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FATIGUE OF WELDMENTS IN NUCLEAR PRESSURE VESSELS AND PIPING

.

M. K. Booker, B.L.P. Booker, H. B. Meieran,*
and J. Heuschkeit

,

ABSTRACT

The current American Society of Mechanical Engineers
(ASME) Code fatigue design rules for nuclear pressure vessels
and piping include no special considerations for weldments
other than purely geometric factors. Some research programs
aimed at nonnuclear applications have found weldments- to - dis-
play fatigue behavior inferior to that of pure base material.
For this reason we reviewed available information on fatigue
of weldments relevant to nuclear pressure vessels and piping
and determined what (if any) changes in the current design

.

rules appear to be dictated by the available information.
Our investigation consisted exclusively of a compilation

and review of available information; no new data or information
were generated. The information . gathered consisted of a com-
prehensive literature . survey and of extensive contacts with
individuals and organizations with expertise in the areas,

involved. Information obtained was summarized and stored in a
computerized data management system to facilitate correlation
of facts and development of conclusions.*

The significant areas where development of additional data-
would substantially increase our ability to judge .the ' adequacy
of the current ASME design rules include: (1) a better
understanding of the relative importance of crack initiation
and crack propagation to fatigue life; (2) additional. fatigue
data for prototypic commercial weldments, including cumulative
damage; (3) properties of repair welds; (4) significance of
reheat cracks; (5) quantitative effect of Code-allowable weld
defects; and (6) the effect of variable microstructure across
the weld joint. However, based on the information that-is
available, there is no evidence that the ASME Code fatigue
design procedures need to be changed at this time.

This report reviews the current ASME design procedures,
which form the general basis for fatigue evaluation both in the
U.S. and abroad. 'Also included is a review of various factors
that influence the fatigue of weldments and of service experi - .

ence with nuclear systeras regarding fatigue of weldments.
Finally, ongofig research programs that may contribute to-
available information are reviewed. However, these programs --

are not generating most of the needed information at this time. .

..

*0'Donnell and Associates, Inc.,'Pittsburgh.
tJulius Heuschkel and Associates, Pittsburgh.

.
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INTRODUCTION

'

Pressure vessels and piping for light-water reactor nuclear power

plants in the U.S. are designed and built in conformance with the require-
.

ments of Sect. III, Div. 1, Subsect. NB (Class 1 Components) of the ASMS

Boiler and Pressura vessel Codel (denoted herein as ASME-III-NB). Both

the pressure vessels and the piping are fabricated by welding. Figure 1

shows a schematic diagram of the components joined together to form a

large pressure 'essel.v

The American Society of Mechanical Engineers (ASME) rules for design
against fatigue failure include no special considerations for weldments

(beyond some purely geometric factors that will be described later in this

report). Many instances in which weldments display fatigue behavior

inferior to that of base material have been documented. As a result our

investigation was undertaken to review and assess available information on

weldment fatigue and to make recommendations concerning the adequacy of

the current ASME fatigue design rules pertaining to welds.
,

Our purpose was to survey and analyze existing information; no new

data were generated. The survey was limited to fatigue of weldments ,

relevant to nuclear pressure vessels and piping within the current state

of the art of welding such structures. We did not attempt to assess or

critique the actual procedures used in producing those welds.

Furthermore, environmental phenomena, such as stress-corrosion cracking

(which may be aggravated by fatigue but is not a fatigue effect), were not.

addressed.

Our primary objective was to investigate the adequacy of the fatigue

design curves given in Appendix 1, ASME-III-NB (Fig. 2). We sought to

determine if existing safety factors are adequate or if additional factors

should be applied.

Method of Investigation

.

Our survey was two pronged, consisting both of a review of available
*

j- literature and of systematic contacts with individuals in various research

|

i
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Fig. 2. Fatigue Design Curves from ASME Sect. III, Div. 1,
~

Appendix 1. Source: ASME Boiler and PrTesure Vessel Code, Sect. III,- ;

Div.1, Appendix I, American Society of Mechanical Engineers, New York,
1979, pp. 128-29.

,

and industrial organizations who were interested in the problems'encom- .

passed by our investigation. The institutions contacted were:
t

Research Laboratories Universities

Argonne National Laboratory Lehigh University

Hanford Engineering Development University of Illinois i

aboratory
University of Kansas

Battelle Northwest Laboratory
Renssalear Polytechnic University i

Oak Ridge National Laboratory
Stanford University f-

Naval Research Laboratory
University of Tennessee.

Bettis Atomic Power Laboratory -

7 g University

Pennsylvania-State University.
. Pressure Vessel Suppliers - >

'

University'of Pennsylvania-
Babcock and Wilcox

_.

.~ ,

University of Waterloo
Combustion Engineeringi '

Chicago Bridge and: Iron ' '
'

'

. Foster Wheeler ;

r
,

?

. '

L
,

.
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1

Allied Dept. of Energy-Nuclear Reactor Manufacturers
,

Regulatory Commission Activities W stinghouse
'

,

Battelle Memorial Institute General Electric
Southwest Research Institute.

Electric Power Research Institute Societies

American Society of Testing and
International Organizations Materials

Uddeholm (Sweden) American Society for Metals

Canadian Atomic Energy Commission' American Welding Society

Swedish Nuclear Power Inspectorate Pressure Vessel Research Committee
f the Welding Research Council

Central Electricity Generating

Board (UK) American Society of Mechanical
ng neers

United Kingdom Atomic Energy
Authority American Society of Civil Engineers

,

Framatome (France) Society of Automotive Engineers

Materealpr'ufungsanstalt (Germany) International Welding Institute

Miscellaneous Steel Suppliers'

U.S. Dept. of Transportation U.S. Steel
.

O'Donnell and Associates, Inc. J&L

Engineering Decision Analysir Bethlehem
(EDAC) Crucible

Allegheny Ludium
:t

We started surveying the literature within the framework of existing-
bibliographies -4 on the subject. The survey was then expanded to include2

1 current information as these original references led to additional ones.

Information obtained from the literature and from contacts with
individuals was summarized on forms designed for the purpose, was key-

punched, and was input to the ORNL Data Storage and Retrieval System
(DSRS)5 for subsequent analysis. This system was used-to ascimilate the

information gathered and to facilitate the formation of conclusions from
.

the information. Sample output from "LITREF," " Personal," and " Phone"'

computer inputs follows.*

t

- a.--
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MATERIALS AND WELDING PROCESSES

..

-Materials Considered

..

Our first emphasis was the primary. containment . pressure ; vessel, with

secondary emphasis on the primary piping system in light-water' reactors
(LWRs). The vessels' are constructed almost exclusively _ of SA5338 Class 1
steel plate and/or SA508 Class 2 steel forgings.7 In some cases SA5086

7 are used. The piping systems are composed pri-Class 3 steel forgings

8 or SA516' Grade 70marily of AISI type 304 austenitic stainless stee1
material.9 Table 1 shows the chemical compositions and specified tensile

properties of these five materials. Filler metals and fluxes used_with
these materials are selected for their compatibility with the base metal.
In general the weld deposit for the 'ferritic materials is similar in com-
position to the base material except that the weld metal is generally
limited to a maximum carbon content of 0.12 wt %. This restriction.is-

10applied because carbon is known to decrease the toughness of carbon and
.

Table 1. Chemical Compositions of Typical Nuclear Pressure*

Vessel and Piping Materials

Steel Composition, Maximum and Range Values, wt %

1** "'
SA508 SA508 SA533B SA516 Type 304

Class 2 Class 3 Class 1 Gr'70 Stainless

C- 0.27 0.15-0.25 0.25 0.28a - 0.08'

Mn 0.50-0.90 1.20-1.50 1.10-1.55- 0.80-1.25 2.00

P 0.025 0.025 0.035 0.035- 0.45

S 0.025 -0.025 0.04 0.04 0.30

Si 0.15-0.35 .0.15-0.35 0.13-0.32- 0.13-0.33 1.00
~

Cr 0.25-0.45 18.00-20.00 ,
,

Ni 0.50-0.90 0.40-0.80 0.37-0.73 8.00-10.00.

Mo 0.55-0.70 0.45-0.60. 0.41-0.64*

V 0.05 0.05
.

aActual value' depends on section thickness. |This value is
typical.-
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low-alloy steel welds. The type 304 stainless steel iu welded by using

type 308' stainless steel filler material. The composition of type 308.
,

,.

resembles that of type 304, with slightly increased ratios.of ferrite-

forming elements to austenite-forming' elements. As a result welds made ,

with type 308 contain 6-ferrite and avoid cracking problems of ten

associated with purely austenitic weld metal.Il In addition the ferritic
,

materio!.s are generally clad on the interior by a type 308 stainless steel
'

weld deposit for protecelon from the possible corrosive effects of the

reactor water environment.

In the course of the investigation, few data were available for the #

exact materials of interest, especially for the pressure vessel steels.
"

Thus, our search for general trends was brcadened to include similar

materials and even the entire range of los-alloy steels. s

Welding Processes and Materials
,

For largely economic reasons nuclear pressure vessels, attachments, ,

and piping are most commonly welded with the submerged-arc (SA) and

shielded metal-arc (SMA) welding processes. Welding is performed with ' '

multiple passes, with perhaps 100 passes needed to complete a weld between

thick sections. Welds in the pressure-containing components use full

penetration. Figure 3 illustrates a submerged-arc weld, showing the base
.

metal, weld metal, and heat-af fected zone. Details concerning welding

procedures can be found elsewhere.12-14

OVERVIEW OF EXISTING CODES'

t

Although our primary efforts were directed toward evaluation off the

fatigue design procedures currently used in ASME-III, we also surveyed

design ccdes from Britain, West Germany, Sweden, France, Japan, and
e

Canada. In general, designers in the various countries employ the philo-
T

'sophy embodied in the ASME Code.' The scopes-for employment of the1various

applicable sections of this Code are given in Appendix A.-
.

As stated above, the basic code that describes procedures - governing

the methodology for fatigue analysis of Class '1 ' components is ASME-III-NB

,
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and its appendices. This code provides methods to define an alternating
stress amplitude (S) with which an allowable cyclic lifetime (N) can be
described. The alternating stress is a combination of the primary,
secondary, and peak stresses and incorporates stress concentration factors
(SCF). The SCF is defined by the geometry of a specific component. The

. SCF used for welds is geometric-only and includes no special factors to

identify a weld.
.

Specific mandatory fatigue design curves (S vs N) are given for
various Class.1 materials in Appendix 1 to ASME-II-NB. These curves are
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illustrated in Fig. 2. The ASME-III states that these design curves "are

obtained from uniaxial strain cycling data in which the imposed strain ,

amplitude (half range) is multiplied by the elastic modulus to put the
-

values in stress units. A best fit to the expe-imental data is -

obtained..."1 The curves are adjusted where necessary to include the

maximum effect of mean stress. The design stress intensity values are

obtained from the best-fit curve by applying a factor- of 2 on stress or a

factor of 20 on cycles, whichever is the more conservative at each point.

Figure 4 illustrates the construction of such a curve for type 304

stainless steel. Alternating stresses of variable amplitude are treated

on the basis of Miner's life fraction rule.15 The fatigue design curves
and methods are not applicable above 371'C (700*F) for carbon, low-alloy,
and high-tensile steels and above 427'C (800*F) for austenitic steels and

nickel-copper alloys. Note that the material properties of weld metal and

heat-affected zone material are considered the same as those for the base

metal.

.

oRNL-DWG 79-18781
*710

4E = 19.5 x 10 MPa
6

10 (28.3 x 10 p,44

6g - 10
a. *
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g OF2ONS, o'

0
3 103 - d
$ MEAN CURVE WITH - 105 #

FACTOR OF 20 UN
. CYCLES

102 _ N .

l | | | 'l | 410
101 102 103 10 105 10 10

4 8 7 810 '
CYCLES *

Fig.-4. Illustration of the Method Used for Construction of Fatigue
-Design Curves for ASME.
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Summary of Observations Regarding ASME Codes

.

In design by analysis the alternating stress Salt is multiplied by
the ratio of the modulus of elasticity- given in the respective design ~

.

f atigue curve to the value of the modulus of elasticity used in the '

analysis. As there are no specifically defined modulii for weld metals in

the Codes, the designer nust employ specified values for the base netal.
Furthermore, the designer is not required to consider the moduli at the
temperature of operation as opposed to that at room temperature. An addi-

tional complicating factor is that no moduli are specified for bimetallic
weldments (ferritic-to-austenitic steels). The designer is left with the

option of considering the average modulus of two sides of a gross struc-
tural discontinuity (at room temperature). Furthermore, no guidance is

given on the choice of which of the two types of fatigue curves in Fig. 2 *

ito use for a bimetallic weldment. '

In the analysis of pipes, the designer is correspondingly not given -

any guidelines on how to assess the coef ficient of thermal expansion of a '

,

bimetallic weld; he/she is only guided to the coefficient of thermal
expansion on one or the other side of a gross structural discontinuity.

(again at room temperature).

In the simplified elastic plastic analysis of discontinuities, the
f atigue strength reduction factor, K , is used to account for geometricg

effects. This factor is applied as a correction to the allowable alter-

nating stress and is dependent upon the nature of the base metal. The

value of K can vary from 1.0 to as much as 5.0, as illustrated in Fig. 5.g

Note that S is the primary plus secondary stress, while S is then m
allowable stress intensity.

A summary of the fatigue strength reduction factors defined fors

ASME-III for vessels, pumps, valves, and pipes is presented below.
Design by Analysis: K, < 5.0.
Vessel: Kg= 1 for category A full penetration weld.-

Kg= l~for' category B full penetration.

Kg >'2 for category B full penetration weld with
*

backing strips not later removed.

?K, = 1 for category.C full penetration weld.
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Fig. 5. Fatigue Strength Reduction Factors for Elastic-Plastic
Analysis. ,

*
>

'IK,= 1 for category D full penetration weld.
'

K,= 4 for category D full penetration weld.
*

Pumps: Kg = 1 for full penetration welds.
~

,

i K , = 4 for partial penetration weld piping connec-
tions that are less than 51 mm (2 in.).

| Valves: K,_= 2 for normal. duty of externa 1' fillet at the .

Crotch.
'

Pipes: K, = 1.1-3.8 for girth butt welds.
K,--4.2-6.0 for girth to socket.

K, = 1.1-3.5 for longitudinal butt.
.

K, = 1.(Hi.0 for butt welding tee.

