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Abstract

Twenty case studies involving the application of fracture correlation was that the inputs into the analyses,
mechanics to structural integrity have been reviewed and particularly fracture toughness, were often approximations.
compared with a similar report published in 1978, Sixteen . Both studies suggest that the likelihood of failure is
of the new cases discuss failures, while four are fitness-for- particularly large when there is a defect >25 mm in size and

- purpose analyses (i.e., evaluation of safe operating - when the fracture-toughness: yield strength ratio is <0.16
conditions of defect containing structures). In reviewing 6 =1.0 VIE

. the case studies, the ceticulated value of stress intensity at
fai!are was usually found to be only approximately equal to
the reported value of fracture toughness. Furthermore,in a Compared with the earlier study, no significant
number of cases, the calculated stress intensity was improvement in accuracy of failure analysis was detected,
significantly less than the reported fracture toughness, However, expert opinion suggests that there has been
thereby indicating a nonconservative fracture mechar ics significant improvement in fitness for purpose analysis.
analysis. The probable cause for this relatively poor

i
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1 Introduction

11.1EObjectIves and Baekground ' experimental inputs. For these reasons, it should not be
._ . inferred that discrepancies between theory and experience

<The objective of this program was to evaluate the adequacy reveal an inherent deficiency of fracture mechanics. While.
of fracture mechanics as a predictor of failure loads of any theory should be regarded with skepticism, there is
engineering structures containing dcrects. At the outset,it ample evidence that fracture mechanics provides a valid
we.s decided to use the case study method and to concen. method of calculating failure loads of cracked bodies,
trate on reports of service failures. Case studies have the However, as with any idealization, certain approximadons
advantage that they are from real life experience and are need to be made in practical cases. In the particular case of

: the best method for revealing the strengths and weaknesses failure analysis, there are several possible sources of error,
; of applied fracture mechanics. However, this approach has including the following.-

a drawback, because pressure vessel failures, which are of .
. major inte est to the Nuclear Regulatory Commission, are

.. .

: relatively rare and have not included any known nuclear - Uncertainty in fracturt toughness is probably the major .

reactor pressure vessels. contribution to overall uncertainty.2This situation arises >

because scatter in toughness measurements is often large,
particularly in the ductile / brittle transition region of stects.

His report is, in part, an update of a 1978 survey by Rich He Problem can be compounded by localized material
lr.nd Rosenfield and is summarized in Table 1.' About half . variability and, in nuclear applications, by uncertainties in

of the 21 failure analyses in that study were associated with the amount of radiation damage. Unfortunately, the best .
1 fatigue.Overall, weld defects were the second leading -- Practice, which involves fracture-property measurements in
problem, including the two pressure vessels included in the . the vicinity of the failurc, is not always followed. In fact,

3survey. One of those vessels failed when the calculated . handbook values of toughness are often used in failure
.

stress intensity was close to the measured value of K e, analyses. The magnitudes of the associated errors are dis-l ;

-while the other failed at only 0.75 K e, Although no reason cussed in the next section.l
for the latter discrepancy was found at the time, it was

; possibly a result of using a mean value for fracture

'

(- toughness and not taking data scatter into account properly. Uncertainty in flaw size and shape can occur because the -
- failed part was lost or severely damaged. Even if the frac-

. ture surface is intact, there may be problems in correctly
In addition to the evaluation of load predictions, the 19' 8 evaluating the fracture-surface markings. Dese uncertain-7,

' survey revealed two other characteristics of structural fail. ties also arise in safety analysis of operating components;
*

: utes: 80% of the failures occurred in materials for which involving potential errors arising from estimates of flaw
KIdY was <0.16 VE (:=1.0 Vir[); where Y is yick! ' size, shape, and location based on nondestructive evalua-
strength, and 60% occurred in structures where the maxi. Lion,

mum crack dimension was >25 mm (1 in.); all structures '

had at least ene of these naracteristics. Of course, it is not
. !

possible to estimate the number of structures operating Uncertainty in stress will arise in situations where there
. safely under either of these conditions. are unknown loads, unanticipated loads, or unknown load--

- ing rates. In addition, there is often insufficient information
to assess residual stresses-

p 1.2 -Uncertainties in Fracture i

Mechanics Analyses!

Uncertainty in stress-intensity evaluation can be mini-

1.2.1 Overview _ mized by finite-element analyses. In cases of fatigue fail-
ure, it is also sometimes possible to obtain stress-intensity

- As an initial task in this study, the 1978 Rich and estimates independently by analyzing striation-spacing
I *#"* """*"I''Rosenfield paper was reviewed to evaluate possible diffi-

'

p . culties in usi_ng fracture mechanics to predict failure loads.
! L Reference 1 states that the analysis was hampered by a

combination of a limited data base and uncertainties in
Because of all of the uncertamties described above, it is

. . ..

reasonable to assume that a fracture-mecham,es analysis

'
1 NUREG/CR 5860
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introduction

will provide an accurate assessment of failure conditions table includes J ei varbbdity, which appears to be about
only if all of the inputs are known accurately and the frac- twice that for Kle. For multiple base-plate data sets, die
ture toughness does not exhibit large scatter. In most cases coefficient of variation of K e is somewhat larger thanl
there are deficiencies in one or more of the inputs; there- 13% , compared with -8% for single plates. Based on all of
fore, the cerrectness of the failure condition K = K e (K is the upper-shelf data, a working hyp) thesis is that the coef-l
the stiess intensity at failure end K e is the fracture tough- ficient for handbook values is also 10 to 209 for bothl
ness) cannot be tested closely. Either accurate inputs or plates and weld metals.
canceling of errors should lead to a close correspondence
between theory and experiment. Ilowever, it is not likely
that errors will cancel in all cases and that there will be The first entry for the lower shelf and transition regions of
situations of apparent inequality, either K > K e (conserva- steel was calculated using Eq. (1), which represents a veryl
tive result) or K < K e (nonconservatisc result). For large data base.4 If the coefficient of variation of crack-tip-l
example,in the 1978 compilation,--60% of the analyses opening displacement (CTOD), in terms of w hich much of

-

were accurate (to within ~10%),25% were nonconserva- the weld data are reported,is also twice that of K , a typi-ic
cal value for K e below the upper shelf would be on thetive, and 15% were conservative. One question to be l

addressed in this eport is whether advances in the technol- order of 20% for both base plate and weld metal. The heat-
ogy have changed significant'y this accuracy estimate. affected zone data exhibit an even larger coefficient of

variation, but this class of material represents a very small
" "* *"# '

