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ABSTRACT 

This paper presents a quantitative formulation to predict the neutron irradiation dependence of the threshold stress intensity 
factor (K~scc) for stress corrosion cracking (SCC) of type 304 stainless steels in high temperature water. The neutron irradiation 
dependence of Kiscc is described by incorporating irradiation effects of material into Smith's theoretical model of K~scc. In 
terms of the yield stress, Young's modulus and the process' zone size, the neutron irradiation dependence is taken into 
consideration, respectively. According to the analysis results, the decreasing trend in K~scc can be predicted with neutron fluence 
and the effect of neutron flux on Kiscc is much smaller than expected. Compared to studies with Kiscc=9MPa~m or 15MPa~/m 
for unirradiated type 304 stainless steels in high temperature water, K~scc approaches nearly the same 6MPa~/m at the neutron 
fluence of lx1026(n/mZ). 

INTRODUCTION 

Austenitic stainless steels are commonly used in core structural components of light water reactors (LWRs). Lifetime 
prediction of components subjected to neutron irradiation exposure[ 1 ] is of great importance if integrity of component materials 
is to be kept. In the case of life evaluation of structural materials regarding irradiation-assisted stress corrosion cracking 
(IASCC) of stainless steels[2], it is of significance to predict IASCC initiation and propagation behavior[3]. 

Since IASCC propagates at stress intensity factors higher than the stress intensity threshold, Kiscc, i.e. the critical stress 
intensity required for the onset of IASCC, the value of K~scc during irradiation is crucial to developing an analytical 
methodology of IASCC in reactor core internals[4]. The critical combinations of applied stress level and defect size below 
which stress corrosion cracking should not occur can be established if K~scc is known. Then, this information can be used to 
determine limiting design stresses and nondestructive inspection criteria[5]. 

ANALYTICAL PROCEDURE 

In order to predict how the threshold stress intensity factor, K~scc for IASCC varies with neutron irradiation, a quantitatively 
analytical method is developed by incorporating neutron irradiation effects for material properties into Smith's theoretical 
model of Kiscc[6]. The neutron irradiation dependence is taken into account in terms of the yield stress, Young's modulus and 
the process zone size. 

Smith's Theoretical Model [6]- [8] 
Smith has developed a theoretical model of Kiscc based on an analytical procedure using a critical stress intensity required 

for the onset of stress corrosion cracking. Smith presented the threshold stress intensity factor, K iscc, in terms of a crack Opening 
stretch criterion and a fracture process zone size for plane strain stable crack growth. 

Considering that the process zone is imbedded in the plastic zone as shown in Fig. 1, the value of the J-integral required to 
maintain a plastic zone size, rp, is related to the deformation state at an advancing crack tip in that the plastic zone size increases 
as the crack advances. Therefore, the J-integral satisfies the following differential equation which expresses how J-integral value 
increases as the crack extends. The criterion for stress corrosion crack growth is that the crack tip moves forward a distance, 
A, i.e. fracture process zone size, if the displacement accumulated while a material point is within a crack extension increment, 
A from the tip, attains a critical value, ~5, i.e. final crack stretch displacement. The final stretch criterion is equivalent to the crack 
tip opening angle, the CTOA criterion used in other models[9] with 6 - 6 / A. 
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where Oy is yield stress, E is Young's modulus, v is Poisson's ratio, rp is plastic zone size, e is Napierian base, A is process zone 
size and 0 is crack tip opening angle. 



Eq. (1) indicates that there is a J-level at which the value of dJ/da required for continued crack growth approaches zero. 
If JIscc is the J value appropriate to this steady state condition, Eq. (1) may be written as 
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with Jxscc being given by 

where 00 is a limiting value of the crack tip opening angle. 
The threshold stress intensity factor, Klscc is described by the following expression, using the correlation of 

JIscc -=Kz (1-Vz Iscc ) / E .  
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Fig.1 Process Zone Model for Crack Growth Advancing with Plastic Zone 

Formulation for Irradiation Effects 
Neutron irradiation effects on the threshold stress intensity factor may be taken into account by representing the material 

constants as functions of neutron fluence. The material functions of yield stress, Young's modulus and process zone size to 
describe the effects of the irradiation are formulated next. 