Elastic plastic
'

(valves and
. .

pipes only): K,= 1-5.0 for carbon. steel.-
-K, = 1-5.0 for low-alloy steel and margin. ,

,

K, --1-3.33 for austenitic stainless steel'Ni-Cr-Fe [

and Ni-Cu alloys..

- ,
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Note that the tactors for pipes (up to 6.0).are in excess of the
maximum listed for design by analysis.

Although specif'ic rules in ASME-III compensate for' localized stresses*

associated with geometric discontinuities, such as weldments, nuclear
.

power plant component designers sometimes provide an_ additional " safety-
factor" in the-design of weldments. This safety factor is essentially the>
placement of weld joints in areas where the operating stresses will be
lower than those for the unwelded base metal. Designers of components for

the Naval Nuclear Program automatically reduce allowable alternating

stresses for weldments to 80% of those allowed for base metal.

GENERAL OVERVIEW OF EXISTING EXPERIMENTAL INFORMATION

Although relatively little experimental information is available on
fatigue of weldments involving the materials of our primary interest,
there is massive documentation concerning fatigue of weldments in general.
This literature was scanned in search of general trends that might be

useful in our evaluation. Much of the existing information is irrelevant

for our application, and some is conflicting or confusing.. Nevertheless~,
,

some trends do emerge and are summarized in this section.

Primary Variables

Our purpose was to seek reasons why weldments may display fatigue

properties inferior to those of base material. It has often been found
that such inferiority does exist under certain conditions. This

inferiority has generally been attributed to early crack initiation caused
by the presence and properties of the weld rather than to inferior crack:
growth characteristics. A review of the literature in . general and of
several excellent overview articL:s16-19 reveals several common reasons
for possible disparities between base metal _and'weldment fatigue behavior.
These reasons include:

~

.

1. weld geometry,

2. defects,*
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3. residual stresses resulting from welding, and
4. variable microstructure and materials properties resulting from the

.weld.

Available information ' regarding these effects will be reviewed in this
.

section, primarily from crack initiation. In addition, the problem of
>

reheat cracking, which has caused some concern in the nuclear industry,
will be separately reviewed. . Finally, available information regarding
f atigue crack growth behavior of the materials of interest will e

reviewed. Details of testing techniques for weldments will not be

discussed. Reports by Munse18 I9and Reemsnyder are good starting points

for those wishing information about specifics of test methods.

Weld Geometry

It has generallyl6-18 been noted that fatigue failures in welded

structures tend to initiate in areas of local stress concentration. This
result has been reinforced 20-21 for pressure vessels. Welds can introduce

macrogeometric stress concentrations.resulting simply from weld configura- *

tion in a variety of ways (Fig. 6). Time and again22-35 researchers have

found that such stress concentrations cause significant reductions in *

f atigue life. Figures 7 and 8 illustrate typical geometry effects _in the
classical case of a butt weld with reinforcement. Removal of the stress

concentration, such as by grinding off the reinforcement, has general been
found to improve fatigue strength substantially.24-35 For example, in a
com,ilation by Pollard and Cover,17 the fatigue strength of mild steel
reinforced butt welds was found to lie in the range of 44 to 81% of the
base metal fatigue strength, depending on geometry. Removal of the rein-
forcement increased this range 75 to 100%, depending on the soundness of

i the weld.

An exception can be found in the work. of Archer.36 . Fatigue tests of.
model pressure vessel.s showed that fatigue initiated at pores that had

; been exposed to the surface in the process of machining off the reinforce-
.

| ments in the seam welds of the cylindrical pressure vessels. This result-
|

led Boulton 37 to recommend leaving the reinforcement in vessel main seams -.

but grinding.the weld toe to' decrease the severity of the local stressLto
concentration. However, general. acceptance of this recommendation was not

evident.--Also, these conclusions applied to nonnuclear vessels.
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.

Regardless of the general importance of geometric factors in deter-
mining the fatigue strength of weldments, they are not of major concern in
this investigation. In most of the welds being studied here, there are no
geometric stress concentrations. Moreover, where such concentrations do

exist the existing fatigue strength reduction factors employed by the ASME
Code appear 38 conservative.

Defects

Perhaps of more concern than geometry in the design of nuclear
pressure vessels and piping are various types of weld defects, which
include such geometric malformations as misalignment, undercut, surface
irregularity, or lack of penetration. Other defects include are strikes,
slag inclusions, cracks, and pores. It is also possible for the weld

metal or nearby heat-affected zone to undergo substantial detrimental -

microstructural alteration, such as growth of oversized grains or
segregation of various constituents.
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Note that ths mere existence of any- defects - may or may not yield
degradation in fatigue or any other properties. To avoid confusion the.,

term " defect" i hould strictly be ' applied only when the effects render the~

product ' incapable of meeting acceptable standards of performance ~.39.

Otherwise, the term " discontinuity"_should be applied to any interruption-
in typical weldment-. structure, such~as.those-listed above. A disconti -

nuity may or may not be a defect. Since our concern is with ' reductions 'in

properties, we will primarily use the term defect in-the following

discussions, although such terminology. may _ not- he strictly correct 'in all
cases.

The exact influence of de'fects on fatigue properties depends upon the
nature and location of the defect, the type of loading, and_the inter-

actions with various other effects. As a result, published information

sometimes appears contradictory and confusing.- The essential trend that

emerges is that defects can act as local points for~ initiation of fatigue =
~

cracks and thus lead to premature failure.23,40-59 Most available data
come froe high-cycle-(105 to 107 cycles to failure) fatigue tests,..

although some information is available for low-cycle fatigue. An
excellenc recent review .of - the . data is available.39*

Based primarily on high-cycle fatigue data, Matting and Neitzel45
ranked different types of defects in order of-severity'of their detrimental
effects on fatigue strength. Their ranking was:

1. cracks,

2. undercut,

3. lack of . fusion,

4. slag inclusions,

5. are restarts, and

6. porosity.

Any such ranking only indicates general trends, and any generic defect
ranges 'in severity, depending upon size, shape, location, orientation,_

residual stresses, loading conditions, and other factors. : For ~ example, -
.

surface defects are generally nore damaging than similar- defects buried
withinLthe' weld, as' revealed in the work'of Archer 36 and of Boulton 37:

,

noted above.

.

>

h ."

y

_ _ .. ___
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The quantitative definition.of the effects of various types of. weld

defects is also complicated by two practical considerations. First,
,

prototypic production welds generally do not contain the systematic

variations in defect type, size, and location required to allow an .-

analytical' description of effects. Conversely, welds with intentional

defects to provide these systematic variations may not be representative

of the behavior expected in production welds. Second, in a real struc-

tural application it may not be possible to gather all the information

needed to fully characterize any existing weld' defects through available

nondestructive examination techniques. Thus, the exact procedures that

should be used to design against the effects of weld defects are somewhat

open to debate. We will briefly review available information concerning

the influence of different types of weld defects on fatigue strength.

Then, ef forts to develop design systems based on this information will

be discussed.

Cracks .

The detrimental effect of cracks on fatigue strength is recognized

in ASME Sect. III, Subsect. NB-5000 on examination. Any indication of the -

existence of cracks in a weld by preservice nondestructive examination-

is cause for rejection of the weld. Such cracks may occur for several

reasons, either in the weld metal or in the nearby parent metal.

Cracks can commonly occur through solidification cracking in the.

hot weld metal or through cold cracking in hardened weld metals or heat-

| affected rones (HAZs). Linnert60 gives a good general description of.

such possible cracking mechanisms. In addition the phenomenon of . " reheat

cracking" in the HAZ can produce small cracks that elude detection by non-
destructive techniques. This phenomenon will be discussed later.

There- has been little direct examination of the effect of. cracks on

[ fatigue strength in welds, probably because existence of detectable cracks-
usually precludes a weld from going into service.; The work ofLWarren,61-

'

in which the: existence of cracks transverse to the direction of. applied:
^

stress in a mild steel weld yielded approximately a 55 sto 65% reduction -
7in the 10 -cycle fatigue strength, is an exception. Unfortunately, the .

exact ~ severity of those cracks is unclear.g

*

T s_m.._ _
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The presence of microcracks in high-strength steel weldments has been
indirectly blamed 51,61 for their typically not showing' improved fatigue

,

strength over weldments in lower strength steels. However, the effect
of cracking was not systematically investigated. On the other hand,-

Munse et al.62 found that cracks in HY-80 steel had no detrimental effect
on fatigue behavior. Still, the existence of a crack and the correspond-
ing stress concentration would be expected to serve as a likely point for
initiation of a fatigue crack, and we feel it appropriate that ASME-III-

NB-5000 precludes the existence of detectable cracks in preservice
inspection.

Of course, detectable cracks might develop during service, even

though not in existence beforehand. The ASME Sect. X1 gives allowable !
'

defect indications from in-service inspections. Possible implications of

these rules for fatigue will be discussed later in this report. Defects

that exceed the allowable indications must be removed or repaired unless-

the operator can show by the fracture mechanics methodology of Appendix A
to Sect. XI that the flaw will not grow to critical proportions during the-

service life of the component. Some investigators 43,63-68 have maintained
that the fatigue strength of welds can be analyzed solely from crack'

1

1 growth, thus eliminating any possible unconservative results from early

crack initiation. That work will be discussed in more detail later in

I this report.

Undercut

Undercut at the weld toe (Fig. 9) is a welding defect whose effect-

is caused strictly by a surf ace geometric stress concentration. As such,

the comments in the above section on geometric effects apply equally tu

undercuts. However, undercutting is a " defect" in that it would never

be intentionally introduced, whereas some geometric effects such as a-

69reinforcement might be. A quantitative study of undercut effects showed

that a 0.9-mm-deep undercut caused a nearly 50% reduction in'the fatigue

endurance limit of mild steel welds in pulsating: tension fatigue, while a

1.27-mm-deep undercut reduced the fatigue life in HY-80 welds by about a
.

factor of 3. Still, undercutting is relatively easy to. prevent by' good

welding practice and is forbidden by ASME-II-NB-5000.



(~-

20

700 45. . i

600 - g
~A0
~

500-
6 1 Percentag@ 30 *

Q400- Pomsity - 25b ~

M by volume 8
- 20

h300- | gg

e e
| 3% - 15y g

k 200- u
" % 4

- 10'
- 9
- 8

10 0
' Y

05 10 102 103 10 4 105 10 6 107

Endurance, cycles

Fig. 9. Load-Controlled Fatigue Behavior of Porous Welds. Reprinted
from: J. D. Harrison, " Basis for a Proposed Acceptance-Standard for Weld
Defects. Part 1: Porosity," Met. Constr. Br. y'ld. J. 4(3): 101 (Marcha

1972). -

.

Lack of Fusion

Lack of fusion (LOF) and lack of penetration (LOP) are similar and
.

should be considered together. However, since we are concerned with
full penetration welds, lack of fusion is of primary importance. In

full penetration welds, lack of fusion will not occur by design but could
be introduced in poor welding procedures that cause localized areas of
nonfused metal. Incomplete fusion is also forbidden by ASME-Ill-NB-5000,

39 believe that certain amounts ofalthough many investigators apparently
39LOP or LOF are acceptable. The effects of LOF or LOP are thought to

resemble those of slag inclusions (discussed below), although of perhaps
slightly larger magnitude.44,70-73

Most direct investigations have concerned LOP rather than LOF, but
the ..ame conclusions should apply _to both. Fillet welds often include
lack of penetration by definition, so all work on these is somewhat
applicable to the determination of LOP defects. Lack of penetration .

74 to exert littledefects oriented parallel to the applied stress appear

or no effect on fatigue strength. Likewise, the effects of LOP are *

| maximized when'the defect is oriented perpendicular to the stress axis.

I

m
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For example,7.5 the reduction in fatigue strength resulting from transverse
LOP in butt welds has been related to,the percentage of the weld over area

,

covered by the defect. The percent reduction in fatigue strength was
found74 to be roughly twice that in weld area by the defect. However,-

any significant lack' of fusion ' defect would be revealed in preservice . non-
destructive examination and would thereby be excluded from service..

Slag Inclusions

Slag inclusions are allowed in welds that go into service in nuclear
systems per the restrictions given in ASME-III-NB-5000'. However, slag

inclusions can detrimentally affect fatigue strength, especially in flush
machined welds.17,42,49,62,72 (In welds with a reinforcement.or other

geometric factor, the geometry effects become controlling and tend to
negate any harmful effects of the slag inclusions.)

In a recent review of available information on the effect of slag

49inclusions, Harrison notes that both the length and depth of a slag

inclusion would be expected to affect the stress concentration resulting

from the defect and thus to influence the resultant decrease in fatigue

strength. Furthermore, as the length-to-depth ratio increases, the length
becomes gradually less important, until finally (above 1/d = 10) the
stress intensity factor depends on depth alone. However, in real welds
the depth of slag inclusions generally does not vary widely, with
inclusions in multipass welds being limited to the depth of one weld pass.
However, the length of the inclusions may vary considerably. Moreover,
radiography is the most commonly used examination technique, and radio-
graphs, being two-dimensional, cannot yield measures of all dimensions.

49Therefore, Harrison recommende'd that the lengths of slag inclusions be

used as the primary variable for practical estimation of effect on fatigue
life. ,

Location of slag inclusions is also an important factor, with

inclusions near the surface generally somewhat more damaging than those-
buried within the weld.17,44,72,76 -'This effect may partially result
from58 the buried inclusions-in a compressive stress field and the" surface

,

inclusions in a tensile residual stress field in nonstress.-relieved welds.
49Citing' published data 58,77-87 Harrison also drew the following general-

conclusions about the influence of slag inclusions on fatigue behavior. -

a
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;L
1. Wolds containing similar slag inclusions' appear to display' higher -

~ '

fatigue strength when.made with low-hydrogen electrodes-than with rutilei ,'
electrodes. This difference was' attributed 81'to the deleterious effects
of hydrogen-in the: slag-bearing welds. , .

2. Stress relief: can che harmful or helpful, depending on :the
~

,

situation. For buried slag inclusions removal' of residual compressive --

stresses 'may be harmful. However, stress relief may also result:in~the
removal of hydrogen from the weld and thus be beneficial. Ingeneral(58,
stress relief has a net beneficial ef fect on discrete buried inclusions - or
on near-surface inclusions. The net ef fect of stress relief may be harm-
ful for continuous slag lines near the center thickness.

