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Abstract

Austenitic stainless steels (SSs) are used extensively as structural alloys in the internal components of
light water reactor (LWR) pressure vessels because of their relatively high strength, ductility, and fracture
toughness. However, exposure to neutron irradiation for extended periods not only changes the
microstructure and microchemistry of these steels, but also degrades their fracture properties. Other
irradiation-related degradation issues are changes in material dimensions due to void swelling and stress
relaxation due to radiation creep. The existing data on irradiated austenitic SSs are reviewed to determine
the effects of key parameters such as material type and condition and irradiation temperature, dose, and
dose rate on these processes. Differences in the radiation-induced degradation of fracture properties
between LWR and fast-reactor irradiations are also discussed. The results are used to (a)define a
threshold fluence above which irradiation effects on fracture toughness of the material are significant,
(b) evaluate the potential of neutron embrittlement under LWR operating conditions, (c) assess the effects
of void swelling, including its effect on fracture toughness, and (d) investigate the significance of
irradiation creep relaxation on the functional integrity of reactor internal components.

1. Introduction

In light water reactors (LWRs), austenitic stainless steels (SSs) are used extensively as structural
alloys in the internal components of reactor pressure vessels because of their relatively high strength,
ductility, and fracture toughness. Fracture of these steels occurs by stable tearing at stresses well above
the yield stress, and tearing instabilities require extensive plastic deformation. However, exposure to
neutron irradiation for extended periods changes the microstructure (radiation hardening) and
microchemistry (radiation-induced segregation or RIS) of these steels and degrades their fracture
properties [1-11]. Loss of fracture toughness due to radiation embrittlement was not considered in the
design of LWR core internal components constructed of austenitic SSs, but it has been considered in
addressing nuclear plant aging and license renewal issues. In addition, dimensional changes due to void
swelling [12-15] and stress relaxation due to radiation creep [16-20] are other aging degradation processes
that affect LWR core internal components exposed to fast neutron radiation, and need to be considered in
addressing plant aging issues.



The microstructural changes in austenitic SSs due to neutron irradiation vary with the irradiation
temperature, neutron fluence, flux, and energy spectrum. At temperatures below 300°C (572°F), the
material microstructure primarily consists of small (<5 nm) “black spot” defect clusters and faulted
dislocation loops, whereas large faulted loops, network dislocations, cavities/voids (clusters of vacancies
and/or gas bubbles), and precipitates are observed above 300°C [1-3]. Metal carbides are the primary
precipitates in 300-series SSs under LWR conditions, although RIS of Ni and Si to sinks may lead to the
formation of v’ phase (Ni3Si) and G phase (MgNi¢Si7) [2,3].

The point defect clusters and precipitates act, to varying extent, as obstacles to dislocation motion,
which leads to matrix strengthening, increase in tensile strength, and reduction in ductility and fracture
properties of the material [1,5-8]. In general, cavities (or voids) are strong barriers, large faulted Frank
loops are intermediate barriers, and small loops and bubbles are weak barriers to dislocation motion [1].
For SSs, a maximum yield strength occurs at irradiation temperatures near 300°C (572°F). Irradiation
damage is characterized by either the neutron fluence in neutrons per square centimeter (n/cm?) or the
average number of displacements experienced by each atom, i.e., displacements per atom (dpa).”

This review paper presents a critical assessment of the susceptibility of austenitic SSs to irradiation
effects such as neutron embrittlement, void swelling, and stress relaxation in LWR environments. An
assessment of the susceptibility of austenitic SSs to irradiation-assisted stress corrosion cracking (IASCC)
is presented in a companion review paper published elsewhere in this journal. The existing data, in the
open literature as well as Nuclear Regulatory Commission (NRC) and industry reports, have been
evaluated to establish the effects of material parameters (such as composition, thermo-mechanical
treatment, microstructure, and microchemistry) and environmental parameters (such as water chemistry,
irradiation temperature, dose, and dose rate) on these processes. Differences in the radiation-induced
degradation of fracture properties between LWR and fast-reactor irradiations are also discussed. The
results are used to (a) provide a better understanding of the threshold fluence above which irradiation
effects on fracture toughness of the material are significant, (b)evaluate the potential of neutron
embrittlement under LWR operating conditions, including the synergistic effects of thermal and neutron
embrittlement, (c) assess the effects of void swelling, including its effect on fracture toughness, and
(d) investigate the significance of irradiation creep relaxation on the functional integrity of reactor internal
components. The potential deficiencies or knowledge gaps in the existing experimental data on
degradation of LWR core internal materials due to neutron irradiation are also discussed.

2. Neutron embrittlement and fracture toughness

Neutron irradiation can decrease the fracture toughness of austenitic SSs significantly, and failure
may occur without general yielding. In such instances, a fracture mechanics methodology, such as
elastic-plastic fracture mechanics (EPFM) or linear-elastic fracture mechanics (LEFM), is needed for
analysis of structural integrity and development of inspection guidelines. The former involves the J
integral-resistance (J-R) curve approach and is used where failure is caused by plastic deformation. The
J integral is a mathematical expression used to characterize the local stress-strain field at the crack tip
region (parameter J represents the driving force for crack propagation), and the J-R curve characterizes
the resistance of the material to stable crack extension. The fracture toughness of such materials is
represented by fracture mechanics parameters such as Jic, the value of J near the onset of crack extension,
and the tearing modulus, T, which characterizes the slope of the J-R curve:

*ln this study, the values of neutron fluence (n/cm2) were converted to dpa as follows: for LWRs, E>1 MeV, 1022 n/cm? =15 dpa; and for fast
reactors, E>0.1 MeV, 1022 n/cm?2 =5 dpa.
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where E is the elastic modulus, a is the crack length, and or is the flow stress defined as the average of the
yield stress (Oy) and ultimate stress (oy). The LEFM methodology is used where failure involves
negligible plastic deformation. The fracture toughness of such materials is represented by the parameter
Kpc (i.e., plane strain fracture toughness), which characterizes the resistance of the material to unstable
crack extension. Under EPFM conditions, the equivalent critical stress intensity factor, Kj., can be
determined from the saturation Ji. value using the relationship

Ky = (BT, )7, @)

where E'=E/(1 - v2), E is the elastic modulus, and v is the Poisson ratio.

The fracture toughness of austenitic SSs has been divided into three broad categories [6]. Category
III corresponds to high toughness materials with Jj. above 150 kJ/cm? (857 in.-Ib/in.2). In these
materials, fracture occurs after stable crack extension at stresses well above the yield stress. Category 11
corresponds to materials with intermediate toughness and with Ji. in the range of 30-150 kJ/cm?2 (171-
857 in.-1b/in.2). In Category II materials, fracture occurs by stable or unstable crack extension at stress
levels close to the yield stress. Category I corresponds to low-toughness materials with Kyc less than
75 MPa m!/2 (68.2 ksi in.1/2) [J1c <30 kJ/ecm?2 (< 171 in.-1b/in.2)], and fracture occurs by unstable crack
extension at stress levels well below the yield stress.

Nonirradiated wrought and cast austenitic SSs and their welds fall in Category IIl. The Ji. values
for Type 304 and 316 SS at temperatures up to 125°C (257°F) vary between 169 and 1660 kJ/cm? (965
and 9479 in.-1b/in.2), with a median value of 672 kJ/cm? (3837 in.-Ib/in.2) [6]. The Ji. values at 400-
550°C (752-1022°F) are ~35% lower, with a median value of 421 kJ/cm?2 (2404 in.-1b/in.2). Fracture in
such high-toughness materials is by the nucleation and coalescence of microvoids and is characterized by
a dimpled fracture morphology.

Although cast austenitic SSs and SS welds also exhibit ductile fracture at temperatures up to 550°C
(1022°F), their fracture toughness is lower than that of the wrought SSs. Also, a dimpled fracture
morphology is observed in SS welds [21]. Because of a high density of inclusions in the weld, the
dimples are relatively small and shallow, and often associated with inclusions. The overall fracture
toughness of cast austenitic SSs and SS welds is controlled by the density and morphology of second-
phase inclusions in these materials and varies with the cast or weld process. For example, static cast
products have lower fracture toughness than centrifugally cast pipes. Gas tungsten arc (GTA) welds
exhibit the highest toughness; shielded metal arc (SMA) welds have intermediate toughness; and
submerged arc (SA) welds have the lowest toughness [6]. The median value of Ji. is 492 kJ/cm?
(2809 in.-Ib/in.2) for GTA welds and 147 kJ/cm? (839 in.-Ib/in.2) for SA welds at temperatures up to
125°C (257°F).

Welding of austenitic SSs results in a heat affected zone (HAZ) adjacent to the fusion zone, where
the material microstructure and microchemistry are greatly altered because of the precipitation of Cr-rich
carbides at the grain boundaries. The formation of the carbides depletes Cr from the grain-boundary
region, thereby creating a region that is susceptible to stress corrosion cracking (SCC). However, the
fracture toughness of HAZ material is generally superior to that of the weld metal and may be comparable
to that of the base metal.



2.1 Fracture toughness correlations

Neutron irradiation can degrade fracture toughness of austenitic SSs to the level of Category Il or 1.
Until recently, most of the published data on neutron embrittlement of austenitic SSs had been obtained
on materials irradiated in high-flux fast reactors, which use fast neutrons to burn more uranium-238 than
conventional LWRs [22-38]. In these studies, the embrittlement of the materials has been characterized
in terms of tensile properties, Charpy-impact properties, and fracture toughness. Typically, fracture
toughness data for irradiated materials have been obtained from compact tension (CT) or single edge bend
[SE(B)] specimens.

Fracture mechanics is a correlative technology and does not attempt to describe the mechanisms
that are occurring at the crack tip. It correlates the behavior of reactor components with that of test
specimens through the use of the K parameter (stress intensity factor). If two cracks have the same K,
then they have the same strains and stresses in a region near the crack tip. For this correlation between
specimen and component to work, K has to characterize the stresses and strains at the crack tip in the
process zone. Mathematically, it can be shown that this is true if the plastic zone size is “small enough.”
The K/size criteria are combined theoretical and empirical results that have been found to ensure the
plastic zone is small enough and K is controlling. The American Society of Testing and Materials
(ASTM) specifications for specimen K/size criteria are intended to ensure the applicability and
transferability of the cracking behavior of a component or specimen of a given thickness under a specific
loading condition to a crack associated with a different geometry, thickness, and loading condition. For
constant load tests, ASTM E 1681 requires that

Befrand (W - a) >2.5 (K/oy)?, 3)

where K is the applied stress intensity factor, Oy is the yield stress of the material, a is crack length, W is
specimen width, and Befr is the specimen effective thickness, defined as (B By)?-> (B and By are
thickness and net thickness of the specimen, respectively). The specimen thickness (B or Byy) or
remaining ligament (W-a) ahead of the advancing crack is at least a factor of 8 greater than the plastic
zone size for tests conducted in accordance with the K/size criterion of Eq. 3. For high strain-hardening
materials [i.e., ratio of ultimate stress to yield stress (oy/oy) =1.3], the flow stress defined as
of = (0y + Oy)/2 may be used instead of yield stress.

Because the K/size criterion was developed for materials that show work hardening, it may not be
applicable for materials irradiated to fluence levels where, on a local level, they do not strain harden.
This lack of strain hardening, termed “strain softening,” is most dramatic when dislocation channeling
occurs at high fluences. For moderate to highly irradiated material, Andresen [39] has suggested the use
of an effective yield stress, defined as the average of the nonirradiated and irradiated yield stresses [Oefr =
(Oyirr + Oynonirr)/2]; this discounts the irradiation-induced increase in yield stress by a factor of 2. For
highly irradiated materials Jenssen et al. [40] have proposed use of an effective stress that discounts the
irradiation-induced increase in yield stress by a factor of 3.

To reduce activity and facilitate handling, small specimens (e.g., ~<8-mm thick -T CT) have been
used in several studies. For these specimens, J values above 150 kJ/m!/2 and crack extensions beyond
about 1.2 mm are above the validity limits based on ASTM Specification E 1820-06. However,
comparison of fracture toughness data obtained on 1-T CT and small specimens indicates that small
specimens yield equivalent J-R curve data at least for materials with Jj. values up to about 300 kJ/m1/2.



