high-fission-gas-release 

fuel rods and have significant cesiurn deposits on the inner surface.

ESTIMATED DATA UNCERTAINTIES

The total uncertainty in the SCC and cumulative-damage tests is estimated to be no 

greater than +5%. Contributing factors include a +2°C uncertainty in temperature, 

a +2% uncertainty in specimen pressure, and +0„1% uncertainty in specimen diameter. 

The maximum uncertainty in the calculated specimen stress is ^2.7% for specimens 

with minimum ovality of £0.02 mm.
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TENSILE TESTS

Four tensile tests were conducted during the program. The purpose of these tests 

was to provide information on the work-hardening characteristics of irradiated 

cladding and to establish whether tensile data can be used as an indicator of SCC 

susceptibility. Two samples each of the BRP low-burnup and the QC cladding were 

tested at two strain rates at 325°C. These tests were successfully run to the de­

sired strain range of 1-2%, but one test (165DB-7) failed to reach the desired 

strain because of slippage of the grips. Modulus and yield-stress data were sti11 

obtained, however. The test results are summarized in Table 4-9 and Figs. 4-7 and 

4-8. In general, the increased strain rate resulted in an increased yield strength 

and elastic modulus and a decreased rate of strain hardening. The stress-strain 

curves show no evidence of a distinct yield point, except for specimen 165DB-7.

The observed yield point in this specimen is probably not real, but rather is the 

result of grip siippage. The yield strength of the BRP low-burnup cladding is 

^50 MPa less than the yield point of the QC cladding, which is consistent with the 

higher fluence received by the QC fuel rods. Fracture did not occur in any of the 

tensile specimens.

POSTTEST EXAMINATIONS

Following the additional SCC testing, selected specimens from HBR, low-burnup 

BRP, mediurn-burnup BRP, and high-burnup BRP were examined in detail using optical 

metal 1ography and SEM in order to characterize the failures. The examinations 

performed since the interim report are summarized in Table 4-10.

H, B. Robinson Cladding

Cracks that caused the iodine SCC in HBR specimens were examined by both metal- 

1ography and SEM. A composite photograph of the entire cross section of specimen 

155BC7 [360°C, 273 MPa (39.6 ksi), 2.19 ks (0.61 h)]* is shown in Fig. 4-9. The 

crack that penetrated through the cladding is located at the top of the figure.

The most important feature of the cross section is the large number of secondary 

cracks that are present. A closeup of one section of the cladding is shown in 

Fig. 4-10. Numerous smaller cracks can be observed between the larger cracks. At 

higher magnification, the cracks were found to start at either locations where the 

inner-surface oxide was absent or where a crack in the oxide was present as shown 

in Fig. 4-11. More than 100 cracks were found in this cross section. Metallo- 

graphic examination of specimen 155BDC9 [325°C, 275 MPa (40 ksi), 0.1 ks (0.03 h)] 

revealed a similar amount of secondary cracking around the circumference.

*Test temperature, test stress, and time to failure.
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Table 4-9

SUMMARY OF TENSILE TEST RESULTS AT 325°C

AD
Cladding
Source

Specimen
Number

Strain Rate 
(s"1)

Yield Strength 
(MPa)

Young's Modulus 
‘(MPa)

Strain-Hardening
Exponent

Do
m

BRP 165DB-7 3.3 x 10"5 500 7.78 x 104 — ^0.1

BRP 165DB-8 3.3 x 10"4 570 8.06 x 104 .070 1.1

QC 190D3-5 3.3 x 10~5 545 8.06 x 104 .077 1.2

QC 190D3-6 3.3 x 10-4 620 8.32 x 104 .098 1.1



Table 4-10

SUMMARY OF POSTTEST EXAMINATIONS

Test Conditions________
Specimen Temp, Stress Failure Time

Number Reactor (°C) (MPa) (h) Examination Fracture Characteristics

155BC7 HBR 360 273 0.61 Metal 1ography Crack branching

155BC5 HBR 325 414 1.49 SEM Low crack length to 
depth ratio - crack 
branching

165AB1 BRP
low

burnup

325 409 3.77 SEM Crack branching - Failure 
occurred by ductile 
stress rupture

165AA10 BRP
low

burnup

325 275 8.4 SEM Crack branching

165AB12 BRP
low

burnup

325 227 40.3 SEM No crack branching - 
Extensive chemical 
attack

165E4 BRP
low

burnup

325 311 3.1 SEM Crack branching - No 
observable chemical 
attack

165E11 BRP
medium
burnup

325 277 1.02 SEM Creep rupture

165F7C BRP
medium 
burnup

325 266 0.84 Metallography Multiple cracks

165T18A BRP
high

burnup

325 151 7.7 SEM No crack branching - 
Extensive chemical 
attack

Remarks

^100 SCC cracks initiated around circumference 

Extensive chemical attack on inner surface

Multiple cracks on inner surface

Areas rich in iron were preferentially attacked

Very clean inner surface - No chemical attack

Many associated with fracture of oxide layer. 
No massive fission-product deposits.

