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ABSTRACT

Prediction of fatigue crack growth rate constitutes an important part in the assessment of cracked components used in
nuclear power plants. Effective J-integral range is widely used for the prediction of crack growth in elastic-plastic cyclic
loading condition and development of an effective simplified estimation method is important. To study crack closure
behavior and its effect on the effective J-integral range, a series of finite element analysis was conducted for a center-cracked
plate subjected to cyclic loading with different amplitudes. The elastic-plastic constitutive model which can accurately
express deformation behavior of stainless steels under cyclic loading was used. Based on the numerical results, a simple
equation which expresses the dependency of the crack opening ratio on the range and the mean value of the applied stress
was derived. The effective J-integral range estimated by the simplified equation agreed well with the results of finite
element analysis.

INTRODUCTION

Prediction of crack growth behavior is required in order to evaluate structural integrity of various components under the
presence of actual or postulated flaws. Especially, fatigue crack growth constitutes an important part in assessments of
many industrial components, including nuclear power plants.

It is known that the near-crack tip stress field is characterized by the stress intensity factor under the "small scale
yielding" condition where the inelastic deformation is limited to a certain small area near the crack tip. Experiencing a long
history of its application to fatigue crack growth problem, it is now well recognized that closure of fatigue crack has a large
influence on crack growth rate and the range of the stress intensity factor corresponding to the opening part of cracks, known
as the effective stress intensity factor range, rather than the total stress intensity factor range, correlates well with the fatigue
crack growth rate for a wide range of loading condition.

Industrial components are used in various loading conditions and some of them experience cyclic inelastic deformation
even in the absence of flaws. Especially, some components of power generation plants are subjected to high thermal stress
exceeding the elastic range during various thermal transients. Therefore, methods for predicting fatigue crack growth under
such a circumstance are required. However, as the amplitude of applied stress increases, the stress intensity factor range
begins to lose its validity because of violence of "small scale yielding" condition. As a solution, application of Rice's
J-integral to fatigue crack growth was sought and exhibited a large success [1-2].

The new parameter is usually called fatigue J-integral range and estimated experimentally from load-displacement
curves using the formulae derived for typical specimen types. As in the case of the stress intensity factor, "effective" range
needs to be used to estimate crack growth rate accurately when crack closure occurs.  Although evaluation of the effective
J-integral range by detailed numerical analysis is possible, development of reliable simplified estimation methods is also
required for practical application.

In this study, a series of elastic-plastic finite element analysis was conducted for a center-cracked plate under plane stress
condition, changing stress range and mean stress, parametrically. An elastic-plastic constitutive model developed by the
author [3] for type 304 stainless steel was used. The dependences of crack opening ratio both on the stress range and mean
stress were expressed by a simple equation.  Equations for estimating the effective J-integral range were also studied.

NUMERICAL ANALYSIS

Object of Analysis
Object of analysis is a center-cracked plate whose dimensions are given in Figure 1. A small circular hole was
allocated at the center of the plate as a crack starter. Along the upper edge of the plate, uniform displacement was given



with the average stress cyclically changed between maximum and minimum values as shown in Figure 2. The crack was
assumed to initiate at the edge of the hole and grow in the direction perpendicular to the applied load up to 1.85mm in each
side. To simulate crack growth smoothly, 4-noded isotropic elements were used. A large number of square elements
whose width is 0.05mm were given for the crack plane.

Fourteen cases were analyzed changing maximum and minimum applied stresses. Loading conditions are summarized
in Figure 2. The quantities defined by the following equations using the maximum applied stress, o, , and the minimum,

o,.,» were used to characterize the loading condition:
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whete o is the yield stress of the material and Hereafter, they are referred to as normalized stress range and normalized
mean stress, respectively. The temperature was fixed at 550°C, in all cases.

Method of Analysis

Because crack closure behavior is largely affected by plastic deformation, it is necessary to use a constitutive model
which can describe elastic-plastic deformation behavior under cyclic loading with a reasonable accuracy. Classical
constitutive models such as isotropic or linear kinematic hardening model cannot describe the material behavior under cyclic
loading with a sufficient accuracy and their use may bring about predictions which are far from actual behavior. The author
[3] has developed an elastic-plastic constitutive model for austenitic stainless steels aiming at the application to fast breeder
reactor components. The model belongs to a category of two-surface plastic theory and uses a bounding surface outside the
yield surface to represent nonlinear hardening behavior. The model describes the cyclic hardening by expansion of the
bounding surface and temperature-dependent constants were determined for type 304 stainless steel. The model was
incorporated into a finite element program, which was used in the present study.

Crack closure was modeled by using gap elements along crack growth path and extension of crack was simulated by
successively releasing the constraint for dummy nodes. It was done at the minimum stress level to minimize the effect of
local unloading due to change of boundary condition,

Because the current constitutive model can describe cyclic hardening of the material, cycle-by-cycle analysis was
necessary. Calculation using standard material constants was carried out for the first ten loading cycles. Five cycles were
then analyzed by using material constants which accelerate the cyclic hardening to obtain the steady-state cyclic behavior
with less computation time. After the crack extension by nodal release, calculation was carried out for two cycles using
standard material constants before the next crack extension.