Plots of Jic or Kj. and Ky as a function of neutron dose are used for developing screening criteria
for neutron embrittlement. In ASTM Specification E 1820-06, Ji. is determined from the intersection of
the best-fit power-law J-R curve with the 0.2-offset line parallel to the blunting line, provided the
specimen size criterion of Eq. 3 is satisfied. The blunting line is defined as

J =MoifAa, 4)

where oy is the flow stress, Aa is crack extension, and the constraint factor M is 2 or a value determined
from the best fit of the experimental data. However, the analysis procedures described in the ASTM
specifications for Ji. determination are not applicable to austenitic SSs because of their extremely high
toughness, ductility, and strain hardening ability. The main difference concerns the expression for the
crack tip blunting line. For austenitic SSs, a value of 2 for M significantly overpredicts the crack
extension due to crack tip blunting; therefore, it yields a non-conservative value of Ji. [6,41]. For
austenitic SSs, a value of 4 for M better defines the blunting line. The constraint factor M, which relates J
to the crack tip opening displacement (CTOD), is given by the expression

J = Mo,(CTOD). %)

The use of a higher value for M in Eq. 4 is consistent with the expected variation of M and of with
strain hardening. The factor M is 1 for materials with intermediate to high strength and low strain
hardening, and 2 for materials with low strength and high strain hardening, such as austenitic SSs. For
the latter, the yield strength is approximately two-thirds of the flow stress, and the crack extension
associated with blunting is approximately one-third of CTOD [6]. Thus, for such materials, the crack tip
blunting line is given by

J = Moy (CTOD) = 2(20¢/3)(3Aa) = 4ofAa, (6)

i.e., Eq. 4 with M = 4. This relationship has been used to determine J[¢ in most investigations on neutron
embrittlement [11,42]. Some investigators have used a value of 2 for M [43]. The latter typically yields a
higher value of J|¢ for Category III materials (i.e., J]c above 150 kJ/cm). However, the difference in Jjc
values determined using values of M of 2 or 4 is insignificant for Category Il materials (i.e., J[c
<100 kJ/cmz). Since it is primarily the cases in which the fracture toughness of irradiated austenitic SSs
is reduced to Category II levels that are of interest, the effect of differences in the procedure to determine
J1c is likely to be insignificant.

Another factor that may influence reported values of Ji. is when an effective yield instead of the
measured yield stress is used to calculate Ji.. An effective yield stress, in which the irradiation-induced
increase in yield stress is discounted by a factor of 2 or 3 has been proposed to define K/size criterion for
irradiated materials. However, because Ji. is a measure of fracture toughness at instability without
significant stable crack extension, the measured yield or flow stress of the irradiated materials seems more
appropriate for Ji. determinations. Nevertheless, the choice of measured or effective values of stress is
likely to have an insignificant effect on the measured Ji; of materials with poor fracture toughness.

2.2 Effect of neutron exposure and sample orientation

The effect of neutron exposure (in dpa) on the fracture toughness Jic at 25-427°C (77-842°F) of
austenitic SSs irradiated at 90-450°C (194-842°F) up to 90 dpa in fast reactors is shown in Fig. 1 [22-38].
The fast reactor data show a rapid decrease in fracture toughness at a neutron dose of 1-2 dpa; the neutron
dose at the onset of the rapid decrease varies with the chemical composition and heat treatment of the



steel. The effects of irradiation may be divided into three regimes: little or no loss of toughness below an
exposure of =1 dpa, substantial decrease in toughness at exposures of 1-10 dpa, and no further reduction
in toughness above a saturation exposure of 10 dpa. The degradation in fracture properties saturates at a
Jic value of ~30 kJ/m2 (171 in.-1b/in.2) [i.e., Kjc of 75 MPa m!/2 (68.2 ksi in.1/2)]. Also, the failure mode
changes from dimple fracture to channel fracture.
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Fig. 1. Fracture toughness J|¢ as a function of neutron exposure for austenitic SSs irradiated in fast
reactors. Solid lines represent the scatter band for the fast reactor data on austenitic SSs (Refs. 23-38).

The fracture toughness trend shown in Fig. 2 for the LWR data [5,11,42-46] is similar to that
observed for fast reactor data. Most of the fracture toughness Jic values for austenitic SSs irradiated in
LWRs [288-316°C (550-601°F)] fall within the scatter band of the data obtained on materials irradiated in

fast reactors, even though the LWR irradiations were at lower temperatures.
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Fig. 2. Fracture toughness J[¢ as a function of neutron exposure for austenitic SSs irradiated in LWRs.
Dashed lines represent the scatter band for the fast reactor data on austenitic SSs irradiated at 350-450°C
(662-843°F) (Refs. 5,11,42,45,46).



differences in the fracture toughness of the various wrought and cast austenitic SS materials. For the
same irradiation conditions, the fracture toughness of thermally aged cast SS and weld metal is lower than
that of HAZ material, which, in turn, is lower than that of solution-annealed materials. A similar behavior
is also observed for the fast reactor data in Fig. 1. The Ji; values of welds and HAZ materials are
consistently lower than those for the solution-annealed and even cold-worked (CW) materials. In Fig. 1,
the data for CF-8 cast SS were obtained at room temperature and, therefore, are relatively high; the Jic
values are expected to be lower at LWR operating temperatures.

Some materials irradiated above 4 dpa at LWR temperatures show very poor fracture toughness;
their Jic values are below the lower bound curve for the fast reactor data. For Type 304 SS irradiated to
4.5-5.3 dpa (shown as cross in Fig. 2), nine out of ten CT specimens showed no ductile crack extension,
and the Kj. values were 52.5-67.5 MPa m!/2 (47.7-61.4 ksi in!/2) [44]. The lowest fracture toughness,
with Kj. or Kj¢ values in the range of 36.8-40.3 MPa m!/2 (33.5-36.6 ksi in!/2), was for a Type 347 SS
irradiated to 16.5 dpa in a pressurized water reactor (PWR) [44] and for a Type 304 SS irradiated to 7.4-
8.4 dpa in a boiling water reactor (BWR) [46].

Another significant result is a strong orientation effect on fracture toughness. Fracture toughness J-
R tests have been conducted on Type 304 control-rod and Type 304L top guide materials irradiated to
4.7-12 dpa, and on Type 304 control-rod material irradiated to 7.4 and 8.4 dpa. The results show lower
fracture toughness in the T-L orientation™ than in the L-T orientation [43]. Some of the toughness values
in T-L orientation are lower than the limiting fracture toughness Kj. of 55 MPa m!/2 (50 ksi in.!/2) that
has been proposed by industry for flaw tolerance evaluation in austenitic SSs irradiated above 4.5 dpa
(3 x 10-21 n/cm?) [43,47]. The lower fracture toughness along the T-L orientation has been attributed to
the presence of stringers consisting of long, narrow particles oriented in the rolling direction, which result
in a long and narrow quasi-cleavage structure parallel to the crack advance, thereby accelerating the crack
advance [43]. In addition, the Type 304 SS irradiated to 7.4-8.4 dpa showed very low fracture toughness
(Jic of 40 kJ/m? in L-T and 7.5 kJ/m? in T-L orientation). The low Jj. of this material was considered a
special case of materials containing a high density of particles aligned in the rolling direction.
Nonetheless, these results show that very low fracture toughness values are possible for irradiated
austenitic SSs. Microstructural characterization of the Type 304 control-rod material showed a fine
distribution of ¥’ phase with particle size in the range of 2-10 nm and an average size of 4.4 nm [43]. The
v’ phase has also been observed at dose levels above 4 dpa in CW Type 316 SS irradiated under the PWR
condition [48]. The contribution of additional precipitate phases, voids, and cavities on fracture
toughness needs to be investigated.

2.3 Effect of material and environmental parameters

Fracture toughness J-R curve data have been obtained for the following: Type 304, 304L, and 316L
SSs and their welds, including weld HAZ materials, and CF-3, CF-8, and CF-8M cast austenitic SSs
irradiated in LWRs up to about 14 dpa [11,42-47]. The change in the J-R curve with neutron dose is
shown in Fig. 3. The decrease in fracture toughness is quite rapid up to about 6 dpa, and the toughness
decreased moderately at higher dose levels. The effects of various parameters (such as material type and
heat treatment; test and irradiation temperature; and neutron energy spectrum, flux, and dose) are
discussed below.

Irradiation Facility: Fast reactor irradiations are at fluxes and temperatures higher than those
typically observed in LWRs and have a different spectrum. Until recently, most of the high neutron

*The first alphabet represents the direction perpendicular to the plane of the crack and second alphabet represents the direction of crack advance.
L = longitudinal or rolling direction and T = transverse direction.



exposure data were from fast reactor irradiations at temperatures above 350°C (662°F) (Fig. 1). An
accurate determination of the effects of neutron spectrum, flux, and temperature on the fracture properties
of these materials requires data on the same heat of material irradiated in a fast reactor and an LWR to
comparable neutron dose. Such information is not available. However, although the general data trends
appear to be similar for fast reactor and LWR irradiations, the tensile property data indicate that tensile
strength is higher and ductility is lower for BWR-irradiated materials than materials irradiated in fast
reactors [44,49,50]. The existing data are inadequate to determine the individual contributions of
irradiation temperature, flux, and energy spectrum to the degradation of fracture properties in irradiated
austenitic SSs. Therefore, additional fracture toughness data should ideally be obtained on the same heat
of material that has been irradiated in both fast and thermal reactors to comparable fluence levels at the
same temperature.
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Fig. 3. Fracture toughness J|¢ as a function of neutron exposure for austenitic SSs (Refs. 11,46).

Material Type: Most of the J-R curve data on LWR-irradiated austenitic SSs were obtained on
Type 304 and 304L SS, and data on Type 316, 316L, 316CW, and 347 SSs are very limited. Also, the
only data for SS welds are on Type 308L material irradiated to <1 dpa or 12 dpa. Similarly, there are
only a few J-R curve tests reported for weld HAZ materials and CF-8M cast SS irradiated to 2.1-2.5 dpa.
The fracture toughness data trends appear to show differences for the various grades of austenitic SSs. For
the same irradiation conditions, the fracture toughness of the weld HAZ materials is lower than that of the
solution-annealed materials, and the toughness of the thermally aged cast SS is lower than that of the
HAZ material (Fig. 4). However, these differences may be artifacts of the limited data.

Although the fracture toughness of nonirradiated CW steels is lower than that of nonirradiated
solution-annealed steels, the decrease in toughness of CW steels with neutron exposure is slower and the
Jic value at saturation is higher than that of irradiated solution-annealed steels (Fig. 1). However, the data
for CW steels are from fast reactor irradiations at relatively high temperatures, 400-427°C (752-800°F).
The saturation Jic for CW SSs is likely to be lower for irradiations at LWR operating temperatures [i.e.,
290-320°C (554-608°F)], and the differences may be small.

Nonirradiated weld metals and thermally aged cast SSs have lower fracture toughness than wrought
austenitic SSs, and their fracture toughness generally decreases more rapidly with neutron exposure than
that of solution-annealed material. However, the saturation toughness for the welds is not significantly
different from that of solution-annealed SSs, and the same bounding curve for Ji. appears to be applicable
to both wrought materials and welds and cast austenitic SSs. Although LWR core internals are typically
constructed of CF-8 or CF-3 steels, the only data for LWR irradiation of cast SS are for CF-8M steel.
The data for thermally aged CF-8 cast SS shown in Fig. 1 are for materials that were irradiated in the

8



BOR-60 fast reactor, and may be non-conservative for LWR irradiation conditions. Furthermore, the data
were obtained at room temperature; as discussed later in this section, fracture toughness at higher test
temperatures is expected to be lower. For thermal embrittlement of cast SSs, the fracture toughness of
CF-8M steel represents the worst-case scenario [21,51]. This material thus might represent a bounding
case also for the synergistic effects of neutron and thermal embrittlement.
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Test Environment: Nearly all of the existing fracture toughness data were obtained from tests in air
and on specimens that were fatigue precracked at relatively low load ratios (typically 0.1-0.2) in room-
temperature air. However, in reactor core components cracks are initiated primarily by SCC and have
intergranular (IG) morphology, whereas the fatigue precracks in fracture toughness tests are always
transgranular (TG). Also, the corrosion/oxidation reaction could influence fracture toughness. For
example, hydrogen generated from the oxidation reaction could diffuse into the material and change the
deformation behavior by changing the stacking-fault energy of the material.
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Fig. 5. Fracture toughness J-R curves for irradiated specimens of (a) Type 304 SS SMA weld HAZ and
(b) Type 304L SA weld HAZ in air and BWR water environments (Ref. 8).

