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ABSTRACT 

This eighteen-chapter, three-volume study evaluates the various nonde

structive examination (NDE) techniques now used to detect flaws in components 

of nuclear systems so that the reliability of the techniques may be increased. 

The significance of flaws at various locations in pressure boundary components 
are assessed along with ways to optimize the NDE procedures needed to detect, 

locate and size them. Emphasis is placed on an integrated program which also 

considers design, fabrication procedures, and materials. The data available 

on the reliability of detecting, locating and sizing flaws by NDE are used to 

construct a probabilistic fracture mechanics model. The model highlights the 

significance of the failure to detect flaws, and to accurately locate or size 

them in the context of component failure probability. 

This study was conducted under the U.S. Nuclear Regulatory Commission 

program on the "Integration of NDE Reliability and Fracture Mechanics." Its 

objectives include 1) improving examination procedures for incorporation into 

the American Society for Mechanical Engineers {ASME), Boiler and Pressure 

Vessel Codes, Section III, V, XI; and 2) gaining a better insight into the 

influence of improved reliability of NDE in detecting, locating and sizing 

flaws on component failure probabilities. 
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CHAPTER 12 

PROBABILISTIC FRACTURE MECHANICS 

12.1 INTRODUCTION 

This chapter emphasizes the factors important in characterizing flaws for 

meaningful input into fracture mechanics equations. Obvious factors are flaw 

size and type, orientation and location. Information, when available on dis

tribution of flaw sizes in a total flaw population, will be cited; however, 

emphasis will be on possible sources of error in presumed populations. 

The current models for probabilistic fracture mechanics will be reviewed 

and presented to provide a basis for sensitivity studies using mechanical prop

erty data, load spectra and flaw-size distributions. The various mathematical 

functions used in these analyses are given in Chapter 11. Chapter 13 deals 

extensively with the reliability of flaw detection so such information will be 

somewhat limited in this chapter. 

12.1.1 Deterministic Versus Probabilistic 

Although the ASME Code deterministic approach establishes conservative 

load limits and property levels, factors outside the scope of both code and 

designer may lead to failures so that failure probability plays a role even in 

the so-called deterministic approach. The following paragraphs simplistically 

discuss the key parameters of loads, material properties, and flaw geometry as 

they relate to failure of structures. 

Figure 12.1.1 uses a stress-strain diagram to portray load thresholds and 

failure mechanisms. Zone I failures occur when the ultimate strength is 

exceeded. In this mode, if one assumes that code maximum loads remain the 

same, failure will occur through a loss of section such as may occur with gross 

cracking. Zone II represents elastic-plastic or general yield failure where 
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Assumes Membrane (Tensile) Load 

the flaw contributes to failure at stresses below the ultimate. Zone III is 

the region where linear elastic fracture mechanics controls and failure will 

occur without perceptible deformation. 
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The three parameters contributing to failure--namely, loads, mechanical 
properties and flaws--are tabulated in Tables 12.l.l(a), (b) and (c) to illus
trate loads in and out of a design scope. the possible role of mechanical prop

erties in failure, and a few comments on flaw geometries. 

TABLE 12.l.l(a). First Parameter Contributing to Failures: Loads 

Design 

Normal 

Membrane (Tensile) - bending, torsional; either static or 
vibrational 

Upper Bound (Faulted/Low Probability} 

Normal plus dynamic (Examples, water hammer, seismic, certain 
transients) 

Not in Design Scope 

External -High- or low-cycle thermal fatigue (often not factored 
into design) 

Internal - Residual stresses rarely handled in design 

TABLE 12.l.l{b). Second Parameter Contributing to Failures: 
Mechanical Properties 

Net Section Yielding and Failure (Tensile Stress Controls) 

Little or no notch sensitivity 

General Yielding 

Failures occurs well below ouTs in presence of flaw 

General yield fracture mechanics 

J1c an indication of toughness at failure 

Local Yielding in Vicinit1 of Flaws 

Failure occurs below or slightly above yield point 

Elastic-Plastic fracture mechanics 

12 .1. 3 



TABLE 12.l.l(b). (contd) 

J1c an indication of toughness at fracture (This J1c is lower 
than Jrc for GYFM) 

No Observable Deformation of Yielding 

Failure may occur well below yield 

Lin ear elastic fracture mechanics 

Krc is an indication of toughness at fracture (Kic will be a 
function of section size and/or notch toughness properties) 

Above limited to Mode I (Tensile) Behavior 

TABLE 12.l.l(c). Third Parameter Contributing to Failures: Flaws 

1. Fracture mechanics approaches assume a planar (two-dimensional) 
flaw, usually of a simple geometry (circular, semi-circular, 
elliptic, semi-elliptic) 

2. Three-dimensional, or nonplanar two-dimensional flaws will 
exceed in critical size the planar flaw 

3. Flaw location and flaw orientation will increase or decrease the 
flaw size for failure usually due to the increase or decrease 
in effective stress on the flaw 

In Tables 12.1.2(a), (b), and (c), an attempt is made to illustrate fail

ure modes where two of the three parameters remain fixed and the third varies. 

(Cases of actual failure are cited to indicate that they are not hypothetical.) 

For example, Table 12.1.2(a) holds the flaw size constant and design loads are 

not exceeded. Table 12.1.2(b) permits design and nondesign loads to vary, and 

Table 12.1.2(c) considers initiation and growth of flaws with loads and mate

rial properties remaining within defined limits. 

An assessment of these tables confirms the original thesis that factors 

outside the scope of design rules or codes such as ASME can lead to failure. 

Also, probabilities of failure may vary widely even when a system operates 

within the bounds of load and material properties set by the code. 

The deterministic approach to such behavior as component failure has 

proven satisfactory and relatively straight-forward, given that the relevant 
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TABLE 11.l.2(a). Condition A- Flaw Dimensions Fixed; Design 
Operating l a ads Not Exceeded 

Material Factors leading to Failure 

Case l 

Krc < Kr, based on loads and flaw dimensions; component fails, 
probably catastrophically; examples: 

1. Liberty Ship hull failures. 

2. large steam turbo-generator rotor failures. 

Case II 

Krc > Kr initially; however, time-dependent embrittling 
mechanisms lead to K1c < Kr; component fails, probably 
catastrophically; examples: 

1. Hydrogen embrittlement- pipe and vessel failures in "sour 11 

crudes; ferritic or austenitic alloys. 

2. Temper embrittlement- turbine rotor failures; ferritic alloys. 

3. Sigma or Chi-phase formation- failures of duplex ferrite
austenite alloys due to long-term embrittlement; cast valve 
bodies. 

Case Ill 

Krc varies within a component; If flaw is adjacent to a low Krc 
value region, it may "pop-in 11 under the design load, and the larger 
flaw may continue to run into and through tougher regions; examples: 

l. Heavily banded ferritics- typical of acid-open hearth steels 
where segregation (P, Cu, etc.) leads to regions of low fracture 
toughness. 

2. Turbine rotor failure. 

Case IV 

Krc varies due to fabrication process or to operation; If flaw is 
located in region of low Krc. it may "pop in" and run; examples: 
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TABLE 12.1.2(a). (contd) 

1. Grinding or cold working may degrade surface Kic properties
Such working may lead to high surface tensile residual stress. 
The combination of loads has led to failure in turbine rotors. 

2. Irradiation embrittlement- It can lead to a damage gradient 
through a thick section; conceivably. a pre-existing flaw could 
propagate rapidly under some combination of load, and may or may 
not arrest. No known cases. 

TABLE 12.1.2lb). Condition B- Flaw Dimensions Fixed: 
Material Properties Fixed 

Load Factors Leading to Failure 

Case I 

Krc (or Jrc) > > K1 or J1 for operating 
increase K] (JJ I so KJ (JJ) > K1c (J]cl 
examples: 

loads; faulted loads 
component fails; 

1. Turbine overspeed leading to disc or rotor failure or both. 

2. Water hammer or water slugging causes piping failure. 

Case II 

Local stress field from residual stresses complements design loads. 
(An embedded flaw could propagate to and around surface.) Change in 
flaw size and length relative to depth could cause failure under 
design loads. 

TABLE 12.1.2(c). Condition C- Either No Flaw or Subcritical Flaw; 
No 11 Faulted 11 loads; Material Properties Assumed 
Unaffected with Time 

Case IA 

No pre-existing flaw; static loads only; crack should not initiate. 

Case !B 

No pre-existing flaw; design static and cyclic loads; crack should 
not initiate. 
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TABLE l2.1.2(c). (contd) 

Case I C 

No pre-existing flaw; static loads only; aqueous environment; crack 
may initiate by stress corrosion; presence of residual stresses at 
surface increases probability of crack initiation and propagation. 
Many cases of SCC in austenitic and ferritic components; if no pre
existing flaw; cyclic and static loads; aqueous environment; pitting 
corrosion may occur and pit serves as crack initiator for corrosion
fatigue mechanism. 

E xamp 1 e: 
size for 

Turbine rotors have cracked 
crack initiation -0.25 mm.) 

Case II 

nearly through. (Critical pit 

No flaw in usual sense; grinding marks, scratches, nonmetallic 
inclusions; cyclic loads. (Above defects serve as crack initiators 
in same sense that corrosion pit does.) Difference in crack growth 
rate possible due to presence or absence of environment; for example, 
rate in air may be one-tenth to one-hundredth of that in water. 
[Contaminants (NaOH, NaCl, etc.) in water may increase rates by fac
tors of ten to thousand.] 

Case III 

Pre-existing flaw; combination or cyclic and static loads, crack may 
grow; rate dependent on flaw location and types of load. Surface 
cracks and bending loads lead to higher rates than embedded flaws. 
Many cases of fatigue under these conditions. 

Case IV 

No flaw in usual sense; may be grinding marks, scratches, etc.; usual 
design loads; either high-cycle thermal fatigue, low-cycle thermal 
fatigue, or a combination of both due to thermal gradients; crack 
should initiate and may or may not grow; examples: 

1. BWR nozzles - high-cycle thermal fatigue initiates cracks in 
cladding but not enough driving force to propagate; if low-cycle 
fatigue component present, crack will propagate. 

2. PWR feedwater line; combination of high- and low-cycle thermal 
fatigue results in both initiation and propagation of cracks. 
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data base is sufficiently large to permit meaningful predictions. Generally, 

with a large data base, a direct relationship can be established with actual 

field experience. Unfortunately, the deterministic approach becomes less 

effective as the data base decreases, or when one wishes to extrapolate beyond 

the data base. For example, predicting failure behavior at higher stresses, 

pros and cons of modified nondestructive examination techniques, behavior near 

end of design life, etc. 

The probabilistic approach involves the development and application of 

engineering models based on an understanding of failure modes and on the sta

tistical distribution of the various controlling parameters. Basically, one 

analyzes failure by interrogation from the inside rather than from the outside 

of the system. Even so one starts with a deterministic model of one or more 

system failure modes, then modifies them appropriately to the probability for

mat. Such physical models include fracture mechanics, fatigue life analyses, 

static stress strength analyses, etc. Probability is applied by combining 

known, assumed or proposed statistical variations of the various controlling 

parameters to predict the statistical variations in structural performance. 

Figure 12.1.2 compares the two approaches.( 12 · 1· 1) The deterministic 

approach utilizes fixed values such as typical or worst-case to establish the 

adequacy of safety margins. The probabilistic approach utilizes probability 

density functions (PDF) for significant parameters. In this comparison, varia

tions in strength and applied stress were considered. The region of concern 

will be the crosshatched area of overlap where stress levels exceed strength 

levels. 

The following sections will deal with the specific case of piping in the 

context of flaw-size distribution, loads, and mechanical properties. Much of 

the information was derived from work on probabilistic modeling of pressure 

vessel failure. Figure 12.1.3 from Becher and Pederson( 12 •1•2) or Becher and 

Hansen(lZ.l.J) is an excellent presentation of the parameters affecting proba

bility of failure. Initial flaw distribution, transients affecting flaw 

growth, loads, stress intensities, and fracture toughness are tied together to 

yield failure probability. 
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12.2 FLAW-SIZE DISTRIBUTION 

One of the most critical input parameters, and the one we know the least 

about, is the flaw-size distribution orobability density function at any time 

(T). Figure 12.2.1 is an attempt to represent schematically the time-dependent 
effects relevant to piping fracture. The use of a population of cracks initi

ated and grown exclusively during the operating life TOP is justified on the 
basis of observed plant behavior. 
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Table 12.2.1 from reference 12.2 .1 gives some idea of tne sensitivity of 
pipe size and fabrication conditions to failure rate in the case of IGSCC in 
BWR primary coolant systems. Such defects in almost all cases are operation
ally initiated requiring no prior fabrication crack. 

TABLE 12.2.1. Failure Rates Due to IGSCC in Weld Heat-Affected Zones 
of BWRs (Multiply all values by 1o-4) 

Dresden 1 BWR t~ark 1 and 2 BWR Mark 3 and 4 
Per Per Per Per Per Per 

Failures Weld Weld-Year Weld Weld-Year Weld Weld-Year -- --
All welds 395 25.1 22.0 2.59 60.3 15 .1 

2-in. (51-mm) line welds 30.5 3.59 
4-in. (102-mm) line welds 845 53.9 50.5 5.94 251.6 62.9 

6-in. (152-mm) line welds 1684 106.8 40.7 4. 79 
8-in. (204-mm) line welds 909 57.7 40.2 4.73 141 35.3 

10-in. (254-mm) line welds 125 31.2 

The statement of the flaw-size distribution problem is relatively straight 
forward; unfortunately, this is not true with the answer . Basically, the prob
lem is--how well can we define the shape and dimensions of the probability 

density function for the flaw-size distribution at any time (T)? The answer 
depends on the following factors at a minimum: 

• original flaw-size distribution 

• accuracy of the fatigue cratk growth equation used 

• correct definition and applications of all transients causing crack 

growth 

• effects leading to the initiation and propagation of new cracks by 
mechanisms such as IGSCC, corrosion-fatigue, thermal fatigue , etc. 

(Such effects may include but not be limited to the environment seen 
by the system, material properties, type of alloy, degree of sensiti
zation, condition of surface, level of residual stress, existence of 

crevices, etc.) 
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• adequacy of NDE techniques to detect both fabrication and operation

ally initiated flaws. (This is better defined as the probability of 
detection as a function of flaw size, location and orientation . ) 

• degree of corrective action taken to repair defects 

• time since last NDE permitting further growth of existing flaws or 

initiation and growth of new flaws. 

Presumably, if one can correctly define all of the above, one can define 

the flaw-size distribution at time (T). 

12 . 2.1 Known Flaw-Size Distributions 

Actual data on flaw-size populations in either reactor pressure vessels or 

in piping are limited. Examples of sources of this data and the kinds avail
able are given in the following: 

• In the Clinch River Breeder Reactor, an exponential distribution of 

flaw sizes was assumed . 

• Wilson( 12 ·2·2) provided conditional probabilities of flaw size for 
a spectrum of pipe sizes with the data fitting a log-normal distribu
tion. Both the selection and distribution was arbitrary and not 
based on data. 

• Lidiard( 12 •2·3) in the Marshall Report( 12 ·2 ·4) reports on the use of 

a limited population of flaws in reactor pressure vessels which prob

ably is not too relevant to piping. These followed an inverse expo
nential distribution . Harrop( 12 ·2·8) modified these models. 

H . (12 .2.5,12.2.6) d 1 . h h . • arr1s use severa sources w1t emp as1s on 
Wilson. (12 ·2·2) 

• Becher and Hansen( 12 ·1 ·3) in their reports present actual flaw size 
distribution data. They use radiography to size the length of the 
flaws in pressure vessels, and the flaw-size distribution obeyed a 
log-normal relationship . To obtain the critical parameter, flaw 

depth, some relationship between length and depth must be assumed. 
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• Cramond( 12 ·2·7) reported studies in Japan on ship welds, in 
Czechosloavakia on a reactor pressure vessel weld, and in the USSR 
in carbon steel butt welds. These will be discussed further. 

• The work of Salter and Gethen( 12 ·2·9) also cited in Chapter 10( 10 ·5·1) 

reported flaw-size distributions in pressure vessel weldments. These 
are discussed further. 

• Jouris and Shaffer( 12 ·2 ·10 ) report results of studies at Svejsecen

tralen (Danish Welding Institute). While flaw sizes distributions 

are generated, there is little or no data relevant to either welding 
processes or materials. 

• Forli et al. (12 ·2·11 ) reported on a cooperative Scandinavian effort 
comparing flaw-size distributions as detected by both RT and UT. 
Flaw sizes were available for cases of incomplete penetration and are 

discussed further . In addition, inferred distributions exist for 
slag inclusions, and lack-of-fusion. Forli( 12 ·2·12 ) reported 

additional data generated by the joint Scandinavian effort on NDE 
reliability. Specific information, probably generated by Svejsecen
tralen, is discussed further. 

• Hansen( 12 ·2·13 ) reported on a variety of defects in weldments; 
however, the data are not in the public domain and will not be 

reviewed further. 

• Raussi and Tiainen( 12 ·2 ·14 ) developed data on defect-size distri
butions in ferritic piping weldments. These appear later. 

• Trumpfheller( 12 ·2·15 ) presented extensive data on defect-size dis

tributions in weldments typical of pressure vessels. These are pre
sented later. 

Figure 12.2.2 from reference 12.2.4 represents an initial and very tenta
tive distribution of flaw sizes relevant to fairly thick sections typical of 

reactor pressure vessels. It is used to illustrate a trend and is not consid

ered typical of piping . Hopefully, work now underway in the U.K. will provide 

added information on flaw-size distributions. 
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At best, we can assume the flaw-size distribution approximates the shape 
in Figure 12.1 .3. 

The three studies reported by Cramond( 12 •2•7) are indirectly relevant 
to ferritic piping insofar as thickness and welding techniques are concerned. 
Tables 12.2 .2, 12.2.3 and 12.2.4 present the data . The bases for the data in 

Tab le 12.2 .2 were examination by radiography of 7073 feet of manual metal-arc 
butt welds and 4061 feet of automatic submerged-arc welds from ships under con

struction. Plates ranged from 15- to 35-mm thick. 
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Flaw Type 

Pipe 

Slag 

Lack of 
penetration 

Lack of 
Fusion 

Cracks 

TABLE 12 .2.2. Estimated Major Fl~w Dimensions Based on 
Japanese Ship Datal12 .2. 7) 

Welding 
Method 

Automatic 
Manu a 1 

Automatic 
Manu a 1 

Automatic 
Manual 

Automatic 
Manu a 1 

Automatic 
Manual 

Observed 
Number 

215 
45 

251 
2569 

234 
336 

5 
259 

15 
18 

Spatial 
Density 

F 1 aws/103 in . 

4 .4 
0.41 

5.1 
32 .7 

4.7 
2.8 

0.10 
3.1 

0.31 
0 .20 

Mean 
Length 
( in . ) 

0.322 
0.331 

0.255 
0 .261 

0.462 
0.430 

0.390 

0.289 
0.472 

Coefficient 
of 

Variation 

0.46 
0 .42 

0.54 
0.46 

0 .18 
0.22 

0.30 

0.41 
0.08 

A Czechoslovakian study used UT, RT , MT of electroslag and automatic and 

manual arc welds. The data are given in Table 12.2.3. A majority of the 
defects were slag inclusions. 

The third study presented data for defects found in automatic submerged
arc butt welds in carbon steel. Some 5700 x-ray films were examined with pre

sumed sensitivities of 1.5 - 2.0%. 

Equations describing the flaw-size distribution have been 
reported( 12 ·1·2 ,12 •2·3); however , both sets of equations require clarification 

concerning the bases for establishing the values of the constants cited . 
Becher and Pederson( 12 •1•2) suggest an equation of the following form for the 
crack-size probability density function (PDF) : 

A(X) =A exp [-A(X-X )] 
0 

where X is crack depth with constants yielding, 

A(X) = 2.56 exp [-2 . 56 (X-0 .1)] 
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TABLE 12.2.3. Summary of Flaws in Welds(12.2.7) 

A. Multilayer Circumferential Arc Welds 

Location 

Welds on 
Bottom Sect. 

Welds on Top 
Section 

Field Welds 

B 
Thickness Length 

(in.) (in.) 

7.87 1228 

5.91 2551 

5.91 1913 

Spatial Flaw Density 
(Flaws/103 in.) 

d=0.098 A 11 
-0.138 d>0.138 (All,B-1 11

) 

87.98 6.51 

7.84 0.0 

13.59 1.~7 

94.44 
(12.00) 

7.84 
( 1. 32) 

15.16 
(2.65) 

B. Electroslag Welds (Ultrasonic Inspection) 

Component 

Support 
Shell 

Smooth 
Rings 

Nozzle 

Bottom Cap 

Cover Cap 

F 1 ange Ring 

Bottom and 
Cover 
Rings 

Spatial Flaw Density 
(F laws/103 in.) 

Thickness Length d=0.059 d=0.079 All 
(in.) (in.) -0.079 -0.138 d>0.138 (A 11 ,B-1 11

) 

7.09 

7.09 

8.27 

9.84 

12.99 

17.32 

24.41 

775.6 0.0 

2563.0 2.73 

2834.6 0.35 

669.3 2.99 

1960.6 3.06 

657.5 0.0 

763.8 37.97 

2.58 

0.78 

0.70 

2.99 

1.53 

0.0 

18.33 
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1.29 

0.78 

0.0 

0.0 

1.02 

0.0 

0.0 

3.87 
(0.54) 

4.29 
(0.61) 

1.06 
(0.12) 

5.98 
(0.61) 

5.61 
(0.43) 

0.0 

56.3 
(2.30) 

Estimated 
Mean 

d 
( in. ) 

0.121 

0.118 

0.122 

Estimated 
Mean 

d 
(in.) 

0.128 

0.092 

0.095 

0.089 

0.098 

0.082 



TABLE 12.2.4. Relative Frequency of £ef~ctr in Automatic 
Welds in Carbon Steel( 2 .. 7 

Sub-Arc 

Plate Frequency of Defects (%) 
Thickness Slag Lack ff 

(em) Porosit,l Inclusion Fusion a) Cracks( a) 

10 50 40 10 0 
12 62 28 8 2 
16 70 26 4 0 
22 64 34 2 0 

26-28 62 28 10 0 

(a) Difficult to detect; sensitivity 1.5-2.0%. 

Purportedly, the above probability density function was derived from values 

suggested by O'Neil and Jordan in the 1972 Conference on Periodic Inspection 
of Pressure Vessels. The basis of the PDF is unclear. Terminology in equa
tions has been modified to be consistent with other references in this chapter. 

L.d. d d u·ll. (12 ·2 ·3) •t .. 1 t• f th fl . 1 1ar an nl 1ams c1 e a s1m1 ar equa 1on or e aw-s1ze 
distribution as well as the detection probability. Here too, the values of the 
constants appear to be quite arbitrary, based on answers to a somewhat ambigu
ous questionnaire. Their equation for the crack-size PDF was 

A(X) =A exp (->.X) (12.2.2(a)) 

A(X) = 14.8 exp (-4.06X) (12.2.2(b)) 

where X is the flaw depth. Units were in reciprocal inches for both equations. 
The general equation incorporating detection is reported in the next section. 

Harrop( 12 •2·8) discussed an expansion of the model developed by Lidiard 

and Williams( 12 •2•3) and applicable primarily to the reactor pressure vessel. 

The model assumes each NDE is independent of all others, each examination is 

equally efficient regardless of time and location, and detected cracks are 
assumed to be removed with a perfect repair. The crack-size distribution after 
P independent examinations is denoted by Nt (P) (X); so after the examination 

p 
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N (P) (X) = 
tp 

(12.2.3) 

where B(X) is the probability of not detecting the flaw. 

Harris( 12 · 2·6 ) utilized error functions to evaluate the flaw distribution. 

A cumulative density function (CDF) fitting a log-normal relationship condi
tional crack distribution was used: 

(12.2.4) 

Values of the parameters v and x will depend on the specific flaw model used. 

The probability density function (PDF) obtained by differentiating the pre-
d. t· (12.2.4) . 11 be ce 1ng equa 1ons w1 

1 1 2 p
0 

(a) = 112 exp-~ (ln a/x) 
v a(2n) 2v 

(12.2.5) 

where p
0 

(a) da will be the portion of cracks defined as significant that fall 

in the range a to a + da. This crack population is given by 

n(a) da 
n ( 1 ) = p( a) da 
v 0 

(12.2.6(a)) 

for a unit volume. For a general volume this becomes 

n(a) da n(a) da 
N = V nv (lo) = 

p( a) da (12 .2.6(b)) 

The real concern is the probability that a crack of a size greater than a 

exists in the system under study. 
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Harris( 12 ·2•6) denotes this probability as p* so we can have 

P (> a) = P cond (> a)p* =-} p* erfc C
2
i12 ln a/>) (12.2.7(a)) 

or 

P ( > a) 1 ( 1 ) p* = 2 erfc 172 ln a/A (12.2.7(b)) 
u2 

where p* is denoted by 

(12.2.8) 

where p~ is probability of having a crack of concern in a unit volume. 

usually will require experimental data to define values. 
* Pv 

The parameters u and A as well as others cited in subsequent sections of 
the report can be considered as distributed functions. Specifically, u is con

sidered normal and A log-normal. For Harris' case P (> a)/p* versus a yields 
a family of curves such as given in Figure 12.2.3 using Wilson's( 12 •2·2) 

information. 

12.2.2 Defect-Size Distributions 

Defect-size distributions in both pressure vessel and piping weldments 

have become increasingly important in the assessment of component reliability. 
The following figures represent an updating of sources as of early 1982. They 
are presented for information only, and no claims are made as to their valid
ity. An effort has been made to permit the reader to assess whether the 
assessment was based on large or small numbers, and permit some references as 

to applicability. 

Figures 12.2.4 and 12 .2.5 from Salter and Gethin( 12 ·2·9) cover defect

size distributions in ferritic steels typical of some pressure vessels ranging 

in thickness from 12 to 125 mm (-0.5 to 5 in.). Defects included cracks, 
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FIGURE 12 . 2. 3. Various Percentiles of an As-Fabricated Crack-Size 
Distribution (P(>a/p*) as Calculated by Monte 
Carlo Using Distributed Values of ~ and A 

lack-of-fusion, porosity and inclusions. Figure 12.2 . 5 permits a compari son 
of the role of the welding process . The same defect size data are presented 

in terms of type of weldment , either circumferential or longitudinal, and 
weldinq operation, either submerged-arc, manual metal arc or electro-slag . 

Jouris and Shaffer( 12 · 2·10 ) used data developed by Svejsecentralen to 

qenerate equations applicable to initial flaw-size distribution . Although the 
data suffer from a lack of details, they are reported in Figure 12.2 . 6. 

Forli et a1.( 12 ·?.ll) reportPd on defect-size distributions for several 

types of defects . Incomplete penetrations in weldments are reported here 

because they were sized. Aqain, not too much was reported concerning the con

ditions of base metal , welding conditions or weldment . Figure 12.2 . 7 contains 

these data. 
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Forli( 12 ·2·12 ) in a report of the work covered in reference 12 . 2.11, 

described four classes of defects -- lack-of-penetration, lack-of-fusion, a 

combination of L-0-P and L-0-F , and porosity. These were reported in terms of 
defect height and were derived from -35 m of mild steel weldment covering the 

range of thickness 10 to 26 mm (~ 1 in . ). Figure 12.2.8 presents these data. 
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R · d T · · (12 ·2 · 14 ) . . t d d f t . d. t .b t. . auss1 an 1a1nen 1nvest1ga e e ec -s1ze 1s r1 u 1ons 1n 
ferritic piping weldments. Specifically , they used RT on BWR . A-106 piping 
in the size 4.5 in. x 0.3 in . wall (114 mm dia x 8.6 mm t) . The author s 
considered defect-size distributions at time of initial NDE, after rejection 

and after repair. Pores, slag inclusions , lack-of-fusion , lack-of- penetration , 
cracks, and tungsten inclusions were evaluated from the radiogr aphs . Wh ile 

this study more correctly belongs in Chapter 13 , it is included here because 
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of the manner of examination and repair. The values may be biased to the low 
side in the event tight cracks existed. Figure 12.2.9 includes the initial 
defect-size distribution . Figure 12 .2.10 combines the fitted curves covering 
defect-size distributions before rejection, after rejection and after repair. 

Trumpfheller( 12 ·2·15 ) discussed extensive evaluations of weldments typ

ical of reactor pressure vessels. One study covered approximately 2730 m 
(-9000 ft) of weld seam in two ranges of thickness. The first varied from 60 
to 120 mm (2.3 to 4.7 in.) thick. Defect-size distributions are given in Fig

ure 12.2.11 for 375 ultrasonically detected defects. The second varied from 
120 to 250 mm (4.5 to 10 in.) thick and contained 240 defects. Figure 12.2.12 

presents this defect-size distribution. 
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12.3 PROBABILITY OF CRACK DETECTION 

Hopefully, the data in Chapter 13 should yield a more definitive answer 
to the reliability of flaw detection by NDE with emphasis on UT . Until such 

data are available it will be necessary to utilize earlier studies. The two 
most meaningful are considered to be Marshall et al. (12 ·2•3,12 •2•4) and Becher 
and Hansen. (12 ·1·3) 

The Marshall report used a questionnaire sent to NDE experts to predict 
the probability of flaw detection as a function of flaw size. My subjective 
judgment based on PVRC experience is that such predictions tend to be overly 
optimistic both in predicting flaw size and in the reliability of detection of 
large flaws. Therefore, Figure 12.3.1 should be considered illustrative not 
definitive. 

The study of Becher and Hansen( 12 •1•3) is based on actual data derived 
from pressure vessels and evaluated with raaiography. Again, the probability 
of detection of flaws in pressure vessels would be expected to be higher than 

in piping due to materials (often stainless steel in pipes versus ferritic 
steels), welament geometry, and method of NDE (UT); for RT piping detection of 
flaw might be better. 