3. A given size' of slag inclusion becomes less detrimental as thef
section thickness is increased.

Arc Restarts I

Very little information exists on the ef fect of are restarts on -

fatigue behavior. However, Matting and Neitzel45 considered such defects .

to be of minor importance. For nuclear pressure vessels and piping, they _
probably do not play a significant role. *

Porosity

Although li.sted by Matting and Neitzel45 as being even less conse- >

quential than arc restarts, - porosity deserves more attention here .for'
these reasons: (1) The effects of porosity can vary widely, and some - :

data indicate that. porosity can be very detrimental in fatigue- behavior; .
(2) A significant amount of fatigue data on welds containing porosity is

;; available for analysis; (3) Porosity is likely to occur in some amount in'
r

most production welds.

For butt welds porosity seems to have little effect on fatiguej
,

.

strength of a joint with reinforcement intact.17,48,50,56,73,77J!In addi-'-'

tion, while small amounts of porosity can-in?some cases cause;significant
,

decreases-inLfatigue' strength,.further increases in porosity level =have;
~

less and less effect.17,56,73,77,88,89 . Finally, the sensitivity to
,

. porosity: increases as: material strength-increases.17

n'
,
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Probably the best ovallable summary of information regarding effects
of porosity is again from Harrison,48 although his work deals ~only with

,

ferritic steels. Available data 42,84,87,90,91 (again mostly for high-

. cycle fatigue) were compiled and examined for trends. However, limited
data of Ishii and lida87 indicate that'the effect of porosity on low-cycle
fatigue is small. The conclusion from this compilation was that percent-
age reduction in cross-sectional area is the best criterion .to use in
assessing the significance of porosity to fatigue performance. However,
one should exercise some caution in determining the relevant percentage.

Since fatigue crack initiation is localized,- localized clusters of
poros!.ty can result in early crack initiation and thus failure. .Thus,

'if the defect area percentage is calculated based on the entire cross-4

sectional area of a component or test piece, results may be overly
optimistic for clustered porosity. Several sets of test data 62,76,91
confirm this possibility.

48 include:Other conclusions from Harrison's work
'

1. Surface pores are somewhat more damaging than buried ones.56,92,93

! 2. The ef fect of single large pores is unclear. However, within the

range of pore sizes studied [up to about 3.5 mm (0.14 in.)] the effect of
large pores is the same as that of a group of smaller pores.

3. Linear porosity is probably no worse than uniform porosity,91-

although linear porosity in a production weld may indicate planar ~ defects,
I such as lack of fusion.

4. More data are needed to assess the effects of elongated pores,

such as blowholes.

5. High levels of porosity may prevent detection of other defects by
,

standard nondestructive examination techniques. (However, the level of

parosity in welds in nuclear pressure vessels and piping is probably well
below the level where.such masking would occur.)

6. Typical levels of porosity in production welds appear to have-
little or no effection low-cycle load-controlled fatigue behavior, while

'

their ef fect on high-cycle behavior can be systematically related to per-
centage porosity'by cross-sectional area or volume (Fig. 9).

.

Comparison of Harrison's porosity.results with nuclear pressure
vessel conditions suffers from the same limitations concerning size-

V
.

.
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:cffectstas. mentioned above for slag inclusions. The high-cycle fatigue"

results can again bh compared.withithose of Soete and'Sys,73'and.again .

their data for a thick-walled. test pressure vessel indicated that conclus-'-

ions drawn'from smaller testLapecimens should be conservative.:'However, -

tests on pressure' vessels with nozzles 94 showed that. effects.of porosity ~
on low-cycle fatiigue might---be 'more serious than for the small test -
specimens of Ishit and lida.87

Design Philosophies for Treatment of Weld Defects

As- noted elsewhere in this report, current ASME design procedures for.
nucient power plants include no special methods for treatment ~of welds in.

fatigue design other,than some purely geometric factors. Therefore,
ASME ostensibly includes no direct treatment of the ef fect of ' weld defects :
on fatigue strength. .However, such effects are indirectly addressed by-

the specification of allowable defect levels.

The ASME Sect. III-NB-5300 specifies allowable defect levels from.
preservice inspection of-welds in Class 1' nuclear components. Any weld "

defect not meeting those standards must be removed or reduced to
'

acceptable levels before going into service. Welds of concern to this.

study must be fully radiographed. In addition, the weld surfaces must be

examined by either the magnetic particle .or liquid; penetrant method.
Unacceptable defects from radiographic examinations include:

1. any type of crack or zone of incomplete fusion or penetration;.

2. any other elongated indication that is longer than 6 mm (1/4.in.) for-
thickness'of thinner portion of= weld (t) up to 19 mm'(3.4~in.)-

inclusive and 19 mm.(3/4 in.) for t over 57 mm (2 1/4'~1n.);

[ 3. any group of aligned indications with an aggregate length greater;than
f in an area -of length 126 unless successive. indications 'are separated,

I by a: distance of greater tihan 64, L ._being th'e . length of: the largest ' -

!-

indication; and
'

4. rounded indications in excess'of;those shown in Table.8:from-

' Appendix VI,.ASME-III. -

L Unacceptable defects'by either thesmagnetic particle or) liquid pene ~ .

~
~

trantsurface-examinationsaredefined!by}the[follbwingstandards:- -

..

w. - - >-
- -
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1. ' Only . indications with major dimensions exceeding 1.6 mm (1/16 in.)
are considered relevant.-

.

2. Relevant' indications that are unacceptable includa: any cracks-
and linear indications,-rounded indications larger than 4.8 mm-(3/16 in.),

,

four or more rounded indications in a line separated by 1.6 mm (1/16 in.)
2or less edge to edge, and ten or more rounded indications in'any 3870 mm

(6 in.2) of surface with the major dimension of this surface area not to
exceed 152 mm (6 in.) and with the area taken in the most unfavorable
location relative to the indications being evaluated.

In addition, ASME Sect. XI includes acceptance standards for defects

in welds f rom in-service nondestructive examinations. These standards

include flaw indications representative of cracks, slag inclusions,

porosity, lack of penetration, lack of fusion, and laminations. Separate

standards are given for various component categories, such as reactor

vessels, other vessels, vessel nozzles, piping, etc. Tables 2 and 3

reproduce tablee- rom ASME Sect. III and Sect. XI, illustrating the philo- <

sophy of approach used by ASME. These tables refer to the allowable sizes

of indications in reactor vessels, as defined in Fig. 10. In addition,

laminar indications (planar indications oriented parallel to the vessel.

walls) are limited as shown below:

Component Thickness Laminar Area I
2(mm) -(mm )

152 6,452*

203 12,903

'254 19,355

305' 25,806

Finally, porosity in vessel welds is -limited to 2% of the area of a

- radiograph of the weld, although porosity exceeding this level may1be
acceptable if an equivalent planar' indication meets the restrictions

given in Table 3. Standards for other components _ are similar to those.
for reactor vessels.

.

A brief review of service experience under the current - ASME rules
.

is given in the next section. That experience has generally been good.
_

.
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Table 2. Examples of. Maximum-Sizes of Nonrelevant
and Acceptable Rounded Indications ~from

CPreservice Nondestructive Examination -

.*-' Maximum Size of- Maximum Size of
Acceptable Rounded Nonrelevant *

-Thickness, *
Indication, aus

Indication(mm)

Random- Isolated- - ("")~

<3.2 1/4 e 1/3 t 1/10.t
<3.2 0.79 1.07 0.38
(4.8 1.19 1.60 0.38
<6.4f 1.60 2.11 0.38
<7.9 1.98 2.64 0.79
<9.5 2.31 3.18 0.79-

<11.1 2.77 3.71 0.79
<12.7 3.!* 4.27 0.79
<14.3 3.61 4.78 0.79
<15.9 3.96 5.33 0.79
<17.5 3.96 5.84 0.79

19-50.8 3.96 6.35 0.79
>50.8 3.96 9.52 1.60

GSource: ASME Boiler and Pressure Vessel Code,
Sect. III, Div. 2, Appendix VI, Table V1 - 1132-1,

,

American Society of Mechanical Engineers, New York,
1977, p. 214

.

Tabic 3. Allowable Planar Indicationsa from In-Service
Nondestructive Examination of Reactor Vessel Weldsh'

Aspect h tio Surface Indications Subsurface Indications
(a/l)0 (a/c %) (a/t %)

0. 1.88 2.32
0.05 2.00 .2.42
0.10 2.18 2.61
0.15 2.42 2.91
0.20 2.71- 3.25
0.25 3.08 3.68
0.30 -3.48 4.13
0.35 3.48~ 4.63
0.40 3.48 5.24 ~
0.45 3.48 5.86
0.50' 3.48 '6.51

a2a =' flaw thickness;
.

I = flaw length;
'

t = component-thickness.
.bSource: ASME Boiler and Pressure Vessel Code, Sect. XI,

Div. 2, Table IWB-3510, American Society of Mechanical.-
'.

.

Engineers, New York, 1977, p.'66.

# or intermediate ratios,~ linear: interpolation isF
permitted.

Li
'

:.
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95-100 on experimental pressure vessels have shown theVarious test results

101 obtained the sameASME rules to be conservative, while lleald and Kiss
'

result froa tests of nuclear piping components, paying particular atten-
tion to welds. Figures 11 and 12 illustrate their results, in which
failures in prototypic ferritic and austenitic pipe components were shown
to occur well above the ASME-III design curve. (Of course, the times

involved in the tests were nuch shorter than actual component design

lives.)

llowever, liarrison49,102 has warned that the ASME-III curves may not
be conservative in all cases. Figure 13 shows a comparison of collected

experimental data for butt welds with the ASME-III design curves for
material with ultimate tensile strength (UTS) s:: 550 MPa (80 ksi). At the
nearest point the design curve yields a safety factor of only 1.25 on
stress compared with the bottom of the experimental scatter band and about
1.8 compared with the middle of the scatter band. These welds were

102machined flush, so this apparent lack of conservatism was attributed to

6:-- 10 ,
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Fig. 11. Comparison of Fatigue Test Data on Stainless Steel Pipe
Components with ASME Sect. III Fatigue Design Curves. Reprinted from:
J. D. lleald and E. Kiss, " Low Cycle Fatigue of Nuclear Pipe Components,"
J. Pressure Vessel Technol. 96: 174 (August 1974)
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the effect of weld defects. The data shown in Fig. 13 were obtained from
shielded metal-arc welds of several ferritic alloy steels, none of which
are used in construction of nuclear pressure vessels and piping.

49 87 strain-controlledHarrison has also called attention to Japanese

low-cycle fatigue data on weld specimens with slag inclusions. Those data
show a marked ef fect of slag inclusions under strain-controlled loading to
yield point stresses, which might resemble those occurring at either a
pressure vessel nozzle or a similar point of stress concentration.

Little American work has been done toward quantification of the
influence of weld defects on fatigue strength under conditions relevant to
the nuclear industry. The prevailing American attitude has been typified
by the work of Radziminski and Lawrence,76 who expressed some pessimism

concerning the possibility of assessing the effects of defects on crack
initiation from a nondestructive examination of a weld joint.

On the other hand, workers at The Welding Institute (formerly the
British Welding Research Association) have done a considerable amount of
work 48,49,54,44,57,58,103,104 toward developing defect acceptance

standards aimed at design on a fitness-for purpose basis. Thus, they
directly address the effect of various types and sizes of weld defects on
fatigue strength. That work originally centered on the somewhat arbitrary
definition of " quality bands" of fatigue strength, as illustrated in
Figs. 14 and 15. Comparison of experimental data with these bands then
allowed a rough correlation of defect size and type with expected fatigue

104 defines the results for main seams instrength (Table 4). Harrison

pressure vessel;. Later works 4 centered on a more statistical treatment
of the data, but the essential aim is still a direct correlation among
defect level, design stress, and design life. While the above work has
not been used in the design of nuclear vessels at this writing, the
approach still represents an interesting possibility. Lundin39 rein-
forces this view, concluding that sufficient information is now available
to begin a direct assessment of the influence of weld defects and that
design codes should move in that direction or face the possibility of
becoming antiquated in comparison with the state of the art of current
technology.

.
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Table 4. Maximum Allowable Defect Sizes and Volume Percentage
Porosities for Various Weld Quality Levels"

Slag Inclusions, mm
Porosity,

Quality. Stress As-Welded All Welds
Rutile Welds, Low-llydrogen

Relieved High-Restraint. (%)-as Welded Welds, as Welded Welds Welds

0 0 0 0 -'O .V <

W 1.5 5 5 0.75 3

d
X 10 25 No Max 4 8

Y. No Max No Max No Max 25 20

Z No Max No Max No Max No Max- 20

aMinimum weld thickness 12.7 mm.~ Sources: J. D. liarrison,'" Basis for a

Proposed Acceptance-Standard for Weld Defects. Part 1: Porosity," ffet. Constr.
Br. Veld. J. 4: 99-107 (March 1972); and " Basis for -a Proposed Acceptance-Standard

.

for Weld Defects. Part.2: Slag Inclusions," Mat. Constr. Br. Veld. J.-4: 262-68
(July 1972).

.
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Welding Residual Stresses

Since various portions of a weld jo'mt cool at dif ferent rates af ter

welding, thermal gradients develop ths .esult in the formation of -

residual stresses. Figure 16 schematicall, illustrates the patterns of.
,

residual stresses that develop for common weld geometry.105 +

The exact ef fect of residua stresses on the fatigue life of welds is

complex and difficult to predict, being different for different loading

conditions, materials, etc.106 This complexity partially results from the'

nature of weldment behavior and f rom several experimental complications,

as listed below.17
1. The effects'of residual stresses are often determined by testing

before and af ter stress relief, but this heat treating process may intro-

duce microstructural changes or result in the climination of hydrogen 78,81
f rom the weld metal as well as removing residual stress.

2. Direct measurements of residual stress are often not available.

3. Cutting up a large weldment into small test specimens can result -

in a significant decrease in the level of residual stress.24
.

TENSION

/ .

COMPRESSION
/ ,1

3 .,'
(a) ,

LONGITUDINAL TENSION
RESIDUAL STRESS N-

COMPRESSION
'

-

Y %

/
(b) .

I

TRANSVERSE N
*

RESIDUAL STRESS .

Fig. 16. Residual Stress Patterns Developed from Welding a Single-V
Butt Weld. Reprinted from: B. Pollard and R. J. Cover, " Fatigue of Steel

'

Weldments," FoZd. J. (Miantil . 51: 547-s (November-1972).
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Despite the above complications, general conclusions can be drawn.
Thermal stress relief of welding ~ residual stresses generally has.little or ,

.

no effect on the fatigue behavior of steel weldments under pulsating
tension loading.31,32,107,108 However,' stress relief has been found to1 -

,

improve fatigue strength under cyclic loading with an imposed compressive
mean stress.24,109

In any event, all ferritic steel welds of concern to this investiga-
' tion are required by the ASME Code to be given a postweld heat treatment.'
Thus, welding residual stresses should exist only for austenitic con--
ponents. Still, the fatigue design curves in ASME-III contain corrections
for the maximon ef fect of mean stress per the modified Goodman diagram.110

Welding residual stresses are thus not expected to result in any design
difficulties in nuclear pressure vessels and piping.

i

)

|' Microstructural Effects

,
.

