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Iodine stress corrosion cracking of Zircaloy-2 cladding under static tensile stress 

has been studied over the temperature range of 250~450dc. The lowest iodine concen-

tration required to cause cracking was 0.15 mg iodine per cm3 free volume in test ampoule 

at 300dc, and 1.1 mg/cm3 at 350dc. The minimum circumferential plastic strain to cause 

failure was about 0.4% for specimen tubes possessing high cracking susceptibility. Softer 

tubes tolerate more circumferential deformation before they failed. This is attributed to 

greater margin retained for work hardening, rather than to smaller residual tensile hoop 
stress. Cracking was also inhibited by the presence of oxygen in the iodine atmosphere, 

the threshold partial pressures being 28 torr at 300dc and 9 torr at 350dc. Scanning 

electron micrographs of the fractured surfaces revealed brittle transgranular fracture 

carrying river patterns on part of the cleavage facets.
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I. INTRODUCTION

The susceptibility of Zircaloy to iodine 

stress-corrosion cracking (SCC) has been es-

tablished through out-of-pile experiments by 

many investigators(1)~(12), whose results, how-

ever, are not all consistent in respect of 

critical iodine concentration, critical stress 

and strain, as well as regarding metallurgical 

factors such as cold work and residual stress. 

The discrepancies can be attributed to differ-

ences in the process used in producing the 

Zircaloy and in the method of experiment. 

Iodine SCC was first reported by Rosenbaum 

et al.(1), who used a test method wherein 

Zircaloy-2 tubes were stressed at 350dc in 

tension by differential thermal expansion of 

internally fitted mandrels, and observed that 

the simultaneous presence of iodine vapor 

and stress was necessary for cracking to 

occur. Garlick & Wolfenden(2) have studied 

the effects brought upon the cracking sus-

ceptibility of Zircaloy tubes by changes in 

the iodine concentration, and in the test 

temperature between 250 and 510dc. They 

further observed that cold-drawn tube was 

more susceptible to failure than tube-reduced 

cladding, and speculated that the difference 

in behavior is associated with differences in 

the specimen texture ascribable to the tube 

manufacturing processes. Wood(3) has studied 

the SCC susceptibility of many zirconium 

alloys in their relation to test temperature, 

iodine concentration, texture, cold work and 

residual stress, using a test method that 

utilized split ring specimens, which were 

wedged open by various amounts according 

to the stress, at various levels up to the yield 

stress. It was observed that differences in 

the crystallographic texture little influenced 

the SCC characteristics, and that a more 

significant role was played by residual stress
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than by cold work. The same author has 

also conducted experiments on irradiated 

zirconium alloys(4), from which he obtained 

a critical fluence of 2x 1020 n/cm2 (E>1 MeV), 

above which zirconium alloys became sus-

ceptible to cracking. All of the experiments 

described above were carried out under static 

tensile stress. 

An internally pressurized tube was employ-

ed in the studies undertaken by Garlick(5), 

Weinberg(6), Bushby et al.(7) and Videm & 

Lunde(8). All of them reported the existence 

of a threshold stress for cracking that was 

lower for tubes heat-treated at higher tem-

peratures, and also that the softer tubes 
tolerate more circumferential deformation 

before they failed. Garlick(5) observed this 

threshold stress to be a few percent higher 

than the 0.2% proof stress of the tubes ; it 

was found to be lower than this proof stress 

by Videm & Lunde(8), in the case of cold-

worked tubes, though higher when heat-

treated at high temperature, while according 

to Weinberg(6) and Bushby et al.(7), who per-

formed long-duration experiments (>1,000 hr), 

even the last-mentioned heat treatment failed 

to raise the threshold above the 0.2% proof 

stress.

Shaaf(9) has found that, when either the 

initial amount of iodine or the temperature 

was increased, very local stressing of Zircaloy-

2 sheet tended to lower the force necessary 

to cause cracking to penetrate the whole 

sheet thickness. Wood et al.(10) have examined 

the relation between the strain rate and the 

progress of strain to failure in a range of 

225~550dc, using apparatus that simulated 

localized stresses and strains. More recently, 

Tomalin(11) and Lee & Adamson(12) performed 

uniaxial tensile tests on Zircaloy-2 which had 

been irradiated to fluences above 1021 n/cm2 

(E>1 MeV) at temperatures of 327 and 343dc. 
The iodine partial pressure used in their ex-

periments was 0.3 torr. Tomalin(11) reported 
that iodine atmosphere reduced the strain at 

maximum load to near the 1% plastic strain, 

regardless of prior heat treatment. A similar 

reduction was also found by Lee & Adamson 
(12)

, who observed that the cracks initiated in 

regions of high local strain caused by slip

step.