Crystals containing Cs and I observed along 
crack and on fracture surface
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Fig, 4-7, Stress-strain curves for QC specimens tested at 3250C„
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Fig, 4-8. Stress-strain curves for low-burnup BRP specimens tested at 
325°C.



Fig„ 4-9o Cross section of HBR specimen 155BC7 showing SCC cracks (15X).
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Fig. 4-1Oo Cross section of HBR specimen 155BC7 showing SCC cracks (50X)o

... .. .......^
. . . ,................. .. " ..................-—■ -—*............

............ - - -

0

Fig. 4-11. SCC crack at location of oxide crack on inner surface of HBR specimen 
155BC7 (250X)„
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The SCC failure in specimen 155BC5 [325°C, 414 MPa (60.0 ksi), 5.38 ks (1.49 h)] 

was also examined in the SEM. The failure on the inner surface was first examined 

in the as-tested condition and then was ultrasonically cleaned and reexamined.

The fracture surface was exposed by three-point bending and then examined. Figure 

4-12 shows the composite photographs of the failure. The crack was ^2.5 mm long 

and was almost completely covered by corrosion product (Fig. 4-12a).

The cleaned surface showed a large amount of pitting. The fracture surface exhibits 

crack branching at a crack depth of M50 ym. The crack length-to-depth ratio is 

^4, which is lower than has been observed in other SCC failures. At high magni­

fication (Fig. 4-13), evidence of pitting and chemical attack can be seen near the 

inner surface. The rest of the fracture surface exhibits a cleavage-1ike appear­

ance, with a few isolated areas of fluting. High-magnification photographs of the 

regions of chemical attack and cleavage are shown in Fig. 4-14.

BRP Low Burnup

Three BRP low-burnup specimens were examined in the SEM. The three specimens were 

tested at different stresses, but each failed in the pinhole mode. The failure in 

specimen 165AB1 [325°C, 409 MPa (59.4 ksi), 13.6 ks (3.77 h)] is shown in Fig. 4-15 

as tested, after ultrasonic cleaning, and after three-point bending. There are multiple 

cracks along the 10-mra length of the failure, and one section of the failure is 

covered with corrosion product. The cleaned surface shows 1ittle evidence of gross 

chemical attack along the failure. The exposed fracture shows crack branching at 

M50 pm from the inner surface. The length-to-depth ratio of this crack is ^10, 

similar to that observed in other failed specimens. At high magnification (Fig.

4-16), evidence of chemical attack was observed up to the point of crack branching.

This fracture surface is followed by an area ^250 pm long of cleavage-1 ike fracture, 

which shows some evidence of ductility. The remaining fracture surface is composed 

of ductile cup-cone fracture. The final failure mode in this specimen apparently 

was ductile rupture, which is consistent with the high stress level of the SCC 

test.

The failure in specimen 165AA10 £3250C, 275 MPa (39.9 ksi), 30,2 ks (8.4 h)] is 

shown in Fig. 4-17 as tested, after ultrasonic cleaning, and after three point 

bending. Again, multiple cracks are observed along the failure, but the cracks 

are narrower than those in 165AB1. Corrosion product is seen along the cracks, but 

there is little evdience of gross chemical attack. The exposed fracture surface 

reveals that crack branching occurred at ^250 pm from the inner surface and that
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Fig0 4-12. SCC failure in HER specimen 155BC5 (composite)„ (a) as tested,
(b) after ultrasonic cleaning., (c) after three-point bending„
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Fig„ 4-13., High-magnification composite of fracture surface of HBR specimen
155BC5 located between vertical 1ines in Fig„ 4-12c„
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Fig* 4-14. Fracture surface of SCC failure in HBR specimen 155BC5. (a) area
of chemical attack, (b) area showing cleavage fracture.
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Fig0 4-15. Fracture surface of SCC failure in HBR specimen 165AB1 (composite),
(a) as tested, (b) after ultrasonic cleaning, (c) after three-point bending.
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100 pm

Fig„ 4-160 High-magnification composite of fracture surface of BRP specimen
165AB1 located between vertical 1ines in Fig* 4-1 Sc*
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Fig, 4-17. SCC failure in BRP specimen 165AA10. (a) as tested, (b) after
ultrasonic cleaning, (c) after three-point bending.



the crack length-to-depth ratio is ^7. At high raagnification {Fig. 4-18), evidence 

of chemical attack can be seen up to the point of crack branching. This is followed 

by an area of cleavage-like failure for the next ^700 pm, which is then followed by 

ductile cup-cone fracture. Again, as with specimen 165AB1, the final failure mode 

was ductile rupture, but the depth of the SCC portion of the failure is much 

greater in specimen 165AB10.