Yield Stress vs. Irradiation Relation 
Under neutron irradiation, the increase in yield stress is caused by irradiation defects and therefore irradiation hardening 

occurs. Kodama and Nishimura[ 10] proposed the following relation for the increment of yield stress due to neutron irradiation, 
(0 0.5 .(1 e "&'ot))0'5 AO'y = A 0 - (5) 

where A% is yield stress increment, ~ is neutron flux, ~t is neutron fluence and A0, AI are constants. 
Therefore, the increase in yield stress due to irradiation may be expressed as follows: 
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where ay and C~°y are yield stresses in irradiated and unirradiated conditions, respectively. 

Young's Modulus vs. Irradiation Relation 
Young's modulus may be affected by neutron fluence[ 11 ] and the relation between the change rate of Young's modulus and 

neutron fluence is assumed to be formulated as follows: 

AE/E o = A 2 (0t) A~ (7) 

where zkE is the increment in Young's modulus, Eo is Young's modulus in the unirradiated condition and Az, A3 are constants. 



Therefore, Young's modulus may be expressed by the following function of neutron fluence. 

E = E0(1 + A2(~) n3 ) (8) 

Process Zone vs. Irradiation Relation 
The true fracture strain, Ef may be obtained from the relationship, 

~f -" ln(1 + ef ) (9) 

where ef is engineering fracture strain. 

Now, the fracture strain is normalized by dividing it by the fracture strain in the unirradiated condition, i.e. 
0 

(ef)  : C f / E f  (10) 
0 where (6f) is normalized fracture strain and ef is fracture strain in the unirradiated condition. Then the normalized fracture 

strain may be expressed by the following function of neutron fluence, 

(ef) = 1 - A4 (~bt) A5 (11) 

where An and As are constants. 
Therefore, the fracture process zone size, A, may be assumed to be described in terms of the process zone size in the 

unirradiated condition and the normalized fracture strain, giving 

A = A0<Ef > = Ao(1-  A4(~t) A5 ) (12) 

where A o is process zone size in the unirradiated condition. 

Formula of Klscc under Irradiation 
The threshold stress intensity factor Kiscc of irradiated materials may be given by modifying the material constants in 

Smith's relation of the unirradiated materials as functions of neutron fluence. Then, Eqs. (6), (8) and (12) are substituted into 
Eq. (4) and the relation of Kiscc under neutron irradiation is expressed by the following equation. 
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IRRADIATION DEPENDENCE OF Kiscc FOR TYPE 304 STAINLESS STEELS 

The above analytical procedure is applied to type 304 stainless steels irradiated by neutron flux in a commercial BWR. 

Irradiation Dependence of Yield Stress 
Fig.2 presents the correlation of the increase in yield stress versus neutron flux, along with data[ 10] representing the effect 

of neutron flux on the increment in yield stress. Then, irradiation dependence of the increase in yield stress may be formulated by 
Eq.(5) [ 10] in this way. This indicates that the increase in yield stress increases continuously with increasing neutron flux. 

__ . __ %a[.5 
Acry 4.5x10-1. ~0.5 (1 e s'sx'°26'~t)_ (14) 

Given the yield stress in the unirradiated condition, a°y = 171 MPa, the dependence of the yield stress on neutron irradiation 
may be expressed by the following function in terms of neutron flux and neutron fluence, as shown in Fig.3. 

O'y = 171+4.5x10 2 • 0.s .(l_e-S.sxlo2°.~) (15) 

The yield stress of type 304 stainless steels remains almost unchanged up to a fluence of 1 x 1022 n/m E and thereafter increases 
continuously with increasing neutron fluence. Saturation appears to take place at a fluence of about 1 x 1026 rgm 2. It is noted that 
the effect of neutron flux on the yield stress is remarkable at higher fluence levels above 1 x 1024 n/m E and the higher neutron flux 
becomes, the more the yield stress increases. This may be attributed to the number of irradiation-produced defects due to 
survival of point defects generated per neutron. Exposure to the highest fluence (lxl026 n/m E) causes about a two- or threefold 
increase in yield stress of type 304 stainless steels unirradiated, depending on the neutron flux. 
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Fig.2 Yield Stress Increment vs. Neutron Flux 
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Fig.3 Yield Stress vs. Neutron Fluence 

Irradiation Dependence o f  Young's  Modulus 
There are very few available data pertaining to the effect of neutron fluence on the change in Young's modulus of type 304 

stainless steels, but Joseph[ 12] reported measurements of Young's modulus in type 304 stainless steels irradiated below the 
temperature of 150°C. As shown in Fig. 4, the change rate of Young's modulus increases continuously with increasing neutron 
fluence. The following equation fits Joseph's data points in which the unirradiated value of Young's modulus is 1.93x10 s MPa. 