During the welding process both the filler metal and the adjacent. base,

metal are melted. Nearby base metal also sees very high temperature

exposure up to the melting temperature. As a result significant micro-.

structural changes occur, and the weld joint will of necessity be a region

of inhomogeneous microstructure. Figure 17 illustrates typical variations 1

in material properties across a weld joint. Thus, it is important to-

address the possible ef fects of microstructure-on fatigue behavior of *

.

weldments.;

| If fatigue cracks . initiate earlier in welds than in base metal, the

above discussions show'that the cause is usually either' geometric-stress:

| c'ncentrations or the presence of weld defects. Early initiation resulting
4

ftom microstructural changes in the weld was not evident. Therefore,'any

) nf :rostructural 'ef fects would probably L manifest : themselves in ' crack . f
propagation behavior. However, crack propagation behavior has. generally

.been-found111,112 to be relatively independent of microstructure for
materials such as:those used in the construction =of nuclear' pressure

*

~

vessels and piping. . This. result is supported _by the-general' conclusion-'

'

; that crack propagation ; rates- in weld metal,. base metal, and . heat-af fected
,

zones (HAZ) are similar.23,112 .Thus, based on available.information, weld-,

'h-

- v ~ )
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microstructure would be expected to exert little influence on design !

allowable fatigue stresses. However, variable microstructure across the -

weld joint might result in differences in yield strength among base, HAZ,

j and weld metal that could cause localized strain concentration. However,
no direct evidence of the magnitude of this effect is available.

Reheat Cracking

The problem of reheat cracking in the HAZs of pressure vessel ste'el
,

weldments is treated here separately from weld defects in general because
(1) these cracks cannot be detected by usual nondestructive techniques, -

and (2) there is no real evidence that the cracks represent defects that
reduce fatigue strength. Such cracks have primarily been observed in the
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base metal HAZ underneath the stainless steel cladding on A508 Class 2

forgings, although they may also occur in the HAZs of structural
,

welds.113 Actually, the term " reheat" cracks may be misleading since -
there is some evidenceII4 that the cracks occur as a result of liquation

.

of low melting point constituents during welding. However, the prevailing.
viewll4-116 is that the cracks do occur as a result of residual stress
relaxation during stress relief heat treatment (" reheating").

Reheat cracks can occur either as microscopic grain boundary
i

decohesions (Fig. 18) or as larger macrocracks. Their existence in A508
113 and probably results from theClass 2 HAZs is apparently fairly common

particular chemical composition of the HAZ.ll5,117-118 Such cracks do not
appear to be common in our other materials of interest. The reader'is

referred to refs. 113 through 120 for a general discussion on reheat

cracking.
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Our primary question is whether reheat cracks might cause a decrease

in the fatigue resistance of the components involved. Fatigue data
,

generated by Grotke et al.121 on a high-heat-input submerged-arc structural
weld are shown in Fig. 19. Axial fully reversed load-controlled fatigue ,

tests were run at a frequency of 60 Hz on specimens whose axes were

parallel to the weld, with the specimen cross section containing half weld-

metal and half HAZ-base metal. Five of the eight specimens tested were

found to contain reheat microcracks oriented perpendicular to the specimen
axis. There was no indication of any loss in fatigue strength resulting

f rom these cracks over the limited range tested.
In a study of artifically induced flaws in the undercladding in a

Russian reactor pressure vessel steel, Rahka and Forsten122 expressed

concern at the conservatism of the current ASME-III and ASME-XI fatigue
and crack growth rules, although their results compared well with the

50 , 4 ,-
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Fig. .19. Results of Fatigue Tests - on Weld Specimens With and Without
Reheat Cracks. MC denotes test on specimen in which reheat cracks were
found after testing. Reprinted from: A. Dhooge.et al..."A Review of. Work
Related to Reheat Cracking in Nuclear Reactor Pressure Vessel Steels,"' -

Inc. J. Pressuno VesasZs and Piping .6(5): 32 N 09 (September 1978).
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,

acceptance standard work of Harrison et al.48,49,55 Their results show
that Code-allowable defects could result in a degradation of the actual

~

'f atigue properties of their material.- However, this steel was not>

representative of U.S. pressure vessel. steels, and the artificially
,

induced flaws.may not have been representative of those to be expected
in actual components.

More relevant are crack growth studies by Ayres et al.114 and by
Mager et al.123-124 Table 5 summarizes predictions-from the Ayres
et al.114 study. For the worst case studied, a 4-mm-deep crack in the
undercladding would be expected to extend by only 1.15 mm in 40 years.i

123The analysis in the Mager, Landerman, and Kubit report for an internal ,

'

wall surface flaw (though not specifically a reheat crack) predicted.that
a 3.2-mm-deep crack would grow by only 0.1 mm in 40 years. These calcula-
tions were revised by Mager et al.124 to include frequency effects on
crack growth rates and showed that a 3.2-mm-deep crack in the top head

j closure would grow by 0.51 mm in 40 years when exposed to pressurized-

water reactor (PWR) water. Table 6 summarizes the resultu from the above
,

123,124 for various critical locations in the vessel (Fig. 20).
'

two reports
,

Surveying available information on growth of cracks in the under-.

120cladding, Dhooge et al.115 and Dolby and Saunders drew the following

conclusions.

1. Cracks in the undercladding may grow either into the cladding or
,

into the base metal, but the amount of growth into the base metal would be
small and would probably not extend beyond the HAZ.

2. Cracks growing into the cladding could conceivably break the
cladding surface, exposing the crack to the reactor environment. However,

| the above-cited work 122-124 assumed surface cracks and_ ignored the

cladding.- Thus, while penetration of the cladding could lead to acceler-
ated crack growth rates, the results in Tables 5 and 6 would still be

applicable..

3. Under normal, upset, and test ' conditions reheat cracks would not
be expected to grow to . critical dimensions.- However,' under certain fault*

conditions (such as loss of coolant), it.is conceivable that a crack in
*

,

. 1

(

f

,m - - .



..- - - .

Table 5. Sumrrary of Babcock and Wilcoxa Defect Significance Calculations

Calculated
Acting Stress ri cal Number of Cycles 40-Year CrackAssumed ToughnessAssumed Crack Position, on Inside Crack to Grow 4-mm-Deep Growth

Size, and Orientation. Surface Size Crack to 10.2 mm (1440 Cycles)
(MPav9i) (ksi/ln. ) (mm) Depth (mm)

(HPa) (ksi)

Continuous circumferential 850 12.3 3120 90 346 52,559 0.13
4-am-deep crack at vessel
core belt line

Longitudinal crack, 12 mm 1910 27.8 3120 90 110 16,877 0.53
long, 4 mm deep at vessel

$s-
belt line

Continuous circumferential 2140 31.2 4860 140 130 7,817 1.15
4-am-deep crack close to
bottom closure to shell
joint

Longitudinal crack 12.5 mm 1910 27.8 4860 140 244 24,665 0.36
long, 4 mm deep close to
bottom closure to shell
. joint

QSource of data: P. S. Ayres et al. , Study of Intergmnular Sepamtions in Loo-Alloy Steet Heat-Affected.

Zones Under Austenitic Stainless Steel Weld Cladding, BAW-10013 (December 1971).

. . . . . .
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Table 6. Results of Crack Growth Analysis for Three
Internal Mall Surface Flaws at Critical

Vessel Locations

Location Initial Crack Growth, mm
Location Thickness Flaw

b(mm) (mm) Analysis 18 Analysis 2

Top Head 157 3.18 0.076 0.508

6.35 0.203 1.219

12.70 0.508 6.172

Nozzle Shell 234 3.18 0.102 0.305
"#"* 6.35 0.254 1.219

12.70 0.838 5.131

Belt Line 195 3.18 0.000 0.254

6.35 0.051 1.041.

12.70 0.102 2.083

Lower Head 121 3.18 0.000 0.127

6.35 0.051 0.457

12.70 0.127 2.108

GSource: T. R. Mager, E. Landerman, and C. Kubit, Reactor
Vessel Weld Cladding - Base Metal Interaction, MCAP-7733 (July 1971).

DSource: T. R. Mager, J. D.- Landes, D. M. Moon, and
V. J. McLaughlin, The Effect of Lota Frequencies on the Fatigue Cmck
Grotath Chancteristice of A533 Gmde B Class 1 Plate in an Environment
of High-Tempenture Primry Gmde Nuclear Reactor Water, MCAP-8256,
HSST Tech. Rep. 35 (December 1973).

.
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the undercladding-would initiate a fracture, although this fra:ture would
, probably arrest near the vessel outer wall, where stresses approach zero.

4. More testing and analysis are needed to fully assess the
possibilities of growth of reheat cracks by fatigue, including the risk, ,

of vessel rupture resulting from linkup of reheat crack networks.

Crack Propagation

,

All the above discussions have been concerned with fatigue crack
initiation because most evidence indicates that the major possible dif-
ference between weld and base metal would be in initiation. Futhermore,
the ASME Code rules are currently based primarily on crack initiation
criterion. In-service examinations and evaluations can include crack
growth considerations per ASME-XI, but no actual component design is done
considering crack propagation aspects.

Still, most recent investigations 18,19,23,65,125,126 have concluded
that a reasonable prediction of the fatigue life of welds must include a
separate assessment of fatigue crack initiation and crack growth aspects.
Furthermore, some investigators 51,76,127 have expressed that fatigue life
of a weld should be reliably estimated for crack growth only and that the
initiation period cannot be estimated conservatively, except. by con-
sidering it as nil. However, more detailed investigations have found that

4

the initiation life may not be negligible, especially in the absence of
geometric stress concentrations.65,128,129 In fact, the initiation por-
tion of life can vary considerably and may easily be half the total life
in a high-cycle situation.19

Crack propagation data for weld metal and HAZs have been treated by
techniques of linear elastic fracture mechanics similar to those used for
base material.30 In essence, the data are treated by the Paris-
Erdogan130,131 law,

da-

g7 = A ( AK)" , - (1)
.
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where

,

AK stress intensity factor range,=

da ~y= rate of crack extension per cycle.

Extensive results have been obtained concerning the fatigue crack
propagation behavior of nuclear pressure vessel steels.124,132-137

The conclusion from that work and from other work on similar
materials 111,112,138 was that crack . growth rates in weld metal and HAZs
are probably no greater than those in base metal. Figure 21 shows typical
results. Still, it should be emphasized that these results can be signif-
icantly influenced by such factors as environment, frequency, load ratio,
and specimen geometry. Thus, while published . ults indicate no tendency
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for accelerated crack growth rates resulting f rom the presence of weld, it
is not inconceivable that a combination of circumstances exists under

'

which such acceleration would occur.

.

SUMMARY OF DESIGN AND OPERATING EXPERIENCE OF REACTOR
PRESSURE VESSELS AND PIPING COMPONENTS

Pressure vessel failures have occurred in various industries, but the

philosophy that these failures primarily result from the inherently
inferior characteristics of weldments is an unfounded oversimplifica-

tion.III Failures that have occurred have been documented in several'

compilations from service both in the U.S. and abroad.139-141recent

140 l41 reached the conclusions that annualPhillips and Warwick and Bush

probability of service failures in pressure vessels in general was about ;

139 determined this10-5 However, for nuclear vessels Smith and Warwick
probability to be more in the range of 10-2 to 10-3 These results were '

influenced by the small sample size involved and by some confusion over ;

'

the exact definition of failure used by various organizations responding

to their survey. At any rate, none of the reported failures dealt with
.

the vessel itself, with most being concerned with leaks or cracks in

piping and nozzles. Only one failure was reported as being caused by a

weld discontinuity, and none of the incidents resulted in sudden cata-

strophic failure, release of radiation, or loss of life.

To provide more detailed up-to-date information on service experi-
'

ence, the files of the Nuclear Safety Information Center (NSIC) were
_

accessed for reported weld failures in U.S. nuclear power plants from 1965
to 1978. - Over 360 entries are summarized in Table 7. Approximately 25 to
30% of the total number of failures of weldments resulted from fatigue-

related phenomena. Of these, none'were reported to have occurred in the
reactor vessel itself. Most are associated with various instrument-lines,

f eedwater piping systems, etc. By.far the largest contribution to the.

number of failures was from pump vibrations. : Interestingly, sev'.ral
,

components experienced repeated' failures after repair. A detailed summary

of the various incidents is given in Appendix B. None of the-incidents-.

.were interpreted as being cause for alarm within the scope of this

-investigation.-
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.

aTable-7. Summary of Reported Fatigue Failures in Light-Water Reactors

Fatigue Failures
Total' Fraction

bYearE Reported Reactor Type Failure Cause -Due to-

- Incidents Fatigue
PWR BWR Fatigue Vibration Thermal Pressure

1965-1972 15 0/

,
,1973 21 6 1 1 6 7/21 0.333=

1974- 47 7 5 3 8 N1 12/47 = 0.255 .g4

~

1975 175 + 2 14 7 2 18 N1 21/77 0.272=

1976 '65 18 2 6 12 %2 20/65 =- 0.308

'1977' '82 16 4 4 15 N1 20/82 0.244=

1978 56 +'l 13 1 3 8 N2 N1 14/57 0.246=

JTOTAL' 361 + 3- 74 20 19' 67 %5 %3- 94/364 = 0.258

GSource: Nuclear Safety. Information Center, Oak Ridge National Laboratory, .0ak Ridge,
_ Tennessee, January 9, 1979.

'h. PWR = pressurized-water ' reactor, BWR = boiling-water reactor.

i
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Although not directly related to service experience, the work of

Jerram38 "
is probably worth mentioning here. A compilation of pressure.

vessel fatigue test data was compared with existing U.S. and British

codes, as shown in Figs. 22 and 23. From these results Jerram concluded-

that the ASME-III fatigue design curves may not be conservative, even for

parent metal. Figure 22 shows very little margin of safety between many

of the test failures in base material and the design curves. lie recom-

mended additional safety factors of 1.25 on stress or 3.75 on cycles to .

introduce a more comfortable margin. However, it should be noted that

these were not nuclear vessels and were not designed to the stringent

requirements of ASME-III.