To investigate the possible effects of the BWR coolant environment on fracture toughness (e.g., the
effect of the corrosion/oxidation reaction during crack extension or use of specimens with an IG rather
than TG fatigue crack), J-R curve tests have also been conducted in BWR normal water chemistry (NWC)
environment [11]. The J-R curve data on irradiated SS weld HAZ materials (Fig. 5) indicate that an BWR
NWC environment has little or no effect on the fracture toughness. The J-R curves for irradiated
Type 304L SA weld HAZ in air and water environments are essentially identical (Fig. 5b), and, although
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the complete J-R curve could not be obtained for Type 304 SMA weld HAZ in air, ductile crack
extension occurred at approximately the same value of J in air and water environments (Fig. 5a).

The J-R curves for a sensitized Type 304 SS in air and water environments are shown in Fig. 6.
The results indicate slightly lower fracture toughness in water. Also, the material tested in water was
sensitized for a shorter time than the material tested in air. Therefore, for materials with identical
sensitization treatment, the difference between the J-R curves in air and water environments may be
greater than that indicated by Fig. 6.
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Figure 7 shows J-R curves and the load vs. load-line displacement curves for two tests on thermally
aged and irradiated CF-8M cast SS in BWR water. Companion tests in air have not been conducted on
this material. In both tests, large load drops, accompanied by crack extensions up to 0.5 mm in Specimen
75-11TM and 1.0 mm in Specimen 75-11TT, were observed at the onset of crack extension. Such load
drops are not typically observed during tests in air [51]. The fracture surfaces of these specimens have
not been examined to establish the fracture morphology. Additional tests on irradiated cast SSs or SS
welds in air and water environments should be conducted to determine the possible effect of LWR coolant
environments on their fracture toughness.
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Fig. 7. Fracture toughness J-R curves and load vs. loadline displacement curves for thermally aged and
irradiated CF-8M cast SS (Ref. 8).
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Irradiation Temperature: The available data are inadequate to establish accurately the effects of the
irradiation temperature on the fracture toughness of austenitic SSs. However, tensile data for austenitic
SSs indicate that irradiation hardening is highest, and ductility loss is maximum, at an irradiation
temperature of *300°C (=572°F) [52]. Thus, the Ji. values for all of the data at neutron exposures greater
than 20 dpa (shown in Fig.9 below) may overestimate the toughness of materials irradiated at
temperatures of 290-320°C (554-608°F) because the irradiation temperatures for these data were above
350°C (662°F).

Test Temperature: The fracture toughness of nonirradiated austenitic SSs is known to decrease as
the test temperature is increased. The change in the Ji of irradiated SSs as a function of test temperature
is plotted in Fig. 8 for several grades of SSs and welds irradiated in LWRs and fast reactors. The fracture
toughness of steels irradiated to relatively low dose (less than 5 dpa) decreases with increasing test
temperature. However, for steels irradiated to more than 12 dpa, test temperature has little effect on
fracture toughness. The data on materials irradiated in LWRs or fast reactors exhibit the same behavior.
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The effect of test temperature is also reflected in the fracture morphology of highly irradiated
materials. At temperatures above 230°C (446°F) the failure mode is predominantly channel fracture
characterized by a faceted fracture surface. It is associated with highly localized deformation along a
narrow band of slip planes whereby the initial dislocation motion along the narrow band clears away the
irradiation-induced defect structure, creating a defect-free channel that offers less resistance to subsequent
dislocation motion. The localization of the deformation ultimately leads to channel failure.

2.4 Fracture toughness trends and data needs

The change in initiation toughness Ji. of wrought austenitic SSs (including weld HAZ materials and
sensitized SSs) and cast SSs and weld metals is shown in Fig. 9 as a function of neutron dose. The
fracture toughness data from both fast reactor and LWR irradiations are included. The irradiation
temperatures range from 90 to 427°C (194-800°F) and test temperatures vary from 250 to 427°C (212-
800°F). Only the data for CF-8 cast SS irradiated in a fast reactor to 10-11 dpa (inverted triangles in the
figure) were obtained at room temperature. The data in Fig. 9 show little or no effect of test temperature
for materials irradiated to 12 dpa or higher, although the toughness values are already quite low above 12
dpa. Overall, the results in Fig. 9 indicate little or no change in toughness below 0.5 dpa, a rapid decrease
between 1 and 5 dpa, and no further change (saturation) beyond 10 dpa.
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Fig. 9. Change in initiation toughness J|¢ of (a) wrought austenitic SSs and (b) cast austenitic SSs and
weld metals as a function of neutron exposure. The data plotted at 0.005 dpa are for nonirradiated
materials.

There appear to be some differences in behavior between subsets of the data in Fig.9a. The
threshold dose and the dependence of the decrease in fracture toughness J;. on neutron dose seem to vary
for different grades of materials. The average Ji. of the Type 304 SS drops from above 150 kJ/m?2
(857 in.-Ib/in.2) at 1 dpa to 12-24 kJ/m? 69-137 in.-Ib/in.2) at about 5 dpa. For Type 316L SS the
decrease appears to occur at a somewhat higher fluence range (3 dpa to 10 dpa), and for Type 304L SS it
appears to occur at a somewhat lower fluence. With increasing fluence, the decrease in toughness is the
earliest for Type 304L SS, followed by Type 304 SS and then Type 316 SS.

The fracture toughness data in Fig. 9b for cast SSs and welds are lower than those of the wrought
SSs for all dose levels less than the 10-dpa saturation level. However, the available data for irradiated SS
welds and cast austenitic SSs are extremely limited. There are no data on any of these materials for
fluences above 20 dpa, and little or no data on cast austenitic SSs for fluences below about 2 dpa. The
existing data for welds suggest that ~0.3 dpa may be considered a threshold neutron dose below which
irradiation has little or no effect on fracture toughness of SS welds. However, this threshold does not
consider the possible synergistic effects of thermal and neutron embrittlement of welds.

The two curves shown in Fig. 9 represent a disposition curve proposed by EPRI [43] and a fracture
toughness trend curve developed in the present study, which bounds the existing data. The trend curve
takes into consideration: (a) a threshold neutron exposure for radiation embrittlement of austenitic SSs
and a minimum fracture toughness for these materials irradiated to less than the threshold value, (b) a
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saturation neutron exposure and a saturation fracture toughness for materials irradiated to greater than this
value, and (c) a description of the change in fracture toughness between the threshold and saturation
neutron exposures. As shown in Fig. 9, the fracture toughness Ji. curve that bounds the existing data for
Jic as a function of neutron dose (in dpa) may be represented by

Jic =7.5 + 110 exp[-0.35(dpa)!4]. (7)

This lower bound curve represents a threshold dose of 0.3-0.5 dpa for neutron embrittlement, a
minimum fracture toughness Ji; of =118 kJ/m? below the threshold dose, a saturation threshold of 5 dpa
beyond which the fracture toughness of these materials appears to saturate, a saturation fracture toughness
Jic of 7.5 kJ/m2 (or K| or Kj. of 38 MPa m!/2), and a description of the change in toughness between 0.3
and 5 dpa. The value of Jj. of =118 kJ/m? below the threshold dose is appropriate for thermally aged and
unaged cast SSs and SS flux welds. A value higher than 118 kJ/m? may be considered for the minimum
fracture toughness Jic for wrought austenitic SSs irradiated below the threshold dose for neutron
embrittlement. The description of the change in fracture toughness below 1.5dpa will change
accordingly. The lower bound trend curve given by Eq. 7 is consistent with the Materials Reliability
Program (MRP) model proposed for PWRs [45]. The MRP model is expressed in terms of a lower bound
Kjc (MPa m!/2) curve. It bounds all the fracture toughness data from fast reactors, BWRs, and PWRs as a
function of the neutron dose (in dpa) and is given by the expression,

Kje = 180 — 142[1-exp(-dpa)]. (8)

Both Eqs. 7 and 8 predict a saturation fracture toughness Kj. of 38 MPa m!/2. For materials irradiated
below the threshold dose for irradiation embrittlement, Eq. 8 predicts a minimum K. of 151 MPa m1/2,
but the MRP expression predicts fracture toughness values that for some materials, such as SS welds or
weld HAZ, may be higher than the minimum toughness of the materials in the nonirradiated condition.

The disposition curve proposed by EPRI for BWRs is also not bounding for the existing data for BWR-
irradiated austenitic SSs. For example, at neutron doses <0.7 dpa the Ji; values based on the EPRI curve
are higher than the minimum Ji. of nonirradiated SS welds (particularly flux welds), some heats of
wrought SSs, and most thermally aged cast austenitic SSs with >15% ferrite [51]. The saturation Ky of
55MPam!/2 at 4.5 dpa for the EPRI curve is also higher than the value of 38 MPa m!/2 previously
proposed by MRP for PWRs [45]. The saturation Ky, for the EPRI curve was based on data for which the
specimen orientation was unknown. Recent data indicate that fracture toughness in the transverse
orientation is nearly half of that in the longitudinal orientation [43]. Therefore, the bounding Ky, values
above 4.5 dpa are likely to be lower than 55 MPa m!1/2.

The existing fracture toughness database indicates that there are limited data for austenitic SSs, in
particular for SS welds and cast austenitic SSs, irradiated in LWRs to neutron dose levels of 0.1-1.0 dpa
or above 10 dpa. Such data are needed to confirm the threshold dose for significant decrease in the
fracture toughness of austenitic SSs and the saturation fracture toughness of these materials inferred from
the larger data set including materials from the fast reactors. Also, the potential synergistic interactions of
thermal aging and neutron irradiation embrittlement of cast austenitic SSs and SS welds [11,51] have yet
to be addressed.

The fracture toughness J-R curve may be used to analyze material behavior for loading beyond Jyc.
The J-R curve is expressed in terms of the J integral and crack extension (Aa) by the power law
J=C(Aa)". At dose levels below the threshold dose for saturation (i.e., at dose levels less than =5 dpa),
the effect of neutron irradiation on the fracture toughness of austenitic SSs can also be represented by a
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decrease in the coefficient C of the power-law correlation for the J-R curve with neutron dose. The
variation of C for wrought and cast SSs and welds as a function of neutron dose is shown in Fig. 10.
Except for the results for CF-3 (closed diamond in Fig. 10b) and CF-8 irradiated in BOR-60 reactor (open
inverted triangle in Fig. 10b), the remaining data were obtained at temperatures above 250°C. Based on
the data trends in Fig. 8, test temperature should have little or no effect on the data for CF-8 cast SS.
However, the constant C for CF-3 cast SS may be more than a factor of two lower at LWR operating
temperatures. The two curves in Fig. 10 represent a disposition curve proposed by EPRI for BWRs [47]
and a bounding curve for coefficient C developed in the present study (Eq. 9 below).
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Fig. 10. Coefficient C of the power-law J-R curve for (a) wrought austenitic SSs and (b) cast austenitic
SSs and weld metals as a function of neutron exposure.