AE/E 0 = 9.6 lx 10 8.  (~t) 0.31 ( 1 6 )  

On the assumption that the same trend exists, the dependence of Young's modulus in type 304 stainless steels at 288°C on 
neutron fluence is described by the following expression, with the unirradiated value of Young's modulus at 288°C being 
1.77x105 MPa. 

E = 1.77x10 s. ~ + 9 . 6 1 x 1 0  8 "(~t) 0"31 } (17) 

For type 304 stainless steels, it is found that Young's modulus increases gradually with neutron fluence, especially beyond about 
l xl022 n/m 2, as shown in Fig. 5. 
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Irradiation Dependence of Process Zone 
The fracture strain of type 304 stainless steels irradiated and tested at 288°C exhibits a drastic decrease initially and then a 

continuous decrease with neutron fluence, as reported in ref.[ 13 ]. Fracture strains normalized by the unirradiated fracture strain 
are plotted against the neutron fluence in Fig. 6. When a best curve correlation of the data is taken, the functional relationship 



between normalized fracture strain and neutron fluence may be expressed by the following equation in the same form as Eq. 
(11). 

(Ef) = 1-3.4x10 -6 .(00 0.2 (18) 

If the process zone size in the unirradiated condition A 0 is assumed to be 2001am[ 14], the dependence of the process zone size 

on neutron fluence is described by the following expression in the same form as Eq. (12). 

A = 200. ~ -3 .4x10  6 .(00 0.2 } (19) 

As shown in Fig. 7, the process zone size is plotted as a function of neutron fluence and it decreases continuously with 
increasing neutron fluence. 
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I r r a d i a t i o n  D e p e n d e n c e  o f  Kiscc 
The threshold stress intensity factor Kiscc is not well known for type 304 stainless steels, especially in high temperature 

water. However, the Klscc value for type 304 stainless steels[ 15],[16] is reported to be in the range of 6MPa~/m - 15MPa~/m, 
depending on the environment and material conditions. Therefore, for case study, two values of 9MPa~/m and 15MPa~/m are 
taken as the K~scc for unirradiated type 304 stainless steels. 

As seen from Eq. (4), a quantitative estimate of Kiscc requires prior knowledge of the limiting value of crack tip opening 
angle 00 as an input parameter. The evaluation of 00 can be done from Eq. (4) in which unirradiated material constants of type 
304 stainless steels are given. For K~scc =9MPa~/m or 15MPa~/m, the limiting value of crack tip opening angle 00 turns out to be 
4.5x10 "3 or 5.7x10 3, respectively. The limiting value of the angle remains a fairly constant value during crack growth, in the 
sense that the crack tip opening angle is apparently the most suitable criterion[ 17]. 

Consequently, the irradiation dependence of Klscc as a function of neutron flux and fluence is established by substituting 
Eqs. (15), (17) and (19) into Eq. (13) and using the above mentioned 00 value. 

For Kiscc =9MPa~/m in the unirradiated condition, irradiation dependence of KIscc is described in the following expression, 
using 00=4.5 x 10 "3. 
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Fig.8 indicates how the predicted K~scc varies with neutron fluence for different neutron fluxes. It is seen that as neutron 
fluence increases, the calculated Kiscc values continuously decrease by an amount dependent on the neutron flux. Though the 
fluence dependence of K~scc is slightly affected by the neutron flux, the neutron flux is not of major significance. It should be 



noted that the decrease of K~scc with neutron fluence asymptotically approaches a value of about 5.5MPa~/m at the highest 
fluence of l xl 026 n/m 2, regardless of the neutron flux. 

For Kiscc = 15MPa~/m in the unirradiated condition, irradiation dependence of Klscc is described in the following 
expression, using 00=5.7x10 -3. 