Figure 12.3 .2 presents the aata from 347 radiographs. The significant 

factor is the shape of the curve. These data follow a log-normal aistribution 
which isn•t immediately obvious from either the cumulative distribution or the 
frequency (probability density) function. 

Figure 12.3.3 is a plot of log flaw length versus cumulative percentage 
of flaws. In essence, this plot predicts that 97% of the flaws will be equal 
to or less than 100 mm long. 

As cited previously, the trends observed should be considered as illustra
tive and not truly representative of the probability of detection in piping . 
Qualitatively, I would expect the fabrication flaw-size distribution in piping 

to be biased toward larger flaw-size ratios (a/t) compared to pressure vessels . 
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The curves in Figures 12.3.1 and 12.3.2 can be combined to produce a modi

fied flaw-size distribution representative of the distribution after repair of 
some of the detected flaws. The general shape of the curves is significant. 

Values of the equations have not been used, deliberately , to emphasize the lack 
of experimental bases for the curves given in Figure 12 .3.4(a) and (b) . 
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The equations reported in Section 12.2 for initial flaw-size distribution 
can be modified to account for detection of flaws by NDE and for repair of 
those detected by NDE, when such repairs are deemed necessary. Lidiard and 
Williams( 12 ·2·3) developed a model based on the assumption that all detected 

flaws are repaired so that the population at startup is defined by the equation 

N(X) = A(X)B(X) (12.3.1(a)) 

12.3.3 



V' 
:?; 
:5 
u.. 
..... 
0 ,_ 
z 
UJ 
u 
a:: ...... a.. 

~.95r---------------------------------------------------------~ 

98.0 

50 

10 

5 

0.5 <1. 5 <6.2 

2 4 6 8 10 

<2.5 <100 >100 

2 4 6 8 10 2 4 6 8 10 

LENGTH OF FLAWS lmml 

FIGURE 12.3.3. Cumulative Distribution of Flaws Using IIW Degree for 
347 Radiographs 

where N(X) represents flaw-size density distribution after repair, A(X) the 
initial flaw population density function as noted in Section 12 .2 , and B(X) 

the probability that defects of a given size will be missed : 

A(X) = A exp (-AX) 

B(X) = £ + (1-£) exp (-~X) 

. -1 where t = 0.005 and ~ = 2.88 1n. 

A(X) = 14.8 exp- (4.06X) 

12.3.4 

(12.2.2(a)) 

(12 .3.2(a)) 

(12.2.2(b)) 
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B(X) = 0.005 + (0.995) exp {-2 .88X) (12.3.2{b}} 

N(X) =A exp {- AX) l£ + {1-£) exp (-vX)J 

N{X) = 0.0740 exp {-4 .06X) + 14.73 exp {-6.94X) (12.3.1{b}) 

Again, the validity of the various constants have not been established so 
the equations should be considered semiquantitative at best . 

Harris( 12 ·2·5,12 •2·6) uses a somewhat different approach in predicting 

nondetection of flaws . He uses error function notation to denote the prob
ability as 

PND (a) = 1/2 erfc {v ln a/a*) (12.3 .3} 

where a* is the crack size that has a 50% chance of being detected, erfc (A) is 

the complementary error function , and v is an empirically derived parameter . 
The preceding equation is log-normal. Other possibilities include 

Weibull p NO (a) = exp (-a/y) 11 (12.3 .4(a}) 

a* = r{ln 2) 1111 (12.3.4{b}} 

k-1 ( v a) 11 
Ganma p NO (a) = exp {-va) L: n~ n=o {12.3 .5) 

where y, n, v, K, v and a* are defined parameters . 

Some idea of the diff erence the three distributions yield can be seen in 

Figure 12 .3.5. Harris used the work of Packman as evaluated by Tang on alumi

num alloy tubing. While the results should not be extrapolated to ferrous 

tubing , the general trends are of interest . 
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The parameters y, n, k, v , ~and a* may be used deterministically with 
single values or as continuous functions in which case medians and or means 

plus standard deviations are used. Table 12.3. 1 summarizes distributions and 
values used by Harris.( 12 · 2·6) These values should be considered illustrative 
only because they depend on the model used plus the input assumptions . Some 
values apply to Sections 12.2 and to 12.4 through 12.8. 

The implications of using the loq-normal function for flaw detection and 
considering v and a* as continuous functions can be seen in Figure 12 .3.6 . 
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TABLE 12.3.1. Summary of Distr i buti ons of Input Parameter s 

Type of Deterministic 
Parameter Dist r ibution Value 

a; nor mal var ies 

c 
il* 

v 

u 

). 

* Pv(t0 =a) 

log- nor ,-31 

l oq- normi'll 

normal 

normal 

1 og- nonna 1 

1 oq- nor:na 1 

2 X 10-1(1 

0 .?5 

1. 33 

t 0 = 4 : 1. 53 
11 :1.1 2 
20 :1.12 

t 0 = 4 :0 . 00136 
11:0 .01 
20 :0. 009 

10-7 

Mean (if given) 

0. 8 X 
deterministic 
value 

8 . 7 X 1()-11 

0 . 29 

1. 33 

1. 53 
1. 12 
1.12 

Median Value 

0.8 X 
deterministic 
value 

4 x lo-ll 

0 .?5 

1. 33 

t 0 = 4:1. 5 
11:1. 12 
20 :1. 1? 

£0 = 4 :0 . 00136 
11 :0 . 01 
20 :0. 009 

10-9 

Value of 
Standard Deviation (normalj 

"Second Par ameter" (log-normal) 

0 . 155 x de terministic val ue 

c = 1. 25 

a* = 0 . 539 

0 . ?6 

t 0 = 4:0. 30 
11 :0 . 22 
20:0 . 22 

t 0 = 4:).=0 . 240 
11 :-0 . 76 
20: 1. 58 

* Pv(t 0 =4) = 4. 95 

The following parameters are assumed to have fixed values : n; (cycles of given t r ansient) , 
K1c : ac ; n(da/dN = ~6Kn) . 

ln many instances of the parameters cited in the table , only 01 and C are handled as distrihuted 
par ameters . The others (). , u , v , a* Pv) are considered constants . 
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12.4 CRACK GROWTH MODELING 

The growth of new cracks by IGSCC, etc., will be discussed in Sec-
tion 12.5. This section will concentrate on the fatigue growth of existing 

cracks due to the transients experienced by reactors. The approach presented 
here closely parallels that of Appendix A of ASME Section XI. The basic equa
tion is 

da/dN (12.4.1(a)) 

where da/dN is the fatigue crack growth per cycle of loading; C
0 

is a constant; 

and 6K is the range of applied stress intensity factors , used in computing 
fatigue crack growth. The maximum range of K fluctuates for each transient, 

and n is the slope of the fatigue crack growth curve (log-log plot). 

The above equation can be modified in terms of 

(12.4.1{b}} 

•,o~here (12 .4.1(c)) 

(12.4.1(d)) 

where 6om, 6ob are membrane and bending stresses; and Mm, Mb are membrane and 
bending correction factors, as determined from Figures A-3300-2 through A-3300-5 
in Appendix A of ASME XI. Q is a flaw shape parameter, as determined from Fig
ure A-3300-1 using the quantity (om + ob) ctnd the flaw geometry. 

Nilsson( 12 ·4 ·1) suggests a modification to the basic fatigue equation in 

line with probabilistic modeling. He suggests handling C , which varies from 
0 

environment to environment, as a probability density function. Although C 
0 

can be evaluated from experimental data, it often is necessary to make some 
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arbitrary assumptions concerning the behavior of C in the absence of such 
0 

data, so the net gain in considering C
0 

a variable is marginal. Variations 

in assumed transients are much more significant. 

Another approach is to consider 6Kn as in a statistical distribution 
related to some Gaussian process: In the absence of relevant data the applica
tion of such an approach should be deferred. 

Piping can generate a new population of flaws that may pass through the 

initiation period relatively rapidly, then grow to much larger sizes than is 
true of the flaw population during fabrication. This 11 operationally related 11 

flaw population will be discussed in Section 12.5. Flaw growth will depend on 

• material (austenitic, ferritic} 
• environment (OH 0 in BWR versus HH 0 in PWR) 

• residual stress
2 2 

• sensitization (of austenitic) 

• operational loads 
• piping size 

• piping systems. 
The most common crack growth mechanism has been intergranular st,·css corrosion 
cracking (IGSCC}, usually in smaller (4 to 12 in.) sizes of piping in BWRs. 

The function describing crack growth in Section 12.5 may not be linear 

with time. IGSCC is dependent on the accessibility of the coolant to the root 
of the crack. It has been postulated, but not proven experimentally, that most 
IGSCC growth may occur during tile redctor start-up or cool-down cycle. This 
means that 90% or more of the crack growth might occur in less than 1~ of the 
operating cycle. 

Design transients may or may not paral1el the number and type of tran
sients experienced by reactors. Neither the design nor the actual values are 

fixed. The design values have changed substantially over the past ~-10 years 
to parallel more closely operating experience while retaining a re,lsondblt.> 

degree of conservatism. Table 12.4.1 contains a listwg uf transients used in 

relatively late studies. There is no assurance that the transients listed 

represent the current 11 0fficial" list. 
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TABLE 12.4 .1(a}. Summary of Babcock & Wilcox Reactor Coolant System 
Transients (40-Year Design Life) 

Transient Description 
Design 

Classification Cycles 

1 

2 

3 

4 

5 

6 

7 

8 

9 

l.O 

11 

12 

13 

Heatup and cooldown 
50°F/h heatup and cooldown 

Power change 0 to 15% and 
15 to 0°· 

Power loading, 8 to 50~ power 
Power loading, 15 to 100% power 

Power unloading, 100 to 8~ power 
Power unloading, 100 to 15~ power 

10~ Step-load increase 

10 . Step-load decrease 

Step-load reduction from 100 to 8~~ power 

Resulting from turbine trip 
Resulting from electrical load rejection 

TOTAL 

Reactor trip 

Type A - (Loss of reactor coolant flow) 
Type B - (Turbine trip without control 
action) 
Type C - (Loss of main feedwater flow) 
Trips incluoeo in transient numbers 

11, 15, 16, 17, ana 21 

TOTAL 

Rapid aepressurization 

Change of flow 

Rod withdrawal accioent 

Hydn.Jtests 

Steady-state power variations 

li .4 . J 

Norma 1 

Norma 1 

Normal 
Normal 

Norma 1 
Normal 

Norma 1 

Normal 

Upset 

Upset 

Upset 

Upset 

Upset 

Test 

Normal 

240 

730 
230 

3,000 
15,000 

3,000 
15 ,000 

20 ,000 

20,000 

150 
150 

300 

120 

140 
120 

122 

502 

40 

30 

40 

20 

I nf i
nite 



Transient 

14 

15 

l6 

17A 

17B 

18 

19 

20 

21 

TABLE 12 .4.l{a). {contd) 

Oescri pt ion 

Control-rod drop 

Loss of station power 

Steam-line failure 

Loss of feedwater to one steam generator 

Stuck-open auxiliary vent valve 

Loss of feedwater heater 

Makeup flow transients 

Type A - feed-and-bleed operations 
Type B- miscellaneous 
Type C - steady-state variations 

Spray transient 

Loss of coolant 

22 Operational test transients 

23 

24 

25 

26 

27 

HP injection system 
Core flooding system 

Steam generator filling, draining, flushing 
and cleaning 

Secondary side filling 
Primary side filling 
Flushing 
Chemical cleaning 

Hot functional testing 

Leak testing 

Safe shutdown earthquake 

TOTAL 

One-half safe shutdown earthquake 
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Design 
Classification Cycles 

Upset 

Upset 

Faulted 

Upset 

Upset 

Upset 

Normal 

Normal 

Faulted 

Normal 
Normal 

Normal 

Normal 

Test 

Faulted 

Upset 

40 

40 

1 

20 

20 

40 

18,000 
30,000 
4 X 1Q6 

20,000 

t 

40 
240 

240 
240 
40 
20 

540 

5 

100 

1 

650 



TABLE 12.4.1(b). Summary of Combustion Engineering Reactor Coolant 
System Transients (40-Year Design Life) 

Normal Conditions 
a. Plant heatup, 100°F/hr (56°C) 

b. Plant cooldown, 100°F/hr (56°C) 
c. Plant loading, 5%/min 
d. Plant unloading, 5%/min 

e. 10% Step-load increase ) 
f. 10% Step-load decrease) 
g. Normal plant variations) 

Upset Conditions 

h. Reactor trip 

i. Loss-of-reactor coolant flow 
j. Loss of load 

k. One-half safe shutdown earthquake 

Emergency Conditions 

1. Loss of secondary pressure 

Faulted Conditions 
m. Normal operation plus SSE 

n. Normal operation plus SSE plus pipe rupture 

Test Conditions 
o. Component hydrostatic test 
p. System leak test 
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Number 

500 

500 
15,000 
15,000 

(10)6 

400 
40 

40 
200 

5 

10 
200 



TABLE 12.4 . l(c). Summary of General Electric Reactor Coolant 
System Transients (40-Year Design Life) 

Normal, Upset, and Testing Cond1tions 

Bolt Up(a) 

Design Hydrostatic Test 

Startup (lOO.F/hr Heatup Rate)(b) 

Da1ly Reduct1on to 75~ Power<al 

Weekly Reduct1on to ~0% Power(a) 

Control-Rod Pattern Change(a) 

Loss of Feedwater Heaters (80 Cycles Total): 

5~ Safe Shutdown Earthquake Event 

Scram: 

Turbine Generator Trip, Feedwater on, 

Number of Events 

123 

40 

120 

10,000 

1.,000 

4ll0 

80 

1 (d) 

Isolation Valves Stay Open 40 

0 ther Scrams 140 

Bypass Loss of Feedwater Pumps, Isolation Valves Closed 10 

Turbine Single Safety or Relief Va lve Slowdown 8 

Reduction to o~ Power, Hot S~andby, Shutdown 
(lOO"F/hr Cooldown Rate)(bJ 111 

Unbolt 1d 

Emergency Conditions 

Scram: 

Reactor Overpressure w1th Delay Scram, Feedwater Stays 
on, Isolation Valves Stay Open 

Automatic Slowdown 

Improper Start of Cold Recirculation Loop 

Sudden Start of Pump in Cold Recirculation Loop 

Improper Startup with Reactor Drain Shut Off Follo~ed 
by Turbine Roll and Increase to Rated Power 

Faulted Cond1tion 

P1pe Rupture and Slowdown 

Safe Shutdown Earthquake 

(a) Appl1es to reactor pressure vessel only 

1\d) 

1l d) 

1\d) 

1ld) 

1\0) 

(b) Bulk average vessel coolant temperature change 1n any 1-hnur per1oo 
(o) The 40-ycar probability of the one cycle events 1s <lu- 1 
(c) Includes 10 maKimum load cyc les per event 
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TARLE 12.4.l(d). Summary of Westinghouse Reactor Coolant System 
Transients (40-Year Design Life) 

Normal Conditions 

1. Heatup and cooldown at 100°F/hr 
pressurizer cooldown 200°F/hr) 

2. Unit loading and unloading at 5% of full power/min. 

3. Step-load increase and decrease of 10% of full power 

4. Large step-load decrease with steam dump 

5. Steady-state fluctuations 
a. Initial fluctuations 
b. Random fluctuations 

6. Feedwater Cycling at Hot Shutdown 

7. Loop Out of Service 
a. Normal Loop Shutdown 
b. Normal Loop Startup 

8. Unit Loading and Unloading Between 0 and 15% 
of Full Power 

9. Boron Concentration Equalization 

10. Refueling 

11. Turbine Roll Test 

12. Primary Side Leak Test 

13. Secondary Side Leak Test 

14. Tube Leakage Test 

Upset Conditions 

1. Loss of Load, Without Immediate Reactor Trip 

2. Loss of Power (Blackout With Natural Circulation 
in the Reactor Coolant System) 

3. Partial Loss of Flow (Loss of One Pump) 

4. Reactor Trip from Full Power 
a. Without cooldown 
b. With cooldown, without safety injection 
c. With cooldown and safety injection 

5. Inadvertent Reactor Coolant Depressurization 
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Occurrences 

200 (each) 

13,200 (each) 

2,000 (each) 

200 

2,000 

80 
70 

500 (each) 

26,400 

80 

20 

200 

80 

800 

80 

40 

80 

230 
160 
10 

20 



TABLE l2.4.l(d). (contd) 

Normal Conditions Occurrences 

Upset Conditions (contd) 

6. Inadvertent Startup of an Inactive Loop 

7. Control-Rod Drop 

8. Inadvertent Emergency Core Cooling System Actuation 

9. Operating Basis Earthquake 
(20 Earthquakes of 10 Cycles Each) 

Emergency Conditions(a) 

1. Small Loss-of-Coolant Accident 

2. Small Steam-Pipe Break 

3. Complete Loss of Flow 

Faulted Conditions(a) 

1. Main Reactor Coolant Pipe Break (Large LOCA) 

2 . Large Steam-Pipe Break 

3. Feedwater Line Break 

4 . Reactor Coolant Pump Locked Rotor 

5. Control-Rod Ejection 

6. Steam Generator Tube Rupture 

7. Safe Shutdown Earthquake 

Test Conditions 

1. Primary Side Hydrostatic Test 

2. Secondary Side Hydrostatic Test 

10 

80 

bO 

200 

5 

5 

5 

1 

1 

1 

1 

1 

(Included 
Under Upset 
Conditions, 
Reactor Trip 
from Full 
Power With 
Safety 
Injection) 

1 

10 

10 

{a) In accordance with the ASME Nuclear Power Plant Components Code, Emergency 
and Faulted Conditions are not included in Fatigue Evaluation . 
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The development of the equations for both crack initiation and for crack 

growth is covered in Section 12.5. 

These transients can be decoupled so that the order of occurrence does not 

influence crack growth. Inherently, the assumption is that the preceding cycle 
does not affect the crack growth from the following cycle and, therefore, that 

cycle ordering can be neglected. This may be affected by the volume of the 
plastic zone at the crack tip and by the access of the coolant to the crack 
tip, assuming the crack reaches the inner surface. 

The rate of crack growth is influenced by location (surface versus 

embedded), stress cycles, access to coolant, size and orientation. However, 
crack growth rates are relatively low except under the most severe conditions. 

Table 12.4.2 illustrates the slow rates of crack growth. In this table, and 
in the following tables, emphasis is given to hot-leg and cold-leg piping in 
PWRs. The shorter time for penetration from the inner surface is due to the 
larger (factor of 14.7) value of C

0 
in the "wet•• condition. 

A Combustion Engineering study( 12 •4•2) examined crack growth in the hot

leg and cold-leg piping using the C.E. design transients. Data are given in 
Table 12.4.3. The values found in Table 12.4.3, not too surprisingly, tend to 
parallel those in Table 12.4.2. 

The same study( 12 •4•2) examined the number of cycles to cause leakage and 

then to cause failure after leakage, Table 12.4.4. Heatup and cooldown cycles, 
plus relatively severe reactor trip and loss-of-flow cycles were used to propa

gate the cracks. Typically, there are about 500 heatup and cooldown cycles in 
40 years, the assumed reactor life. An initial crack depth of 1.0 in. (presum
ably on the inner surface) was assumed with three crack lengths--A, 16, 24 in. 

The same trends observed in B&W and CE piping occur in~ Plants, 
Table 12.4.5.(12 ·4•3) This study, and those in references 12.2.5, 12.2.6, 
12.4.2, were prepared in response to the asymmetric load problem where a guil
lotine break assumed at the nozzle safe-end region of PWR hot legs or cold legs 
can pressurize the pressure vessel cavity, resulting in asymmetric loading 

during blowdown. The~ study was on 30-in. I.D., 2.5 in. thick wall, 

316 stainless steel pipe. Three flaws were assumed (1) 0.0. circumferential; 
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TABLE 12.4.2 . Time for Crack to Grow Through the Wall of 
Large Diameter Piping (12.2 . 5, 12.2 .6) 

Initial Conditions 

Initial Flaw Depth a0 = 0.2b in. unless noted a/~<0 . 1 

Wall thickness (Ferritic Piping): B&W 3. 3125 in. 
CE 3. 75 in. 

Maximum Stress Fatigue Growth and Cycles: 
B&W 13.0 KSI - -400 cycles/yr 

CE 45.5 KSI - 17 cycles/yr 

Time to Failure(a) Years 
Flaw Location Stress Field 

Inner Surface Uniform 

Inner Surface Gradient 
(Tensile on ID) 

Outer Surface Uniform 

Mid Plane Uniform 

1/4 thickness 

CE 

8.9 
22.1 

>56 .2 

12.6 

126 

645 

618 

B&W 

20.8 
53.5 a/~ = 0. 2 

>140 a/~ >0.35 

4 7.4 

295 

1560 

1420 

(a) Failure defined as time to penetrate the wall (tf) 

TABLE 12 .4.3. Crack Growth in Pip i ng in 100 Years Assuming Design Transients 
(12 .4.2) In itial Crack Depth a0 = 1.0 in . Lengths as Noted 
(Units are inches) 

System Orientation ~0 = 8 in . ~ 
0 

= 18 in. 

Hot Leg Circumferential -1.1 -1.12 
Axial -1 . 05 -1.1 

Cold Leg Circumferential -1.01 -1.03 
Ax i a 1 -1 . 03 -1.1 

Note : Values represent final crack depth . 
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(2) I.D. circumferential; {3) 0 .0. axial . The same flaw size and geometry was 
assumed; namely, a

0 
= 0.5 in., c/a ratio of 6. In passing, the critical flaw 

for failure was 30-in. long for the axial case and >30-in . long for circumfer
ential, both through-wall. 

The values in Table 12 .4.5 are in agreement with the CE values in 
Tab 1 e 12 . 4 . 4 • 

A question of interest is, "How large can an initial flaw size be to 

become critical when exposed to operational transients for a given time?" 
Table 12.4.6 presents data from Harris( 12 •2·5' 12 ·2•6) for B&W and CE plants. 
In the case of B&W, the critical transient is 3-4a power change up or down from 

8% to 100%. 15,000 were used for the 40-year period together with the other 
cycles. Typical CE cycles were used. 
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TABLE 12 . 4.5. Growth of Flaws as Function of Size and Location in Outlet Piping -29-in . 
1.0 . x 2.5-in . Wall 316 Stainless Steel c/a Ratio 6 

Initial 
Postulated 
Flaw Depth Total Flaw Depth (in.) for Times 

(in. ) Length Time-Yr. -- 3 6 TO 40 
(1) (2) (3) (1) (2) (3) (1) (2) (3) (1) (2) (3) 

0.100 0.600 
0. 200 1. 200 

0. 300 1.800 
0.400 2.40 

0.500 3.00 
o. 700 4.20 

(1) Circumferential Crack on 0.0. 
(2) Circumferential Crack on 1.0 . 
(3) Axial Crack on 0.0. Surface. 

0.100 0.100 
0. 201 0.201 

0. 301 0.302 
0.403 0.404 

0.505 0.506 
0. 710 --

Surface. 
Surface. 

0.100 0.100 0.100 

0.202 0.201 0.202 

0.304 0.303 0 . 304 
0.408 0.405 0.407 

0.512 0.509 0.512 

-- 0 . 722 --

0.101 0.100 0.101 0 .102 0.102 0. 103 0 . 107 
0.204 0.202 0.203 0.206 0.208 0.212 0.228 
0.309 0.305 0.307 0.315 0. 320 0.328 0.368 
0.416 0.409 0 .412 0 .427 0.440 0.454 0.535 
0.525 0.515 0.520 0.544 0.569 0.594 0.749 

-- 0.737 -- -- 0.898 



TABLE 12.4.6. Acceptable Initial Flaw Sizes (a0 ) inches for Hot Leg, 
Cold Leg and Surge Lines in B&W and CE Plants, Using 
Design Transients 

Operating Hot Leg Cold Le~ Surge Lines 
Years B&W CE B&W E B&W CE -- -- -- -- --

10 0.40 0. 22 0.60 0.65 0.10 0.03 
20 0.25 0.14 0.40 0.52 0. 07 0.02 
30 0.20 0.10 0.35 0.42 0.05 0.01 
40 0.10 0.09 0.30 0 .39 0.05 0. 01 

The surge lines usually are 9- 11 in. 1.0 . with wall thickness of 
-Lo in. 

One further item of interest is the l ength of a through-wall crack neces
sary to cause a guillotine break or major axial split under substantial inter
nal pressure loads. 

Figure 12.4.1 from reference 12 .4 .3 covers the case of failure pressures 
for circumferential through-wall flaws. Table 12.4 .7 contains crack lengths 
for hot leg, cold leg, and surge line in B&W and CE plants. 

Figure 12 .4.2 cited by Wilson( 12 ·2·2) presents data similar to that of 
Figure 12.4.1 for axial rather than circumferential flaws . The trends are 
similar to those noted in Figure 12.4.1 . 
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FIGURE 12.4.1. Failure Pressure for Circumferential Through-Wall Flaws 

TABLE 12.4.7. Critical Crack Length for Guillotine Failure 
for a Leaking Crack 

0 max /- = otVIT 
Length 

Joint (J >. B&W CE --
Hot Leg 0.72 2.0 16.8 19.4 

Cold Leg 0.58 3.6 24.8 26.6 

Surge Line 1 -4 -4 

Note: These are high-stress levels analogous 
to faulted conditions. 
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FIGURE 12.4.2. Distribution of Data About Critical Stress Prediction 
Plane for Axial Failure in Piping 
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12.5 INITIATION AND GROWTH OF FLAWS 

The significance of initial flaw-size oistribution in piping welds prob
ably has been exaggerated, particularly when the flaws usually occur between 
1/4t and 3/4t (the central half of section thickness). The driving forces for 

crack propagation are relatively low for small deeply embedded flaws, not 
exposed to the coolant. The situation is different for surface or near-surface 
flaws, particularly those distributed around the inner surface. In such flaws 

it may not be necessary to assume a prior flaw-size distribution. Under cer
tain circumstances, the driving forces are sufficiently high to result in both 

crack initiation and crack growth with the cumulative time for both stages less 
than predicted for the growth of embedded flaws when the two processes are com

pared against the same final flaw size. 

Three mechanisms leading to crack initiation and growth will be con

sidered. Due to the absence of relevant data the mechanisms will be modeled, 
but no effort will be made to determine numerical values. The following are 

three mechanisms , all of which have resulted in piping failures in operating 
BWRs and/or PWRs: 

1. stress corrosion cracking, primarily intergranular stress corrosion 

cracking (IGSCC). (This is predominantly but not exclusively a BWR 
problem occurring in austenitic weldments.) 

2. fatigue cracking, initiated by thermal-transients and continued by 
combined thermal and pressure loads. 

3. corrosion-fatigue, where cracks initiate and grow from the inner sur
face due to a combination of the environment and the cyclic loads. 

12.5.1 Intergranular Stress Corrosion Cracking (IGSCC) 

Relatively little has been reported relevant to incorporating IGSCC into 
a probability failure model. A recent study by Harris( 12 ·5•1) attempts to 
attack the problem; however, that study begins with the a priori assumption of 

a flaw population so that the system is propagation controlled. In my opinion 

this introduces undue restrictions into the model. 
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The crack growth by IGSCC can be divided into two stages--the initiation 
or nucleation period, and the crack propagation period. While a microscopic 
model probably is better for describing crack nucleation, a deliberate decision 

was made to use a macroscopic model to be consistent with the crack-growth 
models used in most probability studies. 

Extensive studies in BWRs and simulated BWR environments indicate that 

the following parameters are controlling for austenitic weldments: 

1. the environment (E) with the level of oxygen in the coolant (at 
temper ature) usually controlling 

2. the degree of sensitization (S) in the wrought structure (heat 

affected zone) 

3. the level of stress (o) at the inner surface (ores, oD.W . , op, etc . ) 

4 . the condition of the internal surface (y) in the region of stress and 
sensitization 

The time-to-crack nucleation or initiation will be a complex function of 
these and possibly other parameters . For example, the process has been arbi

trarily limited to austenitic alloys even though it is known that certain 
austenitic alloys are relatively insensitive to IGSCC while some of the high 

nickel alloys are relatively susceptible. Times of initiation may range from 

days to months , or even years , based both on experimental evidence and observa

tions with operating reactors . We can define this initiation as 

Tinit(hrs) = f (E, S, o, y) 

where stress may be steady state plus transient, and may consist of •esidual, 
dead weight, pressure, bending , etc . With regard to surface condition y, one 

could argue that a rough surface corresponds to a population of small cracks, 

thus shortcutting the initiation stage . 

The preceding relationship could be defined in terms of a probability 

relationship; however, no analytic procedure is known for quantifying the rela

tionship, primarily because of the very limited data on initiation of IGSCC and 
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equally limited information concerning the interaction of E, S, a, y . One can 

infer that t he presence of some level of oxygen in the water at 250 to 300°C and 
a nominal level of sensitization both represent plateaus where further increases 

of E or S are relatively unimportant . With this assumption, a and y effectively 

control TINIT. The relative contributions of a and y are difficult to assess . 

The post-initiation step is followed by crack growth with the same parame

ters controlling, or 

Crack growth rate= a= f•(E, S, a, y), 

where a is a rate function which probably is not uniform and may be 
discontinuous . 

For example, the effective E will oe that at the crack tip; however, that E 

will be influenced by the macroscopic E, the level of oxygen in the coolant. 
Typically BWR •s start with fairly high levels of oxygen at startup with these 
levels reduced markedly before reaching operating (P, T); however, some BwR•s 

have reduced the oxygen levels prior to ascent to operating conditions, and 

these plants have been essentially free of IGSCC, at least to date . 

It has been postulated that the crack growth occurs primarily during 

startup and shutdown. The suggested mechanism particulary relevant to startup 
is that oxygen is present, and loads during heatup may be substantial, particu

larly bending loads that could open the cracks permitting access of coolant. 
If such is true, one might have 90 to 95% of the crack growth in <1% of the 

time during a 300-day operating cycle. 