1.2.2 Fracture Toughness Variability

As noted previously, uncertainty in fracture toughness is 1.3 Safe Operation of Structures
probably the greatest impediment to improving the practi- COntaining Defects
cal application of fracture mechanics. Ideally, it would be
desirable to riave a complete statistical evaluation of the la view of the scatter in toughness,it is necessary to deter-
properties of the material being investigated; however, this mine the appropriate value for use in design and analysis.
information is not generally available. De nearest MIL-ilDBK-5E (Ref. 5), w hich uses the term "allowables"
approach to general agreement is for structural steels and to characterize desired comtiinations of probabilities and
weld metals in the ductile / brittle transition region, where a confidence levels of mechanical proper *ies, unfortunately

3three-parameter Weibull distribution is used, does not apply its complete analysis to fracture toughness.
Conversely, the lower-bound approach of the American

F = 1 - exp|-((K e - K yKol"} (l) Society ofMechanical Engineers ASME Boiler and
~

l t

Pressure Vessel Code, which is used in the nuclear indus-
where F is the cumulative failure probability and K and try, treats fracture toughness but lacks statistical rigor.i
Koare the fitting parameters.

Choosing the appropriate fractur>toughress value is
,

Coefficients of variation (standard deviation /mean) for a important for engineering analysis of operating structures
variety of plates and weldments are given in Table 2, where cracks have been discovered. Dese analyses, w hich
Although a complete survey of scatter is beyond the scope provide another approach to evaluating the accuracy of
of this report. Table 2 is believed to be representative. fracture-michanics predictic s, include residual-lifetime
Individual data setc far the MIL-HDBK-5E entries in this and fitness-for-purpose methods. The common thread in
tabic are unique combinations of alloy designation, heat these techniques is a determination of whether the existing
treatment, product form, and orientation, while the other cracks will propagate catastrophically before the next
high strength-alloy entries are less restrictive. It appears scheduled inspection. Fitness-for-purpose is used in this
that the typical coefficient of variation for handbook values report as a generic term to describe these approaches,
of these materials is on the order of 10 to 20%, depending which appear, from expert comments, to have developed
on how well they are characterized. more rapidly than has the application of fracture mechanics

to failure analysis. Specifically, more a"ention is now
given to the incorporation of fracture mecl.anics in design

An analogous situation holds for upper-shelf toughness and inspection than was the case a decade ago.
values for structural steels. Note that this section of the
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Table 2 Variability in fracture toughness |

Coefficient of variation
(%)

Material Kle Jie CTOD Reference
.

liigh-strength alloys"

Aluminum-base alloys '3-33 5
,

b 8.9-10.4 5 IAluminum-base alloys
Aluminum (7075-T6) 32 6 i

Steels 7-23 5

5 teel (4340) 22 6

Structural steels

Upper shelf region

Base plate 7 13 7

Base plate 16 8

Base plate 8A 15 9
aBase plates 333e ;o

Weldmentsd > 17e 1I
Weldment 20.5 36 9

. Lower-shelf and transition regions
.

aBase plates 40' 2
ig_2gd 3Base plates and weldsa

Weldsd 25 47 II

Weld HAZd 50-75/ 12

dMuhiple lots of materbl; otherwise, single plates or wektments are reponed.
bData sets with >100 entries.
CValues at 100 to 150*C. Each entry is the coefficient of variation of means of multiple heats. 'The
coetTicients of the data sets are unknown but might not be very much larger,

dBasal on the three-parameter Weibull distribution, with exponent = 4. variability arises from variation in
the K :Koratio.1

' Estimated.
/ Estimate based on the tenth percentile of 485 tests.

As an example of fitness-for-purpose, Tait and Spencer 13 this, savings claims in excess of $2.5 billion have been
: analyzed a pipeline containing I to 2-mm weld defects, reported for the fitness-for-purpose approach.14 Interest in
They concluded that these defects would cause failure only such analyses and the opponunity to provide a separate
if the pipe was not stress relieved; full stress relief would estimate of the limitir.g value of stress intensity for safe
increase the ::ritical crack size to several meters. Based on operation led to the inclusion of four fitness-for-purpose

- these calculations, the pipeline operator avoided an cases in this study.
,

extremely expensivt repair, Because of examples such as -

2 Methodology

i
' Case studies were limited to those reponed in the past 10 published between 1986 and 1989, the date of occurrence is'

years (1980-1990) to provide a survey of recent technol- unknown for almost all of the failures, it is also not possi-
ogy. While three-quarters of the studies in this report were ble to state how representative these studies are, because

5 NUREGER-5860
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many cases are never reported publicly due to litigation and e operating stress,
other considerations. Indeed, it was not possible to obtain * residual stress,

any unpublished case studies for this report due to an e flaw size and shape,and
apparently increased reluctance to reveal details of service e fracture toughness.

failures. The reported case studies were taken at face value because
the data were used as published and without change. Values

i and K c/Y were calculated when not reportedLaboratory tests were excluded from this report because of K/K c i
they contain a degree of control over variables that is not explicitly.
possibb ' . the field. Rus, all of the cases involved actual
structures or components, with emphasis on locating
reports of brittle fracture of pressure vessels. Some case studies, based on United Kingdom practice,

provided neither K nor Kje. Instead, both the actual defect
size and the critical defect size were reported. In these

A form was prepared to organize the data consistently. In
cases the K/Kgc ::tio was calculated as the ratio of ther

addition to describing the component, operating conditions,
squ re roots of the two defect sizes if failure occurred by

cause of failure, and bibliographic information, spxe was
brittle fracture.

provided for the following key numericalinputs:

3 Results

The Appendix contains the individual forms used to report fracture-toughness values for the weld varied by a factor
each of the case studies. About half of the cases involved of 2.
pressurized components, including one nuclear incident
(Case 3 is the rupture of a Zircaloy tube). In nalf of the Case No 3 involved the previously mentioned rupture of a
cases the material wm low- to medium-strength steel. The Zircatoy rextor tube, with scatter reported in strength and
causes of failure va.L J over a wide range, including manu- toughness. Even though this was one of the most com.
facturing defects, fat ('to and environmental degradation. pletely documented cases, the uncertainty in the K = K cl
One-quaner of the failures occurred in weldments it is criterion was 12tNc, which is not surprising based on
believed that these case studies,in aggrerte, provide a rea- Table 2.
sonable picture of the state-of-the-art of fr,cture-
mechanics-based failure analysis. However, this statement Case No. 8 was a powder-pressing die where the operating
rests on the tacit - iption that published case studies are stress had to be esumated.
representative o' - Jure-mechanics-based failure analyses
as a whole, an wumption that cannot be proven. Case No.10 was failure of a centrifugal fan in which the

strength of the material was unknown and there was typical
scatter in the fracture-toughness value.

