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SKI Perspective

The base material of the reactor pressure vessel Oskarshamn unit 1 (01) is A302 Grade B
with rather high contents of Cu, Ni and S elements. Results from surveillance tests have
verified that these elements have intensified the irradiation embrittlement in the beltline
region of the reactor, so that the transition temperature RTWr of certain welds in the
transition region may be about 100 °C at the end-of-life conditions.

In conjunction with a major modernisation programme, named FENIX, some years ago
damage tolerance analysis has i.a. been performed aiming at studying the fracture risk of the
beltline region of the reactor pressure vessel (RPV) under cold loading scenarios. The results
of this analysis have shown that the limiting loading case is the cold overpressurization of the
reactor and that the allowable and critical flaw depths are limited by the thickness of the
cladding layer using the ASME Kic reference curve methodology.

However, this study was comprehensive and based on input parameters that correspond to
some uncertainties. There was a need to get a better knowledge and understanding of the input
data, and also to develop a more realistic methodology for fracture assessment of the Ol-RPV
under cold loading scenarios. After recommendations of the reactor safety advisory
committee, SKI therefore initiated and supported this project with the aim to more closely
study to these aspects.

There were two phases planned for the work. During phase 1 base material that can simulate
the mechanical properties and RTNDT of the Ol-RPV at the end-of-life conditions will be
prepared. During phase 2 a fracture mechanics test programme were performed to cover the
essential influencing factors, such as flaw geometry and load condition on the cleavage
fracture toughness. Both clad beams and clad cruciform specimens were tested under uniaxial
as well as biaxial loading. Finally, fracture mechanics analyses were performed to identify a
suitable methodology for assessment of the experimental results and also to develop a fracture
procedure for determination of the allowable and critical flaw sizes.

The results from the structural analyses of the test program have shown that a surface crack
with a depth of 20 mm (about 3,5 x cladding layer) will be allowable in the beltline region.
This allowable value is based on the master curve toughness data of a heat-treated brittle
material.

The primary goal to develop a more realistic methodology for fracture assessment of the Ol-
RPV under cold loading scenarios, is now considered to be fulfilled. However, the
experimental program conducted in this study was relatively limited concerning the
parametric and statistical studies of impacting factors. SKI considers that there is a need for
access to more experimental results of this kind for validation of the results obtained from this
study.

The ongoing research activities within the NESCIV project (Network for Evaluating
Structural Components) will provide information, which can be very useful in the completion
and validation of this study.
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CONCLUSIVE SUMMARY

The major motivation of this study was to develop a methodology for fracture assessment

of surface defects in the Ol reactor pressure vessel under cold loading scenarios,

particularly the cold over-pressurization event. According to a previous study, the FENLX

project, the cold over-pressurization of the 01 reactor is a limiting loading case, as the

ductile/brittle transition temperature (RTNDT) of certain welds in the 01 beltline region may

be over 100 °C at the-end-of-life condition. The FENLX project gave values of the

acceptable and critical crack depth to be equal to the thickness of the cladding layer (about

6 mm) under this load case using the ASME K!c reference curve methodology.

This study is aimed to develop a methodology to give a more precise fracture assessment

of the Ol reactor under cold loading scenarios. Some of the main objectives of this study

have been as below:

• To prepare a material which can simulate the mechanical properties and RT^DT of

the Ol reactor at the end-of-life conditions.

• To conduct a fracture mechanics test program to cover the essential influencing

factors, such as crack geometry (shallow and deep cracks) and loading condition

(uniaxial and biaxial) on the cleavage fracture toughness.

• To perform fracture mechanics analyses to identify a suitable methodology for

assessment of the experimental results.

• To study the responses of engineering fracture assessment methods to the

experimental results from the clad specimens.

• To propose a fracture assessment procedure for determination of the acceptable

and critical flaw sizes in the Ol reactor under the cold loading events.

A test program consisted of experiments on standard SEN(B) specimens and clad beams

containing surface cracks was conducted during the course of this project. A total of nine

clad beams and clad cruciform specimens were tested under uniaxial and biaxial loading.

The test material is reactor steel of type A 508 Grade B, which is specially heat-treated to

simulate fracture toughness properties (in terms of mechanical properties and RTNDT) of the

Ol beltline material. Detailed 3-D elastic-plastic finite element calculations together with
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two simplified procedures, based on the R6-method and the ASME Section XI Code, are

used to evaluate and predict outcomes of the test program. The structural analyses of the

test program have produced very useful results regarding the objectives of the project.

It is shown that the cladding residual stresses are of major importance in the study of a cold

load event of this kind. The cladding mechanical properties are the most impacting factor

in the magnitude of these stresses. No significant effects of shallow crack and biaxial

loading are observed in the cleavage fracture toughness of different clad specimens. All

test specimens experienced cleavage fracture under testing, without any preceding ductile

crack growth, indicating that the tests were conducted in the lower shelf region. All clad

specimens experienced pop-in events before the final fracture.

The crack-tip constraint conditions at the deepest point of the clad beams (both under

uniaxial and biaxial loading) are effectively similar to the conditions in a standard SEN(B)

specimen in the lower shelf region. This indicates that, for the actual cases, single-

parameter descriptions based on Kj and J can characterize the crack-tip field. While the

ASME Kic reference curve showed to be overly conservative, the master curve

methodology could satisfactorily predict the experimental outcomes of these tests. Fracture

assessments of the tests using simplified procedures based on the R6-method and the

ASME Section XI Code give good test predictions, providing that fracture toughness data

based on the size-corrected master curve are used. Based on the 50% maser curve

toughness, a 20-mm deep surface crack is acceptable in the Ol beltline region under the

cold over-pressurization scenario, assuming that fracture toughness properties in the Ol

reactor irradiated material are essentially similar to those in the heat-treated material

studied here. The master curve methodology provides a more precise prediction of fracture

toughness of irradiated materials than that of the ASME KIc reference curve. The fracture

toughness of the Ol beltline region can be determined, for instance at the next surveillance

testing, by performing fracture mechanics tests on Charpy-size irradiated specimens.
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1. INTRODUCTION

The steel reactor pressure vessel (RPV) is a key component in nuclear power plants.

Because a RPV is practically irreplaceable, the period of its operating life can therefore

determine the lifetime of a nuclear power plant. The integrity of the RPV is significantly

important in avoiding catastrophic accidents and release of radioactive species. Neutron

irradiation can embrittle RPV steels and increases the brittle-ductile transition temperature

(RTMDT)- It can also reduce the upper shelf fracture toughness of the material. The ability of

an RPV to withstand the operational stresses (mechanical and thermal stresses during the

normal start-up and shut-down) together with stresses associated with postulated accidents

should be considered at the design stage. However, there can be postulated accidents that

have not been considered at the design stage, but have potential to occur during the

lifetime of a RPV. Loading of a reactor under cold conditions, for instance cold over-

pressurization, is a such postulated scenario. With cold conditions, it is meant that the

loading occurs at a temperature below RTNDT of the reactor material, which due to neutron

irradiation may exceed the shut-down temperature of the reactor. Thus, a cold over-

pressurization accident may be the limiting loading case for the reactor. The ability of the

reactor to withstand this kind of accidents should also be demonstrated.

The background of this study goes back to a comprehensive damage tolerance study on the

beltline region and the internal parts of the Oskarshamn 1 reactor (Ol), the FENLX project,

performed by Brickstad et al (1994). The base material of the reactor is A302 Grade B

with rather high contents of Cu, Ni and S elements. These elements have intensified the

irradiation embrittlement in the beltline region of the reactor, so that the transition

ductile/brittle temperature (RTMDT) of certain welds in the beltline region may be over 100

°C at the-end-of-life condition. Acceptable crack sizes (using safety margins according to

ASME XI) and critical crack sizes (assessments with no safety margins) were determined

in the beltline region under different loading conditions. The FENLX study shows that a

limiting loading case is the cold over-pressurization of the reactor. This load case of very

low probability may occur during the shut-down of the reactor, and the reactor may

completely be filled up with water of 40 °C having a maximum pressure of 85 bar. This

load case was not considered at the design stage of the Ol reactor. For this limiting load

case, apart from stresses due to internal pressure (85 bar at T = 40 °C) and welding residual

stresses (assumed to be 50 MPa after post-weld heat-treatment), the cladding residual

stresses have a major contribution. The cladding residual stresses present in the cladding
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when the temperature is decreased from the stress-free temperature (for instance at

PWHT), and their magnitude can reach the yield strength of the cladding material at the

actual temperature. Note that the influence of the cladding is both favorable and

unfavorable for this load case. Favorable because at this low temperature, the cladding is

still ductile with good fracture toughness properties. Unfavorable because of induction of

high tensile residual stresses in the cladding layer when the temperature is decreased from

the stress-free temperature to the reactor cool-down temperature (40 °C).

Fig. 1 shows the variation of the crack diving force Ki as a function of crack depth for a

semi-elliptical surface crack located in the axial direction in the beltline region subjected to

the cold pressurization case. A fracture assessment methodology based on the R6-method

is used here, see Andersson et al [1996]. Two loading cases are studied here. In one case, it

is assumed that the crack is in a weld, thus stresses due to internal pressure (Po), welding

residual stresses (WRS) and the cladding residual stresses (CRS) contribute in the crack

driving force. In the second case, it is assumed that the crack is in the beltline region but

not in any weld, thus only stresses due to internal pressure and the cladding residual

stresses contribute. Also shown in Fig. 1 is the fracture toughness of the base material

according to the ASME Kic curve assuming RTNDT =117 °C. Here, the ASME lower bound

curve, the KIR curve, is used to obtain the fracture toughness KIc. To predict the acceptable

crack size under emergency conditions, the K!c value reduced by a safety margin of V2 is

also shown in Fig. 1. The fracture toughness of the stainless cladding is still high (over 160

MPaVm) at T = 40 °C. It is observed that Kj is increasing with crack depth in the cladding

layer mainly due to the tensile cladding residual stresses. When the crack grows into the

base material, where the cladding residual stresses are compressive, K{ will decreases. For

deeper cracks, it will again increase with crack depth due to stresses from the internal

pressure. As can be observed from Fig. 1, the critical crack depth is equal to the thickness

of the cladding layer (about 6 mm) based on the applied methodology. Accordingly,

unstable crack growth may occur when the crack reaches the brittle base material of the

beltline region, regardless if the crack is located in a weld or not. One consequence of these

assessment results is that the whole inside of the beltline region must be inspected by a

proper NDT to detect defects of the cladding thickness size. There are, however, three

major sources of uncertainty which may impact the assessment of critical defect depth in

the reactor beltline region under the studied load case. These sources are briefly discussed

in the following.

First, the fracture toughness value used in the fracture assessment is based on the ASME
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Kjc curve. This curve is described by a reference temperature, RT^DT, which is not

determined directly from fracture toughness tests, but from drop weight and impact tests

(which are conducted on notched specimens under dynamic loading). Studies within the

NESC projects have shown that predictions of experimental results may be very

conservative if fracture toughness values based on the reference temperature RTNDT are

used, see for instance Bass et al [2000] and Sattari-Far [2000].

Second, the defects of this type are considered as shallow ones. According to the outcomes

of many researches, the shallow cracks may impact the fracture toughness of the material

at different conditions. For ductile crack growth, experimental observations have showed

that the ductile initiation toughness is almost insensitive to specimen dimension, but

propagation of ductile growth is significantly influenced by specimen dimension. Shallow-

cracked specimens exhibit higher resistance curves than do deep-cracked specimens, see

for instance Towers and Garwood [1986] and Sattari-Far [1995]. Cleavage fracture is more

sensitive to specimen dimension than ductile fracture. A slight relaxation in stress triaxility

has significant effect on cleavage fracture toughness. Theiss et al [1992] studied fracture

toughness of reactor pressure vessel steels on both deep- and shallow-cracked specimens.

They observed significant increase in the fracture toughness associated with the shallow-

flaw specimens in the lower transition region compared to the deep-crack fracture

toughness. They, however, observed no significant difference in fracture toughness in the

lower shelf region, when small scale yielding (SS Y) conditions prevailed in the specimens.

Enhancement of cleavage fracture toughness due to shallow cracks is also observed by

Kirk et al [1993]. They tested different types of cracked geometry with various crack

depths. Fig. 2 shows the variation of cleavage fracture toughness as a function of the crack-

tip stress triaxiality Q presented by Kirk et al. Here, shallow-cracked specimens presents

low Q-values.

Third, the biaxial loading may have significant effect on fracture toughness. Defects in

reactor pressure vessels are subjected to biaxial loading; in the directions perpendicular and

parallel to the crack plane. The fracture toughness value of the material used in fracture

assessments is obtained by tests on standard specimens subjected to uniaxial loading. An

important question arises here: How relevant is it to use fracture toughness data obtained

from standard specimen tests under uniaxial loading to analyze a crack in a structure under

biaxial loading? There are limited experimental studies presented in the literature

regarding the biaxial loading effects on cleavage fracture toughness. The most complete

reported studies on the question are from the Oak Ridge National Laboratory, where
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fracture tests on cruciform beam specimens are performed, see Theiss et al [1993] and

Bass et al [1999]. Fig. 3 shows some of their results. The results demonstrate a significant

effect on biaxial loading on shallow-flaw fracture toughness under large scale yielding

conditions (data obtained from tests at -5 °C). However, no significant biaxial loading

effects on fracture toughness were observed under SSY conditions (data obtained from

tests at -30 °C).

From the studies on the effects of shallow-crack and biaxial loading reported above, one

can conclude that these effects are negligible under SSY conditions, but may be of great

importance under large scale yielding (LSY) conditions. They are actually two competing

effects: a shallow-crack effect (termed often as in-plane constraint effect) that tends to

elevate fracture toughness and a biaxial effect (termed often as out-of-plane constraint

effect) that tends to reduce fracture toughness. To what extension each one impacts the

fracture toughness varies from case to case. Shum and Bass [1993a, 1993b) studied

cleavage fracture toughness in laboratory specimens under uniaxial loading and cylinders

under thermal shock experiments. Fig. 4 shows their results. They found that any increase

in crack-tip stress triaxiality (constraint) due to out-of-plane biaxial stresses would serve to

counter the in-plane constraint relaxation associated with shallow cracks.

This report describes results from development of a methodology to give a more precise

fracture assessment of the Ol reactor under the cold loading events. A test program

consisting of different types of cracked geometries was conducted. The test program

includes SEN(B) specimens of different crack depth, and clad beams containing shallow

surface cracks through the cladding subjected to uniaxial and biaxial loading. The test

material is reactor steel of type A 508 Grade B, which is specially heat-treated to simulate

the fracture toughness properties (in terms of mechanical properties and RTNDT) of the Ol

reactor. Three-dimensional elastic-plastic finite element calculations, considering the

crack-tip constraint, are employed in assessments of the experimental results. The specific

objectives of this study are:

• To prepare a material which can simulate the mechanical properties and RTNDT of

the Ol reactor at the end-of-life conditions.

• To measure the cladding residual stresses to validate the assumption of these

stresses in the fracture assessments.

• To conduct a fracture mechanics test program to cover the essential influencing

factors, such as crack geometry (shallow and deep cracks) and loading condition
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(uniaxial and biaxial) on the cleavage fracture toughness.

• To perform fracture mechanics analyses to identify a suitable methodology for

assessment of the experimental results.

• To apply engineering fracture assessment procedures based on the ASME Section

XI Code and the R6 method to the experimental results.

• To estimate the critical crack size in the test specimens under a simulated Ol cold

over-pressurization.

• Finally, to propose a procedure for determination of the acceptable and critical

flaw sizes in the Ol reactor under cold loading scenarios.

It should be noted that the problem of exceeding the RTNDT of the reactor base material

above the shut-down temperature may also exist for other nuclear plants. Thus, cold loads

may potentially be limiting load cases for them. The outcomes of this study may be used in

development of fracture assessment procedures for such reactors.

2. THEORETICAL ASPECTS

The concept of linear elastic fracture mechanics (LEFM) that was derived prior to 1960 is

applicable only to structures whose global behavior are linear. In application of LEFM, the

crack-tip field in a cracked body is described by the stress intensity factor, K, provided that

certain conditions are satisfied. LEFM is valid for the cases in which the nonlinear material

behavior is confined to a small region surrounding the crack tip. In other cases, it is

virtually impossible to characterize the fracture behavior with LEFM, and an alternative

fracture mechanics model is required.

Since 1960, fracture mechanics theories have been developed to account for various types

of non-linear material behavior and loading condition. Elastic-plastic fracture mechanics

approaches based on elastic-plastic parameters, the /-integral or the crack-tip opening

displacement (CTOD), extend the limitations of LEFM. Both parameters describe crack-tip

conditions in elastic-plastic materials, and each can be used as a fracture criterion. There

are, however, limits to the applicability of J or CTOD, but these limits are much less

restrictive than the validity requirements of LEFM.

The crack-tip field and the fracture toughness are only geometry independent within a

limited range of loading and geometric conditions, which ensures similar crack-tip stress

triaxiality (constraint). The size and geometry requirements restrict the application of

different fracture mechanics disciplines. Under small scale yielding (SSY) conditions, a

Page 7

REFERENCE TO PART OF THIS REPORT WHICH MAY LEAD TO MISINTERPRETATION IS NOT PERMISSIBLE.



single parameter (e.g. K, J or CTOD) characterizes crack-tip conditions and thus can be

used as a geometry-independent fracture criterion. At increasing loads in finite cracked

bodies, the initially SSY field gradually diminishes as the plastic zone senses nearby

traction free boundaries. Consequently, the single-parameter fracture mechanics disciplines

break down, and the fracture toughness depends on the size and geometry and type of

loading of the fractured body. A number of approaches have been proposed to extend

fracture mechanics applications beyond the limits of the single-parameter assumptions.

Most of these new approaches involve the introduction of a second parameter to

characterize the crack-tip conditions, so called two-parameter fracture mechanics

approaches.

Some important aspects of these approaches are presented below.

2.1. Stress Held around the crack tip

The crack tip stress field for a given material in a cylindrical coordinate system {r, 6)

centered at the crack tip can in general be given by

~JL=fij\71T~^e>K'~T—; geometry i. (1)

Here the stress components a^ are normalised with ao that is a reference value (usually

equal to the yield strength), and the distance from the crack tip is normalised by the value

7/<70. The near-tip stress triaxiality is denoted by K which depends on the remote load and

the crack geometry. L is a characteristic length scale of the finite geometry (for instance

the uncracked ligaments length) and J the applied ./-integral, defined by Rice [1968]. For

three-dimensional cases, the local 7-value at a point on the crack front can be obtained

from

3 = J™ &
A

where w is the deformation work density, fyj the Kronecker delta, a^ and M,- the Cartesian

components of the stress and displacement. A is a simply connected surface enclosing the

crack front segment of length ds and rij the outward unit normal to A.

Within the linear elastic fracture mechanics (LEFM) concept, it is assumed that the near-
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tip field can be fully described by the single-parameter K (the stress intensity factor). This

is provided that certain conditions are satisfied, e.g. the conditions for applicability of the

ASTM Test Method for Plane-Strain Fracture Toughness of Metallic Materials (ASTM

E399). In application of LEFM, it is understood that the crack-tip plastic zone is much

smaller than any relevant specimen dimension. In such a case, K uniquely characterizes the

stress and strain states in a region outside the plastic zone but well away from the

specimen boundary.

For a power law hardening material and for applications beyond the LEFM limits,

asymptotic expansions of Equation (1) for the Mode I stress components around a crack tip

have been developed in the following form, see for instance Sharma and Aravas [1991],

) , n) + higher order terms.

The first term in Equation (3) is the asymptotic HRR solution, after Hutchinson [1968] and

Rice and Rosengren [1968]. If the HRR term in Equation (3) can be considered to

dominate over a significantly large region that encompasses the fracture process zone, the

single-parameter J uniquely and autonomously characterizes the local stresses and strains

ahead of a stationary crack in a power law strain hardening solid.

However, observations from large-scale yielding tests indicate that the relationship

between the single-characterizing parameter (K or J) and the near-tip fields looses the one-

to-one correspondence when the plastic zone size ahead of the crack tip is significant

compared to the characteristic dimensions of the cracked body. The validity of the single-

characterizing parameters K or J for a stationary crack under increasing load is

schematically illustrated in Fig. 5, cited from Anderson (1995). Here, the opening stress

component is plotted against normalized distance from the crack tip.