Even for fluence levels above 10 dpa, most heats of wrought austenitic SSs (Fig. 9a) show ductile
crack extension in the toughness tests. Under similar irradiation conditions, the coefficient C for cast SSs
and welds (Fig. 9b) is lower than that for wrought SSs. However, since most of the data are from
irradiations in fast reactors and at temperatures of 370-427°C (698-800°F), the values of power-law
coefficient C may be lower for irradiations at LWR operating temperatures. As mentioned previously,
fracture toughness data are very limited on materials irradiated in LWRs to neutron dose levels of 0.1-
1.0 dpa or above 10 dpa. Therefore, it is not possible to define accurately the lower bound trend curve for
the power-law coefficient C as a function of neutron dose. For fluences less than 5 dpa, as shown in
Fig. 10, the existing fracture toughness data can be bounded by the following expression for C:

C =25+ 175 exp[-0.35(dpa)! 4], ©)
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and an exponent n in the power law equal to 0.37 (the median value of the experimental data). The
exponent n of the power-law curve typically ranges from 0.35 to 0.70 for nonirradiated materials and 0.16
to 0.65 for irradiated materials. Unlike the behavior for thermally aged cast austenitic SSs where
exponent n typically decreases with a decrease in fracture toughness [51], no obvious trend of n with
fluence is evident. For irradiated materials, the median value of n is 0.37. Equation 9 yields a C value of
~200 kJ/m2 (1285 in.-1b/in.2) for materials irradiated to less than 0.1 dpa and ~31 kJ/m? (=160 in.-1b/in.2)
for materials irradiated to =5 dpa. These values would yield Jic of 125 and 17 kJ/m2, respectively, for
materials irradiated to <0.1 and 5 dpa. These values are consistent with the Jic trend curve of Fig. 9. The
Jic at 5 dpa is also consistent with the data for the CT specimens of Type 304 SS irradiated to ~4.5 dpa in
a BWR (closed triangles in Fig. 9a).

As noted previously, ductile crack extension was also not observed for some 20% CW Type 316 SS
specimens irradiated to 74-88 dpa in a fast reactor at 410-425°C (770-797°F). The specimens failed by a
quasi-cleavage fracture believed to be an indirect consequence of the onset of void swelling in the
material. The K| values were 74-90 MPa m!/2 (67-82 ksi in.!/2).

2.5 Synergistic effects of thermal and neutron irradiation

It is well know that thermal aging of cast austenitic SSs and SS welds at reactor operating
temperatures leads to degradation of their fracture properties [21,51, 56-58]. An issue that has been a
concern for reactor core internal components is the possibility of a synergistic interaction between
irradiation embrittlement and thermal embrittlement of cast austenitic SSs and SS weld metals. Although
wrought SSs are typically completely austenitic, welded and cast SSs have a duplex microstructure
consisting of austenite and ferrite phases. The ferrite phase increases the tensile strength and improves
resistance to SCC, but it is susceptible to thermal embrittlement after extended service at reactor operating
temperatures. Thermal aging of cast SSs at 250-400°C (482-752°F) leads to precipitation of additional
phases in the ferrite (e.g., formation of Cr-rich o’ phase by spinodal decomposition; nucleation and
growth of o'; precipitation of a Ni- and Si-rich G phase, M»3Cq carbide, and y, austenite; and additional
precipitation and/or growth of existing carbides at the ferrite/austenite phase boundaries) [53-55]. The
formation of the Cr-rich o' phase by spinodal decomposition of ferrite is the primary mechanism for
thermal embrittlement; it strengthens the ferrite phase by increasing strain hardening and the local tensile
stress. Thermal aging has little or no effect on the austenite phase. Thus, thermal aging of cast SSs and
SS welds leads to the development of a material with a brittle phase dispersed in a ductile matrix.

Embrittlement of the ferrite phase due to neutron irradiation occurs much faster than for austenitic
SSs. At reactor operating temperatures of 288-343°C (550-650°F), a shift in the nil-ductility transition
(ANDT) temperature of up to 150°C (302°F) has been observed in pressure vessel steels after neutron
exposures of 0.07-0.15 dpa (0.5-1.0 x 1020 n/cm?) [59]. The irradiation temperature is an important
factor in establishing the extent of embrittlement of ferritic steels. Although both the thermal aging
embrittlement and the neutron irradiation embrittlement of ferrite are well characterized, the synergistic
effect of thermal aging and neutron irradiation on the embrittlement of SS welds and cast SSs has not
been investigated yet. The concurrent exposure to high neutron fluence levels could result in a synergistic
effect wherein the service-degraded fracture toughness is reduced from the levels predicted independently
for either of the two mechanisms.

The effect of neutron irradiation on the fracture toughness of wrought and cast SSs and welds has

been discussed in the previous sections, and the change in fracture toughness Jic and coefficient C of the
power-law J-R curve with neutron dose is shown in Figs. 9 and 10, respectively.

15



Thermal aging increases the tensile strength, hardness, and Charpy-impact transition temperature,
and it decreases the ductility, fracture toughness, and impact strength. For cast austenitic SSs, the extent
of mechanical-property degradation is essentially determined by the chemical composition of the steel,
the casting process used to construct the component, the ferrite content and ferrite morphology of the
steel, and the time and temperature of service for the component [51]. Cast SSs with high levels of Mo
(e.g., CF-8M) show greater susceptibility to thermal embrittlement than steels with low Mo content (e.g.,
CF-3 or CF-8). Static cast steels are more susceptible to thermal embrittlement than centrifugally cast
components. The screening criteria to determine the susceptibility of cast SS components to thermal
aging embrittlement are outlined in Table 1 [60].

Table 1. Screening criteria for thermal-aging susceptibility of cast austenitic stainless steels.

Mo Content (wt.%) Casting Method Ferrite Content Susceptibility Determination
High (2.0-3.0) Static <14% Not susceptible
>14% Potentially susceptible
Centrifugal <20% Not susceptible
>20% Potentially susceptible
Low (0.5 max.) Static <20% Not susceptible
>20% Potentially susceptible
Centrifugal All Not susceptible

For cast austenitic SSs, the minimum fracture toughness that can occur due to thermal
embrittlement depends strongly on the ferrite content and morphology. A globular ferrite morphology in
which the brittle ferrite phase is isolated in an austenitic matrix will have a higher fracture toughness than
a lacy morphology in a material with greater than 9% ferrite, where a continuous fracture path through the
brittle ferrite is possible. The minimum toughness due to thermal aging occurs when the ferrite is fully
embrittled, and the remaining toughness depends on the toughness provided by the ductile matrix
surrounding the embrittled phase. Based on a previous study [51], the predicted saturation J-R curves for
the various cast SSs in the thermally aged condition (i.e., the lowest fracture toughness that could be
achieved for the steel after thermal aging) are expressed as J =~ 264 Aa0-35 =251 Aa%34, and =167 Aa0-31,
respectively, for CF-3, CF-8, and CF-8M steels at 290°C (554°F).

The results for SS welds indicate that the decrease in fracture toughness due to aging depends on
the ferrite content and initial toughness of the weld [21]. Differences in the fracture toughness of SS
welds arise from differences in the density and size of inclusions in the material. Failure occurs by the
formation and growth of microvoids near hard inclusions. Welds with relatively high fracture toughness
(e.g., gas tungsten arc or tungsten inert gas weld) show a significant decrease due to thermal aging,
whereas welds with poor fracture toughness (e.g., submerged arc, shielded metal arc, or manual metal arc
welds) show minimal change. In the latter case, failure primarily occurs by the formation and growth of
microvoids. Such processes are relatively insensitive to thermal aging. The existing data indicate that at
280-350°C, the fracture toughness Ji; of thermally aged welds can be as low as 40 kJ/m2. A conservative
estimate of the J-R curve for aged SS welds [21] is given by J =40 + 83.5 Aa0-643,

Reactor core internal components are subject to thermal and concurrent exposure to neutron
irradiation. This could result in a synergistic effect wherein the service-degraded fracture toughness can
be less than that predicted for either thermal aging embrittlement or neutron irradiation embrittlement
independently.

For license renewal, to account for the effects of thermal aging and neutron irradiation

embrittlement on the fracture toughness of reactor core internal components, the NRC staff has proposed
that for cast austenitic SS components that have a fluence of greater than 1 x 1017 n/cm? (0.00015 dpa) or
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are determined to be susceptible to thermal aging embrittlement, an aging management program should
be implemented consisting of either a supplemental examination of the affected components as part of the
applicant’s 10-year inservice inspection program during the license renewal term, or a component-
specific evaluation to determine the susceptibility to loss of fracture toughness [60]. Furthermore, the
program should provide for the consideration of the synergistic loss of fracture toughness due to neutron
irradiation embrittlement and thermal aging embrittlement.

An EPRI report on thermal aging embrittlement of cast SS components proposed the use of the J
value at a crack extension of 2.5 mm (0.1 in.), J, 5, to differentiate between nonsignificant and potentially
significant reductions in fracture toughness of cast austenitic SSs [61]. Flaw tolerance evaluations were
presented in Appendices A and B of the EPRI report to support the choice of a threshold value of
Jo5=255kJ/m? (1456 in.-1b/in.2). The NRC staff has found that using J, s =255 kJ/m? is an acceptable
screening approach for fracture toughness of cast SSs [60]. This concept can be extended to irradiated
materials. However, the applicability of the flaw tolerance evaluations in Appendices A and B of the
EPRI report would have to be demonstrated to support the use of the J, 5 parameter for evaluating the
toughness of irradiated SSs.

For the wrought and cast austenitic SSs and welds listed in Fig. 10, the experimental J-integral
values at a crack extension of 2.5 mm are plotted as a function of neutron dose in Fig. 11. The solid curve
in Fig. 11 represents the predicted values of J at 2.5-mm crack extension that are expected to bound the
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Fig. 11. Experimental values of J-integral at a crack extension of 2.5 mm for (a) wrought austenitic SSs
and (b) cast austenitic SSs and weld metals plotted as a function of neutron exposure.
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existing experimental data shown in Fig. 10. The curve was obtained using the power-law J-R curve
relationship, coefficient C determined from Eq. 9, and exponent n of 0.37. The lower bound curve
indicates that for cast SSs and welds irradiated up to 1.0 dpa, the predicted J at 2.5 mm is above the
screening value of 255 kJ/m? (1456 in.-1b/in.2). However, additional fracture toughness data on irradiated
SS welds and cast SSs, particularly at 0.1-2.0 dpa, are needed to better define the threshold dose when the
fracture toughness of austenitic SSs begins to significantly decrease.

This evaluation does not consider the synergistic interaction of neutron irradiation and thermal
aging embrittlement. Embrittlement of ferrite phase from neutron irradiation occurs at lower dose levels
than does embrittlement of the austenite phase. A shift in the NDT temperature of up to 150°C (302°F)
has been observed in pressure vessel steels irradiated to 0.07-0.15 dpa [59]. Thus, embrittlement of ferrite
is expected to occur at 0.05-1.0 dpa, whereas any significant effect of neutron irradiation on
embrittlement of the austenite phase occurs only above =0.5 dpa (Fig. 9).

In addition to possibly altering the threshold dose for neutron embrittlement, synergistic effects of
neutron irradiation and thermal aging embrittlement could decrease the saturation fracture toughness of
irradiated welded and cast SSs and accelerate the change in fracture toughness between the threshold and
saturation neutron exposures. Unfortunately, existing data are inadequate for an accurate assessment of
such effects. Figure 11 shows the results of two tests on a CF-8M steel that was thermally aged for
10,000 h at 400°C and then irradiated to well above the threshold dose for neutron embrittlement
(inverted triangles in Fig. 11). The resulting toughness is bounded by the curve for other SSs irradiated to
a similar level, i.e., thermal aging does not seem to lower the toughness below that expected for
irradiation alone at these neutron dose levels. Additional fracture toughness data are needed to better
establish the potential for synergistic loss of toughness in these materials in the transition dose range from
0.05 to 2 dpa.

3. Void swelling

Void swelling refers to the volume change of materials under neutron irradiations. Void swelling
was first observed in the late 1960s in austenitic SSs irradiated in fast reactors to neutron exposures above
1 x 1023 n/cm? at temperatures of 370-650°C (698-1202°F) [12]. As discussed above, neutron irradiation
damages materials by displacing atoms from their lattice position. Such displacements create vacancies
and interstitials, most of which are annihilated by recombination. The surviving defects lead to
microstructural changes as they rearrange into more stable configurations. Because of the relatively large
strain field that surrounds interstitials, there is a strong interaction between interstitials and dislocations,
which results in a preferential flux of interstitials toward dislocations. The remaining vacancies cannot
annihilate by recombining with interstitials, and this condition leads to the nucleation of cavities or
microvoids. Under certain conditions of temperature and dose rate, these cavities or microvoids can
eventually grow to larger sizes. Fission products such as He and H also play an important role in void
formation. By combining with these gas atoms, void nucleation is facilitated through reduction of the
surface energy of vacancy clusters. The fundamental driving force of void formation, however, remains
the excess vacancy flux toward voids.