Quantitatively, the most striking feature of the analyxs is
the uncertainty in the inputs, in virtually every case there
are assumptions, approximations, and da:a scatter, Some Because of these data deficiencies. it is difficult to evaluate
authors used handbook values, and some had so little the applicability of fracture mechanics with a 1.igh degree
information that the analyses are not of much value for of certainty, as can be seen in Table 3, which summarizes
generating conclusions. In some of these cases there is a the estimated values for the key properties. Because
spread in stress arising from uncertainty in residual stress. slightly different pictures emerge from the failures and

from the fitness-for-purpose cases, the two groups are dis-
cussed separately.

The deficiencies in the case studies can be illustrated with
some of the following randomly chosen examples:

The failures tended to have common characteristics, with a

Case No. I was a propane-tank er % ion where the stress predominance of large cracks (>25-mm maximum dimen-
and strength of the weld were unknown and the range of sion), low operating stresses (less than half of the yield
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Tensile
,

Table 3 Summary of post-1980 failure analyses

Case a gic g3c/ya

No. (mtn) c/Y (MPa*M) (6) K/Kci
Failure analyses

1 127 >0.116 39-74 0.07-0.14 >0.2-0.4
2 108c d 15 0.12 d

3 100 -0.13 40-50 0.06-0.08 0.8-1.2
4 31c 0.63 88 0.10 > 1.4
5 100 0.08 24 0.06 >l.1
6 31 0.22 30-35 0.06-0.07 0.8-1.1
7 ' O.46 11-33 0.01 4' 02 '

_

8 1.2 0.26 22 0.01 1.0
9 400-450 0.23 50 0.15 0.2f

10 *15 8 65 8 1.0-1.1
11 9.4 -0.5 44-50 0.09 -0.12 = 1.0
12 4.4 0.37 ^ ^ ^

-

13 130 0.17-0.38 55-99 0.22- " 0.1-0.8
14 100 0.17-0.28 75-90 0.06-0.s 0.6-1.0
15 4 ?) 8 40-50 8 1.4-1.8t

16 18 1.0 53 0.23 0.7-0.8
iFitness-for-purpose analyses

F1 997 0.14 40 0.14 0.4
F2 6-10 0.68-0.96 65 0.23 <0.5-1.3
F3 <30 K 70 8 <0.2
F4 8 0.53469 45 ONO.10 0.5

%!aximum dimensim of crack.
O

Subsequent examination revealed that applied stress mis unknown.
' Estimated.
dStress and flaw sue unknown.
' Flaw size unknovi.
/ uthors beheve that unreasmable resuh is due to unknown residual stiets and matenal inhomogeneity.A
f Yield strength unknown.
AFracture tcughness unknown.

' Cracked structures opraung safely,

strength), and low-to-moderate toughness values technobgy is unknown but may be due to the limited data
(<100 MPa*6). he failures also tended to exhibit low base and/or lack of progress in reducing scatter in K c.i
Kre/Y ratios (<0.16 6). In short, the situation is not
appreciably different from that existing in 1978.

He fitness-for-purpose cases appear to have somewhat
higher quality data than the failures. Three of these fitness-
for-purpose cases suggest that safe operation is possible at

The K/Kgc ratios at failure also appear to be consistent with and below 0.5 K c,if conservatism is used in the choice ofithe earlier study because there is no discernible bias toward
toughness level. Rese cases also suggest that safe opera-

conservatism or nonconservatism. Beyond this statement, tion can be achieved even when there are large cracks and
no definite quantitative obser'.ations are possible. In fact, low Krc/Y ratios, provided adequate care is taken. Rir
fewer of the failures occurred within 10% of K c than was example, two of the analyses (F2 and F3) recommend lowl
the case in 1978. The reeson for this implied regression in pressures for cold sta-$up of pressure vesseis.

7 NUREG/CR-5860
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Results

llowever, fitness-for-purpose analyses are also sensitive to authors employed K ei values that varied by a factor of 2.4,

the quality of their inputs. For example, a recent compila- stress values that varied by a factor of 1.6, and calculated

tion of four independent fitness-for-purpose studies of critical flaw sizes that varied by a factor of 5.2.

irradiated textor supports 5 showed that the individuall

4 Discussion

Because failures by their very nature are unpredicted and 2. No safety analyses should be completely deterministic,

uncontrolled, it is not surprising that their analyses contain Either upper and lower bounds must be set on the inputs

ambiguities. As a result,it is also not surprising that no (i.e., upper bound stresses and crack sites combined

precise numerical conclusions can be made regarding the
with lower bound tou',hnesses) or data scatter must be

accuracy of fracture-mechanics predictions of failure loads. specified statistically.

The uncertainty is compounded by the impossibility of 3. No-failure case studies, such as the fitness-for-purpose

knowing how representative are the reported case studies. approach, can be as uful in setting limits on operating

While resolution of the representation issue is beyond the stress as can those that involve actual failures.

scope of this report,it should be considered seriously if it is believed that these ground rules are not particularly
these results are to be mwrporated into the regulatory pro- controversial.Each of them either represents current engi-

necting practice a has been widely discussed in the techni-cess,

cal literature. The more difficult question is quantitative
implementation. For example, Ref. I suggests that a safety

Desp.ite the issues raised in the preceding paragraph, the factor be applied to fracture touguness as well as to yield
following data gathered for this report do allow for setting stress.The specific suggestion for toughness was that Kle 2
some ground rules m defining limits on operaung stresses 2K, and the more recent data contained i Wis report tend
of structures contammg flaws: to support that suggestion. As discussed earlier, the reason

1. Detection of cracks is not an automatic reason to with- for incorporating a safety factor is not an inherent irtade-

draw a structure from service. If the crack dimensions quacy in fracture mechanics but a difficulty in evaluating

and geometry are known,it may be possible to adjust the individual components of stress intensity and the actual

the stress and/or operating conditions and operate value of toughness.

safely.