The failure in specimen 165AB12 [325°C, 227 MPa (33.0 ksi), 145.2 ks {40.3 h)] is 

shown in Fig. 4-19. In contrast to the previous two specimens, the failure in 

165AB12 is in the form of one long crack, and there is evidence of substantial 

chemical attack in the form of severe pitting. The exposed fracture surface shows 

no evidence of crack branching, and the chemical attack can be seen to continue 

to the outer surface. At high magnification (Fig. 4-20), the chemical attack is 

cl early evident near the inner surface. The clean SCC fracture areas following 

the area of chemical attack are similar in appearance to the fracture surface in 

specimen 165AA10.

The pitting, observed on the surface of the specimen in the as-tested condition, 

is shown in Fig. 4-21 at high magnification. The corrosion product at the pit 

sites was analyzed by X-ray analysis and was determined to be rich in both iodine 

and iron, as shown in Fig. 4-21b. At locations away from the pits, such as loca­

tion B in Fig. 4-21a, only zirconium was detected, as shown in Fig. 4-21c. This

observation is consistent with those of Cubicciotti, who observed preferential 

iodine attack at the sites of iron-rich precipitates. (13)

A unique feature was observed on the inner surface of specimen 165AB12 following 

ultrasonic cleaning. This feature consisted of axial hairline cracks as shown in 

Fig. 4-22, in patches of oxide that were not removed by ultrasonic cleaning or

chemical attack. The hairline cracks are surrounded on either side by dark areas,

^0.75 yr,i wide. X-ray analysis of the dark areas indicated the presence of iodine 

along with zirconium, whereas X-ray analysis of another section of the oxide indi­

cated only the presence of zirconium. This feature is of interest because it 

could be a precursor to an SCC crack. The axial alignment of the hairline cracks 

implies an interaction with the applied hoop stress, and the presence of iodine 

after vigorous ultrasonic cl earn' ng suggests a strong bond between the iodine 

and the oxide layer.
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Fig„ 4-180 High-magnification composite of fracture surface of BRP specimen
165AA10 located between vertical lines in Fig, 4-17c0
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Fig. 4-19. SCC failure in BRP specimen 165AB12, (a) as tested, (b) after
ultrasonic cleaning, (c) after three-point bending.



100 pm

Fig. 4-20. High-magnification composite of fracture surface of BRP specimen 
165AB12 located between vertical 1ines in Fig. 4-19c.
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(b) (c)

Fig. 4-21. Photos of SEW examination of inner-surface of BRP specimen 165AB12. 
(a) pits on inner surface after SCC testing, (b) X-ray spectra from point A 
showing the presence of iodine and iron, (c) X-ray spectra from point B showing 
only the Zirconium peak.
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Fig, 4-22. Photos of SEM examination of inner-surface oxide on BRP specimen 
165AB12. (a) oxide patch on inner surface after SCC testing, (b) X-ray spectra
of point A showing presence of iodine, (c) X-ray spectra of point B showing no 
iodine.
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BRP Medium Burnup

Only one failure, 165E4, from the BRP medium-burnup specimens was examined in the 

SEM. Specimen 165E4 came from a low-fission-gas-release rod. Specimens from the 

high-fission-gas-release rod, 165F, were not examined in the SEM because the 

failures did not occur in the pinhole mode, and these specimens had a high activity 

level that prevented handling in a glovebox. The failure in specimen 165E4 

i;3250C, 311 MPa (45.1 ksi), 11.2 ks (3.1 h), 598.0 ks (166.1 h) total test time] 

is shown in Fig. 4-23. In contrast to previous samples, this specimen showed no 

visible corrosion product on the inner surface, and the cleaned surface showed 

no evidence of chemical attack. The exposed fracture exhibited crack branching 

at ^200 ym from the inner surface and had a crack length-to-depth ratio of o,8.

At high magnification (Fig. 4-24), no chemical attack could be detected on the 

fracture surface. The fracture consists of predominantly cleavage-1ike planes with 

a small amount of fluting. The final failure mode in this specimen was ductile 

stress rupture.

BRP High Burnup

One specimen from the high-gas-release-rod 165T was examined in the SEM. The 

results of the SEM examination on specimen 165W8 (low gas release) have been 

reported previously (6). The failure from specimen 165T18A [325°C, 151 MPa (21.9 

ksi), 2.76 ks (7.7 h)] is shown in Fig. 4-25. The inner surface in the as-tested 

condition is covered by a large number of deposits, which obscure much of the failure. 