The preceding is conjecture; it would be beneficial to have definitive 
data confirming or denying the postulate. 

The report by Harris( 12 •5·1) cited previously contains an extensive model 
of IGSCC. However, some of the basic assumptions introduced initially (for 
example , the assumption of an a priori flaw population) bias the model 

severely, at least in my opinion . Even so some of the conclusions are con

sidered relevant . This study considered two sizes of pipe, a 60-cm (24-in.) 
recirculation line and a 10-cm (4-in.) surge line: 
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• The residual stresses distribution tends to decrease the probability 

of failure in the large line while increasing it in the small line. 
This is due to the distribution circumferentially and radially of 

the residual stresses. 

• Other parameters, such as maximum crack growth rate, maximum antici

pated stress intensity factor, KISCC intensity factor, and slope 
(m) of a-K relation, have secondary effects with regard to failure 
probability. 

• Stresses typical of emergency or faulted conditions may increase 

probability of failure and reduce time to failure; however, the 
changes are expected to be nominal. This is generally true fortran

sient loads. 

• Preservice and inservice NDE have limited effects on failure proba

bility aue to IGSCC. 

• Calculated failure rates (which assume no initiation stage) predict 

high rates in short times. This does not agree with field observa

tions, suggesting that nucleation may be important. 

Egan and Cipolla( 12 ·5·2) developed a crack growth model for IGSCC . The1r 

model, like Harris', assumed prior existence of a crack so only the propagation 
stage was considered. The following represent their assumptions: 

• Plant and hence stress cycling has no other effect on growth rate 
provided the crack-growth data are determined from tests which 
include representative loading (i.e., cycling comparable to service 

loading) . 

• 1/af is much smaller than 1/ai and may be neglected . 

• da/dt = CK n is a reasonable law to describe stress corrosion max 
crack growth (i.e., stress corrosion crack propagation is a stress 
intensity dominated phenomenon for the time of interest). 

• Post-weld grinding affects only the initiation phase of stress corro

sion cracking and has no influence on crack propagation. 
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• Initiation or incubation of stress corrosion cracks is an independent 
phenomenon and is not considered in the propagation analysis. 

• The material is homogeneous and can be treated as a continuum. 

The authors conclude that 1) propagation times are much longer in large 
pipes; 2) the more highly stressed laboratory pipes will fail much more rapidly 
than similar types of pipes in the field; and 3) the substitution of ferritic 

piping would require toughness values at least 42 ksi(in.) 112 for leak before 

break to be guaranteed. 

12.5.2 Thermal Fatigue 

A thermal fatigue model assumes a large number of stress cycles of suffi

cient severity to initiate and then propagate cracks. Such fatigue is attrib
uted to inadequate mixing in the coolant so that a cooler stream periodically 
impinges on the inner surface. Such fatigue has been experienced in nozzles, 

elbows, etc. Generally, the thermal fatigue results in relatively rapid ini
tiation of cracks and their propagation to nominal depths. The thermal stress 

driving force for continued propagation drops off with increased depth. Other 
mechanisms, such as transient loads or periodic variations in operating 
stresses, are postulated to cause continuous crack growth. The significant 
factors here are o and possibly y. Both ferritic and austenitic materials can 

crack; however, the higher coefficient of expansion of austenitics tends to 
increase the probability of cracking in these materials under conditions mar
ginal to crack initiation. 

12.5.3 Corrosion-Fatigue 

Another mechanism for initiation and propagation of cracks is corrosion
fatigue applicable to both ferritic and austenitic alloys. Here cyclic 
stresses, their amplitudes and number of cycles tend to control. Exposure to 
the environment tends to increase crack growth rates and presumably, reduce 
crack initiation times by factors of 10- 100, depending on material, condition 
of environment, ratio of stress amplitudes, etc. Here the driving force con

tinues since the cycles usually are stress controlled across the cross section 
rather than being a decaying gradient. 
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C d(12 ·1.7) do f to k 0 Oto to oth h 0 ramon 1scusses a 1gue crac 1n1 1a 10n w1 emp as1s on 
pressure vessels. His models consider such initiation generically rather than 
assessing environmental effects. Basically, they are modifications of existing 
models covering the propagation of cracks under cyclic loads. 

For example, Miner's rule has been modified analytically to cover crack 
initiation . Here D0 defines crack initiation of engineering sinificance: 

where N1 = no. of load cycles of stress level 
N

0 
=crack initiation life 

W = total no. of load cycles until crack initiation 

or 

or 

where D
0

j = initiation damage incurred during load cycle, j. 

In terms of fatigue cycles, 

(12 . 5.1 (a)) 

(12.5.l{b}} 

(12.5.1(c)) 

{12.5.2) 

where c
1

, D
0 

are material constants and the second term is propagation life: 

N
0

- crack initiation life in terms of cycles 

Nf- cyclic life 
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N is obtained either analytically or experimentally on the basis of the number 
0 

of cycles necessary for a crack to propagate from the initial 11 engineering 
crack size11 to a final crack causing failure. 

Another approach to predicting initiation life is through use of the law 

of universal slopes. Coefficients and exponents are determined experimentally 

from fatigue tests . 

0
0

, again, is used to denote initiation of a crack of engineering size. 

There still is the problem of exact solution to determine means (W) and coeffi
cients of variation nw denoting the number of cycles for crack initiation. 
W is defined as the average crack initiation life including effects of cumula

t i ve damage. 

N
0 

is the cyclic initiation life under constant amplitude alternating 

stresses (R = -1), generally not applicable in real systems. W is defined as 
the cyclic initiation life under random alternating stresses. 

12.5.4 Combined Crack Initiation and Growth 

Besuner and Tetelman( 12 ·1· 1) developed a probabilistic model for crack 
growth that should be applicable to piping on the basis that the critical flaw 
size is quite large and the initial flaw is presumed to quite small. This 

model is capable of handling the case of flaws initiating during operation by 
IGSCC, etc.: 

da/dN = C6Kn pr 

where N represents a summation of all transient cycles. pr 

(12 .5.3(a)) 

The simplest flaw was considered; namely, a buried penny-shaped crack 
remote from the surface in a uniform tensile stress field, 

6K = 2 6a (a/w)112 
(12 .5.3 (b)) 

where 6a represents the stress range. 
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Substitution of (12 .5.3{b)) into (12 .5.3{a)) and integration yields 

ai (1- n/2) _ af(1- n/2) 
N = -----"T?r"----
pr C6on {4/n)n/2 (n/2- 1) 

(12 .5. 4(a)) 

where n ~ 2, ai is initial, and af is final half-crack size, and af >> ai . 

If af>>a; (12 . 5.4(a)) reduces to 

(A./n)(1/2- n/4) 
1 

N = ----~.-:::-----
pr (6o)n (4/n)n/ 2 (n/2- 1) 

2 where A; = nai represents the flaw area. 

(12.5.4(b)) 

The error in assuming a circular flaw versus an elliptical flaw is nomi
nal; e.g., if the ratio of major to minor axes is <40 the difference is not 
significant . 

Equation (12 .5.4(b)) can be converted to more compact notation and loga
rithms taken: 

log N = log B + p log C + q log 6o + r log A; (12 .5.5) 

[ ] 
-1 

where B = 2-nn (-112 + Jn/ 4)(n/2 - 1) 

p = -1 

q = -n 
r = 1/2 - n/4 

and B is a constant not subject to random variation. 

Returning to 

(12 .4.1) 
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we can substitute functions 

log 6o = N (~ , S ) 
0 0 

where ~ represents the median or mean, and S is the standard deviation. Values 

for ~ and S can be developed. 

If the design life is defined as 

Y = Npr = N (C, 6o, A.) pr 1 
(12.5.5) 

and the probability of failure is 

Pf = P (Y < design cycles) (12.5 .6) 

to solve the theorem 

etc., is used, and 

(12.5.7) 
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where P1, P2, P3 are constants : 

5 _ (P 25 2 + P 25 2)112 
y - 1 1 2 2 

For nonzero initiation life, 

and 

0 
N = M k i 

A. 6o 
1 

Recalling that crack growth is denoted by an equation of the form 

da n dN= C (~:,K) 

12.5 .10 

(12 .5.8) 

(12 . 5.9) 

(12.5.10) 
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6K = 6ahj(a) 

If N represents the number of fatigue cycles of significance, this number prob
ably won't be sufficiently large enough to meet the criteria of a central limit 

theorem. 

The probability density function for the size distribution of flaws in 
the original flaw population that have grown after some time is 

where v represents the flaw depths at time (t); then 

(X) 

L: 
U=O 

f ( u) f (3.) ~ c IN 1J u 

New flaws originating due to the material, the environment, the stress levels 
and the stress cycles will be of the form 

da n dt = f (Mat, Env, a, 6aK ) 

This equation should represent growth both due to constant stresses (a, a , res 
etc.), IGSCC and to eye 1 ic stresses. 
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12.6 STATIC AND DYNAMIC LOADS 

12.6.1 Load Effects 

The effect of loads is twofold. They, in combination with other fact ors 

such as the environment, are responsible for the propagation of cracks to a 

greater or lesser degree. Ultimately, a load is necessary to result in failure 
either due to leakage , or catastrophically. 

In the crack initiation and propagation stage, the probability of cr ack 
growth is sensitive not only to f (E , S, o, y) for IGSCC, but also to piping 
diameter and to piping subsystems . It is necessary to examine a spectrum of 
piping size to meaningfully predict crack growth as noted by Harris( 12 ·5·1) for 
10-cm and 60-cm pipe. In this respect, the work of Wilson( 12 •2·2) on factors 
influencing conditional probability of failure is decidedly relevant . Fig-
ure 12.6.1 illustrates the contribution of primary and secondary stresses to 
relative probability of failure, and Figure 12 .6.2 examines geometric and size 

factors influencing probability of failure. Both support the significance of 
pipe size and of subsystem to failure. 

Another method of presenting the data in Figure 12.6.2 is given in Fig
ure 12.6.3 where a probability surface is drawn (qualitatively) to examine the 
role of pipe size and relevant piping system to failure probability. 

Another factor influencing probability of failure is the rate of loading 

as well as the maximum load . For example, faulted loads predicted by one 

mechanism may be quasi-static while faulted loads predicted by another may be 
dynamic. A specific example might be cert ain seismic loads where the ramp 
approximates quasi-static conditions and a region of high-stress intensity such 
as a discontinuity might yield but not fail. A dynamic faulted load might be 
the opening of safety relief valves or water slugging. 

Table 12.6 .1( 12 ·2 ·1) illustrates a few cases of pipe damage ranging in 
severity from complete failures to limited local damage. The probability func

tion in Figure 12.6 .4 attempts to relate load to piping size for static and 

dynamic loads. Figure 12 .6.4 is a two-dimensional section of Figure 12.6.3 
with the effects of dynamic loading added. 
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Basically, an increase in strain rate will have the following effect: 

> e cry < KIC < Km 

where > denotes an increase in value and < denotes a decrease in value. 
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FIGURE 12 . 6. 1. Probability a Given Load will be Reached or Exceeded for 
a Spectrum of Emergency and Faulted Incidents 

12. 6. 2 Probabilistic Mode l ing of Loads 

There has been substantial work in probabilistic mode l ing of structures; 

however , the information available on the modeling of loads in piping systems 
is quite limited. Since this report concentrates on piping systems, the 

discussion of probabilistic modeling of loads will be limited to work in its 
early stages , in 1979 . (12 · 0·1) 

The authors • attempt to develop a model within accepted practice . To 

accomplish this , they established three requirements : 

1. The designer or reviewer should only have to combine peak responses 

from individual loads . 

2. The response combinations in requirements in 1 should be specified 

in simple deterministic terms. 
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TABLE 12 .6.1. Incidents Considered of Substantial Significance Based 
on Size and Location of Piping (1970-1975) 

Reactor Year Incident 

H. B. Robinson 1970 During hot functional testing, a 6-in. (152-mm) pipe 
nozzle between the pressurizer main steam line and t he 
safety valve failed completely due to crack initiated 
at excessively machined taper . 

Dresden 2 1970 Water hammer in high-pressure coolant-injection (HPCI) 
line due to water behind valve; dented 10ft {3m) of 
pipe and broke or bent several restraints and snubbers. 

Indian Point 1 1972 Thermal sleeve in 4-in. (102-mm) line failed by thermal 
fatigue; in turn the mixed flow cracked the 24-in. 
(609- mm) main coolant line downstream owing to thermal 
fatigue. 

Turkey Point 3 1972 During functional testing, three of four safety valves 
on the main steam-line header blew off and split the 
header; caused by system not being designed for reac
tion forces under dynamic loads. 

Indian Point 2 1973 Water hammer due to uncovering of steam generator f eed
water ring cracked feedwater line 180° circumferen
tially and bulged pipe. 

Browns Ferry 1 1974 Water hammer due to operator error moved HPCI pipe , 
broke 3 pipe restraints , bent and damaged others ; frac
tured journal-bearing pedestal. 

Fitzpatrick 1974 Water hammer due to operator error moved parts of 
residual-heat-removal pipe up to 10 in. (254 mm) and 
damaged seismic supports . 

Cooper 1975 Coupling on control-rod-drive pump impacted and gouged 
10-in . (254-mm) core spray line; caused by bearing 
failure and pump shaft breaking . 

3. For mechanical components the ASME code stress limit and service 
level (A, B, C, D) philosophy should be used . 

Particular attention was given to the specification of loads , load combinations 
and load factors. The following questions were asked: 
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PIPING SIZE 

FIGURE 12.6.4. Section of Figure 12.6.3 Representing One Piping Complex 
Illustrating Differences of Effective and Static Loads 

• Loads 

- What are the sources of and uncertainties in the loads? 

- What are the probabilities of occurrence of different load 
intensities? 

What are the durations of the loads? 

Is the loading function or displacement controlled? 

- What are the dynamic characteristics of the loads? 

• Load Combinations 

- What is the probability of two or more concurrent loads? 
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- What consequences can be allowed due to concurrent loads? (This 

determines the equipment service level or structural load accep

tance criteria.) 

What is the probability that the specified consequences (deforma

tion, cracking, etc.) would be exceeded with the specified load 

combination? 

- What is the effect on safety for the specified load combinations 

(sensitivity of overall risk)? 

- What response combination criteria is to be associated with the 

selected load combination criteria? 

• Load Factors 

- What is the nature and mode of the load; i.e., is it static, 

vibratory, pulsatory, load controlled, displacement controlled? 

- What are the dynamic characteristics of the structure? 

- What factors for combined loads will result in the code intended 

.. safety margi ns? 11 

- What effect do the factors have on the probability of failure 

(sensitivity of risk)? 

All these issues must be addressed to develop a rational and uniform basis 

for combining loads. 

Basically, this approach uses the probability of a component reaching some 

limit state as the central parameter in the probabilistic design methodology. 
An example would be to 

• derive partial safety factors for extreme loads (500-year quake) 

• develop partial safety factors for component response to dynamic 
loads 

• develop probabilistic design criteria for nuclear piping and 

equipment. 
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Conceptually loads are combined as shown in the following equations cov
ering elastic working stress design (WSD) and load factors design (LFO). The 
examples pertain generally to piping. 

Working Stress Design Criteria: 

0 + L + E + To+ Ro < 1.355 

Load Factor Design Criteria: 

0.75 (1.4 D + 1.7 L + 1.9 E + 1.7 To+ 1.7 Ro) < U 

where s = working stress limit 

u = ultimate strength 

0 = dead weight stresses 
L = live weight stresses 

E = operating basis earthquake stresses 

To = therma 1 loads 
Ro = normal pipe reaction stresses 

Table 12.6.2 illustrates possible factors to be used in the LFD, approach 

for a "loss-of-function" limit state. 

Values of the various functions use the approach discussed by Chou 
t 1 (12.6.1) e a . 

TABLE 12.6.2. Example of Format of Results of Load Combination Methodology 
For "loss-of-function" Limit State 

Probability of Loads 

Loss of Function Dead Wt. Live EOBE Therma 1 Reaction 
10-2 1.0 0.6 0 0.4 0 
10-3 0.9 0.8 0.5 0.6 0.3 
10-4 1.0 1.2 1.4 1.0 0.8 
10-5 1.5 1.8 1.7 1.8 0 
10-5 1.6 2.0 0 2.5 0 
10-5 1.4 1.7 1.9 1.7 1.7 
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Figure 12.6.5 describes the bases for the safety index B where 

mR_n 
a = safety index = ~ 

OR-Q 

where a is expressed in terms of the ratio of the statistical mean to the stan

dard deviation. 

This concept has considerable appeal. An obvious problem is the valida
tion of the methodology which will require extensive peer review and comparison 
against the deterministic values in the present codes. 

Ravindra and Singh( 12 ·6· 2) earlier investigated the approach cited in 

work of reference 12.6.1 in the preceding pages. They took the specific case 
of a straight section of pipe (A 106 B), used the ASME III Code equations for 

class 2 piping (section NC) and, through use of a probabilistically based 
safety index, modified the deterministic Code equations into a series of 

PROBABILITY 
DENS lTV 

0 

I PCTR-Q• j m IR-Ql 

m 
{3 = SAFETY INDEX a R -Q 

CTR-Q 

R = RESISTANCE OF COMPONENT (STRENGTH) 

Q = LOAD ACT lNG ON COMPONENT 

m = MEAN OF PDF 

CT=STANDARD DEVIATION 

{3= SAFETY INDEX=MEASURE OF RELIABILITY 

SAFETY MARGIN 
R-Q 

FIGURE 12.6.5. Probability Density Function Illustrating the Factors Used 
in Determining the Safety Index (a). 
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weighted probability equations. In essence, thee is that discussed in Fig
ure 12.6.5 which is cited in reference 12.6.1 and is from the work of 
C. A. Cornell. 

Since the handling of p1p1ng probabilistically in the major thrust of 
Chapter 12, the authors•( 12 ·6·2) development is followed closely. 

For purposes of evaluation, a straight section of Class 2 SA 106 B pipe, 
114.3 mm in diameter with calculated wall thickness of 1.52 mm, for design 
pressure P d of 5.52 x 103 kPa, and dead load moment MA of 16.27 Nm. The 
allowable stress Sh for A 106 B pipe is 103.4 x 103 KPa, which is assumed 

to be constant over the range of temperature {38 to 343°C). 

12.6.2.1 Safety Indices 

The Class 2 nuclear piping is analyzed according to the requirements of 
NC-3650 of ASME III Code. The following equations are generally used: 

Sustained Load 

Occasional Load 

where Pd =internal design pressure, k Pa 
0 = outside diameter of pipe, mm 

0 

t =nominal wall thickness, mm 
n 

(12.6.1) 

(12.6.2) 

MA = resultant moment loading on cross section due to weight and 

other sustained loads, Nm 

z = section modulus of pipe, mm3 

i = stress intensification factor as given in the ASME Ill Code 
Sh = basic material allowable stress at design temperature, k Pa 
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p 
max = peak pressure, k Pa 

MB = resultant moment loading on cross section due to occasional 

loads such as those from flow transients and earthquake, 

Me = range of resultant moments due to thermal expansion, 

SA = allowable stress range for expansion stresses, k Pa. 

12.6.2 .2 Other Nomenclature 

0 dead load 
E = random factor representing analysis errors 

F = random factor representing fabrication uncertainties 

F eq = earthquake load 
F Y = yield strength of material 
F u = ultimate tensile strength of material 

Nm. 
Nm. 

G = random factor representing uncertainties in strength calculations 

M = random factor representing material strength variations 

pF =probability of failure of a component 
Q total load effect acting on a component 

Rm = resistance of a component 

R = nominal resistance n 
T = therma 1 1 oad 

T = transient load r 
v0 = coefficient of variation of load effect 

VR = coefficient of variation of resistance 

a = numerical constant = 0.55 

a = safety index 
a = standard deviation of a variable 

From an examination of the design requirements given by Equations 
(12.6.1), (12.6 .2), and (12.6.3), the design variables are judged to be 
internal pressure P, dead load D, earthquake load F , load from flow eq 
transients Tr, thermal load T, and material strengthS. In the following, 
the statistical parameters of the variables listed above are estimated: 
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• Internal Pressure (P ~ 

The internal pressure in the p1p1ng is controlled to be as near the design 
pressure as possible. ASME code allows a tolerance in pressure of +10%. 

Assuming that the mean internal pressure is equal to the design pressure and 

that the ASME tolerances are not exceeded 95% of the time, the coefficient of 
variation of the internal pressure is estimated as 0.05. 

• Dead Load (D) 

The variability of dead load is due to the differences between the actual 

cross sectional areas of components and their nominal areas. This variability 
is fairly small. The mean dead load is estimated equal to the nominal dead 
load and the coefficient of variation v0 as 0.05. 

• Earthquake Load (Feql 

The uncertainty in earthquake load comes from uncertainties in the seismic 

history of the region, the activity rates of known geologic structures, the 

attenuation of ground motion from the epicenter to the site, the translation 
of intensity of shaking to ground acceleration, and in the dynamic properties 
of the system. For the purposes of consistently combining loads that vary in 

time, it is necessary to derive the statistics of lifetime maximum earthquake 
force. Using the procedure discussed in reference 12.6.1, the lifetime maximum 
ground acceleration for a typical nuclear plant site is estimated to have a 

mean of 0.03 g. The coresponding operating basis earthquake at this site is 
0.10 g. The coefficient of variation of earthquake load is estimated to be 

1.00. 

• Flow Transient Loads (Trl 

The mean of transient loads is estimated to be equal to the calculated 
values using standard procedures. The coefficient of variation is taken to be 

0.05. 

• Thermal Loads (T) 

The mean load is assumed equal to the value prescribed by the ASME code. 

The coefficient of variation is estimated as 0.05. 
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• Material Strength 

The mean yield strength of the piping material, for the purposes of illus
tration and based on the analysis of extensive test results, is estimated as 
1.05 times the specified yield strength and the coefficient of variation of 

yield strength as 0.10. Analysis of available test data and statistical sam
pling are necessary to establish these parameters for all types of piping mate
rial. The coefficients of variation of fabrication factor F and of strength 

properties G are estimated as 0.10 and 0.05 , respectively. The coefficient of 
variation of resistance VR is calculated as 0.15. Similarly, the mean of the 
ultimate tensile strength is 1.05 times the specified ultimate tensile strength 
of the material and the coefficient of variation of resistance VR as 0.15 . 

12.6.2.3 Evaluation of Safety Index for a 106 B Pipe 

For the purposes of illustration, a straight through pipe of outside dia
meter 0

0 
= 1143 mm is assumed. The nominal thickness is calculated as 1. 52 mm 

for a design pressure Pd of 5.52 x 103 kPa and a dead-load moment MA of 16.27 

Nm (Eq. 12 .6.1}. The piping material is SA 106 B with an allowable stress Sb 
equal to 103 .4 x 103 kPa. For a wide range of temperatures (38°C to 343°C) the 
allowable stress Sb for this material is constant according to ASME Code. The 

stress intensification factor i is taken to be unity. In general, other values 
of the stress intensification factor which depend on the geometric configura
tion of the pipe may have to be considered to obtain representative values of 

the safety indices. Using the mean and the coefficient of variation of the 
random variables enumerated above, the value of the safety index implied in 

Eq. 12.6.1 is calculated as 4.7. Similar calculations show that the safety 
index values implied by Eqs. 12 .6.2 and 12 .6.3 are 4.4 and 2.8 , respectively. 
The time variation of different types of loads are considered in evaluating the 
safety indices implied in these equations. For example , in Eq . 12 .6.1 the load 
combination is one of dead load which is fairly constant in time and of life
time maximum internal pressure. In Eq . 12 .6.2, the dead load, internal pr es
sure and flow transient load are treated as constant in time and the lifetime 

maximum earthquake load is combined with these loads. In Eq. 12.6.3 , the 
thermal load which is assumed to be a lifetime maximum variable is combined 

with dead load and internal pressure. It may be noted that actual component 
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design is usually governed by Eq. 12.6.3, when considerations such as avail
ability of sections and standard practice do not control. Hence, for deriving 
consistent design rules, a single value of safety index s = 3.0 may be selec

ted. This value is chosen to be consistent with other systems such as steel 
building structures and concrete structures. A higher value of safety index 

may be chosen in view of high reliability expected of nuclear systems. 

12.6 .2.4 Derivation of Design Rules 

With the assumed value of safety index s = 3.0, the factors to be applied 
on the design variables are 

YF 

R 
o =strength factor= exp (-asVR) Rm = 0.82 

n 

YE = exp (asVE) = 1.18 

Yp = 1 + aSVp = 1.08 

Yo = 1 + asV0 = 1.08 

1 + cxsVF = 2.65 
eq eq 

YTr = 1 + cxSV Tr = 1.08 

YT = 1 + cxSVT = 1.08 

Using the above factors, the three design equations corresponding to the 
ASME III Code Section 3650 are obtained as 

~ + i ( MA) < 0. 64 F 
~ tn z - y 

(12.6.4) 

:\ + i (:A) + (M;r) + 0.74 i (M~9) ~ 0.64 F y (12.6 .5) 

(12.6 .6) 
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where M is the moment due to the operating basis earthquake, and F and F eq y u 
are the specified yield strength and ultimate tensile strength , respectively. 
Equations 12 .6.4, 12.6.5, and 12.6.6 have been normalized so that some load 
factors are unity. It may be noted that the factors on earthquake moment and 

on the yield and ultimate tensile strength are used because for the load com
bination under study the material is expected to be stressed beyond its yield 
strength. Equations 12.6 .4, 12 .6.5, and 12 .6.6 all have been derived with a 

common value of safety index. Within the context of second-moment reliability 
theory, this assures consistency between these design equations. 

12.6.2.5 Conclusions 

The author's( 12 ·6· 2) conclusions are included : 

• Consistency between different design requirements can be achieved 
through r eliability considerations. 

• The proposed moment probabilistic method is conceptually suited to 

derive code equations and is relatively simple to use . It requires 
a knowledge of two statistical moments of the design variables, 
namely, mean and variance. 

• The method requires the assignment of an important parameter value
a measure of reliability of a component herein called the "safety 

index." The safety index value may be selected as a Committee 
decisionor may be obtained through calibration as shown in this 
paper . 

• The implied value of safety index in the ASME Code equations are cal
culated to vary from 2.8 to 4.7. These values are indicative only; 
further studies that include a number of design situations are nec
essary to establish the value(s) of safety index for deriving design 
rules. 

• For a given safety index , consistent design rules can be derived; 
the strength factors and load factors in these rules reflect the 
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uncertainties in the design variab1es . Loads that vary in time can 

be combined consistent1y by distinguishing between sustained and 

occasiona1 1oads. 

• Consistency between different systems can be achieved through the use 

of the proposed probabi1istic format. 
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12.7 MECHANICAL PROPERTIES 

Crack growth can be approximated by a fatigue model based on linear elas

tic fracture mechanics. Loads for both cr ack growth and possible failure can 
be postuldted . The third parameter influencing failure will ~e the relevant 
1oechanical properties . A simplistic approach would be to reldte flaw size to 

K1c; e.g., 

•max • canst (K~c)2 

Since the failures of interest are after pressurization and heatup, the 
meaningful fracture toughness properties for typical reactor pipiny more real
istically are characteristic of elastic-plastic r~ther than linear-elastic 
properties . If we had the relevant frdcture toughness data (which rarely is 
the case), we coula evaluate 

(12 . 7.1) 

where this a should be sub~tantially larger than the a dS a function of 
~X ~X 

K1c· 

The third possibility is a general yield model w~ere the remaining liga
ment i~ assumed to fail by ductil ~ tearing. 

There are some experimental data relating flaw size to stress (usually 
flow stress) and to toughness properties; however , the data are rather limited 
with regard to developing a probability model inter-relating flaw size, stress 
and toughness properties. In terms of probability density functions , the fol
lowing is my best estimate as to where the state of knowledge is: 

• There is no meaningful model available for the PDF of flaw-size dis
tribution in typical nuclear piping . 
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• Fracture toughness values are sensitive both to prior history and to 
ooerational history; for example, there is evidence of long-term 

reduction in upper shelf toughness in cast austenitics t hat could be 
significant . Degradation mechanisms exist for ferritic mater ia l s so 
time of operation could be siqnificiant . 

• Real versus postulated transients differ widely, as do postulated 
faulted conditions versus the probability of their occurrPnce. The 

uncertainty in loads at any given time will be very high . 

One possible approach to toughness prooerties would be to develop a sta
tistical distribution of available data, recognizing the existence of outliers 
such as discussed by Ofverbeck and Ostberg.( 12 ·7·1) 

The failu r e load-temperature re l ationship is illustrated schematically in 
Figure 12 . 7 .1. 
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FIGURE 12 . 7.1 . Fai l ure Load-Temperature Relationship Schematically 
Displayed I l lustr at ing Vari ous Toughness Regions 
for a Typical Primary Pipe 
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12.7.1 Failure Models 

Several models have been suggested for evaluation of the failure charac
teristics of materials or components. The LEFM (K1c) approach is generally 

accepted for handling failures in the elastic regime. Several options exist 
for EPFM such as the J-contour integral, crack-opening displacement (COD), 

equivalent energy, and K corrected for the plastic-zone size. The third possi
bility, typified by general yielding and failure of the ligament by ductile 
tearing, can be handled with the tearing modulus. Another approach, bridging 
from brittle to ductile fracture, is the Failure Assessment Diagram (FAD) 
developed by CEGB. 

In addressing the applicability of any model it is appropriate to ask the 

following as a minimum: 

• Is fatigue crack growth or growth by mechanisms such as IGSCC sensi
tive to the characteristics of a particular model? 

• How sensitive is a model to the conditions of material toughness and 
degree of constraint? 

• How accurately does any model predict the actual failure behavior 

under a given set of conditions and over a range of conditions? In 
this context, how well do models compare for a specific set of 

failure conditions? 

• How well can the model be applied to a real structure for accurately 

predicting failure behavior? 