5 Conclusions

1. Although fracture mechanics analysis may be accurate sizes >25 mm and fracture-toughness: yield-strength

in theory,in practice nonconservative predictions of ratios <0.16 fii.
failure load can occur because of the uncertainties in the 3. M is not clear why no significhnt improvements in the

inputs, particularly fracture toughness. accuracy of fracture-mechanics analyses of structural

2. Two conditions that appear to require particular care, failures over the past 12 years have been made.

relative to th+ possible occurrence. of fracture, are flaw However, some improvemems in fracture-safe design
and inspection have occurred.
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Appendix

Summaries of Failure Analyses

This appendix contains the data summary Sheets used in preparing this report. Case Studies 1-16 are actual failures, while
F1-F4 are fitness for-purpose analyses.

|
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Appendix

leg No.1 Date: February 9,1990

FAILURE ANALYSIS CASE STUDIES

Component or structure Pressure vessel (prepane tank)

Section size / shape 1680-mm OD,12.1 mm wall thickness

Material AISI 1030 steel, welded construction

Operating conditions A.mbient temperature,1.48 MPa pressure

Cause of failure improper maintenance and operation

Consequences of failure One death and considerable damage

Material properties

Yield strength, Y (MPa) 550 (est.)
Ultimate strength,U (MPa) Unknown

'

Fracture toughness, K e (MPad) 39-74i
Ductik:-brittle trasition

Temperature (*C) Unknown

Qiterion N.A.

K e/Y (6) 0.071-0.135l

Operating conditions

Operating stress,a LPa) 62os
Resiaual stress, cR (MPa) Unkmwn
Total stress, a + oR (MPa) 62 (min, see notes)o
Temperature at failure (*C) Unknown ambient

Flaw

Size (mm) 12.7 mm deep,127 mm long (est. mat.)

Shape Elliptical surface

Fracture-mechanles analysis

Stress intensity, K (MPad) >131

K/Kic @ 18 0.36
-

c/cy >0.11

Notes: Properties are of weld representative of failure location; critical flaw was caused by stress-corrosion a xking;
initial fracture-mechanics assessment indicated that the tank should have been safe; closer examination strongif ndicatedi

unintentional overloading.

Source of data: H. S. Pearson and R. G. Dooman," Fracture Analysis of Propane Tank Explosion,'' ASTM STP 918,

pp.65-77,1986.

\
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Appendix

leg No. 2 Date: March 2,1990

FAILURE ANALYSIS CASE STUDIES

Component or structure Cement tank hatch cover
Section size / shape 500 mm diam,6.4 mm thickness / lenticular
Material A 356-T6 aluminum
Operating conditions Tank being depressurized
Cause of failure ' Design and materialinadequries
Conxquences of failure Apparently minor

Material properties

Yield strength, Y (MPa) 131

Ultimate strength, U (MPa) 150
Fracture toughness, K e (MPa M) 15.2l
Ductile-brittle transition

Temperature ('C) N.A.
Criterion N.A.

Kgc/Y(6) 0.12

Operating conditions

Operating stress,a (MPa) Unknowno
Residual stress, og (MPa) Unknown
Tou.1 stros, a + oR (MPa) - N.A.o
Temperature at failure (*C) Ambient

Flaw

Size (mm) Unknown (see notes)
Shape Unknown (see notes)

Fracture mechanics analysis

Stress intensity, K (MPa M) Unknown (see notes)
K/K c N.A.l
c/oY N.A.

. Notes: Stress cormsion cracking is likely cause of critical flaw; hatch cover that failed was lost but similar cover contained
edge crack 108 mm deep, fracture mechanics analysis, using estimates of stress and flaw size, suggested that failure was
plausible.

Source of data: M.T Kaplan T, Willis, and R. L Bamen,"A Pressure Vessel Hatch Cover Failure: A Design Analysis,"
AST*4 STP 918, pp. 46-61,1986.

!.
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Log No. 3 Date: March 2,1990

FAILURE ANALYSIS CASE STUDIES

Component or structure Reactor pressure-vessel tube

Section size / shape 108 mm OD; 5-mm wall thicknew

Material Zircaloy-2
Operating conditions 240-290T, hey water
Cause of failure improper construction or operation leading to hydrogen

pickup
Consequences of failure Reactor shutdown

Material properties

Yield strength, Y (MPa) 662-719
Ultimate strength,U (MPa) Unknown
Fracture toughness, K e (MPa-6) 40-50l
Ductile-brittle transition

Temperature (*C) 260

Criterion Critical crack length vs temperature

K c/Y (6) 0.06408i

Operating conditions

Operating stress,a (MPa) 90o
Residual stress, OR (MPa) 0
Total stress, a + oR (MPa) 90o
Temperature at failure (*C) 240-290

Flaw

Size (mm) 100 mm long x c. 4.5 mm deep
Shape Surface elliptical

Fracture-mechanics analysis

. utss intensity, K (MPa+6) 40-50
K/Kic c. 0&l.2
o/cy c. 0.13

Notes: As a result of the failure, Zircaloy-2 was replaced by Zr-2.5 Nb to reduce hydrogen pickup.

Source of data: C, A Chow and C. A. Simpson," Analysis of the Unstable Fracture of a Reactor Pressure Tube Using
Fracture Toughness Mapping," ASTM STP 918, pp. 78-101,1986.

NUREG/CR-5860 14
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|
Img No. 4 Date: March 2,1990

FAILURE ANALYSIS CASE STUDIES

Component or structure Compressor wheel
Section size / shape %5 mm diam by 82.6-101.6 thickness / cylinder
Material AISI 4140 steel
Operating conditions 15 min after startup; operating temperature = 288*C
Cause of failure Quench cracks plus fatigue
Consequences of failure Turbine shutdown and w heel replacement

Material properties

Yield strength, Y (MPa) 844
Ultimate strength U (MPa) 1020
Fracture toughness, K e (MPa-6) 88l
Ductile-brittle transition

Temperature (*C) Unknown
Criterion Unknown

K c/Y (6) 0.10i
.

Oper :ing onditions

Operating stress, a (MPa) 533o
Residual stress, OR (MPa) Nonc repor.cd
Total stress, a + oR (MPa) 533o
Temperature at failure (''C) 288 (7)

Flaw '

Size (mm) 31 (?, see notes)
Shape Quarter-elliptical corner crack

Fracture-mechanics analysis

Stress intensity, K (MPa 6) >l20
K/K c >l.36

_

i
c/cy 0.63

Notes: Flaw size reported above was obtained via fractography and based upon the location of transition from mixed
ductile /intergranular fracture to cleavage fracture. The authors do not clearly state how their fractography observations
relate to the point of criticality.

Mechanical, thermal, and interference stresses are all present.

Source of data: R. Cippola, J. L. Glover, and R. H. Richman," Analysis of a Compressor Wheel Failure," ASTM STP
918,pp.181-210,1986.