Note that in some areas the deposits have lifted from the surface. The ultra- 

sonically cleaned surface revealed a failure that is similar in appearance to other 

low-stress failures, i.e., a tight, single crack. The exposed fracture surface 

shows a large amount of chemical attack that continues to the outer surface.

Crack branching is not observed. At high magnification (Fig. 4-26), the fracture 

surface shows the 1arge extent of the chemical attack (chemical attack extends to 

the bottom of the middle composite). Cleavage-like fracture is observed in those 

areas that are free of chemical attack.

What apparently are Csl crystals were found on some areas along the crack and on 

the fracture surface. These octahedron-appearing crystals are shown in Fig. 4-27.

The presence of cesium and iodine, in approximately equal quantities, was deter­

mined by energy-dispersive X-ray analysis. The presence of these crystals on the 

fracture surface is evidence that the iodine inserted for the test reacted with 

fission-product cesium on the inner surface. This finding, however, is not neces­

sarily evidence that Csl was the corroding specie. Rather, it may simply indicate 

that the amount of iodine added was far in excess of that required to initiate clad­

ding attack.
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Figc 4-23„ SCC failure in BRP specimen 165E4„ (a) as tested, (b) after ultrasonic
cleaning, (c) after three-point bending,,
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Fig. 4-24. High-magnification composite of fracture surface in BRP specimen 165E4 
located between vertical lines in Fig. 4-23c.
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Fig0 4-25. SCC failure in BRP specimen 165T18A. (a) as tested, (b) after ultrasonic
cleaning, (c) after three-point bending.



—----------------- 1
50pm

Fig„ 4-26<, High-magnification composite of fracture surface in BRP specimen 165T18A 
located between vertical lines in Fig„ 4-25Co Chemical attack is observed to the 
bottom of the middle composite.
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Fig. 4-27. Crystals containing cesium and iodine located along and on crack surface 
in BRP specimen 165T18A.
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Section 5

DISCUSSION

CRACK INITIATION AND GROWTH

Several potential mechanisms can be postulated to affect SCC crack initiation

and growth. Crack initiation can be expected to be influenced by both the

chemical and physical state of the inner surface as well as the composition and

temperature of the environment. The tests and examination performed during the

program indicated that the condition of the surface oxide may be an important factor

in SCC susceptibility. The presence of a high-quality, thick, unbreached oxide

layer was found to provide a barrier to iodine attack, at least to moderate fluence 
21 2levels of M x 10 n/cm . Cladding specimens with this oxide exhibited a high 

threshold stress of ^280 MPa, which is in the range of the threshold stress for 

unirradiated stress-relieved cladding (13). It is also higher than what would be 

expected at that fluence based on the result for lower- and higher-fluence clad­

ding. Failure occurred only after the oxide had been mechanically breached. The 

absence of chemical degradation of the fracture surface would be indicative of 

very rapid crack growth following breaching of the oxide. However, when a similar 

oxide layer was overlaid with significant fission-product deposits, the threshold 

stress was only ^200 MPa. Metallographic examinations showed that the cracks were 

located in regions of thinned oxide layer or adjacent to cracks in the oxide.

(The latter was simply the result of mechanical loading at the same time the crack 

was initiated mechanically.) Therefore, it is concluded that a uniform, thick 

high-quality oxide layer can afford a degree of protection in the absence of 

significant fission-product deposits, i.e., at gas-release levels of less than 

However, the lifetime to which this protection would be in effect could not be 

evaluated. The high-burnup BRP cladding from the same manufacturer showed a much 

smaller difference in threshold stress between low- and high-gas-release rods than 

the medium-burnup claddings. The observed oxide layers on both the low- and high- 

gas-release high-burnup claddings were not of the same high quality as that on the 

medium-burnup cladding that exhibited the high threshold stress, and it is not known 

whether their preirradiation condition was the same as the medium-burnup cladding. 

Therefore, it cannot be concluded that a "good" oxide layer degrades with burnup 

in the absence of fission-product deposits. The siight, but significant, difference
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in threshold stress for the high-burnup cladding can then only be attributed to 

the presence of the fission-product deposits on an already "nonprotective" oxide 

1ayer.

The exact role played by these deposits of principally cesium and uranium in af­

fecting crack initiation in our tests, or in-reactor, is a matter of conjecture. 

Simple mechanical disruption of the oxide exposing the substrate is one possi­

bility, particularly at the edges of the deposits which are distinctly nodular. 