38Figure 23 compares weld metal failures from Jerram's compilation
with applicable design curves. From this comparison Jerram concluded
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*that, if anything, the current ASME-III rules for use of fatigue strength
,

reduction factors at welds are overconservative. Thus, while Jerram has
questioned the conservatism of ASME-III, the validity of the comparison
upon which he based his question is not clear. In any case his primary
concern was not related to problems involving fatigue of weldments,
although he did also question the use of variable ultimate tensile-

|

| etrength fatigue curves for weldments since. the Lrelationship between weld
.

fatigue strength and ultimate tensile strength.is not necessarily-
~

exact.16,17,32 However, the tensile strength effect on the ASME-III

i
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fatigue design curves is not strong, and the curves for different tensile

strengths do cross 'over (Fig. 2). Therefore, no changes in current design
,

procedures appear to be dictated for ultimate tensile strength.

Decock142 presented some similar comparative results. He found thatc

the safety margin on fatigue failure varied as a function of cyclic life,

Ias illustrated in Fig. 24. (Measured stress concentration factors have
been incorporated into the plotted stress amplitude.) He noted that for

4cyclic lives of less than 10 cycles his data for a mild steel showed

practically no safety margin in the ASME design curves. However, he

4considered that margin to be sufficient for life in excess of 5 x 10

cycles. ;

143 concluded thatA survey by Mayfield, Rodebaugh, and Elber

the ASME-III Code evaluation procedures were generally satisfactory when

Sn > 3Sn (elastic plastic conditions). They recommended that current
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procedures'for calculation of cyclic loading should be reviewed along with

the procedures for . defining the fatigue ''trength reduction factor, K,,
~

s
.

for elastic plastic analysis. Finally, they demonstrated that .the Code

analyses were generally more conservative for ferrite steels than for
,

austenitic stainless steels.

In the late sixties and early seventies a series of fatigue cracks

were found in the undercladding in boiling-water reactor pressure

vessels.144 These cracks occurred at the interface between the clad and
the inlet r c le forging. It was later determined that the cause of' these

cracks was attributed to thermal cycling. A series of investigations-and

experimental programs verified this assumption, and subsequently the

General Electric Company requested that the cladding be removed (ground)
f rom the ASTM A508-2 forging material at the cold feed water inlet nozzle.

The clad was Inft on the rest of the pressure vessel (A533B Class 1 plate
material). There were no reported incidE.kts of a through-crace being
found in these vessels.

Available published information and documentable information obtained
,

privately indicate that service experience in nuclear pressure vessels

and piping has been satisf actory with respect to fatigue of weldments. .

However, there have been and continue to be numerous fatigue failures in

weldments in other industries.145 Although specific supporting data are
apparently not available, W. J. O'Donnell of O'Donnell and Associates, Inc.,
also cites 145 from past experiences that when thermal fatigue is imposed
on a weldment by the flow of fluids of changing temperature over the -
surface, the heat-affected zone will tend to exhibit premature fatigue

cracking. He believes that welds may have inherently inferior fatigue

prope'.cies for these reasons: (1) fatigue damage incurred from thermal
cycling in the actual process of multipass welding and~(2) additional

strains developed at.weldments from " metallurgical notches" or from

changes in material properties across the weld joint. However, these

possibilities are hard to quantify based on available data. However,
.

'

since thermal transient stresses and stresses resulting from through-the- '

wall thermal gradients 'can reach. the plastic range, the metallurgical
;

~

notch ef fect should be explored further, although' postweld heat : treatment .
should greatly. decrease the importance of this effect.

|-
, 5-

-

'
.
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sum!ARY OF-CURRENT RESEARCH

i
'

.

World-wide activities regarding fatigue evaluations and associated |

investigations include both experimental' studies of reactor pressure
,

vessel and piping steel and development of analytical techniques that - are .

_ !

used to predict and analyze the performance of these components. Table 8-
,

146 of some research programs forshows a compilation of the summary'

i
f racture toughness, crack growth, and stress analysis for reactor . pressure
vessel steels being conducted internationally. Although prepared in .1977,

this summary reflects the current . concentrations of ef fort and illustrates
the magnitude of attention being directed toward the investigation of
pressure vessel steels. !

Table 8. Summary of Research Programs for Fracture Toughness,
Crack Growth, and Stress Analysis for Reactor

Pressure Vessel Steels

4

Title and Aims Location Sponsor j-

Crack growth in LWR PV at Delft University, Dutch Minister of-
complex geometries. Ilolland Economic Affairs*

Devel.opment LEFM computing !

i procedures to predict
'

crack growth at nozzle
,

j corners.

Verification of procedures
using codel tests.

_

Deteritination of growth j

and related toughness j

values using U
lc.

Evaluation of acoustic )
emission for location & 'l
detection and growth !

Imonitoring.

Phase II of (1) above. ' Delft University, Dutch' Minister of
11 lland Economic AffairsInvestigate crack growth

in complex geometries.

Extend. Phase I to include.

Thermal stresses, biaxial - 1

loading. |
l*

Elasto-plastic at complex- I
geometries and biaxial -|
loading. |

|

'l

)
|

, j
-
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Table 8.--(Continued)
.

Title and Aims Location Sponsor

.

Aim to study the-applica- Delft University, Dutch, Minister of'
tion of J concept for _ pre- .Ilolland Economic Affairs
dicting_the behavior of.-
cracks in areas of complex
geometries, notably nozzle
corner areas. ,

Residual stress at girth- Battelle-Columbus NRC
butt welds in PV and pipes. Labs, USA
Davolop analyticdl methods
to calculate magnitude .
direction and distribution
of residual stress.

To characterize crack Battelle Columbus NRC/EPRI
arrest as applied to LWR Labs, USA
esp RPV. Experts to vali-
date arrest theory, dynamic
analysis, test procedures
and data acquisition.

ilSST Program Oak Ridge Nat Lab, N RC -

^Crack growth rated in LWR
chemistry.

,

Irrad effects on upper
band for weldments.

Method of analysis to
predict crack propaga-
tion following LOCA's.

Plan, analysis of model
test experiments.

'

Tests on concrete press
stressing wires.

Plan foreign research..

To characterize crack University of NRC
arrest in terms of.measur- Maryland, USA
able physical properties. -

Correlate with crack
arrest test. Aini code

~

adoption.

Structural integrity of HRL,. USA NRC- - .
Water. Reactor pressure

-boundary _ components.
.

-Develop dynamic. testing. *

.practiceLend verifyfKic'
.-

: Correlate C- a
' upper shelfY nd KDevek8p1
J-integral testing'.-

.

, *
. <

W ^ $
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Table 8. (Continued)>

,

, Title and Aims Location Sponsor

' *

Larger capacity cyclic -
crack growth rate, esp
welds, both unirrad-
iated.

; Investigate' irradiation
effect and update-

; Regulatory Guide 1.99.

Observation benefits
of warm prestressing.

'

Provide technical basis
'

for disregarding biaxial-
ity of stresses during
warm prestressing.

Destructive tests, static, MPA, Stuttgart, Germany
dynamic, cyclic, conven- Germany
tional and fracture
mechanics tests.;

; Small spec up to 10 in. -
Sectional behaviour, esp
local strength and frac-'

ture toughness.

Large size - integral.

behaviour of fracture
toughness tests on

'

specimen, compact tensile,
round and wide plate
specimens. Specimens
will include lower bound
residual stress state.
Intermediate vessels 2000 - MPA, Stuttgart, Germany
3500 mm D, up to 150 mm Germany
thick. Strength and
fracture crack propaga-
tion, crack' arrest-and

,

use of US and AE.

Experimental assessment MPA, Stuttgart, German HTR Prog.
of stress and failure Germany
analysis of RPV, before

,

and after test and in a
defined weakened condition.
Aim to do a'ccmparison of.
measured and' theoretical.

safety margins.
,

.

p 4 c
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Table 8.- (Continued)

.

Title and Aims -Location Sponsor

Analogous tests to pre- MPA, ~ Stuttgart, German HTR. Prog.
.~

vious program will be: Germany
done on pipework and
selected piping parts
including castings. Tests
will be done on a rig
and will look for leak-
before-break' conditions
and crack-arrest'behaviour.

The material is essentially
X-10 austenitic and in the-
Phase I tests, ie abnormal
loading, emphasis will be
behaviour at cyclic cracks.
Parallel component tests
to the pipework tests are
planned.

For the final failure, again
specifically weakened struc-
tures, ie wold cracks. The
geometry will be such that
a direct comparison will
be possible with the un-
weakened pipe, *

The final test will be MPA, Stuttgart, German
crack initiation in the Germany
loop near an 'S' pipe
where crack-arrest condi-
tions will be investigated.

Rough and detailed speci- MPA, Stuttgart, BMFT, Germany
fication research pro- Ge rmany
gramme ' Structural
Integruty of Components'
(RS192)
Objects give basic in-
formation on quantification
of safety margins.

Determination _of fracture KWU, Erlangen, BMFT, Germany
mechanics' safety criteria- Ge rmany
for_ Elastic plastic be-
haviour of metals ' (RS90)
Use of. COD, J integrals ,

and R curve to extend
~

clastic-plastic-behaviour.
..

|
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Table 8. (Continued)

* Title and Aims' Location Sponsor

Fracture properties.of IFRM, _Frieburg, BMFT, Germany-

through cracks ( RS ~ 102 ) Germany.

Extension of part-through
cracks in thick-walled
vessels & tubes under
fatigue loading on
basis of fracture
mechanics. (Cracking
in plates and tubes of
22 Ni Mo Cr27.)
Investigation of crack IFKM, Frieburg, BMPT, Germany
initiation and arrest Germany
(RS 102-12)
Use of DCB specimens

Model dynamic effect on
crack arrest.

Measure crack initiation
and toughness on 22 Ni Mo
Cr 37. Measure crack
velocity prior to arrest.

(Determination of values
of K dyn K stat;.

corrb8tions hSth ASME XI-
A5300.)

Use of COD /CTOD fracture IFKM, Frieburg , BMPT, Germany
criteria in the assessment Germany
of component strength-
( RS 102-13) .
Measure COD in component
and SEN specimen on two
mods of 22 Ni Cr Mo 37
as a function of thickness
and crack length. (Deter-
mination of CTOD and J
integral for increasing
loads for a series of CT
and SEN specimens.)'

Fracture analyses at- Rotterdam Dry Dock, Dutch Minister of
nozzle interactions RTD,' Delft Economic Affairs
(B ROS ) Programme covers . University, Holland

'

Early detection of defects

Detailed surveillance of
g rowth '--

Establish' predictions of
further growth

(ASTM A508 C1. 2 material)

L
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. Table 8. (Continued)

.

-Title and Aims Location Sponsor

9

Dynamic - Fracture Ris@, Denmark DAEC,. Denmark
mechanics.,
Model used is a crack-
propagating in low
toughness materials-
surrounded by tough
material conditions
for propagation.in
tough material con-
sidered.

Effect of crack length,
propagating speed
energy will be attempted.

Fracture mechanics in PISA-University, CNEN and CNR, Italy.
ductile materials. Italy _

Influence of Environment TNO - Metackinstitut, Dutch Ministry-
on fatigue crack growth IIolland of Social Affairs
Influence of ageing on
fracture-related material
props.
(Literature Survey)

-

Literature survey of matl TNO - Metackinstitut, Dutch Ministry
parameters which are Holland .of Social Affairs;
necessary for the diag-
nosis of-defect location
with AE techniques.
Elastic-plastic-fracture A Atoraenergi Swedenmechanics Studsvik,. Sweden-
For nuclear pressure
vessels - development of
methods for determination
of fracture toughness of
pressure vessel steels at
high temperature.

Application of method to A Atomenergi . Sweden
assess a base for fracture- Studsvik, Sweden
mechanics. analyses -
Project P27.

Elastic-plastic fracture
-

mechanics .for ~ reactor
pressure vessels --Phase
2 - Project PSI.

- -

>

.

,_
- ,a -
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Table'8. -(Continued)

.

Title and Aim. Location Sponsor

.

Applied to- nuclear pressure
vessels. . Complementary
investigation on plate
material - determination of
fracture toughness, as a
function of temperature,
at very' low strain rate -
Project B29/76.

Applied to nuclear pressure
vessels. Experimental in-
vestigation of the tempera-
ture dependence of the frac-
ture toughness of weld metal
and HAZ - fracture toughness,-

as a function of temperature,
between 20*C and 350*C -
Project B36/76.

Cyclic strain embrittlement
at a fatigue crack tip -

j Project P9.,

Crack propagation in welds -
Project P10.

'

Evaluation of uncertainties
in defect detection - pro-
bablistic fracture mechanics -
Project P65.

Stresses in repaired welds -
Project B27/77

Statistical evaluation of KTH, Sweden Swedish Nuclear -

fracture' toughness data - Power Inspectorate
critical review of measur-
ing and evaluating J #
A5338 - Project P58.lc
Fracture mechanics' analysis
of pressure vessel nozzles -
Project P39.

Probabilistic fracture
mechanics for reactor
pressure' vessels -
Project-P41.

'

Fracture mechanics analysis
( of.Weldments - Project B23/76,
t- .

t
u

F -
;

?
f

,,
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Table 8. (Continued)

.,

Title and Aims Location Sponsor
.

*
Ageing of weld metal.in Inst for Metal Sweden
nuclear pressure vessels - Research, Sweden
investigation of static
and dynamic strain ageing
of stress-relief-annealed
and weld repair-treated
A533B.- Project 826/76.

Analysis of the reliability Lund Institute of Swedish Nuclear
of quality assurance of ~ Technology, Power Inspectorate
welded nuclear pressure Sweden
vessels with regard to
catastrophic failure -
Project S19/76.

A study of extreme values
in statistical distributions
of mechanical properties -
Peoject S17/77.

* Model Pressure vessel Technical Research Japan
Studies in Japan Inst., Hitachi

.

(1) Cyclic Internal Shipbdg & Engg Co.
Pressure Tests of Heavy Ltd., Japan

Walled Pressure Vessel *

1.5m dia, 5m long, 150mm
thick, containing machined
defects. Practure
mechanics crack growth
laws examined. Ultrasonic
and Acoustic Emission
measurements - Hora et al,
3rd International Confer-
ence on Pressure vessel
Technology, Tokyo, April
1977, p717.