Fatigue crack growth is not particularly sensitive to the various models. 
Rather, such growth is controlled by environmental conditions, and the char
acteristics of the stress cycles. Generally, we can decouple the crack-growth 
stage from the failure mode. The same is true for crack-growth mechanisms such 
as IGSCC. 

Harrison( 12 ·7·2) examined the uncorrected maximum load plus four elasto

plastic fracture mechanics parameters; i.e., J-contour integral, equivalent 

energy (K*), K corrected for plastic-zone size (K'), and crack-opening dis

placement (COD). The first three were found to be roughly equivalent and all 
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were directly related to COD . This was particularly true for lower strength 
weld metals . These comparisons were based on test specimens meeting the 

validity criteria for the various parameters . Specifically, the deeply notched 

bend bar was used. 

The figures from the Harrison report( 12 ·7·2 ) indicate the correlations. 
The approach was to plot nondimensional ratios representing the stress inten-

2 
sity factor for maximum load, l (Km) ; the stress intensity factor corrected for 

1 (K ')2 a ay 1 (K*)2 plastic zone size, - -- ; the equivalent energy,- -- ; and the J-contour a ay a ay 

integral,~(~~); against the ratio representing COD,~ (~y)· 

Figure 12.7.2 relates the stress intensity factor for maximum load to COD. 
The data points primarily lie between the computed plane strain and plane 

stress solutions. As expected the points lie closer to the plane stress solu
tion at high strains, while they are closer the plane strain solution for 
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FIGURE 12.7.2. Relationship Between Stress Intensity Factor for 
Maximum Load and COD 

12.7.4 



l (!-) = 1 and below. The collapse load-line assuming a nonwork hardening a ey 
material underpredicts markedly, indicating that work hardening must be 
considered. 

If the data in Figure 12.7.2 are corrected for plastic-zone size, one 

obtains plots such as in Figure 12 .7.3. Here the straight lines utilize a 
plastic-zone correction based on the method of Allen discussed in Refer-
ence 12.7 .2. As noted, the various empirical corrections deviate markedly from 
the linear relationship at higher strains. 

Figures 12 .7.4 and 12.7.5 relate equivalent energy , (K*) , and J-contour 

integral to COD. Again, a fair to good equivalence is noted . 

10 

PlANE STRAIN 

1.0 

-1"' 

0.1 

0.01 
0.1 1.0 

- -- PLASTIC ZONE 
CORRECTION BASED ON 
THE METHOD OF ALLEN 

t:.a • CRACK LENGTH COR RECTI ON 
FOR PlASTIC ZONE 

10 100 

FIGURE 12.7 .3. Relationship Between Stress Intensity Factor Corrected 
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The correlations range from quite good to fair. Certainly, over portions 

of the stress-strain range, the various parameters are quite comparable when 

one uses data from a specific type of test bar. 

A more important question has to do with the prediction of behavior in 
real structures. While the correlations may appear to be quite good for a spe
cific type of test specimen , the use of a given parameter to predict response 
in a real structure may be both difficult and fraught with error. Egan and 
Robinson( 12 ·7·3) argue that although COD and J-contour integral are equivalent, 

COD has several advantages ; for example, the handling of secondary stresses 
such as residuals. Since COD is a physical measure of crack-tip conditions, 
including stress state and thickness, it is more relevant to real structures. 
The authors( 12 ·7·3) argue that the J-contour integral is appropriate for 

in-plane problems but not for real structures . 
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If the material toughness and acting stresses or strains are known, COO 

can be used to estimate the significance of flaws of various sizes in 

structures. 

Figure 12.7.2 illustrates that LEFM may remain valid well above the val
idity ratios for plane strain. In thicker sections, the plastic-zone size may 
be contained so that even with a large plastic-zone ry-B, large (general} 
strains will not develop, and the elastic assumptions remain reasonably 

accurate. 

In piping, EPFM is considered to better represent the structural response 

where the three parameters--flaw size, fracture toughness and acting stress-
will characterize the structural response. In many structures, such as pres

sure vessels and piping, the design has adequate toughness in highly stressed 
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regions where extensive plasticity may occur. In such instances, cracks may 

initiate and grow; however, there is a high probability of detection prior to 
failure. 

The authors( 12 · 7·3) reviewed the strengths and weaknesses of the various 

models used to handle behavior of yielded structures, including the following: 

1. Gross Strain Crack Tolerance- It is not suggested because it is 

dependent not only on material properties, but also on crack size, 
specimen size, specimen shape, and strain gradients. 

2. J-Contour Integral -Although there has been extensive work on it no 
general method exists for predicting the flaw size expected to cause 
failure in terms of known stresses (o > o ) and actual values of JI . 

Y a 
This is due to the complex stress-strain distributions in real struc-
tures such as nozzles where a 3-0 analysis is needed, and, to date, 
no 3-0 J-concept exists. 

3. Equivalent Energy- It suffers from some of the same limitations as 

the J-contour integral as temperature increases. K1cd tends to 
overestimate K1c. 

4. Crack Opening Displacement - The authors argue that COO can be 
derived from a linear analyses and extended to the nonlinear regime. 
The Irwin crack repositioning can be used to handle crack-tip 

plasticity . 

The following is a general defect tolerance equation applicable to real 
structures related COO, design stress (od) and flaw size: 

(12.7.2) 

where c2 is a constant. 
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To avoid failure , 6a > 6 = c2 ey a, or 

where e is strain at yield= o /E. y y 

Table 12 . 7. 1(12 ·7·3) illustrates the sensitivity to the model selected 

with regard to accuracy of prediction. 

An example of EPFM, applied to the prediction of the failure behavior of 

a feedwater nozzle , was used by the authors( 12 •7· 3) to illustrate the applica
bility of COD to real structures as well as the limitations of the J-contour 

integral . Data from the HSST-ITV-6 were used. Values used were as follows : 

c2 = f(e) = 0. 14 for stress relieved vessel 

Stress concentration factor = 2.8 

Allowable hoop stress oh = 25 ksi 

TABLE 12 .7.1. Summary of Flaw-Size Prediction 

Total stress environment o < cry 

Accuracy of 
pre d i c t i on s 

a) Full K or COO Use amax. = Const (K1cloy)2 = Const (6c/ey) 
an a lysis 
avail ab 1 e 

Vl 
tO 
Q) 
s.... 
u 
Q) 
C) 

where constant includes (i) 
( i i ) 

( i i i ) 
( i v) 

F 1 aw shape 
Effect of finite 
boundaries 
Effect of geometry 
oloy ratio 

b) Full K or COO Approximate detail to a geometry for which K 
analysis not or COO analysis is available then use 
ava i1 ab 1 e 

c) No K or COD 
analysis 
available 

2 amax. = Const (K1cloy) = Const (6/ey) 

where constant may include (i)- (iv) above 

Use amax = Const (K1cloy)2 = Const (6/ey) 

where constant includes only (iv) above , i.e. , 
use infinite plate case. 
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Total acting stress at nozzle 2.8 x 25 = 70 ksi 

eley at oy = 50 ksi = 1.4 

atol 3.6 inch 

atol = depth of surface flaw or half length of through-thickness flaw 

Effect of ores - depends on local strain level ranging from factor of 
2 to 5 

The COD handles ores which becomes quite important the closer fracture comes to 
LEFM. Under these circumstances, the J-contour integral becomes increasingly 
less adequate because J measurements are calculated for global loads and 

deflections, and such loads and deflections are not affected by equilibrium 
secondary stresses such as residuals. 

This same COD approach can be used to establish whether a material has 
sufficient toughness to support a crack prior to fracture. Figure 12.7.6 is a 
nomogram permitting the calculation of the critical COD for leak-before-break. 

Based on analysis of HSST lTV tests, the authors argue that fracture ini

tiation parameters, such as K1c' K1cd' COD, Jlc' are inadequate to predict 
full-scale structural behavior where appreciable ductile tearing precedes frac
ture. The accuracy of the COD analysis depends on relationships between COD 
and applied strain where COD has the advantage of characterizing the crack-tip 
strain environment, and taking into account both strain concentrations and 
residual stresses. 

12.7.1.1 Tearing Modulus 

A tearing modulus stability criterion has been used to perform a simpli
fied fracture mechanics analysis on BWR stainless steel piping which had under
gone severe intergranular stress corrosion cracking (IGSCC).{ 12 ·7·4) The tear

ing stability concept permitted an evaluation of the probability of unstable 
crack extension. The authors( 12 ·7·4) concluded that such unstable crack exten

sion (leak-to-failure) was highly improbable in BWR stainless steel piping sys

tems designed to ASME Section III even after severe IGSCC. Unstable fracture 

was postulated only when piping length to radius ratios (L/R) were very large 
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(-200). Since most values of L/R are more nearly 20, there are large margins 
against unstable fracture. This assumes bending loads control . 

It is necessary to evaluate two constants: 

1. Tmat = nondimensional materials constant, 

dJ 
T E/ 2 mat 

mat = 0 o da 

2. Tappl = nondimensional applied constant, 

E dJ 
T appl = 2 da 

00 

Stable= Tmat > Tappl 

Unstable= Tmat < Tappl 

12.7.1.2. Failure Assessment Diagram 

(12.7.3) 

(12.7.4) 

The Failure Assessment Diagram (FAD) represents a potentially powerful 
tool for predicting the failure behavior of structures{ 12 ·7·5,12 ·7·6, 12 ·7·7) 
under both ductile and brittle conditions. The original report( 12 ·7·5) was 

developed to be applied to ferritic steel structures, primarily reactor pres
sure vessels. The purpose of the FAD was to remove some of the conservatisms 
of the LEFM approach. The FAD two-criteria approach consists of the following: 

1. A region where failure is controlled by the crack-tip properties 
(LEFM). 

2. A region where failure is controlled by the properties of the 

ligament (plastic limit theory). 

Figure 12.7.7 represents a typical Failure Assessment Diagram. The axes are 

(12.7.5) 
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FIGURE 12.7.7. The Failure Assessment Diagram 

(12.7.6) 

The original assessment( 12 ·7·5) was quite restricted; as cited previously, 
it was directed primarily to ferritic pressure vessels. It did not consider 
the following: 

• the arrest of a running crack such as could occur with high-thermal 
and low-pressure stresses 

• vessels operating in the creep regime 

• stress corrosion cracking 
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• methods of stress analysis. although some finite element analyses 

were used 

• stresses due to impact loads. 

Subsequent reports considered residual and thermal stresses( 12 · 7·6) and 
. . t (12.7 . 7) p1p1ng sys ems . 

The initial report( 12 · 7·5) presents a step-by-step procedure for estab

lishing the acceptability or rejectability of a flaw in a structure. Basically 
the approach is quite similar to that in Appendix A of ASME Section XI. For 
example: 

1. define flaw as to shape and orientation 
2. define the relevant loads (stresses) 
3. determine the lower-bouna mechanical properties 

4. determine the structure collapse load 

5. determine KI 
6. determine whether flaw is critical using each loading condition 
7. if acceptable. determine flaw growth to end-of-life 
8. repeat above analysis for end-of-life flaw. 

The limit load approach to establishing structural collapse may lack suf
ficient accuracy for larger flaws. based on an ASME XI analysis. Other ques

tions concerning the model pertain to combining primary and secondary stresses. 
and to selecting the correct toughness values for slow crack growth and 
failure. 

With regard to the limit load approach for ductile ligament failure. the 
th (12 · 7· 5) t th f 11 . h au ors sugges e o ow1ng approac es: 

1. Use the procedures in Appendix 4.2 of their report. 

2. If this is not acceptable. perform a 3-D elastic-plastic finite 
element analysis. 

3. Another alternative is to test models to failure. 

Chell( 12 · 7·6) extended the original model to more realistically incorpo

rate thermal and residual stresses into the FAD. The author rederived and 
reinterpreted the FAD in terms of an equivalent J-integral analysis. The J 
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values indicated that the FAD is a good approximation of a lower-bound failure 

criterion for mechanical loading , and this appr oach permits inclusion of ther
mal residual and secondary stresses through a point , transformed from a failure 
diagram unique to a given system to the general FAD. The J approach is valu
able where a plastic collapse parameter is not definable; however, the second
ary stresses tend to reduce the effective failure loads in the post-yield 
regime. 

The equation defining the FAD is given in Figure 12 .7.7 and is repeated 

here: 

The same equation can be used for the elastic-plastic case where Kr is 
defined as 

and K is equivalent to K . p c 

(12. 7. 7) 

(12.7.8) 

Chell ' s paper( 12 · 7·6) develops the procedures for handling thermal and 

residual stresses in a step-by-step fashion that is relatively easy to follow . 
If the elastic-plastic stress intensity factor, K , has been evaluated, p 
which is rarely the case, a direct graphical solution is possible. Otherwise , 
the approach is to pessimistically evaluate K . The FAD can be described by 

p 

where F(Sr) is the right-hand side of the ln sec equation. An equation 

giving 96% accuracy is 
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(12.7.9) 

Since the FAD concept relies on elastic or fully plastic solutions, KP must 
be specified based solely on elastic analyses, using techniques such as Irwin's 
first-order plasticity correction; however, this approach may not apply for 

thermal or residual stresses in the absence of mechanical stresses. 

Darlaston( 12 ·7·7) extended the FAD concept to piping as well as devel

oping the bases of the failure assessment, two-criteria approach more com
pletely. Figure 12.7.8 illustrates the two regimes; namely , 1) failure 
crack-tip controlled and 2) collapse controlled . 
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The FAD has been validated for both pressure vessels and p1p1ng. Fig
ure 12.7 .9(a) covers the pressure vessel case and Figure 12.7.9(b) examines a 
number of tests on piping for leak-before-br eak and for failure . 

The author(lZ.?.?) emphasizes that safety factors are added after analyses 

so that they can be based on the significance of failure of a given component . 

Examples of the use of the FAD for failure by three different mechanisms 

are given in Figures 12.7.10(a), (b), (c) . In the first case, failure occurs 
by an increase in internal pressure denoted by an extension of a line through 
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FIGURE 12 .7.9(a). Validation of Application of Failure Assessment Diagram 
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the origin. The second case is failure due to inadequate fracture toughness. 
The third instance is an assessment of the critical size of crack to cause 
failure . 

The Marshall Report( 12 · 2·4) developed continuous distributions for frac
ture toughness (K1c) . These could be modified by substitution of various 
elastic-plastic parameters relevant to piping. Examples of K1c equations 
follow: 

(12.7.10} 

where a is the standard deviation . 
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The preceding is a normal distribution. A Weibull distribution can be 

used: 

where 

The most probable value of K1c is 

(12 .7.12) 

and the standard deviation is 

1 

- (m+1) m+T (m+3) - [ 2 (m+2)]
1
'
2 

a - K r m+l r m+l 

where r is the usual gamma-function; K
0 

is a lower bound cutoff value, and m 
and k are parameters. 
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12.8 FAILURE PROBABILITY EQUATIONS 

At this stage, we should have all the necessary inputs to permit the pre

diction of failure. Given a system or subsystem made up of components having 
a defined range of mechanical properties and operating under a defined set of 
temperatures and loads, the problem is to determine the probability of failure 

if one or more of the components contain a spectrum of flaws. Basically the 
solution is one of load versus strength with the flaws decreasing the effective 

strength as noted in Figure 12.1.1. We can define loads in terms of stress, 
stress intensity factor or J, and strength in terms of strength, K1c, or JIC' 

The most extensive developments of the failure probability equations are 
those of Lidiard and Williams( 12 ·2·3) and Harris. (12 •2•6) These will be used 

for the overall description, supplemented by the work of others where it is 
desirable to expand the scope. 

The Lidiard and Williams report( 12 ·2·3) is an extension of an earlier 

analysis in the Marshall Report.( 12 •2·4) Both expand on the early work of 
Becher and Pederson. (12 ·1·2) Interest in these documents was in the failure 
of pressure vessels, so linear elastic fracture mechanics (LEFM) was used. In 
a large population of similar pressure vessels, it is reasonable to assume that 

there will be a statistical distribution of cracks; their depths, shapes and 
locations, fracture toughness, K1c, (or other relevant mechanical properties); 
and loads such as the transients. Three quantities must be defined by appro

priate equations: 

1. The crack distribution in terms of shape, size, location and orienta
tion. This distribution may be modified by NDE and subsequent repair 
as well as by growth through mechanisms such as fatigue. 

2. The statistical distribution of strength. For vessels, this will be 

the upper-shelf fracture toughness such as f(K1c)d K1c' which will 
give the probability that the toughness in any vessel in any location 

lies between K1c and K1c + dKlc which can be normalized to this equation: 
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recognizing that the values of K will vary with time, so we are con
sidering a three-dimensional diagram. 

3. The design transients for normal, upset and test conditions (which 

can be extended to emergency and faulted). These transients are 
assumed to occur regularly in time at the design frequency. They 

will influence both flaw growth and ultimate failure probability. 

In a population of vessels (or other components), the incidence of crack
ing can be specified by a distribution, N(X), in crack depth cited previously 
in Section 12.3. More realistically, partical crack distributions, N(r)(X}, 

for each region (N, r) of a component can be considered. The usual method is 
to assume the cracks are uniformly distributed throughout the vessel structure 
so Nr(X) is simply N(X) multiplied by the fractional volume of the region r. 

A more complicated distribution can be handled where the flaws are assumed to 
be distributed preferentially. With either approach, N(r)(X} will depend on 

time to account for slow crack growth. For the fraction of vessel (or other 
component) population having material properties, such that the critical crack 
depth in region r lies between a and a+ da under the applica-
tion of a stress system a, then p(r) (a) da will represent this fraction of 

population; and, under the assumed failure criterion, all systems for which 
X > a in the same region will fail under the application of a. Therefore, the 

fraction of the population to fail under a is a summation over all regions of 
all such possibilities such as the following:( 12 •2•4) 

h X 
Pf = P/r) =~ J N(r) (X) dX J p(r) (a) da 

0 0 

(12.8.1(a)) 

h h 
Pf = ~ J p(r) (a) da J N(r) (x) dx 

o a 

(12.8.1(b)} 

where his component thickness and Pf is a failure integral. 
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Since it is assumed that all the vessels in the population suffer the same 

stresses under the same transient, a given region of the vessel will bear a 1:1 
relation between critical crack depth and K1c so that p(r)(a) da can be 
replaced by f(K1c) dK 1c so that the preceding equation becomes( 12 •2·4) 

= i:P (r) 
f 

The lower limit a is related to K1c by 

K - K ( r) ( a) 
1c - 1 ~' 

h f N( r) (X) dX (12.8.2) 
a 

where K1(r) is the stress-intensity function for the stress system, a, and the 
crack location cited. 

In the preceding analysis, the failure integral, Pf, is not the failure 
probability per vessel-year which is usually wanted. Pf is the fraction of 

the original population which fails when a is applied at time t , given that 
neither a nor any more severe system of stresses has been applied previously. 

The preceding is an important qualification. The first application of a fails 
that fraction of the vessel population and subsequent applications of a should 
generate no further failures in a reasonable time frame. 

Figure 12.8.1 schematically represents the area of integration and the 
density of the contributions of Pf for a particular region of a vessel . 

The cold hydro becomes an important case because the probability equations 
will predict a finite fraction of failures under hydro loads. Indeed past his
tory bears this out. However, if the hydro temperature is high enough, the 

fraction predicted to fail becomes a very small number . Obviously, if the 

critical crack sizes for the pre-service pressure test are smaller than those 
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for all other transients subsequently encountered, the failure probability 
would be zero. If the properties change with time, this will not remain the 
case. The obvious change will be in flaw size since the existing flaws will 
tend to grow with time under the load transients. This change in size with 

time can be defined as 

(12.8.3) 

If we define the failure probability as Qf where 

(12.8.4) 
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we can rewrite the general equation for normal, upset and test conditions as 

Q N =L f(K ) N(r) r(t.;-1 (a))] aatt_;-1 (a) 
f r J 1c L 

B(r) 

(12.8.5) 

The same form of equation is used for emergency and faulted conditions where 

(12 .1.3) 

The toughness properties usually have been assumed to fit a Gaussian (normal) 

distribution so the probability K1c that lies in the interval K1c to K1c + dK 1c 
will take the form 

(12.7.10) 

where a is the standard deviation and K1c is the most probable toughness . 

Alternately , a Weibull distribution will take the form 

(12.7.11) 

for K1c > K
0

. As cited previously the crack-detection distribution will be 

N(X) = A(X) B(X) 

where A(X) =A exp (-Ax) 

B(X) = t + (1-t) exp (-~X) 

12.8.5 

(12.3.1(a)) 

(12 .2.2(a)) 
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The solution of the preceding equations will yield failure probabilities as 

functions of years of operation. Figure 12.8.2 is one such solution where a 
Weibull distribution of toughness (Klc = 220 ksi (in.) 112 , a= 22 ksi (in.) 112 

with a crack growth coefficient y = 5 x 10-3 

Harris(
12

·
2

·6) used different terminology in developing equations simi
lar to Lidiard and Williams. (12 · 2·3) Conditional probabilities and error 

function notation were used. The conditional crack depth distribution corre
sponding to a log-normal fit of the data was developed in Section 12.2 equa
tions (12.2.4- 12.2.7). Equation 12.2.7(b) is the end product: 
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FIGURE 12.8.2. Calculated Time Dependence of the Total Failure Probability. 
QN, per PWR Vessel-year for Normal, Upset and Test 
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Harris( 12 •2·6) combined the probability of nondetection of flaws (12.3.3) 

with the probability of existence (e.g., 12.2.7(b)) to obtain a flaw population 
after nondestructive examination and repair. This equation is 

P (> a) 
1 00 1 2 dx 

= p* 
2
P" (

2
w) 172 { exp- 2J" (ln x/ ).) erfc (v ln x/ a*) x 

(12 .8.6) 

Since the major interest in failure usually is in terms of time, failure 
probability can be expressed in terms of per-unit time through use of hazard 
functions: 

dP f/ dt 
Hazard function = --- (12 .8.7(a)) 

Most failure probabilities in nuc lear systems are quite low so Pf << 1; 
therefore, the hazard function can be simplified to 

Hazard function~ Pf = dPf/dt (12.8.7(b)) 

Combining (12.8.7(b)) with (12 .8.6), and modifying terms , yields 

datal 
dt 

(12 .8.8) 
2 

P* 1/2 exp - ~ (ln a~ol ) erfc (vln a~~l ) 
2P at01 (2w) 2p 

The final step is the calculation of failure probabilities. The governing 

equations, covering the statistical distribution of failure rate of given com
ponents can be written as 
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exp- 2~ 2 (
1
" •;o1 )

2 
erfc (" ln ·~~1) (12.8.9) 

Specific values of the various constants are given by Harris( 12 · 2· 6) for 

this case which was applied to the failure of a reactor pressure vessel nozzle
pipe reqion followed by pressurization of the cavity. However, it can be used 
for failure in any location . Figures 12.8.3 and 12.8.4 illustrate the effect 
of various distributed parameters on failure probability. 
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Harrop and Lidiard( 12 ·8·1) modified the original approach of Lidiard and 

l~illiams( 12 · 2 · 3 , 12 · 2· 4) utilizing LEFM to the case where plastic def ormation 
is assumed to occur . The new model introduced Irwin's plastic-zone correction 
to better handle the zone of plastic deformation around the crack tip: 

a = a + r e 

where a is actual crack tip , ae is effect ive crack size , and r is plastic
zone radius : 

(12 . 8.10) 
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A second change consisted of the use of improved stress intensity func

tions , either the semi-elliptic crack of Appendix A of ASME Section XI, or a 
better defined model for line cracks . 

Finally, a simple plastic-collapse model was introduced where the limiting 
crack depth , ac, is given by 

(12.8.11) 

where yielding is assumed to occur as ou . 

Fox and Hill( 12 ·8·2) developed a somewhat similar probability model . The 
probability of failure, (P), of a component containing a defect, (a) , is given 
by 

p = K j K f I max p ( K ) J I p ( K ) 
K 1 I 2 1c 

Imin o 
(12.8.12) 

where P1K1 is the probability density function for stress intensity, and 

P2(K 1c) is the POF for fracture toughness. 

For LEFM, PI K1 can be defined by 

where P3 is the PDF for applied stress. G is a factor dependent on defect 

shape and local geometry. For the case of post-yield fracture mechamics (P~FM), 

(12.8 . 13) 

where ou is ultimate tensile strength. 
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Note the preceding equation is of the form used in the FAD.( 12 ·7•6' 12 ·7·7) 
The authors( 12 ·8· 2) warn that the standard rules for the formulation of PDF's 
must be followed if one is to construct a meaningful P1K1 from the preced

ing equations. 

A PDF for applied stress--typically that of the general membrane region of 
a nuclear pressure vessel -- will be of the form 

{12.8.14) 

where A and B are constants. 

The distribution of fracture toughness was assumed to be Gaussian, or 

(12.8.15) 

where a = std dev. 

The depth of a given crack of initial depth, a
0

, can be determined at time, 

{T), by 

a(T) ( 1 v T)-1/v = a -v a y 
0 0 

(12 .8.16) 

The authors( 12 ·8·2) considered the application of their approach to the 
FAD.( 12 ·7•5' 12 •7·6, 12 ·7· 7) They suggest an equat i on such as the following 

to handle values of K and S : r r 

(12 .8.17) 
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where PA (Sr, Kr) is the PDF for probability of occurrence of a point anywhere 
on the FAD. The outer integral of the above equation is performed over the 

area A on the FAD between the limits of both Kr and Ks. P8(LF) is the PDF for 
the probability of a point anywhere on the failure locus. The authors( 12 •8· 2) 

are preparing a computer code for the above equation. 

The probabilistic approach covered previously in this section assumes the 
existence or initiation of a defect which then grows by fatigue due to the 
spectrum of loads. Another approach is advanced by Thomas( 12 ·8•3) who argues 
that neither theory nor fact justifies the assumption that the progress of an 
individual crack somehow represents the overall failure probability of aves

sel. Since his approach differs diametrically from most others, his conclu
sions and a brief summary of his model are included here. 

12.8.1 Conclusions and Recommendations On Age Factors 

1. Failure rates for pressure vessels generally improve with age. Sev
eral samples of real-life failure data show this clearly. 

2. Three broad categories of time-related improvements in failure rates 
may be identified. These are long-term changes in a technology, 
shorter term design learning curves, and typical bathtub curves. 
These bear a hierarchical relationship to one another. 

3. The front end of the bathtub curves for pressure vessels spans 20 to 
30 years at least. 

4. The principal component of change to be found is the bathtub one. 
The other components have a lesser influence on the observed statis
tics for failure with age. 

5. Statistics for very varied populations may be compared for age effect 
by reducing them to a nondimensional ratio based on the total failure 

number in the first 10 years. 

6. In their nondimensional form all the different age effect curves have 
a striking similarity. An arithmetic average curve is numerically 

very close to each individual curve; and may be taken to be generally 

representative. 
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7. The factor F may be taken as this average for all the samples avail
able in spite of the disturbing influences of the other factors and 
biasses to be expected in general statistics. Sensitivity analyses 
show these other influences to be marginal in effect. Factor F is 
therefore determined with a reasonable accuracy. 

8. Factor B, on the other hand, may only be roughly estimated from the 
data available. A hypothetical curve is offered for consideration, 

but it should only be used with caution. 

9. It may be shown thctt the general curve for F applies also to serious 
defects and to ruptures, so that the approximation strategy suggested 
in Figure 12.8.5 is valid in that respect. 

10. Unless one is estimating for a new plant aesign there is no need to 
consider factor B. It may be assumed to be 1. New designs may be 
penalized by an appropriate curve. 

11. Many theoretical models in the literature are in conflict with 
observed facts in the relationship between age and failure proba

bility. They are all based on fatigue and crack growth. They all 
assume that the progress of an individual crack somehow represents 
the overall failure probability of a vessel . This assumption is not 
justified by any theory or fact. 

12.8.2 Basis for Model 

The author( 12 ·8·3) uses the following two probabilities as a basis for 

his model: 

The probability of a small leakage failure PL and the proba
bility of rupture Pc are both required separately because they have 
different safety implications. PL is a highly detectable warning 
of danger; Pc, on the other hand, may be the start of an accident 
chain. His model has the following attributes: 

• PL and Pc are separately identified and the model applies to dis
crete parts and features of a plant. 
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Pc THE CATASTROPHIC FRACTION 
IS A SUB SET OF THE TOTAL LEAKAGE 
PROBABILITY PL 

PL MAY BE ESTIMATED FROM GLOBAL VESSEL STATISTICS AS FOLLOWS: 
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~ 
SUM OF 

FACTORS FOR 
FA I LURE 
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<:? 
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Pc/PL MAY BE ESTIMATED FROM FRACTURE MECHANICS AND STATISTICAL DATA FOR 
TOUGHNESS AND CRACK PROPORTIONS; AND RUPTURE STAll STICS 

THEN 
Pc 

Pc = PL X -
PL 

FIGURE 12.8.5. The Overall Approximation Strategy for Vessel or Piping Failure 

• It recognizes the relative importance of the various factors involved 
and a first approximation is based on the most significant factor. 
The input data required for this is readily available, and all the 

calculations are easily and rapidly made by hand. 

• The approach is based on observed service failure statistics and 
recognizes the multiplicity of failure causes and modes. The first 

approximation does not require the analysis of any particular one , 

such as fatigue . 
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• Each factor which is modeled is sealed with a dimensionless ratio or 
group and each is separately amenable to statistical validation. 

• The whole approach, being modular and flexible, is capable of con

tinuous and piecemeal improvement and development. Estimates based 
on it may be readily updated with the growing wealth of statistical 

data. 

The approach makes it possible to use all the statistical information 
which is available about various aspects of failure probability. It also pro
vides a broad and comprehensive framework which can incorporate more detailed 

but incomplete models. 

12.8.3 Approximation Strategy 

His overall attack is given in Figure 12.8.5 which shows a broad approxi
mation strategy envisaged in order to approach the general problem of estimat
ing vessel and component failure probabilities. The probability of 
catastrophic leakage P is considered to be a subset of the more general 

c 
leakage probability PL; and since it is possible to estimate Pc/PL, then 
Pc may be determined, given an estimate for PL. There are many possible 
approaches to estimating PL, including the direct observation of statistics 
for service failures. 

