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ABSTRACT

#awer plant components can be subjected to unexpected failures with serious
snaequences, unless careful attention is paid to minute cracks and defects
&t thelr possible growth. The application of 1linear elastic fracture
serhanics (LEFM) to structure integrity evaluation of power plant components
is tllustrated through several case studies. Projects related to material
data generation and the development of structural analyses methods to make
i#¥r4 workable are described. Comments on the possible future development,
s the next ten years are included.
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INTRODUCTION

¥here has been significant development over the past ten years in the field
#f structural integrity (SI) evaluation. It is now generally accepted that
#11 welded structures have small imperfections. The concept that all struc-—
turen contain potential defects entails a substantial responsibility, in
ihat the condition for defect extension must be limited on a quantitative
Banin.

snaider a structure in which a crack exists. Due to the application of
#sponted loads or due to a combination of load and environmental attack, the
#yack may grow with time. In the presence of the crack, the load bearing
#apacity of the structure may be reduced. The residual strength of the
#tructure decreases progressively with increasing crack size. In order to
snaure the safety of the structure, the rate of crack growth and the
#saldual strength of the structure at a given time and at the end of the
dentpn life must be predicted. The aim of the fracture mechanics related
wark conducted by Ontario Hydro 1s to develop and evaluate methods for
flaw-slructure interaction analysis, conduct SI evaluation of power plant
samponents and to determine fatigue and fracture properties of generating
glant materials. The best way to illustrate the SI evaluation of power
g#iant components is to use several case studies.

3485


User
Rettangolo


3486

STEAM
PIPE g_;
MANWAY ANGLE

TOP VIEW

MANWAY
NOZZLE

60mm (APPROX)

LOCATION OF DEFECTS

(APPROX) 90mm ELLIPSOIDAL HEAD

Fig. 1.

Boiler upper head and section through manway (schematic).

MANWAY DEFECTS IN A STEAM GENERATOR

Figure 1 shows a sketch of a pressure vessel upper head.
section through the manway indicating the approximate locat

To characterize the flaws several simp
example,

It also shows a
ion of defects.
lifying assumptions were made. For
although the defects were scattered throughout the weld zone, they
were considered to be coplaner for the purpose of the analysis. The non-
destructive inspection results reported several indications. These were
measured using both 45° and 60° ultrasonic probes. No attempt was made to
identify redundant indications; the size of overlapping indications was
taken as those of the enclosing rectangle as indicated in ‘the ASME

Section XI Code. These assumptions increase the severity of the flaws for
the purpose of analysis. -

During operation, the vessel may be subjected to many different transients.
Each transient is associated with a change of pressure and temperature and
produces a specific distribution of membrane and bending stresses which act
normal to the defects. The fatigue analysis, therefore, must consider the
growth of all indications due to the different stress states with due atten-
tion to the interaction between the flaws. This analysis should also use
appropriate fatigue growth data for surface and subsurface cracks including

the effect of load ratio on the data. This case study illustrates our
approach to this complex problem.
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e assessment was made on the basis of the ASME Boiler and Pressure Vessel
fg, Section XI. This document provides tables of flaw indication bior
warious pressure retaining components which are considered as sllowa e.
aturally, these flaw sizes are very small. Indications whic aﬁf noz
“acceptable” are "conditionally acceptable"” provided their growth to t eieg
#f mervice lifetime or next inspection is calculated and during this period,
§h§ maximum stress intensity factor K satisfies:

K < KIa//Ta» (normal condition)

W#here Ky, is the arrest toughness given in the Section XI. The primary
ress limits of the code should also be satisfied assuming a local area
peduction of the pressure retaining membrane that is equal to the area of
the detected indications.

_ftresses acting at the defect location were obtained from a three dimen-—
#ional finite element analysis of the steam generator secondary side manway
to head weld for the following cases:

{1) bolt loads

- {44) 1internal pressure

{411) maximum thermal transient (at end of heatup)

{{v) worst case pipe reactions (due to the steam pipe)

The distribution of the membrane and bending stresses acting mnormal to the
defects are shown in Table 1. These are for 'normal' conditions. For emer-
gency conditions (eg, crash cool down) the thermal stresses are compressivi
~ and the pressure drops, consequently, the (Level A) heatup transient pro
duces the most severe stresses. The temperature amplitude ?ssociated with
other normal and upset transients are small (less than 15°C) compared ;o
_heat up (211°C). Stress amplitudes for these transients are dominated by
the pressure amplitude alone.