Another possibility is that the deposits are regions in which the local chemistry 

existing during irradiation was conducive to the formation of a minor defect, 

which then grew during our testing. As for the subsequent in-cell tests in which 

iodine was added, the iodine would be expected to react with the cesium-uranium 

deposits to form Csl, and indeed crystals containing cesium and iodine were found 

on a fracture surface. Because Csl has been shown not to cause SCC failure in 

Zircaloy (15), other surface reactions may have been operative to effect the 

enhanced cladding attack. The formation of CSgZrO^, from Cs^dO^, at the cladding 

surface might be one such reaction. In the absence of confirmatory thermodynamic 

and diffusion data, it would have to be assumed that the penetration of iodine 

through the cesium reaction products is favored over the penetration through ZrC^ 

in order for this mechanism to result in lower threshold stresses for cl adding 

having fission-product deposits.

Impurity inhoraogenieties in the cladding would also be sites for the initiation of

SCC cracking. Increased attack at sites of iron-rich precipitates has been observed

in unirradiated cladding (13). Analysis of pits that formed during our tests in­

dicated that these sites did indeed have an increased iron content. However, close

examination of the SCC failures was unable to confirm that the cracks initiated 

at such iron-rich sites. In the case of a QC specimen, the SCC failure formed 

directly opposite an inhomogeniety in the form of nodular oxide on the outer sur­

face. The oxide nodule may have acted as a stress intensifier and induced rapid 

crack initiation and propagation. The time to fai1ure of this specimen was in 

fact far less than that of other QC specimens tested at similar stresses.

Crack-growth characteristics as inferred from the appearance of the SCC fai1ures 

were related to the test stress level and time to failure. At stress levels of 

<241 MPa, the failures consisted of one long crack with a high degree of corrosion 

product along the crack. The Zircaloy substrate along the cracks exhibited a high 

degree of chemical attack. The chemical-attack portion of the fracture surfaces 

was extensive, fio evidence of crack branching was observed. At stresses o241 MPa,
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the SCC failures consisted of multiple cracks on the inner surface. The amount 

of chemical attack was less than that observed in specimens tested at lower stresses. 

The fractures exhibited- crack branching at 100-300 urn from the inner surface. The 

cleavage-like fracture sometimes ended before the breach reached the outer surface 

indicating that the final fracture occurred by ductile stress rupture. In either 

case, the brittle SCC fracture surface cannot be considered to be composed of true 

cleavage areas, since there are indications of localized ductility. The total 

amount of fluting observed on the fracture surface represents <_5% of the total area.

EFFECT OF FLUENCE

The interim report showed that specimens from low-gas-release rods receiving a 

burnup of >10 MWd/Kg U exhibited similar stress vs. time-to-failure curves and an 

average threshold stress of 177+18 MPa (6J. The SCC tests on the low-burnup BRP 

cladding can be added to these data to examine the effect of fluence over a larger 

range. The 24-h failure stress for cladding from low-gas-release rods is plotted 

as a function of fl uence in Fig. 5-1. Also shown for comparison is the 24-h fail ure 

stress of unirradiated 7AH11-H cladding that was tested at 590 K (17_). The 

general trend shown in Fig. 5-1 is a decreasing failure stress with increasing 

fluence ref!ected by an increasing yield strength. The same trend has also been 

described recently by Lunde and Videm (1_6). The exceptions to this trend are the 

medium-burnup BRP cladding and the HBR cladding. As described above, however, it 

is believed that the reason for the high failure stress of the medium-burnup BRP 

cladding is the presence of a high-quality oxide layer on the cladding inner surface 

that prevents iodine penetration to the substrate. The HBR cladding, which came 

from a PWR, was irradiated at a higher temperature than the other claddings and 

was tested at 360°C compared with 325°C for the other claddings. Therefore, the 

relatively high failure stress of the HBR cladding is believed to reflect the dif­

ferent irradiation and test conditions.

The primary effect of irradiation on the bulk properties of Zircaloy cladding from 

low-gas-release rods is to increase the strength and decrease the ductility (18).

The effect of irradiation on the cladding tensile strength is illustrated in Fig.

5-2, which compares the yield strength of 7AH11-7 (f7), low-burnup BRP, and QC 

cladding. Although the number of data points is limited, the trend of a higher 

yield stress with fluence is cl early evident. The results of Figs. 5-1 and 5-2 

can be combined to examine the relationship of the cladding yield stress and the 

24-h failure stress. As shown in Fig. 5-3, the limited data indicate that the SCC
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Fig. 5-1. Effect of fluence on the 24-h failure stress of irradiated Zircaloy cladding.
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failure stress decreases 1inearly with an increasing yield stress. Such a rela­

tionship between yield stress and stress-corrosion susceptibility is not unexpected, 

since similar relationships have been observed in other alloy systems (1_9). The 

effect of yield stress on stress-corrosion susceptibility is discussed more com­

pletely in the section describing the SCC model.