Figure 12.8.5 shows an approach for PL which first identifies a global 

estimate based simply on size, shape and weldment factors (Qc) and modified 
by the influence of age (F). These factors may relate a component to some 
large known data base, Q being the most powerful factor of all. This c 
global estimate may then be modified to specific plant factors including the 
influence (B) of learning curves for a given technology and design; and any 
failure risk improvement factors due to quality. More precise estimates then 

become feasible by modeling the influence of all the known failure modes such 
as fatigue, stress corrosion cracking, etc. The modified global estimate may 
be factored up or down according to the sum effect of all the factors for the 
various failure causes. 
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Pc/PL may be estimated by using some statistics for actual rupture 
cases , and by using a fracture mechanics model . The overall estimate for 
Pc/PL is the sum of several categories of rupture causes which may be 
identified. 

One other factor is introduced . This is a quantifier Q which evaluates 
the change in risk due to size and shape differences. For weld zones, a pen
alty factor of 50 Q is used . A scaling factor F is applied to correct for 
plant age. This is an inverse exponential related to plant age. The fourth 

factor is the average or global leakage failure rate for a typical plant. 

The first three factors measure the opportunity to fail while the fourth 
yields a failure rate . 

Q is defined as a dimensionless quantity , 

where 0 = diameter of component 
L = length 

Q = DL t-2 

t-2 
= inverse square of wall thickness. 

On the basis that leakage failure rates are determinable 

P _ (Rate Factor) Q F 
L _10-7 c 

The author( 12 •8·3) examines several classes of failure data for both 
piping and pressure vessels to validate his model. These are presented in the 
paper and the interested reader is referred to the paper. The contention enun
ciated in the conclusions that the theoretical models do not mirror actual 

experience is of particular interest. Figure 12.8.6 from the paper illustrates 

the time frame of interest versus that predicted from wearout. 

While his effort to deemphasize the stress placed on fatigue failure 

mechanisms probably is warranted , one must recognize that certain forms of 
fatigue; e.g . , thermal fatigue, may lead to failure in very short time inter

vals. If one limits fatigue to wear out, he has valid arguments . 
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13.1 

CHAPTER 13 

FACTORS INFLUENCING RELIABILITY 

OF FLAW DETECTION 

INTRODUCTION 

This chapter will concentrate on three areas: 1) factors influencing the 

reliability of the specific class of piping containing austenitic stainless 
steel weldments; 2) actual data pertinent to reliability flaw detection ; and 
3) probability models suggested for flaw detection and sizing as well as mathe
matical analyses of factors influencing reliability of detection. In the case 

of stainless steel weldments, bimetallic and trimetallic weldments will be 
evaluated also. Emphasis will be on factors contributing to the unreliability 
rather than a quantification of reliability. The actual reliability based on 
experimental evidence will be discussed both in the context of actual reliabil

ity values and in terms of those factors affecting reliability favorably or 
adversely. 

With regard to models, many have been suggested to permit evaluation of 
the conditional probability terminology so that specific models can be com

pared to a common base. Both discrete and continuous distributions have been 

suggested for determination of reliability. If the reader wishes to review 
these distributions they are located in Chapter 11. The mathematical deriva
tions of models are contained in Chapter 13A. Models specific to the stainless 
steels are covered in Chapter 13B. The limitations inherent in the correlation 
of ultrasonic signal and flow characteristics cited in Chapter 13A introduction 
need to be recognized. Hopefully, future work will lead to meaningful correla
tions . Existing data do not support generic application to predict flaw char
acteristics from the signals. 
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13.2 STAINLESS STEEL, BIMETALLIC AND TRIMETALLIC WELDMENTS 

Weldments are inflicted with a variety of problems adversely affecting t he 
reliability of UT . Some obvious examples due to reflectors in weld root, 
crown, bore and/or combinations of these factors are given in Figure 13.2.1. 

45° SHEAR 

DESIGNED WELD 

~ROOT----~------~- ~-~ 

ROOT AND CROWN 

BORE AND CROWN 

CON I CAL BORE 
AND CROWN 

PIPE ID 

><CONVERTED TO LONGITUDINAL 

NONE 

FIGURE 13.2.1. Geometric Reflectors in Pipe-to-Pipe Welds 
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If the added variable of austenitic stainless steel in base metal and 
weldment is included, the adverse effect on UT reliability is substantial. The 
following sections will examine the various factors contributing to the 
increased unreliability of UT in austenitics. 

An approach of considerable merit being pursued in Japan is to reduce the 

total number of weldments subject toUT and to enhance the accessibility of 
th · · · · t ( l3 · 2 ·1) F . 13 2 2 t . 1 d . ese rema1n1ng JOln s. 1gure . . compares a conven 1ona es1gn 
to the new design. The number of welds is reduced by more than a factor of two 

in this one header. Increased accessibility is provided, together with elimi
nation of longitudinal welds as can be seen in Figure 13.2.3. 

13.2.1 Weldments and Joint Designs 

A variety of pressure boundary joints can occur in the primary and second

ary systems in a LWR. The combinations shown in Table 13.2.1 are known to 

exist in current reactors. 

The materials cited in Table 13.2.1 may be combined in a variety of 

fashions. This is apparent in the bimetallic and trimetallic weldments illus
trated in Figure 13.2.4. 

Joint designs are not too obvious in Figure 13.2.4. They are more appar
ent in Figure 13.2.5, illustrating typical Vee and modified U joint designs, 
applicable to both ferritic and austenitic piping.( 13 · 2•2) A consumable

insert-shop weld in a 304SS pipe is shown in Figure 13.2.6, including the weld
ing conditions. (13 ·2•3) 

Returning to a finished joint, Figure 13.2.7 gives some idea of the post
weld metal removal to prepare the weldment for UT.( 13 ·2·2) Such machining 
tends to eliminate root defects, as well as notches or crevices associated with 
chill rings plus improving reliability of NDE. 

13.2.2 Welding Processes 

As will be noted later, austenitic stainless steel weldments suffer from 

a number of limitations with regard toUT. Specifically, the large grain size 

and dendritic structures cause severe and variable beam attenuation as well as 

beam redirection. Some obvious corrective measures would be to refine the 

13.2.2 



,.r ·-~- - ., 
. . ~ 
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,\,-i' I 

CONVENT! ONAL DESIGN 

r 
- UT AND/OR PT REQUIRED 

NEW DESIGN 

r r-~--~·- r~~r 

FIGURE 13.2.2. Piping Design for Ultrasonic Inspection 

grain size and eliminate severe dendritic orientation. Unfortunately, when one 
examines the spectrum of weldments, both shop and field, the type of welders 

and welding equipment available and limitations inherent in the construction 
process, the probability of replacing the currently favored processes of sub
merged-arc, tungsten-inert-gas, and manual metal arc appears quite low. It 

13.2.3 



CONVENTIONAL DESIGN 

----\ 
' . ,, 
'' ---.Ill' 

LONGITUD INAL WELD 

, .... '<':~ 
I I 

IMPROVED DESIGN 

( - "-, -::;:... 
I I 

I 

t 

-"' 

ADVANTAGES 

(1) LONGITUDINAL WELD SEAMS 
AND Cl RCUMFERENTI AL SEAM 
ARE DELETED. 

(2) STRAIGHT PROLONGATION(£) 
IS PROVIDED FOR UT. 

I I I 
~---e~ . --.. 
\ \I ~; (1) STRAIGHT PROLONGA Tl ON (£) 

IS PROVIDED FOR UT. 
,, ( 
I I 1 '--- ___ } 

NOZZLE 
,., WELD 

r-c?J~ ·--._ 
I '-.....__/ I 1 
\ I I 

1\ v 
I o I 
"-- _.,.J 

' I 
_J 

(1) PIPE TO NOZZLE WELD SEAM 
IS DELETED. 

(2) BRANCH IS PROLONGED (£") 
FOR UT. 

FIGURE 13.2.3 . Example of Large Size Piping Components 

TABLE 13 .2.1 . Materials Combinations Existing in LWR 
Pressure Boundary Weldments 

Base Metal 

Weld 

Austenit ics - wrought, cast 
Ferritics - wrought, cast 

Austenitic- 309, 308L, 316L, etc. , depending on base metal 
combinations 

Other - lnconel usually alone 

Cladding 

Stainless Steels - 312L, 308L, etc. 
l nconel 
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TYPE 316 STAINLESS 
STEEL (SSlFORGING 

TV PE 316L TV PE 308L 

STAINLESS STEEL 
(SSl CLADDING 

STAINLESS STEEL (SSl STAINLESS STEEL (S$) 
TYPE316STAINLESS 0 
STEEL (SS) FORGING TYPE 309 

STAINLESS STEEL !SSl 

CARBON STEEL 
(CSl NOZZLE 

FIGURE 13 .2.4. Typical Safe-end Weld Designs and Material Combinations 

would be surprising to see any substantial changes in welding processes used 
to join nuclear piping. An EPRI report( 13 •2•4) discusses mechanized welding 
processes for piping such as gas metal-arc, upset butt, flash, friction, elec

tron beam and laser. The authors listed several advantages. They also cite 
an extensive listing of limitations. 

13.2.3 Weldment Structure 

Figures 13.2.4 and 13.2.6 illustrate two different joints leading to dif

fering heat flow patterns which result in different dendritic grain patterns. 
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-JI- H 

T = l/8 IN. TO 3/8 IN. 
A = 75° TO 9cfJ 
C = l/14 IN. ± l/32 IN. 
D = OTO 1116 IN. 

A = 20° TO TANGENT POINT OF 
RADIUS R. ABOVE 3/4 1N. 
MANY WELD P REPA RA Tl ONS 
USE A RANGE OF rfJ TO 2rfJ 

T = 3/8 IN. AND ABOVE 
R = 3/16 IN. TO li41N. RADIUS 
C = 0. 030 IN. TO 0. 090 IN. 
D = OTO li321N. 
F = INS I DE COUNTERBORE (COMMON) 

TO ASSURE TOLERANCE 

G =TANGENT POINT OF RADIUS R 
H =TANGENT ON ROOT FACE l/8 IN. 

TO 5/32 IN. 

FIGURE 13.2.5. Flat Root-Face Type of Edge Preparation. Root-face 
thickness on the thin type usually range from 0.030 
to 0.062 inch and on the thick type from 0.062 to 
0.090 inch. Most of the flat root-face types can 
be used with or without consumable inserts . 
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PIPE A, 6 OD TAPERED TO 5 OD 

t 
3 
8 

_L 

BEFORE WELDING DETAIL A (CONSUMABLE INSERT Rl NGI AFTER WELDING 

-------------SECTION A-A (TYPICAL, BOTH WELDSJ - - ---------"' 

PROCESS .••. AUTOMATIC GAS TUNGSTEN-ARE WELDING WELDING POSITION •••••••• HORIZONTAL-ROLLED PIPE 
JOINT TYPE ................... CIRCUMFERENTIAL BUTT ARC STARTING ..................... HIGH FREQUENCY 
WELD TYPE ......................... SINGL£-V GROOVE ARC LENGTH .......................... 3/32 ± 1132 in. 
POWER SUPPLY .. 300-AMP TRANSFORMER-RECTIFIER (a) CURRENT (dcspl: 
AUXILIARY EQUIPMENT ........... SEQUENCE TIMER (bl PASSES 1 and 2 .......................... 190 amp 
ELECTRODE HOLDER ........ 300 AMP, WATER COOLED (cl PASS 3 ................................. ,200 amp 
ELECTRODE ••••.••••.•••••.•••• 118-in. -{!iam EWTh-2 (d) PASSES 4 and 5 .••..........•.••......••. 210 amp 
FILLER METAL: PASSES 6 and 7 .......................... 220 amp 

ROOT PASS ...... CONSUMABLE INVERTED-T -SHAPE PASSES 8 and 9 .......................... 215 amp 
INSERT RING, TYPE 3011 VOLTAGE (all passesl .............................. llv 

PASSES 2 to 9 .............. 0.035-in. -{!iam ER30&. FILLER-WIRE FEED RATE ..........•............ 45 ipm 
SHIELDING GAS: PREHEAT, POSTHEAT ............................ NONE 

AT TORCH ...................... ARGON, AT 20 cfh INTER PASS TEMPERATURE .................. 350 F max 
PURGE BACKING ............... HELIUM, AT 10 cfh WELDING SPEED ................................ 7 ipm 

(a) WITH HIGH FREQUENCY, UPSLOPE AND DOWNSLOPE CONTROL, AND REMOTE-CONTROL PANEL. (bl FOR 
PROGRAMMING AND PRESETTING OF GAS PREFLOW AND POSTFLOW, WIRE FEED AND WELD TIME. (c) MACHINE TYPE 
WITH GAS LENS, 112-in.-diam CUP. (dlTAPEREDTO 0.010-in. DIAMETER OVER A 1/4-in. LENGTH AT TIP. 

FIGURE 13.2.6. Housing for a Nuclear-Reactor Component (Top) that was 
Welded in the Lathe Setup Shown, to Maintain Critical 
Alignment, and for Which Consumable Insert Rings were 
Used for Root Passes, to Ensure Weld Soundness 
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FIGURE 13.2.7. Joint Designs for Nuclear Applications Employing Bimetallic Connections 



In Figure 13.2.6, the consumable insert is melted in situ. Subsequent weld 

beads are applied in the pattern noted leading to limited melting of the 
substrate beads and preferential growth in a pattern such as given in Fig
ure 13.2.8(13 •2•5) Simplistically, this results in a columnar of fibrous 

grain structure. 

In Figure 13.2.4, the initial weld beads are applied on the side rather 
than the bottom of the carbon steel joint. This means the heat flow pattern 

is into the wall. Subsequent weld beads duplicate the heat flow pattern. The 
closure weld between the stainless steel pipe and the weld buildup is completed 
from the root up leading to a dendritic pattern in this region comparable to 
that in Figure 13.2.8(b). 

In essence, the solidification process during welding initially produces 
a columnar grain structure in each weld bead. Preferential growth of the 

grains occurs along the maximum thermal gradients in the weld bead; this growth 

occurs along the family of <100> crystallographic axes. Growth along this 
family of axes is much faster than in other directions, leading to the disap

pearance of unfavorably oriented grains. In contrast to a ferritic weld, where 

the columnar grain structure is destroyed by the austenite-ferrite phase trans
formation occurring on cooling, the austenitic alloys undergo no such transfor
mation so that the columnar grain structure not only survives, it grows, with 
new grains growing epitaxially on prior grains. This results in long columnar 

grains with their major axis along a <100> crystallographic direction. This 
is denoted as a fiber texture. 

13.2.3.1 Dendritic Structure Versus Welding Technique 

A given welding process may vary substantially in welding parameters such 
as heat input and deposition rate. Another significant variable is the direc
tion of deposition with respect to the substrate. Tomlinson et al. (13 •2·6) and 
B . k . t 1 ( 13 . 2 • 7) . t . t d th d . ff 1 1 a1 1e e a • 1nves 1ga e ree 1 erent manua meta arc techniques; 
namely, 1) a flat or downhand weld on a horizontal substrate; 2) a vertical-up 
weld; and, 3) a horizontal-vertical weld. Figure 13.2.9 presents the heat flux 
pattern for two welding techniques, the horizontal-vertical and the downhand. 
The following is quoted from reference 13.2.6: 
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PARENT 
PLATE 

WELD 

PARENT 
PLATE 

FIGURE 13.2.8(a). Schematic Diagram Showing Laying Down 
of Weld by Consecutive Runs 

• 

FIGURE 13.2.8(b). Schematic Diagram of Columnar or Fibrous Grain 
Structure in Austenitic Welds 

lal HORIZONTAL
VERTICAL 

(b) DOWNHAND 

FIGURE 13.2.9. Heat Flux in Horizontal-Vertical Weld 
and Downhand Weld 
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The local direction of growth of the columnar grains is governed by 
the thermal gradient within the weld bead. This, in turn, is influ
enced by the welding procedure and within each bead, the gradient is 
determined by the solid metal in contact with the bead as it cools. 
For example, consider weld metal deposited in horizontal runs onto a 
vertical plate- the horizontal vertical welding position- as illus
trated in Figure 13.2.9(a) . It can be seen that each weld bead is 
deposited into the corner formed by the preceding bead and the pre
vious layer of beads. Heat, therefore , flows out of the bead in the 
two directions shown and the resultant thermal gradient and therefore 
the direction of crystal growth is at an angle to the horizontal . 
In practice the welder must deposit sufficient metal in each run to 
enable the following bead to be deposited on the 'ledge• formed by 
the preceding run and we find that the angle the grains make to the 
horizontal is typically about 30°. The angle of grain growth can be 
predicted by similar reasoning for other welding techniques. If the 
base plate is rotated away from the vertical, the height of the step 
into which new weld metal is deposited becomes progressively smaller 
as the plate approaches the horizontal until the downhand position 
shown in Figure 13.2 .9(b} is reached. When the plate is horizontal, 
the direction of grain growth is found to be about 15° from the nor
mal to the plate. 

Figure 13.2.10 illustrates the preferred orientation fiber structure 

obtained with a horizontal-vertical weld . In Figure 13.2.10{b}, the fiber axes 
resulting from the various welding techniques are presented relative to three 

orthogonal directions, L+, w+, and P+, which refer respectively to the direc
tion perpendicular to the plane of weld layers (L+); the direction of welding 
(W+); and the direction of adding successive weld runs within each layer (P+). 
The welding direction has some influence in the vertical-up technique. The 
direction of weld buildup is most influential with regard to the horizontal
vertical weld. The stereographic net in Figure 13.2.10(b) shows the orienta
tion of the poles of the fiber axes. 

In piping, the weld will be made up of a combination of downhand and 
vertical-up in a horizontal run. This means the pole orientations will vary 
from position to position with respect to the fiber axes. 

The preceding two-dimensional description of the solidification process 
and the structures developed are somewhat clearer as illustrated three

dimensionally in Figure 13.2.11. An examination of this figure not only helps 
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FIGURE 13.2.10(a). <100> Pole Figure Obtained from a Horizontal 
Section of the Horizontal-Vertical Weld Pad 

[P+] 

1. VERTICAL-UP WELD 
2. FLAT WELD 
3. HORIZONTAL-VERTICAL 

\VELD 

FIGURE 13.2.10(b). Stereographic Projection for the Generalized Scheme 
of Orientations in Experimental Weld Pads 
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HEAT FLOW PA ffiRN 
DENDRITIC PATlERN 

OVERLAYING WELD PATIERN 

FIGURE 13.2.11. Three-Dimensional Presentation of Dissimilar Metal Weld 
Illustrating Heat Flow Pattern and Epitaxial Growth of 
Dendrites Typical of Manual Metal Arc Weld 

in understanding the downhand process, it helps in visualizing the weld but
tering operation. The directions used in Figures 13.2.9 and 13.2.10(b) are 
readily apparent as is the orientation of dendrites resulting from a downhand 

weld. 

A problem of concern is the UT response in a bimetallic or trimetallic 
weld such as those described in Figure 13.2.4. 

Again, Figure 13.2.11 permits a visualization of the buttering operation. 

The buttering operation is similar to that described as horizontal-vertical 
welding displayed in Figure 13.2.9 and noted as deviating 30° from the horizon
tal in Figure 13.2.10(b). One may ask the question as to how much the weld 

preparation angle influences the heat flow pattern. A typical weld preparation 
of the Vee type has a 70° included angle or 3b 0 from the vertical. This means 
the buttering will be at that angle. A specific example discussed by Launay 
et a1.( 13 ·2·18 ' 13 •2·19 ) is considered pertinent. Two bimetallic welds are 
given in Figure 13.2.12. Results of UT examination in the buttering, weld and 
cast stainless steel are given in Figure 13.2.13. An examination of the 
velocity maxima and minima and attenuation maxima and minima confirms that the 

downhand weld has a fiber axis orientation quite similar to the values of 15° 

cited by Baikie et al.( 13 •2•7) and Tomlinson et al.(13.2.8) If one assumes 

that the buttering weld is analogous to a horizontal-vertical weld, it is pos

sible to predict the position of the <100> dendrite orientation. This is 
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E2 20 Cr- 10 Ni- 3 MO. (2ND LAYER I 

.. · . . .... 

(b) WELDMENT II 

ISA508cl3l 

A CAST FERR ITI C STEEL SA 216 GRADE WCC 
81 24Cr-12Ni (F IRST LAYER} 
82 20 Cr- 10 Ni- 3 MO. (OTHER LAYERS) 
C 20 Cr - 10 Ni - 3 MO. 
D CAST STAINLESS STEEL (Z3 CND 17-121 
E1 24 Cr- 12 Ni (F IRST LAYER) 
E2 20 Cr- 10 Ni- 3 MO. (2ND LAYERI 

FIGURE 13.2 .12. Examples of Trimetallic Welds all Manual Metal Arc (mma) 
Covered Electrode Welds Except Cladding (E) in (a) 

believed to be at 70-72° compared to 60° using the position shown in Fig-
ure 13.2.13. This would indicate that the heat flow tends to behave as if the 
substrate is vertical even when it is some finite angle off the vertical . The 
preceding is believed to explain the cause of the fiber axis orientations. The 

next step has to do with UT beam deviation because of the anisotropic behavior 
of the dendrites. 
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13.3 RELEVANT CRYSTAL STRUCTURES 

13.3.1 Definitions 

The common materials in nuclear piping systems are ferritic or austenitic 

steels. Our interest is in the acoustic response of the various systems exam
ined with UT. This section will define relevant terminology needed to better 

understand the following two sections dealing with structurally sensitive 
response of UT. Since the concern is with acoustic response of UT, the defini
tions are biased toward that characteristic . 

An isotropic medium is one in which properties are the same in whatever 

direction they are measured . Examples of properties woula be attenuation or 
velocity of UT. A good approximation of an isotropic medium is a fine-grained 

randomly oriented steel, either austenitic or ferritic. 

Anisotropic media are ones in which various physical properties differ in 
different directions. In terms of acoustic response, systems such as cubics, 
which are usually considered symmetric, are considered anisotropic. Isometric 

systems are those crystals referred to three equal and mutually perpendicular 
axes. Cubics represent the classic example. Cubic media have an orthogonal 
lattice with six symmetrically equivalent faces mutually perpendicular to one 
another. Orthogonality refers to a system of three mutually perpendicular 

axes. Orthotropic s~nmetry has been defined as a solid behaving isotropically 
about a specific axis of revolution. 

Orthotropic appears to be a "coined" phrase not defined as above in either 
unabridged or technical dictionaries. Some hexagonal crystals display "ortho
tropic symmetry" about the z-axis. Of greater interest are the dendrites in 
an austenitic stainless steel weldment. Such dendrites are preferentially 
oriented in the <100> direction. While there is a strong <100> orientation, 
the crystallites distributed about this axis of symmetry tend to be randomly 
arrayed so that beams occulting the dendrite normal to the axis of symmetry may 
behave as if the medium is isotropic. 

13.3.1 



13.3.2 Cubic Systems 

The cubic systems encompass a large number of elements and metallic 
alloys. The significant forms are body-centered cubic (BCC) exemplified in 

iron and chromium, and in the ferritic alloys, and face-centered cubic typical 
of nickel and the austenitic stainless steels. Figure 13 .3.1 presents t he two 
cubic systems as unit cells in an open lattice as well as hard-ball models . 
Less symmetric systems such as hexagonal-close-packed (HCP), orthorhombic , 

tAl 

tB l 

tCl 

(01 

FIGURE 13.3.1. Examples of (A) Body-Centered Cubic Unit Cell; 
(B) Hard-Ball Model BCC; (C) Face-Centered Cubic 
Cell; (D) Hard-Ball Model FCC 
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etc., are unimportant in nuclear systems. (Obvious exceptions are HCP zirco
nium alloys for fuel cladding and HCP titanium alloys for some fission and 
fusion applications.) 

Figure 13.3.2 defines the significant families of planes in cubics. These 
- - -

are the (100), (010), (001) (100), (010) (001) where the family is denoted by 

{100}. The (011) is given in Figure 13.3.2(B) and (111) in (C). Again, the 
families are denoted by {110} and {111} . As noted the planes are identified 
by sets of integers. These are obtained from the intercepts that the planes 

make with the coordinate axes (x, y, z). The Miller indices are proportional 
not to the intercepts but to their reciprocals. By definition the Miller 

indices are the smallest integers having the same ratios as the reciprocals. 
A (111) plane represents intercepts at the unit cell positions. Intercepts of 
1 on x, 2 on y and oo on z would become (1, 1/2, 0). The integers become (210). 

Directions are relatively straightforward in cubic systems. For example, 
Figure 13.3.3 illustrates the most common directions [100], [001], [010], 
[110], [l10], and [111]. The family of directions are given by <100>. 

The terminology for directions, direction numbers and direction cosines 
has been given previously in Figure 9A.8. The figure is repeated here as 

X 

z z z 

(001) (Qll) [ 111] 

X 

(A) (8) (C) 

FIGURE 13.3.2. (A) Cube Planes of a Cubic Crystal: a(100); 
b(010); c(001); (B) the (011) Plane; 
(C) the (111) Plane 
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( 100 ] 

z 
[ 001 ] 

( 111] 

----(110] 

------y 
[ 010] 

[ 110] 

FIGURE 13.3 .3. Commonly Used Directions in Cubic Crystals 

Figure 13.3 .4 together with the concept of wave-front normals and energy flux 
in a solid medium. The directional changes in waves will be covered in 

Chapter 138. 

One final area is that of stereographic projections. An example was given 

in Figure 13.2 .10 . Figure 13.3.5 does an excellent job of defining poles and 
planes in a stereographic projection for the more common poles and planes; 

n arne 1 y, ( 100) , ( 110) , ( 111 ) . 
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t =cos a 
m =cos 13 
n =cosy 

(AI 

(BI 

(CI 

X 

ENERGY 
FLUX 

z 

n 

z 

NORMAL TO WAVE FRONT 

V =PHASE VELOCITY 

WAVE-FRONT NORMAL 

<1. m, n> 

y 

X 

FIGURE 13.3.4. (A) Terminology of Direction Numbers and Direction Cosines 
Referred to Reference Axes X, Y, Z. (B) Visualization of 
the Wave-Front Normal and the Direction of Energy Flux, 
i.e., ,.Propagation Direction ... (C) Modification of (A) 
Showing Velocity, Direction Change for Waves A1, Az, A3 
(Longitudinal and Shear Waves) 
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(100) POLE AND Ll NE 
OF SIGHT 

(110l POLE 

[100] DIRECTION 

0111 POLE 

~NE 
I 

[100] DIRECTION 

• 
0001 POLE 

I 
BAS I C Cl RCLE IS OOOl PLANE 

0101 PLANE(BI 
(1101PLANE 

IC) (1111 PLANE U1ll PLANE 

FIGURE 13.3.5 . Stereographic Projections of Several Important Planes of a 
Cubic Crystal. (A) Cubic System, the (100) Plane, Line of 
Sight Along the [100] Direction. (B) Cubic System, the 
(110) Plane, Line of Sight Along the [100] Direction. 
(C) Cubic System, the (111) Plane, Line of Sight Along the 
[100] Direction 
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13.4 AUSTENITIC STEELS- PROBLEMS WITH CONVENTIONAL ULTRASONICS 

An attempt will be made in this section to establish the relative impor
tance of various factors as they influence the reliability of ultrasonics in 
the examination of austenitic alloys. Emphasis is on weldments; however, 
wrought and cast products as well as single crystals are included. With regard 

to NDE procedures only conventional UT will be reviewed in this section. 

13.4.1 Test Pieces 

Table 13.4.1 contains a listing of materials examined and their form, 
whether wrought, cast welded, etc. A review of the references cited in 
Table 13.4.1 confirms that the major emphasis is on weldments. Included are 
austenitic, bimetallic and trimetallic weldments permitting an assessment of 
the relative effects of such weldments. Limited data are contained in 
Table 13.4.1 with regard to the effect of welding process on the macrostructure 
as it may influence UT reliability. For example, a metal-inert gas process 

yields fan-shaped grains rather than the columnar dendrites typical of manual 
metal arc. While several specimens are included in the table, it is apparent 
that there is a dearth of information in the open literature with regard to the 

effect of various welding processes on UT reliability. 

13.4.2 Interactive Factors Influencing the Ultrasonic Signal 

Coarse-grained highly oriented austenitic alloys pose substantial problems 
with regard to the use of UT. Such factors as signal attenuation, beam veloc
ity, angular deviation of the beam, beam convergence or divergence, and signal
to-noise ratio influence detection reliability, either as separate factors or 
interacting one with another. Each of these factors will be examined in the 
following subsections. 

13.4.2.1 Attenuation and Scattering 

The combination of large grain size and fiber texture typical of welds and 
castings lead to much higher attenuation than observed in wrought alloys of 

similar composition. Scattering will contribute to the observed attenuations 
with reflection, refraction and mode conversion contributing to scattering. 