The formation of a large number of voids results in an increase in the volume of the material, a
process referred to as “void swelling.” The volume changes from void swelling are normally isotropic
and occur in all directions. However, there are always constraints on swelling, both internally due to
gradients of temperature and dose rate within the component, and externally from neighboring
components. Such constraints result in anisotropic swelling and stress fields within the components that
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activate irradiation creep in unconstrained directions, producing dimensional distortions and misfits that
can compromise the functional integrity of the reactor core internal components.

Most void swelling data have been obtained from materials irradiated in fast breeder reactors at
temperatures above 385°C (725°F) and at dose rates that are orders of magnitude higher than those in
PWRs, and extrapolation of these results to estimate the void swelling behavior for PWR end-of-life or
extended life conditions introduces substantial uncertainties.

3.1 Effect of material and environmental parameters on void swelling

The void swelling process is divided into two regimes: a transient regime followed by a steady-state
swelling rate. All materials regardless of material composition and thermo-mechanical condition, stress
state, neutron flux and spectrum, or irradiation temperature (above 300°C) are believed to reach a steady-
state swelling rate of ~1%/dpa [12]. However, the duration of the transient regime varies with the
material composition, stress, and irradiation parameters. In general, higher neutron flux and stress
accelerate, and cold work in the material delays, the onset of the steady-state swelling rate. Significant
effects of various material and environmental parameters on void swelling are as follows:

Irradiation temperature: In the temperature range for fast reactors, void swelling shows a strong
dependence on irradiation temperature. For austenitic SSs a steady-state swelling rate of 1%/dpa is
observed in fast reactor data at 427°C (800°F) or higher temperatures. Voids are typically observed in
austenitic SSs at temperatures above 340°C. While PWR coolant temperatures do not exceed 345°C
(653°F), gamma heating of thick section components near the reactor core could increase the local
temperature within the component to 370°C (698°F) or even higher. The lower irradiation temperatures
typical of LWRs extend the transient regime to much longer times and result in the formation of a higher
density of smaller voids. However, depending on the irradiation temperature, dose, and dose rate, voids
can form under PWR operating conditions within the reactor lifetime. Voids have been observed in
austenitic SSs irradiated at temperatures as low as 300°C (572°F) [62].

Material composition: Reactor core internal components are primarily constructed of austenitic
SSs. These materials have a face-centered cubic crystal structure and are more susceptible to void
swelling (i.e., swelling occurs earlier and at a higher rate) than ferritic steels, which have a body-centered
cubic crystal structure. The material composition can influence the transient regime for void swelling.
The most important factor is the Ni content in the steel. In the 300-series SSs, swelling decreases rapidly
with increasing Ni content up to about 30-40% [63]. In contrast, Cr has the opposite effect; it decreases
the transient regime and increases swelling [63]. However, at low temperatures typical of LWRs,
swelling is not expected to change significantly over the range of Cr found in the 300-series SSs used for
nuclear service. Because of compositional differences, Type 304 SS typically swells more than Type 316
SS under similar thermal-mechanical conditions.

The effect of minor trace elements on void swelling is sensitive to material and environmental
conditions and, therefore is less predictable. Similar to the effect of Ni on swelling, P contents above
0.01 wt.% and Si contents above 0.2 wt.% decrease swelling in the 300-series SSs [64,65]. The effect of
these solutes at small concentrations may be different at PWR temperatures. However, since most SSs
used for the construction of LWR core internals typically contain 0.03-0.04 wt.% P and ~0.5 wt.% Si,
these elements are expected to decrease void swelling. Both change the effective diffusivity of vacancies
and thereby the vacancy supersaturation. Minor differences in the concentration of these minor elements
and their distribution due to differences in thermal-mechanical history may explain the large differences
in the swelling behavior sometimes observed in essentially identical heats of SSs [66].
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Phase changes during irradiation: Irradiation at higher temperatures, particularly above 340°C,
leads to the formation of second phase particles. The radiation-induced formation of y’ silicide (Ni3Si),
phosphides (MP and M3P), and G phase (MgNigSi7) can remove Ni, P, and Si from the alloy matrix,
and thereby increase void swelling. However, radiation-induced precipitation of second phases is
strongly dependent on both temperature and displacement rate [12].

Material condition: Cold work in the material prolongs the transient regime for void swelling in
austenitic SSs. The high dislocation density produced by the cold work provides additional
recombination sites for vacancies and interstitials, thereby decreasing supersaturation of vacancies in the
material and delaying void nucleation. The high dislocation density also interferes with diffusion of
minor elements and, therefore, delays or prevents the formation of second phase particles, which remove
elements (such as Ni, Si, or P) that are known to suppress void swelling. However, the benefit of cold
work is short lived because absorption of vacancies increases the mobility of the dislocations, permitting
them to interact and decline in density to levels similar to those achieved in solution-annealed materials
with comparable irradiation doses. In solution-annealed Type 304 SS, voids nucleate easily, and the
transient regime is characterized by a slowly increasing rate of swelling with increasing neutron dose. By
contrast, in CW Type 316 SS void nucleation is difficult or does not occur for some time, but the transient
regime ends, and the steady-state swelling rate starts abruptly [13].

Stress and stress history: In general, stress accelerates void swelling and decreases the transient
regime. The sign of the stress state, tensile or compressive, does not matter; it is the shear component and
not the hydrostatic component that accelerates swelling [12]. As discussed above, constraints due to
gradients in temperature and/or dose rate and from adjoining components lead to anisotropic swelling and
build-up of stresses within the component. These stresses, however, are limited by irradiation-induced
creep and will relax in time; the rate of relaxation is proportional to the swelling rate. Therefore, the
swelling-induced stresses often vary with time, increasing due to swelling and component constraints, and
decreasing with creep relaxation. The interaction of swelling and irradiation creep relaxation plays an
important role in evaluation of swelling in PWR core internal components. The deformation due to
irradiation creep is in the direction that relieves the shear component of the applied stress. In a bolt, the
primary stress is tensile along the bolt axis. Thus, the bolt would creep to increase its length and decrease
the diameter. However, if the plate in which the bolt is embedded swells at a greater rate, the stress in the
bolt would be reestablished. In the case of a hot spot in a former plate behind a reentrant baffle plate
corner, the local stresses that were generated because of external and internal constraints would redirect
swelling in the vertical direction [66]. Another effect of stress is that a high swelling region within a
component would produce stresses in an adjacent lower swelling region, thereby increasing the swelling
rate. Therefore, estimates of swelling based on stress-free material would tend to overestimate swelling
gradients in a component.

Displacement Rate: Void swelling data on annealed Type 304L SS irradiated to ~30 dpa at 390°C
in fast reactors indicate that swelling increases as the displacement rate is decreased [67]. This suggests
that estimates of void swelling based on high flux fast reactor data could yield nonconservative results for
PWR core internal components. In other words, under comparable irradiation temperatures and neutron
dose levels, the lower displacement rates typical of PWRs could result in higher swelling. However, the
exact mechanism by which displacement rate affects swelling is not well understood. Initially, it was
believed to be due to an upward shift in the temperature range for void swelling with increases in
displacement rate [68]. Such an argument explains the change in swelling in terms of a change in void
growth rate rather than a change in void nucleation. However, several studies on austenitic SSs irradiated
in EBR-II at 373-444°C (703-831°F) indicate that the effect of displacement rate on swelling is due to its
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effect on the transient regime and not void growth [69]. The data also indicate that the displacement rate
effect in solution-annealed materials is similar to that in cold-worked materials.

Helium production: Under neutron irradiation, He can be produced by the !9B reaction to form 4He
and 7Li, and also from the two-step production of 9Ni from 38Ni by thermal neutrons [i.e.,
58Ni(n,y)3°Ni(n,0) 56Fe]. In the latter, the He generation rate is proportional to the 5°Ni content and the
thermal neutron flux. In PWRs, transmutations can produce both He and H. The nucleation of
microvoids due to migration and condensation of vacancies produced by neutron displacements can be
stabilized by the transmuted gas atoms (He or H), thereby increasing void swelling. A fine dispersion of
He bubbles has been observed in SSs irradiated in LWRs at 300-340°C, especially in reactors with high
thermal flux [70,71]. However, the effect of He on swelling is not as strong as that of Ni or P contents in
the steel. Most of the earlier studies have focused on the effects of He on swelling. Studies on the effects
of H are limited.

3.2 Assessment of void swelling in PWR core internal components

The void swelling measured in PWR internal components, such as the flux thimble tubes and baffle
bolts [15,72,73], is plotted as a function of neutron dose in Fig. 12. Except for two data points that show
0.2-0.25% swelling, void swelling in these SSs irradiated up to 80 dpa is insignificant. However, the
irradiation temperature for the low-swelling materials was less than 330°C (626°F). A review of the
existing void swelling data on austenitic SSs irradiated in fast reactors and the limited data available on
PWR-irradiated materials indicated that they all can reach the steady-state swelling rate of ~1%/s. The
duration of the transient regime to reach this steady-state rate depends on material composition and
thermal-mechanical condition, stress state, irradiation temperature, and neutron displacement rate. The
state of knowledge on the effects of these variables is discussed next.
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Fig. 12. Void swelling of PWR materials plotted as a function of neutron dose (Refs. 15,72,73).

Temperature: Although PWR coolant temperatures do not exceed 345°C (653°F), gamma heating
can increase the local temperature in thick sections of reactor core components to values as high as 420°C
(788°F). However, most of the void swelling data on PWR-irradiated materials are at temperatures below
330°C, where swelling is minimal. There are no swelling data at 370-420°C (698-788°F), where swelling
is expected to be the highest. Estimates of void swelling in PWR components are based on materials
irradiated in fast reactors at temperatures above 370°C (698°F).
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Displacement rate: Typical displacement rates in PWRs are 0.3-9.0 x 10-8 dpa/s, whereas rates used
in the void swelling studies are 0.3-10.0 x10-7 dpa/s. Void swelling data on annealed and CW austenitic
SSs irradiated in fast reactors at 373-444°C (703-831°F) indicate that swelling increases as the
displacement rate is decreased. The displacement rate effect is primarily due to its effect on the transient
regime. In other words, the dose required to achieve the 1%/dpa steady-state swelling rate is shorter for
austenitic SSs irradiated at lower dose rate. These results suggest that under comparable irradiation
temperatures and neutron dose levels, the lower displacement rates typical of PWRs would result in
higher swelling. Limited void swelling data on PWR-irradiated materials are consistent with this
prediction, which is based on fast reactor data at temperatures relevant for PWR internals and at
displacement rates below 5.0 x 10-8 dpa/s.

Stress State: In general, applied stress or swelling-induced stress accelerates void swelling.
Secondary stresses due to thermal gradients and geometric constraints, however, are limited by irradiation
creep and relax rather quickly. Therefore, the interaction of swelling and irradiation creep relaxation
plays an important role in evaluation of swelling in PWR core internal components. Also, another stress-
related effect is that stresses produced by a high swelling region in an adjacent lower swelling region,
force them to try to catch up with the faster growing regions. Thus, estimates of swelling based on stress-
free material would tend to overestimate swelling gradients in a component.

Material composition and condition: The data on LWR-irradiated materials are inadequate to
establish the differences in the swelling behavior of austenitic SSs under LWR and fast reactor irradiation
conditions. The material composition can influence the transient regime for void swelling. In general, an
increase in Ni, P, or Si content decreases swelling by increasing the transient regime. In contrast, Cr has
an opposite effect. However, under PWR irradiation conditions, swelling is not expected to change
significantly with minor differences in the Cr content. Cold work also increases the transient regime for
swelling, but does not affect the steady-state swelling rate. Such differences between LWR and fast
reactor irradiations need to be investigated.