EFFECT OF TEMPERATURE

The tests of HER cladding at 276 and 414 MPa (40 and 60 ksi) show a decrease in 

the time to failure by a factor of 20 and 8, respectively, when the test tempera­

ture is increased from 325 to 360°C. A similar effect of temperature has been 

reported in other experiments with unirradiated cladding (14,18). In one case, 

the temperature effect was attributed to the variation in tensile properties with 

temperature; in the other case, the effect was attributed to a thermally activated 

process, such as the rate at which iodine chemically reacts with the Zircaloy.

As shown in the previous section, a change in yield strength, due to a temperature 

change, may inf!uence the SCC susceptibility (1_8). Therefore, both the changes 

in tensile properties and chemical reaction rates with temperature are likely to 

influence the SCC susceptibi1ity. The effect of temperature on chemical reaction 

rates is discussed in more detail in the section on the SCC model, where the HER 

data are used to ascertain activation energies and rate constants for crack growth.

Cumulative Damage

The results of the cumulative-damage tests are compared in Table 5-1 with the 

predictions for 1 inear damage accumulation (IDA) and for the SCC model. The 

predictions for IDA have been made assuming

where t, is the hold time at the initial stress level a-,, t„ is the time to fail-

ure at o., t0 is the time held at the second stress level cr0, and tf is the 
12 ^ 2

time to failure at a^. The method used for evaluating the time to failure with 

the SCC model is described later.

The comparison of the results and predictions indicates that, except for tests in 

which is low (<240 MPa), both sets of calculations reasonably approximate the 

times to failure. In most cases, the IDA calculations are closer to the experimen-
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Table 5-1

COMPARISON OF-CUMULATIVE DAMAGE RESULTS AND TIME-TO-FAILURE PREDICTIONS

°1 tl
a„ Total tf tf

Specimen Cladding L Aa* Time LDA** SCC Model
Number Type MPa (ksi) s MPa (ksi) MPa s s s

190D2-7 QC 274 (39.8) 3.43x103 412 09.7) 4.08x102 +138 3.84xl03 4.72xl03 4.32xlOS

igou^-o QC 418 (60.4) 1.15xl03 279 (40.4) 3.59x1O3 -139 4.74xl0S 5.07xl03 9.00xl03

165U-6 BRP 486 (70.6) 7.20x102 278 (40.3) 2.71xl03 -208 3.43xl03 3.86xl03 5.04xl03

165U-13 BRP 480 (69.7) 7.50x102 279 (40.5) 3.20X103 -201 3.95xl03 3.78xl03 5.04xl0S

165U-12 BRP 449 (65.2) 9.6x102 242 (35.1) 3.91xl03 -207 4.87x103 4.83xl0S 7.56xlOS

165V-4 BRP 381 (55.2) C
T!

C
C X o C

O

246 (35.6) 3.10xl03 -135 4.78xlOS 4.75xl0S 7.20xl03

165V-6 BRP 189 £7.4) 3.42xl03 298 (43.1) 3.15xl03 +109 6.57xl03 7.44xl03 9.36xl03

165T-4 BRP 275 09.9) 2.70x103 152 02.0) 6.18xl03 -123 8.88xl03 1.85x10^ 5.67xl04

165T-8 BRP 275 09.9) 2.70x103 179 06.0) 1.31xl03 -96 4.01xl03 1.04xl04 1.64xl04

*Aa = -

** EDA = Linear Damage Accumulation



tal results than the SCC calculations. At low final stresses, both sets of cal­

culations predict much longer times to failure than are observed experimentally. 

However, the low-stress portion of the time-to-failure curve is close to horizontal, 

so that a small difference in the assumed position of the curve will lead to large 

differences in the predicted failure times. Therefore, the large differences 

between the results and calculations may reflect a lack of sufficient knowledge 

of the exact form of the low-stress portion of the curve.

The cumulative-damage results are in conflict with tests performed on unirradiated 

cladding where nonlinear damage accumulation is observed (14). The reasons for 

the apparent conflict will require further experimentation to resolve. More 

accurate cumulative-damage measurements will require a more precise stress vs. 

time-to-failure base curve. Because of the potential influence of inner-surface 

conditions on the time to failure and the variation of those conditions from rod 

to rod, each rod should be thoroughly characterized, and specimens from a single 

rod should be used for both the tests establishing the base curve and the cumula­

tive-damage tests.

MODEL FOR SCC BEHAVIOR

A semiempirical model for the SCC of Zircaloy cladding was developed based on the 

experimental results of this program. The following paragraphs update the model 

from its original presentation in the interim report (6) with data that have 

since been generated.

Temperature Effects

The influence of temperature has been shown experimentally for the HBR cladding. 