(ii) Patigue crack initia- JAERI,-Japan.
tion and growth at-nozzle
corners. 5 model vessel
tests. Im dia, 2m long,4

23mm thick. 3 types of
nozzle L (BWR) - Miyazono et
al,-3rd Conf on Pressure

i Vessel Technology :1977', .
p741. -

(iii) Internal' pressure LShip Research-
rupture tests.' A533B- -Institute, Japan
Cl.I, 1.0m dia, 2m long,

,

150mm thick, with and
without nozzles. Not
yet tested.

-



e.

! - 59
t..
.
* Table 8. (Continued)

'

Title,and Aims Location Sponsor

Dynamic Fracture Tough- Ship Research Japan*

ness for Primary System Institute, Japan
Materials

Re-evaluation of K /Kld 1c
of ASME III/XI. Correla-
tion of crack arrest. and
various transient temp-
eratures.

Evaluation of. finite Delf t University, Dutch Ministry'of.
'

element method for Holland EconomicLAffairs
strain in integral vessel.

i

Development of computa- Delft University, Dutch Ministry of'
tional methods for stress Holland Economic Affairs
& deformation analysis.

~

Cylinder - cylinder inter-,

actions.

.i Large connections in LWR.
'

Technique development io
high temp strain gauges.

'

Experimental & Analystic Oak Ridge National .NRC
stress analysis of piping, Lab, USA
close spaced cycles.

Stress analysis Qf primary Ris0, Denmark DAEC, Denmark
steel components. A ccm-
parison between calculated
and measured stresses and
strains in DWR main circu-
lating pipe nozzle.

Structural and acoustic PISA University,. Italy.
vibration in piping Italy

i system. (A multi-purpose
computer programme'has
' bcen- developed aimed ut

j studying structural and.
acoustic vibration-in'

piping system.)

' '

Temperature distribution. ASEA-ATOM, Sweden Swedish Nuclear
measurements and thermal Power Inspectorate
stress. analysis ofLthei

feed water nozzle of tank
of Bersebuck 2.

_.

-- - _ -_-____m_. _ _ . _ _ . _ _ _
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Domestically the bulk of the -research activities are sponsored by

the Electric Power Research Institute (EPRI) and the U.S. Nuclear
.

Regulatory Coimnission (NRC). A list of pertinent EPRI sponsored projects
is presented below.

,

RP231 - Fracture of Nuclear Reactor Piping: The Unsversity of Washington will perform a detailed analytical study of
subcriticr1 Itaw growth in some of the critical nuclear piping regions and a theoretecal investigation of the arrest of
ptopaga,ing bnttle cracks. A preliminary analyticalinvestigation of the depressurization phenomena in a high-pressure,
high temperature water system to supplement the crack growth and arrest problem will be included. This is a 2 year
of fort A report on the fitst year's cffort is available (Report No. EPRI 231, No. 1, June 1975).

RP232 - Fracture Toughness in Nuclear Power Plant Components Testing of matenals will be performed tg
Effects Technologf, Inc , Combustion Engincenng. Inc , and Babcock & Wilcox, with Effects Technology acting in a
p'ogram management role. Sutt.aent data will be obtained to provide statistical assurance of the validity of an existing
fracture toughness design curve in the ASME Reactor and Pressure Vessel Code used in the design of pressure vessels
for utility nuclear reactors

RP299-Numerical Evaluation of Stress Intensity Factors by Global-Local Finite Element Method (GLFEM): This
project will extend the global-local finite element method (GLFEM) for appheation to crack problems in fracture
mechanics and seismic wave propagation. The essence of the proposed mcthod is to combine generalized
displacement functions, which span the entire domain, with local details described via finite elements. This method has
been successfully applied to linear tracture mechanics and will be described in a forthcoming EPRI report. University of
Califorrua. Los Angeles. is the contractor.

RP303 -Crack Arrest Studies The ob ectivo of the final 18-month phase of this project is to determine the invanancei
of K . crack arrest toughness Refinement of expenmental technique will be emphasized in order to define better them

fracture initiation, propagation, and arr ost event. Matenals Research Laboratory is the contractor.

4 RP312 - NRL/EPRI Cooperative Fracture Toughness Research Program This 5-month program supplemented *

RP232 by including investigation ni stocis unique to high temperature yacaoled rostors (H1GRs)(A508 Class 1 and
A531 Class 1 and 2, etc ) and by extending the tests to larger specimens that can be handled " commercially." The
contractors were Naval Research Laboratory and Elfccts Technology,Inc.

RP447 - Fatigue Crack Growth of Pressure Vessel Steels: This 3 year program willinvestigate the effect of stress,
chemical environments, frequency, wave form, and radiation of fatigue crack growth of nuclear reactor pressure vessel
steels. Crack growth rate information will be obtained under conditions typical of those encountered in service. The
University of Missounis the contractor.

RP498 - BWR Feedwater Norrie Fracture Mechanics Analysis: A three dimensional fracture mechanics analysis
will be performed for a boiling-water reactor feedwater nonle to determine stress intensity f actors as required by the
ASME Code, Section XI improved sophistication of the analysis over previous efforts will result in better definition of
flaw sito for specific flaw sites, shapes, and orientations of practical interest. Teledyne Engineering Servicch is the
Contractor.

+ RP499 - Nucleation and Growth of Microfractures: This program consisted of threo tasks: (1) performance of
computer simulations of the crack arrest experiments performed in RP303, Crack Arrest Studies, using the Nucleation
and Growth Model to piedict and model expenmental results; (2) sectioning of several test specimens from RP303 and
metallographically examining them to quantitatively charactente the observed fracture damage with the predicted
fracture damage; and (3) analysis of the results of the above work and assessment of the feasibility of predicting crack
propagation and arrest using the Nucleation and Growth Modef. Stanford Research Institute was the contractor. Final
Report No. NP412 (Project No. RP499), Apol 1977.

+ RP585 - Predictions of Fracture from Circumferential Cracks in Boiling-Water Reactor Piping: The objective of
this project was to demonstrate that the critical flaw seres for unstable fracture in ductilo piping matenal are of sufficient

-

siro that detection or leakage will occur prior to fracture. Data and analytical methodology from the project should
minimize or avoid the need for extended shutdowns. Battelle Memorial Institute was the contractor. Final Report No.
NP192 (Project No. 585-1)) September 1976.
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RP601 - Methodology for Plastic Fracture: This 3 year project is the development of methodology for making
engincenng predictions concerning the behavior of flawed structures in the plastic regime. A fracture mechanics
methodology, having application in the plastic regime,is required to permit more quantitive assessment of the margins
of design inherent in nuclear reactor pressure vessels. Analytical techniques for evaluating stable crack growth cnteria
r. ave been developed for flat shear and mixed mode fractures. Specimen testing has proce'eded to desenbe matenal
behavior ior plastic properties. General Electnc Company and Battelle MemonalInstitute are the contractors.

RP602 - Numerical Analysis of Welds: The obje':tive of this project is to eventually provide a reliable analysis*

procedure to calculate the residual stresses induced by the welding process. Two analysis techniques - finite element
and finite difference - will be compared against expenmental data. The features of each method and their sensitivity to
variations of physical conditions will be established The contractors are the Marc Analysis Researcn Corporation and
Scieece Applications.Inc.

R P603 - Fundamental Study of Crack initiation and Propagation: This 30-month study will establish basic predictive
capability requirements for potential failure of the pressure vessel in the presence of matenal flaws. A coupled-
calculational and expenmental approach will be used to predict crack initiation and propagatiort Success in this
program will allow for calibtation of simplified design methods in fracture problems. Lawrence Livermore Laboratory and
Scitence Applications, Inc., are the contractors

+RP696 - Fracture Toughness Statistical Analysis: This 1 year program was an attempt to overcome some
procedural and data difficulties in order to develop a statistically based KIR fracture toughness design curve. Fracture ,

Control Corporation was the contractor. Final Report No. NP372 (Project No. RP696-1) May 1977. '

RP697-Theoretical and Experimental Analysis of Residual Stresses In Reactor Components: Improvement in
the predictability of inelastic deformation in reactor components at elevated temperatures is the theme of this 2-year
protect. Objectives are to develop inelastic constitutive relations for type 304 stainless steel, install the equations in a
general purpose finite element stress code, and demonstrate the capabilities of the code in predicting test data. Cornell
University is the contractor.

RP1022-Influence of Dynamic Effects of Crack Arrest: The objectives of this 17-month project are:(1) to evaluate
the effect of geometry on the effects of crack arrest;(2) to evaluate the effect of crack velocity on fracture toughness;
and (3) to develop an expenmental procedure for measunng fracture toughness. If the limits of the present simplified
code crack arrest analysis can be adequately justified, extensive dynamic analyses of each defect discovered during in-
service inspection will not be necessary. The contractor is the institut fur Festkorpermechanik (Germany).

RP1023 - Small Specimen Fracture Mechanics Analysis: The objective of this 2-year project is to establish a
quantitative, phenomena-based computational tracture model capable of predicting ductile fractures. With such a
model,it should be possible to remove some of the existing overconservatism in toughness limits for reactor pressure
ve*sels. SRI intemationalis the contractor.

RP1123 - Evaluation of Multiaxial Fatigue: The obloctaves of this 24 month project are: (1) to develop and to
evaluate an engineenng method for analysis of multiaxial fatigue;(2) to evaluate conservative restraints in the present
ASME Boiler and Pressure Vessel Code with respect to multsaxial fatigue; and (3) to develop multiaxial fatigue data on
nuclear pressure vessel materials for development of new multiaxial latigue design curves. Stanford University is the
contractor.

RP1174 -Elfects of Weld Parameters on Residual Stresses in Pipes: Welding-produced residual stresses are the
major causes of pipe cracking in boiling-water reactor systems. In addition, fatigue and fracture behavior lifetimes are
reduced by weld residual stresses. The most effective method to optimize weld properties is by systematic testing and
analysis. The objective of this protect is to refine a multipass welding code (developed by the contractor, Battelle,
Columbus Laboratones) in order to incorporate additional parameters believed to be important in pipe welding and to
use the program to rationalize optimized welding procedures. A second objective is to evaluate welding remedies
studies in RP701.

RP1237 - Simplified Prediction of Elastic-Plastic Fracture: Research efforts are developing techniques for
assessing design margins for pressure vessel components. The ultimate goal is to develop an engineenng procedure
for ductile fracture analysis of nuclear components intended to meet both design and regulatory needs, and reduce the
attendant conservatisms associated with the present clastic flaw evaluation procedures. The pnncipal ob ective of thisl,

project is to produce a simplified engineenng toolin the form of a plastic fracture handbook and analytic procedure for
! the analysis of fracture in generalized structural components, a handbook similar to those currently used in the analysis
! of elastic fracture. General ElecInc Company is the contractor.

.
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RP1238 -The Effect of Specimen Size and Configuration on Fracture Toughness and Ductile Instability: This
work will help to predict accurately the behavior of reactor vessel matenals and, thereby, avoid some of the economic
penalties associated with overcenservatism in fracture toughness analyses. The proicct obgectives are: (l) to procuro a
suitable project materia! with a low charpy energy upper shelf (approximately 50 f t-Ib), a y: eld strength greater than .

50 KSi, and acceptable for reactor vessel fabncation pnot to 1973; (2) to measure expenmentally the relationship
between plastic toughness and the " clastic" toughness; (3) to develop guidelines for stable crack growth testing for
submission to the ASTM (4) to evaluate the simphfied test procedure for stable crack growth and the apphcabshty of a ,

new tearing instability analysis. Westinghouse Electnc Corporation and Washington University are the contractors.

RP1241 - Feedwater (FW) Nozzle Instabihty Analysis: The project objechve is to demonstrate analytically that
thermal fatiguo cracks in FW nozzles of BWR systems are not a safety problem, e g , catastrophic failure of the vesselis
impossible, even for very largo cracks and high internal pressures. The task is to develop a two dimensionalinstabstity
analysis of a FW nozzle, incorporating the offccts of the reactor vessel and flaw location. Washington University is the
Contractor.

'RP1325 - Corrosion fatigue Characterization of Reactor Pressure Vessel Steets: Present methods for
evaluahng crack growth rates under corrosion fatiguo condition in reactor pressure vessels have proven to be
inadequate. To prevent excessively conservative regulatory reaction in evaluating the safety of flaws found in future
inservice inspections, a corrosion fatigue materials data base will be developed and used, in turn, to develop the
predictive methodology for deterniining crack growth ratus under actual reactor operating condiboris.

*RP1394 - Techniques to Mstigate BWR Pipe Cracking in Existing Plants: Residual tensile stress has boon
idenhfied as a major cause of pipo cracking it has also been estabhshad that resistance can be improved by altering the
stress distobution associated with pipe welds. The objechvo of this oroject is to provido a prachcal method of treating
any surface of BWR piping with heat induchon, which would redistnbute residual stresses and thus prevent pipe
cracking General Electnc Company is a contractor.

These projects do not include those that are wholly associated with the
.

cxperimental investigation of the intergranular stress corrosion cracking

(IGSCC) problems found in boiling-water reactor (BWR) piping systems.
.

This separate program includes an examination of the susceptibility of

the current generations of austenitic stainless steels and their weldments

to IGSCC and to the development of alternate techniques to limit the

propensity of IGSCC in the weldments. This effort also includes programs

to investigate the employment of alternate ferritic and austenitic steel

materials that would not be susceptible to ICSCC. Project management-of

the wide scope of these related EPRI sponsored projects has been given to

the EDAC Company of Palo Alto, California.

The parallel but smaller scope activities being conducted by_

Westinghouse are:

1. joint testing program with Framatome of France on fatigue in stainless

steel and on crack growth in stainless and ferritic steels,

2. joint testing program with Naval Research Laboratory on crack growth

in ferritic steels in a pressurized-water reactor environment for the

Nuclear Regulatory Commission, and -

3. in-house testing programs on crack growth in stainless and ferritic

steels in air and steam.

<
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This company is an active participant in several "publically funded"'

EPRI and NRC projects as well as being a sponsor-cosponsor .of internallyi

funded activities. Some of the _ internally funded projects are being

coordinated with Framatome, which is. conducting fatigue life experiments
.

on stainless steel weldments in appropriate environments. The General'

Electric Company also has a similar committment to the fracture analysis '

i

of reactor components. Their 72 fatigue units in the Pipe Test Laboratory

(PTL) are wholly committed to the EPRI funded projects surrounding the.BWR

pipe IGSCC problems.

The Heavy Section Steel Test (HSST) program being directed by ORNL <

is an example of a large scale NRC sponsored effort regarding. fracturu

of pressure vessel steels under cyclical loads. Westinghouse and the

Naval Research Laboratory (NRL), among others, are major participants

in this program. A parallel and complimentary effort is being funded

by the German Federal Republic at the University of Stuttgart's

MaterealprUfungsanstalt (MPA) facilities. The ef forts for these two major
programs are being jointly coordinated by ORNL and MPA.