Using deformation and stress fields obtained by the finite element analysis, the effective J-integral range, AJ,r, was
numerically evaluated using an equation [3] derived by an analogy to domain integral formulation for the J-integral [4].

Result of Analysis

Examples of stress-strain history obtained by the present analysis are shown in Figure 4. Gradual cyclic hardening as
well as change of stress range accompanying crack extension was simulated realistically.

Variations of crack opening ratio with crack growth are shown in Figure 5 for two typical loading conditions with
different stress ranges. The crack opening ratio is defined as

9o = (Opax — O open Y Ao 3

using the crack opening stress, The following observations can be made from the figure:
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(i) Variation of ¢, with crack growth was relatively small.
(if) g, increased with the mean stress at constant stress range.
(iii) q, also increased with the stress range at constant stress ratio (normalized mean stress).

DEVELOPMENT OF FORMULA FOR CRACK OPENING RATIO

Range and mean value of remote applied stress have been widely used for expressing the dependency of crack closure
behavior on the loading condition in the past study. However, these parameters lose validity when crack size becomes larger
or applied stress is not simple tension. Here the reference stress defined by the following equation was used for
summarizing the numerical results.
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where AP is applied load, w is plate width and 2a is crack length (including diameter of the circular hole in the present
analysis) .
Normalized reference stress obtained by the following equation was used instead of the reference stress itself having

application to other materials in mind.

A0 o =—— (5)

The values of the crack opening ratio at crack growth of 1.65 mm are plotted against the normalized mean stress in
Figure 6 for various normalized stress ranges. It can be seen that the crack opening ratio largely depended on the
normalized stress range as well as the normalized mean stress. At all stress levels, the crack opening ratio increased with
the normalized mean stress almost linearly, and these relations were fitted by the following equations:

4 =0.27+0.37A0,, +(02+1.18A0 )0, (0<q, <) (6)

Predictions given by this equation are in good agreement with independent numerical results as can be seen in Figure 6. A
relation recommended in RS procedure [5] is also plotted in the figure for comparison. The crack opening ratio given by R5
equation is in relatively good agreement with the results of the present study at higher stress levels but it is considerably
larger at low stress level.

ESTIMATION OF EFFECTIVE J-INTEGRAL RANGE

It is widely known that the J-integral can be predicted by using the reference stress method with a reasonable accuracy
[6]. According to the method, the total J-integral range is estimated as
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where A&‘M is the strain range corresponding to the reference stress range on a material cyclic stress-strain curve, and £ is

the Young’s modulus.  AJ, is the elastic J-integral range converted from the elastic stress intensity factor range as.
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Plastic components of the J-integral range can be separated as
A, =N — A, )

The effective stress intensity factor range, 4K, can be simply estimated from the total stress intensity factor range,

AK, 41, using the crack opening ratio, g, .

AKeff = 4o AK a1 (10)

Then for purely elastic behavior, the following relationship holds:
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A rigorous relation between the total and the effective J-integral ranges does not exist any more when the plastic zone
size becomes larger and the plastic components of the J-integral range can not be neglected.  Budden [7] derived the
following equations which give upper and lower bounds, respectively, for the effective J-integral range:

A]eﬁ:qgme+qu]p (12)
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where » is the exponent which represents dependency of plastic strain range on the stress range. Because n>1
and 0 < ¢, <1, the following relation always holds:

Ay (9.13) < Ay (eq. 1 1) < Ad gy (eq.12)

Variation of the J-integral with applied stress obtained by the finite element analysis with the domain integration is
shown in Figure 7 for two loading cases. Except the smallest domain that covered only two elements adjacent to the crack
tip, the values were independent of the integration domains. Employing the value at the maximum load at the largest
domain as the effective J-integral range, the numerical results are compared with the estimation by the above equations for
five selected crack lengths between 0.25mm and 1.85mm in each loading case.

The total J-integral range estimated by eq.(7) is compared with the effective J-integral range evaluated by the domain
integration in Figure 8. Values of the total J-integral range estimated by eq.(7) were larger than the numerical results
because of ignorance of crack closure. The amount of overestimation reached about a factor of 10 for the worst case
corresponding to the smallest crack opening ratio. It is clear from this result that ignorance of crack closure can bring about



quite large conservatism in the prediction of crack growth rate.

Then, values of the effective J-integral range estimated by eq,(11) through eq,(13) along with the crack opening ratio
determined by eq.(6) are compared with the finite element results in Figures 9 to 11.  Choice of the equations did not give
large difference on the result because of the following reasons:

(i) At lower stress range, crack opening ratio was small but the plastic component of the J-integral range was also small.
(ii) At higher stress range, plastic J-integral range was large but the crack opening ratio was also large.

Looking at the results in detail, it can be seen that eq.(11) gave the best agreement with the finite element computations

and all points are within a factor of 1.5. This is the simplest equation that holds for the purely elastic condition so that the

use of this equation is recommended.
CONCLUSION

Finite element analysis was conducted for a center-cracked plate subjected to cyclic loading to study the fatigue crack
closure under various loading conditions. Based on the results, a simple equation which expresses the dependency of the
crack opening ratio on the range and the mean value of the applied stress was derived. The effective J-integral range
estimated by the simplified method agreed well with the results of finite element analysis. Applicability of the current
evaluation method to different loading conditions should be explored in the future.
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