TABLE 1 Total Membrane and Bending‘Stress Acting Normal to Defects
1
Membrane Bending( )
Location MPa Ksi MPa Ksi
0 188 27.2 230 3343
30 165 24,0 194 28.1
60 141 20.5 184 26.7
90 125 18.2 179 25.9
120 101 14.6 162 23.5
150 76 11.0 125 18.1
180 57 8.3 ‘116 16.8

(1)

Inside surface is in compression relative to outer surface.
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Fatigue Growth Analysis

Analysis of the growth of the defects due to cyclic loading was performed
numerically and a computer program was developed for this purpose. The
program treats all the indications simultaneously in order to account for
their changing interactions (due to the characterization rules of the

Section XI) during growth, and performs the following sequence:

(i) individual indications are characterized according to the code rules
(combining defects if 'near enough', treating subsurface as surface defects
if 'too close' to the surface, etc),

(ii) since membrane and bending stresses vary around the manway, a search

for those producing the maximum AK for a given characterized defect is
performed, -

(i1i) the size of each defect is then increased based on its maximum AK and

the appropriate fatigue growth data (eg, for inside surface cracks steam

environment data are used, for subsurface and outside surface cracks air
environment data is used),

(iv) the size of individual indications are then increased (length and
vertical extent) proportionately to their enveloping 'characterized' defect,

(v) the steps above are then repeated.

For this component one design 1life corresponds to 500 heat-up/cool-down
cycles and 15250 cycles due to other transients such as power maneuvering,
frequency control, turbine trip etc. The numerical analysis was performed
considering only heat-up/cool-down transients. The effect of other tran-
sients was investigated analytically. The calculation indicates Ilittle
change up to about 10,000 heat-up/cool-down cycles, since the largest -and
fastest growing defects remain subsurface. The effect of including all
transients 1is estimated to be small. For _subsurface defects or surface
defects exposed to steam with AK < 19.5 MPavm, a reduction in the calculated
number of design lives in the order of 10% is then expected. However, if
defects were exposed to steam at AK > 19.5 (during all transients) the
reduction could be as large as 57%. Specific results are given in Table 2.
The maximum stress intensities remain well below the allowables which are
69.5 MPavm for normal and upset and 155.3 MPavm for emergency: and faulted

conditions. The material pProperties as used in this analysis were from
ASME, Section XI.

TABLE 2 Flaw Size and Stress Intensity Factor

Total Verticle Extent

Total Length (mm)
(mm)

Max K (MPa /E)

Initial At 17 Design Initial At 17 Design Initial {At 17 Design
Lives Lives Lives

22.0 22.7 47.0 67.7 26.8 29.4

some location, a redistribution of loads
#xpected. An appropriate method for
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mary Stress Limits

& ASME Section XI code rules require that the primary stress (Tresca

s
uivalent stress) due to mechanical loads (pressure and pipe reactions)

swain below the allowable limit (l.5 Sm = Yield Stress, Sy) when the wall

f defects, as characterized by
duced because of the presence o
E;cégﬁzs iinrihe present analysis, the maximum defect size was governed by

e primary stress limits.

E 1 ested that the calculated minimum wall thickness and the;:fg;‘z
oy ble defect size may be overly pessimistic because the n

e i If yielding were to occur at
around the manway would be

this effect is through
et L NB-3228-2.

#ngth of defects is not taken into account.

glastic limit analysis as is allowed for in Section III NB-3221,
THERMAL PLANT CASE STUDY

f’h tructural integrity of components in thermal plants is boif smaiﬁz
E sst to utilities. Large components, such as _headers, tur brizms -

;zz:;ztots might fail catastrophically and ;ausz:_“pxcx;a‘igi izi’elt;};e:zst =

ve nd co

ol economiuizdiggg idr:l:regginiow;:ti:;ueacracking, with unit age and ithe

,ﬂﬁ’mponents ?ac}:, clic operation. The most obvious result is corrosion fatigue

;?'iiiiﬁ;eig wa}t'erwalls, economizers and low temperature headers.

on the economizer inlet feeder of a
A 1gsslt’:;xtaiosnt.ub MZ‘;:Zelli:igit*laZiic examination showed severe crackin%
;i'fﬂal"fir"-d.gowe; the tube, and on the header outlet hole in an axial direct
"m B g zematically’in Figure 2). The cracks were present around Tgsd
= (ShOWn‘dSC f the stub tube, and were the typical broad, oxide-fi (;
s e ie toed with corrosion fatigue. Removal of the head‘er handh_o e
e and showed substantial internal cracking. Examination of ottiuer
:Z::zmi;egnineiet headers in identical units and others of different design

showed similar cracking, though generally not so severe.