15 NUREG/CR-5860
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Appendix

leg No. 5 Date: February 24,1990

FAILURE ANALYSIS CASE STUDIES

Component or structure - Compressor blade

Section size / shape 1.7 m long; failure in shank,152-mm diam x 229-mm length

Material Aluminum 2014.T6

Operating conditions liigh-speed rotation

Cause of failure Fatigue

Consequences of failure Not stated

Material properties

Yield strength, Y (MPa) 415 (llandbook)
Ultimate strength, U (MPa) 485 (Handbook)
Fracture toughness, K e (MPad) 24l

. Ductile-brittle transition
. Temperature (*C) N.A.
Criteilon N.A.

K c/Y (6) . 0.06i

Operating conditions -

Operating stress,a (MPa) 34 (see notes)o
Residual stress,~ oR (MPa) - Not stated

- Total stress, a + eR (MPa) 34o
Temperature at failure (*C) Ambient

Flaw .

Size (mm) 100(see notes)
Shape- Through crack growing in axial direction

Fracture-mechanics analysis --

Stress intensity, K (MPa.6) - >26 (see notes)

K/Kle > l.1 -

c/cy 0.08-

Notes: Initial defect was surface flaw 0.13 mm deep by 25 mm long. Similar scratches were detected on surfaces of other
blades,

: Tabulated critical flaw size corresponds to Stage II/III fatigue transition; operating stresses are cyclic values at Stage II/III

transition.-

. Source of data: R. G. Hampton and H. G. Nelson,"c ilure Analysis of a Large Wind Tunnel Compressor Blade," ASTMa
|STP 918, pp.153-180,1986.
l
I

!

!
~
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Appendix

leg No. 6 Date: March 2,1990

FAILURE ANALYSIS CASE STUDIES
|

Component or structure Frcraft horizontal stabilizer
Section size / shape 46 mm x c.70 mm/ rectangular section with extension arms
Material Aluminum 7079.T6

.

Operating conditions . Interminent cyclic loading
Cause of failure Fatigue
Consequences of failure Plane crash, six deaths

;

Material properths

Yield strength, Y (MPa) 470(llandbook)
Ultimate strength, U (MPa) 535 (Handbook)
Fracture toughness, K e (MPad) 30-35 (author estimate)t
Ductile-brittle transition

Temperature (*C) N.A.
Criterion N.A.

K c/Y(6) 0.06-0.07i

Operating conditions

Operating stress,a (MPA) iNo
Residual stress, OR (MPa) 0
Total stress, a + oR (MPa) 1No
Temperature at failure ('C) Ambient

Flaw

Size (mm) 31 (see notes)
. Shape Irregular quarter-circle comer crack

Fracture-mechanics analysis

Stressintensity,K(MPa 6) 32
K/Ke 0.8-1.1l
c/cy 0.22

Notes: Crack propagated by fatigue with occasional long jumps interspersed; analysis is of first long jump, which arrested
due to load transfer.

The very irregular rack front makes the stress-intensity calculation extremely approximate.

Source of data: I C, Howard," Failure of an Aircraft Horizontal Stabilizer," ASTM STP 918, pp. 259-276,1986.

I
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Appendix

log No. 7 Date: March 1,1990

FAILURE ANALYSIS CASCSTUDIES

Component or structure Swaging die

Section size / shape Split block with 44 mi.r, ham cylindrical hole

Material Tool steel, S2

Operating conditions Firstload application

Cause of failure Material toughness too low

Consequences of failure Not stated

Material properties

Yictd strength, Y (MPa) 2000

Ultimate strength, U (MPa) N.A. '

Fracture toughness, K c (MPad) Il-33 (author estimate)l
Ductile-brittle transition

Temperature (*C) Na .

Criterion N.A.

K c/Y (6) 0.01-4.02i

Operating conditions

Operating stress,a (MPa) 912o
Residual stress, OR (MPa) Not stated

Total stress, a + CR (MPa) 912o
Temperature at failure ( C) Ambient

Flaw
*

Size (mm) (See notes)

Shape (See notes) ,

Fracture-mechanics analysis

Stress intensity, K (MPa*6) Unknown
-

K/Klc Unknown

c/cy 0.46

Notes: Inner surface of die was harder and more brittle than interior of block due to low hardenability.'The critical flaw
was too small to be detected by the techniques used.

Source of data ~ '. P. Rich and L P. Orbison," Analysis of Two Metal-Forming Die Failures," ASTM S'l? 918, pp. 311-
'

335,1986.

,

I
|
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Appendix

log No. 8 Date: March 4,1990

FAILUllE ANAL,YSIS CASE STUDil'S

Component or 5tnr.ture Powd;s pressing die
Tection sischhape 12.8 mm ID x 76 mm-OD/ cylinder

Material Cr steel, mediurn C

Operating conditions 630-MPa internal pressurization

Cause of failure low toughness, possible hydrogen embrittlement
Conwquences of failure Not stated

Material properties

Yield strength, Y (MPa) 20(0
Ultimate strength, U (MPa) Unknown
Tracture toughness, K e (MPa 6) 22l
Ductile brittle trmsition

Temperature (*C) Unknown
Oriterion Unknown

k,JY (6) 0.01

Operating conditions

Operating stress,a (MPa) $05 (see notes)o
Residual stress, an (MPa) 0
Total stress, a + on (MPa) 505o
Temperature at failure ('C) Ambient

Flaw

Site (mm) 1.2

Shape. Semicircular surf ace

Fracture mechanics analysis

Stressintensity K(MPa G) 23

K/Kic 1.0

o/ay 0.26

Notes: Failure stress is rough estimate.

Source of data; n, W. liertzterg, * Deformation and Fracture of Engineerieg Materials," 3rd ed., Wylie, New York,
pp. 6104A2,1989.

,*

19 NUREGK'R 5860

- - - - - _ -. ._.



g, - _ _ _ _ _ _ - _ _______ _______ _ _ _ - _ _ _

Appendix |
m

^

tog No. 9 Date: hiarch 8,1990

FAILURE ANAL,YSIS CASESTUDIES

Cc:nponent or structure Liquid propane gaieylinder i

Section siichhape 1.28.m kmg x 336-mm-OD x 3.3 mm thiclJcylinder
h1aterial Plain carbon steel
Operating corsditions 1.3R htPa pressure

Cause of failure hianufacturing defect

Censecuences of failure Multiple failures; consequences not stated

M:terial properties

- Yield strength, Y (htPa) 33$
Ultimate strength, U (hiPa) 492 (see notes)

- Fracture toughness, K e (htPa 6) 50(see notes)l
Ductile brittle transition

Temperature ('C) Not stated
Criterion Not stated

Kic/Y(6) 0,15

Operating conditions

Operating stress,o (h1Pa) - 78o
Residual stress, og (h1Pa) Unknown
Total stress, a + op (htPa) See noteso

Temferature at failure ('C) Not stated |

Flaw

Site (mm) ' 400450long x 1.3 deep
Shape Ellirk,si surface

i

Fracture.mechanis. anal)sls
Stress intensity, K (hiPa*6) 11

K/Kic 0.22
o/ay- 0.23

Notes: Steel near failure was harder than away frorn failure,

Toughness data is from one specimen only; two other specimens failed by ductile fracture.