Fig. 5a shows a case, where the SSY condition prevails. Here both K and J characterize

crack-tip conditions. At a short distance from the crack tip, relative to L, the stress is

proportional to 1/Vr. This area is called ^-dominated region. There exists also a J-

dominated region in the plastic zone, where the elastic singularity no longer applies. In this

region, the HRR solution is approximately valid and the stresses vary as r'Vn+1. For this

case (SSY condition), K uniquely characterizes crack-tip conditions, despite the fact that

the 1/Vr singularity does not exit all the way to the crack tip. Similarly, J also uniquely
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characterizes crack-tip conditions even though the deformation plasticity and small strain

assumptions are invalid within the large strain region.

Fig. 5b illustrates elastic-plastic conditions, where J is still approximately valid, but there

is no longer a .K-field. As the plastic zone increases in size (relative to L), the ^-dominated

zone disappears, but the ./-dominated zone persists in some geometries. Thus although K

has no meaning in this case, the ./-integral is still an appropriate fracture criterion. Since J

dominates implies CTOD dominates.

Fig. 5c illustrates conditions with large scale yielding (LSY). Here, the size of the large

strain zone becomes significant relative to L, and the HRR field disappears or is too small

to by itself govern the crack tip behavior. For such a case, single-parameter fracture

mechanics is invalid and critical J values exhibit a size and geometry dependence.

The loss of single-parameter uniqueness results in different fracture toughness properties

in different types of specimen of a given material. A number of researchers have attempted

to extend the limits of the ./-integral description by introducing a second parameter to

characterize the crack-tip conditions. According to these two-parameter approaches, the

crack driving force J scales the extent of deformation ahead of the crack tip, while the

second parameter K (often termed as constraint parameter) scales the stress triaxiality

ahead of the crack-tip. Accordingly, toughness is described by a J-K locus in such an

approach, see Section 2.3. Despite the fact that the crack-tip constraint effects are

qualitatively well understood, still no single measures that are generally agreed upon exist

to quantify these effects. In the following, some different constraint parameters that have

been considered in the literature are briefly discussed.

2.2. Constraint parameters

Three constraint parameters have been primarily discussed in the literature. These are the

r-stress, the Q parameter and the h parameter.

The elastic T-stress

For a crack in an isotropic elastic material subject to plane strain Mode I loading at load

level sufficiently small that crack-tip plasticity is well-contained, the crack-tip field can be

characterized by the two-term Williams [1957] solution as

(4)
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Using different combination of the two loading parameters, Kj and T, different near crack-

tip fields can be generated. Note that T has dimension of stress and is a function of

geometry and loading conditions. Thus (Ki/Go)2 or equivalently JIGQ (using K[2 = JE/(l-

v2)) provides the only length scale in the two-parameter formulation. Fields of different

crack-tip stress triaxialities can be induced by applying different levels of T/GQ. Thus the

near-tip filed depends on distance only through the XI{JIGQ), and Equation (1) can be

written as

0",,
— = f. r

(J/a0)
,6;T/a0 (5)

This implies that the stress parameter T provides a convenient means to parameterize

specimen geometry effects on crack-tip stress triaxiality (constraint) under condition of

well-contained yielding, see for instance Betegon and Hancock [1991]. The T-stress can be

used as a constraint parameter under SSY conditions. The T-stress, compared with others

constraint parameters, has the advantage of simplicity, requiring only a linear-elastic

analysis of the cracked body. Hancock et al [1993] used a fracture mechanics approach

based on the J-T theory to characterize the crack-tip conditions in different cracked

geometries. Note that the field of Equation (5) and the applicability of the J-T approach is

increasingly violated as the plastic zone under LSY conditions progresses beyond well-

contained yielding. For more discussion on applications and limitations of the J-T

approach see Hancock et al [1993], Parks [1992 ] and Kirk and Dodds [1992].

The Q parameter

O'Dowd and Shih [1991, 1992] studied the crack-tip fields in different geometries at a

wide range of load levels by performing detailed finite element analyses. They found that

when the crack-tip fields are represented by the first two terms in Equation (3), the

exponent q is small, indicating that the second term is effectively independent of r. They

suggested that the crack-tip stress field can be approximated by

Here, ofef is a reference field with high stress triaxiality, which can be the HRR solution

or the SSY solution assuming plane strain conditions. Thus the constraint factor Q
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corresponds to a uniform hydrostatic shift in the stress field. Note that Equation (6) is valid

only in the forward sector (|6|<7r/2) within the annulus J/(70 <r <5Jfa0, which is

significant for both brittle and ductile fracture. A definition of Q in elastic-plastic materials

using the opening stress component GQQ is proposed as

_ SSY

- = 2 , (7)
OY

where, OQQ is the opening stress taken from the analysis of the actual geometry, 00QSSY the

opening stress from the SSY analysis (with zero T-stress), and Oy the yield strength.

Another definition of Q consistent with its interpretation as a triaxiality parameter is

proposed as

SSY

Qm=°h~°h at 0 = 0 and - f — = 2, (8)

where O), is the hydrostatic stress. In Equations (7) and (8) the SSY solution under plane

strain conditions is chosen as the reference field. Among the different proposals on

constraint parameters, Q has received the most attention in the literature. The J-Q theory in

combination with a micromechanical model has been successfully applied in description of

cleavage fracture in different geometries, see for instance Dodds et al. [1993a, 1993b],

Shih et al. [1993], Kirk et al. [1993], Faleskog [1995] and Bass et al. [1999]. Sattari-Far

[1998] presented solutions of Q and Qm in different cracked geometries.

The h parameter

Another definition for characterization of the stress triaxiality resulting from the crack-tip

constraint can be given by the parameter h, which for a three-dimensional crack problem is

given by

oe{r,B,z)
(9)

Here, oe is the von Mises effective stress (proportional to the square root of the second

invariant of the deviatoric stress tensor S,y). The physical meaning of this ratio was

discussed by McClintock [1968] and Rice and Tracy [1969], who found that the growth

Page 12

REFERENCE TO PART OF THIS REPORT WHICH MAY LEAD TO MISINTERPRETATION IS NOT PERMISSIBLE.



rate of voids in metallic materials is an exponential function of this parameter. The ratio h

also appears in constitutive material laws, e.g. Gurson [1977], which are used in

micromechanical modeling of ductile fracture. The HRR solution and finite element

analyses show that for Mode I problems h has its maximum in the ligament, 0 = 0 . Since h

provides a point-wise measure, its value varies with the distance from the crack tip, and an

additional assumption has to be made to determine at which location ahead of the crack tip

h is to be evaluated. The h parameter or its reciprocal has been used as a crack-tip

constraint measure for ductile crack growth in different geometries; see for instance

Aurich and Sommer [1988], Brocks et al. [1989], Kordisch et al. [1989], Brocks and

Kunecke [1991], Brocks and Schmitt [1993] and Sattari-Far [1995].

To be consistent with the definitions of Q and Qm in Equations (7) and (8), the following

expression defined by Sattari-Far [1998] is used in the present study.

at 0 = 0 a n d — — = 2, (10)

where h SSY is the ratio of the hydrostatic stress to the effective stress obtained from the

SSY analysis (with zero T-stress). Thus, the parameters Q, Qm and H have zero value for

the reference SSY solution. Sattari-Far [1998] presented solutions of H in different cracked

geometries.

Factors influencing the crack-tip constraint include specimen thickness, crack depth

relative to the specimen thickness, loading type (tension or bending) and loading level.

Specimen thickness and crack geometry influences in-plane crack-tip constraint. While

biaxial loading influences out-of-plane crack-tip constraint. Most of studies reported in the

literature consider in-plane constraint effects (for instance shallow-crack effects) and the

beneficial effects of the loss of in-plane constraint (Q < 0) in elevating cleavage fracture

toughness, see for instance Towers and Garwood [1986], Theiss et al [1992], Kirk et al

[1993] and Sattari-Far [1995]. Out-of-plane constraint has the potential to influence the

crack-tip field in a manner that could alter the cleavage fracture toughness. Experimental

evidence is limited, but some data seem to indicate that a significant reduction in fracture

toughness is associated with out-of-plane biaxial loading when compared with values from

uniaxial loading conditions, see for instance Theiss et al [1993], Shum and Bass [1993a,

1993b] and Bass et al [1999]. There is still no generally validated constraint parameter

which can cover effects due to in-plane and out-of-plane constraint in both the ductile and
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the cleavage regimes.

2.3. The J-Q Methodology

The J-Q description of Mode I crack-tip fields derives initially from analyses performed by

O'Dowd and Shih [1991, 1992], who employed asymptotic assumptions and detailed finite

element calculations to determine an approximate two-parameter description of the crack-

tip fields which applies under SSY and LSY conditions. The stress and strain at the crack-

tip are given the following forms in this approach.

<yh

— = fu
On £o

;8;Q (11)

The dimensionless second parameter Q defines the amount by which O)y and % in the

specimens differ from an adopted reference field, for instance the SSYr=o field (with the T-

stress equals to zero), at the same applied /-value. O'Dowd and Shih showed that Qoo, to a

good approximation, represents the difference in hydrostatic stress over the forward sector

ahead of the crack tip between the SSYr=o and finite cracked bodies. Two definitions of Q

proposed by O'Dowd and Shih, are given by Equations (7) and (8). No restrictions are

imposed on the material properties in the J-Q approach.

At low deformation levels, finite cracked bodies experience SSY conditions and Q remains

very close to zero. Note that T and Q are uniquely related under SSY conditions, and T

varies linearly with Kj. Thus, the J-T approach can be considered as a special case of the J-

Q approach for moderate loading level. At increasing load levels, once LSY conditions

prevail, hydrostatic stresses at the crack tip are substantially less than those in the SSYr=o

field at the same applied 7-value. This difference produces negative Q values when the

specimen deviates from the SSY condition. For deeply notched SEN(B) and CT

specimens, the elastic T-stress is positive and Q takes on slightly positive values at low

deformation levels before constraint loss occurs.

The single-parameter fracture mechanics assumes that fracture toughness is a material

constant. With J-Q theory, however, the critical J value for a given material depends on Q:

JC=JC(Q)- (12)
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The fracture toughness of the material is no longer viewed as a single value; rather it is a

curve that defines a critical locus of J and Q values. Fig. 6 shows critical /-values for

cleavage fracture as a function of Q obtained from tests on SEN(B) specimens with

different a/W-values, Shih et al [1993]. It is observed that the critical J increases, as Q

becomes more negative. This indicates that fracture toughness tends to increase as

constraint decreases, for instance in shallowly cracked bodies under dominantly tension

loading.

Single-parameter fracture mechanics theory assumes that fracture toughness values

obtained from standard laboratory specimens can be transferred to structural applications.

Two-parameter approaches, such as the J-Q theory, imply that the laboratory specimen

must match the constraint of the analysed structure; i.e. the two geometries considered

must have the same Q at failure in order for the respective Jc values to be equal. Fig. 6

illustrates the application of the J-Q approach to structures. The applied J versus Q curve

for the structure of interest is obtained from finite element analysis and plotted with the J-

Q toughness locus. Failure is predicted when the crack driving force curve passes through

the toughness locus. Note that the J-Q approach only improves the description of crack-tip

states in different cracked geometries under LSY conditions. The theory by itself gives no

fracture criterion. A J-Q fracture locus, such as Fig. 2, can be obtained from a series of

experiments on a range of geometries representing different g-values. Alternatively, a

micromechanical failure criterion may be invoked. A commonly used micromechanical

model for cleavage fracture is the RKR model; after Ritchie, Knott and Rice [1973]. This

model states that fracture occurs when a critical fracture stress is exceeded over a

characteristic distance ahead of the crack tip. The critical Jc as a function of Q in this

model is predicted by

Jn a f
(13)

where Jo is the critical J for Q = 0 (the SSY limit), Of the cleavage stress of the material

and m a material parameter. Equation (13), which refers to stress-controlled (cleavage in

metals) fracture, predicts that toughness is highly sensitive to Q for this mode of fracture.

This micromechanical approach can reduce the experimentation needed to define the

toughness locus. However, the approach is sensitive to the material parameters, Of and m,

which are difficult to determine. In addition, the approach requires finite element modeling
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with very detailed resolution of crack-tip fields. There are stills many aspects in this

approach, which need to be studied, before the approach is generally applicable, see for

instance Shehu and Nilsson [1996].

The two-parameter approaches based on the J-T and J-Q theories have advantages and

limitations in application, see for instance Hancock et al [1993] and Dodds et al [1993a].

2.4. The Master Curve Methodology

The micromechanism of cleavage fracture exhibits a strong sensitivity to the stress field at

the crack tip. Moreover, the highly localized phenomenon of cleavage fracture also

demonstrates high sensitivity to the random inhomogeneities in material along the crack

front. Consequently, cleavage fracture toughness values which meet the specified size

requirements nevertheless display large amount of statistical scatter, especially for

temperatures corresponding to the transition region. Because of this substantial scatter,

cleavage toughness data should be treated statistically rather than deterministically. It

means that a given steel does not have a single value of toughness at a particular

temperature in the transition region; rather, the material has a toughness distribution.

Testing of numerous specimens to obtain a statistical distribution of the fracture toughness

can be expensive and time-consuming. In addition, there has been an interest to utilize

small fracture specimens, e.g. of Charpy size, to obtain fracture toughness data when

severe limitations exist on material availability, for instance when considering irradiation

embrittlement for ferritic materials. To reduce these problems, a methodology has been

developed that greatly simplifies the process of determination of fracture toughness in the

transition region. The ASTM E 1921-97 standard [1997] describes the procedure for the

mechanical testing and statistical data analysis of ferritic steels in the transition region. The

ASTM standard accounts for temperature dependence of toughness through a Fracture

Toughness Master Curve approach developed by Wallin (1991). Wallin observed that a

wide range of ferritic steels have a characteristic fracture toughness-temperature curve, and

the only difference between different steels was the absolute position of the curve with

respect to temperature. High toughness steels have a low transition temperature and low

toughness steels have a high transition temperature. The temperature dependence of the

fracture toughness can be determined by performing a certain amount of fracture

toughness test at a given temperature. A brief description of the ASTM E 1921-97 standard

for development of the master curve is presented below.
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The ASTM E 1921-97 describes the determination of a reference temperature, To in °C,

which characterizes the fracture toughness of ferritic steels that experience onset of

cleavage cracking at elastic, or elastic-plastic KJc instability, or both. By definition, To is a

temperature at which the median of the Kjc distribution from IT size specimens will equal

100 MPaVm. Static elastic-plastic fracture tests are performed on standard SEN(B) or CT

specimens having deep notches (a/W= 0.5) to measure the 7-integral values at cleavage

fracture (denoted Jc). The test temperature (7) and configuration of all specimens must be

identified. The test temperature should be selected to lie in the lower part of the ductile-to-

brittle region as near as possible to the eventual To. The standard requires a minimum of

six replicate tests which meet the crack front straightness tolerances, the limits on ductile

tearing prior to cleavage, the size/deformation limits, etc. The /-integral values at fracture

are converted to their equivalent units of stress intensity factor using

KJC=JETC MPaVm, (14)

where E denotes the plane-stress elastic modulus of the material. The maximum KJc

capacity of a specimen is restricted to

(15)

where oy is the material yield strength at the test temperature and bo the specimen

remaining ligament. The standard sets M = 30. Kjc data that exceed this requirement may

be used in a data censoring procedure described in the standard, including additional

restrictions. For test program conducted on other than IT specimens, the measured

toughness data should be size-corrected to their IT equivalent according to

xl/4

where BiT is the IT specimen size (25 mm) and Bx the corresponding dimension of the test

specimen. In Equation (16), 20 MPaVm represents the minimum (threshold) fracture

toughness adopted for ferritic steels addressed by the standard.

The ASTM standard adopts a three-parameter Weibull model to define the relationship

between KJc and the cumulative failure probability, pj. The term pf is the probability for

failure at or before Kjc for an arbitrarily chosen specimen taken from a large population of
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specimens. By specifying two of the three Weibull parameters, the failure probability has

the form

P, = 1 - exp
JC -20

K0-20
(17)

Here, the Weibull distribution shape has been assigned a value of 4 derived from

theoretical arguments. The scale parameter Ko is the data-fitting parameter. The following

equation can be used for a sample that consists of six or more valid Kjc values in order to

evaluated Ko.

2-* (r- 0.3068)

1/4

+ 20, (18)

where N denotes the total number of specimens tested and r the number of valid tests (six

minimum). The estimated median (50% probability) Kjc value of the population at the

tested temperature can be obtained from Ko using the following equation

/c(med) =0.9124(K0 -20) + 20. (19)

Finally, the reference temperature To (°C) is obtained from the following expression:

Tn=T-
1

0.9124
-In

70
+ 20. (20)

The master curve is defined as the median (50% probability) toughness for the IT

specimen over the transition range for the material. The lower-bound (5% probability) and

upper-bound (95% probability) curves can also be set up. These three curves are given by

the following expressions

KM5%) = 25.4 + 37.8exp[0.019(r-ro)].

70exp[0.019(r-r0)].

(21)

(22)
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=34.6 + 102.2exp[0.019(r-r0)]. (23)

One important question arising here is "How does the master curve methodology account

for the constraint effects? The master curve methodology describes the cleavage fracture

toughness of the material under high constraint conditions for which the single parameter

characterization of the material toughness (KJc) holds. Indeed, adoption of a three

parameter Weibull distribution to describe measured KJc-va\ues, with a geometry

independent value of Ko, theoretically requires that SSY conditions prevail at fracture in

each of replicate test specimens used to compute the statistical estimate for Ko and

thereafter To, Equations (18) and (20). Moreover, the ASTM standard [1997] does not

require testing of IT size specimens. It is allowed to use Charpy size fracture specimens

(W= B= 10 mm, a/W= 0.5) and convert the results to IT equivalent values according to

Equation (16). This is a major advantage of this methodology, having in mind the severe

limitations which exist on material availability in nuclear irradiation embrittlement studies.

The ASTM procedure includes limits relative to specimen size and £jc-values through

Equation (15). Indeed, the M= 30 value has been selected largely on the basis of

experimental data sets to ensure the existence of the SSY condition at fracture of the

replicate test specimens. The connection between To and the crack-tip constraint become

exceedingly complex once SSY conditions begin to breakdown under increasing load.

There are very limited studies reported on this question. Ruggieri et al [1998] studied the

difference in reference temperature To for the SSY and SEN(B) specimens under LSY.

They showed by performing very detailed non-linear 3-D finite element analysis that the

Weibull stress ow may emerge as a crack-front parameter which can couple remote loading

with a micromechanics model. Based on the argument that the Weibull stress is the single

crack characterizing parameter, fracture occurs at equal values of ow in different crack

configurations even if Kj-values may vary widely due to constraint loss. They also found

that constraint loss leads to decrease in the To temperature. And the shift of To due to

constraint loss occurs only in one direction (lowering To, thus enhancing the fracture

toughness value at a given temperature). Questions such as how quantitatively to consider

effects of in-plane constraint (shallow cracks) and out-of-plane constraint (biaxial loading)

are still open in the master curve concept. Despite this, application of this methodology in

predictions of experimental results has shown promising results, see for instance Bass et al

[2000] and Sattari-Far [2000].

It is worthy here to compare the master Kjc curves with the ASME Kjc curves. The ASME
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Section XI Code [1998] includes two reference curves, KIc and Kia, that give conservative

estimates of fracture toughness versus temperature. The AT/a-curve is based on lower bound

of crack arrest data and the £/c-curve is based on the lower bound of static initiation

critical Ki values as a function of temperature. These curves are given in the Code as a

function of a reference temperature, RTNDT, which is determined through drop weight and

Charpy test results. According to the Code, RTNDT is defined as the higher of the following

two cases

(i) The drop weight NDT.

(ii) 33°C below the minimum temperature at which the lowest of three

Charpy results is at least 68 J.

The ASME reference curves have the following forms as a function of RTNDT

KIa = 29.4 +1.355exp[0.026(7-J?7'WD7. + 89)], (24)

Klc = 36.5 + 3.0S4exp[0.036(T-RTNDT + 56)], (25)

where K in MPaVm and RTNDT in °C.

It should be noted that RTNDT is not determined directly from fracture toughness tests, but

from Pellini and Charpy test (which are conducted on notched specimens under dynamic

loading). On the contrary, the reference temperature 7o in the master curve methodology is

determined directly from fracture tests on standard cracked specimens.