TUBE
FAILURE LOCATION

ECONOMIZER
INLET HEADER
STUB TUBES

TYPICAL {.TUBE
LOb}J\%ITSUDINAL % THICKNESS
CRACK

LIGAMENT

HEADER
THICKNESS

Fig. 2 Typical cross—section through economizer inlet header at tube
attachments (Courtesy of D. Sidey).
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The two headers in the worst unit were replaced immediately; three others
are scheduled for 1later replacement. Destructive examination of one of
these two headers showed that the worst cracks were about 1/3 through the
62 mm wall (see Figure 3). The presence of cracks in a pressure vessel
obviously has implications with respect to the structural integrity of the
vessel so a program was developed to (1) perform a fracture mechanics
analysis to determine if the cracked header would 'leak before burst' and

(2) develop a nondestructive evaluation (NDE) technique to measure crack
depths in headers in service.

MINIMUM OUTLET
CRACK DEPTH HOLES

CRACKED REGIONS

Fig. 3. Schematic showing minimum crack depth in header.

Fracture Mechanics Analysis of an
Economizer Inlet Heater

The procedures adopted for a leak-before-break analysis involve first, a
stress analysis and second, a fracture analysis. Considering the primary
pressure stresses and the stresses arising from a thermal shock applied to
the header internal diameter, the stresses at the critical location on the
header were determined (Hoff and Byrne, 1982).

Using this stress data, critical crack lengths for brittle failure (fol-
lowing linear elastic fracture mechanics) and for ductile burst (using limit
analysis) were evaluated. The method of analysis is similar to those given
by Chell (1979) and Zahoor and Kanninen (1981). The following aspects were
addressed in this analysis:

1e Stress acting on the assumed defect,
2. Assumed defect geometry,

3. Stress intensity calculation,

4, Limit analysis,

5. Material Properties,

6. Estimation of critical crack lengths.

The mechanical properties and the fracture toughness values of the actual
header material (SAl06B steel) were determined by testing specimens which
were machined from a replaced header. The reference nil-ductiblity transi-
tion temperature (RTNpT) was estimated from the Charpy impact absorbed
energy and lateral expansion curves measured over a temperature range of 0°C
to 100°C. A proposed ASTM standard method (E813-81, Standard Test Method
for Jic. A Measure of Fracture Toughness. ASTM Standards. Part 10,
1982) was followed. The property Jic determined by this method character-
izes the toughness of materials at or near the onset of crack extension.
Jic values were converted to fracture toughness KIC(J) by the following
relationship where E is Young's modulus:

2

Kreay = Jic * E (1)
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TABLE 3 Fracture Toughness Data for SA106 B* Steel
MAX J..
MEASURING
TEST CAPACITY 5 7 X K
Sp. TEMP | °FLow OF SPECIMEN Q Ic Q_ IC(J)!
ORIENTATION | °C N/m? kN/m kN/m kN/m MPay/m MPavm
177
L-R 23 327 274 153 153 177
100 304 255 >255 >255 >229 >229
200 293 246 366 >246 275 >225
300 293 246 354 >246 270 >225
170
C-R 23 327 141 149 >141 175 >
100 304 131 213 >164 209 >164
200 293 126 192 >161 199 >161
300 293 126 130 >126 163 >161

* Chemical Composition 0.3 C, 0.52 Mn, 0.025 S, 0.22 Si, 0.014 P;
Yield 214 MPa, UTS 414 MPa

1.0
A U S —LIMIT ANALYSIS
Bhs LINEAR ELASTIC
\ FRACTURE
X MECHANICS
\
0.8
K;~ = 220MPavi™
IC -1 = Eem 2
o 0.6/
) K~ = 110MPaVm=LEF
5 Ic
S
w2
n
<
0.4
LIMIT ANALYSIS
po b e
av :
RM = 122 mm i
0.2 T = 54 mm !
T = 316.MPa AT | \\
100°C | N
I ~
Pe iy (el it qmmmm T
GROSS T T el
L 1 i) " i
% 200 T 400 600 800
CCLy pppy=345mm CCL, , =578mm