Both Rayleigh and stochastic scattering can contribute to the overall effect 
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TABLE 13.4.1. Examples of Austenitic and High Nickel Alloy Materials, Primarily Weldments 
Examined with Ultrasonics 

Thickness , 
~aterials 11111 Welding Process Weld Joint Design Structur·e Reference 

304/308 50 SMA Butt 3o·v Vertical 13.4.1 
Downhand Dendrites 

316 39 SMA-Large Grain 
SMA-Fine Grain 

Butt ? ? 13 . 4.2 

SMA-Medium Grain-High-C 
SMA-Medium Grain-Low-C 

316 39 ? Butt Ooubl e V 13 .2. 5 

316 ? M~1A Oownhand None <100> Fiber 13 .2. 7 

316 Vertical Up <100> 

316 Vertical-Horizontal <100> 

316 MMA F i ll et 

2-1/4 Cr-1 ~o lnconel-182- 316 50 ~1:-1A Downhand Butt-J Columnar 13.2.6 

~imonic BOA -- Single X-tal 

316-316-2-1/4 Cr-1 t1o 50 ~!G Downhand But t-V Fans 

304 40 M:-IA But t-V Oendr1tic 13.4.6 
S."1A Butt-Double V 

CF8 Cast 50 Coarse Grain 13.4 . 7 

304/308 70 514A But t-V 13 .4.B 

304 40 EB 13.4.9 

Cast Stainless Steel Columnar 13 .4. 10 

316 Columnar 

304 Wrought-Coarse to Fine Grain 

316 Wrought 

Stain l ess Steel Sing l e X-tal 13 .4. 11 



TABLE 13.4.1. (contd) 

Thickness, 
Materials mm Welding Process Weld Joint Design - Structure Reference 

304 ? SMA Overlay Dendritic 

Cast Stainless Steel 

Cast Ferritic-24-Cr-12Ni-20 Cr- 60 MMA Butt-J Dendritic 13.2.8 
10Ni-316 SS-Cast 316 SS (CF8) 

Forged SA5D8-24Cr-12Ni 20CR- 120 M:~A But t-V Dendritic 13.2.9 
10Ni-3Mo-Forged Aust. 244Cr-
12Ni a 20Cr-10Ni-3Mo Cladding 

SA 216 Cast Buttering and Weld 120 MMA Butt-V Dendritic 
As Above - Cast 17-12 Cladd ing 
as Above 

316 50 MMA Downhand But t-V Dendritic 13.2.12 
........ 

316 50 MMA Down hand But t-V w . .,. 
316 25 SMA But t-V Discontinuous . 

w 
316 50 MMA Horizontal But t-V 13.4.3 

Vertical 

TIG Butt 

EB Butt 

A 351 Cast (CF&l} 86 Dendritic 13.4.4 

Cast 70 Dendr itic 

Trimetallic Ferritic Overlay 62 Dendr itic 

Aust.-Weld Aust-Overlay Ferritic 

316-Weld-CFSm 36 ? But t-V 13.4.5 

304-308 so SMA Butt-V-770 Dend ritic 

Single Crystals 1g Cr-10Ni; 
1gCr-14Ni; 19Cr-19Ni 



where Rayleigh scattering varies as the third power of grain size and inversely 
as the fourth power of wave length. Stochastic scattering varies directly with 

grain size and inversely as the square of wave length. Scattering increases 
background noise reducing signal-to-noise ratio. 

In the case of gross attenuation as functions of wave length, Fig
ures 13.4.1{a)(13 •4•6) and 13.4.1{b) permit comparisons of weld and base 

metal as well as cast materials. While the difference between shear and longi
tudinal waves is not significant, that of higher frequencies (lower wave 

lengths) is. Figure 13.4.2 permits a comparison of grain size alone on attenu
ation.(13·4·10) Materials 1 and 2 appear to be European versions of 321SS in 

wrought form. 

The problem of strongly oriented structure is apparent from Figures 13.4.3 
and 13.4.4.(13 •2•6) In Figure 13.4.3, the dendritic structure typical of welds 
leads to a periodic pattern of attenuation maximizing at 0° and 90° with 
respect to the fiber axis and minimizing at 45°. Typically, the weld dendrite 

fiber axes are approximately normal to the surface for a downhand weld depos
ited in the usually butt weld preparation. Figure 13.4.4 presents data for a 
single crystal of nimonic BOA. The similarity of signals in the two figures 

is considered conclusive evidence that grain boundary scattering is not a major 
contributor to variation in signal through weld metal. Scattering will be more 
important in signal-to-noise ratio. 

13.4.2.2 Wave Velocity 

Changes in attenuation tend to be accompanied by similar changes in wave 
velocity. As the velocity increases the attenuation decreases. Figure 13.4.5 
shows the longitudinal wave velocity maximizing at 45° to the fiber axis, the 
location of lowest attenuation. (13 ·2•6) Of greater interest is the 

relationship over a spectrum of grain orientations such as shown in Fig-
ure 13.4.6. (13 •4•4) Attenuation tracks velocity fairly well across 

dissimilar metal interfaces, different direction of dendritic orientation and 

differing welding techniques. 
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FIGURE 13.4.l(a). 
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FIGURE 13.4.l(b). Measurement of Ultrasonic Attenuation: Above Weld Metal; 
Below: Base Metal; 0- Shear Waves, 0- Compression 
Waves. Attenuation is higher for shear waves at higher 
frequencies (lower wavelengths). 
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FIGURE 13.4.2. Attenuation Measurements of Materials 1 and 2 
for Different Grain Sizes 

The sensitivity of shear-wave velocity to orientation is shown in Fig

ure 13.4.7 where single crystals and dendritic structures of nickel single 
crystals are intercompared. (13 ·4· 5) This effect is covered in greater detail 

in Chapter 138. 

Table 13.4.2(13 ·4•11 ) presents velocity and attenuation data obtained 

with UT at frequencies of 2 and 10 MHz using both shear and longitudinal waves. 
A stainless steel weld, casting and single crystal, were examined at various 

orientations with respect to beam and fiber, or crystallographic axes. The 

attenuation increased substantially at higher frequencies, confirming the usual 
position of testing at lower (1- to 2-MHz) frequencies. 

The shear-wave velocity was found to depend strongly on both beam propaga

tion and polarization direction. The significance of this is most apparent in 

the degree of grain boundary scattering which is much more pronounced in shear 

than in longitudinal waves. In a <100> direction, shear-wave velocity is inde

pendent of polarization direction. In a textured material, where shear propa

gation is perpendicular to the fiber axis, shear velocity will be equal in all 

grains and attenuation will be quite low. 
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FIGURE 13.4 .4. 
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FIGURE 13.4.7. Velocity-Surface Intersection with (110) Plane for 

(1) Single Crystal Stainless Steel; (2) Dendritic 
Structure of Stainless Steel; (3) Nickel (analytically) 

The preceding comments are based on the observed response in velocity and 
slowness surfaces. (13 ·4•11 ) The details of slowness and velocity surface 
behavior are covered in Chapter 138. 

Gray et al. (13 ·4•3) cite the behavior of shear waves in the base-metal

weld interface region. The signal from the interface is greater than that for 
a 1.5-mm side-drilled hole (SOH) in the weld metal; with longitudinal waves the 

opposite is true. A qualitative explanation considers two effects: 1) there 
is a 25% difference between shear-wave (S ) velocity in base metal and in the v 
45° direction in weld metal, but only 5% difference for longitudinal waves. 

Therefore, the acoustic impedance mismatch at the fusion boundary will be 
larger for S than L-waves; (2) Longitudinal waves are weakly reflected by v 
right angle corners so strong shear-wave components will be produced by mode 

conversion . 
13.4.10 



TABLE 13 .4 .2. Velocities and Attenuations Measured at 2 and 10 MHz. 
Shear and longitudinal wave for single and 
polycrystalline (dendritic) stainless steel specimens 
(nominally 304, 316) (Reference 13.4.11) 

Freguenc~ 2 MHZ (30 X 30 X 30 mm Cubic seecimens) 

UT Velocity, Attenuation, 
Material Mode Direction Polarization m/s dB/em 

Weld Long 00 5000-5030 1.2-1.3 
Weld Nominally 45° 6000-6040 0. 7-0 .8 
Weld 304 90° 5140-5280 2 .3-2.8 

Casting 00 5220 1.8 
Casting Nominally 45° 6140 1. 0-1.3 
Casting 316 90° (a) (a) 

Freguenc~ 10 MHz Plate {Weld , Single X-tal) or Sehere (Single X-tal) 

Weld Long 00 5308 5. 9 
Weld Trans 00 90° 3960 7.4 
Weld Long 45° 6228 6.0 
Weld Trans 90° 00 4060 9.7 
Weld Long 45° 6287 5.8 

Single Cr~stal 

P 1 ate Long [110] [110] 6085 0.67 
Plate Trans [110] [001] 4014 1.17 
Plate Trans [110] [110] 2086 1.87 
Sphere Long [111] [111] 6300 
Sphere Long [110] [llO] 6080 

(a) No back-wall echoes obtained . 

• 
The preceding has been observed in electron beam welds and to a degree 

with tungsten-inert gas welds. 

13 .4 .2 .3 Beam Deviation 

Yoneyama et al.( 13 •4•1) investigated the behavior of a 45° shear wave in 

an austenitic weldment. Figure 13.4 .8 permits a comparison of beam behavior in 

a) base metal , b) through base metal into a weld, and c) completely in weld 
metal. In base metal, wave propagation was as anticipated; namely , close to 
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the initial angle of 45°. The same behavior occurred in the base metal of 
b) to the base-metal-weld interface. At this point the beam direction shifted 
and followed the fiber axes of the dendrites. The same pattern of paralleling 
the fiber axis orientation was seen in 100% weld metal, shown in Fig-
ure 13 .4.8{c) . The authors( 13 ·4•1) attribute the beam bending to a phenomenon 
akin to that in wave guides; the shear-wave beam turned gradually away from the 
direction of incidence as if it were being directed through channels following 

the dendritic microstructure. 

The topic of beam deviation, and the following one on beam convergence and 

divergence, are inextricably interwoven. The one leads to the other. As a 
result the reader should consider the subject in the context of both areas. 

Hudgell et al. (13 •4·12 ) discusses UT-beam deviation (or skewing as they 
term it) . In anisotropic media (such as an austenitic weld) three different 

waves are possible. Two are quasi-shear and the third is quasi-longitudinal 

where the "quasi•• refers to the fact that the wave front is not at right angles 
to the direction of propagation. The bases for this behavior will not be dis
cussed further here. They are the topic of an extensive review in Chapter 138. 

Angles of deviation can be calculated for longitudinal and shear waves as 

functions of beam to columnar grain angle. This has been done for various 
austenitic alloys . Figure 13.4.9 presents some such data. Figure 13 .4.10 is 
a compilation from several sources.( 13 ·2•5' 13 •4•5, 13 ·8•2) The similiarity 

of behavior for various materials is quite apparent . 

Figures 13.4.11(a), {b), and (c)( 13 •4•12 ) contain data on two butt welds 

fabricated with essentially the same manual metal arc downhand procedure . UT 
behavior was similar to that of Yoneyama . (13 ·4·1) The beam angle in the weld 
metal often differed from that in the base material and it was not possible to 
control the angle in the weld by changing the probe wedge angle. In Fig-
ure 13 .4.11(a), it can be seen that the longitudinal waves propagate preferen
tially at 45° to the fiber axis. Figure 13.4.11(b) presents the direction of 
the most intense portion of the beam for detection of holes at the interface . 

As noted , a normal L wave used with a weld having nominally vertical dendr ites 

may be subject to beam bending. Figure 13 .4.11(c) illustrates preferred paths 
for the detection of both centerline and fusion boundary holes. In Specimen 2, 
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the preferred paths form a orthogonal set because the dendrites are verti
cal. In Specimen 1, the paths are distorted because the dendrites are neither 
straight nor vertical. This latter indicates that welds produced by essen
tially the same procedure may yield markedly different UT results. 

UT results differed depending upon whether the beam passed entirely 
through weld metal or passed through a fusion boundary. The mean deviation of 
the average beam angles were less when completely within weld metal, indicating 

that beam scattering occurred due either to an uneven fusion boundary or to 
curved grains along the boundary . 

The preferential paths of L waves in the we lds is attributed to the beam 

skewing cited in Figures 13 .4 .9 and 13.4 .10. If the beam to fiber axis angles 
are 17° to 44° , the angle of deviation between the direction of propagation and 
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the wavefront will be positive. This will increase the beam angle by some 
amount which decreases with the angle. At 45°, the deviation will be zero. 
For angles between 46° and 75°, the deviation will be negative reducing the 
beam angle. At 45°, the L-wave paths will be stable--these have been ca l led 
preferred paths. This results in beam convergence discussed further in the 
next section. 

Beam skewing is zero at 0° and 90° (Figure 13.4 .9}; however , beam ang les 
of only a few degrees on either side of these values lead to a large skewing 

effect. If the angles are 0° to 15°, t he wavefront deviation will be positive 

13.4.15 



SPECIMEN I 

(a) 
/ 

(b) 

(C) 

\ 
LONC AX IS OF 
COLUMNAR GRAINS 

,/ ULTRASONIC BEAM 

EMISSION POINTS 
ANCL£ PROBES 

SPECIMEN 2 

EMISSION POINTS 
NORMAL PROBES 

FIGURE 13 .4.11. Examples of Preferential Beam Skewing in 316 SS. Weldments 
for 2.25 MHz longitudinal wave: (a) preferred paths; (b) 
preferred paths when penetrating weld from opposite 
direction; (c) direction or most intense portion of beam 
using normal and angled probes 
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and increasing with beam angle; therefore, the beam will diverge and signal-to
noise ratios will be poor. At 75° to 90°, where the deviation is negative and 
decreasing, there will be the same effects. 

The analysis of beam deviation by Silk et al. (13 ·2•5) follows that of 
Hudgell( 13 ·4•12 ) quite closely. The authors( 13 ·2•5) also discuss shear-wave 

behavior. There will be differences compared to L waves because of the magni
tude of the deviation due to anisotropy with shear waves. For example, a shear 
beam entering at -oo will be focussed, but at a location well within the weld. 

By the time the beam reaches the opposite side, it will be diverging rapidly. 
This leads to the attenuation seeming to be high at both Oo and 45o. Addition
ally, the severe deviations at intermediate angles could lead to those being 

directions of highest apparent attenuation. The possible coexistence of true 
and quasi-shear waves arriving at similar times is a further complication. 

T 1. t 1 (13 ·2·6) d" k . . . "1 t d . om 1nson e a • 1scusses s ew1ng 1n s1m1 ar erms an arr1ves 
at comparable conclusions. He makes the point covered in Chapter 13B that for 
a given direction of energy travel (V ), the ray direction may not be perpen

e 
dicular to the wave front in an anisotropic medium. This would lead to skewing 

of the beam off the axis of the transducer. 

Kupperman and Reiman( 13 ·4·5) discuss beam deviation as well as presenting 
experimental data. Their comments are presented in the next section where they 
appear more relevant. 

13.4.2.4 Beam Convergence and Divergence 

Beam deviation is accompanied by convergence or divergence depending upon 
whether the angle is positive or negative. The preceding statement is factu
ally true and, if we accept it as such without confirmation, the following 
review commentary becomes unnecessary. However, we shall retrace our steps to 
re-examine the orientation of dendrites formed during welding and the influence 
of such dendrites on wave velocity and attenuation. 

Tomlinson( 13 •2•6) has cited prior theory as well as experimental evidence 

to explain skewing. Basically, if the energy flux or ray deviates from the 
direction of the wave-front normal, skewing can occur. Figure 13.3.4 illus
trates this condition. 
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Figure 13.3.4(b) represents such a deviation which is seen for longitudi

nal and shear waves (A1, A2, A3) in Figure 13.3.4(c). Whenever energy flux 

and wave-front normal coincide, the deviation (6) passes through zero. 

Figure 13.4.12 can be used to understand beam convergence and divergence. 
In this figure the deviations are zero at zero for both L and S waves. As the 

angle of deviation from the normal increases, the L-wave curve increases, goes 
through a maximum, and becomes zero at 45° to 50°; then continues to decrease, 
passes through a minimum, and returns to zero at 90° from the normal. The 
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GREATER ACROSS DENDRITES 

FIGURE 13.4.12. Examples of Effects of Beam Skewing in a Weldment With 
Respect to Velocity, Attenuation and Beam Spread 
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shear wave operates oppositely. It becomes negative, passes through a mini
mum, and crosses the axis near 45°; becomes positive, reaches a maximum, and 
returns to zero at 90°. The preceding is a vertical shear wave. The hori

zontal shear wave is zero ~90° if a {100) plane is negative from zero, return
ing to zero at 90° if the projected plane is other than {100). 

The following description of beam behavior is a melange of several refer
ences.(13·2·5, 13 •2•6, 13 ·4•5, 13 ·4·12 ) With an L-wave at 0° paralleling the 

fiber axis, there will be dispersion. The non-central rays will be skewed out
ward resulting in a widened lower intensity beam.( 13 •2•6) Near Oo and 90°, 
the positive slopes are quite steep. Silk( 13 •2·5) notes that these positive 

slopes reinforce the natural change in beam angle so a natural beam divergence 
of 5° will become 10°; this is in qualitative agreement with the prior state
ment. Juva and Lenkerri( 13 •4•11 ) explain the steep slope and the rapid beam 

divergence of the L-wave in terms of a slowness surface such as shown in Fig
ure 13.4.13 where the value at 0° <001> is a sharp peak. This means a beam 
having a width of a few mm will diverge strongly in the <100> direction. 

The preceding statements generally apply at 90°. 

The situation is different at 45° which is a direction of maximum veloc
ity. The beam will converge; this can be confirmed analytically; however, cal-

culations, except for the simplest cases, are very complex. Another way of 
stating the preceding is that the deviation due to anisotropy near 45° will 
tend to counteract the natural beam deviation. A naturally diverging beam 

would have its level of divergence substantially reduced so the UT beam would 
be much more penetrating at 45°, compared to Oo or 90°. At intermediate 
angles, the defocussing effects observed near 0° and 90° will not be so strong; 
however, the signal will be reduced because of deviation of the entire beam. 
Juva and Lenkerri( 13 •4•11 ) return to the slowness surface of Figure 13.4.14 

to explain the relatively minor changes in convergence near 45°. The flatness 
of the slowness surface for angles near <110> means a lesser sensitivity to 

slight angular deviation. Even so a 2° change can reduce beam amplitude 
drastically. The authors attribute this to the fact that odd order wave num

bers deviate to the point that the receiver only partially detects them. 
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5 x 10-4 m s 

[ 001] 

FIGURE 13.4.13. Cross Sections of the Slowness Surfaces Corresponding to a=Oo, 
15°, 30° and 45°. The small arrows in (a) and (d) represent 
the directions of energy flux for 316SS weldment. 

In shear waves the situation is more complicated. One could argue that 
the attenuation should be lowest at Oo and 90° and highest near 45° on the 

basis that there should be sharp focussing because of the negative slopes . 

This argument is too simplistic. The magnitude of deviation of the shear wave 

(-50°) will contribute substantially to defocussing. Near 0° the beam may be 
focussed; however, the focus will be well below the surface and it will tend 
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FIGURE 13 .4.14. Schematic Representation of Beam Divergence and 
Convergence for Longitudinal and Shear Waves 
with Propagation Direction Indicated by Arrows 

to diverge as it penetrates more deeply . A further complication is that the 
true shear wave may exist concurrently. 

The polarization of the shear wave is not important at Oo. However , it 
becomes quite important at 90°. If the polarization is parallel to the den
drites, the attenuation is markedly less than when polarized perpendicular to 
the dendrites . 

Figure 13 .4.14 schematically presents the data in Figure 13.4.12 and in 
the preceding paragraphs. 
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While convergence ana divergence are important contributors to signal 

amplitude and attenuation , the contribution must be kept in perspective . For 
example, diffusive scattering in coarse-grained (D>A) materials such as welds 
can be quite severe . There can be strong reflections at grain boundaries 

leading to strong attenuation. 

One suspects that beam convergence and mode conversion might account for 
the apparent increase in beam intensity cited but not explained by Yoneyama 
et al. (13 ·4·1) If the beam was redirected along the <100>, the velocity would 

increase compared to velocity in an isotropic medium, leading to beam focussing 
and the increased intensity {Figure 13.4.15). 
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FIGURE 13 .4.15. The Variation with Specimen Thickness of the 
Intensity of the Sound Wave Reaching the 
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Hudgell et al. (13 ·4·12 ) examined beam profiles in stainless steel weld
ments. They used a 45° L-wave to examine two butt welds. Figure 13.4.16 per
mits a comparison totally within weld metal. Specimen 1 produced an apparently 
bent beam while Specimen 2 did not. One could explain the profile on the basis 

that L-waves follow the curved columnar grains; however, probe movement means 
several grains are scanned. Figure 13.4.17 is better evidence of beam bending. 
In the weld, it can be seen that the UT beam bends away from the vertical and 
the width of the most intense portion (black) of the beam is approximately 
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(a) PLATE lbl SPEC I MEN 2 WELD 

FIGURE 13.4.17. A Comparison of a Normal Probe Beam Profile in Plate 
and We ld Metal . Structure in weld consists of 
grains leading to continuous ultrasonic beam paths 
from one half of the weld to the other with little 
or no curvature . 

three times that in plate material. This behavior is similar to that reported 
by Yoneyama et al . (13 ·4•1) with regard to preferred beam paths . 

13.4.3 Optimal Equipment Factors for Flaw Detection 

There is general agreement concerning certain factors to be controlled if 
a reasonable signal-to-noise ratio is to be achieved concommitant with an 
acceptable reliability of flaw detection. These factors are as follows: 

• Select the form of UT waves that interact minimally if at all with 
the grain structure.( 13 •2•5' 13 ·2•6, 13 ·4•7) The preferred choice 

is longitudinal waves with optimally polarized shear waves a possi
bility. The L-waves also will have less skewing and scattering . 
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• Optimize frequency (wavelength) to yield acceptable signal-to-noise 
. h "th d fl 1 t· (13.4.7, 13.4.8) H. h rat1o toget er w1 goo aw reso u 1on. 1g er 

frequencies increase noise and decrease signal-to-noise ratio; lower 
frequencies (<1 MHz) decrease resolution. Optimum ranges 1 to 

2.25 MHz. 

• Use short broad band pulses to reduce scattering, improve signal-to-
. t· d f 1 . 1 (13.2.6, 13.4.7, 13.4.8) Low no1se ra 10, re uce a se s1gna s. 

pulse lengths reduce scattering thereby improving signal-to-noise 

ratio; e.g., a tenfold reduction in pulse length improves signal-to
noise ratio about 10 dB. Increased bandwidth reduces false signals 

because of shorter signal times; this approach also reduces signal 
amplitude. 

• Use controlled shaping of the transducer acoustic field to reduce 
. tt . (b f . ) (13.2.6, 13.4.7, 13.4.8) gra1n sea er1ng earn ocuss1ng . 

• Obtain acoustic and electrical matching of transducers and flaw 
detector {dual probe). (13 •4 ·7) 

• Use signal processing to increase signal-to-noise ratio.( 13 •4•7) 
Use variable frequency and bandwidth transmitter pulses. Use signal 
averaging as an inverse filter. 

• Use adequate numbers and types of reference blocks to provide mean

ingful calibration. 

The sensitivity of signal amplitude to frequency can be seen in Fig-
ure 13.4.18. The amplitude from a 3-mm hole decreases markedly with increasing 
frequency, accompanied by a limited increase in back-scattering. This limited 
increase is believed due to multiple scattering at high and low frequencies. 

With regard to bandwidth, an austenitic coarse-grained material acts as a 
' low pass filter. Depending upon the sound path, both effective testing fre-

quency and bandwidth are reduced. Figure 13.4.19 graphically illustrates the 

influence of bandwidth on signal-to-noise ratio. The narrow bandwidth gives a 

very poor signal-to-noise ratio. The best compromise is the intermediate band

width yielding the best signal-to-noise ratio. Too wide a bandwidth leads to 

the high frequency portion of the spectrum contributing to grain boundary 
scattering. 
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FIGURE 13.4 .18. Influence of Ultrasonic Scattering in an Austenitic 
Cast Material on the Flaw Detectability 

Longitudinal waves are preferred for austenitic weldments because of less 
effects on signal-to-noise ratio . Further improvements can be had with beam 
focussing. 

13 .4.4 Anticipated Structures Resulting from Various Weld Processes 

As a precursor to evaluating the reliability of detection of flaws by 

various UT techniques , it would be desirable to examine the macrostructures of 
weldments produced by various welding processes . Figure 13.4.20 schematically 
presents such structures for four processes, two of which are commonly used in 

producing austenitic weldments in nuclear components (MMA, SMA) and two of 
which are either less corrmon (TIG) or very rare (EB) . 

As noted, MMA produces fairly continuous dendrites by epi taxial growth and 

the structure will be very coarse-grained. The SMA process results in coarse 

grains with little continuity across the interfaces of the weld beads. But TIG 
and EB are narrow-gap high heat input processes where grain sizes shou ld be 

small due to high chi l l factor {par ticularly EB) . Fiber axis or ient at i on 
should be perpendicular to base-metal-weld interface. 
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FIGURE 13 .4.20 . Schematic Diagram of Fiber Axes in Weld Dendrites 
as Function of Welding Process. Probability of 
field use of given weld process indicated. 
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13.5 RELIABILITY OF ULTRASONICS 

13.5.1 Standard UT 

• 

• 

• 

• 

13.5.1.1 Bimetallic and Trimetallic Weldments 

Examples of successes and failures in detecting real and artificial 
flaws in bimetallic and trimetallic weldments are given in this sec
tion. Figure 13 .2.12 represents such weldments. 

Edelman( 13 •4•8) discusses the generation of a distance-amplitude 
curve (DAC) in an Inconel weld in ferritic base material. SDHs were 

used for calibr ation and a 45° 4-MHz L-wave probe was used . The OAC 
through weld metal was markedly different from that through base 

metal--not too surprisingly. 

In another example,( 13 •4•8 ) a 45° L-wave probe through a complex 

ferritic-buttering-weld 18/8 SS yielded a spurious indication due to 

deflection of a portion of the wave at the weld-buttering interface. 

Pelseneer and Louis( 13 •4•4) reported on a trimetallic weldment previ

ously illustrated in Figure 13.4.6. No welding details were given in 
the paper . Table 13.5 . 1 from reference 13.4.4 presents the data for 

longitudinal and shear waves, and is summarized in the following: 

Detection of 
UT Process Bore Holes ~rack 

Shear Wave 45° , 60° None No 

Shear Wave 70° First Hole No 

Longitudinal Twin-Crystal 45° 60° All No ' 70° None No 

L-Single Crystal V-Probe 45°, 60° 
' 

70° All Only by 45° 

Twin Crystal V-Probe 45°, 60°, 70° All Only by 60°, 70° 
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TABLE 13.5.1 . Detectability of Small Holes and a Crack at the Transition Zone Between an 
Austenitic and a Ferritic Weld Overlay. No suppression used. 
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• Launay et a1.( 13 •2·8' 13 ·2·9) prepared and examined at least three 
bimetallic weldments given in Table 13.5.2. As noted, these cover a 
spectrum of forged and cast components as well as buttering, weld and 
overlay cladding. Those three weldments will be discussed in some 
depth to better establish the limitations inherent in UT of such 

weldments. 

The first weldment (I in Table 13.5.2) initially was examined with shear 

wave 45°. This procedure was capable of detecting the holes in the ferritic 
steel only. Nothing could be detected in the buttering weld or cast stainless 

steel. In addition, spurious signals occurred. In order to detect in the cast 
ferritic steel, a 25- to 43-dB gain was required. 

The authors( 13 •2•8) found it necessary to develop equipment specifically 

to optimize detection of 2- and 3-mm 0 holes. The following were the critical 
factors: 
1. the water/steel interface 
2. attenuation specific to each material for a given angle of incidence 
3. the crossing of the interface between steels 
4. variation in the UT path according to the angle of incidence. 

The following parameters were varied: 
1. the angle of incidence into steel 

2. the frequency 
3. the UT pulse length transmitted 
4. the UT beam configuration generated by the transducer. 

Item 4, is relevant to alternate rather than standard UT systems. With 
conventional transducers, the following were the optimum angles for 30-mm 
deep holes: 
a. from ferritic side- 42° to 45° 
b. from cast SS side - 30° to 37° 
c. optimum frequency - 1 MHz. 

Length of UT pulse transmitted was a function of the damping of the trans
ducer and of the electric pulse generated by the UT equipment. The opti

mum was a well-damped transducer with an optimized electrical pulse. 
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A 

81 

82 

c 
D 

E1 

E2 

TABLE 13.5.2. Examples of Bimetallic Weldment5 (13.2.8, 13.2.9) 

COMPONENT 

A 
81 
B2 
c 
D 
E1 
E2 

WELDMENT 

CAST LOW-CARBON FERRITIC STEEL 
24 Cr-12 Ni 
20 Cr-10 Ni-3 Mo 
20 Cr-10 Ni-3 Mo 
CAST 20 Cr-10 Ni-3 Mo 
NONE 
NONE 

II 

FORGED SA508 Cl 3 
24 Cr-12 Ni 
20 Cr-10 Ni-3 Mo 
20 Cr-10 Ni-3 Mo 
FORGED Z3 CNP 17-12 
24 Cr-12 Ni 
20 Cr-10 Ni-3 Mo 

LOCATION OF SIDE-DRILLED HOLES* 

D 

Ill 

CAST SA 216 WCC 
24 Cr-12 Ni 
20 Cr-10 Ni-3 Mo 
20 Cr-10 Ni-3 Mo 
CAST Z3 CNP 17-12 
24 Cr-12 Ni 
20 Cr-10 Ni-3 Mo 

Ml D-THI CKNESS 57 mm DEEP 30 fllm DEEP 70 mm DEEP 25 mm DEEP 65 mm DEEP 

1 6 5 1 5 

2 7 2 8 2 6 

3,4 8 3 6 3 7 

5 9 4 7 4 8 

t = 60 mm t = 90 mm t = 80 mm 

2 mm <I> 3 mm <I> 3 mm <I> 

ROOT NOTCHED 3 x 3 mm (9) 3 x 3 mm {9) 

*NUMBER GIVEN TO IDENTIFY 
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The effect of UT-beam configuration is relevant to advanced or alternate 
UT equipment. A focussed probe proved best because fewer grains were scanned 
and the UT energy was concentrated into a limited volume of material; this 
reduced the level of background noise due to diffraction at grain interfaces. 

The optimum system was a 1-MHz longitudinal-wave probe at angles of inci
dence of 45° suitably damped and a focal range optimized for 30-mm and 57-mm 
depths. Specific probes were developed or selected. Two procedures were 

emphasized--focussed probes used in immersion and twin probes in contact. 