3. EXPERIMENTAL STUDIES

To supply test material for the experimental study of this project, 8 test plates of A 508

Class 3 reactor material with sizes 800x800x70 mm were purchased from Framatome. A

specific heat treatment was invoked to introduce the required emrittlement properties in the

material. Under a prestudy step, cladding was performed on a series of test specimens

before and after the heat treatment. The final manufacturing and testing sequence in the

program is as below:

1) Weld cladding of the test plates

2) Specific heat treatment of the clad test plates
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3) Measurement of cladding residual stresses

4) Mechanical and fracture toughness tests

5) Fracture tests of clad specimens under uniaxial and biaxial loading

These stages are briefly discussed in the following.

3.1. Background on selection of fracture test specimens

The main objective of the experimental part of this study has been to, as close as possible,

simulate the fracture conditions of the Ol beltline region in the test specimens. The main

features determining the fracture conditions are: material properties (mechanical, physical

and fracture toughness), loads (internal pressure, residual stresses), and defect geometry

(surface shallow crack through the cladding). Fig. 7 shows these features in the beltline

region of the Ol reactor. The beltline region is of main concern here, as the major changes

of material properties due to irradiation occur in this region. The base material of the Ol

reactor is of A302 Grade B type with rather high contents of Cu, Ni and S. These elements

have shown to intensify the irradiation embrittlement in the material. According to the

1994 surveillance testing of the Ol reactor material, the transition ductile/brittle or nil-

ductility temperature {RT^DT) of the beltline base material is around 80 °C and the yield

strength is 485 MPa, depending upon material direction, Norring and Haag [1994]. The

RTNDT values of certain welds in the beltline region may exceed 100 °C at the-end-of-life

conditions. Thus, a base material having the features of RTNDr= 80 °C and oy= 485 MPa

may be representative for the Ol belthne region, and suit for the experimental objectives of

this study. The beltline region has an internal radie of 2500 mm with a nominal thickness

of 125 mm. The inside of the reactor is cladded with stainless steel to a thickness of about

6 mm, using submerged two-layer strip welding technique. The load case of concern here

is the cold over-pressurization with/?= 85 bar at T= 40 °C. Obviously, performing a test on

a cylinder with similar conditions as in the Ol reactor is practically impossible. Thus, one

needs to design fracture mechanics specimens that can capture the essential features of the

fracture conditions in the Ol beltline region. These features are briefly discussed below:

• The base material in the beltline region is embrittled by irradiation. As there are no

fracture toughness data available for this material, there are only two essential material

properties, RTNDT and Oy, that can be matched in the test program. Therefore, the two

criteria RTNDT^ 80 °C and Gy= 485 MPa were chosen as the required properties in

preparation of the embrittled test material. To meet these requirements, a test material
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of A508 Grade B steel type was chosen and it underwent a special heat treatment, as to

be discussed in the next section. The heat treatment was performed successfully and

provided a room temperature o^-value and a /?7jvDr-value in the desired ranges. Note

that the embrittlement mechanisms, especially at microstructure level, are different in

the beltline material and in the test material. But from a fracture mechanics points of

view and as the main goal of this study is development of a fracture assessment

methodology for shallow defects in embrittled materials, this deviation is judged to

have a minor importance. This aspect will be discussed more in Section 7.1.

• For the actual load case, the beltline region is subjected to stresses due to internal

pressure and cladding and, if there is a weld, welding residual stress. Fig. 8 shows the

acting stresses and their superposition along the wall of the beltline region. At welds in

the beltline region, their residual stress (a value of 50 MPa, corresponding to a nominal

value after PWHT) should be added to the total stress. Note that the stress state in the

wall of the beltline region is biaxial under this load case, being with an 1:1 biaxial ratio

for the welding and cladding residual stresses and an 1:0.5 biaxial ratio for the internal

pressure stresses. Thus, the fracture test specimens should have a configuration that can

introduce such a biaxial loading condition.

• The cladding residual stresses (CRS) are temperature and geometry dependent. These

stresses are fully developed in the cylindrical geometry of the Ol reactor, but may be

released in small test specimens. Thus, the size of the fracture specimens should be

chosen large enough to ensure the existence of cladding residual stresses of similar

magnitude as in the 01 reactor, see Section 3.4 for more details.

• The defect configuration of interest in the 01 reactor is of shallow type (surface

shallow crack through the cladding). The shallow-crack effects may impact the crack-

tip conditions (constraint). Thus, the crack size (depth) and the dimensions of the test

specimen (especially the thickness of that) have to be chosen to capture these effects.

These requirements are essentially met by using specimens of cruciform type having

dimension sufficient large to generate a realistic stress filed. The sizes of the cruciform

specimens were determined after measuring the residual stress in specimens of different

sizes, and considering the biaxial testing machines available in Sweden for performing the

desired biaxial loading. Fig. 7 compares the main features of the chosen test configuration

with those in the 01 reactor. The stress distribution in the cruciform specimen compared

with that in the Ol reactor belt line region is illustrated in Fig. 8. Note that the mechanical
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stresses in the test program are of biaxial bending, while they are of biaxial tension in the

beltline region of the Ol reactor. This aspect will be discussed in Section 3.5.

3.2. Material preparation and characterization

The test material should meet the two essential requirements, RTND7^ 80 °C and oy= 485

MPa, related to the irradiated 01 base material. During the first phase of this project, a

feasibility study was carried out to find a suitable way to supply such a material. The

results indicated that the best way was to invoke a special heat treatment on a typical

reactor steel in the unirradiated condition. The heat treatment would cause an excessively

coarse microstructure in the material, and thus resulting in the desired embrittlement. By

adjusting the heat-treatment parameters (holding temperature, holding time and cooling

rate), one may obtain the required material properties. The prestudy was performed on

reactor materials of type A 533 Grade B and A508 Class 3. The test materials were

quench-tempered at the delivery conditions. Appendix A gives detailed information on the

material feasibility study.

In the first step of the study, test specimens of different sizes were prepared of A 533 GB

and A508 C3 without cladding. The specimens experienced different heat-treatment

procedures. Characterization of the heat-treated test material was performed to provide

verification of the desired properties. Tensile and impact tests were performed at different

temperatures. From Charpy V-notch testing, the transition ductile/brittle temperature T41J,

the same as in the latest Ol surveillance testing [1994], was determined. A heat treatment

consisting of a holding temperature of 1200 °C in one hour followed by a cooling rate of

50 °C/min showed to successfully provide material properties in the desired ranges. The

heat-treatment changed slightly the yield strength of the virgin material from 449 to 458

MPa, but increased substantially the T41J from -10 to 70 °C.

In the second step, the heat-treated specimens were cladded using a submerged two-layer

strip cladding process. The first layer was stainless steel of A309 type and the second layer

of A308 type. The cladding procedure induced a cladding heat-affected-zone (HAZ) just

under the cladding layer. The width of the cladding HAZ varied between 6-12 mm.

Metallugraphical examinations of the cladding HAZ showed that this zone had

experienced a substantial heat-treatment due to cladding, resulting in a fine microstructure.

This had given superior toughness properties to the cladding HAZ. In another words, the

cladding process destroyed the embrittlement in the cladding HAZ obtained by the specific
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heat treatment. As the fracture test program was intended on shallow-cracked specimens in

an embrittled material, the superior toughness properties in the cladding HAZ would

obstruct the preparation of test specimens with the desired requirements. Experiments to

proceed the cladding process preceding the specific heat treatment were successful and

resulted in material properties in the desired ranges in the base material. However, the

cladding HAZ vanished due to the substantial heat treatment after the cladding process,

and this zone actually obtained the same material properties as the base material.

According to reported results by McCabe [1989] on a clad vessel steel of RPV type, the

cladding HAZ material has superior transition toughness to that of the base material in both

unirradiated and irradiated conditions. This implies that fracture testing on clad specimens

having the same toughness properties in the cladding HAZ and the base material would

give conservative fracture results compared with testing on real clad components.

Based on the feasible study during phase-I of the project, it was decided that the test plates

first were cladded, and then underwent the specific heat-treatment. Thus, the test plates

first experienced a similar cladding procedure as for manufacturing of the 01 reactor, and

then they underwent the following heat treatment procedure:

Holding temperature:

Holding time:

Cooling rate:

1250°C

1.5 hours

50 °C/min

This heat treatment was performed successfully on all test plates, providing a room

temperature yield strength and a nil-ductility temperature RTNDT in the desired ranges.

The impact test results of the test material together with the test results from the latest 01

surveillance testing [1994] are shown in Fig. 9. These Ol results are reported for the base

material in the beltline region. The T41J (assumed to be similar to RT^DT) value of the 01

beltline region material in the irradiated state is about 80 °C. The T4U value of the heat-

treated test material is nominally around 70 °C, based on impact tests on standard Charpy

V-specimens taken from the base material 2 mm beneath the cladding layer. As the cold

over-pressurization scenario is supposed to occur at 40 °C (the shut-down temperature), the

fracture test program on clad specimens was conducted at 20 °C. Thus, the differences

between the T41J value and the fracture event temperature are almost the same in the clad

specimens and the Ol beltline region. From a fracture points of view, this implies that the

base material in the fracture test program is in almost the same condition as in the base
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material in the Ol beltline region, both experiencing fracture events in the lower shelf

region.

The main fracture test program was conducted at room temperature. But, in order to induce

the cladding residual stresses in the finite element models, one needs the mechanical

properties of the materials at a temperatures range from room temperature up to the stress-

free-temperature (which is assumed to be 1200 °C for the actual case). True stress-strain

curves of the cladding and base material are constructed from tensile test data at different

temperatures. The mean curves fitted to the tensile data of the heat-treated base material at

T= 20, 100, 200 and 300 °C are presented in Fig. 10. The corresponding results for the

cladding material are shown in Fig. 11. The values of the elastic modulus, yield (based on

0.2% value) and ultimate strength, and thermal expansion coefficient of the heat-treated

base material at different temperatures are presented in Table 1. Values up to T= 300 °C,

with exception of thermal expansion, are constructed from tensile test data conducted

within the test program. Other results are fitting values obtained from the literature, for

instance Bass et al [2000].

3.3. Cladding of the test material

The cladding of the test plates was performed by a procedure consistent with cladding of

the Ol reactor pressure vessel. The procedure was based on two-layer cladding using the

submerged strip welding technique. The first layer was stainless steel of A309 type and the

second layer of A308 type. The cladding procedure induced a cladding HAZ just under the

cladding layer. For the prestudy on material preparation, the cladding was conducted on

one test plate at the KTH (Kungliga Tekniska Hogskolan, Stockholm) welding department.

The remaining 7 test plates were cladded on one of their large surfaces by Uddcomb

Engineering. Due to significant differences in thermal and mechanical properties of the

cladding and the base material and occurrence of phase transformations, the test plates

would be bent after the cladding and the specific heat treatment. To reduce this distortion

bending, the test plates were tack-welded together in pairs during the cladding and the

subsequent heat treatment. The maximum amount of the distortion bending in the middle

of the plates became 8 mm after separating the clad plates. Specified pre-heat and interpass

temperature were closely controlled during the cladding.

A nominal cladding thickness of 8 mm was achieved with two layers of cladding. This

thickness was reduced to 7 mm during preparation of the clad specimens. The width of the

Page 25

REFERENCE TO PART OF THIS REPORT WHICH MAY LEAD TO MISINTERPRETATION IS NOT PERMISSIBLE.



cladding HAZ varied between 6-12 mm. The clad plates were ultrasonically (UT)

inspected for debonding and other defects. Based on the UT inspection and chemical

analysis of the cladding material, the cladding procedure was approved.

3.4. Measurement and calculation of cladding residual stresses

Because of significant differences in thermal and mechanical properties of the cladding and

base material, residual stresses are induced in the cladding when the temperature is

decreased from the stress-free temperature (for instance at PWHT). Many factors impact

the distribution and magnitude of these stresses. The cladding and base material physical

and mechanical properties, the cladding thickness, the geometry and thickness of the clad

object, the cladding procedure and the clad object temperature are the main influencing

factors. Normally, after heat treatment of clad objects, the peak tensile stresses occur in the

cladding layer, and the magnitude of these tensile stresses can reach the yield strength of

the cladding material at the actual temperature.

The measurement methods of residual stresses may be categorized as fully-destructive

(such as sectioning), semi-destructive (such as hole-drilling and ring-core) and non-

destructive (such as X-ray and neutron diffraction) techniques. The hole-drilling and ring-

core methods are two commonly used methods. They are both based on localized removal

of stressed material and measurement of the strain relief in the adjacent material. The X-

ray and neutron diffraction techniques are based on measurement of lattice strains by

measuring the change of the interplanar spacing of the polycrystalline material. Each

technique has its advantages and limitations, and the choice of a technique is usually a

matter of availability and the desired precision on the measured data.

Leggat et al [1985] measured cladding residual stresses on flat low alloy steel blocks

cladded with stainless steel using the submerged strip cladding process. They used two

different mechanical semi-destructive techniques; the ring-core method (machining a

circular groove into the cladding layer) and the hole-drilling method (machining a small

hole into the cladding layer). The sizes of the test blocks are not mentioned in their report.

The measured peak stress values in the cladding layer were nominally 275 MPa from the

hole-drilling technique and 425 MPa from the ring-core technique. According to their

conclusion, using the ring-core method introduces excessive plastic strains in the material,

resulting in higher measured value. They recommended using the hole-drilling technique

for measurement of cladding residual stresses. Rybicki et al [1986] measured cladding
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stresses in different clad plates using the sectioning techniques. The sizes of the clad plates

in the study were 305x119 mm, with a thickness of 114 mm. The test plates were cladded

on their both surfaces. The cladding thickness was nominally 9 mm using the three-wire

submerged process. They reported peak tensile values in cladding to be in the range of 310

to 380 MPa. Keim et al [1999] measured cladding residual stresses on the inside of a clad

cylinder using the ring-core technique. A 10 mm cladding layer was introduced on a 190

mm thick cylinder of A508 Class 3 material using the electroslag strip cladding process.

The cladding thickness was machined to a final thickness of 4 mm. The cylinder

underwent a PWHT at 550 °C for 6 hours. They reported the peak cladding residual

stresses in the clad cylinder to be in a range of 600 to 750 MPa.

In order to determine the appropriate size of the fracture test specimens, and also obtain

some precise data on the cladding residual stresses in the test specimens, the X-ray

diffraction and the hole-drilling techniques were invoked here. The X-ray technique is

thought to give distribution of these stresses in the thickness direction. The hole-drilling

technique is the most common used technique that gives information down to about 2 mm

from the object surface. Also performed were finite element calculations to study the

effects of the influencing factors on the magnitude and distribution of the cladding residual

stresses in a clad cruciform specimen.

In the first attempt, the X-ray technique was used to measure cladding stresses at five

different locations on a clad plate, which had undergone the specific heat treatment. The

measured locations were at the center of the plate and on four other locations near the

edges of the plate, schematically shown in Fig. 12. Four measurements at different depths

(on surface, 4, 8 and 12 mm below the surface) were performed at each location. After

performing these measurements, the plate was cut using the water-jet cutting technique to

produce a cruciform clad specimen. Three new locations, near the previous X-ray

measurements but with sufficient distance to not influence the stress field, were chosen on

the cruciform specimen for new measurements. Table 3 shows the measured results for the

interesting locations. Two major problems stood in interpretation of the achieved data from

the X-ray technique. First, the data showed a very large scatter (in some case over 100%).

Second, the data were not consistent, i.e. they were substantially different in locations with

similar conditions. The measured peak tensile values were 345 ± 65 MPa in the center of

the plate and 80± 90 MPa in the center of the cruciform specimen. The major explanation

of these problems is the fact that the cladding material is strongly anisotropic (due to

textured structure). As the X-ray technique is based on measurement of lattice strains by
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measuring the changes in the interplanar spacing, the textured structure of the cladding

may substantially limit application of the X-ray technique for the actual case. Appendix B

gives more information about the X-ray technique and the obtained measured data.

Due to the uncertainty observed in the measured data using the X-ray technique, we

invoked also the hole-drilling technique. This technique gives only information within

around 2 mm below the surface. The cladding residual stresses were measured in two

cruciform specimens, of which one from the X-ray measurements. A total of five different

measurements were performed on the two specimens. The measured peak stress was about

200 MPa at 2 mm depth in the center of the cruciform specimen. Table 3 compares the data

from the X-ray and the hole-drilling technique measured at different locations on the

cruciform specimen. Low scatter and reproducible data were obtained by using the hole-

drilling technique.

To study the influences of geometrical restraint conditions and other influencing factors on

magnitude and distribution of the cladding residual stresses, finite element calculations

were performed for a clad plate and a clad cruciform specimen under different conditions.

Two geometrical restraint conditions were studied for each configuration. In one case, it

was assumed that the clad object is completely restraint so that no bending due to the

cladding process and the heat treatment would be introduced. In the other case, the clad

object was free under the cladding process and the heat treatment, thus permitting bending.

Fig. 13 shows the FEM results together with the measured data from the X-ray and hole-

drilling techniques at the center of the studied geometries. The finite element results are

based on 3-D elastic-plastic calculations with assumption that the model is stress-free at 7=

1200 °C, and experiencing cooling to room temperature. Also studied was the influence of

the mechanical properties. Using the material data from the NESC project [Sattari-Far,

2000] resulted in a peak value of 340 MPa in the cruciform specimen compared with 252

MPa obtained using the actual material properties.

The study by measurement and calculation of the cladding residual stresses gave the

following conclusions:

1) The different restraint conditions have minor influence in the magnitude of the

cladding residual stresses in the cladding layer. The thickness of the clad object is

the main impacting dimension in developing cladding residual stresses. A clad

object having a base material thickness exceeding 10 times the cladding thickness

would be practically sufficient in introducing fully cladding residual stresses.
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2) Considering the low scatter and the reproducible data, the hole-drilling technique

is recommended in measurement of the peak of the cladding residual stresses,

which actually occurs about 2-3 mm under the surface of the clad object.

3) The mechanical properties of the cladding and base materials are the most

impacting factors in determining the magnitude of the cladding residual stresses in

a clad body.

4) The cladding material in the test objects has undergone a heat treatment at T=

1200 °C, which may substantially influence the magnitude of cladding residual

stresses, compared with results published in the literature. The peak tensile stress

of cladding residual stresses in the cruciform specimens was estimate to be around

250 MPa at room temperature.

Based on this study and considering the application of biaxial loading the dimensions of

the cruciform specimens were determined, which will be discussed in the following

section.

3.5. Fracture specimen configurations and testing facility

A basic functional requirement for the configuration of the test specimen is that the stress

condition in the ligament should be in the same condition as in the Ol reactor beltline

region. Regarding the fact that the over-pressurization scenario occurs in the lower

transition region, the test specimens should also exhibit cleavage fracture event under

biaxial loading at a test temperature in the lower transition region. Based on the study

described in section 3.4 and the reported experiences in the literature, see for instance Bass

et al [1999], fracture specimens having a cruciform-shaped geometry with a cross section

dimension of 120x80 (including 7 mm cladding) were chosen for this study. The

longitudinal and transverse dimensions of the specimen were chosen to be able to impose

biaxial ratio of 1:0.5 (corresponding to the internal pressure biaxial ratio in the Ol reactor).

The longitudinal length of 800 mm and the transverse length of 600 mm were chosen for

the cruciform specimens. Six clad cruciform specimens were fabricated from the clad

plates, which were heat treated as described in section 3.2. To minimize diffusion of the

load around the test section, three through-thickness slots of dimension 50x5 mm were cut

into each arm, as shown in Fig. 14. The jet-water cutting technique was used in fabrication

of the cruciform specimens and introducing the slots. Also prepared were 4 clad beams

with dimension 800x120x80 mm (including 7 mm cladding) to be tested under uniaxial

loading. Shallow surface cracks of different depths were introduced in the clad beams and
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the clad cruciform specimens by notching and prefatigue bending.

The internal pressure results in biaxial tension in the Ol beltline region. Introducing the

similar biaxial tension in the fracture specimens requires access to a biaxial machine of

large capacity, which does not exist in Sweden. However, one argument here is that the

defect configuration of interest is of shallow crack, allowing using biaxial bending instead

of biaxial tension. As indicated in Fig. 8, for such a crack geometry, biaxial bending may

give essentially similar stress condition as from the biaxial tension. Thus, the biaxial

bending was chosen for load application in the fracture test program.