Phase change: Radiation-induced formation of second phases can remove elements such as Ni, P,
and Si, which are known to decrease swelling, from the alloy matrix. This effect increases void swelling.
The precipitation of second phases is strongly dependent on material composition and thermal-mechanical
condition as well as temperature, dose, and dose rate. However, another aspect of precipitation of second
phase particles may tend to decrease swelling. Typically, irradiation-induced precipitation at PWR
operating temperatures is extremely small (i.e., a few to several tens of nanometers), and the precipitate
density is large. Therefore, at low temperatures, precipitation creates very large internal surfaces (i.e.,
interfaces between the precipitates and the metal matrix), which would act as sinks for vacancies, thereby
suppressing the accumulation and condensation of vacancies to form voids. This behavior has been well
known to occur in vanadium alloys [15]. The role of precipitation on void swelling in austenitic SSs
under PWR irradiation conditions needs to be investigated.

Most of the void swelling data on LWR-irradiated materials have been obtained on CW Type 316
SS, and data on solution-annealed Type 304 SS are limited. Because of the higher Ni content, void
swelling in Type 316 SS is less than that in Type 304 SS. Also, cold work further reduces swelling in
CW Type 316 SS. Additional data are needed on PWR-irradiated annealed Type 304 SS. Also, it is
important to develop a technical basis for extrapolating the fast reactor data and the limited PWR data to
predict void swelling in PWR core internals. Although extrapolation of these results suggests that void
swelling will not be a significant problem during the first license extension period, investigations are still
needed on the effects of irradiation temperature (particularly above 370°C), displacement rate, and stress
on void swelling, including the interaction of swelling and irradiation creep relaxation.
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Stress-free swelling equations have been developed by the MRP for annealed Type 304 and CW
Type 316 SSs used in PWR core internal components [74]. The swelling rate SR (%/dpa) is expressed in
terms of the temperature T (°C), neutron dose ¢ (dpa), and dose rate ¢ (10-7 dpa/s). The swelling rate for
annealed Type 304 SS is given by

. 18558
SR =200l exp[ 22.106 - ——22° | 10
SA304 = 290 p T+25.15 (10)
and the swelling rate for CW Type 316 SS by
. 18558
SR =0.9[10+ 2 (1 - exp(-0.01 0731 exp( 22.106 - ——2° | 11
CW316 [ ¢( p( ¢))]¢ p T+273.15 (11)

Equation 11 predicts a slightly higher swelling rate for Type 316 SS than that for annealed Type 304 SS
up to 10 dpa and a lower swelling rate for higher dose levels. The predicted void swelling for Type 304
SS core barrel and former plate and for CW Type 316 SS core barrel-to-former bolt for a 60-y life at 90%
effective full power years (EFPY) is shown in Fig. 13. Note that the effect of temperature seems to be
much stronger than that of dose rate. For the core barrel, although the dose rate is low, the 60-y end-of-
life void swelling is quite low because the total dose is only 12.4 dpa.

An expression to correlate stress-enhanced swelling has also been developed [74]. The incremental
stress-enhanced swelling, AS (%), is given by

AS =S'Ag(1+0.0055 ), (12)

where S’ is stress-free swelling rate SRga304 or SRew3i16, A¢ is the increment of neutron dose, and G is
the von Mises effective stress (MPa). As discussed previously, any stress state, negative or positive, will
accelerate the swelling rate. These expressions are based on isothermal irradiation, and the maximum
swelling rate is limited to 1%/s.
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Fig. 13. Void swelling of PWR materials plotted as a function of effective full power
years (Refs. 15,72,73).
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3.3 Embrittlement due to void swelling

As the volume of voids in the material continues to increase beyond 3-5%, the size and distribution
of voids essentially control the fracture properties of the material. Several studies have shown that
austenitic SSs irradiated at <400°C to neutron dose levels that produce >10% void swelling suffer from
severe embrittlement [73-77]. Furthermore, the critical swelling level required to induce an extremely
brittle state decreases with decreasing irradiation temperature [75]. A Type 316 SS irradiated in the EBR-
II fast reactor at 400°C to 130 dpa produced 14% void swelling, and fractured during handling at room
temperature [76]. Also, a Russian SS, EI-847, irradiated in the BN-350 fast reactor in the annealed
condition to 73 dpa at 335°C and in the CW condition to 82 dpa at 365°C, had more than 10% void
swelling and was found to be exceptionally brittle [77].

In austenitic SSs with >10% void swelling, the high embrittlement has been attributed to a process
that involves stress concentration between voids, Ni segregation at void surfaces, and a tendency toward
martensite formation when the steel is deformed at room temperature [75]. As discussed previously, the
removal of Ni and Si from the metal matrix to form y’ or G phase promotes void nucleation and swelling.
Once voids form, Ni segregates to void surfaces due to the inverse Kirkendall effect, in which the slowest
diffusing elements segregate. This further depletes Ni from the matrix. The loss of Ni and relative
increase of Cr in the matrix in the region between the voids decrease the stacking fault energy (SFE)
substantially, which promotes planar slip and formation of martensite during room-temperature
deformation. The austenite/martensite boundaries provide a low-energy crack propagation path, resulting
in a very brittle, quasi-cleavage fracture at room temperature [76,77]. At high temperatures, the effect of
Ni segregation on SFE is much less pronounced, and large levels of flow localization are required for
failure, which occurs along the flow localization path and is referred to as “channel fracture” [34].

There are few quantitative data correlating the void swelling with fracture toughness of the
material. A Fe-14Cr-16Ni-1.5Mo SS (D9) specimen irradiated in the Fast Flux Test Facility (FFTF) at
390°C (734°F) to 114 dpa showed a Kj of about 30 MPa m!/2 at 410°C and zero tearing modulus [78].
Although the void swelling was not measured for this material, it is expected to be above 10%. Swelling
in the same material irradiated at 410°C to 175 dpa showed about 30% void swelling, and 20% CW
Type 316 SS irradiated at 410°C to 170 dpa showed 18-23% swelling.

The fracture toughness of highly irradiated SSs with >10% swelling seems to be only slightly lower
than that observed in Type 304 or 316 SS irradiated to 4.5-8.5 dpa in BWRs (at 290°C) with little or no
void swelling. As discussed in Section 2.2, K|, values of 53 and 37 MPa m!/2 have been reported for
BWR control blade material irradiated to 4.5 and 8.0 dpa, respectively. The latter value is currently
defined as the saturation fracture toughness for irradiated austenitic SSs. The results for high swelling
suggest that the fracture toughness of austenitic SS PWR core internal components could be lower than
the saturation value (K;;=38 MPa m!/2) proposed by MRP [45]. The embrittlement of austenitic SSs due
to void swelling under PWR irradiation conditions should be further investigated.

4. Stress relaxation and creep

Loss of preload for bolted joints and redistribution of stresses in components due to stress
relaxation are another aging degradation concern that needs to be addressed to assure the functional
integrity of the reactor core internal components. Stress relaxation represents plastic deformation that
occurs with time under constant strain below the yield point of the material. In other words, stress
relaxation may be considered as creep that occurs under constant strain instead of constant load or stress.
It can occur either by thermal creep [16] or neutron-irradiation-assisted creep [18,19].
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Thermal creep is represented by primary (or transient), secondary (or steady-state), and tertiary
creep stages. For most metals and alloys, at temperatures below 0.4 or 0.5 of their melting temperature
(in degrees kelvin), creep under constant load is characterized by only primary creep with decreasing
creep rates, and steady-state creep is insignificant. For the 300-series austenitic SSs and Ni alloys used in
LWR core internal components, this temperature is about 394°C (740°F), which is higher than the typical
temperature range for PWR core components. Only a few locations close to the core may be above this
temperature due to gamma heating. Thus, for PWR internals, the contribution to total strain due to
steady-state thermal creep under constant load is likely to be relatively small.

Stress relaxation data are generally obtained from tests performed in accordance with ASTM
Specification E 328-86 under tension, compression, torsion, or bending to reflect the stress state imposed
on the component. Most of the available data are for stress relaxation tests that have been conducted
under tension (for bolted joints) and bending (for leaf springs). The stress state behavior of coil springs is
more complex, and there are no stress relaxation data for coil springs in the open literature. In general,
the thermal stress relaxation of coil springs appears to be much larger and depends on the coil design
geometry [66].

The existing data on thermal stress relaxation have been obtained from short-term tests (less than
1000 h) at 260-705°C (500-1300°F) on Type 304 SS as a function of cold work, thermo-mechanical
condition, and stress level [17]. The results indicate that the percentage of stress relaxation increases with
increasing initial stress and levels off at about 207 MPa (30 ksi). At PWR operating temperatures, stress
relaxation saturates within 100 h with a maximum decrease of 10-20% of the initial preload stress
depending on the thermal-mechanical treatment of the material [66]. At temperatures below 315°C
(600°F), for the same initial stress, the extent of stress relaxation decreases with increasing amount of
cold work in the material. The effect of cold work is less significant at temperatures above 371°C
(700°F). Stress relaxation reaches saturation in the short-term tests because only an elastic strain and
microplastic strain contribute to the total time-dependent strain (or creep strain). Secondary or steady-
state creep is insignificant in these tests at relatively low temperatures (i.e., less than 394°C). However,
over the reactor lifetime, even a rather low steady-state creep rate could lead to appreciable stress
relaxation than anticipated from the short-term tests. At 350°C (662°F), the steady-state creep rate for
Type 304 SS is estimated to be 5.2 x 10-13/s, which corresponds to 0.049% strain over 30 y; the total
stress relaxation is 76.5 MPa (11.1 ksi) [16].

Neutron-irradiation-enhanced creep can greatly increase the plastic strain by increasing both the
primary creep and steady-state creep rates. Unlike thermal creep, neutron irradiation can result in
significant creep strain at PWR temperatures. Irradiation creep can be divided into three stages: transient,
steady state, and void-swelling-induced creep. The magnitude of both transient creep and steady-state
creep is essentially proportional to the applied stress level. Transient creep is typically short and,
although its magnitude depends on material condition and structure and irradiation temperature, the
contribution to total creep strain is relatively small (PWR fuel rods show <0.05% transient creep) [12];
the steady-state creep rate is independent of these parameters. Figure 14 plots the thermal creep and
irradiation-enhanced creep of 20% CW Type 316 SS in the EBR-II fast reactor at 454°C (850°F) and
under an uniaxial stress of 138 MPa (20 ksi).

Empirical models have been developed for irradiation creep by using data obtained from fast
reactors. Because of the relatively weak dependence of steady-state creep on dose rate or temperature, the
fast reactor data have been used to estimate irradiation creep at PWR operating temperatures [66]. The
existing data are inadequate to determine the effects of cold work or material composition on irradiation-
enhanced steady-state creep.
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Fig. 14. Thermal creep and irradiation-enhanced creep of a 20% CW Type 316 stainless
steel irradiated in EBR-II (Ref. 66).

Initially, void-swelling-induced creep was not considered to be significant for PWR core internal
components. However, void swelling could be significant for PWR core internals because of the low
dose rates, which could lead to considerable creep strain. A detailed evaluation based on typical
temperature/dose rate information for core components is needed to estimate the contribution of void-
swelling-induced creep.

Stress relaxation is creep that occurs at constant strain. It follows the trends observed in thermal
and irradiation creep. Initially, there is a sharp decrease in stress representing transient creep, followed by
a gradual decrease in stress due to essentially steady-state irradiation creep. Empirical equations have
been developed from the irradiation creep data to estimate stress relaxation as a function of initial stress
and neutron dose, and the constants in the equations were derived by regression fitting to the available
stress relaxation data. One such curve representing stress relaxation (%) as a function of neutron dose is
given by [66],

%~ exp{-0.774(1 - exp(-23f)) - 0.688¢ } (13)

G

where f is the accumulated neutron fluence in dpa, and o and O, are the remaining and initial stress.
The first term [i.e., 0.774(1 - exp(-23f))] in the equation represents stress relaxation due to irradiation-
enhanced transient creep, and the second term [i.e., 0.688f] represents stress relaxation due to steady-state
creep. The screening trend curve obtained with the available stress relaxation data is shown in Fig. 15.
The curve bounds all available test data for Type 304 SS, CW Type 316 SS, and Alloy X-750 [18-20].
The results indicate approximately 60% stress relaxation at a neutron dose of 0.2 dpa (or 1.3 x 1020 n/cm?
E >1 MeV). Based on the screening trend curve in Fig. 15, all bolted PWR internals or spring component
items that require preload for functionality and reach 0.2 dpa or higher are candidates for further
evaluation [66].