In the present study, iodine SCC of Zircaloy-

2 cladding tubes has been studied under static 

tensile stress over a range of 250~450dc, 

with a view to determining the temperature 

dependence of the critical iodine concentration 

and critical plastic strain, the relationship to 

SCC susceptibility shown by the mechanical 

strength of the tubes, and by the presence of 

oxygen in the iodine atmosphere.

II. EXPERIMENTAL

1. Material

Tubes 20 mm long were prepared by cut-

ting drawn Zircaloy-2 tubing of 14.70 mm 

inside diameter and 0.86 mm wall thickness, 

which had been reduced by about 54% in 

area in the final pass and then annealed at 

various temperatures in vacuum (<10-2 torr) 

for 2 hr. The zirconium material was alloyed 

with 1.63 Sn, 0.15 Fe, 0.11 Cr and 0.05 Ni in 

weight percentage, and contained as inter-

stitial impurities 1,360 O, 13 H, 20 N and 

130 C in terms of parts per million. The 

tensile properties of the tubes at room tem-

perature and at 343dc are given in Fig. 1.

Fi g. 1 Annealing characteristics 

of cold-worked Zircaloy-2

It is seen from this figure that tubes annealed 

at temperatures above 500dc have high 

ductility. Correlation with hardness has been 

established for several mechanical properties, 

such as elastic modulus, ultimate tensile stress
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and yield stress(13). Thus , the dependence on 

Vicker's hardness number Hv shown by the 

ultimate tensile stress asUTS and the 0 .2% 

proof stress s0.2 at room temperature, as 

revealed in Fig. 2, provided the basis for 

deriving the expressions

Hv=3.0 sUTS, (1)

Hv=2.2 s0.2+80. (2)

Fig. 2 Vicker's hardness number 

vs. sUTS and s0.2

The Vicker's hardness measurements were 

carried out under 1 kg load for 30 sec dura-

tion. Equation (1) accords with the relation 

proved theoretically by Tabor(13) to be ap-

proximately valid in metals possessing a 

work hardening coefficient below 0.2. This 

coefficient has been reported to be around 

0.1 for unirradiated Zircaloy-2(14)(15). This 

makes it possible to estimate the tensile pro-

perties of very small specimens by measuring 

their Vicker's hardness number.

2. Experimental Procedure

Stress corrosion cracking tests were car-

ried out in the same manner as described by 

Rosenbaum et al.(1) and Garlick & Wolfenden
(2). Mandrels were machined to provide an 

interference fit of 0 to 10 mm, which were then 

cooled in liquid nitrogen to allow free inser-

tion into the tube. The higher stress levels 

were obtained by force-fitting the mandrel 

into the tube before heating. Various mandrel 

materials, such as aluminum alloy (A2017), 

brass and stainless steel (SUS304), were used 

in this study, on account of their large

thermal expansion and their small affinity 

with iodine vapor(2). The mandrel method 

possesses the advantages of simplicity and 

good approximation of the pellet-cladding 

mechanical interaction taking place at high 

reactor power. The disadvantage, on the 

other hand, is the uncertainty of the value 

of stress generated in the tube(16).

The specimens prepared in this manner 

were sealed along with known amounts of 

iodine in a glass capsule previously evacu-

ated. Before loading, the capsules were 

cleaned by chromic-sulflic acid mixture and 

throughly dried. The sealed capsules were 

then placed in an electric furnace and heated 

up. The specimen temperature was measured 

with chromel-alumel thermocouple and con-

trolled to +-2dc. The experiments lasted 8 hr, 

at most. To determine the occurrence of 

fracture, the specimen was inspected visually 

through the glass ampoule wall at intervals 

of 0.3~0.4 hr during the first hour of the test, 

and thereafter at increasingly longer intervals. 

Specimens remaining visually sound through-

out a run were further examined by low 

power microscopy for surface cracks.

III. RESULTS AND DISCUSSION

1. Critical Iodine Concentration

The dependence on iodine concentration 

shown by SCC susceptibility at 300dc is 

presented in Table 1(a), and that at 350dc in 
Tables 1(b) and (c). The specimen was cold-

worked tube and the mandrel aluminum. 