A special loading system was constructed for applying the biaxial bending loads to the

specimens. By this system the clad specimens were subjected to a 5-point loading system,

as shown in Fig. 15. In order to control the exact amount of load at each supporting

location and eliminate unintentional bending in the test specimen under loading, four load

cells of capacity 1 MN with spherical contact were used between the test specimen and the

supporting plate. The spherical supporting contacts allowed the cruciform specimen to be

loaded in a statically determinate manner under the testing. Loading was applied through a

10 MN INSTRON servo-hydraulic test machine at the midspan of the specimen. To reduce

the effects of the concentrated load and to better control the loading during the test, the

load was applied to a square seat with same planar dimension as the test section (120x120

mm), as shown in Fig. 15. The performance of this loading system was verified by testing

an uncracked cruciform. By keeping the long load span constant and changing the short

load span (the distance between load cells on the short arm), one could accurately

introduce different biaxial ratios in the test specimens.

3.6. Fracture testing under uniaxial and biaxial loading

The experimental part of this study consisted of tests on single-edge notched, SEN(B),

specimens under 3-point bending and tests on clad beams containing surface cracks

subjected to uniaxial and biaxial loading. The SEN(B) specimens were used to evaluate

fracture toughness values according to ASTM Standard E399 and also develop different

master curves according to ASTM Standard El921-97. The clad specimens were tested

under uniaxial and biaxial loading to obtain cleavage fracture toughness under conditions

similar to those in the Ol reactor.

Testing of SEN(B) specimens

Static fracture toughness testing was carried out using SEN(B) specimens with a/W ~ 0.5.
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The SEN(B) specimens were plane-sided having a thickness of 20 mm. These specimens

were fabricated from the heat-treated test plates in the way that the crack growth in them

would be in the same direction as in the clad beams. The fracture tests were conducted

both at room temperature and 50 °C. Three tests were also conducted on shallow SEN(B)

specimens with a/W =0.1 to study shallow crack effects on cleavage fracture toughness.

Of the twelve valid SEN(B) tests with a/W~ 0.5, six specimens experienced a pop-in event

before the final fracture. Fig. 16 shows the load-COD response of test SEN-7412, where an

obvious pop-in is observed at a COD-value of 0.33 mm. The outcomes of these test results

are used in evaluation of fracture toughness Kic (according to ASTM E399) and the re-

value of the master curves. These results will be presented in section 5.1. Table 4 gives

information on these specimens and the generated data.

Testing of clad specimens under uniaxial and biaxial loading

To determine fracture toughness under conditions similar to those in the Ol reactor,

fracture tests were performed on clad beams subjected to uniaxial and biaxial loading. The

fracture data from these tests would be used to study the effects of shallow crack and

biaxial loading. They would also produce the data necessary for development of a fracture

assessment methodology based on the master curve concept. For this part of the

experimental program, a total of ten clad specimens were prepared and tested at room

temperature. The difference between the test temperature and the RT^DT of the heat-treated

base material is almost the same as the difference between the shut-down temperature of

the Ol reactor and its RTNDT. This implies that fracture event will occur in the lower shelf

region for the both cases. The experimental program for this part of the study consisted the

following test specimens.

One clad cruciform specimen for prestudy on loading system

Five clad cruciform beam specimens tested under biaxial loading

Four clad beams tested under uniaxial loading

Testing on clad beams in both uniaxial and biaxial loading configurations would allow

measurement of toughness values with only one test condition changed, namely the out-of-

plane loading. This would give possibility to study the biaxial loading effects on cleavage

fracture toughness. The clad specimens had a cross section dimension of 120x80

(including 7 mm cladding). The defect configuration was shallow surface crack through

the cladding layer. The crack depth range for these tests varies from 14 mm to 25 mm

having a crack length/crack depth ratio (2c/a) of about three. Table 5 gives information on
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these specimens.

In order to evaluate the test outcomes by using the finite element modeling, one needed

information on the compliance of the test machine. This was obtained by measuring the

responses from testing on an uncracked beam with sizes 800x120x80 and from a large

dummy disc with 1000 mm in diameter and 180 mm in thickness. These test bodies were

loaded in the load range of the clad beam tests. The results indicated some dependence of

the machine compliance with test configurations. Based on this study, the machine

compliance was assigned to be 5.10"7 mm/N in testing of the clad specimens.

Instrumentation was placed on all clad specimens to monitor crack-mouth-opening-

displacement (CMOD), surface strains at three different locations around the crack mouth,

and contact between the specimen and the loading seat at the center point. The last one was

aimed to check the contact surface between the specimen and the load seat under the test,

and also verify the response of the finite element models. The data from this

instrumentation together with the machine load-line-displacement (LLD) value, the value

of machine load and the values from the installed load cells supplied sufficient information

on each test. The responses from the load cells and the gauges installed at the two sides of

crack mouth confirmed the uniformity of loading in the cruciform specimen during the test.

It was also observed that the test specimens deflected under loading and became bent in

relation to the load seat, moving the contact surface toward the corners of the load seat.

The result of this loading configuration was that the cruciform specimens were actually

tested under 8-point bending rather than 5-point bending as would be appear from Figs. 14

and 15.

Preliminary results from test on an uncracked cruciform showed satisfactory results in

applying the constructed loading system, described in section 3.5, allowing the specimen to

be loaded in a statically determinate manner without any unintentional bending. By

keeping the long load span constant and changing the short load span different biaxial ratio

in the test specimen could be introduced. All clad specimens experienced pop-in events

before the final fracture. The fracture was obviously cleavage in all specimens tested in

this experimental program. The outcomes of these tests were used to evaluate the

corresponding cleavage fracture toughness at the moment of the first pop-in in each test.

This will be presented in section 5.2. Detailed information on test results from all clad

specimens tested within the experimental program of this study is presented in Appendix C

of this report.
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4. FINITE ELEMENT MODELING

The general purposed finite element method (FEM) program ABAQUS [1998] was used

for the computations reported in this study. ABAQUS uses the domain integral method to

evaluate the ./-integral around a crack tip. The pre-processor of the FEM program ANSYS

[1999] was used for development of the three-dimensional FEM models. The austenitic

cladding and the heat-treated base material were assumed to be elastic-plastic with a piece-

wise linear approximation of the hardening behavior fitted to the uniaxial test results, Fig.

10 and 11. As the cladding HAZ disappeared due to the specific heat treatment of the clad

specimens, no specific modeling of the cladding HAZ was used in the analysis. It was

assumed that the materials obeyed the von Mises flow criterion with its associated flow

rule and isotropic hardening behavior.

For the analysis of the clad beams under uniaxial and biaxial loading, due to symmetry in

geometry and load, only one forth of the specimens needed to be modeled. The finite

element model used for the analysis of the cruciform specimens is shown in Fig. 17. Note

that even the load seat is modeled. The model consisted of 3610 twenty-noded solid

elements with a total of 50457 degrees of freedom. Contact elements were used between

the specimen and the load seat. The FE model for analysis of the clad specimens under

uniaxial loading consisted of 2317 twenty-noded solid elements with a total of 33834

degrees of freedom. The mesh around the crack tip was fine enough to resolve the crack-tip

fields at the load level of interest. The size of the smallest elements around the crack front

was 0.035 mm. The SEN(B) specimens were analyzed using 2-D plane strain FE models.

The 2-D model consisted of 1195 eight-noded plane-strain elements with a total of 7536

degrees of freedom. Also developed was a 3-D finite element model to determine the

critical crack depth in the simulated 01 beltline region under a cold over-pressurization

scenario. The model consisted of 2317 twenty-noded solid elements is shown in Fig. 18.

A comparison of some results obtained from small respectively large strain formulation

showed that the most effects of large strain formulation were within the zone r • J/Cy

ahead of the crack tip. Thus, the crack-tip parameters, Equations (7)-(10), are evaluated at

the distance r = 2JI<5Q, where the differences between the two theories are very small. The

choice of the small or finite strain theory is a matter of convenience. However, it should be

emphasized that once a choice is made, it must be applied consistently throughout the

whole procedure. It means that the same theory must be applied in analysis of the reference

field (here; the SSY solution), the small SEN(B) specimens, the clad beams and the Ol
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reactor. All results presented in this report are based on small strain formulation.

4.1. SSY solutions

To calculate the crack-tip constraint parameters, Equations (7)-(10), the near-tip field in

the studied cylinders is compared with a reference field representing a high level of stress

triaxiality. Here, the SSY solution is chosen as the reference field. The advantage of this

solution compared to the HRR solution is that the former is evaluated for the actual stress-

strain relation of the material, while in the latter the material needs to be fitted to a

Ramberg-Osgood power law material. In addition, it has been shown that the SSY

reference field yields g-values with less dependence on the distance from the crack tip, see

for instance O'Dowd and Shih [1991, 1992].

To resolve the SSY field, one needs to perform a FE analysis with high degree of

refinement. The solution is obtained by imposing a ^-field on the remote boundary of a

standard boundary-layer model (a semicracked annulus). In practice, the radius of the

boundary layer model needs to be about 100 times the plastic zone size developed due to

the imposed /T-field. The FE model used for evaluation of the SSY solution consisted of

640 eight-noded plane strain elements comprised in 40 rings focused toward the crack tip.

The reference parameters (the normalized hoop and hydrostatic stresses, and the ratio of

hydrostatic/effective stress) were computed for both the cladding and the base materials.

These reference values are evaluated at the distance r/J(Gy) = 2 ahead of the crack tip and

presented in Table 6.

5. ANALYSIS OF THE EXPERIMENTAL DATA

5.1. Evaluation of master curve for the base material

The static fracture toughness testing was carried out on SEN(B) specimens to evaluate

fracture toughness KIc according to ASTM Standard E399 and also develop different KJc

master curves according to ASTM Standard E1921-97. SEN(B) specimens with a/W ~ 0.1

and 0.5 were tested at both room temperature and 50 °C. Fracture test results from the

shallow SEN(B) specimens (a/W~ 0.1) showed larger scatters than those from deep cracks.

Table 4 gives a summary on the test results obtained from testing on the SEN(B)

specimens.

The fracture toughness data from 12 SEN(B) with a/W ~ 0.5 tested at room temperature

and 50 °C (six tests at each temperature) were analysed according to the master curve
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approach, outlined in section 2.4 of this report. All tests fulfilled the condition expressed in

Equation (15). In order to obtain the master curve reference temperature To, corresponding

to a mean toughness of 100 MPaVm related to IT SEN(B) specimens, the toughness data

were size-corrected to 25-mm thickness according to Equation (16). The analyses of the

test data according to ASTM Standard El921-97 gave To =15 °C and 30 °C for the test data

at room temperature and at 50 °C, respectively. To be conservative, the higher value of

these two values was chosen as the reference temperature To of the base material. The

fracture toughness curves corresponding to 5, 50 and 95 percent fracture probabilities are

determined according to Equations (21)-(23). This leads to the following fracture

toughness curves for the heat-treated material.

KM5%) = 25.4 + 37.8exp[0.019(r-30)]. (21rep)

KM50%) = 30 + 70exp[0.019(r-30)]. (22rep)

=34.6 + 102.2exp[0.019(r-30)]. (23rep)

Charpy V-notch test energy versus temperature were provided for a temperature range

from 20 °C to 120 °C. Based on these data, the transition temperature corresponding to an

impact energy of 41 J is estimated to be around 70 °C for the base material. Due to lack of

test facility for drop-weight test, the RTMDT of the material was estimated based solely on

the impact test results. The transition temperature to absorb 68 J was r68j~ 105 °C, which

gives a RTNDT value of approximately 72 °C for the heat-treated base material. Based on

this value of RTNDT the ASME reference toughness curve gets the following form:

Klc = 36.5 + 3.084exp[0.036(7-16)]. (25rep)

Comparison of the developed mater curves, Equations (21rep)-(23rep), and the ASME

reference curve, Equation (25rep) for the heat treated base material is shown in Fig. 19,

together with KJc data from six SEN(B) tests.

5.2. Evaluation of clad specimens under uniaxial and biaxial loading

The experimental program for this part of the study consisted in testing on nine clad

specimens under biaxial and uniaxial loading. The test temperature was room temperature, as

the results from impact tests and fracture toughness tests on the SEN(B) specimens. All nine

clad specimens experienced cleavage fracture under testing, without any preceding ductile

crack growth. This verified that the tests were actually conducted in the lower shelf region.
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All the specimens experienced pop-in events before the final fracture. Only preliminary

results from three of these tests are presented in this section. Table 5 gives a summary on the

test results obtained from tests on the clad specimens.

Fig. 20 shows the load-deflection and load-CMOD responses in test Bi-7402 under biaxial

loading. It is observed that the specimen experienced some pop-in events before the final

fracture. Fig. 21 shows the corresponding response in test Un-7757 under uniaxial loading.

The load-deflection and load-CMOD responses of all nine tests conducted on the clad

specimens are presented in Appendix C of this report. In order to find out the amount of the

crack growth in connection with the pop-in events, the crack surfaces were painted at the

occurrence of the first pop-in in each test. Figs. 30 and 31 show the light optical microscopy

of the fracture surface of test Bi-7402. The black zone around the pre-fatigued crack front is

actually the amount of cleavage crack growth at the first pop-in. The load value corresponding

to the first pop-in from each test was chosen as the critical load in calculation of the fracture

toughness value. As none of the tests experienced a total fracture at the first pop-in, choosing

the pop-in load as the critical load would give conservative results in assessment of load

bearing capacity of the clad specimens.

All nine clad beams tested here were analyzed by finite element method (FEM). The FEM

responses to tests Bi-7402 and Un-7757 compared with the experimental outcomes are shown

in Fig. 20 and 21. Good agreement is observed between the experimental and FEM responses.

The shift in load-CMOZ) in the FEM responses at the beginning of the tests is due to the fact

that the FEM model was assumed to be stress free at T= 1200 °C, experiencing cooling to

room temperature. This heating history would induce cladding residual stresses in the

specimen, and would open the crack in an amount of about 0.06 mm prior to the mechanical

loading. The clip-gauge measurement did not account for this value. It is worthy to mention

that there are several factors, which may substantially influence the FEM responses to the

cruciform specimens under testing. Material properties of cladding and base metal, crack

geometry, contacts between the load seat and the specimens, and contact between the load

cells and specimens need to be modelled properly.

As the loading system was based on deformation-controlled loading, and as the clad

specimens were a little bit bent, the biaxial loading ratio was determined by trail and error.

Testing on a dummy cruciform beam and FEM analyses gave some idea on the distances

between the load cell positions to introduce the desired biaxial ratio. Fig. 22 gives the biaxial

load ratios and the corresponding biaxial stress ratios in tests Bi-7332 and Bi-7402 during the
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tests up to the occurrence of the first pop-in. It is observed that the biaxial ratios decrease

somewhat under the tests. The clad beams were stressed biaxially with a ratio of Ojj/ai ~ 1.8 at

the pop-in loads, where direction II is normal to the crack plane.

Cleavage fracture toughness data for the clad beams under biaxial and uniaxial loading were

determined by finite element analysis using the load from the first pop-in in each test. The

critical ./-values converted to critical elastic plastic stress-intensity factor KJc. These results

together with fracture toughness results obtained from the SEN(B) specimens and the

developed fracture toughness curves are presented in Fig. 23. The master curves here are

corresponding to the standard specimens with thickness B= 25 mm. The results are also

presented in Table 5. As the crack front lengths in the clad specimens were longer than 25

mm (in the range of 30-60 mm in the base material), the master curves should be size-

corrected for the actual crack front length. In order to obtain the size-corrected cleavage

fracture toughness Kjc(Cfl) from the standard fracture toughness Kjc(iT), the following equation,

which is reconstructed from Equation (16), is used.

(16reD)
rep

where cfl stands for crack front length. The fracture test results compared with these Kjc

curves and the ASME KIc curve are presented in Fig. 24. It is observed that the ASME KIc

reference curve is overly conservative in describing the fracture toughness of the tests, while

the master curve methodology gives a good prediction of the test outcomes.

5.3. Crack-tip constraint considerations

Variations of J along the crack fronts in tests Bi-7332 (biaxial) and Un-7757 (uniaxial) at the

first pop-in are shown in Fig. 25. The maximum J values in the base material are at a location

of about 30 ° along the crack front in both cases. Fig. 26 shows the variation of the constraint

parameter Q at the deepest point as a function of the load factor J/a<JY (the actual 7-integral

normalized with the crack depth) for these two specimens compared with those of a SEN(B)

specimen. Only results up to the first pop-in events are shown for the clad specimens in Fig.

26. For the SEN(B) specimen, the results beyond the fracture load level is also shown. It is

observed that the constraint level in the test specimens are above the SSY yielding level, and

at the constraint conditions are effectively the same in the clad specimens and the SEN(B)

specimen at the cleavage fracture loads. Variations of the constraint parameters Q and H

along the crack fronts of tests Bi-7332 and Un-7757 at the first pop-in load are shown in Fig.
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27. For comparison, the SSY solutions of the material are also given in Fig. 27. These values

of Q and H are evaluated according to Equations (7) and (10). It is observed that the

constraint parameter Q, which is more relevant for cleavage fracture, is above the SSY

reference value in the whole crack front in the base material for both cases. In the cladding

layer, however, substantially loss of constraint is observed.

Variations of the normalized opening stress and hydrostatic stress ahead of the crack tips at

the deepest point of the crack front in six different specimens tested here are shown in Fig. 28

compared with the SSY condition. The opening stress is normalized by the yield strength of

the base material and the hydrostatic stress is normalized by the effective stress. The

corresponding results at a location along the crack front with maximum J value are shown in

Fig. 29. Considering the crack driving forces and crack-tip fields in Figs. 27-29, it is observed

that fracture conditions are almost similar along the whole crack front in the base material.

The test results agreed very well with this, and in almost all clad specimens a relatively even

cleavage crack growth observed along the whole crack front in the base material, as shown in

Fig. 30. The fractografical examinations of fracture surfaces also indicated that the cleavage

fracture had triggered at many locations along the crack front. It should be noted that the

cladding HAZ in the clad specimens tested here had the same material properties as the base

material (due to the specific heat treatment of the clad specimens). In the real clad

components, for instance the Ol reactor, the cladding HAZ material has superior cleavage

toughness to that of the base material in both unirradiated and irradiated conditions, McCabe

[1989]. Thus, cleavage fracture toughness data obtained from the clad specimens in this study

would give a lower value compared with testing on a clad component containing a real

cladding HAZ.

Considering the results presented in Fig. 26-29, it is observed that effects of shallow crack and

biaxial loading are negligible for the studied cases. The crack-tip fields in different specimens

tested here are effectively similar to the SSY condition. Thus, one may conclude that in the

lower shelf region and under SSY conditions the effects of shallow crack and biaxial loading

are of minor importance and a single-parameter description (without any constraint

considerations) can characterize the crack-tip field.

5.4. Fractographical examinations

A fracture surface examination was made on the broken fracture surface of test Bi-7402

(biaxial loading). The objective was to study the fracture surface appearance along the
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fatigue crack front to identify crack initiation sites and fracture propagation directions. The

examined fracture surface is shown by light optical microscopy in Figs. 30 and 31. Five

regions along the fatigue crack front were examined in a Scanning Electron Microscope

(SEM) at magnifications between 10 and 5000 times. The shift from the fatigue crack

propagation to unstable crack growth was readily identified by observing a sharp boarder

between the pre-fatigue crack front and the transgranular cleavage fracture. No ductile or

intergranular fractures were observed within the cleavage area. In regions No. 1-4 several

cleavage crack initiation sites were observed. The observations indicate a typical distance

between the cleavage initiation sites to be approximately 0.1 mm. In region No. 5 no

evident initiation site could be found. Typical crack surface appearance and the cleavage

crack initiation sites are shown in Figs. 33-37. These results are in good agreements with

FEM results presented in Fig. 25-29, where cleavage fracture events were predicted along

the whole crack front in the base material.

6. ENGINEERING FRACTURE ASSESSMENTS

Engineering or simplified fracture mechanics methodologies are commonly used in

integrity assessment of defects in load bearing structures. These methods use the stresses

from the uncracked-body analysis. They are supposed to give a conservative assessment in

a relatively short time. In Sweden, defects found during manufacturing or in service of

nuclear power plants are assessed according to the rules in SKIFS 1994:1, which is issued

by The Swedish Nuclear Power Inspectorate [1994]. According to SKIFS, the ASME

Section XI procedure should be invoked for assessment of detected cracks or crack-like

defects, and for defect tolerance analysis in the Swedish nuclear power plants. In case with

prevailing spreading plastic deformation, verified non-linear fracture mechanics

procedures, for instance the R6-method, are also allowed to be used according to SKIFS

1994:1.

The SACC program, Andersson et al [1996], is developed by SAQ Kontroll AB and

accepted by The Swedish Nuclear Power Inspectorate to be used by the Swedish nuclear

power industry for this purpose. Some of the main options in the program are as the

following:

• A fracture and collapse assessment procedure based on the R6-method, Milne et al

[1988]. The treatment of the secondary stresses is somewhat different in the SACC

program than in the R6-method. The calculation of the p-factor for plastic
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interaction between primary and secondary stresses is more detailed and follows the

original work by Ainsworth [1986].