However, most of the existing data on irradiation-enhanced stress relaxation/irradiation creep have

been from fast reactor irradiations, and data obtained under PWR irradiation conditions is limited.
Therefore, the effects of neutron spectrum and He production rate are not known.
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Fig. 15. Trend line for screening irradiation-induced stress relaxation based on available
test data (Refs. 18-20,66).

5. Summary

The fracture toughness of austenitic SSs has been divided into three broad categories. The fracture
toughness (Jic) is above 150 kJ/cm? for Category III materials, and 30-150 kJ/cm? for Category II
materials. These materials fracture after stable crack extension at stresses well above or close to the yield
stress. Category I materials fracture at stress levels well below the yield stress by unstable crack
extension, and their fracture toughness Kj. is less than 75 MPa m!/2. Nonirradiated wrought and cast
austenitic SSs and their welds fall in Category III. However, neutron irradiation degrades the fracture
toughness of austenitic SSs to the level of Category Il or even I at high dose levels.

Fracture toughness data on irradiated wrought and cast austenitic SSs and their welds have been
compiled and evaluated to define the threshold neutron dose above which fracture toughness of these
materials is reduced significantly. The validity of the fracture toughness J-R curve data and the different
methods for determining Ji. are discussed. Comparison of small specimen data with valid fracture
toughness data indicate that small specimens yield equivalent fracture toughness J-R curve data, at least
for materials with Ji. below 300 kJ/m!/2.

The existing fracture toughness data on austenitic SSs irradiated in LWRs indicate little or no loss
of fracture toughness below an exposure of about 0.5 dpa and a substantial and rapid decrease at
exposures of 1-5 dpa. Also, fracture toughness appears to saturate at approximately 8 dpa. A similar trend
was observed earlier for austenitic SSs irradiated in high-flux fast reactors at 350-427°C and tested at
300-427°C. However, for the LWR-irradiated materials, the saturation fracture toughness Kj. or Kj¢
values are in the range of 36.8-40.3 MPa m!/2 (33.5-36.6 ksi in!/2), which are lower than the Kj. of
75 MPam!/2 (68.2 ksiin.!”2) observed for the fast-reactor-irradiated materials. Several fracture
toughness J-R curve tests on Type 304 SS irradiated to 4.5-5.5 dpa showed no ductile crack extension.

Most of the fracture toughness data on LWR-irradiated austenitic SSs have been obtained on
Type 304 and 304L SSs, and similar data on SS welds, cast SSs, or weld HAZ materials are very limited.
The available data indicate that for the same irradiation conditions, the fracture toughness of thermally
aged cast SS and weld metal is lower than that of HAZ material, which, in turn, is lower than that of
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solution-annealed materials. Available data indicate a strong orientation effect on fracture toughness;
fracture toughness in the transverse orientation is significantly lower than that in the longitudinal
orientation. Potential effects of the coolant environment and crack morphology on fracture toughness of
irradiated SSs are discussed. The available data are inadequate to establish accurately the effects of the
irradiation temperature on the fracture toughness of austenitic SSs.

The existing fracture toughness data have been evaluated to develop a fracture toughness trend
curve that includes (a) a threshold neutron exposure for radiation embrittlement of austenitic SSs and a
minimum fracture toughness for these materials irradiated to less than the threshold value, (b) a saturation
neutron exposure and a saturation fracture toughness for materials irradiated to greater than this value,
and (c) a description of the change in fracture toughness between the threshold and saturation neutron
exposures. However, a review of the existing data indicated very limited data on materials irradiated in
LWRs to neutron dose levels of 0.1-1.0 dpa or above 10 dpa, and on LWR-irradiated cast austenitic SSs
and welds. The contribution of additional precipitate phases, voids, and cavities on the fracture toughness
of these materials needs to be investigated.

Cast and welded austenitic SSs have a duplex structure consisting of austenite and ferrite phases,
and are susceptible to thermal embrittlement during service at LWR operating temperatures. Formation
of the Cr-rich o’ phase in the ferrite is the primary mechanism for thermal embrittlement of these
materials; thermal aging has no effect on the austenite phase. Embrittlement of the austenite phase from
neutron irradiation under LWR operating conditions occurs at dose levels above 0.5 dpa, and that of the
ferrite phase occurs at lower dose levels (above 0.07 dpa). However, for reactor core internal
components, concurrent exposure to neutron irradiation can result in a synergistic effect wherein the
service-degraded fracture toughness can be less than that predicted for either thermal embrittlement or
neutron irradiation embrittlement independently. The available fracture toughness data are inadequate to
evaluate the synergistic effects of thermal and neutron embrittlement on the threshold dose for
embrittlement. Additional data are needed to better establish the potential for synergistic loss of
toughness in these materials in the transition dose range from 0.05 to 2 dpa.

Void swelling refers to the volume change of materials under neutron irradiation. Volume changes
can produce dimensional distortions and misfits in reactor internal components, particularly when coupled
with irradiation creep, which can compromise the functional integrity of the components. Microscopic
voids, developed from vacancy coalescence, give rise to this geometry instability, with important
consequences on the strength and resistance to failure of these materials. All materials are believed to
reach a steady-state swelling rate of ~1%/dpa. The time to reach the steady-state rate (i.e., the transient
regime) depends on the material composition and thermo-mechanical condition, stress state, neutron flux
and spectrum, or irradiation temperature (above 300°C).

The existing data have been reviewed and analyzed to assess void swelling in PWR core internal
components and to evaluate the effects of key material and environmental parameters. The results
indicate that in the 300-series SSs, void swelling decreases with increasing Ni, P, or Si contents.
However, radiation-induced precipitation of second phase particles can remove Ni, P, and Si from the
alloy matrix and thereby increase void swelling. In addition, cold work prolongs the transient regime for
void swelling in austenitic SSs. Void swelling in austenitic SSs is typically observed at irradiation
temperatures above 340°C (644°F), and shows a strong dependence on temperature. The low
temperatures, typical of LWRs, extend the transient regime to much longer times.  Nonetheless,
depending on the irradiation temperature, dose, and dose rate, voids can form under PWR operating
conditions within the reactor lifetime. Available data obtained in fast reactors suggest that under
comparable irradiation temperatures and neutron dose levels, the lower displacement rates typical of
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PWRs would result in higher swelling. The effects of applied or swelling-induced stress on void
swelling, including the interaction of swelling and irradiation creep relaxation, are discussed. The stress-
free swelling equations, including stress-enhanced swelling, developed by the MRP for solution-annealed
Type 304 and cold-worked Type 316 SSs are also described.

Embrittlement of the material due to voids is also discussed. Typically, austenitic SSs with >10%
void swelling suffer from severe embrittlement, particularly at room temperature. This behavior has been
attributed to a second order process, which involves stress concentration between voids, Ni segregation at
void surfaces, and a resultant tendency toward martensite formation when the steel is deformed at room
temperature. However, there are few quantitative data correlating void swelling with fracture toughness
of the material. The embrittlement of austenitic SSs due to void swelling under PWR irradiation
conditions should be further investigated.

Loss of preload for bolting and springs due to stress relaxation is another aging degradation effect that
needs to be addressed to assure the functional integrity of the reactor core internal components. Stress
relaxation represents plastic deformation that occurs under constant strain below the yield point of the
material. Thermal stress relaxation data have been obtained from short-term tests. At PWR operating
temperatures, stress relaxation saturates within 100 h with a maximum decrease of 10-20% of the initial
preload stress. The extent of relaxation depends on thermal-mechanical treatment of the material. For
PWRs, plastic strains resulting from thermal stress relaxation are considered to be insignificant and not a
concern for the dimensional change of core internal components. However, neutron-irradiation-enhanced
creep at PWR temperatures can greatly increase the plastic strain by increasing both the transient creep
and steady-state creep rates. Empirical models have been developed for irradiation creep based on data
obtained from fast reactors. The results have been used to develop expressions for estimating stress
relaxation as a function of initial stress and neutron dose.

Acknowledgments

The authors are grateful to Bill Shack for his invaluable input and guidance in preparing this report.
This work is sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory
Commission, under Job Code N6818; Program Manager: Appajosula S. Rao.
References
1. S. M. Bruemmer, et al., EPRI TR-107159, Electric Power Research Institute, Palo Alto, CA, 1996.
2. P.J. Maziasz, J. Nucl. Mater. 205 (1993) 118-145.

3. S. J. Zinkle, P. J. Maziasz, and R. E. Stoller, J. Nucl. Mater. 206 (1993) 266-286.

4, S. M. Bruemmer, E. P. Simonen, P. M. Scott, P. L. Andresen, G. S. Was, and J. L. Nelson, J. Nucl.
Mater. 274 (1999) 299-314.

5. M. L. Herrera, et al., in: A. S. Rao, R. M. Duffey, and D. Elias, eds., Proc. ASME/JSME 4th Intl.
Conf. on Nucl. Eng. (ICONE-4), Vol. 5, American Society of Mechanical Engineers, New York,
1996, pp. 245-251.

6. W. J. Mills, Intl. Mater. Rev. 42 (1997) 45-82.

29



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

H. Kanasaki, I. Satoh, M. Koyama, T. Okubo, T. R. Mager, and R. G. Lott, in: Proc. 5th Intl. Conf.
on Nuclear Engineering, ICONES5-2372, 1997, pp. 1-7.

O. K. Chopra, E. E. Gruber, and W. J. Shack, in: T. R. Allen, P. J. King, and L. Nelson, eds., 13th
Intl. Conf. on Environmental Degradation of Materials in Nuclear Power Systems -- Water
Reactors, Canadian Nuclear Society, Toronto, Canada, 2007, Paper No. 115.

O. K. Chopra, E. E. Gruber, and W. J. Shack, NUREG/CR-6826, ANL-03/22, 2003.

O. K. Chopra, B. Alexandreanu, E. E. Gruber, R. S. Daum, and W. J. Shack, NUREG/CR-6891,
ANL-04/20, 2006.

0. K. Chopra, and W. J. Shack, NUREG/CR-6960, ANL-06/58, March 2008.

F. A. Garner, “Irradiation Performance of Cladding and Structural Steels in Liquid Metal
Reactors,” in Materials Science and Technology: A Comprehensive Treatment, Vol. 10A, VCH
Publishers, pp. 419-543, 1994.

S. Byrne, F. A. Garner, S. Fyfitch, and I. L. Wilson, in: Proc. 10th Intl. Conf. on Environmental
Degradation of Materials in Nuclear Power Systems — Water Reactors, NACE/ANS/TMS, Aug. 5-
9,2001, Lake Tahoe, NV.

D. J. Edwards, E. P. Simonen, F. A. Garner, L. R. Greenwood, B. M. Oliver, and S. M. Bruemmer,
J. Nucl. Mater. 317 (2003) 32-45.

H. M. Chung, NUREG/CR-6897, ANL-04/28, 2006.

M. J. Manjoine and H. R. Voorhees, ASTM Data Series Publication DS 60, American Society for
Testing and Materials, Philadelphia, PA, 1982.

M. J. Manjoine, Conference Publication C165/73, Institute of Mechanical Engineers, 1973.
T. A. Kenfield, H. J. Busboom, and W. K. Appleby, J. Nucl. Mater. 66 (1977) 238-243.

A. R. Causey, G. J. C. Carpenter, and S. R. MacEwen, J. Nucl. Mater. 90 (1980) 216-223.
J. P. Foster, E. R. Gilbert, K. Bunde, and D. L. Porter, J. Nucl. Mater. 252 (1998) 89-97.

D. J. Gavenda, W. F. Michaud, T. M. Galvin, W. F. Burke, and O. K. Chopra, NUREG/CR-6428,
ANL-95/47, 1996.

J. Dufresne, B. Henry, and H. Larsson, in: J. A. Sprague and D. Kramer, eds., ASTM STP 683, ,
American Society for Testing and Materials, Philadelphia, PA, 1979, pp. 511-528.