Authors suggest that discrepancy between K and Kic is due to unknown residual stress and local embrittlement associated
with insufficient po9 weld annealing.

Source of data: K. hiogami et al.," Failure Analysis of a Liquid Propane Gas Cylinder," V, S. Goci, ed., Analyzing
failwes, AShi, hietals Park, Ohlo, pp. 75-80,1988.

,
.1 -

!
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|
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Appendix

Log No.10 Date: March 9,1996

FAILUltE ANAIMSIS CASE STUDIFS

Component or structure Large centrifugal fan
Section s|2chhape Rectangular cross sectiorvslic not given

Material low C medium strength steel
Operating conditions Power plar"., tempcsature varies from 0 to 40'C

Cause of failure Fatigue

Consequences of failure Not stated

Material properties

Yield strength. Y (MPa) Unknown
Ultimate strength, U (MPa) Unknown
Fracture toughness, K c (MPa./E) 65i9i
Ductile-brittle transition ,,

*
Temperature ('C) 53

Criterion Not stated

Kic/Y(lm) Unknown

Operating conditlons >

Openting stress,a (MPa) Ifo.170 (see notes)o
Residual stress, OR (MPa) 0
Total stress, o + oR (MPa) 1(4-170 (see notes)c
Temperature at failure ('C) Within operating range of 9-40"C

Flaw

Size (mm) 15 mm long x 1.8 mm deep (see notes)
Shape Semiciliptical surface

Fracture-mechanles analysis

Stress intensity, K (MPa Jm ) Not stated

K/K e 1.0-1.1 (see notes)t
c/ay Unknown

Notes: Final flaw size not stated; photograph in text suggests that unstable gm th initiated when crack length was sis to
seven times as large as that of original Caw.

Reported operating stress is sum of unite-element calculation of steady state stress plus one-half of cyclic stress deduced
from fatigue striatit.) measurements. K/K et ratio can be calculated because authors state that peak failure stress would be

156 MPa if K = Kk

- Source of data: R. 9. Tait, O. G. Garrett, and D. P. Spencer,'' Failure Ar.alysis of a Lar;;c Centrifugal Blower," V. S.
Ooel, Ed., Analyzing Failures, ASM, Metals Park, Ohio, pp. 37-41,1988.

b
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Appendix

Log No.1I Date: March 10,1990

FAILURE ANALYSIS CASI STUDil;S

Component or structure Dndge flange
Section F ichhape 70 mm thick x 80 mm wide / platel

Material ASTM A588 steel
Operating conditions Relevant State and Federal Regulations
Cause of failuss Probable pre-existing defect
Consequences of failure Bridge out of service for 1 year

Matcrial prortriles

Yield strength, Y (MPa) 403-469
Ultimate strength, U (MPa) 622-710
Fracture toughness, K e (MPad) 44 50i
Ductile brittle transition

Temperature ('C) >4 (see notes)
Criterion Charpy test

K c/Y (/m) 0.09412i

Operating conditions

Operating stress,o (MPa) 227 (see notes)o
Residual stress, og (MPa) 0
Total stress, a + og (MPa) 227 (see notes)o
Temperature at failure (*C) Unknown, crack discovered in May

Flaw

Size (mm) 9.4 mm deep
Shape Not stated

Fracture mechanles enalysis

Stress intensity, K (MPaa6) c.45
? K/K e c.1.0l

c/cy c. 0.5

Notes: Load transfer prevented bridge collapse.

Charpy data exhibit extreme scatter at some krations within plate and extreme point-to-point variability. Numerous
specimens did not meet specification (41 J at 4'C).

Basis for operating stress estimate is not clearly stated.

Source of data: J. M. llanson, M. J. Koob, and O. T. Blake," Tie Girder Fracture in Siouxlands Veterans Memorial
Dridge," Transportation Research Record || 180), pp. 33-39,1988.

NUREG/CR 5860 22
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Appendix

Log No.12 Date: hiarch 13,1990

Fall.UltE ANAL YSIS CASE STUDiliS

Cornponent or structure Natural gas pipeline
Section size / shape 760 mm O.D. x 9.5 mm thic kk)linder
Material Plain carbon stect
Operating conditions 1$2.MPa pressure
Cause of fiilure Stress <orrosion cracking or hydrogen enibrut'ement at a

local hard spot
Consequences of fellure Explosion and fine

Material properties

Yield strength, Y (MPa) 414 (see notes)
Ultimale strength, U (MPa) 597 (see notes)
Fracture toughness, Kle (MPaW) Unknown (see notes)
Ductile britt!c transitiim

'lemperature (*C) Unknown
Criterion Unknown

K /Y(/rn~) Unknownl

Operating conditions

Operating stress,a (MPa) 152o
llesidual stress, OR (MPa) 0
Total stress,a + ox (MPa) 152o
Temperature at failure (*C) Ambient

Flaw

Sire (mtn) 4.2 mm wide x 4.4 mm deep '

Shape. Semic11iptical surface

Fracture mechanics analysis

Stress intensity, K (MPa.6) 29
K/K c Unknowni
oloy 0.37 (see notes)

Notest Fire caused local heat treatment of stect, making properties difficult to estintate. Tabulated strengths are for
undamaged pipeline. Author suggests that the failure origin was at a hard spot whose ultimate strength was 1860 MPa
before the fire.

Source of datai W. L Bradley," Application of Fracture Mechanics to Pipeline Failure Analysis " V. S. Goel, Ed.,
Analyririg Failures, ASM, Metals Park, Ohio, pp. 173-184,1988.