• The procedure is used to determine maximum acceptable and critical crack size or

load level. The term acceptable is referred to results with required safety margins

taken into account and the term critical to results with no safety margins included in

the analysis, i.e. with safety factors set equal to unity.

• A fracture assessment procedure for ferritic steel components according to ASME

Section XIIWB-3610, Appendix A. The 1995 edition of the ASME Section XI has

been followed. The procedure is restricted to acceptance criteria based on applied

stress intensity factor according to IWB-3612.

• A fracture assessment procedures for austenitic and ferritic piping according to

ASME Section XI IWB-3640, Appendix C and IWB-3650, Appendix H,

respectively.

• Procedures to calculate crack growth due to fatigue and stress corrosion.

The SACC program is used here to perform fracture assessments of the clad beams tested

under uniaxial and biaxial loading. Note that the SACC program, like any other fracture

assessment procedure, is designed to yield conservative assessment results, so that an

adequate safety margin can be ensured in service. Thus, the program is not aimed to give

best estimate test predictions.

6.1. The R6-method

The R6-method is a simplified procedure for integrity assessment of structures containing

defects, Milne et al [1988]. The method uses two non-dimensional parameters, Kr and Lr,

which are measures of proximity to fracture according to linear elastic fracture mechanics

and plastic collapse, respectively. Within the R6-method a distinction is made between

primary and secondary stresses. Primary stresses are those which contribute to plastic

collapse, for instance internal pressure, and secondary stresses are those which do not

contribute to plastic collapse, for instance thermal and residual stresses.

Calculation ofLj.

The parameter Lr is defined as the ratio between the current primary load and the limit load

PL of the component under consideration and with the presence of the crack taken into

account. PL should be calculated under the assumption of a perfectly plastic material with

the yield strength <jy chosen as discussed in Chapter 2.5 of the SACC program. A number
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of limit load solutions for different geometries are complied in the program. Limits for the

applicability of the solutions are given for the different cases. In cases when the solutions

presented in the program cannot be applied, Lr can be obtained either by use of solutions

found in the literature or determined by numerical calculations, e.g. by the finite element

method.

Calculation ofKr

Loads are treated as primary and secondary stresses that act transversely to the prospective

crack plane in the uncracked component. The parameter Kr in the R6 failure assessment

diagram is calculated in the following way for combined primary and secondary stresses.

Kr = KP
r + Ks

r, (26)

where Kp
r =K[ /K^, (27)

and K^Kf/K^+p. (28)

p s
Here, Kt and KT are the linear elastic stress intensity factors for the primary and secondary
stresses, respectively, and K is the fracture toughness of the material. The

parameter p takes into account plastic effects due to interaction between secondary and

primary stresses. In Fig. 38 the parameter p is given as a function of Lr and the parameter

% defined as:

X = K1
SL,/Kf. (29)

Treatment of secondary stresses

The interaction between secondary and primary stresses on J is accounted in the R6-

method by the parameter p. Values of p are derived by Ainsworth [1986]. The original R6-

method prescribes that the elastic stress state is to be used when calculating the stress
s

intensity factor for secondary stresses, Kx. For high secondary stresses, for instance

induced by thermal transients, this may lead to over-conservatism in the assessment results.

In the SACC program a modified version of the method suggested by Budden [1989] has

been built in to handle the secondary stresses. This reduces some of the over-conservatism
s

observed in the original edition of the R6-method. The secondary stress intensity factor K
s

used to determine Kr according to Equation (28) is then calculated as:

Kf = maxjj/*', (a)AT2 (a),yJK, (a)KZ (a) j , (30)
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where K\ and K2 are stress intensity factors calculated for the elastic and elastic-plastic

stress state, respectively. Zang [1998] verified the use of Equation (30) for cases with high

secondary stresses. Â  is taken as the maximum value of the geometric mean of Kx and K2

calculated for the actual crack size of interest a, and for the actual crack size adjusted with

the Irwin plastic zone correction according to:

where the parameter p is set to 1 for plane stress and to 3 for plane strain.

6.2. The ASME Section XI Code

The SACC program has a fracture assessment procedure for ferritic steel components

according to ASME Section XI IWB-3610, Appendix A (ferritic steel components). The

1995 edition of the ASME Boiler and Pressure Vessel Code has been followed. The

procedure is restricted to acceptance criteria based on applied stress intensity factor

according to IWB-3612. The procedure is only intended for use on ferritic steel

components with a thickness greater than 100 mm. Ferritic piping is handled by a separate

procedure. The procedure can be used to determine maximum acceptable and critical crack

size or load level. The term acceptable is referred to results with the required safety margin

taken into account, Equations (33) and (34), and the term critical refers to results with no

safety margin included in the analysis, i.e. with the safety factor set equal to unity. Loads

are input as the elastic stresses that act transversely to the prospective crack plane in an

uncracked component. All loads, including residual stresses, are to be considered in the

analysis.

6.3. The SACC program

The SACC program is based on Option 1 and Category 1 of the R6-method. For this

Option, the non-critical region in the failure assessment diagram is given as:

Kr < fR6 = (l-0.14L2
r)[0.3 + 0.7exp(-0.65L6

r)J. (32)
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Fracture toughness

The fracture toughness Kmat in Equations (27) and (28) is the critical value of the stress

intensity factor for the material at the crack front. According to the SACC program, if

possible, A^at should be set equal to the fracture toughness A"ic evaluated based on the

ASTM E-399 Standard. For the materials SA-533 Grade B Class 1, SA-508 Class 2 and

SA-508 Class 3, the SACC program recommends the fracture toughness K\a (conservative

fracture toughness value at crack arrest) for both normal/upset and emergency/faulted

conditions. The A'la-values are given as a function of the difference between actual

temperature T and the nil ductility transition temperature RTNDT in ASME Sect. XI,

Appendix A, Fig. A-4200-1. For temperatures above the transition region higher values

than 220 MPaVm are usually not assumed. This so-called upper-shelf level is assumed to

be reached for temperatures 102 °C above RT^DT- Except for through-thickness cracks, the

fracture toughness can be input to the program as a non-constant distribution through the

thickness. By this, changes in fracture toughness due to temperature variations, irradiation

or dissimilar materials can be handled.

Safety factors for nuclear applications

For the choice of safety factors, the SACC program retains the safety margins expressed in

ASME Sect. XI. The values of these margins aimed for ferritic steel components, austenitic

piping and ferritic piping are VlO and V2 for normal/upset and emergency/faulted

conditions, respectively.

Thus, the acceptance criterion based on the maximum applied stress intensity factor Ki for

different load event conditions are:

Kj < Kla /VlO For normal and upset conditions. (33)

For emergency and faulted conditions. (34)

6.4. Assessment results

Four clad beam specimens tested under uniaxial and biaxial loading are evaluated based on

the R6-method and the ASME XI Code using the SACC program. The input data of

geometries, materials and loading to the program are as the following:

Defect geometry:

Semi-elliptical surface cracks in the clad beam tests Bi-7332, Bi-7402, Un-7753 and
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Un-7757, as presented in Table 5.

Material properties:

Physical and mechanical properties of the austenitic cladding and the heat-treated

base metal are used as those presented in Tables 1 and 2 and Figs. 10 and 11. Only

fracture toughness data of the base material are used in these assessments. The

fracture toughness data are based on the 50% master curve size-corrected for 50 mm

crack front lenght and the ASME Kjc curve. The toughness values at room

temperature are as the following:

KJc= 77 MPaVm (50% master curve, size-corrected for cfl = 50 mm)

Klc= 40 MPaVm (ASME Klc curve based on RTNDT = 72 °C)

Loading:

Uniaxial and biaxial mechanical loading

Cladding residual stresses

No specific considerations are taken for the cladding HAZ. The stresses are obtained from

elastic and elastic-plastic finite element analyses of the uncracked geometries. The stress

intensity factors given by Fett et al [1990] and the limit load solutions given by Sattari-Far

[1994] are used in the assessments of the test results.

Fig. 39 gives the distribution of mechanical and cladding residual stresses across the

thickness of the four specimens obtained by using finite element calculations. These results

are corresponding to the load level at the first pop-in event in each test. The applied

mechanical stresses are calculated both elastically and elastic-plastically. Due to the

relatively low load level, the elastic and elastic-plastic stresses are only slightly different.

The cladding residual stresses are based on 3-D elastic-plastic FEM calculations with

assumption that the specimen is stress-free at T= 1200 °C, and experiences cooling to room

temperature. The stress distributions presented in Fig. 39 are used to perform different

fracture assessments. The mechanical stresses are used as primary stresses and the cladding

residual stresses as secondary stresses in assessments based on the R6-method. For

assessments based on the ASME XI procedure, the sum of mechanical and cladding

residual stresses calculated elastically is used. Ten different R6-based assessments and

eight different ASME Xl-based assessments are performed for the four selected tests. The

assessment results are presented in Table 7. The critical defect depths are obtained by

assuming the safety factor in Equation (34) to be unity.

The closeness of the predicted critical defect depths by the assessment methods with the

actual crack depths of the test specimens may be used in screening the assessment
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procedures. Recall that in employing a simplified assessment procedure, it is important that

conservatism of the assessment results is assured. Therefore, the best predictions are those

close to the actual crack depths but not exceeding these values. Based on results presented

in Table 7, one may conclude that the most conservative predictions are obtained when the

toughness data based on the RTNDT value are used. In general, fracture assessments based

on the RTNDT temperature (ASME Code Kjc Curves) gives the critical crack depth to be less

than the cladding thickness. Assessments based on the R6-method and the ASME XI Code,

using size-corrected master curve fracture toughness, give reasonable good predictions.

The best predictions are obtained when the R6-method with option to handle secondary

stresses as elastic-plastic, using Equation (30), and the toughness data based on the size-

corrected master curve are used.

7. DISCUSSION

Fig. 40 shows the cleavage fracture toughness as a function of crack depth obtained from

different crack configurations studied in the test program. It is observed that the scatter in

data from clad beams is substantially lower than that from SEN(B) data. This is mainly due

to the fact that the beam specimens have a crack front length of at least twice the crack

front length in the SEN(B) specimens, increasing the probability of obtaining a cleavage

event according to the weakest link theory. It is also observed from Fig. 40 that the effects

of shallow crack and biaxial loading are negligible for the studied cases. The fracture

toughness values evaluated from the 8 clad beams with different crack depths tested under

uniaxial and biaxial loading indicate no such effects. These observations are agreed well

with observations reported by Theiss et al [1992] and Bass et al [1999] on fracture

toughness data of different crack configurations tested in the lower shelf region, see for

instance Fig. 3. This is consistent with observation from the crack-tip conditions at the

deepest point of the clad beams, having shallow cracks under uniaxial and biaxial loading,

Figs. 26-28. In the lower shelf region, the crack-tip fields in the clad beams are effectively

similar to the conditions in a standard SEN(B) specimen. Thus, one may conclude that in

the lower shelf region the effects of shallow crack and biaxial loading are of minor

importance and a single-parameter description (without any constraint considerations) can

characterize the crack-tip field. Thus, the acceptable and critical defect depths in the Ol

reactor under the cold over-pressurization can be determined using Kj or J concept, where

the fracture toughness is the most influencing. The fracture toughness may be based on

RTNDT (ASME Code KIc curve), as in Fig. 1, or based on To (ASTM, Kjc master curves).

This issue is of central importance and will be discussed in the following.
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Both ASME Code and ASTM El921 define a normalized reference fracture toughness

curve in terms of a reference temperature. While there are slight difference in the shapes of

the two reference curves, the most significant difference between the two approaches is in

the definition of the reference temperature. The reference temperature RTNDT, used in the

ASME Code curves, is defined independently of the fracture toughness measurements. It

uses a combination of Charpy V-notch and drop weight tests to establish the value of

RTNDT- The ASTM El921-97 defines the reference temperature To, which in contrast to

RTNDT, is determined by performing fracture toughness test on the material of interest. The

ASME Code Kjc reference curve and the 5% bounding curve from ASTM El921-97 are

both lower limits to the fracture toughness data. However, these lower limits are

determined in significantly different manners. The ASME Kjc reference curve is a lower

bound to all data on a series of pressure vessel steels, while the master curve Kjc bound is a

statistically determined bound based on fracture measurements on a specific material using

pre-cracked specimens. Although results reported in the literature have verified that the

ASME Kic reference curve is lower bound of the existing data, studies have demonstrated

that RTNDT may be a poor predictor of fracture toughness transition temperature, see for

instance Rosinski and Server [2000] and Bass et al [2000]. The current procedure for

determining the ASME Klc reference toughness curve is highly conservative and may

significantly under-predict the fracture toughness values for many materials and in many

cases.

Recently, a procedure is developed for using master curve methodology in the ASME

Code, ASME Case N-629 [1999]. Based on this procedure the reference temperature is

indexed to RTW, having the following relation with To, may be used as an alternative to

RTNDT in determination of Klc and Kja according to ASME Code.

RTTO=T0 +19 [°C] (35)

This procedure releases some conservative in using ASME toughness reference curve.

The outcomes from this study and other studies reported in the literature, for instance Bass

et al [2000] and Sattari-Far [2000], indicate that the master curve methodology is more

confident than the ASME KIc curve based on RTNDT- The ASTM El921-97 was specifically

developed to provide a measurement of fracture toughness transition temperature that

properly accounts for specimen size, strain rate (static loading), and specimen notch acuity

(fatigue pre-cracked). The master curve methodology predicted well the experimental
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results of this study. The main advantage of using this methodology is that it significantly

releases the over-conservatism in the ASME KIc curve (RTNDT). Another advantage of the

master curve methodology is that it allows utilizing small fracture specimens, e.g. in

Charpy size, to obtain fracture toughness data. This is of great interest in nuclear

irradiation embrittlement studies. Note that in application of the master curve

methodology, the toughness value size-corrected with respect to the actual crack front

length should be used. This can be obtained using Equation (16rep). It should be, however,

noted that Equation (16rep) is mostly aimed for size-correction of toughness data obtained

from small laboratory specimens. There are no limits given in the ASTM Standard E1921-

97 or, in the author's knowledge, other published reports on the validity of the equation

with respect to magnitude of the crack front length. However, according to some limited

experiments on cracked bodies with relatively long crack fronts, Equation (16rep) gives

confident results for realistic crack front lengths, say less than 200 mm, Wallin [2000].

7.1. Analysis of the Ol beltline region

Based on the outcomes of the experimental and analytical program of this study, it is

interesting to make a new fracture assessment of the Ol beltline region under the cold

over-pressurization event. In this analysis, it is assumed that the material of the Ol beltline

region shows essentially similar fracture features as those in the heat-treated material used

in the test program. The analysis is based on the following input data:

Reactor inner radie: 2500 mm

Reactor thickness: 131 mm (including 6 mm cladding layer)

Internal pressure: 85 +26=111 bar

Cladding residual stress: 235 MPa in cladding, -11 MPa in base material

ASMEXI/J7W: 72 °C

Master curve To: 40 °C, size-corrected for 50 mm crack front length

Defect configuration: Axial internal surface crack with 2c/a= 6 in a weld

It should be noted that the internal pressure for the cold over-pressurization is 85 bar. Here,

to simplify handling of the welding residual stresses in the finite element calculations, a

value of 26 bar is added to the value of the internal pressure. This value gives a

circumferential stress of 50 MPa, which is assumed to be in the actual welds after post-

weld-heat-treatment. Also note that the value of RTNDT is 72 °C here, compared with 117

°C in Fig. 1 (from the FENLX study).
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The 50% master curve methodology is used here to estimate the actual cleavage fracture

toughness. The over-pressurization load case is assumed to be a faulted case, and thus, a

safety margin of v2 on the fracture toughness is used to determine the acceptable defect

depths. The critical defect depths are determined with reducing the safety margin to unity.

The SACC program with its procedure based on the R6-method is used for this assessment.

Also performed are two detailed 3-D finite element analyses to check the precision of the

SACC program in calculation of Kj for the actual case. In the finite element analysis, the

model is assumed to be stress free at PWHT (620 °C), experiencing cooling to the shut-

down temperature (40 °C). Two different crack depth of 12 mm and 20 mm are studied by

the finite element analysis. Fig. 17 shows the model used for this analysis.

Fig. 41 shows the variation of the crack diving force, expressed in Kh as a function of

crack depth for a semi-elliptical surface crack located in the axial direction in the beltline

region subjected to the cold pressurization case. It is assumed that the crack is in a weld

subjecting to stresses due to internal pressure, welding residual stresses and the cladding

residual stresses. The values of cleavage fracture toughness based on the 50% master curve

KJc and the ASME KIc curve are also shown in Fig. 41. The master curve value is size-

corrected for a crack front length of 50 mm (similar to the clad specimens in the

experimental program of this study). The Kjc-\d\\xe is also reduced by a factor of V2 in

order to determine the acceptable defect depth. Also shown in Fig. 41 are the results of the

finite element calculations for the two crack depths. It is observed that the SACC program

is conservative in calculation of Kj. The differences between SACC and 3D-FEM are less

than 10 % for the studied cases.

From Fig. 41, it is observed that Kj is increasing with crack depth in the cladding layer due

to tensile cladding residual stresses. When the crack depth comes into the base material,

where the cladding residual stresses are compressive, Ki begins to decrease. For deeper

cracks, it will again increase with crack depth due to stresses from the internal pressure. It

is observed that the ASME KIc curve gives a critical defect depth of about 3 mm for the

actual case. The intersections of the Krcurve with the £y/\/2-line and the KJc-\inc give the

acceptable respective the critical crack depth for the actual case based on the master curve

50% toughness. This leads to a value around 30 mm for the acceptable and over 40 mm for

the critical defect size. As a crack of 30-mm depth with 2c/a= 6 has a crack front length of

about 100 mm in the base material, the used KJc-value (based on 50 mm crack front length)

should be size-corrected for this amount of crack front length. The Kjc-value corresponding
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to the actual crack front length is obtained from Equation (16rep). Fig. 42 shows the new

reassessment, when the KJc-value is sized corrected for 100 mm crack front length. Based

on the results presented in Fig. 42, according to 50% master curve methodology, a surface

crack with depth of 20 mm and 2c/a= 6 will be acceptable in the Ol beltline region under

the cold over-pressurization scenario. This assessment result is valid under condition that

fracture toughness properties in the Ol reactor irradiated material are essentially similar

with those in the heat-treated material studied here. For cracks with a crack length/ crack

depth value less than 6, the acceptable crack depth will be larger than 20 mm for the actual

load case according to this methodology. For a more precise estimation of the acceptable

and critical defect sizes in the Ol reactor, a procedure outlined in section 7.3 of this report

may be used.

7.2. Irradiation embrittlement considerations

Neutron irradiation of low-alloy steels, used in reactor pressure vessels (RPV), degrades

the mechanical properties of the material by inducing point defects, precipitation,

microvoids, etc. in the material. This can significantly embrittle RPV steels, and will

increase the brittle-ductile transition temperature (RTNDT)- The irradiation may also reduce

the upper shelf fracture toughness. While it is generally agreed that the irradiation

decreases fracture toughness, it is still an open question how to quantify these effects and

determine a more precise toughness value for irradiated materials.

Commonly, a two-step process based on the RTNDT concept is invoked to determine the

fracture toughness of an irradiated material. First, RTNDT is determined in unirradiated

condition for a limiting material in the RPV. Throughout the operational life of the vessel,

tests on Charpy V-notch specimens removed from surveillance capsules quantify the shift

of the transition temperature (41 J) by irradiation. This shift is added to the RTNDT-value for

unirradiated material to estimate the /?7jvD7-value of the irradiated material. This RT^DT-

value gives fracture toughness value of the irradiated material using the ASME KIc

reference curve. Obviously, this approach of estimating fracture toughness after irradiation

relies on correlation to fracture toughness rather than on direct measurement. This

correlative approach typically underpredicts fracture toughness, sometimes to a

considerable degree. Priest et al [2000] studied irradiation effects on the toughness

properties of an A508 forging and associated weld metal, testing both on Charpy V-notch

specimens and standard 12.7-mm thick compact tension specimens. They found that

fracture toughness data in the ductile to brittle transition region were significantly higher
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than those predicted by KIc reference curve based on RTNDT. Other studies, for instance

reported by Sokolov et al [1997] and Rosinski and Server [2000], show the same trend.