CIRCUMFERENTIAL CRACK LENGTH, 2c, mm

Fig. 4. Failure analysis diagram for circumferential through wall defect

in inlet header at 100°C.
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ii) simplify the detailed stress distributions and separate the pressure

Table 3 is a summary of all test results. The results from the linear elas= i thermal contributions,

tic fracture mechanics and limit analysis are shown in Figure 4. It shows
the ratio of assumed longitudinal stress to flow stress (p¢) at which either
the fracture toughness or limit load is achieved for a given defect length.
Two curves are plotted corresponding to two values of fracture toughness,
and also a curve corresponding to the limit analysis. The ratio P$ is based
on thermal plus pressure stress for the two curves corresponding to allow-
able fracture toughness, and on pressure stress alone for ‘the limit-load
curve. The critical crack length at the mid-thickness for a through wall
circumferential flaw may be obtained from Figure 4, based upon the geometry ) predict the number of cycles required to extend defects to their
of the inlet headers. 'inal size for a matrix of combinations of initial sizes and through wall

mperature differences.

i{) combine pressure and thermal stresses according to postulated operat-—
ing transient,

v) final tolerable flaw sizes were arbitrarily selected to be about 607%
#f the wall thickness. A check was subsequently made to verify that the
¢ture toughness was not exceeded for the postulated loading,

TABLE 4 Critical Crack Length (CCL) Estimates  this analysis, the results were bracketed between the maximum and minimum

fess8 levels. Some conservatism was built into the assumed flaw models and

CCL CCL Vﬁgir final size. The basic approach employed was to provide as realistic a
Basis (mm) L+2D* ff&dlction as possible within our understanding of the current technology,
#8 opposed to demonstrating the satisfaction of preestablished safety
Limit Load o 578 6.9 gins.
LEFM, Kc = 161 MPa/m, @ 300°C 505 6.0 =
o— o
LEFM, K = 170 MPaym, @ 23°C >570 6.8 I
< 2 & INITIAL DEPTH
LEFM, Kc = 110 MPavm 345 4.1 \\\ \ \ :
-4
A

16.00
—
Er
_—

’#/
T |

///
=] =
///

* L+2D = mean circumferential ligament length + 2x tube inner
diameter.

L1
<NXdOX+p0O0B
NRIN = @D N
Q- 0OWO
oLoOblhn®

L]
L —1"_ —

12.00

This critical crack length needs to be compared with the physical dimensions
of the inlet header in the reglon of the tube attachments. This has been
carried out in Table 4 where the value of critical crack length is compared
with the dimension L + 2D where L is the remaining ligament “between the two
inlet header stub tubes and D, the internal diameter of the tubes. Here L +
2D is taken to be the assumed worst case flaw, ie, complete failure of the
ligament between the two stub tubes. From Table 4 it is apparent that a
continuous through wall crack of at least 4.1 times longer than the assumed
worst case flaw, ie, complete failure of the ligament between tube pair in

-

1000'S OF CYCLES

00
//
st

7
I/

the circumferential direction, would be required to initiate a brittle E:T\\\\\\\\\\\\\ \\\\::::~\\\
fracture around the circumference of the inlet header. Any failure of the
T
headers would, therefore, occur by leak and not break. e \\\T:::%~\\N::::::::::::i5555
o
C'b.uo 20.00 40.00 60.00 80.00 100.00

Fatigue Life Prediction of an Economizer Inlet Header DELTA-T (C)

5 Fatigue 1life predictions from maximum stress circumferential flaw
model.

Experimental and analytical work described in the previous section indicated
that the header would leak, rather than burst should a failure occur. This
section attempts to predict the number of operating cycles that an existing
or postulated flaw might endure before propagating through the vessel wall.
Special consideration was given to the effect of warmup and cooldown rates
on flaw growth since the stress field is dominated by thermal effects and
these are, to some extent, controllable.

'kultu are presented graphically as a series of curves giving the predicted
atigue cycles versus through wall temperature difference obtained from
hermocouple measurements, each curve corresponding to a given initial flaw
pth (Figure 5). The trends in the fatigue predictions shown in Figure 5
¥# as expected; a decrease in life with inital flaw depth and increasing
hrough wall temperature difference, AT. Evidently the thermal membrane
ntribution to the stress intensity factor dominates the bending effect,
its reduction with AT 1is responsible for the increase in predicted
e8 in the circumferential ligament.