Decreasing the test temperature from 360 to 325°C increased the time-to-failure by 

factors of 8 and 25. These data have been used to revise the parameters of the 

original model. The total time to failure, tf, for an SCC pressurization test is 

given by

W(Og-oT \

B (5-2)
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where is the threshold stress intensity for cleavage and fluting,

is tiie cl addi ng burst strength, w is the cladding wall thickness, y is a 

geometric factor ^2, a is the applied stress, and Aq, B, and C are coefficients 

determined from the test data on irradiated cladding. The first term of Eq. 5-2 

represents the time required to chemically grow a crack to a critical length where 

cleavage and fluting begins; the second term represents the time required to propa­

gate a crack by cleavage and fluting to failure. The coefficient B is assumed to 

be constant for all cladding and test parameters; AQ and C have been assumed to obey 

an Arrhenius temperature dependence given by

Aq = A-| exp(-AH^/RT); C - C-j expC-Ab^/RT). (5-3)

The threshold stress intensity is assumed to decrease linearly with cladding 

yield strength.

K =: \( 
KISCC Ko Kl°ys (5-4)

The revised coefficients used in Eq. 5-2 are 1isted in Table 5-2.

The effect of temperature can be related to the rate of crack growth due to 

chemical attack and cleavage and fl uting through the parameters Aq, B, and C.

The rate of crack growth, a, due to chemical attack is assumed to be

a = A0 exp(-a/B). (5-5)

From Table 5-2, the initial rate of crack growth is calculated to be 0.64 um/s 

at 360°C and 0.067 vim/s at 325°C. The rate of crack growth is predicted to 

decrease by a factor of 1/e every 36.5 vim. The crack growth rate due to cleavage 

and fluting is assumed to be

a = K^/C (5-6)

1/2For a stress intensity on the order of 10 MPa • m , the crack growth rate is 

predicted to be 1.3 pm/s at 360°C and 0.26 pm/s at 325°C. The difference in the 

rates of crack growth for chemical attack and for cleavage and fluting indicates 

that most of the total time to failure is spent growing the crack by chemical 

attack and a relatively short period of time is spent propagating the crack by 

cleavage and fluting.
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Table 5-2

SCC MODEL PARAMETERS

Parameter Value

4.14 x 1010 m/s 

49 kcal/mole 

36.5 liTn

1.18 x 10"5 m -s'^MPa-4 

35 kcal/mole 

25.1 MPa-m1/2 

0.032 m1/2
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Effect of Yield Strength on Time to Failure

As shown in Eq. 5-4, a linear relationship has been assumed to exist between 

and the cladding yield stress. The tensile tests conducted in the program make it 

possible to test this hypothesis. At long times to failure (>10 h), the time to 

chemically grow a crack to a critical length where cleavage and fluting begins is 

predicted to take the great majority of the total time to failure, i.e.,

tfZjT exP
o

For a constant time to failure, say 24 h, Eq. 5-6 can be reduced to 

Kjscc “ 0 (24-h failure stress)

fK ISCC
2 2 /y B

(5-7)

or (5-8)

K0 - K-|ayS cc a (24-h failure stress)

The SCC model thus predicts that a linear relationship should exist between the 

cladding yield stress and the stress required to produce an SCC failure in 24 h.

The 24-h failure stress and the tensile yield stress is compared in Fig. 5-3 for 

the QC and BRP-low-burnup cladding tested at 325°C and for unirradiated 7AH11-H 

cladding tested at 320°C (17). The relationship between the 24-h failure stress 

and the tensile yield stress is approximately linear, which means that the SCC model 

is self-consistent. Other factors, notably the inner-surface condition, may influ­

ence the SCC susceptibility. However, the irradiated claddings compared in Fig.

5-3 had both relatively clean inner surfaces and a thin or nonuniform oxide layer. 

Therefore, the differences in the mechanical properties are believed responsible 

for the different susceptibilities to iodine SCC. The impact of the inner-surface 

condition on SCC has been discussed previously.

Time-dependent Parameters

The SCC model has been modified to calculate the crack growth and time to failure 

for time-dependent input parameters. The model has already incorporated the ef­

fects of temperature and stress, but not the effects of iodine concentration. The
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effect of iodine concentration on time to failure has been evaluated by Kreyns

et al. (20) and Peehs et al • (21_) and was determined to be an inverse relationship.

This inverse relationship has been assumed for both the coefficients A and C up to
2 2 0a saturation level of 0.5 mg/cm . This value of 0.5 mg/cm was chosen, somewhat

2
arbitrarily, as the saturation level, because it is near the 0.6-mg/cm iodine con­

centration used for this investigation and is considerably above the value of 0.06
O

nig/cm that has been shown to result in greatly increased time to failure in unir­

radiated cladding (13).