The above discussion indicates that the ASME Kjc reference curve is more conservative

than the master curve in describing fracture toughness properties of irradiated materials in

the transition region. The master curve methodology provides a more precise prediction of

the fracture toughness of irradiated materials. It is worthy to note that, according to the

ASTM El921-97 requirements, a valid determination of To can be achieved by testing a

single set of Charpy-size specimens. The smaller volume of material required to determine

To or RTTO removes the practical barriers to direct determination of the fracture toughness

reference temperature for the irradiated steels. To provides a reliable parameter for

normalizing cleavage fracture toughness data (both unirradiated and irradiated steels) in

terms of transition temperature shift.

The provisional values of the acceptable crack size in the 01 beltline region, presented in

section 7.2 of this study, are based on the cleavage fracture toughness of a heat-treated

brittle material. To validate these results, one needs to measure fracture toughness of the

Ol reactor material under irradiated conditions. As the ASME Klc reference curve is overly

conservative, it is recommended here to use the master curve methodology in providing a

more precise prediction of fracture toughness of irradiated materials. The reference

temperature To of the Ol beltline region can be determined, for instance at the next

surveillance testing, by performing fracture mechanics tests on Charpy-size irradiated

specimens.

7.3. A proposal on a assessment procedure for the problem

As shown in the preceding sections, a fracture assessment methodology based on the 50%

master curve fracture toughness could well predict the outcomes of testing on clad

specimens subjected to uniaxial and biaxial loading. This gives good confidence to use this

methodology for determination of acceptable and critical defect size in the Ol reactor

under cold loading scenarios, for instance a cold over-pressurization event. It should be

noted that the development of this methodology through out this study is based on using an

unirradiated material (specially heat-treated) with presumably similar fracture features as

in the Ol reactor irradiated material.

The stages in the procedure proposed here for determination of the acceptable and critical

defect sizes are as below:
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1) Determine Kjc of the Ol-base material in irradiated state, by using Charpy-size fracture

toughness specimens. Construct the 50% probability fracture toughness master curve

for standard (IT) specimen. Determine the Kj^jyvahie for the actual temperature from

the developed 50% master curve.

2) Estimate the cladding residual stresses at the actual temperature (40 °C). A suggestion

based on this study is 250 MPa in the cladding and -12 MPa in the base material.

3) The actual stresses for the over-pressurization event are:

Cladding residual stresses according to stage 2

166.5 MPa for the mechanical stresses, due to internal pressure 85 bar

50 MPa for the welding residual stresses, after PWHT

4) Calculate Ki at the deepest point of different postulated defects (having a fixed 2c/a-

value) subjected to the stresses described in stage 3. Use the SACC program for

simplified calculations or 3-D elastic-plastic FEM for precise determinations of Kj.

5) Consider a crack size of concern. Estimate the crack front length in the base material

and use Equation (16rep) to obtain the size-corrected fracture toughness KjC(Cfiy Note

that the KjC(cfirvalue may substantially impact the acceptable defect sizes.

6) Construct a plot on Kra, similar to Fig. 42 presented in this report. Use the A}^^-value

from stage 5.

7) The intersections of the £/-curve with the Kjc(cfl} and KJc(cfl)/^2 lines give provisional

values of the critical and acceptable defect depth, respectively.

8) Go back to stage 5 and update the considered crack size with the provisional crack size

obtained from stage 7. Repeat stages 5-8 until a negligible difference is obtained

between the considered defect size in stage 5 and the provisional result in stage 8.

Thus, the acceptable and critical defect sizes for the actual case are obtained.

If the irradiated toughness properties of the Ol beltline material are practically similar to

those of the heat-treated material used in this study, the acceptable defect depth will be

around 20 mm with 2c/a= 6 for the actual load case.

7.4. Suggestions for further study

The problem of the cold loading scenarios is actually a concern problem even in some

other Swedish reactors. The experimental and analytical program performed in this study

has provided interesting information for fracture assessment of a reactor under a cold-

pressurization event. There are, however, some aspects, which need further study.
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1) In the study of a cold load event, the cladding residual stresses are of major

importance. There are large scatters in the magnitude of these stresses reported in the

literature, and obtained from this limited experimental study. The assumption on the

cladding residual stresses in fracture analysis of an RPV may significantly impact the

fracture assessment results. More investigations are needed to study this aspect. It is

also shown that the cladding mechanical properties are of major influence for the

magnitude of these stresses. It is suggested that, if possible, some tensile tests will be

conducted on the 01 cladding material in connection with the next surveillance testing.

Also measurement of the thermal expansion coefficient of the cladding and base

materials is of great importance.

2) The provisional values of the acceptable crack size in the 01 beltline region, presented

in section 7.2 of this study, are based on the cleavage fracture toughness of a heat

treated brittle material. To validate these results, one needs to measure fracture

toughness of the 01 reactor material under irradiated conditions. It is shown that the

ASME KIc reference curve is overly conservative in describing fracture toughness

properties of irradiated materials. The master curve methodology provides a more

precise prediction of fracture toughness of irradiated materials. It is recommended,

therefore, that the Jo-value of the Ol beltline region is determined at the next

surveillance testing by performing fracture mechanics tests on Charpy-size irradiated

specimens.

3) The experimental program conducted in this study was relatively limited regarding the

parametric and statistical studies of impacting factors; for instance the effects of

shallow crack and biaxial loading. Access to more experimental results of this kind is

necessary for validation of the results obtained through out this study, and to give

recommendations for how to assess the effects of these factors.

The ongoing research activities within the NESC forum (NESC HI and IV) suit very well

in this connection. The NESC projects cover aspects such as measurement and calculation

of cladding residual stresses, effects due to shallow cracks and biaxial loading and mixed

material combinations. They will provide information, which can be very useful in

completion and validation of this study.

8. CONCLUSIONS AND RECOMMENDATIONS

The major motivation of this study was to develop a methodology for fracture assessment
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of surface defects in the 01 reactor pressure vessel under cold loading scenarios,

particularly the cold over-pressurization event. A test program consisted of experiments on

standard SEN(B) specimens and clad beams under uniaxial and biaxial loading was

conducted during the course of this project. Detailed 3-D elastic-plastic finite element

calculations together with two simplified procedures, based on the R6-method and the

ASME Section XI Code, are used to evaluate and predict outcomes of the test program.

The structural analyses of the test program have produced very useful results, which

support the following conclusions and recommendations:

1) Cladding residual stresses are of major importance in the study of a cold load event of

this kind. There are large scatters in the magnitude of these stresses reported in the

literature. It is shown that the cladding mechanical properties are the major impacting

factor in the magnitude of these stresses.

2) For the studied cases, nine clad beams with different crack depths tested under uniaxial

and biaxial loading, no significant effects of shallow crack and biaxial loading are

observed.

3) For temperature corresponding to the lower shelf region, the crack-tip constraint

conditions in the clad beams are effectively similar to the conditions in a standard

SEN(B) specimen. Thus, single-parameter descriptions based on Kr and J can

characterize the crack-tip field, and toughness material data evaluated from tests on

standard specimens would be representative for these cracks.

4) A fracture assessment procedure based on the master curve methodology can

satisfactorily predict the experimental outcomes of these tests. In this assessment, the

crack driving force is obtained from detailed finite element analyses and a fracture

toughness value based on a 50% master curve size-corrected for the actual crack front

is used.

5) Fracture assessments of the tests using simplified procedures based on the R6-method

and the ASME Section XI Code give good test predictions, providing that fracture

toughness data based on the master curves size-corrected to the actual crack front size

are used. The best predictions are obtained when the R6-method with option to handle

secondary stresses as elastic-plastic and the toughness data based on the size-corrected

master curve are used.

6) It is shown that the ASME KIc reference curve is overly conservative in describing

fracture toughness properties of embrittled materials in the transition region. The

master curve methodology provides a more precise prediction of the fracture toughness
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of irradiated materials. The reference temperature To and consequently the fracture

toughness can be determined by fracture testing on Charpy-size specimens.

7) Based on the 50% master curve methodology, a surface crack with depth of 20 mm

(2c/a= 6) will be acceptable in the 01 beltline region under the cold over-

pressurization scenario. This is under conditions that fracture toughness properties of

the 01 reactor material are essentially similar to those in the heat-treated material

studied here.
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specimens under the loading. Direction II is normal and I parallel to the crack plane 83

Fig. 23: Cleavage fracture toughness obtained from different cracked geometries compared with
the master curves and ASME Klc curve. The master curves are based on fracture in standard
bend specimens with B= 25 mm 84

Fig. 24: Cleavage fracture toughness obtained from different cracked geometries compared with
the master curves and ASME Kjc curve. The master curves are size-corrected for crack front
length of 50 mm 85

Fig. 25: Variation of J along the crack fronts of tests Un-7757 (uniaxial) and Bi-7332 (biaxial) at
the time of the first pop-in 86

Fig. 26: Variation of the constraint parameter Q as a function of normalized load at the deepest
points of three different crack geometries 86

Fig. 27: Variation of constraint parameters Q and H along the crack fronts of tests Un-7757
(uniaxial) and Bi-7332 (biaxial) at the time of the first pop-in 87

Fig. 28: Near field parameters at the deepest points in different crack geometries at the time of
fracture compared with the SSY condition 88

Fig. 29: Near field parameters at the locations of maximum J along crack fronts in different
crack geometries at the time of fracture compared with the SSY 89
Fig. 30: Diagrams to calculate the factor • 94

Fig. 31: Distribution of elastic-plastic stresses across the thickness of specimens Un-7757 and
Bi-7402 used in the SACC assessments 94

Fig. 32: Cleavage fracture toughness as a function of crack depth obtained from different crack
configurations (t= 40 mm in SEN specimens and 80 mm in the clad beams) 95

Fig. 33: Kj as a function of crack depth in the simulated 01 reactor under the cold-pressurization
compared with fracture toughness from the ASME Curve and the 50% master curve size-
corrected for 50 mm crack front length 96

Fig. 34: Ki as a function of crack depth in the simulated 01 reactor under the cold-pressurization
compared with fracture toughness from the 50% master curve size-corrected for 100 mm
crack front length 97
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Table 1: Mechanical properties of the base material.

Temperature

[°C]

20

100

200

300

600

800

1200

E

[GPa]

210

203

197

192

100

85

0

oY

[MPa]

495

483

518

529

130

100

0

[MPa]

686

641

685

756

280

150

0

a
[1/°C]

12.4

13.2

14.6

15.6

15.6

15.6

15.6

Table 2: Mechanical properties of the cladding material.

Temperature

[°C]

20

100

200

300

600

800

1200

E

[GPa]

170

180

171

167

100

85

0

<JY

[MPa]

235

184

180

175

130

100

0

[MPa]

541

447

422

396

280

150

0

a
[1/°C]

16.3

16.7

17.3

19.5

19.5

19.5

19.5
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Table 3: Measured and computed results of cladding residual stresses [MPa]
at 2 mm below the surface in a clad cruciform specimen, see Fig. 12
for measurement locations.

Location

A

B

C

X-ray

80 ±95

45 ±20

30 ±70

Hole-drilling

197

154

133

3D-FEM

252

198

198

Table 4: Fracture toughness results of the SEN(B) specimens used in the test
program (B= 20 mm, W= 40 mm).

Specimen

SEN-7412

SEN-7413

SEN-7414

SEN-7513

SEN-7736

SEN-7747

SEN-7508

SEN-7509

SEN-7822

SEN-7510
SEN-7511

SEN-7512

SEN-7546

SEN-7547

SEN-7548

a/W

0.50

0.50

0.51

0.51

0.50

0.51

0.51

0.50

0.51

0.51
0.51

0.50

0.14

0.10

0.10

T

[°C]

22

22

22

22

22

22

50

50

50

50
50

50

22

22

22

Kic

[MPaVm]

39.3

42.6

46.5

47.0

46.2

53.5

42.2

41.7

41.6

43.9
48.5

44.1

-

-

-

Kjc

[MPaVm]

81.3

56.7

164.7

96.0

140.5

65.5

174.4

147.7

137.1

109.0
119.0

157.4

231.0

68.0

258.0

Remarks

Pop-in

Pop-in

Fracture

Pop-in

Fracture

Pop-in

Fracture

Fracture

Fracture

Pop-in
Fracture

Pop-in

Fracture

Pop-in

Fracture
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Table 5: Evaluated test results of the clad beam specimens used in the
experimental program, all sizes in mm.

Specimen

Un-7625

Un-7753

Un-7756

Un-7757

Bi-7269

Bi-7332

Bi-7402

Bi-7581

Bi-7785

Loading

type

Uni axial

Uni axial

Uniaxial

Uniaxial

Biaxial

Biaxial

Biaxial

Biaxial

Biaxial

Arm size

782

782

782

782

782x782

787x664

784x665

760x662

760x660

Load span

400

740

740

740

750x450

740x400

750x400

710x384

720x390

Crack size

a (2c)

16.5 (43)

19.0 (54)

24.5 (74)

17.0 (55)

20.0 (53)

14.0 (42)

16.0 (46)

21.5 (60)

24.7 (74)

Kjc

[MPaVm]

89.0

76.1

84.6

80.0

92.6

68.6

72.8

74.4

87.3

Q
at Kjc

+0.05

-0.02

-0.10

+0.02

+0.16

+0.30

+0.16

+0.24

+0.21

H

&Kjc

-0.35
-0.34

-0.39
-0.24

-0.18
-0.14

-0.21
-0.11

-0.14

Table 6: Reference values of the SSY filed for the cladding and base material.

Reference parameter

CWC*Y

Gh/GY

Ch/Oe

Cladding material

3.20

2.66

2.97

Base material

3.36

2.71

2.68
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Table 7: Limiting surface crack depths in four clad beam specimens according to
the R6 and ASME XI procedures assuming different toughness values.

Specimen

Bi-7332

Bi-7402

Un-7753

Un-7757

Crack size

a (2c) [mm]

14.0 (42)

16.0(46)

19.0 (54)

17.0 (55)

Procedure

R6

R6

R6

R6

ASME

ASME

R6

R6

ASME

ASME

R6

R6

ASME

ASME

R6

R6

ASME

ASME

Mechanical
stress type

Elastic

=

El-plastic

=

Elastic

=

El-plastic

=

Elastic

=

El-plastic

=

Elastic

=

El-plastic

=

Elastic

—

Toughness

[MPaVm]

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

40 (ASME)

77 (50% M.C.)

Critical crack

depth [mm]

2.6

9.7

3.1

11.8

2.9

11.2

3.1

11.2

2.7

10.0

3.7

14.6

3.7

14.9

2.7

10.6

2.4

9.9
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Fig. 1: Variation of Kt with crack depth for an axial surface crack in the Ol beltline
region under the cold pressurization case.
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Fig. 2: Variation of cleavage fracture toughness data for ASTM A515 with the

constraint parameter Q, Kirk et al [1993].
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4 0 0
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Linear Regression for ail data at -5°C
-1O6.O9*BR + 302.66; R = O.64

200 "

100

-0.2 0.2 O.4 0.6 0.8 1 1.2

Biaxialty Ratio (P-/PL)
1.4

Fig. 3: The effect of biaxial load ratio on fracture toughness of a special heat-treated
A 533 B steel determined at two different temperatures, Bass et al [1999].
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Fig. 4: Comparison of cleavage fracture toughness data from small specimens and
from thermal shock-experiments on large specimens, Shum and Bass [1993b].
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(a) Small scale yielding

LOGo,yy

I
LOGr/L

rs/L,

(b) Elastic-plastic conditions
LOGOyy

(c) Large scale yielding
LOGOyy

LOGr/L
LEGEND:

Large strain region

J-dominated zone
K-dominated zone

No single parameter characterization

Fig. 5: Effect of plasticity on the crack-tip stress field and breakdown of single-
parameter fracture approaches under large scale yieldmg, Anderson [1995].
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Structure

Increasing
Deformation

Q

Fig. 6: Application of a J-Q toughness locus. Failure occurs when applied J-Q curve
passes through the toughness locus.
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Conditions in the Ol reactor

Geometry:
Cylinder, Ri= 2500 mm
t= 125 mm (tciad~6 mm)

Material:
Irradiated A302 GB
T4,j = 80°C(1994)
GY = 485 MPa (1994)

Loading:
Internal pressure (biaxial tension)
Cladding stresses (biaxial tension)

Conditions in the cruciform specimen

Geometry:
Cruciform plate 800.600 mm
t= 80 mm (tciad~7 mm)

Material:
Heat treated A508 C13,
T4u - 70 °C
OY « 500 MPa

Loading:
5-point bending (biaxial bending)
Cladding stresses (biaxial tension)

Fig. 7: Comparison of the main fracture affecting features in the Ol reactor and the
selected cruciform specimen.
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Reactor Ol under
cold pressurization

Internal pressure

Total stresses

CRS

Bending

+

+

Cruciform specimen
under 5P bending

Fig. 8: Comparison of stress distribution in the beltline region of the Ol reactor and
in the cruciform specimen, CRS stands for cladding residual stresses.
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•Ol, irradiated

Heat treated ,
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Temperature [°C]

H 1 1 1 h

150 200

Fig. 9: Impact test results of the heat-treated base material compared with the
results from the latest Ol surveillance testing [1994].

Page 72

REFERENCE TO PART OF THIS REPORT WHICH MAY LEAD TO MISINTERPRETATION IS NOT PERMISSIBLE.



OH

s
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200

H (- H h
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20 oC

100 oC

200 oC

300 oC

H 1 h

True strain [%]

Fig. 10: True stress-strain curves of the tested base material at different temperatures.

600 —I 1 1 1 1 1 1 1 1 1 H 1 I I

400

200

20 oC
100 oC
200 oC
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10 15

True strain [%]

20 25

Fig. 11: True stress-strain curves of the cladding material at different temperatures.
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Fig. 12: Measurement locations in the clad plate and cruciform specimen using the X-
ray and hole-drilling techniques.

500

400

300

200

100

0

-100

-200

-300

1—1—1—1

C l a d

o
T

X-ray, plate

X-ray, cruciform

Hole-drilling, cruciform

FEM, free plate

FEM, restraint plate

FEM, free cruciform

FEM, restraint cruciform

i—i—i—i i—i—i—i

10 20 30 40

Distance from clad surface [mm]

50 60

Fig. 13: Measured and calculated cladding residual stresses at the center of the studied
clad plate and cruciform specimen under different restraint conditions.
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3P SEN specimen
B= W/2= 20 mm
a/W=0.1and0.5

Clad palte under uniaxial 3P bending

Dimensions: 800x120x80 mm I Shallow surface crack

Cruciform clad specimen under
biaxial 5P loading

Shallow surface crack

Dimensions: 800x600x80 mm
(Arm width= 120 mm)

Fig. 14: Specimen configurations used in the fracture test program.
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Cruciform
specimen

Applied load

Supporting plate

Loading seat

Cruciform specimen

A, F t o t

(10 MN hydraulic machine)

Fig. 15: Schematic on the load system and instrumentation at testing of the cruciform
specimens used in the test program.
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PLANE-STRAIN FRACTURE TOUGHNESS TEST
according to ASTM E 399

'Ic

Specimen no.
Label
Task

Material
Yield stress
Precracking max

al =
a2-=
a3 =
a4 =

Temperature
Loading rate

7412k

DNV/SAQ/ISF
SENB W=40.00 mm B=20.00 mm
ur 7332 (prov #2), grundmateriai
510 MPs
20MPamA(l/2)

19.40 mm
19.89 mm
20.28 mm average 20.06 mm
20.02 mm
19.59 mm

22'C
0.84 MPamA(l/2)/s

K = 39.3 MPamA(l/2). Following requirement(s) are not fulfilled:

-Fmax/Fcrit= 1.87 > 1.1

2000-01-24
50

45

40

35

30

25

20

15

10

5

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

COD/mm

/
r

/

///
///

///

Fig. 16: The load-COD response of fracture toughness test SEN-7412.
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Fig. 17: Finite element model used for analysis of the cruciform specimens. The model
consists of 3610 twenty-noded brick elements.
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Fig. 18: Finite element model used for analysis of the Ol beltline region. The mode!
consists of 2317 twenty-noded brick elements
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Fig. 19: Different master curves based on T<F 30 °C compared with the ASME KIc

curve based on RTNDJ= 72 °C evaluated for the heat-treated base material.
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Fig. 20: Load-deflection and load-CMOD responses for test Bi-7402 compared with
the FEM responses.
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Fig. 21: Load-deflection and load-CMOD responses for test Un-7757 compared with
the FEM responses.
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Fig. 22: Variation of biaxial lading ratio and the corresponding stresses in two
cruciform specimens under the loading. Direction II is normal and I
parallel to the crack plane.
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Fig. 23: Cleavage fracture toughness obtained from different cracked geometries
compared with the master curves and ASME Kic curve. The master curves
are based on fracture in standard bend specimens with B= 25 mm.
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Fig. 24: Cleavage fracture toughness obtained from different cracked geometries
compared with the master curves and ASME Klc curve. The master curves
are size-corrected for crack front length of 50 mm
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Fig. 25: Variation of J along the crack fronts of tests Un-7757 (uniaxial) and Bi-7332
(biaxial) at the time of the first pop-in.

o

0.50

0.25

0.00

-0.25

-0.50

i 1 i 1 1 1 1 1 i 1

; * — \

SSY, T = 0 ^

SEN(B), aAV=0.50

-*— Ui-7757 (uniaxial)

—*?—Bi-7332 (biaxial)

1 ! 1 1 1 1 i 1 1

1 1 - 1 1 1 i 1 1 !