The following procedure was adopted to predict the cyclic 1life of the
headers, considering only fatigue growth of pre—existing flaws:

(1) simplify the defect geometry as a representative single, fully longi-
tudinal or circumferential flaw,

FeH, 5=N
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inlet headers established the structural integrity of these components usin,
fracture mechanics providing information usable by operations personnel.

METHODS FOR STRESS INTENSITY FACTOR DETERMINATION

literature.
factor K (crack driving force for a linear elastic

values (crack driving for elastic—plastic case) must either be estimate

calculated by a mathematical analysis. Estimati
factors from two dimensional models or from the p
instead of the actual distribution, may lead to ove
Calculation of stress intensity factors is usually

a variety of numerical methods (Rice, 1972; Vanderglas, 1980).

function technique provides an efficient means for
an uncracked component into stress intensity facto
being directed by Ontario Hydro toward refining this

The weight function is essentially the elastic stress intensity factor due

to a unit point load applied at a given location. S
to a body can be represented by superposition of suc
ledge of the weight functions for all points on and
a direct evaluation of the stress intensity fact
loading. The technique is effective because it is p

weight functions for all points in a single analysis.
for any particular loading can subsequently be obtained from this informa-

tion without reanalysis. Several methods have been

DETERMINATION OF MATERIAL PROPERTIES

The second key ingredient in the structural analysi
ability of actual material properties.

Ideally, these properties should be

However, situations often arise in which the stress inten:

on of stress intensity
eak stress on a section
rly pessimistic results,
done by employing one of

r and research is still
techique.

ince any loading applied
h point loads, the know=

within the region allow ;'

or for the distributed
ossible to calculate the
Stress intensities

devised for the calcula-

S8 process is the avail-

known for the service environment of a component. Material related projects

at Ontario Hydro are planned to address specific p

lant related issues and

they are focussed on materials used in critical power plant components such

as pressure vessels -and large rotating machines
generators. §

Pressure Vessel Steel

such as turbines and

Large vessels such as steam generators, pPressurizers, headers and condensers
in Canadian nuclear stations are fabricated from SA516 GR 70 Pressure vessel

steel.
against general corrosion and fracture.

Experience has shown that these steels provide 1large tolerance
Ontario Hydro has made extensive

use of the material data for low carbon steel (oyje1q < 345 MPa) given in

the ASME Boiler and Pressure Vessel Code, Section
integrity consideration of these vessels.

crack growth rate as a function of the range of stre
load-ratio for air and water reactor environment.
use of the Code data, experiments were conducted to
growth rates of SA516 GR 70 Pressure vessel steel

XI, in the structural

These data are in the form of

In order to justify the
determine fatigue crack
> associated welds and

The weight
translating stresses in

i?ﬁllc loads.

terial.

pmbedded

racks, .
#ppeared to be somewhat
&gﬁpact—tension specimens for the same material under similar conditions

Vanderglas and Mukherjee, 1981).

Pig. 6.

106B piping steel and the results were compared with the Section XI air
ference curve (Mukherjee, 1980; Mukherjee and Vanderglas, 1980).

dard compact tension specimens were subjected to
i exper{ﬁi?t:;pégfxzélal maé;ix included three different plates; 9
tentations where the crack plane was perpendicularoand pigzitflfrespec_
ively to the rolling direction; two temperatures, 20°C and z ,t gequen
es between 8 and 0.02 Hz and parent, weld and heat-affecte
Test results in Figure 6 show that within this test matrix the
iietion XI air reference curve remains a good representation of fatigue
srack growth properties of the steel in an air environment.

Atigue cracks that grow in an operating component are usually elliptical
; cracks or semi-elliptical surface crackse. gl
B#A516 Gr 70 material were grown in fatigue under pured bending loads.
F rack growth rate and shape change were measured.
Bastgue ;atigueg crack growth rates at a given stress intensity amplitude

lower than that expected from

1075
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rature, a transition range and a ductile fracture range at higher
rature. In the transition range fracture toughness increases rapidly
g£h increasing temperature and toughness values determined from small
mens may be much higher than those determined from large specimens. In
ductile fracture range, fracture toughness measured at the initiation of
ductile fracture process in small specimens gives a conservative value

ndes, 1979).