Standard transducers could not detect hole number 9 from the ferritic side 
using the parameters above relevant to standard transducers. Using these 
transducers from the cast stainless steel side only hole number 6 could be 

detected. 

Cases II and III in Table 13.5.2 included the complex weldments cited. 

These weldments contained 3-mm b holes and 3- x 3-mm notches at the weld root: 

• In Weldment II, all (holes and notch) detected when the angles 
refracted in the steel (e) were 40° < e < 50°. 

• If e > 40°, the variability of amplitude at a given depth was less. 

• Only 45° permitted a signal-to-noise ratio of greater than 12 dB (an 

exception was a signal-to-noise ratio of 9 dB for hole number 2, from 
the cladded surface through the stainless steel base metal.) 

• Many spurious signals were observed ate < 30°. 

The preceding results were obtained by changing the refraction an~le in 
10° steps using a 2.25-MHz 0.75-in. transducer where the reference amplifica
tion of 0 dB was established at 6/7 screen height on a 2-mm SOH at 50 mm in a 
ferritic block. 

Weldment III emphasized cast materials with concommitantly higher attenua
tion in cast stainless steel: 

• From the ferritic side ate= 45°, all except the notch (9) were 

detected. 
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• From the cast stainless steel side at~< 60° , all holes at 25-mm 

depth were detected; none were detected at 55-mrn depth . 

• Many spurious signals occurred at ~ < 30°. 

• Optimum range of angles was 40° < ~ < 45°. 

• The signal-to-noise ratio was very low from the cast stainless steel 
side. 

• The preceding applied to longitudinal waves . 

Tomlinson et al. (13 ·2·6) examined a trimetallic weld between fe rritic and 
austenitic plates . A J-preparation was used and a manual metal arc process. 
Thickness was 50 mm. Two 3.0-mm 6 holes were located, one at the weld C, the 
other at the ferritic-Inconel interface near the weld root. Both holes were 

detected with a normal beam with signal-to-noise ratio of at least 12 dB. The 
holes were detected with 45° L-waves; however , the signal-to-noise ratio was 

lower. Beam skewing led to errors in location. 

The authors( 13 •2•6) examined a bimetallic weld consisting of a ferritic 
plate buttered with 2.25 Cr-1 Mo followed by 316 SS. A metal inert gas process 

was used leading to fans of grains rather than epitaxially grown dendrites. 
Three 3-mm 6 holes were located 1) at the weld , C; 2) at the buttering weld 
interface near the root, and 3) at the buttering-ferritic plate interface 
about at mid-thickness (25 mm) . The lower holes could not be detected with a 
normal beam. 

13.5~1.2 Stainless Steel Weldments 

Kupperman and Reiman( 13 ·4·5) used a 2.25-MHz broad-band unit in the longi
tudinal , horizontal shear, and vertical shear modes . While the horizontal 

shear is of scientific interest , it has found little if any field use . Resu l ts 
will be cited with the preceding caveat concerning general use . 

Two 2.4-mm 6 SOHs were located at 1) the weld center line in a 50-mm thick 

section at the midpoint and 2) in the weld close to the base metal about 10 mm 

from top of weld (304 SS; 308 SS weld). Results for the two holes were as 
follows: 
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1. At weld C (a) (normal incidence S&L waves) 
a. SH waves - readily detectable; good S/N ratio 
b. Sv waves - not detected; poor S/N ratio 

c. L waves- detectable (small signals); fair S/N ratio. 
2. Offset hole (b) (45° S&L waves) 

a. SH waves - readily detectable; good S/N ratio 
b. Sv waves - poor detection; poor S/N ratio 

c. L waves - readily detectable. 
L wave propagated parallel to dendrites initially -3 mm then at 45° to 

dendrites -3 mm. 

Sandberg( 13 ·4 ·2) discusses UT of submerged arc weldments varying in grain 

size. Most tests used alternate UT; however, some were conducted with conven
tional UT. The 39-mm thick weldments contained 2.0-mm 6 or 3.2-mm 6 SDHs as 

well as 1 mm x 1 mm or 2 mm notches. Table 13.5.3 contains the data for both 
conventional and alternate UT. As indicated by the success-to-failure (r/N) 

ratios, results were quite sensitive to both testing technique and defect 
location. 

Interestingly, in contrast to other workers, a narrow bandwidth was pre
ferred. The authors( 13 •4•2) observed a plus or minus frequency shift depending 
on initial frequen.cy. 

Generally, the 3.2-mm hole could be detected by both L and S waves; how
ever, the S waves varied up to 12 dB in amplitude. The 1-mm x 1-mm notch at 
the weld root proved difficult but feasible to detect, and the 2-mm x 2-mm was 
reasonably easy. 

Pelseneer and Louis( 13 ·4 ·4) examined both cast stainless steel and stain
less steel weldments in addition to the bimetallic welds discussed previously. 
Specimens examined included 

1. an austenitic steel casting, essentially ASTM A-351 Grade CF8M. 

Dimensions were 188 x 142 x 85.5 mm, and the block contained three 
4.8-mm 6 holes, 20.2-, 41.5-, and 63.13-mm deep. 
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TABL_E 13.5.3. Result Digest-Ultrasonic Scanning of Austenitic Stainless Steel ~Jeldments Containing Artificial Defects 

RlSULT DIGEST SHOWS DEFlCl LOCATION AND 
'>IZF. SCANNING DIRt.CTION AND IF THE 
MACH I NED DEFECT IS POSS I BU OR NOT TO 
DETECT FOR EACH PROBE. A YES REPRESENTS 
AN AVERAGE SIN GREATER THAN 6 dB DETECTED 
ltli All OR ALMOST ALL SCANS. 

PAN V 395 FLAT 45° T 
2.25MHZ IMMERSION 

PAN V 395 FOCUSED 45° T 
2.25 MHz IMMERSION 

PAN V 392 FLAT 45° T 
i.OMHz IM!I-1£RSION 

PAN V 392 FOCUSED 45° T 
LO MHz IMWt.RSION 

··-· 
PAN V 389 FLAT 45° 1 
0.5MHz IM!I-1£RSION 

PANA403 S FLAT 45° T 
2.25 MHz CONTACT 

F'Ai'4A40lS FLAT 45° T 
I. 0 MHz CONTACT 

-----
PAll< V 395 FLAT 55° T 
2.25 MHz IWI"IERSION 

-----
PAN V 395 FLAT 7fP T 
2.25 ~\Hz IMrv'fRSION 

~-V345 FOCUSED 7rfl T 
2.25 MHZ IMii\ERSION 

-
FLAT 70° T---PAN V 392 

1.0 MHZ IM~'f:RSION 
·-.. 

RTD 76- 38 QUASI FOCUSED 
2.0 .~\Hz 45° l- CONTACT 

····---- -
RTD 76 40 QUASI FOCUSED 
2.0 MHz 5(/J L -CONTACT .... 
RTO 76 45 QUASI FOCUSED 
2.0 MHz 7rf l -CONTACT 

SWRI FLAT 45° T 
1.5 MHz CONTACT 

SWRI FLAT 6(p T 
1.5 MHz CONTACT 

·----~~ 

SWRI FOCUSED 45° T 
1.5 MHz IMMERSION 

SWRI fOCUSED 60° T 
1.5 MHz IMMERSION 

SWRI FOCUSED 45° L 
1.5 MHz IMMERSION 

SWRI P~ASED ARRAY 
1.5 MHz 45 L-IMr.:t:RSION 

-
SWRI PHASED ARRAY 
1.5 MHz 45° 1-\M!Vt:RSION 

SWRI PHASED ARRAY 
1.5 MHz 6rP T-IMI'IIERSION 

~RATIO OF _5_ ISUCCESS FACTOR I 
Y>N 

SOH NO.3 SOH N0.2 
HAZ WELD CENTER 
ill 3.2 mm ill 3.2 mm 

!J }{[ 
YES YES 

YES YES 

"' NO 

NO NO 

YES NO 

YES NO 

-· --
YES YES 

-
YES YES 

YES 

YES NO 

·-------
YES YES 

-
YES YES 

YES 

-

- -

f-- ·---

- -

-

* 10112 7112 

SOH NO. 1 SOH SWRI 
NOTCH WELDPOOT NOTCH WELDROOT 

NOTCH WELD NOTCH WELD 
HAZ HAZ 

DEPTH 1.0 mm DEPTH 2.0 mm 
CROWNS HAZ CROWN/WELD 

ill 3.2 mm ill 2.0 mm CAP TO 1.0 mm CENTER TO 2.0 IT'm 

]J_ II_ J:[_ II 31 J1 
NO NO YES YES NO 

YES NO YES YES NO 

NO NO NO NO NO 

--
NO NO 

NO - NO -

I NO NO 

NO YES YES YES NO 

NO YES YES NO NO 

·---
YES NO YES -

-
YES NO YES 

YES NO 

. 
YES NO 

YES NO NO YES YES 

----·--· 
YES NO YES ' NO " 

·-

- ·---
NO NO 

I 
' -

NO NO 

NO NO 

NO NO 

- -
- NO NO -

--
YES YES -

NO NO 

NO NO 

718 118 118 7110 418 118 
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01) 

011 

-----
015 

417 

317 

I 

4.15 

1'3 

\ 214 
I 

41S 

517 
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011 

011 

011 

011 

011 

111 
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2. another austenitic steel casting similar to number 1 having dimen
sions of 228 x 100 x 70 mm and containing a fairly large natural 

defect. 

3. a butt weld joining a 316 SS pipe (36-mm wall) to a cast CF8M pipe 

(34-mm wall). No information was given concerning the welding condi
tions. There were two 3.4-mm ~ holes, one in the middle of the weld 
and the other in the CF8M near the HAZ and 10 mm below the top 

surf ace. 

Both conventional and alternate UT techniques were used to examine the 

test blocks. Table 13.5.4 contains data for number 1 above using both conven

tional and alternate UT. With standard shear wave no holes were aetected. 

Block 2, containing a natural defect (Figure 13.5.1), was examined with RT 
as well as a 2-MHz normal probe. Sizing used the 6-dB drop method. As noted 
the flaw was detectable and sizing was nominally the same. 

The pipe weldment (No. 3) was examined through the casting, through the 

weld, and through the extrusion. Results for conventional UT are summarized as 

Shear Mode (45°, 60°, 70°) 

Through casting 

Through extrusion 

Through weld 

Signal 

None 

Yes 

Limited 

Longitudinal Mode (45°, 60°, 70°) 

Through casting 

Through extrusion 

Through weld 
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Hole 1 
Weld C 

Yes (a 11 
angles) 

Hole 1 
Weld C Hole 2 

No No 

Yes ~60°, No 
70 ) 

Hole 2 

No 



TABLE 13.5.4. Tests on a Cast Aus t eniti c Steel Block; Compar ison 
Between Standar d and Special ly Made Probes 

CAST AUSTENITIC STEEL 
A- 35l/CF 8 M 

~ IN FERRITIC STEEL 
!DEGREES I 

a. AMPLI.LEVEL A1 
...... 
~ ECHO HEIGHT 

ldBl 

...... 
"' 

45.9 45.0 45.8 47.3 45.0 44.0 

- 40 32 40 56 52 

-90 90 908090 

59.0 53.1 55.7 53.8 58.5 56.9 56.9 67.8 70.0 70 5 64.8 

- 46 38 48 40 54 60 - 56 56 

- 80 90 95 80 90 80 - 90 95 
E ('fo SCREEN HE I GHTl 
E~-------------4--~--~--4---~-4---+--4---~--+--4~-4--~--4---~--f-~~-4 
"' GRASS LEVEL - 5 5 10 40 25 - 10 15 15 10 25 15 - - 25 20 
~ I'- SCREEN HE IGHTI 

~ CORRESP. ~ !DEGREES) 

; CORRESP. VELOCITY 
- (m/sl 

AMPLI.LEVEL A2 ldBl 

ECHO HEIGHT WITH A2 
a. AMPLIF. LEVEL 

- 42.8 45 7 47. 7 53 54.0 

- 5670 5890 5940 6660 6870 

- 52 42 44 52 52 

-90 95 8590 90 

- 513 545 56.7 56.7 592 606 - 59 2 61 9 

- 5760 5810 6110 5780 6050 6140 - 5380 5750 

- 58 50 60 56 56 60 - - 60 

- 80 80 80 80 80 85 - - 80 

- 15 15 10 15 10 

....., l'fo SCREEN HE I GHTI 
~~-------------4--~--~--4--4~-+---+--4---~--~~---+--~--4-~~--+-~~~ 
E GRASS LEVEL 
;. I'- SCREEN HE I GHTI 

-20 30 20 25 25 15 - - 30 

-;;; ECHO HE IGHT WITH A1 - 15 25 50 >100 90 - 15 10 15 10 60 85 - - - 50 
AMPLIF. LEVEL 

~ l'fo SCREEN HEIGHTI 
x~~~--~-----4--~--~--4---~-4---+--4---~--+--4~-4--~--4---~--+--4~-
~ CORRESP. i !DEGREES! 

CORRESP. VELOCITY 
lmlsl 

AMPLI.LEVEL A3 ldBl 

ECHO HEIGHT WITH A3 
AMPLI F. LEVEL 

- 47 9 48.6 46.7 47.6 47.3 

- 6190 6170 5840 6160 6240 

48 64 58 58 

90 85 85 90 

- 48.6 54.4 53.0 55.6 53.7 53.5 

- 5530 5800 5840 5710 5680 5660 

52 66 58 -

90 90 80 -

53.7 

5260 

a. ('1o SCREEN HE I GHTI 
~~~-----------4~-+---+--4---~-4---+--~--~--+--4~-4---+--4---~--+---~~ 
~ GRASS LEVEL 
e ('1o SCREEN HEIGHTI 

!9 ECHO HEIGHT WITH A2 
~ AMPL IF. LEVEL 

30 20 25 30 

40 10 50 45 

15 25 20 -

70 45 60 -

~~~"'~S~CR~E~EN~H~E~IG~H_T_l __ -4--~--~--+--4~-+---+--+---4---~-4---+--~--+--4----~-4--~ 
~ ECHO HEIGHT WITH A1 
-e AMPLIF. LEVEL 

10 5 75 45 10 5 5 -

'"" ('1o SCREEN HEIGHTI 

CORRESP. ~ !DEGREES) - - 48.2 48.0 50 44.8 - - 51.4 52.8 54.0 -
~----~~-----4--~--~--+-~~-+---+--4---~ 

CORRESP. VELOCITY 
lm/sl 

6140 5970 6310 5990 - - 5580 5820 5600 -
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R X 

NORMAL PROBE 

V45LF- SE-1 PROBE 

1-:---i lcm 

FIGURE 13.5.1. Shape of a Natural Defect in a Cast Austenitic Steel Block 
as Estimated by Radiography, Standard Normal Probe, and 
V45LF-SE-1 Probe 

Gray et 1 ( 13 •4 ·3) h . d b k . d d. a • emp as1ze earn s ew1ng an convergence or lver-
gence in their study; however, they did measure gain settings and signal-to
noise as a byproduct . Figure 13.5.2 presents the data for specimens 1 and 2. 
Measurements were made in terms of gain setting for centerline and fusion-line 

holes (1 .5 mm 6) . As can be seen there is a substantial spread in gain 
setting. 

The authors( 13 ·4·3) examined both electron beam and tungsten inert gas 
welds containing SOHs, probably 1.5 mm 6. Figure 13.5.3 presents data on what 

amounts to OAC curves. 

Neumann et al. (13 ·4·7) examined the reliability of different ultrasonic 
techniques using quantitative statistical methods. An austenitic test weld, 
containing a large number of intentionally produced natural flaws, such as 
pores, slag, lack-of-fusion, etc., was examined. Some 27 longitudinal flaws 
were evaluated from both sides of the weld. Radiography was used for sizing 

and location. Four techniques were considered: 1) shear-wave single trans

ducer; 2) longitudinal-wave single transducer; 3) longitudinal-wave focussed 
transducer; and 4) longitudinal wave with transmitter and receiver probes. All 

were at 60° and 3-mm wave length. Results are presented for the four cases , 
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FIGURE 13.5 . 2. Amplitude Results for Oownhand Manual Metal Arc (MMA) 
Welds When Examined from the Crown 

two conventional and two alternate, in Figure 13.5.4 in terms of cumulative 

echo height distributions of flaw indications (Pdetect) and scatter (Pscatter) 
in terms of a probability diagram as a function of relative gain setting 6V 

(dB) where 6V = 0 dB corresponds to the sensitivity setting for a 3-mm flat
bottomed hole (FBH) on 80% full screen. 

The Pdetect curves show cumulative echo height measured in terms of gain 

setting 6V. The Pscatter curves indicate scattering indications. If Pscatter 
exceeds the reference level, it is considered a flaw signal. 

In coarse-grained material, echo height of scatter indications may con
trol. The noise level, 6V = R1, is defined as the gain setting where the cumu

lative echo height of scatter is 1%. This means the noise level is that level 

exceeded by 1% of all scatter indications where 99% of all scatter indications 

fall below that level. This method permits signal-to-noise ratio to be deter

mined objectively and reproducibly with an error of no more than 2 dB. This 
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FIGURE 13.5.3. Amplitude Results for Two Narrow Gap Welds When 
Examined from the Crown 

50 

technique yields maximum flaw detection probabilities as a gain setting corre
sponding to the noise limit R1 for conventional probes of 59% for L-wave sin

gl e transducers. Signal/noise levels are 7 dB for L-wave and 2.5 dB for 
S-wave. 

Weldments in thick sections of cast austenitic alloys typical of PWR pri
mary system piping combine the problems of beam attenuation and skewing dis
cussed in this chapter. An extensive study by Pade and Enrietto( 13 •5•1) 
provides some answers to the question- 11 How well can centrifugally cast 
austentic stainless steel be examined with UT? 11 

Samples were from a single section of cast CF 8A SS, 32-in. OD x 27-in. 

ID x 22-ft long. Welds were made in sections of the pipe using TIG and SAW in 
downhand, overhead and vertical positions. Fatigue cracks were introduced on 
both inner and outer surfaces. 
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FIGURE 13.5.4. Cumulative Echo Height Distributions of Flaw Indications 
Pdetect and Scatter Indications Pscat as Functions of 
Relative Gain Setting 6V from an Austenitic Test Weld. 
T = transverse wave single transducer-; L = longitudinal 
wave single transducer-; FL = longitudinal wave focus-; 
and SEL = transmitter-Receiver Probe; a= 60°; A= 3 mm 

Three teams were used with the criterion one of properly characterizing a 

pair consisting of a cracked and a control specimen. Correct analyses led to 

another pair with a shallower (5%) crack. Failure led to a pair with one con
taining a deeper (5%) crack. A series of evaluation criteria were used in the 

assessment; namely , 

• Could the test systems be calibrated per the test procedure? 
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• Could the crack be detected from either one or both surfaces? 

• Determine the maximum crack length using 50% DAC. 

• Qualitatively analyze the signal-to-noise ratio for the cracks. 

• Determine the maximum signal (when assessing the effect of test fre
quency and transducer type and size) . 

An interesting study that was a precursor of the sample examination con

sisted of testing five different UT instruments in combination with four dif

ferent probes using the relative ability to detect 5%, 15% and 25% cracks as 
criteria. Table 13.5.5 summarizes this program. 

The following significant conclusions were derived from this study: 

• The Krautkramer probe was considered the best; however, its large 
size makes field testing of pipe welds difficult. 

• There was pronounced variability among the various instruments. 

• Glycerine was a better couplant than Exosen 30. 

• Only one (of three) Vincotte probes was considered accurate; this was 
the 1.0 MHz 45°. 

• The Automation Industries probe was equal to or better than the other 

special probes. 

TABLE 13.5.5. Ability to Detect 5, 15, 25% Cracks 

Probe 
Vincotte, 1 MHz Vincotte, 1 MHz 

K.K. 0.5 MHz 45 x 20 mm, 10 X 10 lllll, Auto Ind. 1 MHz 
Instrument 45 o L-wave 45° L-wave 45° L-wave 40° L-wave 

Auto Ind UT Faulty In st. 5, 15, 25% 5, 15, 25% All 

Sperry UM 721 All 15, 25% 15, 25% Not tested 

K.K. ISSIP-11 All 15, 25% 5, 15% 15, 25% 

KK USM-2 Could not 15, 25% 15% Not tested 
calibrate 

Sonics - MARK- I All 15, 25% 15% A 11 
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The data contained were examined in the context of the ratios used in 
Chapter 3 (R1 , R11 , R111 , R). Table 13 .5.6 contains these analyses. The 

results are surprisingly high in terms of reliabilities. In my estimation the 
repetitive nature of testing might account for the values; however, this is 
only an inference. 

The general conclusions in the report( 13 •5•1) are paraphrased: 

• Centrifugally cast stainless steel weldments are more difficult to 
UT than carbon steel weldments; however, they can be examined. Most 
problems were due to geometry. 

• Statistical analyses (268 points) indicated detection reliabilities 
with respect to crack depths of 5-80%, 10-86%, 15-87%, 20-94%, 

25-100%, 30-100%. 

• Elongated grains typical of stainless steel weldments pose UT prob
lems; however, the consistency of structure permits corrective mea

sures. Some key test parameters are as follows: 

Longitudinal wave is preferable because of lower noise and atten
uation . Preferred incident angles are 9° for 1 MHz and 7° for 

2.25 MHz. 

Training is more significant than experience. 

0.0 . cracks are more detectable than 1.0. cracks. 

Crack orientation influences UT detection. 

Matching of test equipment to search unit is critical. 

Larger transducers yield better results. 

- As crack depth increases, detectability increases. 

Pitch-catch has promise, provided crossover points are optimized. 

13.5 .2 Alternate UT Techniques 

The following is a logical extension of detection with standard probes 
developed in the previous section. With regard to weldment I in Table 13 .5.2, 

13.5 . 18 



~ 

w 
(J'1 

~ 
1.0 

TABLE 13.5.6. Analysis of Operator Accuracy by Crack Depth 

Flaw Size 
Operator 5% 10% 15% 20% 25% ----30% 

1 RI 
RII 
RIII 
R 

2 RI 
RII 
RIII 
R 

3 RI 
RII 
RI II 
R 

12/15 = 80% 
9/15 = 60% 

12/9 = 1. 33 
12/21 = 57% 

13/15 = 87% 
11/15 = 73% 

13/2 = 6. 5 
13/15 = 87% 

11/15 = 73% 
7/15 = 46.7% 

11/9 = 1.22 
11/20 = 55% 

F 
R I = r- -'-- II X 100 

22/23 = 96% 
21/23 = 91% 
22/3 = 7.33 
22/25 = 88% 

17/23 = 74% 
11/23 = 48% 
1717 = 2. 43 
17/24 = 71% 

20/23 = 87% 
17/23 = 74% 
20/6 = 3.33 
20/26 = 77% 

R _ F - U 
I I - - · ·· X 100 

Rill = - ~ .. 

F R = .... ,, . ~ X 100 

NOTES: F = Found 
U = Unfound 
f = False Indication 

24/25 = 96% 
23/25 = 92% 
24/8 = 3.0 
24/32 = 75% 

17/25 = 68% 
9/25 = 36% 

17/12 = 1.42 
17/29 = 59% 

24/25 = 96% 
23/25 = 92% 
24/9 = 2.67 
24/33 = 73% 

16/17 = 94% 
15/17 = 88% 
16/6 = 2. 67 
16/22 = 73% 

16/17 = 94% 
15/17 = 88% 
16/1 = 16.0 
16/17 = 94% 

16/17 = 94% 
15/17 = 88% 
16/3 = 5.33 
16/19 = 84% 

8/8 = 100% 1/1 = 100% 
8/8 = 100% 1!1 = 100% 
8/2 = 4.0 1/0 = (X) 

8/10 = 80% 1!1 = 100% 

8/8 = 100% 1/1 = 100% 
8/8 = 100% 1/1 = 100% 
8/0 = 00 1/0 = 00 

8/8 = 100% 1/1 = 100% 

717 = 100% 1!1 = 100% 
717 = 100% 1/1 = 100% 
7/0 = 00 1/0 = 00 

717 = 100% 1/1 = 100% 



the detection of holes at 30-mm depth was better from the cast SS side because 
reflectors can be detected without interference from the shear waves which are 
heavily attenuated. 

The deeper (57-mm) holes could be detected better from the ferritic side 
using twin contact probes. If focussed immersion probes are used , the examina
tion from the cast stainless steel side is preferred. These procedures are 

better than standard probes due to suppression of spurious echoes and reduction 
of background noise . 

Focused probes initially yielded spurious signals originating at the 
water-steel interface; however, all holes were detected . The twin contact 
probes have better resolution than focussed probes; however, hole number 9 

could not be detected. Not too surprisingly, attenuation was minimized at 45° 
to the fiber axis. The basis for the lower (1-MHz) frequency selected was 

reduction of attenuation and anisotropy of attenuation. The special probes had 
advantages of increasing the signal-to-noise ratio and the suppressing of spu
rious echoes . 

13.5 .2.1 Stainless Steel Weldments 

The tests of Sandberg( 13 •4·2) are summarized in Table 13.5.1. Focused 

probes were found to help in detecting the weld root notch compared to flat 
transducers. As indicated focussing enhances the reliability of detection. 

The report conclusions are of interest because of the negative aspects. 
Extensive use was cited of signal processing to separate metallurgical noise 
from flaw indications. The tests included three-dimensional imaging , holo
graphic imaging, etc. The significant conclusion was that signal processing 

did not help significant ly in improving detectability of machined defects in 
welded specimens . The conclusion should be considered in the correct perspec
tive. No confirmatory data were included in the report, and no information was 
given as to the time frame of the work . It could be middle 1970s or very new. 

Pelseneer and Loui s( 13 •4·4) examined the stainless blocks cited previously 

in Section 13 .5.1 .2. Data for number 1 was given in Table 13.5.4. As noted 
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twin crystal L-waves with some focussing could detect the first two but not the 

third hole. Special V probes were able to detect all three holes with a good 
signal-to-noise ratio. 

Figure 13.5.1 illustrates results of detection and sizing of a natural 
flaw in Block No. 2 using a special V probe. 

Examination of weldment No. 3 cited by Pelseneer and Louis( 13 ·4 ·4 ) was 

much more successful using the special V probe. They were able to detect the 

hole at the weld centerline, and the hole in the casting was detected from the 
casting side with both L and S waves. From the cast side only L-wave probe 
V 70 LF SE-2 was successful. 

The above probes were short pulse length 2 MHz and small size. 

Silk et al. (13 ·2·5 ) used the time domain approach previously discussed 
in Chapter 5 for the sizing of a fatigue crack in a 316 SS weldment. The 

ultrasonic estimate of the crack profile is compared to the actual profile in 
Figure 13.5.5. 

22 ~--------------------------------------~ 

20 

LACK OF FUSION 
----1 

- ACTUAL DEFECT PROFILE 
oo ULTRASONIC ESTIMATES OF DEPTH 

MEAN ERROR± 0. 3 7 mm 

10~--------~--------~--------~--------~ (I 25 50 75 100 

DISTANCE ACROSS SPEC I MEN (mml 

FIGURE 13.5.5. A Comparison Between the Actual Defect Depth 
and the Corresponding Ultrasonic Estimates 
for a Fatigue Crack in Austenitic Stainless 
Steel Weld 
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Neumann et al. (13 ·4·7) examined an austenitic weld using statistical 

methods for evaluation. This is described in 13.5.1 .2. The advanced proce
dures are illustrated in Figure 13 .5.4. The two advanced procedures gave the 

following results: 

Transmitter-Receiver (L-wave) 

Focussed Probe (L-wave) 

13.5.22 

Probabi 1 i ty 
of 

Detection 

87 % 

79% 

Signa 1-To
Noise Ratio 

11 dB 

11 dB 



13.6 EXPERIMENTAL CONFIRMATION OF RELIABILITY 

The ultimate test of any analytic model is its validation with experi
mental data. In the case of NDE reliability, the values will be sensitive to 
many factors such testing technique, materials, surface conditions, types and 
locations of defects . For example, the results with fabrication defects in 

weldments will differ from operationally induced defects such as fatigue or 
stress corrosion cracks. 

The important defect from a safety point of view is one that grows with 
time, not some forms of fabrication defects that do not change in size through

out the life of the component. Obvious examples of stable defects include slag 
and porosity in most instances as well as deeply embedded crack-like defects . 
Some idea of defects of safety significance in piping, namely, those that grow , 
can be seen in Table 13.6 .1 taken from a paper by Bush.( 13 •6•1) Figure 13 .6.1 

presents the same data in terms of growing cracks and growing cracks that leak. 
Unfortunately, the quantity of quantitative NDE data on growing defects such as 
IGSCC or corrosion fatigue is quite limited . This is particularly true for 

cracks initiating on the inner surface of piping such as most of those in 
Table 13.6.1. Table 13.6.2 summarizes several sources of data relevant to 
detecting various types of defects by a variety of NDE techniques . These data 

will be discussed in later sections of this chapter. 

13.6.1 Fabrication-Induced Defects 

Substantial NDE work has been done with regard to the detecting, locating , 
and sizing of fabrication defects such as porosity, slag, lack-of-fusion, lack
of-penetration and cracking . Such defects are typical to ferritic weldments . 

Buken and Krachter( 13 •6·2) compared RT and UT with regard to the sizing 
of defects such as porosity, slag and a combination of the two. The pattern 
(Figure 5.6 .2) is a 11 Shotgun 11 with the UT generally predicting smaller sizes 
than RT. The values are in terms of measured rather than absolute values and 
would be of minimal use in constructing a probability density function . 