Fracture in SEN(B)

" " • • - .

"X*•
•

1 1 1 1 1 i i 1 1

-3.5 -3.0 -2.5

log (J/aoy)

-2.0 -1.5

Fig. 26: Variation of the constraint parameter Q as a function of normalized load at the
deepest points of three different crack geometries.
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Fig. 27: Variation of constraint parameters Q and H along the crack fronts of tests
Un-7757 (uniaxial) and Bi-7332 (biaxial) at the time of the first pop-in.
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Fig. 28: Near field parameters at the deepest points in different crack geometries at
the time of fracture compared with the SSY condition.
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Fig. 29: Near field parameters at the locations of maximum / along crack fronts in
different crack geometries at the time of fracture compared with the SSY.
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Fig. 30: Entire fracture surface of test Bi-7402 showing the crack growth at the first
pop-in, (Light Optical Microscopy).
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Fig. 31: The regions along the pre-fatigued crack front selected for SEM
examinations. Machined notch and pre-fatigued crack are shown (Light
Optical Microscopy).
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Fig. 32: Same regions as in Fig. 2 viewed in the SEM.

Fig. 33: Detail of fracture surface in region No. 1. The fatigue crack surface is on the
upper left and the transgranular cleavage fracture to the right. Three points of
cleavage crack initiation market by circles.
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Fig. 34: Detail of fracture surface in region No. 2. The fatigue crack surface is on the left
and the transgranular cleavage fracture on the right. Three points of cleavage
crack initiation market by circles.

Fig. 35: Detail of fracture surface in region No. 3. The fatigue crack surface is on the
left and the transgranular cleavage fracture on the right. Three points of
cleavage crack initiation market by circles.
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Fig. 36: Detail of fracture surface in region No. 4. The fatigue crack surface is on the
left and the transgranular cleavage fracture on the right. Two points of
cleavage crack initiation market by circles.

rs%

Fig. 37: Detail of fracture surface in region No. 5. SEM shows no evident points of
cleavage are observed.
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Fig. 30: Diagrams to calculate the factor p.
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Fig. 31: Distribution of elastic-plastic stresses across the thickness of specimens
Un-7757 and Bi-7402 used in the SACC assessments.
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different crack configurations (t= 40 mm in SEN specimens and 80 mm
in the clad beams).
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Fig. 33: Ki as a function of crack depth hi the simulated Ol reactor under the cold-
pressurization compared with fracture toughness from the ASME Curve and
the 50% master curve size-corrected for 50 mm crack front length.
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Fig. 34: Ki as a function of crack depth in the simulated Ol reactor under the cold-
pressurization compared with fracture toughness from the 50% master curve
size-corrected for 100 mm crack front length.
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1. INTRODUCTION

When a material is subjected to neutron irradiation the material behaviour/properties are more or
less influenced depending upon the material, the irradiation temperature and the materials
mechanical properties. A well-known phenomenon is that the ductile to brittle transition
temperature and the upper shelf temperature for low alloy reactor pressure vessel material
increases when the material is subjected to neutron irradiation [1]. The mechanism causing
irradiation embrittlement is not yet folly understood. One common hypothesis is that phosphorus
and copper impurities result in embrittlement of the material [1-3]. Surveillance tests of pressure
vessel material from the Oskarshamn reactor 1 (01) show that the ductile to brittle transition
temperature exceeds 80°C [4]. The "problem" that may arise is that the risk for failure increases
when the pressure rapidly increases and the reactor tank is relatively cold, i.e. cold over-
pressurising.

The reactor tank in Oskarshamn 01 is manufactured from low alloy wrought steel, A3 02 Grade
B, with an austenitic stainless steel cladding welded on the inside of the tank. The combination
of two different steel alloys results in high internal stresses when the temperature of the tank is
changed. This is due to the differences in coefficient of thermal expansion between the cladding
and the pressure vessel base material. The coefficient is approximately lV^O"6 for the cladding
and approximately 12* 10"6 for the pressure vessel base material.

In addition to the stresses caused by temperature changes there are residual stresses from the
welding of the cladding to the inside of the pressure vessel. An additional factor that increases
the difficulty of the problem is the redistribution and relaxation of weld residual stresses at the
operation temperature for the reactor pressure vessel. The magnitude and extension of the
residual stress field is not possible to predict with a significant accuracy. When predicting
initiation of crack growth, the residual stress field is of great importance.

This report describes the investigation of the opportunities to manufacture an embrittled reactor
pressure vessel material with cladding to obtain similar properties as a material subjected to
neutron irradiation. The embrittled material may then be used for testing of fracture mechanical
properties. The low alloy base material was subjected to heat treatment causing an increase of
the ductile to brittle transition temperature before the cladding was mounted.

The cladding was not subjected to any heat treatment because it is significantly tougher than the
low alloyed material even though subjected to irradiation.

Comparison between different materials fracture mechanical properties subjected to
embrittlement due to irradiation and embrittled material due to precipitation or increased grain
size due to heat treatment have not been found in the literature. A significant difference between
the two embrittlement mechanisms is the fact that irradiation causes an increase of the yield
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point for the material [5], while increased grain size results in decreased yield point for the
material.

2. INVESTIGATION OF BASE MATERIAL

The surveillance tests conducted on the material showed that the pressure vessel base material,
ASTM A302B, has sufficed embrittlement due to irradiation [4]. From tests performed on the
material the ductile to brittle transition temperature is estimated to be T41J > 80°C. To make it
possible to simulate irradiation embrittlement of the material and to perform the fracture
mechanics testing of the material, the brittle to ductile transition temperature has to exceed 50°C.
In the pre-study A533B steel was used when testing the fracture mechanical properties after
embrittlement. The material is judged to have similar properties as the ASTM A302B material,
both before and after heat treatment. When the pre-study was completed tests were performed on
test specimens manufactured from the A508 cl.3 steel. Framatome, France delivered the test
material and it was delivered as templates with the dimension 800x800x70 mm. The large
thickness ordered was due to the intention of investigating the change of residual stresses when
cutting the test specimens made from steel plate with cladding mounted by a weld procedure.

2.1 Test Material

The chemical compositions of the two materials tested are shown in Table 1. The two materials
were delivered in a quenched and tempered condition according to the heat treatments
schematically shown in Table 2. The microstructures resulting from the heat treatment for the
two test materials are shown in Figure 1. The heat treatment procedures are similar for the two
test materials and result in similar microstructures. The resulting material properties are listed in
Table 2.

2.2 Heat treatment of the test materials

The test materials were heat treated at different temperatures to define adequate heat treatment
procedures to be used in the simulation of the embrittlement of the materials. All the heat
treatment procedures listed in Table 3 resulted in coarse bainitic microstructures, Figure 2
through Figure 7. The main difference between the different heat treatment procedures is that
increased austenitizing temperature results in increased austenitic grain sizes, see Table 3.

2.3 Impact testing of base material

Impact testing has been conducted according to the SS-EN 10 045-1 standard. The test machine
used, has the capacity of 300 [J] and the test specimen size used is according the SS-EN 10 045-
1 standard with section dimension 10x10 mm. The tests were performed on three specimens at
each test temperature and the brittle to ductile transition temperature was defined at 41 J impact.
The results from all impact tests are listed in Table 4 and are graphically shown in Figure 8 and
Figure 9. On inspection of Table 4 it is evident that the A508 cl.3 steel is significantly tougher
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than the A533B when subjected to similar heat treatment and at equivalent test temperature. This
is clearly seen when comparing results from tests with materials subjected to heat treatment B
and C. The phosphor and sulphur content are significantly lower in the A508 steel compared to
the contents in the A533B and this is thought to be the explanation of the different sensibilities to
the heat treatment procedures.

The differences in impact toughness in different rolling directions are negligible for both steels
tested.

3. INVESTIGATION OF HEAT TREATED BASE MATERIAL WITH MOUNTED
CLADDING

The pre-study tests performed on A533B steel, showed that grain coarsening caused significant
increase in the brittle to ductile transition temperature, i.e. simulates the irradiation
embrittlement. The tests on the A508 cl 3 material indicates that heat treatment procedure F
should be used to obtain impact toughness less than 41 Joule at room temperature.

The heat treatment according to procedure F was conducted in a vacuum oven to prevent
decarburization and growth of the oxide scale on the specimen surface. A stainless steel cladding
was then welded to the test specimen by use of submerged arc welding. The cladding was
mounted by welding two layers through the cladding thickness and each layer was approximately
4mm, Figure 10.

When welding an austenitic material layer on a low alloy wrought steel, a dilution of alloy
elements dependent on the degree of melting of the low alloy steel occurs. Primarily, to prevent
the cladding from being too low in chromium thus achieving insufficient corrosion resistance,
the first weld overlay is made with an over-alloyed filler, 309L. The second weld overlay is
made with an ordinary austenitic stainless filler, 308L.

Welding of the flat rolled cladding steel was performed with austenitic filler material. To
minimise the risk for development of tempered martensite in the heat affected zone the
specimens were preheated to approximately 190°C before the two layers of cladding were
welded to the base material.

Due to the difference in coefficients of thermal expansion between the base material and the
cladding, the specimens showed a visible bending deformation after cooling to room
temperature, Figure 11. The maximum total deformation was measured to be approximately 8
mm between the centre of the specimens and the edges.

After welding the two layers of cladding to the base material the specimens were heat treated at
650°C for 4 hours. This was done to simulate the actual welding procedure used when welding
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the cladding layers on the 01 reactor pressure vessel. The permanent deformation decreased
slightly due to this heat treatment.

There was some doubt what effect the embrittlement, caused by grain coarsening heat treatment,
had on mechanical properties of the steel investigated. Tensile tests according to the SS-EN
10002-1 testing standard with a test specimen according to the DIN50 125-B 10x50 standard
have been performed to determine tensile properties of the material after embrittlement
simulated by grain coarsening. The results from these tests are shown in Table 6. The mechanical
properties are slightly changed compared to properties obtained from tests on untreated base
material in delivery state.

3.1 Micro-structural investigation of cladded material

Besides the melting of the weld metal an extensive heating of the A508 cl3 base material occurs
during welding. The volume that sustains microstructural changes without any melting is the so-
called Heat Affected Zone (HAZ). The microstructural change that occurs in the base material is
the consequence of the phase transformation from a ferritic phase to an austenitic phase. This
phenomenon occurs at a temperature close to 850°C, dependent on the carbon content in the base
material. The resulting austenitic grain sizes are strongly dependent on the temperature of the
austenitizing of the steel. This was also shown in section 2.2 above.

The grain sizes close to the welding junction varies from large grains close to the junction and
smaller grain sizes farther away from the junction. When the temperature in the base material
decreases there is a phase shift from austenitic microstructure to ferritic microstructure. The
resulting ferritic phase has different properties than the ferritic phase before heating of the
material.

In HAZ close to the cladding, the grain coarsening is small compared to the rest of the HAZ, i.e
the difference in grain sizes in the HAZ is small. The width of the HAZ is approximately 0.2-0.4
mm and the grain sizes are in the range of 30-40 um, Figure 12, If the grain sizes in this zone are
compared to the grain sizes in the embrittled base material, it is clear that a zone with coarse
grains do not exist

The reason for the development of a coarse grain zone in the HAZ, is that the cladding layers are
mounted by welding in two passes. When welding the second layer of cladding the HAZ is
subjected to a normalisation (grain refinement) of the coarse grain zone that was the result from
welding the first layer of cladding.

When inspecting Figure 12 it is also seen that a layer of martensitic microstructure is formed
close to the intersection of cladding and A508 cl.3 base material.
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As a consequence of the method to apply the stainless steel cladding in two layers, two different
heat affected zones occur (HAZ1,2) with different microstructures.

The two different layers of cladding are slightly displaced from each other and this result in a
small displacement between the two different heat affected zones, Figure 13. The depth of the
cladding layers varies along the width of the welded-on cladding. The maximum depth of HAZ1
is 12 mm and for HAZ2 the maximum depth is 6 mm, Figure 12. In both zones a grain refinement
occurs due to the phase shifts described above.

The resulting grain sizes in HAZ1 are slightly larger than those in HAZ2 due to the fact that
HAZ2 is heated up extensively two times while HAZ1 is heated up only once, Figure 13 and
Figure 14. The grain sizes in HAZ1 and HAZ2 ranges between 5 and 10 jxm and these sizes
should be compared to the grain sizes of approximately 450 um in the embrittled base material.

3.2 Impact testing of cladded and heat treated base material

Impact testing have been conducted to determine the impact toughness of the heat affected
zones. This was done because of the microstructural changes described in section 3.1 above. Due
to the variation of the depths of the HAZ, impact testing was performed on 5 mm wide
specimens with the notch direction parallel to the cladded specimen thickness direction, Figure
16. The impact toughness obtained from such test may then be regarded as average values of the
impact toughness for HAZ1 and HAZ2.

Impact tests have also been performed on the embrittled base material (in the same direction as
the test described above) for comparison with test results as described in section 2.3. Results
from the impact toughness testing of HAZ are shown in Table 7 and Figure 17.

The ductile to brittle transition temperature is defined at 27 J (2/3*41 J) for the 5 mm wide
specimens due to the smaller intersection area compared to standard specimens, The transition
temperature should then be approximately -20°C and should be compared to +70°C for the 10
mm wide specimens. The base material shows a significantly increasing toughness when
decreasing the test specimen width. The impact toughness size dependence is explained by the
difference in tri-axial stress state for different size of test specimens.

When inspecting the results from the heat affected zones, such behaviour is not observed

The extensively higher toughness obtained for the base material without any special heat
treatment compared to the results from tests on the A508 cl3 base material heat treated according
to procedure F, is explained by the significantly smaller grain sizes in the heat treated material.
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The impact toughness for the heat affected zone was mainly tested perpendicular to the welding
direction (as described above). To discover if there is any severe variation in toughness due to
direction of the notch some tests were performed with the notch in the welding direction. These
test results are shown in Figure 7 and the variation in impact toughness is judged to be
insignificant for this investigation.

4. DISCUSSION

The purpose of this project was to develop a methodology to simulate the embrittled reactor
pressure vessel material and the residual stresses that are present in the 01 pressure vessel. To
obtain the test specimens needed for the investigation, cladding has been welded to embrittled
base material. The embrittlement of the base material was obtained by heat treatment causing
microstructural grain enlargement. Cladding by use of a austenitic stainless steel resulted in a
finer, smaller grain size microstructure compared to the microstructure grain size in the
embrittled base material. The depth of the heat affected zone varied between 6 mm and 12 mm
under the cladding layer. Similar depths of the heat affected zones resulting from welding two
layers of cladding to base material have been reported [6].

The impact toughness was measured in the heat affected zone. The standard 10x10 mm impact
test specimen geometry could not be used due to the variation of the depth of the HAZ. Instead
tests were performed on 5x10 mm test specimens resulting in higher toughness values than what
had been obtained with 10x10 mm standard specimens. The explanation to obtaining the higher
toughness values is the lower degree of triaxial stress state. Methods to transform results from
test specimens smaller than standard size specimens are not available at the time for this
investigation. The results from tests on 5x10 mm specimens can not be compared directly to
results obtained from testing toughness on 10x10 mm specimens. The results may be interpreted
as a proof on the lower ductile to brittle transition temperature in the HAZ compared to the
transition temperature for the embrittled base material. This difference in transition temperature
is expected when taking the difference in grain size between the HAZ and the embrittled material
into account.

Comparing grain sizes may make an approximation of the toughness that would have been the
result from testing HAZ by impact on standard 10x10 mm specimens. The grain sizes are shown
in Figure 13 and Figure 14 and are approximately in the range of 5-10um, i.e. the grain size for
the material in delivery state is re-created by the heat treatment. The ductile to brittle transition
temperature should, with these grain sizes, lie somewhere below -30°C.

To avoid the tough HAZ in the test specimens, the plate was cladded first and then subjected to
heat treatment at 1200°C. The effect of such a heat treatment is that coarse-grained
microstructure develops and thus a brittle behaviour. Furthermore the difference in carbon
content between the cladding and the base material (A508 cl3) results in a carburization of the

cladding material. The depth of the carburized zone may be estimated by the relation x--JlDt,
where D is the coefficient of diffusion of carbon and t is the time at the heat treatment
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temperature. The coefficient of diffusion is for carbon content in austentic or ferritic steel
approximately 10"5cm2/second.

To investigate the method a test specimen from a base material with mounted cladding and with
the dimensions 30x30x10 mm was heat treated at 1200°C for one hour. When investigating the
microstructure it was found that the grains are coarse throughout the thickness and thus the base
material is brittle throughout the thickness. Based on the size of the grains in the HAZ the
conclusion is that the ductile to brittle transition temperature for the HAZ is similar to the
transition temperature for the embrittled base material.

The extent of the carburization zone in the cladding depends on the heat treatment temperature,
the holding time and the size of the object. The extent was found to be approximately 0.6 mm for
the investigated test specimen. The size of the carburization zone is judged to be in the range of 1
mm in the fracture mechanics test specimens used in the investigation. The carburization will
promote precipitation of chromium enriched carbides along the grain boundaries. The
precipitation of chromium enriched carbides will most likely decrease the toughness in the
carburization zone of the cladding. Because of the carburization of the cladding, the base
material will suffer decarburization.

Due to the fact that most of the volume is the A508 cl.3 base material, the effect of the
decarburization on the base material will be insignificant.

Performing heat treatment on a plate with mounted cladding will result in high stresses due to
differences in heat expansion coefficients. To avoid permanent bending of the plates, cladding
has to be applied on both sides of the plates.

The amount of chromium enriched carbides and the size of the zone will be determined by the
cooling time. To verify and /or quantify the effects of the phenomena it is necessary to perform
tests on specimens of the same size as the fracture mechanics test specimens.

If the heat treatment at 1200°C is performed after the cladding is welded to the base material it is
most likely that the mechanical properties are similar to the properties (embrittlement) obtained
when a material is subjected to nuclear irradiation
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5. CONCLUSIONS

Heat treatment of low alloy steel with cladding layers mounted has been conducted in an attempt
to simulate irradiation embrittlement of reactor pressure vessel material. The following
conclusions are the result of the investigation:

Heat treatment of a A508 cl3 steel at 1200°C for one hour and cooled of in air at a
temperature decrease rate of 50°C/minute results in a ductile to brittle transition temperature
of approximately 70°C.

The mechanical properties were found to be almost unchanged for the heat treated material
compared to its delivery state properties.

Welding the cladding layers to the embrittled A508 base material results in a 6-12 mm heat
affected zone under the melting zone.

The grain sizes in the heat treated HAZ are similar to the grain sizes found in the base
material (A508 cl.3) before heat treatment.

The geometry of the impact test specimen has a crucial effect on the resulting impact
toughness. The difference in ductile to brittle transition temperature was shown to change
approximately 90°C for the same material when changing the intersection dimensions from
10x10 mm to 5x10 mm.

If the heat treatment at 1200°C is performed after the cladding is welded to the base material
it is most likely that the mechanical properties are similar to the properties (embrittlement)
obtain when a material is subjected to nuclear irradiation. This is valid especially in the heat
affected zone.
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6. RECOMMENDATIONS

To identify the effect of cold over-pressurising on the fracture mechanic properties/behaviour the
following measures are suggested to be performed during the second part of this project:

1. To investigate the effect of heat treatment at 1200°C after the cladding is mounted to the base
material, tests should be performed. The problem is the amount of chromium enriched
carbides and the size of the zone. The amount and size will be determined by the cooling
time and to verify and/or quantify the effects of the phenomena it is necessary to perform
tests on specimens of the same size as the fracture mechanics test specimens.