Plastic strains of 0.37 and 0.49% were im-

parted to the tubes at 300 and 350dc, respec-

tively. In the runs given in Tables 1(a) and 

(b), the ampoule possessed a free volume of 

34 cm3, and the specimen tube a total surface 

area of 15 cm2. The corresponding value:, 

relevant to Table 1(c) are 7 cm3 and 20 cm2. 

From the data of Tables 1(a)~(c), more 

consistent values of critical concentration 

would appear to be obtained in terms of 

mg/cm3 free volume than in mg/cm2 specimen 

surface (0.15 mg/cm3 at 300dc and 1.1 mg/cm3 at 

350dc). 

As mandrels can absorb a small portion 

of the iodine, the critical concentrations given
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Table 1(a)~(c) Results of iodine SCC tests summarized in Table 2. From this table, it 

is seen that the critical iodine concentrations 

fall in the range between 0.1 and 1 mg/cm'3

at temperatures of 300~360dc, and for runs 

shorter than 100 hr. The scattering seen in 

these data can be attributed to differences 

in the specimen material and the methods 

used to produce the stress.

2. Critical Circumferential 

Plastic Strain

in Tables 1(a)~(c) tend to be somewhat 

overestimated. A comparison between the 

present work and other published data is

The minimum circumferential strain re-

quired to cause cracking in iodine vapor was 

determined by using mandrels providing dif-

ferent clearances between mandrel and tube. 

The tubes in this test were cold-worked, and 

iodine was added in amounts to bring about 

3~10 times the critical concentrations. 

In Fig. 3, are shown the correlations ob-

tained between the circumferential plastic 

strain ‡™Dp and the test temperature. Since 

the value of ‡™Dp cannot be correctly deter-

mined with failed tube, such runs were 

repeated under identical conditions but with-

out iodine, to prevent tube failure and permit 

JD, measurement. Figure 3 reveals that 

iodine SCC occurs at plastic strains above 

0.37% at 300dc and above 0.42% at 350dc. 

These values are in good agreement with 

Garlick & Wolfenden's results(2), which were 

about 0.4% plastic strain at 340dc. 

A comparison between the present work 

and other published data is presented in 

Table 3 in terms of minimum plastic strain 

to failure of tubes possessing high SCC sus-

ceptibility. Except for Wood's result(3), the 

values of minimum plastic strain all fall

Table 2 Critical iodine concentration to cause stress-corrosion cracking
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Fig. 3 Critical circumferential plastic 

strain vs. test temperature

within a narrow range of 0.3~0.7% despite 

the differences in test method and material. 

The mechanism for crack initiation has been 

explained as the generation of small cracks 

affecting the oxide film covering the tube 

surfaces(17), and hence the plastic strains 

generated may correspond to the fracture 

strain of the oxide film. Lee & Adamson(12) 

have considered that crack nucleation under 

iodine atmosphere occurred when the local 

strain became sufficiently large to break the 

oxide film. This surmise requires further 

examination in detail, the fracture strain 

of the oxide film not having measured this 

time.

Table 3 Minimum plastic strain to failure

3. Heat Treatment Effect

Figure 4 presents the effect brought by 

differences in heat treatment of the specimen 

tubes on the circumferential strains to failure 

at 350dc. The concentrations of iodine sealed 

in the ampoule were in the range of 2.9~5.3 

mg/cm3. Circumferential plastic strains above 

1% were obtained by force-fitting the alumi-

num mandrels into the tubes before testing. 

When annealed at temperatures below 480dc, 

cracking was seen at 0.4% plastic strain, 

while the tubes only cracked above 2% when 

annealed at 520dc, and when at 560dc, no 

iodine SCC was seen even at 13%. The fact

that the softer tubes tolerated higher circum-

ferential deformation, agrees with the data 

obtained from experiments with internal 

pressurization(5)~(8).