,

'

.
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i Appendix

leg No.13 Date: March 23,1990

Fall.Ulti: ANAL,YSIS CASI:STUDil3

Pressure vesselComponent or structure
2.5 m diam x 12 mni thickAlomed vesselSection stichhape
low carton steriMaterio

OperatinIcorwiitions Temperature = -130'C
Stress corrosionCause 01 failurc
less of vesselConsequences of f:ulure

Material properties

Yield strength, Y (MPa) 250-320 (see notes)

Ultimate strength, U (MPa) Unknown

Fracture toughness, Kie (MPa./m ) 55-99 (see notes)

Ductile brittle transition
>-130Temperature (*' )

Criterion 11rittle fracture of vessel

K dY (/m) 0.22 4.31
i

Operating condit.ons

Opcrating suess,a (MPa) 80o
Residual stress, og (MPa) 0

Total stress, a + og (MPa) 80
o

Temperature at failure (*C) -130

Flaw

Slic (mm)
40 to 130 mm long (est.)

Shape % rough wall

Fracture. mechanics analpis

Stress intensity, K (MPa.Vid) 14-4 5

K/Kle 0.14-0.82 (see notes)
0.17-0.38c/oy

Notes: Strength estimated from Ref,3 of paper, iracture toughness estimated from crack-opening displacement; authors
state that British Standard PD6943 provides correct prediction of critical flaw size. Insufficient information is given to
validate this statement,

Source of data: R.11. Tait et al.,"A Fracture Mechanics Based Failure Analysis of Cold Service Pressure Vessel," V. S.
Ooct,Ed., Analyring f'ailures, ASM, Metals Park, Ohio,pp.43-46,1988.
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Appendix

Log No.14 Date: htarch 31,1990

Fall.URE ANALYSIS CASE STUDil A

Component or structure llydraulic clamp
Section slichhape 43 x 1(Gmm rectangular cross section
hiaterial Quenched and teinpered steel
Operating condidons Perkidic clamping and release
Cause of failure Fadgue plus locahred heating oue to w car
Consequences of failure Prototype failure and redesign

blaterial properties

Yield strength, Y (htPa) 13(U (see notes)
Ultimate strength, U (h1Pa) l>50 (see notes)
Fracture toughness, K e (hira 6) 75-90 (sce notes)l
Ductile brittle transition

Temperature ('C) Unknown
Criterion N.A.

K c/Y (6) Oh0.07i

Oparating conditions

Operating stress,o (htPa) 223-370 (see notes)o
Residual stress, OR (htPa) 0
Total strest, a + oR (h1Pa) 220 -370o
Temperature at failure (*C) Ambient

3

Flaw

Sire (mm) .!O mm deep x 100 mm wide
Shage Semielhptical surface

Fracture-mechanics analysis

Stress intensky, K (h1Pa 6) 53-89 -

K/K e 0.6-1.0i
c/oy 0.17 4.28

Notes: Overacated nuterial near learing surface had softened somewhat by localized tempering. The higher value of
toughness results frem a high stress intensity during fatigue crack propagation. *De lower estimate of stress is estimated
from fatigue-striation spacing; the higher value is from an approximate stress analysis.

Source of data: G. O. Garrett," Wear Induce'1 Fatigue Failure and the Prediction of Critical Flaw Sins in Service
Components," pp. 125-153 in fractere and fracture Mcchanics Ca.se Studies, R. B. Tait and G. O. Garrett, Eds.,
Pergamon, Oxford,1985.

25 NUREG/CR-5860
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Appendix

leg No.15 Date: March 31,1990

FAILURE ANALYSIS CASE STUDIES i

Component or rtructure Amraonia pre.ww vessel

Section size / shape 7 m long x 1 m 10 x 62 mm t/ cylinder

Material Mn Ni Mo steel

Operating conditions 30-MPa pressure

Cause of failure liydrogen embrittlement

Consequences of failure Vesselcompletely destroyed

Material properties

Yield strength, Y (MPa) <l160 (see notes)
Ultimate strength,U (MPa) c. I160(see notes)
Fracture toughness, K e (MPad) 40-50 (see notes)l
Ductile-brittle transition

*

Temperature (*C) 90

Criterion 40 J Charpy impact energy

Kgo/Y ([rn ) >0.G4

Operating conditions

Operating stress,a (MPa) 256o '

Residual stress. OR (MPa) Unknown
Total stress,a + og (MPa) 256 (est.)o
Temperature at failure ('C) 25

" Flaw -

Sire (mm)- 4 mm deep

Shape 'Ihumbnail

Fracture mechanics analysis -

Stress intensity, K (MPa [rE; - 70(see notes)

K/Klc 1.4-1.75--

c/oy Unknown

- Notes: Reported toughness is that of base metal; fracture initiated in weld ilAZ of unknown toughness. II AZ had Vickers
~

hardness of 353, which was used to estimate an upper bound on strength.-

Source of data: J. D. Harrison, S. O. Garwood, and M. J. Dawes," Case Studies and Failure Prevention in the
- Petrochemical and Offshore Industries," pp. 281-295 in Fracture and Fracture Mechanics Case Studics, R. B. Tait and -

.

O. O. Ganett, Eds., Pergamon, Oxford,1985.

|

,'
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Appendix

Log No.16 Date: May 14,1990

FAILURE ANAINSIS CASE STUDIES

Component or structure Oil storage tank

Section si>chhape 36.6 m diam; wall thickness 21.4 mm at tottorn w here
failure occurred

Materip' Pir.in caibon steel

Operating conditions 14.6 m head of diesel oil

Cause of failure Pre cxisting flaw; high NDT; embrittled flaw tip region

Conwquences of failure Extensive oil spill into major rivers

Malertal properties

Yield strength Y (MPa) 235

Ultimate strength, U (MPa) 455
Fracture toughness, K c (MPa+M) 53!
Ductile brittle transition 53 (lowest measured value; see notes)

Temperature ('C) 10

Criterion NDT

K c/Y (M) 0.23i

Operating conriitions

Opemting stress,c (MPa) 82o
Residual stress, OR (MPa) 153 (estimated maximum near weld)
Total stress, a + oR (MPa) 235 (est.)o
Temperatare at failuie (*C) 3

Flaw

Sir.c (mm) Maximum dimension c.18
Shay irregular, mostly subsurface

Fracture mechanles anal) sis

Stressintensity,K(MPa M) 35-40

K/K!c 0.f44).75 (see notes)
c/oy 1.0 (est.)

Notes: Dase metal toughness -206 MPa6 was decreased in the laboratory to s53 MPa6 by intralucing a weld
close to a small flaw. Tougnneas loss is believed to be caused by strain aging embrittlement. Actual toughness is believed
to te even lower due to higher constraint and more extensive embrittlement in the actual vessel compared to the test
specimen.