The crack length increase is evaluated for short time increments, where the change 

in test parameters is small, using the relationships

= Aq exp( -a/B) (5-9)

when a < a , and c

Aa _
At " C (5-10)

when ac < a < a^. The parameters ac and a^ represent the crack lengths where 

cleavage fracture begins and where cladding failure occurs by stress rupture, 

respectively. They are given by

ISCC
2 2

c y
(5-11)

and

w(On - a)

As an illustration, the crack growth in unirradiated and irradiated cladding has 

been modeled for a hypothetical power ramp (Fig. 5-4). In this power ramp, the 

cladding temperature, hoop stress, and iodine concentration are allowed to in­

crease with time up to 0.6 h. The crack growth has been calculated using the 

above relationships with the additional assumption that iodine attack of the
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Fig. 5-4. Change in variables with time for a hypothetical power ramp.
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cladding cannot occur until the inner-surface oxide has cracked. The stress level 

chosen as that necessary for oxide cracking is 135 MPa. The results of crack- 

growth calculations for unirradiated cladding (ays = 483 MPa, = 550 Mpa) and 

irradiated cladding (o^s = 620 MPa, = 690 MPa) are shown in Figs. 5-5 and 5-6, 

respectively. For the unirradiated cladding, crack growth by chemical attack begins 

at 0.2 h and continues during the ramp. However, the crack length never reaches 

the critical length, ac, for the initiation of cleavage and fluting. In the ir­

radiated cladding, chemical attack occurs in the same way, but the critical length, 

ac, is reached after 'M3.48 h. Failure occurs shortly thereafter because of the 

rapid crack growth by cleavage and fluting. About 85% of the time to failure for 

this illustration is spent chemically growing a crack to <10-% of the cladding 

thickness. The predictions of the cumulative-damage tests shown in Table 5-1 have 

been calculated with these techniques.

5-15



C
R
A
C
K
 LE

N
G

TH
 (m

m
)

Fig0 5-5. Change in crack length in unirradiated Zircaloy cladding for the power- 
ramp conditions illustrated in Fig. 5-4. Also shown are the critical crack lengths 
where cleavage and fluting begin (ac) and where failure occurs by stress rupture (a^).
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Fig. 5-6„ Change in crack length, a, in irradiated cladding for the power 
ramp conditions illustrated in Fig. 5-2. Also shown are the critical crack 
lengths, where cleavage and fluting begin (ac) and where failure occurs by 
stress rupture (a-f).
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Section 6

CONCLUSIONS

Several conclusions can be drawn from the work performed on irradiated Zircaloys.

1. Irradiation, in general, increases the susceptibility of Zircaloy to 
iodine SCC." For cladding from low-gas-release rods with burnups 
>_10 flWd/kg IJ, the 24-h fai lure stress is ^171+18 MPa (24.8+2.6 ksi) 
at 325°C, regardless of the preirradiation metallurgical condition.

2. Both temperature and fluence can have significant effects on the time to 
failure. Increasing the temperature from 325 to 360°C reduces the time 
to failure by a factor of 8 to 25. The effect of fluence on SCC appears 
to be related to the change in mechanical properties with irradiation.

3. A uniformly thick zirconium oxide layer can reduce the susceptibility of 
irradiated cladding to SCC in the absence of extensive fission-product 
deposits.

4. SCC susceptibility can be related to fission-gas release and the quantity 
of fission products on the cladding surface. For medium-burnup BRP
(^8 MWd/kg II) cladding, the fission products appear to break down the 
protective oxide layer on the inner surface. For high-burnup BRP cladding 
(24 MWd/kg U), the exact nature of the fission-product-cladding inter­
action is unknown.

5. SCC failures usually occur at very low strains. In many cases, there was 
no observable posttest strain.

6. For the test conditions used, SCC crack initiation was not difficult, and 
multiple crack sites were always found around the circumference of the 
cladding.

7. The appearance of SCC failures can be related to the test stress. At 
stress <^250 MPa, the failures consisted of a single crack which did 
not exhibit crack branching. Chemical attack of the inner surface and 
fracture surface was extensive. At stresses >^270 MPa, the failures 
consist of multiple cracks, which exhibited crack branching 100-300 ym 
from the inner surface.

8. Limited data suggest a correlation between postirradiation tensile yield 
strength and the threshold stress for SCC failure, with the higher the 
yield strength the 1ower the threshold stress.

9. Limited cumulative-damage data show that irradiated Zircaloy exhibits a
1 inear cumulative-damage behavior at 325°C in stress decrement tests when 
-Aa is large. This is in contrast to the nonlinear cumulative-damage be­
havior reported for unirradiated Zircaloy.
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