The following two causes can be consid-

ered for the higher SCC strains to failure 

observed with tubes annealed at higher tem-

perature: 

(1) The greater ductility imparted by the 

heat treatment (cf. Fig. 1). Granted that 

SCC occurs only when work hardening 

raises the mechanical strength above a 

certain value, softer tubes will be less 

liable to crack.
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Fig. 4 Relation between heat treatment 

and circumferential strain to 

failure at 350dc

(2) Smaller residual tensile stress subsist-

ing on the surface of tubes annealed at 

higher temperature : Residual tensile 

stresses should promote cracking, and 

Wood(3)(4) has reported that in zirconium 

alloys, its role is even more important 

than cold work. On the other hand, 

Garlick(5) has contended that residual 

stress has little influence on iodine SCC.

above 203 kg/mm2. In these tubes, the ulti-

mate tensile stress sUTS=68 kg/mm2, and the 

0.2% proof stress s0 .2=56 kg/mm2 at room 
temperature, as derived with Eqs. (1) and 

(2). This would indicate that susceptibility 

to iodine SCC is generated only in tubes 

subjected to a certain amount of work hard-

ening. 

Figure 6 reveals how the residual tensile 

hoop stress sr affecting the outside surfaces 

of tubes is influenced by changing the anneal-

ing temperature, which was held for 2 hr.

Vicker's hardness numbers, measured after 

the experiments, are shown in Fig. 5. It is 

seen that cracking is observed only with 

tubes registering Vicker's hardness numbers

Fig. 5 Effect of work hardening on 

Vicker's hardness number 

of annealed specimen

Fig. 6 Annealing behavior of residual 

tensile hoop stress

The value of a, was calculated by means of 

the formula

(3)

where E is the elastic modulus, u Poisson's 

ratio, t the tube wall thickness, ‡™D the dif-

ference between diameters before and after 

longitudinal fracture of the tubes, and Dm 

the average between the two diameters. This 

formula assumes maximum values of stress 

at the inside and outside surfaces of the 

tubes, with linear variation in between. An 

increase in diameter indicates the existence 

of residual tensile stress on the outside sur-

face of tubes. 

Despite the almost ten-fold reduction in 

residual tensile stress obtained by annealing 

at 480dc, the strain to failure is much the 

same as cold-worked tubes (Fig. 4), which, 

for the reason given below, would indicate
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that work hardening is more important than 

 residual tensile stress for causing iodine SCC 

in Zircaloy-2. The present result does not 

accord with the finding of report of Wood 
(3)(4)

, cited earlier, that the residual tensile 

stress on the inside surfaces of cold-drawn 

Zircaloy-2 tubes can be more important than 

cold work in determining their susceptibility 

to cracking. This discrepancy in results could 

possibly be ascribed to differences in the 

methods of testing and in the material them-

selves. 

In the present study, cracking initiated on 

the outside surface, as it will be described in 

Sec.III-5, and moreover, the cracks were 

located in the plastic strain region of the 

tubes. Here, the tensile stresses exerted at 

the outside surfaces were roughly equal be-

tween cold-worked and 480dc annealed tubes, 

which, it is recalled, showed much the same 

SCC susceptibility despite the large difference 

in the residual stress. In Wood's experiment, 

on the other hand, the cracks initiated on 

the inside surfaces and were located in the 

elastic strain region, where the tensile stress 

exerted at inside surface would vary with 

the residual tensile stress, which could be 

the reason why the SCC susceptibility de-

pended on the residual tensile stress.

4. Oxygen Partial Pressure

Oxide film formed on Zircaloy surface 

plays a protective role against many corro-

dants. The protective characteristics of the 

oxide film against iodine vapor have been 

confirmed by Rosenbaum et al.(1) If the sur-

face of tubes stressed in tension stays covered 

by the oxide film, cracking will not occur. 

To confirm this, a side experiment was per-

formed, in which, along with the iodine, pure 

oxygen was sealed in the ampoule in quanti-

ties amounting to 3~10 times the critical 

concentration. The specimens used were 

cold-worked material. 

Figure 7 presents the effect on time to 

failure brought by varying the partial pres-

sure of the oxygen sealed in the ampoule 

from nearly zero to 280 torr at 300 and 

350dc. All of the failed specimens have

registered a time to failure shorter than 0.4 

hr. Within 8 hr, purple iodine vapor was 

observed in capsules which contained no 

failed specimens. This suggests that the 

Zircaloy-2 did not react with iodine vapor 

in these runs. From Fig. 7, it is indicated 

that no cracking occurs when the iodine 

atmosphere contains oxygen above 28 torr 

partial pressure at 300d, and above 9 torr at 

350dc.