In reviewing the scope of the aforementioned research and investiga-
,

tion activities, it appears that little attention is currently being
,

directed toward the generation of data that could improve the credibility

of ASME-III-Class 1-type evaluations and refine "S-N" curves for ferritic

and austentic steel weldments.

Analytical development efforts are overwhelmingly concentrated ~ upon

the evaluation of the performance of steels with respect to crack propaga-

1 tion and to a lesser extent, crack initiation characteristics. Although

designs are based upon crack-f ree components, most investigations recog-

nize the potential for the cracking in the weldment areas, and thus there

is a concentrated effort to' examine the weldments during the in-service

inspection periods for the reactors. In this regard linear ' elastic

fracture mechanics (LEFM)' techniques and the acquisition of an applicable

data _ base have been given the most attention. - Although this ASME III-1,
Appendix G, and ASME XI, Appendix A,. methodology is the most advanced of-

the analytical predictive techniques , it has been acknowledged .that uni-

form applications of the procedures have not been universally accepted.-*

An attempt to remedy this deficiency is being made by a

25-member international group, which will, via a series of round-robin
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investigations, define standardized procedures for employment of LEFM
techniques. It is projected that these (eventual) standardized procedures
will be employed to further refine the understanding of the specific. '

mechanisms and ingredients that govern crack initiation and growth in base
'

metals and their weldments. .Furthermore, it is anticipated that these

standardized procedures may be the vehicles that will assist in the
definition of future ASME Code requirements regarding fatigue of com-

ponents and their weldments.
For the austenitic steel materials and operating temperatures in.

light-water reactor (LWR) piptag systems, the anticipated failure . mode,'

should failure occur, is likely to be either plastic structural insta-
,

bility or unstable ductile tearing before general plastic instability.

As large amounts of plasticity will accompany such a failure, and LEFM'
methods may not be useful.

In summary, it appears that today only marginal efforts are being
'directed toward reassessing the adequacy of employing the current ASME-III

techniques for fatigue evaluation of weldments. Experimental validation
.

is minimal and analytical investigations are almost nonexistant.

CONCLUSIONS AND REC 0t@iENDAT10NS

Several general conclusions can be. derived from the information
gathered in this investigation, although in many cases the existing infor-
mation is incomplete. These conclusions include:

1 1. Existing ASME Code design procedures do not distinguish between -
base metal and weldments in the fatigue design criteria.

2. A general survey of data on fatigue of weldments indicates that
any loss of fatigue strength resulting from a weldment would be from early
crack initiation rather than from accelerated crack growth. For the

particular case of pressure vessels and piping, the major. factor that
might cause such early crack initiation appears to be the existence-of
defects in the weld. .

3. Design experience with nuclear pressure vessels and piping -
,

appears to have been generally satisfactory under the existing Code- rules. -

i However, weldment fatigue has been a problem in 'some other industries, and -

experience in the nuclear industry, is relatively limited. -
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4.. Significant ~ research activities are currer.tly under way in
- related fields, but.little effort is presently being dir..cted toward

experimental or analytical Lverification of current 1ASME fatigue' design
*

procedures.

5. Within the limitations of available information, there is. no

reason to suggest any changes in the ASME Code fatigue design procedures
at this time.

6. Limitations in available information make it impossible to-

fully verify the current fatigue procedures. These limitations include:
virtually no data are available on thermal fatigue of weldments, and
available mechanical fatigue data are very limited . under low-cycle strain-
controlled conditions; few fatigue data are available for the exact

materials of interest to this investigation, and current design curves
were developed primarily from data from other (although similar) materials;
little information is available on the ef fecto of repair welding; few data '

.

are available for fatigue under variable loads and other cumulative damage
~

situations; detailed quantitative data for the effects of weld defects on -

fatigue strength are not available for the materials of interest,- however,
.

current technology appears capable of assessing such ef fects; the signifi-
cance of the effects of reheat cracking in the IIAZs of A508 Class! 2 base
material has not been fully assessed under all conditions; and analytical
studies to assess the impact of " metallurgical notches" (changes in
material properties across the weld joint) have not been undertaken, .
though they appear technically feasible.

Specific recommendattuns for future research as determined from this

investigation are:

1. Studies should be undertaken to gain a more thorough understanding
of the relative contributions of crack initiation and crack propagation to
fatigue life.. These studies could include experimental investigations as
well as analytical-fracture mechanics studies. aimed at a better definition

of initiation, that is, "when is a crack a crack?",

.2. Attention should be given to generation of fatigue data for
pressure vessel sol piping materials under conditions ' relevant to nuclear-

. service. Such studies should include . cumulative damage and thermal fat'.gue
data. Tests should involve material- from prototypic commercial waldments.

n

r
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.

3. Consideration should be given to a fuller characterization of the
properties of repair welds; ,

4. Further studies are needed to_ fully assess ~ the significance of

reheat cracks in A508 Class 2 HAZs. Such studies should include con- .

siderations such as those given _ in the above three items.,

!-
5. An investigation of the feasibility of directly addressing

effects of weld defects on a quantitative basis should be undertaken.
Such an investigation should include detailed examination of available
data and generation of systematic new data where necessary.

|

t 6. _ An analytical investigation should be undertaken to determine

i the effect of " metallurgical notches" on fatigue strength. Such analyses

could determine differences in maximum local strain ranges for weldments

vs homogeneous materials under the same loading conditions. If these

differences are significant, such analyses would lead to development of

| " metallurgical notch" factors to account for the difference.

l
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APPENDIX A ,

i*
. ..

SCOPES FOR APPLICABLE ASME B&PV CODE SECTIONS

* *
i.
*

-ASME-II-A

| This Section provides the material specifications for
ferrous materials.

i ASME-II-B '

This Section provides the material specifications for. .

*

nonferrous materials.

; ASME-III-1-NB
1

(a) Subsection NB' contains rules for the material, . design, i
fabrication, examination, testing, overpressure relief, marking,

.

stamping, and preparation of reports by the Certificate Holder
of items which are intended to conform to $he requirements.for
Class 1 construction.a

| (b) The rules of Subsection NB cover the requirements for
[ strength and pressure integrity of items, the failure of which

would violate the pressure retaining boundary. The rules' coverj -

'

deterioration which may~ occur in service as a result of corrosion,
radiation effects, or instability of material. :

|
i .

| ASME-III-Appendix I
'

; This appendix contains the design. stress intensity. values,.
allowable stresses, material properties, and design f atigue -
curves for materials allowed in the construction 'of ASME-III-

~

1-NB components,,

s. .

ASME-III-Appendix II
- :

. .. .
t

.

This appendix applies to the critical or governing stresses ' +

L in parts for which theoretical stress ' analysis is_ inadequate:
;. or for which design rules are unavailable shal1~be substantiated-

by experimental stress' analysis.- *,

~

! Reevaluation. is not required. for configurations ' for which '

| there are available detailed experimental results.that are ,

consistent |with.the requirements of'this appendix.

The- test proce'dures followed and =the' interpretation - of . *

the results 'shall be.such as to' discount the effectsfoff*

material..addeduto-the thickness of'memb'ers'such as' corrosion-
i.,. allowance- or of other material' whichD eannot be considered?as=^

-

contributingltoLthelstrengthTof the part.
~

.

,
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Tests conducted in accordance with this appendix need
not be witnessed by the inspector. However, a detailed report
of the test procedure and the results obtained shall be included

.

with a stress report. The report shall show that the
instrumentation used was within calibration.

.

ASME-III-Appendix G

This Appendix presents a procedure for obtaining the
allowable loadings for ferritic pressure retaining materials
in components. This procedure is based on the principles of
linear elastic fracture mechanics. At each location being
investigated a maximum postulated flaw is assumed. At the
same location the mode I stress intensity factor,' Kg, is
produced by each of the specified loadings as calculated and
the summation of the Kgvalues is compared to a reference
value, Ks which is the highest critical value of Ki which
can be asEu, red for the material and temperature involved.
Different procedures are recommended for different components
and operating conditions.

3 The Stress Intensity Factor as used in fracture mechanics
has no relation to and must not be confused with the stress
intensity used in Articles of this Section. Furthermore
stresses referred to in this Appendix are calculated normal
tensile stresses not stress intensities in a defect free

,

stress model at the surface nearest the location of the
assumed defect.

.

ASME-V

(a) This Section of the Code contains requirements and
methods for nondestructivo examination which are Code require-
ments to the extent they are specifically referenced and
required by other Code Sections. These nondestructive-exam-
inations methods are intended to detect surface and internal
discontinuities in materials, welds, and fabricated parts and
components. They include radiographic examination, ultrasonic
examination, liquid penetrant examination, magnetic particle
examination, eddy current examination, visual examination,
and leak testing.

(b) Methods described or referenced are included in
Subsection A. Subsection B lists Standards covering non-
destructive examination methods which have been accepted
as ASME Code Standards, and are included for direct use, or
for reference, or as sources of technique details which may
be selected, as appropriate, in the preparation of manufacturers' .

procedures. ' Acceptance standards for these methods and
. procedures shall.be as stated in the referencing Code Sections.

.
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(c) The nondestructive examination methods included in
this Section are applicable to most geometric configurations
and materiala encountered in-fabrication under normal-

conditions. However, special configurations and materials
may require modified methods and techniques, in which case
the manufacturer shall develop special procedures which are*

equivalent or superior to the methods and techniques described
!in this Code Section, and which are capable of producing-

interpretable examination results under the special conditions. ;

Such special procedures may be modifications or combinations of ,

methods described or referenced in this. Code Section, and shall !
!be proved by demonstration to he capable of detecting discontin-

uities under-the special conditions, which are equivalent to-
the capabilities of the methods described in this Code Section I

!

when used under more general conditions. Depending on the
quality assurance or quality control system requirements of j

the referencing Code Section, these special procedures shall i

be submitted to the Inspector for approval where required, ,

and shall be adopted as part of manufacturer's quality control !
;

program.

J ASME-IX

The rules in this Section apply to the preparation of
welding procedure specifications, and-the qualification of
welding procedures, welders, and welding operators for all
types of manual or machine welding processes.

ASME-XI-l.

(a) This Division provides rules and requirements for
inservice inspection of Class 1, 2, and 3 pressure retaining !

,
'

components (and inservice testing of pumps and valves in
light-water cooled nuclear power plants.

(b) This Division categorized the areas subject to
inspection and defines responsibilities, provisions for,

accessibility, examination methods and procedures, personnel
qualifications, frequency of inspection, record keeping and
reporting requirements, procedures for evaluation.of inspection
results and subsequent disposition of results of evaluation, I

and repair requirements. |
(c) This Division provides for the design, fabrication, l

Iinstallation, and inspection of replacements.

ASME-XI-1-Appendix A
1

This' Appendix'provides a procedure for determining the. '
1

acceptability of flaws .that have been detected during inservice
inspection (excluding preservice in-inspection) that exceed-

the allowable flaw indication +andards.- The procedure is.

based upon the principles of ? ' tear clastic 1 fracture mechanics.
.

|
|

|

l

'

, ,
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This procedure applies to ferritic materials 4 in. (102 mm)
and greater in thickness with specified minimum yield
strengths of 50.0 ksi (345 MPa) or less in components .

having simple geometries and stress distributions. The
basic concepts of the procedure may be extended to other
ferritic materials (including clad ferritic materials) -

and more complex geometries; however, they are not intended
to apply to austenitic or high nickel alloys. For purposes
of analysis, indications that exceed the standards are
considered as cracks or flaws.

.
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APPENDIX B

.

SU) DIARY OF FATICUE AND/OR VIBRATION-INDUCED ,

FAILURES IN REACTOR COMPONENTS WELDS
.

NOTES FOR TABLE B1
,

'

Utilities Full Name

1

1 Bal. G&E Baltimore Gas & Electric

fN.E. Nucl. Energy Northeast Nuclear Energy'

Ark. P.& L. Arkansas Power & Light

Con. Ed. Consolidated Edison

N. States Power Northern States Power

Cons. Pwr. Consumer's Power'Co.

Niag. Moh. Pwr. Niagra Mohawk Power

PSE&G Public Service Electric & Gas'

Met. Ed. Metropolitan Edison
.
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Table Bl. Summary of Fatigue and/or Vibration Induced Failures in Reactor Components Welds
Ref. NRC-NSIC-9711-1, 1-9-79 Request

) Item Survey Accession Reactor Reacto Reactor Date of Date of Source of Component Corrective' No No. No. Type Mfq. Name Utility EPT Event Fatique Event Dens c ription Action

1. 21 '138334 PWR CE Cal Cliffs-1 Ba1. C&E 1978 4-1-78 Vibration-Pump RCF M-S Pressure Line Ground, teep. plugged '
2 - 27 137251 BW R f GE M111 stone-1 N.F. Nucl. Energy 1978 3-19-78 Fataque Vent Line
3 . 38 - 135885 'PWR BW Ark. Nucl-1 Ark. P&L 1978 12-3-77 Vibration vent Line - Replaced
4. 60 129369 BWR GE Millstone-2 W.E. Nucl. Energy 1977 2-19-77 Fatigue-tang Safety inj. Valve Ground, reveld

15 62 , '129314 .PWR W Ind. Pt-2 Con.Ed 1977 4-27-77 Vtbration-Excess RHR Purp ---

16 73 126009 PWR GE Dresden- 3 Ccaun. Ed 1977 6-7-77 Fatigue Nis. Sep. Tank -**

.7.. . 76 : 125433 FWR ; . CE Cal Cliffs-2 Ba1. C&E 1977 5-11-77 Vabration-Pump Cool. Pump Line ---

'8- 82 125083 PWR. ' CE Cal Clifts-2 sal. C&E 1977 5-1-77 Vibration-Pump Cool. Pump Line -*-

9 .- 83 - 125082 PWR CE Ca1 Cliffs-2 Sal. C&E 1977 4-27-77 Vibration-Purp Disch. Line-control Tank -,

. 10' 84 |125070 PWR W Ind. Pt.-2 Con.Ed 1977 4-27-77 vibration-HI RHR Pump Seal Removed
11' 87 . '124327u 'bWR GE M111 stone-2 M.E. Nucl. Energy 1977 4-20-77 Fatigue Pressure Tap Yes (2),

-

12 .98 -~ 122317 .PWR CE' Cal Cliffs-2 Sal. C&E 1977 1-15-77 Vibrationdxcess Control Tank Line W. R. TBM (3)
13 : 100 122141- PWR W Ind. Pt.-2 Con.Ed 1977 2-1-77 Vibration Vent Valve' vent removed, cap

114 '109 '120489 ~ PWR CE C41 Cliffs-1 Sal. C&E 1976 12-7-76 Fatigue Pump CVCS Charge Pusy Yes
-

. (ThermaH
5: s 15 . ' . 110 '120480L PWR CE Ca1 Cliffs-2 Omaha Public Pwr. 1976 12-7-76 Vibration-Pucy CVCS Charge Pupp Yes

- 16 114 119781 PWR CE M111sto M-2 N.E. Nucl. Energy 1976 11-12-76 Vibration Pipe-Vol Cont. Ground7

Tank (1)
177 7125 118733 'PWR CE Calhoun-1 Omaha 1976 10-12-76 Vibration Pump Bleep Off Line ---

. 18 127 ;118260 PWR CE Millstone-2 N.E. Nucl. Energy 1976 7-1-76- Fatique
.