Source of data: R. E. Mestoh et al.," Failure Investigation of Ashlar.d Oil Tank No.1338 at Floreffe, Pennsylvania,"
Battelle Summary Report to Ashland Petroleum Co., June 17,19R8.

27 NUREG/CR-5860
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Appendix

leg No. Fl* Date: March 31,1990

FAILllRE ANALYSIS CASE STUDIES

Component or structure Machine housing (see notes)
Section siichhape 997 mm thick / irregular cross section
Material Cast steel
Operating conditions Vibrating load
Cause of defeet Fatigue

Material properties

Yield strength, Y (MPa) 280
Ultimate strength, U (MPa) 5 & 550
Fracture toughness, Kje (MPad) 40
Ductile brittle transition

Tempera:ure ('C) Not reported
Criterion Not reported

K c/Y([rd) 0.14i

Operating conditions

Operating stress,a (MPa) 52 5o
Residual stress, og (MPa) 0
Total stress, a + crg (MPa) 52.5o
Temperait.re at failure (*C) Ambient

Flaw

Size (mm) 997 mm wide x up to 30 mm deep
Shape irregular surfxe

Fructure mechanics analysis

Stress intensity, K (MPa.M 18

K/K e 0.44l
c/oy 0.14 -

Notes: This is the second of two case studies reported in this paper; the first case has insufficie ,aformation.

Author implies that funher operation of housing is risky.

Source of data: M. Mariari," Cracking of Large Size Machine Elements," pp. 352-355, E. Croboly, Ed., failure Analysis
Theory and Practice, EMAS, Warley, U.K.,1988,

'No failure; analysis of a structae operating safely although containing a defect,

u
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Appendix
-

Log No. F2' Dur April 4,1990

FAILURE ANALYSIS CASESTUDIES

Component or structure Pressure vessel
Section sire / shape 450 mm diam x 35 mm thick / cylinder (see notes)
Material Carbon steel

IOperating conditions 90-MPa pressure,"clevated" temperature
Cause of defect Weld cracking

Material properties

Yield strength, Y (MPa) 281 (see notes)
Ultimate strength, U (MPa) 465 (see notes)
Fracture toughness, Kre (MPa [ri) 65 at 10'C (see notes) |

Ductile-brittle transition
Temperature (*C) - 5
Criterion NDT

'

K c/Y ((ni) 0 23J

Operating conditions !

Operating stress,a (MPa) 90o
Residual stress,OR (MPa) 100-280
Total stress, a + cR (MPa) 190-270o

Flaw

Slic (mm) 6.4--10.4 (est.)
Shape- Not stated v

Fracture mechanles analysis -

Stressintensity,K(MPa 6) Not stated

K/Kic <0.48-1.27 (see notes)
c/cy 0.68-0.%

Notes: Flaws detected at fillet weld attachment during in service inspection. Operating stress is tabulated; investigators
sv3gested that this stress could be maintained safely at elevated operating temperature but recommended lower pressures
for cold startup and shutdown. Mechankal properties were measured on steel similar to that in the vessel. K/K el was -
calculated from the square root of actual crack size to critical crack size.

Source of data: 0.J. Dunmore and A.J. A. Parlane," Fracture Mechanics Analysis of a Fillet Welds d Attachment in a'

| Pressure Vessel," paper 32, fitnessfor Purpose Validarloa of Wclded Construction, Welding Institute, 9ambridge,1982.
-

'No failure; analysis of a structure operating safely although containing a defect.

F
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Appendix

leg No. F3' Date: April 6,1990

Fall.URE ANALYhtS CASE STUDIFS

Component or structure Pressure vessels (3)
Section slic/ shape 4 m diam x 40 mm t/ cylinder

hiatcrial Carbon steel

Operating conditions 28 bar at i10'C
Cause of defect Stress conosion

Material properties

Yield strength, Y (htPa) Not stated
Ultimate strength, U (MPa) Not stated
Fracture toughness, K], (MPad) 70 at -20#C
Ductile brittle transition

Temperature ('C) -16
Criterion NDT

K c/Y (6) Unknowni

Operating conditions .

Opcrating stn.:ss,a (MPa) 145 (est.)o
Residual stress, cR (MPa) 0
Total stress, a + OR (MPa) 145 (est3o
Temperature at failure ('C) Ambicci

Flaw

Slic (mm) <30
Shape Comer

Fracture mechanics analysis

Stress intensity, K (MPa.6) Not stated
K/Kje <0.24 (sce note,;)

rs/cy Unknown '

Notes: Tabulated K/K el value based on recommended st;utup pressure and ratio of largest possible crack size to critical
crack size at -20'C.

Source of data: J. D. Harri;,on,"'Ihe Economics of a Fitness-for Purpose Approach to Weld Defects," paper 45, Fitness
for Purpose Validation of Welded Constructica, Welding Institute, Cambridge,1982.

*No fslure; anaiysis of a r,tructure operating safely ahhough containing a defect.
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Appendix

log No. F4* Date: April 7,1990
i

FAILURE ANALYSIS CASE STUDli3

Component ce structure Railway drawtur
Section sizehhape Size not stated / rectangular cross section of three piece -

wcided construction
htterid Carbon steel
Operating corxlitions Variable tensile stress
Cause of defect Weld defects plus fatigue

M terialproperties

Yield strength, Y (MPa) 450-500 (dynamic)
Ultimate strength, U (MPa) 490(static)
Fracture toughness, K e (MPad) 45l
Ductile britt!c transition

Temperature ('C) Not stated
Criterion N.A.

K c/Y(6) 0.09-0. t0i

Operating conditions

Operating stress,a (MPa) 165 (dynamic)o
Residual stress, og (MPa) 100 (est.)
Total stress, a + cR (MPa) 265 (est.)o

Flaw

Size (mm) 8 (maximum allowable, see notes)
Shape Not stated

Frceture mechanics analysis

Stress intensity, K (MPa 6) Not stated
K/K e 0.52 (see notes)l -

c/oy 0.53-0.59

N:tes: Objective of study was to determine maximum allowable defect size for NDE: worst-case operating conditions
were not chosen to determine defev size since they were considered only remotely possible; K/K e is square root of ratio ofl
allowable defect size to critical flaw size.

Source of data: R. A. Armstrong and D. F. Canon, "The Determination of Acceptance Criteria for Flash Duu Welded
Railway Drawbar," paper 7, Fitnessfor Purpose Validation of Welded Construction Welding institute Cambridge,1982.|

|

*No failure; analysis of a structure operating safely shhough (tmuining a defect.

;
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