2. The residual stresses in a base material with cladding layers welded to it should be
investigated. The investigation should include measurement of residual stresses in specimens
with different thickness. The results may be used to determine the size of test specimens used
for fracture mechanic testing of the material.

3. Fracture mechanics testing of embrittled A508 cl3 still with cladding layers welded to the
base material should be carried out. Cross shaped fracture mechanics test specimens should
be used with different notch depths in the HAZ and notches deeper than those located in the
HAZ. To investigate the effect of application of loads both one-axial and bi-axial loading
should be applied during tests.

4. Fracture mechanics testing of embrittled base material only (no cladding mounted to the
specimen) should be carried out. This type of investigation may be used to investigate the
impact of the defect depth on the fracture toughness without residual stresses acting on the
defect. The investigation will be a complement to the investigation of base material with
cladding mounted.
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Table 1
Material

A533B

A508 cl.3

REPORT

Report No: SAQ/FoU-Rapport

Chemical composition.
C

0.15

0.18

Si

0.30

0.17

Mn

1.50

1.45

Ni

0.50

0.74

Mo

0.60

0.51

Cu

0.16

0.03

Co

0.020

0.009

P

0.010

0.002

1998/09,

S

0.010

0.002

rev. 2

Cr

-

0.10

Table 2 Heat treatment procedures and mechanical properties valid for steel as delivered.
Material

A533B
A508 cl.3

Austenising

910°C, 5h
870-899°C, 4h 20 roin,
maximum heat up rate
67°C/h=> water quenching

Tempering

650°C,7h
635-648°C, 6h, maximum
heat up rate
47°C/h=>cooling down in
air

Rp0.2

425
449

Rm [MPa]

585
595

Table 3 Heat treatment procedures applied before impact testing
Material

A533B

A533B

A508 cl.3

A508 cl.3

A508 cl.3

A508 cl.3

Procedure

A

B

C

D

E

F

Heat treatment

1070°C, 20 min.=>cooling down to room
temperature 50°C/min.
1080°C, lh=-> cooling down to room temperature
50°C/min.
1080°C, lh=> cooling down to room temperature
50°C/min.
1080°C, 5h=> cooling down to room temperature
50°C/min.
1150°C, lh=> cooling down to room temperature
50°C/min.
1200°C, lh=> cooling down to room temperature
50°C/min.

Approximate
austenite grain

size [urn]
20

35

50

100

250

450
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Table 4 Results from impact testing, average of three tests at each test temperature.

Material

A533B
A533B
A533B.
A508 cl.3
A508 cl. 3
A508 cl.3.
A508 cl. 3
A508 cl.3
A508 cl.3.

Heat
treatment
procedure

leveranstill.
A
B
leveranstill.
C
C
D
E
F

Impact
energy [J]

-20°C

32
4
2

+20
°C
59
10
5

29
31
11
12
15

+50°C

60
17
10

59
75
38
29
20

+80°C

60
29
20

151
131
55
47
45

+120°

59
49
43

178
188
165
153
149

Transition
temperature

T<u [°C]

-10
100
110
-60A

25
25
60
65
70

Table 5 Chemical <
Material

308L
Band 1,
layer 2
308L
Band 2,
layer 2
309L
Band 1,
layer 1
309L
Band 2,
layer 1

Chno

766209

765897

435281

469220

composition of filler
C

0.012

0.013

0.012

0.013

Si

0.27

0.20

0.27

0.27

Mn

1.76

1.76

1.99

2.00

material.
Cr

20.96

20.74

23.91

23.80

Ni

11.29

10.91

12.52

12.48

Mo

0.01

0.01

0.07

0.06

Nb

0.53

0.53

0.73

0.80

N

0.04

0.04

0.02

0.03

Welding
parameters
750V, 28V,
11.5 cm/min

750V, 28V,
11.5 cm/min

750V, 28V,
11.5 cm/min

750V, 28V,
11.5 cm/min
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Table 6 Comparison of mechanical properties of the studied steels.

Material

A508 cl.

A508 cl.

3

3

Heat treatment

As delivered

F

Rp02

449

458

[MPa] Rm [MPa]

595

596

A5 [%]

28

21

Table 7 Results from impact tests on 5 mm wide test specimens. Average values of three
tests at each test temperature.

Material
A508 cl.3

A508 cl.3

A508 cl.3

Area

Base material

HAZ

HAZ

Impact
energy f J]
-20°C
31

85

-

+20°C
40

81

76

+50°C
63

85

-

+80°C
72

82

-

Remark

Specimen cut
prependicular to weld
direction
Specimen cut
prependicular to weld
direction
Specimen cut in weld
direction
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A508 cl.

10|im

Figure 1 Representative microstructure for test material as delivered.
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Figure 2 Representative microstructure for material A533B.
Heat treated according to procedure A.

Figure 3 Representative microstructure for material A533B.
Heat treated according to procedure B.

Page 15

REFERENCE TO PART OF THIS REPORT WHICH MAY LEAD TO MISINTERPRETATION IS NOT PERMISSIBLE.



DET NORSKE VERITAS

Report No: SAQ/FoU-Rapport 1998/09, rev. 2

RESEARCH REPORT

Figure 4 Representative microstructure for material A508 cl.3.
Heat treated according to procedure C.

(J,m

Figure 5 Representative microstructure for material A508 cl.3.
Heat treated according to procedur D.
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Figure 6 Representative microstructure for material A508 cl.3.
Heat treated according to procedure E.

(im

Figure 7 Representative microstructure for material A508 cl.3.
Heat treated according to procedure F.
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308L
309L

A508 cl 3

Figure 10 Intersection of plate with cladding, schematic, sizes in mm.

Figure 11 Intersection of plate with cladding showing deformation, sizes in mm.
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Martensit

Figure 12 Typical microstructure at the interface between the stainless steel cladding and the
ferritic steel A508 cl.3. A tempered martensite zone, approximate 10 |j.m wide
developed next to the cladding interface.

308L
309L

X

! A508 cl

s'v..^

HA? 2

" * — j

HA2 1

Figure 13 Intersection of plate with cladding showing HAZ 1 and HAZ 2.
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|Lim

Figure 14 Microstructure in the heat affected zone 1 (HAZ 1).

Figure 15 Microstructure in the heat affected zone 2 (HAZ 2).
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Figure 16 Test specimen orientations for specimens cut in the HAZ.
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1 Summary

In this document, the results are reported of a mapping of the residual stress distributions
in a carbon steel thick plate with welded stainless steel cladding. Measurements have
been made at several locations, at different depths down to immediately below the clad-
ding layer. First, measurements were made on the original, almost square plate. A second
round of measurements were carried out after a cross-shaped test piece had been cut out.

There are large differences between the residual stress distributions. This is natural, since
the residual stress state in a weld cladding deposited pass by pass is bound to be inhomo-
geneous. The highest stresses were found on the original plate; at a point close to the
centre, a tensile stress of magnitude 345 MPa was measured. - When the cross-shaped
test piece was cut out, the arms of the cross bent downwards to an extent corresponding
to an arch height of 6.8 and 3.5 mm, respectively.

Due to a considerable texture in the welded material, several measurement values are
afflicted with rather large estimated errors.
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3 Introduction

According to administrative regulations, nuclear power plant operators must be able to
predict the evolution of damage in the material used for vital parts, e g the reactor vessel.
To be able to do this, they must have access to fracture mechanical calculation models,
based on empirical data. This was the background for committing CSM in 1997 to per-
form an X-ray diffraction based mapping of the residual stress distribution in a piece of
steel plate A 533 Grade B, weld plated with stainless steel SIS 2333. A cross-shaped test
piece was to be cut out of the steel plate. Also on this test piece, intended for crack
propagation testing under biaxial fatigue loading, residual stress measurement was to be
carried out.

A steel plate which was delivered in December 1987 (weld plated by ESAB), with di-
mensions 800 x 800 mm, was somewhat "bowl-shaped" - a consequence of the difference
in coefficient of linear expansion between the base material and the austenitic cladding
layer. The arch height, measured from a ruler positioned parallel to the weld beads, varied
from one side of the plate to the other between 6.5 and 8.5 mm. An attempt to decrease
the arching by heat treatment (650°C/4h) failed; the arch height decreased only by 0.2 -
0.3 mm. The plate was considered unusable for the intended task, and no stress measure-
ments were made on it.

Another plate, welded by Uddcomb, Landskrona, was delivered in May 1999. In order to
avoid distorsion, the cladding was performed on two plates, fastened to each other back-
to-back by means of a number of tack welds. After welding, the package was heat treated
1250°C/lVyi and then allowed to cool in a cooling chamber 50°C/min before the plates
were separated again. In this case, the cladding only covered the area which was to be
used for the test piece (fig 1), not the entire area as on the ESAB plate. The straightness
(not measured) was considered sufficient, and the measurement work was started.

4 Object

The plate with cross-shaped cladding had the outer dimensions 800 x 800 mm, but a
square piece 250 x 250 mm had been removed (to the right in fig 1). The thickness of the
base material was 74 mm, while the cladding thickness was ca 8 mm.

After the first set of measurements had been carried out on the whole plate a cross-shaped
test piece was excised by water jet cutting. The the longer arm (horisontal in fig 1) be-
came 800 mm long, while the shorter one was 600 mm. The width of the arms was 120
mm. Due to released stresses the arms bent downwards, corresponding to an arch height
of 6.8 and 3.5 mm (long/short arm), respectively.
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Fig 1 Weld clad plate. At the top of the picture is a glass cell for electrolytic
polishing

5 Specimen preparation

In order to make stress measurement possible at different levels below the original sur-
face, slots were milled to expose deeper lying material. The dimensions of the slots were
10 x 42 mm. The residual stresses caused by milling were removed by electrolytic pol-
ishing in an electrolyte consisting of 78 ml perchloric acid, 120 ml distilled water, 700 ml
ethanol, and 100 ml butylcellosolve. The cell voltage used was 35 V. The longitudinal
direction of the slot coincided with the direction of the residual stress to be measured.
The depth of the electrolytic polishing at each level was at least 150 |im.

Slots for measurement points 7 - 9 were milled after the cross-shaped test piece had been
cut out.

The positions of the different measurement points are shown in figs 2 and 3.

Fig 2 Clad plate before water jet
cutting. Positions of meas-
urement points 1-6
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Fig 3

incident wave

C r o s s - s h a p e d t e s t p i e c e . P o s i t i o n s o f m e a s u r e m e n t p o i n t s 7 - 9

diffracted wave The diffraction angle 2 theta can bo
obtained from the intensity diagram

n intensity

specimen surface
158 160 162 164 166

2e»

Measurement of Interplanar
distance (principle)

m Bragg's law n • X = 2d sin ©
yields interplanar distance d

These angles are equal

N

This angle has decreased

VI This angle has increased

Surface layer of a piece of The same area under tensile stress
metal at zero stress

The interplanar distances change, and with them the diffraction angles,
if the piece of metal (or part of K) is subjected to stress

tensile stress

The stress can be derived from the
relationship between interplanar
distance and measurement angle

•((in 4,)'
zero stress

Fig 4 Residual stress measurement according to the sin2\|/ method
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6 Experimental

The residual stress measurement has been carried out according to the sin2\|/ method
[1,2]. It is based on the principle of X-ray diffraction determination of interplanar dis-
tances for sets of planes which form different angles \|/ relative to the specimen surface
(fig 4). According to elasticity theory the interplanar distance d will be a linear function
of (sin\|/)2.

If the residual stress is zero, the interplanar distance is independent of sin2\|/, if it is a ten-
sile stress it increases linearly with sin2\|/, if it is a compressive stress it decreases linearly
with sin2\|/. The relationship between the slope of the line and the stress for the combina-
tion of X-radiation, test material and diffraction line can be obtained from tables, it can
be calculated from macroscopic values of Young's modulus and Poisson's ratio v, or it
can be determined by measurement on a tensile test piece which is loaded to known stress
levels.
The measurement procedure is as follows. The interplanar distance d is determined for a
number of \|/ angles, a straight line d = d(sin2\|/) is fitted to the data points by the least
squares method, and the stress is calculated from the slope of the line. From the standard
error of estimate obtained in the fitting procedure a confidence interval for the result is
calculated. (See para 7.)
The computer controlled X-ray diffractometer Rigaku Strainflex MSF of CSM Material-
teknik was used for the residual stress measurements, which can be described as follows:

• method sin2 \|/

• \\f angles see tables 1 and 2

• diffraction line a (211), y (220) (base material/cladding layer)

• radiation, wavelength CrKa, X = 2.29092 x 10"10 m

• filter V

• size of the irradiated spot 3 x 5 mm, 3 mm in the direction of the measured
stress

• calibration equations a = 2,74 x 1015 x (CI45 -do) [MPa] base material

a = 1.964 x 1015 x (d45 -do) [MPa] cladding*

*The calibration constant has been reduced by 25% relative to the normally used value
(2.618). The reason for this is that a Young's modulus of 150 GPa should be used instead
of 200 MPa for smelted material, according to the customer.

7 Results

The results from residual stress measurement on the whole plate are given in table 1,
while those from measurement on the cross-shaped test piece are shown in table 2. An ex
after a result means that the measurement was made in the base material. The V|/ angles
used are written in italics.

The coordinates of each measurement point are stated in the second column of the tables.
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Table 1 Residual stresses [MPa] determined on the whole plate

Measure-
ment
point

1

2

3

4

5

6

Coordi-
nates
X,Y (mm)

0,25

355,0

0, -297

-340, 0

0,310

355, -297

Level 1
(surface)

35 ± 15
0, 25, 35, 45

20 ±20
0, 25, 35, 45

35 ± 1 5
0, 25, 35, 45

10 ±15
0. 25, 35, 45

45 ±35
0. 35, 45

50 ± 35 a
0, 25, 35, 45

Level 2
(4 mm)

345 ± 65
0, 12, 21

65 ±30
0, 36, 41, 44

95 ±90
11, 23, 30, 44

40 ± 100
12, 38, 44

-165 ±90
3, 17, 25, 33, 40, 44

-95 ± 65 a
0, 25, 35, 45

Level 3
(8 mm)

70 ± 40 a
0, 25, 35, 45

70 ±40
9, 15, 25. 31. 38

-75 ± 40
-6, 12, 33, 38

-40 ± 60
6, 20, 37, 44

180 ± 80
-11, -6, 22, 35

10 ±20 a
0, 25, 35, 45

Level 4
(12 mm)

-115 ±105 a
0. 25, 35, 45

-100 + 80 a
0, 25. 35, 45

-110 ±70 a
0, 25, 35, 45

The stated errors are each composed of one term referring to the least-squares-fitting of a
straight line to the individual d-sin2\y data points (corresponding to one standard devia-
tion) and one term (equal to 10 % of the nominal value) reflecting the possible deviation
of the elastic properties of the current object from the standard material.

Table 2 Residual stresses [MPa] determined on the cross-shaped test piece

Measure-
ment point

7

8

9

Coordi-
nates
X,Y (mm)

0,-55

230,0

0, -247

Level 1
(surface)

-15 ± 30
0, 25, 35, 45

25 ± 10
0, 25, 35, 45

15 ± 15
0, 25, 35, 45

Level 2
(2 mm)

80 ±95
7, 25, 37, 44

45 ±20
0. 21, 32. 37, 46

30 ±70
-4, 28, 36, 46

Level 3
(4 mm)

10 ±40
-8, 0, 30, 38, 41

125 ± 70
-3, 21, 34, 39, 46

35 ±30
2, 13. 21, 37, 43

Level 4
(6 mm)

20 ± 130
2, 13, 24, 31, 40

140 ± 100
1, 10, 15, 20, 30, 36

135 ± 80
-2, 10, 21, 35

In fig 5, the results from measurements on the whole plate are presented graphically, in
fig 6 those from the cross-shaped test piece. Third-order polynomial trend lines have been
fitted to all data except those valid for measurement points 4-6 .
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Mp6
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Fig 5

Depth, mm

Residual stress profiles in measurement points 1 - 6 (whole plate)

Q.

Fig 6

• Mp7
• Mp8
• Mp9

Poly. (Mp7)
Poly. (Mp 8)
Poly. (Mp 9)

Depth, mm

Residual stress profiles in measurement points 7 - 9 (cross-shaped test
piece)

8 Discussion

Residual stress measurement on weld material often involves problems due to texture -
sometimes it is difficult even to find measurement angles (\|/) which give usable diffrac-
tion lines. The problem was solved by searching suitable measurement angles. (Which
angles were used is shown in tables 1 and 2.) In cases when the set of \|/ angles deviates
from the standard alternative 0 - 25 - 35- 45° also oscillation ± 1.5° of the measurement
angle was applied in order to maximize the number of diffracting crystals.

The existance of texture means, that the prerequisites for application of the sin2\|/ method
are not quite fulfilled. This explains why the estmated error sometimes is rather large. -
There is no generally accepted method to use in such situations.
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(Generally, without stating a specific method of error estimation, results of X-ray residual
stress measurement are often given with a confidence interval ± 2 0 - 3 0 MPa.)

Anyhow, the large differences between the reported residual stress distributions are
thought to reflect the reality: that weld plating, pass by pass, cannot be expected to yield a
homogeneous stress state over the surface. That there is a considerable difference also
between adjacent measurement points like nrs 1 and 7 cannot be explained by the circum-
stance that the measurements were carried out before and after cutting out the cross-
shaped test piece; as a matter of fact, the tensile residual stress parallel to the long arm
should have increased rather than decreased as a consequence of the cross arms bending
downwards.

9 References

1. G Alpsten & P Spiegelberg. Matning av egenspanningar med rontgendiffraktion.
Jernkontorets Annaler 151 (1967):1 (in Swedish)

2. I C Noyan & J B Cohen. Residual Stress. Measurement by diffraction and interpreta-
tion. Springer-Verlag New York Inc. 1987

CSM Materialteknik AB

Bernt Jaensson



APPENDIX C

FRACTURE TEST RESULTS OF CLAD SPECIMENS



Experiment: Bi-7269, biaxial 5P-bending

Specimen size: 780x780x80 mm (including 7 mm cladding)

Crack size: a = 20 mm, 2c =53 mm

Critical pop-in at load = 1145 kN (loading spans: 750x450 mm)
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Experiment: Bi-7332, biaxial 5P-bending

Specimen size: 784x665x80 mm (including 7 mm cladding)

Crack size: a = 16 mm, 2c = 46 mm

Critical pop-in at load = 952 kN (loading spans: 750x400 mm)
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Experiment: 5PB-7402, biaxial 5P-bending

Specimen size: 787x664x80 mm (including 7 mm cladding)

Crack size: a = 14 mm, 2c = 42 mm

Critical pop-in at load = 1100 kN (loading spans: 740x400 mm)
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Experiment: Bi-7581, biaxial 5P-bending

Specimen size: 760x665x80 mm (including 7 mm cladding)

Crack size: a = 21.5 mm, 2c = 60 mm

Critical pop-in at load = 920 kN (loading spans: 710x384 mm)
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Experiment: 5PB-7785, biaxial 5P-bending

Specimen size: 760x660x80 mm (including 7 mm cladding)

Crack size: a = 24.7 mm, 2c =74 mm

Critical pop-in at load = 1115 kN (loading spans: 720x390 mm)
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Experiment: Un-7625, uniaxial 3P-bending

Specimen size: 740x120x80 mm (including 7 mm cladding)

Crack size: a = 16.5 mm, 2c = 43 mm

Critical pop-in at load = 700 kN (loading spans: 400 mm, on support plate)

T3
CO

<D

"5.

1000

800

600

400

200

• o
CD

• Q .

Q.
<

1000

800 -

600 -

400 -

200

0.0 0.50 1.0 1.5 2.0

Deflection [mm]

2.5 3.0

o.o 0.20 0.40 0.60

CMOD [mm]

0.80 1.0



Experiment: Un-7753, uniaxial 3P-bending

Specimen size: 740x120x80 mm (including 7 mm cladding)

Crack size: a =19 mm, 2c = 54 mm
Critical pop-in at load = 325 kN (loading spans: 740 mm, on support plate)
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Experiment: Un-7756, uniaxial 3P-bending

Specimen size: 740x120x80 mm (partly cladded)

Crack size: a = 24.5 mm, 2c = 74 mm

Critical pop-in at load = 260 kN (loading spans: 740 mm, on rollers)
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Experiment: Un-7757, uniaxial 3P-bending

Specimen size: 740x120x80 mm (partly cladded)

Crack size: a = 17 mm, 2c = 55 mm

Critical pop-in at load = 305 kN (loading spans: 740 mm, on rollers)
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