Decay Heat Dislave Line 0319' -128 118244 PWR BW Ark. Nucl-1 Ark. P&L 1976 9-27-76 Vibration xcess
,

Ground, reweld 00Instr. Line

20 - 129 - 118243 PWR BW - Ark. Nucl-1 Ark. P&L 1976 9-27-76 Vabration Decay Heat Center- Yes.
21 - (137 '114638 ' BWR ct - Montleello N. States Power 1976 6-11-76 Fatique Mois. Sep, Drain Line Yes
22-. 138.. 114081 BWR GE Peach Bottcza-3 Philadelphia Elec. 1976 5-21-76 ribration-Fump Recir.Pw p Instr Line Reweld
23 ' -142' 112678- - PWR: W Ind. Pt.b3 Con.Ed 1976 3-31-76 Fatigue-Poor Wald Acc. Vent Line * * * -

< - - - 24 - 145- 112155 FWR CE M111 stone-2 N.E. Nucl. Energy 1976 3-17-76 Fatigue-high Cycle Coolant Pump Ground, revelds

- 25 146 ; 112148 - PWR .W Cook-1 Ind/Mich. Pwr, 1976 3-15-76 -Vibration Instr. Pipe Ground, reweld
26' 153. 109579 PWR- BW ' Oconee-3 Duke Power 1975 12-17-75 vibration 12C1 Sample Line Replaced
27 . 158 ~108854 PWR CE St. Lucie-1 Florida P&L 1975 12-23-75 Vibration Piping Restraints
28 . ' 16 4 ' 108248 - BWR 2 M111 stone-1- N.E. Nucl. Energy 1975 11-25-75 Fatigue Instr. Pipe Replaced w/long

.

~ Pipe
.(23 . 165. . . 108081, BW R - GE Peach Bottom-2 Ph21adelphia Elec. 1975 11-17-75 Vibration 1 in. Pipe Repaired, add

support
~

s 30 .170 ,106976 PWS , CE M111 stone-2 N.E. Nucl. Energy 1975 10-14-75 Vibration Instr. Root Tap-Reactor Cool -,

31 * .183 '103874 PWR W' Cook-1 Ind/Mich. Pwr. 1975 6-30-75 Vibration Eq. Line valve Redesise32 .185 .103096 BWR - CC Quad Cities-2 Cossa. Ed 1975 5-30-75 Vibration 3/4 in. Test Removed.
Connec. Line Plugged

33 - 193- .102125' FWR W Cook -1 Ind/Mich. Pwr. 1975 4-10-75 vibration-Excess luolation valve Removed, reweld
34 193' 102125 PWR L W Cook -1 Ind/Mich. Pwr. 1975 4-10-75 Vib ration-Exce ss Isolation valve Removed, reweld

- 35 - 193 '102125 PWR W Cook -1 Ind/ Mach. Pur. 1975 4-10-75 vibration-Excess 1 solation Valve Removed, reweld
9 . 36 ' . . 201a 099707: BWR CE Br. ! Ferry-1 TVA 1975 2-15-75 Vibration. 3/4 in. C-steel Test . Ground, reweld

'.

Connec.
' 37 - 213 ' 097597 . FWR BW ' Ark. Nucl-1 Ark. P&L 1974 11-26-74 Vibration-Pump Decay Heat Pipe Flow orifice
. 38- , 218 , 097074 FWR. CE Palisades . Cons. Pwr 1974 9-9-74. Fatique tatdown Line vent Removed

39 ' 220 096480 . BWR GE Quad Cities-1 Comm. Ed 1974. 10-22-74 Vibration-Slag 1 in. C-Steel Instr. Ground, reweld '
Line

-(1) Bimetallic Failure

(2) Multiple Failures of Same Weld (failure of a reveld which' replaced original weld which had f ailed).
(3) W.R. T8M = Weld Repair To Be Made2 '

z.
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Table Bl. (Continued)

Item Survey Accession Eeactor Reactor Reactor Date of Date of Source of component Corrective

L. No. No. Type Mfg. Name Utiltty PPT Fvent FatEque Event Description Action .-

. 40 221 096426 PWR - BW Ark. Nucl.-1 Ark. P&L 1974 10-26-74 *ib rac. Cold lag Drain Pipe Ground. reweld

41- 223 095884 BWR GE Br. Ferry-1 TVA 1974 10-2-74 Vibrats- ' low 1 in. SS Recire. Line Split Sle*Ve
Mgr mod.

s42 -. 223 095884 PWR GE Br. Ferry-1 TVA 1974 10-2-74 Vibration-Flow Sensing Lines

- 43 - 230 095026 PWR W Cinna pochester C&F 1974 8-12-74 Fatigu*e-Destqn Vent Pipe nipple Larger weld,
relocate

44 239 '093545 BWR GE Fitzpatrick Niag. Moh Pwr. 1975 1-29-75 Vibration IPCI Drain Line Pipe length

45 244 090422 PWR CE Ft. Calhoun Omaha Public Pur. 1974 4-15-74 Vibration Flow element Welds reoaired,

Sensin9 alt. fill proced.

46 245 089742 BWR GE Dresden-2_ . _ . __Conum. Ed ._ __. 1974 4-4-74 Fatigue C.R.D. Water Filter Ground, pad weld
47 '252 087290 PWR W Zion-1 Comm. Ed 1973 12-6-73 vibration-Pu g Flow meter orifice tap Replaced. reweld

48 254 087013 PWR W Ind. Pt.-2 Con. Ed 1973 10-31-73 Vibration PHP Vent Valve Seplaced vent
Couplings .

49 . 258 085747. PWR W Ind. Pt.-2 Con. Ed 1973 11-12-73 Vibration PHR Vent Valve Demoved, plugged '
50 260 ' 084737 BWR GE Dresden-3 Conn. Ed 1973 8-16-73 Fatigue 3 in. Pipe Stub ---

: 51 263 083019 PWR W Eton Comm. Ed 1973 8-1-73 Vibration-Pump 304 $$ Elbow / Tube ,- -

$2 267 081483 PWR W 2 ion-1 Comm. Ed 1973 6-20-73 vibration-Pump 3/4 in Pipe / Dis. Valve Replaced, Add s upport
53 270 080745 PWR W Ind. Pt-2 Con. Ed 1973 5-25-73 Vibration RHR Pipe Grouni, reweld,

Short.

54 1 140458 PW R CE Cal C11 tis-2 Bal G&E 1978 6-25-78 Vibration-Pump / Y Connec. Iso. Valve hpaired g
Ther. Cycling e

55 ,2 -139994 PWR CE Ft. Calhoun-1 Omaha Public Pwr. 1978 6-20-78 Vibration Water inlet Valve Ground, reweld,
mod.

56 3' 139820 PWR CE Cal Cliffs-1 Bal C&E 1978 5-31-78 Vibration /Thern. Pusp Flange Repaiced
Cycling

57 ' 4 138 % 6 PWR CE Ft. Calhoun Omaha Public Pwr. 1978 5-20-78 Vibration Charging header Cround, repaired
58 5 137912 PW R CE Cat Cliffs-1 Bal C&E 1978 4-12-78 Vibration rump Valve. Add Pipe Support

- 59 5 137912 PWR CE Cal Cliffs-1 Bal G&E 1978 4-12-78 Vibration Pump Valve. Add Pipe S gport
60 6 137879 ' PWR CE Ft. Calhoun Omaha Public Pwr. 1978 4-8-78 Vibration P ep Valve Ground, reweld,

mod..
. 61 - 7- 137832 PW R W turkey Pt-4 Florida P&L 1978 3-20-78 Pressure Cycling Pump Relief Line . Weld repair.

62 10 135993 PWR CE Ft. Calhoun Omaha Public Pwr. 1978 2-15-78 Vibration Pump valve Ground, reweld,
mod.

63 11 135111 . BWR GE Farley=1 Alabama Pwr. 1978 12-31-77 Vibration Steam Supply Line Depaired
64 13 134516 ' PWR W Ind. Pt.-3 Con. Ed 1978 1-10-78 Vibration C*8CS Line Depaired

- 65 14 134515 PWR CE Ft. Calhoun Omaha Public Pur. 1978 1-17-78 Vibration Pump Valve Ground, reweld,

mod.
' 66 15 134505 PWR W Cinna Rochester C&E 1978 1-11-78 Fatigue Pump Pipe Cut, replaced

.

with larger filles

67 '17 132742 PWR CE ' Cal C11ffs-2 Ba1. C&E 1977 6-30-77 Vibration Pump Valve Repaired

68. 18 129845 PWR CE Cal Cliffs-2 Ba1. C&E 1977 8-25-77 Vibratton Pump Valve casket, repair
' 69 19 1297 % PWR CE Cal C11ffs-2 Ba1 C&E 1977' 9-19-77 Vibration Pump Valve Repaired
'70 21 129572 PWR CE Cal C11 tis-2 Ba1. G6E 1977 9-6-77' Vibration Pump / Pump Pipe . Repaired

There. Cycle
:71. 22 129313 PWR W 7nd. Pt.-2 Con.Ed 1977 3-29-77 Vibration-excess . Pump Valve.
72 23 129312 PWR U Ind. Pt.-2 Con.Ed 1977 3-9-77- Fatigue Clamp . Repaired
73 . ?4 - 126477 - PWR CE Cal-C11ffs-2 Ba1. C&E 1977 6-13-77 Vibration' Pump Line Modified

. 74 25 124874 .FWR' W Ind. Pt.-2 Con.Ed 1977 3-15-77- Vibration-Excess - Pump Valve
75 26 24873 PWR W Ind. Pt.-2 Con.Ed 1977 3-11-77 Vibration-Excess Pump Elbow

, a
"'

. . .
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Table Bl. (Continued)

' Item Survey Accession Reactor Reactor Reactor Date of Date of Source of Component Corrective
.,A No. No. Type Mft. Name Utility RPT Event Fatigue Event Description Ac t ion

76 ~ 33 121655 PWR CE M111 stone-2 N.E. Nucl. Energy 1977 12-12-76 Fatigue Pump Valve Ground, reveld -

77 35 119523 PWR CE Cal C11ffs-2 Ba1. C&E 1976 10-22-76 Thermal Fatigue Pump Valve inlet Line Temp. weld repair .
78 - 36 119520 PWR BW Ark. Nucle-1 Ark. P4L 1976 11-1-76 Vibration Pump Relief Line Repaired

Soc. Wald
79 37 118734 - PWR W . Ind. Pt.-3 Con.Ed 1976 10-1-76 Fatigue Charge Pump Vent Flange replaced

Valve
80N .40 117062 PWR CE M111 stone-2 N.E. Nucl. Energy 1976 g-23-76 Fatigue Charge Pump Relief Ground, reweld

Valve
' 81 - 42 - 116872 PWR W Pt. Beach-2 Wis./Mich. Pwr. Co. 1976 g-12-76 Vibration Charge Pump Borate Ground, reveld

Line
82 47 112159 PWR W Sales-1 PSE & G 1976 3-31-76 Vibration-Pump Charge Pump 4 in. Replaced

* Line

83< 48 112156 ' PWR CE M111 stone-2 N.E. Nucl. Energy 1976 5-17-76 Fatigue Charge Pump Relief Reveld
Valve

84 48' 112156 PWA CE M111 stone-2 N.E. Nucl. Energy 1976 3 17-76 Fatigue Charge Pump Relief Reveld
Valve

85 - '50 111787 PWR W Vankee Rowe Yankee Atomic 1976 3-4-76 Vibration Charge Pump Relief. Flange replaced
Valve Flenge

86' 55 107224 BWR CE Quad Cities-2 Com. Ed 1975 10-17-75 Vibration Feedwater Flush Line Ground, reweld
87 56 106311 PWR BW 3 Mile Island-1 Met Ed 1975 8-29-75 Vibration Makeup Pump Vent Repaired with

Line
.

guides @
88 ' ' 57 ~ .105546 PWR W 'Ind. Pt.-2 Con Ed 1975 8 18-75 Vibration Charge Line Vent Vent shortened 'O

Connec.
89 58 104995 . PWR V. Yankee Rowe Yankee Atomic 1975 8-15-75- Vibration-Pump Charge Pump Relief Valve flange

Valve Flange replaced
90 61- 102538 PWR W Zion-2 Comm. Ed 1975 4-17-75 Fatigue Charge Pump Indica- ---

) tor Pipe
91 62. 102536 PWR W Zion-2 Comm. Ed 1975 6-28-75 Fatigue ' Charge Pump Indica- Press. pulsating

tor Pipe . filter installed
92 ~ 64 200889 BWR CE . Quad Cities-2 Com. Ed 1975 3-21-75 Vibratio, Flow. Feedwater Sparter New design

Thermal sparger
' 93 - 69 097756 PWR - W Zion-2 Comm. Ed 1974 11-27-74 Pressure Pulsa- Charge Pump indica- Repaire later

tions for Pipe
94 70 '0,97105 PWR W' Zion-2 Comm. Ed 1974 11-1-74 Vibration Charge Pump Indica- Add restraints

tor Pipe
95 ; 71 095592 .BWR CE - Dresden-3 Comm. Ed 1974 9-26-74 Vibration Pipe Support Cround, reveld
96 75 . 093253 PWR W Rewaunee Wis.' Pub. Serv. 1975 1-27-75 Vibration Conn. Tee vent Pulsat ion. damp-

Valve Pipe ener

k'I Multiple failures of same weld (f ailure of a reweld which replaced original weld which had f ailed.)
q

.

'g:-

. . * '',
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