C. Picker, A. L. Stott, and H. Cocks, in: Proc. Specialists Meeting on Mechanical Properties of Fast
Reactor Structural Materials, Chester, UK, 1983, Paper IWGFR 49/440-4.

F. H. Huang, Int. J. Fracture 25 (1984) 181-193.

30



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

J. Bernard, and G. Verzeletti, in: F. A. Garner and J. S. Perrin, eds., Effects of Radiation on
Materials: 12th Intl. Symp., ASTM STP 870, American Society for Testing and Materials,
Philadelphia, PA, 1985, pp. 619-641.

W. J. Mills, L. A. James, and L. D. Blackburn, Westinghouse Hanford Report HEDL-7544,
Hanford Engineering Development Laboratory, Richland, WA, 1985.

W. J. Mills, Nucl. Technol. 82 (1988) 290-303.
D.J. Michel and R. A. Gray, J. Nucl. Mater. 148 (1987) 194-203.
P. Ould, P. Balladon, and Y. Meyzaud, Bull. Cercle Etud. Metaux 15 (1988) 31.1-31-12.

E. V. Van Osch, M. G. Horsten, and M. 1. De Vries, ECN Contribution to CEC Contract on PWR
Internals-Part 2 (ETNU/CT/94/0136-F), ECN-1-97-010  (71747/NUC/EvO/mh/006274),
Netherlands Energy Research Foundation ECN, Petten, the Netherlands, 1997.

M. L. De Vries, in: F. A. Garner et al., eds., Influence of Radiation on Mechanical Properties: 13th
Symposium (Part II), ASTM STP 956, American Society of Testing and Materials, Philadelphia,
PA, 1987, pp. 174-190.

D. J. Alexander, J. E. Pawel, L. M. Grossbeck, A. F. Rowcliffe, and K. Shiba, in: Effect of
Radiation on Materials: 17th Intl. Symp., ASTM STP 1270, American Society of Testing and
Materials, Philadelphia, PA, 1996, pp. 945-970.

R. L. Sindelar, G. R. Caskey, Jr., J. K. Thomas, J. R. Hawthorne, A. L. Hiser, R. A. Lott, J. A.
Begley, and R. P. Shogan, in: 16th Intl. Symp. on Effects of Radiation on Materials, ASTM STP
1175, American Society of Testing and Materials, Philadelphia, PA, 1993, pp. 714-746.

M. L. Hamilton, F. H. Huang, W. J. S. Yang, and F. A. Garner, in: Influence of Radiation in
Material, Properties: 13th Intl. Symp. (Part II), ASTM STP 956, American Society of Testing and
Materials, Philadelphia, PA, 1987, pp. 245-270.

E. A. Little, in: Effects of Radiation on Material, Properties: 12th Intl. Symp., ASTM STP 870,
American Society of Testing and Materials, Philadelphia, PA, 1985, pp. 563-579.

F.J. Haggag, W. L. Server, W. G. Reuter, and J. M. Beeston, in: Effects of Radiation on Material,
Properties: 12th Intl. Symp., ASTM STP 870, American Society of Testing and Materials,
Philadelphia, PA, 1985, pp. 548-562.

I. J. O’Donnell, H. Huthmann, and A. A. Tavassoli, Intl. J of Pressure Vessels and Piping 65 (3)
(1996) 209-220.

C. Kim R. Lott, S. Byrne, M. Burke, and G. Gerzen, in: Proc. 6th Intl. Symp. on Contribution of
Materials Investigations to Improve the Safety and Performance of LWRs, Vol. 1, Fontevraud 6,
French Nuclear Energy Society, SFEN, Fontevraud Royal Abbey, France, Sept. 18-22, 2006.

P. L. Andresen, Corrosion/02, NACE, Houston, TX, 2002, Paper No. 02509.

A. Jenssen, K. Gott, P. Efsing, and P. O. Andersson, in: Proc. 11th Intl. Symp. on Environmental
Degradation of Materials in Nuclear Power Systems -- Water Reactor, 2003, pp. 1015-1024.

31



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

P. Balladon, J. Heritier, and P. Rabbe, Fracture Mechanics: 14th Symp., Vol. 1I, Testing and
Applications, ASTM STP 791, American Society for Testing and Materials, Philadelphia, PA,
1983, pp. 496-516.

U. Ehrnsten, K. Wallin, P. Karjalainen-Roikonen, S. van Dyck, and P. Ould, in: Proc. 6th Intl.
Symp. on Contribution of Materials Investigations to Improve the Safety and Performance of
LWRs, Vol. 1, Fontevraud 6, French Nuclear Energy Society, SFEN, Fontevraud Royal Abbey,
France, Sept. 18-22, 2006, pp. 661-670.

A. Demma, R. Carter, A. Jenssen, T. Torimaru, and R. Gamble, in: T. R. Allen, P. J. King, and L.
Nelson, eds., Proc. 13th Intl. Conf. on Environmental Degradation of Materials in Nuclear Power
Systems -- Water Reactors, Canadian Nuclear Society, Toronto, Canada, 2007, Paper No. 114.

Materials Reliability Program A Review of Radiation Embrittlement for Stainless Steels (MRP-79),
Rev. 1, EPRI Report 1008204, Sept. 2004.

S. Fyfitch, H. Xu, A. Demma, R. Carter, R. Gamble, and P. Scott, in: Proc. 14" Intl. Conf. on
Environmental Degradation of Materials in Nuclear Power Systems -- Water Reactors, American
Nuclear Society, Lagrange Park, IL, 2009.

Materials Reliability Program: Fracture Toughness Testing of Decommissioned PWR Core
Internals Material Samples (MRP-160), EPRI Report 1012079, Sept. 2005.

R. G. Carter and R. M. Gamble, in: Fontevraud 5 Intl. Symp. — Contribution of Materials
Investigation to the Resolution of Problems Encountered in Pressurized Water Reactors, Avignon,
France, Sept. 25, 2002.

K. Fukuya, K. Fuji, H. Nishioka, and Y. Kitsunai, J. Nucl. Sci. and Technol. 43 (2) (2006) 159-173.
J. Conermann, R. Shogan, K. Fujimoto, T. Yonezawa, and T. Yamaguchi, in: T. R. Allen, P. J.
King, and L. Nelson, eds., Proc. 12th Intl. Conf. on Environmental Degradation of Materials in
Nuclear Power Systems -- Water Reactors, Minerals, Metals & Materials Society, Warrendale, PA,
2005, pp. 277-284.

K. Takakura, K. Nakata, M. Ando, K. Fujimoto, and E. Wachi, in: P. J. King, and L. Nelson, eds.,
Proc. 13th Intl. Conf. on Environmental Degradation of Materials in Nuclear Power Systems --
Water Reactors, T. R. Allen, Canadian Nuclear Society, Toronto, Canada, 2007, Paper No. P0009.
O. K. Chopra, NUREG/CR-4513, Rev. 1, ANL-93/22, Aug. 1994.

G. E. Lucas, J. Nucl. Mater. 206 (1993) 287-305.

P. Auger, F. Danoix, A. Menand, S. Bonnet, J. Bourgoin, and M. Guttmann, Mater. Sci. Technol. 6
(1990) 301-313.

J. E. Brown, A. Cerezo, T. J. Godfrey, M. G. Hetherington, and G. D. W. Smith, Mater. Sci.
Technol. 6 (1990) 293-300.

32



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

M. K. Miller and J. Bentley, in: G. J. Theus and J. R. Weeks, eds., Environmental Degradation of
Materials in Nuclear Power Systems -- Water Reactors, Metallurgical Society, Warrendale, PA,
1988, pp. 341-349.

O. K. Chopra and W. J. Shack, NUREG/CR-6275, ANL-94/37, April 1995.

W. F. Michaud, P. T. Toben, W. K. Soppet, and O. K. Chopra, NUREG/CR-6142, ANL-93/35,
Feb. 1994.

S. Bonnet, J. Bourgoin, J. Champredonde, D. Guttmann, and M. Guttmann, Mater. Sci. Technol. 6
(1990) 221-229.

J. R. Hawthorne, and L. E. Steele, in: Effects of Radiation on Structural Metals, ASTM STP 426,
American Society of Testing and Materials, Philadelphia, PA, 1967, pp. 534-572.

C. I. Grimes, U.S. Nuclear Regulatory Commission, License Renewal and Standardization Branch,
letter to Douglas J. Walters, Nuclear Energy Institute, License Renewal Issue No. 98-0030, May 19,
2000.

R. E. Nickell and M. A. Rinckel, EPRI TR-106092, Electric Power Research Institute, Palo Alto,
CA, 1997.

E. Edmonds, W. Sloss, K. Q. Bagley, and W. Batey, in: Intl. Conf. on Fast Breeder Reactor Fuel
Performance, American Nuclear Society, Monterey, CA, 1979, pp. 54-63.

F. A. Garner and H. R. Brager, in: F. A. Garner and J. S. Perrin, eds., Effects of Radiation on
Materials: Twelfth Intl. Symp., ASTM STP 870, American Society for Testing and Materials,
Philadelphia, PA, 1985, pp. 185-201.

F. A. Garner, and M. A. Mitchell, J. Nucl. Mater. 187 (1992) 223-229.

N. Sekimura, F. A. Garner, and J. W. Newkirk, J. Nucl. Mater. 191-194 (1992) 1244-1247.

Materials Reliability Program: PWR Internals Material Aging Degradation Mechanism Screening,
and Threshold Values (MRP-175), EPRI Report 1012081, Dec. 2005.

D. L. Porter, G. D. Hudman, and F. A. Garner, J. Nucl. Mater. 179-181 (1991) 581-584.
N. H. Packan, K. Farrell, and J. O. Stiegler, J. Nucl. Mater. 78 (1978) 143-155.

T. R. Allen, J. 1. Cole, C. L. Trybus, D. L. Porter, H. Tsai, F. Garner, E. A. Kenik, T. Yoshitake,
and J. Ohta, J. Nucl. Mater. 348 (2006) 148-164.

D. Edwards, E. Simonen, S. Bruemmer, and P. Efsing, in: T. R. Allen, P. J. King, and L. Nelson,
eds., Proc. 12th Intl. Conf. on Environmental Degradation of Materials in Nuclear Power System --
Water Reactors, Minerals, Metals, & Materials Society, 2005, pp. 419-428.

K. Fujimoto, T. Yonezawa, E. Wachi, Y. Yamaguchi, M. Nakano, R. P. Shogan, J. P. Massoud, and
T. R. Mager, in: T. R. Allen, P. J. King, and L. Nelson, eds., Proc. 12th Intl. Conf. on
Environmental Degradation of Materials in Nuclear Power System -- Water Reactors, Minerals,
Metals, & Materials Society, 2005, pp. 299-310.

33



72.

73.

74.

75.

76.

7.

78.

K. Fujii, K. Fukuya, G. Furutani, T. Torimaru, A. Kohyama, and Y. Katoh, in: Proc. 10th Intl.
Conf. on Environmental Degradation of Materials in Nuclear Power Systems -- Water Reactors,
NACE/ANS/TMS, Aug. 5-9, 2001, Lake Tahoe, NV, Paper No. 0020.

J. P. Foster, D. L. Porter, D. L. Harrod, T. R. Mager, and M. G. Burke, J. Nucl. Mater. 224 (1995)
207-215.

Materials Reliability Program Development of Material Constitutive Model for Irradiated
Austenitic Stainless Steels (MRP-135), EPRI Report 1011127, Dec. 2004.

F. A. Gamer, L. R. Greenwood, and D. L. Harrod, in: R. E. Gold and E. P. Simonen, eds., Proc.
Sixth Intl. Symp. on Environmental Degradation of Materials in Nuclear Power Systems -- Water
Reactor, Minerals, Metals & Materials Society, Warrendale, PA, 1993, pp. 783-790.

D. L. Porter and F. A. Garner, J. Nucl. Mater. 159 (1988) 114-121.

S. I. Porollo, A. N. Vorobjev, Yu. V. Konobeev, A. M. Dvoriashin, V. M. Krigan, N. 1. Budylkin,
E. M. Mironova, and F. A. Garner, J. Nucl. Mater. 258-263 (1998) 1613-1617.

F. H. Huang, Eng. Frac. Mech. 43 (1992) 733-748.

34