2.(171 + 4.5x10 2 . (~)0.5. (1_ e-5.8x102°.ct))0.5)2. (2x10-4. (1_ 3.4x10-6. (~)0.2)). ~2 

:r.e (21) 
KIscc = ( n'. (1.77x105 .(1 + 9.61x10 8 . (~)031)). 5.7x10-3 "~ 

expL . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
J 4. (1 - 0.322). (171 + 4.5xl 0 .2. (~0.5. (1 - e -58x1° .¢t))0.5) 

As illustrated in Fig. 8, Klscc is predicted to decrease continuously with increasing neutron fluence and become a value of about 
6MPa~/m at the highest fluence of 1 x 1026 n/m 2, which is nearly the same value for Kzscc =9MPa~/m in the unirradiated condition. 
Also, Fig. 8 indicates that the effect of neutron flux has little influence on the fluence dependence of Kiscc. 

Nair and Tien[ 18] argued the yield strength dependence of Kiscc according to their model based on hydrogen-induced 
fracture, suggesting that the increase in yield strength could play a main role in the decrease of Klscc. Bibilashvili et al.[ 19] 
studied the influence of irradiation on Kiscc of Zr- 1%Nb cladding and concluded that the neutron irradiation reduced the Kiscc 
for iodine induced SCC, compared to the unirradiated alloy. In the present study, the saturation of Kzscc for irradiated type 304 
stainless steels at higher fluence indicates that a major factor affecting the Kzscc value under neutron irradiation is likely to be 
irradiation hardening such as the increase in yield stress. Specifically, it is apparent that the K~scc value under neutron irradiation 
cannot be treated as a constant for type 304 stainless steels. 
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SUMMARY 

The neutron irradiation dependence of Kiscc was quantified by incorporating irradiation effects of material into Smith's 
theoretical analysis, in which K~scc is modeled by considering crack opening stretch criterion and a fracture process zone. 

Irradiation effects on the yield stress, Young's modulus and the process zone size were considered to make a quantitative 
evaluation and prediction of the threshold stress intensity factor under neutron irradiation for type 304 stainless steels in high 
temperature water. 

In two cases of 9MPa~/m and 15MPa~/m as the Klscc for unirradiated type 304 stainless steels, the analytical results 
indicated that as neutron fluence increased, the calculated KIscc values continuously decreased by an amount dependent on the 
neutron flux. Though the fluence dependence of Klscc was slightly affected by the neutron flux, the neutron flux was not of major 
significance. 

At the highest neutron fluence of lx1026(n/m2), the value of K~scc of type 304 stainless steels in high temperature water was 
predicted to be nearly 6MPaqm, regardless of the initial value of Kiscc in the unirradiated condition. 



NOMENCLATURE 

a = crack length 
A~- As = numerical constants 
E = Young's modulus 
E0 = Young's modulus in unirradiated condition 
AE = increment in Young's modulus 
J = J-integral value 
Jiscc = J-integral value for SCC 
K~scc = threshold stress intensity factor for SCC 
rp = plastic zone size 
8 = final crack stretch displacement 
A = fracture process zone size 
A 0 = process zone size in unirradiated condition 

8f = true fracture strain 
0 

ef = fracture strain in unirradiated condition 

( ~ ' f )  --  normalized fracture strain 

0 = crack tip opening angle 
00 = limiting value of crack tip opening angle 
v = Poisson's ratio 

Cy = yield stress 
ooy = yield stress in unirradiated condition 

ACry = yield stress increment 

~) = neutron flux 
~t = neutron fluence 
e = Napierian base 

REFERENCES 

1. Andresen, P.L., Ford, F.P., Higgins, J.P., Suzuki, I., Koyama, M., Akiyama, M., Mishima, Y., Okubo, T., Hattori, S., 
Anzai, H., Chujo, H. and Kanazawa, Y., "Life Prediction of Boiling Water Reactor Internals", Pro. of the ASME-JSME 
4th International Conference on Nuclear Engineering(ICONE-4), pp. 461-473, 1996. 

2. Nelson, J.L. and Andresen, P.L., "Review of Current Research and Understanding of Irradiation-Assisted Stress Corrosion 
Cracking", Pro. of the 5th International Symposium on Environmental Degradation of Materials in Nuclear Power 
Systems - Water Reactors, pp.10-22, August 1991. 