Fig.7 Relation between oxygen partial 

pressure and time to failure

The oxide films covering the Zircaloy-2 

at these threshold oxygen partial pressures 

(28 and 9 torr) had thickness of 0.61 and 0.20 

pm(18), respectively. The marked difference 
in threshold oxygen partial pressure seen 

between 300 and 350dc, would make it difficult 

to image that there exists any clearcut cor-

relation between the oxide film thickness and 

SCC susceptibility. The rate-determining 

process of the initial oxidation of zirconium 

at low oxygen pressure would be the ab-

sorption of oxygen gas on the metal surface. 

the reaction rate being proportional to the 

oxygen partial pressure(19)(20). Nagasaka et 

al.(20) have obtained an absorption activation 

energy of 9.5 kcal/mol in the temperature 

range of 550~700dc. If the rate of absorp-

tion required to prevent cracking is assumed 

to be the same at 300 and 350dc, the corre-

sponding activation energy from the present 

experiment would be 14.6 kcal/mol, as calcu-

lated from the ratio of oxygen partial pres-

sures at 300 and 350dc. 

Cox(17) has reported that incipient cracking 

takes place where there is a break in the 

oxide film. Wood(4) has observed that zir-

conium alloys became less susceptible to
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cracking when the atmosphere contained a 

certain amount of moisture along with iodine, 

and interpreted this to be the effect of 

hydrogen dissolved in the Zircaloy. Videm 

& Lunde(8) have indicated that moisture was 

not effective in causing cracking, but failed 

to provide any quantitative consideration of 

their finding. Since moisture similarly oxid-

ized Zircaloy, it may be expected to produce 

an effect similar to oxygen gas in respect of

iodine SCC.

5. Cracking and Fracture Observation

Cracking in cold-worked and 480dc an-

nealed tube specimens took the forms shown 

in Photos. 1(a) and (b). While most of the 

failed tubes had cracked at only one position, 

some others were broken at two points. The 

wider gap seen in the cold-worked specimen 

evidences residual stress.

Photo. 1(a) Cracking in cold-worked tube

As seen in Photo. 2, the cracks that did 

not completely traverse the specimen thick-

ness had generally initiated on the outer sur-

face, which was directly exposed to iodine 

corrosion. This behavior, however, does not 

agree with the report by Garlick & Wolfenden 
(2)

, who observed cracks initiating mainly 

from the inner surface.

Photo. 1(b) Cracking in annealed 

(480dc, 2 hr) tube

shown in Photos. 3(a) and (b), which repre-

sent experimental conditions of PO2~0 and 

PO2~4 torr, respectively. Transgranular cleav-

age facets of flat form, of area approximately 

equal to the cross section of one grain, are 

observed in Photo. 3(a), which also reveals 

typical simple river patterns. No evidence 

is seen of the dimpled structures, which are 

known to be associated with micro-void 

coalescence in ductile failure. The relatively 

oxygen-rich atmosphere represented in Photo. 

3(b) is seen to have generated numerous 

cracks on the oxide film, while on the other 

hand, the fracture surface oxidation has pre-

vented occurrence of the cleavage facets that 

characterized Photo. 3(a).

IV. CONCLUSION

Photo. 2 Face view of unpenetrated 

crack on specimen

Scanning electron micrographs of the 

fracture surfaces of cold-worked tube are

(1) The unit of critical iodine concentra-

tion is more appropriately expressed in 

concentration per unit free volume than 

per unit surface area of the material. 

The critical concentrations required to 

cause the cracking are 0.15 mg/cm3 at 

300dc and 1.1 mg/cm3 at 350dc. 

(2) Cracking was observed to occur only
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(a)PO2 ?? =0 (b)PO2 ?? 4 torr

Photo.3 Scanning electron micrographs of surtace 

of fracture generated in iodine vapor

the region of plastic strain in the spec 

imen. The critical circumferential plastic 

strains are 0.37 and 0.42% at 300 anc 

350dc, respectively. The softer tubes tol 

erated more circumferential deformatior 

before they failed. This is attributed tc 

work hardening, rather than to residua 

tensile stress. 

(3) No iodine SCC was observed in iodine 
atmosphere containing oxygen partia 

pressure above 28 torr at 300dc and C. 
torr at 350dc. 

(4) Brittle transgranular fractures carry. 

ing typical river patterns on part of the 

cleavage facets were observed on scan-

ning electron micrographs of fracture 

surfaces.
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