Low Pressure Turbine Discs

In order to facilitate ultrasonic inspection and refurbishing of several low
pressure turbine discs, 12 and 15 mm thick rings were removed from the ris
and the bore of these discs. Structural integrity consideration of roter
discs is based on plane strain fracture toughness values (K1) which are
required to estimate critical crack lengths and useful service lives of
rotors in a stress corrosion cracking situation. These discs were manufac=
tured before the use of linear elastic fracture mechanics as an effective
fracture control tool was introduced in the turbine manufacturing industry.
Therefore, Ky, values were not known for these discs and an experimental
program was initiated to develop a method to measure Kie using miniature
specimens. Charpy size specimens were machined from the disc off-cut

precracked in fatigue and were used to measure a crack initiation toughneéé
Jic using a resistance curve approach. The J-integral values were deter=
mined from the area under the 1load displacement curve and physical craék
extensions were calculated from periodic unloading during a test. The
J-integral values versus crack extensions are shown in Figure 7. Table 5 1a
a summary of test results showing Jrc, fracture toughness at crack initia= rrently, some utilities are keeping records of all significant pressure
tion. Jic 1s converted to Ky, using the Equation (1) (Albrecht and temperature transients experienced by critical nuclear components, so
co—workers, 1982). yat actual loading history rather than the anticipated design conditions
be used for fatigue evaluation. Bookkeeping of operating transients may

STRUCTURAL INTEGRITY EVALUATION — NEXT TEN YEARS

is anticipated that the need to perform structural integrity evaluations
nuclear pressure-retaining components will continue to grow as further
;¢ lear plants are commissioned in Ontario. In order to meet rigid time
straints for evaluating flaws in nuclear components, all background work
. determination of operating stresses, compilation of material data and
#ction of methods and computer programs for calculating stress intensity
tors) must be addressed before inspection of a specific component.

350,
411 become a requirement for all nuclear statioms.
oCi
ocC2
300~ 4 C3 TABLE 5 Summary of Toughness Values for Turbine Rotor Disecs*
uCh
¢ C5
250%‘ Disc J]'.c l(Ic dJ/da UTSs 0.2% YS
Number | (kN/m) (MPa/m) (6N/m?) (MPa) (MPa)
£
Z 200 A 138 170 0.54 772 620
= B 174 189 0.66 903 784
< c 78 125 0.47 1014 950
& s D 154 178 0.67 785 652
T E >154 >178 (Not 804 664
z - (Applicable)
4 . o
100}—
A
* a° 5 * Specification: C 0.40 Max, S 0.018 Max, P 0.015 Max, Si 0.15-0.35,
Mn 0.70 Max, Ni 2.0-4.0, Cr 2.0 Max, Mo 0.02-0.70,
sol— * o V 0.005 Min; Yield 586 MPa Min, UTS 758 MPa Min
3
0.‘0:’o & use of elastic-plastic fracture mechanics methods for structural inte-
1 1 . g
og == T 0.:5 o.lzo 0.125 = ity evaluatdion w:‘Lill 1pdr:olbiably be incorporated in design and in-service
CRACK EXTENSION, a (mm) papection codes and guidelines.
Fig. 7. J-integral versus crack extension. : ng the new uses found for personal computers has been that of automating

shoratory testing. Low cost off-the-shelf systems are being used to
#gontrol and monitor tests, acquire data and to analyze test results.
Personal computers have been used in the fracture mechanics laboratory of
tmtario Hydro to monitor long—term stres corrosion cracking tests, to
@sasure and plot load amplitudes during strain controlled low cycle fatigue
s6ts, to conduct single specimen Jy. tests! using an unloading compliance
sthod and to measure crack length using a potential drop method. The
mans use of inexpensive computers to aid material testing will reduce

fasting costs and will result in the availability of a large pool ofquality
#nd objective material data.

Fracture toughness values from small specimen tests taken primarily in the
post yield regime may be used to evaluate structures operating in a linear
elastic regime. However, extreme care must be taken in interpreting these
results, since the fracture toughness values may be either conservative or
unconservative depending on the fracture mode.

Ip steels which exhibit a fracture mode transition, the fracture behaviour
must be considered in three different ranges, brittle fracture at low
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CONCLUDING REMARKS

This paper was intended to illustrate the use of fracture mechanics methodn
in the assessment of the structural integrity of power plant components.
Several examples of case studies and material related testing were pre-
sented. Some other aspects of structural integrity evaluation including
quality assurance of a pressure boundary, in-service inspection procedures,
estimation of flaw sizes that may be missed during an inspection, proh-
abilistic approach to integrity evaluation and the availability of a sufit
able in-situ repair procedure are outside the scope of this article.
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