3. Andresen, P.L. and Ford, F.P., "Modeling of Irradiation Effects on Stress Corrosion Crack Growth Rates", Corrosion 
89, NACE paper No. 497, April 1989. 

4. Saito, K. and Kuniya, J., "Analysis of SCC Initiation/propagation behavior of Stainless Steels in LWR Environments", 
Pro. of the 7th International Conference on Nuclear Engineering(ICONE-7), No.7013, April 1999. 

5. Andresen, P.L, Ford, F.P. and Jacobs, A.J., "Life Prediction of Irradiated Components Subject to Environmentally 
Assisted Cracking ", Pro. of the International Symposium on Plant Aging and Life Predictions of Corrodible Structures, 
pp. 237-250, May 1995. 

6. Smith, E., "The Threshold Stress Intensity for Stress Corrosion Crack Growth", Res Mechanica, Vol. 4, 1982, 
pp. 151-157. 

7. Smith, E., "Some Implications of Recent Developments in Plastic fracture Mechanics on Stress Corrosion Cracking in 
Engineering Materials", Materials Science and Engineering, Vol. 44, 1980, pp. 205-211. 

8. Smith, E., "Some Observations on the Viability of Crack Tip Opening Angle as a Characterizing Parameter for Plane 
Strain Crack Growth in Ductile Materials", International Journal of Facture, Vol. 17, 1981, pp. 443-448. 

9. Rice, J.R. and Sorensen, E. P., "Continuing Crack-Tip Deformation and Fracture for Plane-Strain Crack Growth in 
Elastic-Plastic Solids", J. Mech. Phys. Solids, Vol. 26, 1978, pp. 163-186. 

10. Kodama, M. and Nishimura, S., "Flux Effects on Mechanical Properties of Neutron Irradiated Stainless Steels", Pro. of 
the 1993 Fall Meeting of the Atomic Energy Society of Japan, p. 496(J29), October 1993. 



11. Dienes, G. J., Phys. Rev., Vol. 86, 1952, p. 666. 
12. Joseph, J. W., DP-369, 1959. 
13. Suzuki, S., Saito, K., Kodama, M., Shima, S. and Saito, T., "Evaluation of Irradiation Assisted Degradation to B WR 

Reactor Internal Components", Pro. of the 11 th International Conference on Structural Mechanics in Reactor 
Technology(SMiRT-11), pp. 321-326, 1991. 

14. Gerberich, W. W., "Interaction of Microstructure and Mechanism in Defining K~c, K~scc or AKth Values", Fracture: 
Interactions of Microstructure, Mechanisms and Mechanics, AIME, 1984, pp. 49-73. 

15. Speidel, M. O., "Overview of Methods for Corrosion Testing as Related to PWR Steam Generators and BWR Piping 
Problems", Pro. of the First U.S.-Japan Symposium on Light Water Reactors, pp. 324-331, 1978. 

16. Klepfer, H. H., et al., "Investigation of Cause of Cracking in Austenitic Stainless Steel Piping", NEDO 21000-1, 1975. 
17. Wnuk, M. P., "Accelerating Crack in a Viscoelastic Solid subject to Subcritical Stress Intensity", Pro. of the 

International Conference on Dynamic Crack Propagation, pp. 273-280, 1973. 
18. Nair, S. V. and Tien, J. K., "A Plastic Flow Induced Fracture Theory for K~scc", Metallurgical Transactions, Vol. 16A, 

1985, pp. 2333-2340. 
19. Bibilashvili, Yu. K., Medvedev, A. V., Nesterov, B. I., Novikov, V. V., Golovanov, V. N., Eremin, S. G. and 

Yurtchenko, A. D., "Influence of Irradiation on KISCC of Zr-1%Nb Claddings", Journal of Nuclear Materials, Vol. 280, 
2000, pp. 106-110. 


	Title Screen
	Chairman's Message
	Conference Organization
	Main Menu
	Table of Contents
	Search CD-ROM
	Search Results
	Print

	SMiRT logo: 
	Conference: 
	Paper: Paper # 1162
	Transactions: Transactions,