Kato et al.( 13 ·6•3• 13 ·6·4) examined the ability of RT and UT to size 
defects in both length and depth directions. The earlier study( 13 ·6•4) 
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TABLE 13 . 6 .1. Incidence of Major Crack ing or Leaking in Nuclear Components(a) 

Type of 
Type of Defect Plant 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 TOTAL ---------------------------- ----

Stress Corrosion BWR 1 6 13 8 8 3 1 1 15 22 14 23 8 2 109 
PWR 2 2 

Thermal Fatigue BWR 1 4 6 18 19 6 54 
PWR 1 14 15 

Design-Dynamic Load BWR 0 
PWR 1 1 2 

Construction BWR 2 2 5 4 2 15 
Defects/Errors PWR 0 

Water Hamner BWR 0 ....... (Line Failure) PVIR 1 2 3 w . 
~ 

Fatigue-Vibrational BWR 1 1 . 
N PWR 2 3 5 

Fatigue BWR 1 2 3 
PWR 1 1 2 

Erosion/Corrosion BWR 1 2 2 2 1 8 
PWR 0 

Corrosion/Fatigue BWR 0 
PWR 0 

Unknown Cause BWR 2 2 
PWR 1 1 2 

TOTAL 1 6 13 0 0 5 2 4 6 24 44 41 33 18 26 222 

(a) Piping >4 in. dia unless otherwise noted as to component 191 BWR; 31 PWR . 
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TABLE 13.6.2. Sources of Nondestructive Examination (NDE) Data Relevant 
to Reliability of Detection of Both Fabrication and 
Operational Defects 

Fabrication-Inauced Defects 

Thickness and Materials Similar to Nuclear Piping 

1. Buken and Krachter(13.6.2): ferritic steel; thickness vari
able; porosity and slag; UT, RT. 

2. Kato et al.(13.6.3, 13.6.4): ferritic steel; thickness 
16-60 mm; root cracks, internal cracks , lack-of-penetration, 
slag; UT , RT. 

3. 

4. 

5. 

6. 

7. 

Fujjmori T (13.6 . 5(a)) andY . Ishii and Fujimori , 
T.tl3 .6.; (bJ): ferritic steel; thickness to 25 mm; brittle 
cracks; UT. 

Isono, E.( 13.6.6): ferritic steel; thickness 20-50 mm; lack
of-penetration, lack-of-fusion , cracks; RT, UT. 

Kishigami, M., et al.(13.6.7): ferritic steels; thickness 
12-34 mm; cracks , incomplete penetration, lack-of-fusion, slag, 
porosity; UT , RT . 

Papke , W. H. and H. A. Stelling from H. J. Meyer(13 .6.8): 
ferritic steel; thickness 10-50 mm; cracks, porosity, slag , 
lack-of-fusion; RT, UT. 

Forli, o. (13.6.9): ferritic steel; thickness 10-26 mm; poros
ity, lack-of-fusion; lack-of-root penetration; RT, UT . 

Thickness Greater Than Nuclear Piping, Materials Similar 

1. PVRC and PISC programs (see Chapter 3): ferritic steel; thick
ness 130-270 mm; porosity , slag, cracks, lack-of-fusion; RT, UT. 

Operationally Induced Defects on Examination Surface 

Materials Similar to Nuclear Piping 

1. Caustin, E. L. (4 .2.5, 13 .6.10) : ferritic steel; primarily 
surface flaws; ET, MT, PT, UT. 

2. Herr , J. c . (4.2.7, 13.6.11): ferritic steel; surface flaws. 

3. Packman, P. F., et al.(4.2.2 , 13 .6.12): ferritic steel 
cylinders; primarily fatigue cracks; ET , MT, PT , UT, RT. 
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TABLE 13 .6.2. ( contd) 

Materials Different From Nuclear Piping 

1. Caustin, E. L.(4.2.5, 13.6.10): aluminum alloys; primarily 
surface flaws; ET, PT, UT. 

2. Lord, R. J.(4.2.8, 13.6.13): titanium alloys; tight cracks, 
gross cracks, porosity; ET, PT, RT, UT. 

3. Packman, P. f.(4.2.2, 13.6.12): aluminum alloys; primarily 
fatigue cracks; ET, PT, RT, UT. 

4. Pettit, P. E. and D. W. Hoeppner(4.2.11, 13.6.14): fatigue 
cracks; ET, PT, RT, UT. 

5. Rurrmel, W. D. and R. A. Rathke(4.2.1, 13.6.15}: aluminum 
alloys; fatigue cracks; ET, PT, RT, UT. 

6. Vee, G. G. w.(4.2.12, 13.6.16): aluminum alloys; fatigue 
cracks; UT. 

7. Lewis, W. H., et al.(13.6.17): aluminum alloys; fatigue 
cracks; ET, PT, RT, UT. 

Opposite Examination Surface 

Materials Similar to Nuclear Piping 

1. Reinhart, E. R.(4.5.26, 13.6.18): austenitic steel; IGSCC; 
lack of fusion; UT. 

2. Becker, F. L.(13.6.20): ferritic steel; fatigue cracks; UT. 

contains regression analyses of more limited data than presented in the later 
study.( 13 •6•3) Figures 5.6.5- 5.6.9 contain the more extensive data. It is 
apparent that A-scan, vanishing echo, S-scan and RT yield similar and accurate 
results in length measurements, and B-scan is fairly accurate for measuring 

flaw depth. Table 5.6.7 reproduced here as Table 13.6.3 indicates the results 
of the statistical analysis. 

F . . .(13.6.5(a)) d I h.. d F . . .(13.6.5(b)} . d l UJlmorl an s 11 an UJlmorl rev1ewe ear y work 
in Japan pertinent to the sizing of near-surface and surface flaws. Data are 
the same or essentially the same as reported by Kato et al.( 13 •6•4) 
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TABLE 13.6.3. Statistical Data for Population Tested by Specified Method 

Sample Numbers 
Mean Value of Error (mm) 

Variance (mm2) 
Two-Sided Tolerance (mm) 
(mm) 

F-Test Results --
6 dB 

10 dB 
V.E. 
B-Scope 
RT 

S = Significant 
N = Nonsignificant 

Length Ultrasonic 
11:-Scote 

6 dB 0 dB 
168 389 

-8.01 0.15 
119.87 47.97 

-39.77 -19.00 
+23.75 +19.30 

s 

V.E. 
83 
-0.68 
9.96 

-10.20 
+8.82 

s 
s 

B-Scope 
Method 
110 

1.32 
12.86 

-9.20 
+11.84 

s 
s 

RT 
208 

0.84 
12.12 

-8.97 
+10.65 

s 
s 

N N 
N 

Height Ultrasonic 
A-Sco~e 
6 dB B-Sco~e 

133 38 
0.49 -0.68 
9.91 6.32 



Isono( 13 •6•6) presented a relatively small portion of a more extensive 

continuing study on detection and sizing of defects. Table 13.6.4 permits an 
overview of the general program, including types of defects and manner of gen
erating . Table 13.6 .5 compares actual defect sizes measured from the fractured 
surfaces, the lengths measured by RT, the lengths by UT, the height by UT and 
the percentage of the original cross section occupied by the defect. 

In the RT, there was variability from operator to operator as well as sub
stantial under-prediction of flaw length. The UT data were quite variable from 
one side to the other. Generally, UT underpredicted length rather than over

predicting it. Measurements of defect height (depth) were insufficient to 
establish any trends. It would be necessary to examine a much wider spectrum 
of specimen thickness and flaw characteristics to conclude that definitive 

trends exist. The UT system used A-scan with DAC and a quasi-3-dimensional 
display . 

Kishigami et al . (13 •6·7) examined a spectrum of construction steel welds 

using both RT and UT. With regard toUT, the authors raised two questions: 

1. Can UT appropriately judge a truly harmful defect? 

2. Can inspection and judgment skills be acquired by inspection and 
training to the level to meet the requirements of the industry? 

A frequency of 4 MHz and a special calibration block were used to minimize 

surface echoes. Materials ranged from 12-34 mm for bridge steel and 10-25 mm 

for automatic one-sided weldments. Some 1110 m of weldment were examined in 

the bridge steel with the results given in Table 13.6 .6. 

It is apparent that RT is quite effective for the more innocuous defects 
such as slag and porosity. 

Several examinations were made of automatic one-sided weldments in 
10-25 mm thick steel plates, in thin (12 mm) plates, and in actual structures 
(tanks) of 10-12 mm thickness . The flaws in these weldments were classified 
into three categories: 

I small < 2 X 2 mm flaws; acceptable 

I I intermediate > 2 X 2 nvn flaws ; conditionally acceptable 
III large >> 2 X 2 nm flaws; unacceptable 
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TABLE 13.6.4. Test Specimens and Example of Artificial Defects 

THICKNESS NUMBERS OF DEFECTS DESTRUCT! VE 
GROUP (mml TEST PIECE GROOVE KIND POSITION TESTS 

I 25 & 50 6 ...; LOP SURFACE TENSION 

II 25 20 X LOP, CRACK INTERNAL TENS I ON 

Ill 20 15 X LOP INTERNAL FATIGUE 

IV 20 2 v LOP, SLAG INTERNAL -

• DEFECT MAKING 
8T 

I. •I 

I :I I I: ll 
ROOT 

I I. la; I '* 
SAW CUT DEFECT 

/7 ~ r :JC< ( ...... 

~~ 
,.·-----.=.-~-

~TE: 

y &;e=rr r; 
9------29 

INTERNAL 

(a) CRACK (b) LACK-oF-PENETRATION 



TABLE 13.6.5. Test Results of Defects in Group III Test Pieces 

Height by 
Test Piece Fractured Surface X-Ra,l Film( b) Length bl UT Method UT Method Defect Size { ~ }(d) 

Number Length x Height(a) X y 1A 1B hA hB 1xh Planimeter -- --- --
P10-1 (33 X 5.5 0 0 + BH 22 24 5-10 s-10 4.3 4.0 

29 X 4.5 ------
10-2 (31 X 4.2 0 0 20(6J(C)8 24 5-10 10-15 4.0 3.3 

30 X 4 ~ 

10-3 (33 X 4.0 0 0 20 24[6]14 5-10 5-10 4.5 3.7 
34 X 4 ~ 

10-4 (38 X 3.6 0 0 6[12]6 18 5-10 5-10 3.9 3.0 
33 X 3.5 ---------

10-5 (31 X 3.2 0 3 + BH 22 20 5-10 <5 4.1 2.3 
31 X 4 

.......,._ 

Pll-1 (48 X 5.7 43 30 50 24 5-10 5-10 5.5 6.3 --. 41 X 4 
11-2 (46 X 5.5 45 + slag 45 46 22[12]8 5-10 10-15 5.6 6.7 

42 X 4 
,...,..._ 

....... 11-3 (43 X 5.1 32 26 50 40 5-10 5-10 5.7 6.7 w . -m 43 X 4 . 11-4 (43 X 5.0 38 15 48 14[10]10 5-10 5-10 5.6 6.3 
\0 .......... 42 X 4 

11-5 (47 X 5.5 53 30 44 50 5-10 s-10 4.7 5.7 
40 X 3.5 -

P12-1 (83 X 5.4 58 46 88 14[40]30 5-10 5-10 10.8 12.7 
81 X 4 -

12-2 (81 X 5.2 23[21]36 24 82 80 5-10 5-10 10 . 7 12.0 
80 X 4 -

12-3 (83 X 5.1 81 80 84 86 5-10 5-10 10.8 12 . 3 -82 X 4 
12-4 83 X 5.0 82 85 -- 14(16]46 -- 5-10 10 . 9 10 .0 
12-5 ? 58 50 82 80 5-10 5-10 

(a) The upper values show measurements obtained from photography of fractures and the below shows 
those from test pieces. but different operators. 

(b) Inspectors are X andY. 
(c) These values are not recorded by values enclosed with brackets [] . 
(d) Values obtained by dividing the defect area length x height in lower lines by the original cross 

sectional area (20 x 150 mm2) . 
(e) Suffix A and B denote the scanning side. 
(f) Underline means the indicated length in case of faultless manual operation. 



T A BL E 13 . 6 . 6 . Detection of Flaws by RT and UT 

Incomplete Lack of Blow 
T~~e of Flaw Cracks Penetration Fusion ~ Hole 

Total flaws 28 28 14 5 755 
Detected by RT 26 21 12 5 755 
Detected by UT 28 26 10 0 19 

In the thicker (10-25 mm) weldments, some obvious differences in interpre

tation between RT and UT occurred. For example, UT detected 660 defects of 
which 245 (37%) were considered unacceptable (III). RT denoted 208 (32%) unac

ceptable. It is of interest to compare flaws deemed unacceptable by one tech
nique with the other technique. For example, when the 208 flaws designated 

unacceptable by RT were examined by UT, 16 were classified acceptable (I), 
46 (II), 146 (III) with both II and III considered unacceptable. The 16 (I) 

flaws were defined as 3 incomplete penetration, 11 slag inclusions, or lack-of
fusion and 2 other. In the case of the 53 (I) flaws, defined as acceptable by 
RT but not by UT, they were broken down into 42 (III) and 11 (II) with the 42 
made up of 15 slag inclusions or LOF, 2 blow holes and 25 other. 

In the thinner plates, cracks were the predominant mode for unacceptable 
flaws. Defective back beading was a significant factor for unacceptable welds 
in these thin sections. 

Meyer( 13 •6·8) reported work of Papke and Stelling comparing the proba
bility of detection of the same flaws by RT and UT. Their information is dup
licated in Figure 13.6.2. As thickness increases the probability of detection 
decreases with RT. It generally increases with UT; however, centerline poros
ity represents a special case where UT goes through a maximum at 20-30 mm. 

Forli( 13 ·6·9) reported on the initial phase of a continuing program whose 

purpose is a comparison of the relative reliabilities of radiography and ultra
sonics. Ultimately, 250 m of weldment (butt) containing various defect types 

are to be examined. The current program was limited to 70 m of mild steel 
plate containing I, Y or V weld preparations then welded by submerged arc, 
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FIGURE 13.6.2. Probability of Flaw Detection by Radiographic and 
Ultrasonic Inspection 

manual metal arc, or gas metal arc. Thicknesses were 10-26 mm (0.4-1.0 in.}, 
typical of much piping. Half (35 m} of the weldment was destructively examined 
to confirm the defect population. 

Intentional defects in the 35 m of weldment were 

Porosity (A} 2 
Lack-of-fusion single (C) 10 

Combined with lack-of-root penetration (CD) 12 

Lack-of-root penetration (D) 36 
Total 60 
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Several (28) of the class C and D defects were accompanied by slag inclusions. 
The preceding defects were confirmed by destructive examinat ion . In addition, 

some porosity clusters and slag inclusions were detected by RT but not found 
during the destructive examination. 

In the context of fracture mechanics significance , only the lack-of-root 
penetration and fusion defects are considered significant. 

Twelve UT oper ators differing in experience participated in the round 

robin. There were two RT interpreters. The best that can be said for the UT 
results over the spectrum of flaw types and sizes is that the data are in a 
shotgun pattern over the range of defect heights of 1-10 mm. Signal amplitudes 
ranged from 10-200%. 

Regression lines were fitted to the various types of defects, lack-of-root 
penetration (D), lack-of-fusion (C/CD) and various (C/CD/D). While 95% confi
dence limits were fitted, the data had a major spread. 

The pred i cti on of types of defects versus the actual type of defect is 

significant . Table 13 .6.7 illustrates the differences between actual and pre
dicted types by both RT and UT. 

Generally, the uncertainties in both RT and UT were substantial. For 
example , uncertainties at the 95% confidence level were a factor of 4 for the 

single operator and a factor of 2 for several operators. Substantial spreads 

existed for t he RT data. 

TABLE 13.6.7. Fraction of Defect Types Estimated by NDE for Different 
True Defect Types (IIW nomenclature) 

True Defect Type Estimated by Defect Type Estimated by 
Defect Radiogra~h,l Ultrasonics 
Ty~e A 8 c co o E A B c co 0 - - --

Porosity A 0.5 0.5 0.2 0.2 0.2 0.4 

Lack-of-fusion c 0. 2 0.2 0.4 0.2 0.04 0.30 0.31 0.14 0.22 

L-0-F and L-0-P co 0.1 0.3 0.0 0.6 0.01 0.13 0.22 0.07 0.57 

Lack-of-root 0 0.0 0.1 0.1 0.8 0.0 0.14 0.11 0.08 0.67 
penetration 

13.6.12 



The problems of flaw detection by both RT and UT are apparent in both the 
PVRC and PISC programs. The plates ranged from 13- to 27-cm thick so results 
are not representative of piping wall thicknesses. Examination of the results 
in Chapter 3 confirms the difficulties in detection by both RT and UT. 

13.6.2 Operationally Induced Defects on Examination Surface 

Caustin( 13 •6·10) used MT, PT, and UT for fatigue cracks. Results with PT 

and MT were poor at crack depths below 0.010 in. and consistently good above. 

Herr( 13 ·6•11 ) used MT to detect simulated fatigue cracks in steel with 

results similar to those of Caustin. Below 0.010-in. depth, all were missed. 

Above 0.010 in., the record was poorer than with PT with regard to consistency 
of detection. The same specimens were examined with Delta scan UT. 
Table 13.6.8 cites the probability of detection. 

Packman et al. (13 •6·12 ) reported extensive data on detection of fatigue 
cracks in both aluminum and steel. Laboratory and production NDE were reported 

in Tables 4.2.3 and 4.2.4. Samples were 3-in. dia cylinders with 0.25-in. 
wall. These dimensions are comparable to much Class 2 and 3 piping. Crack 

lengths but not depths were cited. Table 4.2.3 is duplicated as Table 13.6.9. 
Note that UT yielded more consistent results than PT, MT, or RT. 

Pettit and Hoeppner( 13 •6·14) reported on the detection of fatigue cracks 

in aluminum alloys before and after proof testing at 90% yield strength. The 
best techniques were PT and surface wave UT. The poorest results were with RT. 

TABLE 13.6.8. Composite Results of Delta Scan Inspection Evaluations 
by Simulated Flaw Size Group 

Detection 
Flaw Surface Number Number of Detection Probability 

Length {inches} of Trials Misses Probabilit~ 95% Confidence 
Less than 0.075 78 23 0.71 0.50 
0.076 to 0.150 92 5 0.95 0.88 
0.151 to 0.225 63 2 0.97 0.90 
Greater than 0.225 58 1 0.98 0.90 

291 31 
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TABLE 13.6.9. Sensitivity of Detection of Surface Flaws in 
Aluminum and Steel Cylinders (Table 4 .2.2) 

Actual 
Crack Range (2C) Aluminum Steel 

(inches} PT uT RT PT UT MT 

No crack 0. 9333 0.8667 0. 9333 0.8889 0. 7778 0.7778 
0.000-0.050 0. 0667 0.1333 0.0667 0.1111 0.2222 0.2222 

0.051-0.100 0.1538 0.4615 0.0000 0.4000 0.4000 0. 6000 

0.101-0 . 150 0.2917 0.6250 0. 0417 0 .3333 0.8000 0.9333 

0.151-0.200 0. 3636 0. 5000 0.0000 0.3000 0.9000 0.9333 

0.201-0 .250 0.8571 0.8571 0.0000 0.6000 1.0000 0.9000 

0.251-0.300 1.0000 1.0000 1.0000 0.7978 1.0000 0.8889 
0.301-0.350 1.0000 1.0000 0.1111 0.6250 0.8750 1.0000 

0 .351-0.400 1.0000 1. 0000 0. 0000 1.0000 1. 0000 1. 0000 

0.401-0 .450 1.0000 1.0000 0.2500 1.0000 1.0000 1.0000 
0.451-0.500 1.0000 1.0000 0.8333 1.0000 1.0000 1.0000 

RT 

0.3900 

0.0000 
0.0000 

0.0000 
0.0000 
0. 2222 
0.1250 

0. 0000 
0.0000 
0.5000 

Rummel et al. (13 •6·15 ) reported on studies similar to those of Packman 
l (13.6.12) d p tt"t d H (13.6.14) a . an e 1 an oepnner . Surface finish was a sig-

nificant parameter. Chemically milled surfaces improved detection with PT, RT 

and ET, but not UT, as noted in Table 4.2.2. Trends were similar to those 

cited previously for ET, 

through 4.2.8. 

Y t l (13 .6.16) ee e a . 

PT, UT and RT as can be seen in Figures 4.2.1 

conducted extensive statistical analyses of NDE data 
for fatigue cracks in aluminum alloys. Some 34,000 measurements were avail
able; even so there were several gaps in the data. For the 50% detection prob
ability at the 95% lower confidence level, a crack length of 0.2 em is detected 

with surface waves UT. 

Lewis et al. (13 •6•17 ) reported on one of the most extensive and statis
tically significant studies published. This study on components typical of 

aluminum air frames was established to confirm the Air Force premise that their 

reliability criteria of 90% probability of detection at a 95% level of confi
dence was valid. Unfortunately, the study tended to confirm that 50% probabil
ity of detection with 95% confidence for 0.5 in . crack sizes was difficult to 
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achieve . An example can be seen for one case, that of UT, from a choice of ET, 
PT, RT, UT where Figure 13.6.3 contains the data. As can be seen, the lower 
bound 95% confidence values are quite low. 
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FIGURE 13.6.3. Probability of Detection Versus Fatigue Crack Radial Length, 
Ultrasonic Shear-Wave Scans Around Countersunk Fasteners, 
Skin and Stringer Wing Assembly. 
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Statistical analysis of the data are given in Table 13.6.10. Three param

eters, flaw size, NDE method, and technician, were examined. The first two 

parameters, as anticipated, played a significant role. The operator (techni
cian) in one instance played a significant role. In others (field installa
tions) differences were limited. 

A cross-section of the significant conclusions follow. One aspect of this 

study was the unforeseen results. There is an extensive followup study under-
to 1 t . . d (13.6.17) way reso ve ques 1ons ra1se . 

• A distinctly higher level of flaw detection success was achieved at 
one exceptional installation, a depot, especially with the eddy
current, bolt-hole method. This demonstrated that considerably 

better performance levels than those generally exhibited are possi
ble. The superior performance at this one installation is attributed 

solely to individual proficiency. The attributes which produced the 
superior performance and which can serve as a model in effor~s to 

upgrade overall NDE performance are believed to be the following: 

1. NOE operations were conducted within an organization which is 
exclusively dedicated to nondestructive inspection. 

2. A staff of skilled personnel was acquired by a selective 
process. 

3. A form of certification-recertification was performed at per
iodic intervals. 

• The major variation in inspection results was found among the indi
vidual technicians themselves. There are vast differences in the 

performance levels of individuals, as evidenced in comparisons of 
curves plotted for the upper ten percent of technicians with the mean 

curves for all technicians. The factors which might be expected to 
have a strong direct scoring on individual NDE performance, such as 
formal education, technician age, classification, skill level, NDE 

experience and NDE training, were evaluated and found to have only 
minimal influence on performance levels. The primary source of 
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TABLE 13.6 . 10. Tests for Significance of Variables Conducted Early in the Program 
from 1 Depot and 3 Field Installations. The "F" ratio is that 
value which reflects variance due to randomness. 

Depot NDI Significance Field NDI Significance 
(Variance Value {Variance Value 
Ratio} ("F 11 Ratio) Colllllents Ratio) {"F" Ratio) Comments 

Test Parameter 

Flaw Size 15.116 2.6049 Highly Significant 21.726 2.6049 Highly Significant 

NDE Method 10.636 2.2141 Highly Significant 26.857 2.2141 Highly Significant 
........ 
w Technician 2.8364 1.9384 Significant 1.8783 3.5 Not Significant ~ 

0'1 

....... 
'-...1 

Parameter Interactions 

Flaw Size/ 2.6317 1.6664 Significant 6. 5768 1.6664 Highly Significant 
NDE Method 

Flaw Size/ 2.8208 1.5173 Significant 0. 97711 1.0 Not Significant 
Technician 

NDE Method/ 1. 3079 1.3940 Not Significant 2. 1150 1.0 Significant 
Technician 

Flaw Size/ 0.57387 1.2214 
NDE Method/ 

Not Significant 0. 78966 1.0 Not Significant 

Technician 



variance among individual technicians is believed to be the area of 

human factors, which should be further investigated. 

• There were no significant differences (excepting the one depot pre
viously mentioned) found between individual installations, between 
individual Commands, or between field installations and depots. 
Neither was there a significant difference observed between techni

cians using different manufacturer's equipment. The primary source 
of variance between the individual technicians was in the human fac

tors area, which remains to be further investigated. The specific 
variables of formal education, age, classification skill level, NDE 
experience, and NDE training were each analyzed and proved to have 
only minimal influence on resulting NDE performance. 

• Another human factors aspect which has been observed but has not been 

treated in this program is the false call level. There is not yet a 
generally agreed upon method for analyzing the impact of these false 
calls on NDE reliability. The raw data show extremely high false 
counts for some technicians performing radiographic NDE, for example. 
The success scores for these individuals are therefore suspect 
because a number of finds can be attributed to pure chance. Fortu
nately, the instances of extremely high false call levels were not 
numerous enough to make the total data picture suspect. 

• The state of the art is constantly changing in NDE technology. 
Inspection reliability improvements resulting from recent refinements 
in NDE methods, presently undergoing service evaluation were not 
included in this study. There was a limited opportunity to evaluate 
the effectiveness of semi-automatic eddy current and ultrasonic 
equipment, beginning at the thirteenth base visit. Unfortunately, 
due to the late incorporation of semi-automated equipment into the 
program, the data quantity restricted determination of a reasonable 

confidence level for this equipment, but the mean crack detection 

levels obtained from using this type of equipment indicate that 90 

to 95% reliability criteria may be possible at crack sizes considera
bly smaller than 1/2 inch. 
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Some recommendations derived from this study are considered generally sig
nificant and repeated below: 

• Near-Term NDE Reliability Improvements 

The primary source of the variance in the data collected and the main 
cause of failure to detect flaws is attributed to the human factor 

element in the NDE process. There is a need to concentrate on a 

practical method to evaluate the proficiency of the NDE technician 

as well as an increased evaluation, skill development and motivation 
of the NDE technician. Practical NDE examinations should be period
ically administered to technicians and their performance ratings made 
available to them. Opportunities for periodic re-examination and 

flaw detection practice on hardware would be highly desirable. Man
datory review of ratings by supervision and management would provide 

avenues for positive motivation. 

• Proficiency Determinations 

The commonly assumed indicators of NDE proficiency such as technician 

skill level, years of experience, maturity in terms of age, extent 
of formal education, and hours of formal NDE training do not provide 
a true indication of flaw detection proficiency. True proficiency 

of a technician must be evaluated by methods which have a proven and 
consistent relationship with actual flaw detection capabilities. 
Practical examinations, administered with actual flaws in hardware, 
should be developed for such proficiency determinations. Standards 
of performance need to be established with the norms set to attain

able goals defined from experience. 

• Equipment 

The state-of-the-art equipment used on both the pre-data acquisition 

trials and in the data acquisition itself, was inherently capable of 
response to the majority of flaws in the structure samples. In some 

cases with ultrasonic NDE, it was not possible to routinely obtain 
responses from all the flaws. The question then remains: why is a 

flaw missed if the process is capable of detection? One important 
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answer is: the equipment and/or process does not sufficiently alert 

the operator when a flaw response is present. There are potential 
solutions to this problem within the realm of equipment design 
improvements. Several of these are to: {a) improve the signal-to
noise ratio in both detection and readout functions, {b) promote 
operator vigilence through enhanced stimuli to sensual perception, 

(c) channel the operator's attention to flaw indications, (d) provide 
positive assurances that the equipment is performing its intended 
functions, and (e) automatically program and control those functions 
which are susceptible to human error. 

Each of these potential equipment improvements is within the scope 
of today's technology. Programs to develop improved versions of NDE 
equipment and processes should include guidance from the technician/ 

user, including engineering specialists and the personnel responsible 
for the day-to-day NDE operations. Full advantage should be taken 
from the advent of microprocessors and newly emerging electronic 
devices which provide a number of powerful, complex operations for 

signal processing, instrument readout and process control. In all 
cases, any "improved" version of equipment should demonstrate its 
flaw detection reliability under realistic conditions. Improved 
resolution, sensitivity and flaw characterization features do not 

automatically imply superior flaw detection reliability. The process 
of detection is uniquely different from the interrogation of the flaw 
itself. In some cases, the function of flaw searching should be 
separated from the activity of flaw interrogation. Therefore, dif
ferent equipment designs or approaches may be necessary to optimize 
each. 

13.6.3 Operationally Induced Defects on Surface Opposite Nondestructive 
Examination 

Data pertinent to piping for cracks initiated by mechanisms such as IGSCC 

or thermal fatigue are quite limited, at least in the open literature. Only 

two studies are available, although others are known to exist. 
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Reinhart( 13 ·6·18 ) reported on a round-robin UT to detect IGSCC and lack
of-fusion in austenitic steel piping. Table 13.6.11 reproduced from refer
ence 13.6.18 permits a qualitative assessment of the ability to detect IGSCC. 
Hopefully, more data on detection of IGSCC will become available. 

The results of inservice NDE-UT on an operating reactor were reported for 
cracked safe ends at Duane Arnold. (13 ·6·19 ) All of the eight nozzles contained 

cracks with one being through-wall. The other seven contained cracks in excess 
of 50% through-wall. Two aspects are of concern with regard to the 
Duane Arnold nozzles. The first is the initiation of IGSCC in a crevice, its 
propagation around the inner surface, then its relatively uniform propagation 

rate through the wall. Such a crack is of concern because the uniform loss of 
ligament without going through the wall could lead to a guillotine break under 
a shock load. The second aspect concerns the low UT-DAC levels with cracks 

over 50% through the wall. 

Becker( 13 ·6·20 ) reported on the detection of both electro-discharge 

machining notches and fatigue cracks, primarily for ferritic steels in wall 
thicknesses comparable to nuclear piping. The results tend to parallel those 
at Duane Arnold( 13 ·6·19 ) in there being signals; however, the signals were 
below the reporting levels (Figure 13.6.4). 

13.6.4 Current Status Experimental Reliability Data 

The ultimate aim in the NDE reliability analyses is to quantify the proba
bility of detection of each class of flaws as functions of the various internal 
and external factors discussed in Section 13.7. Ideally, one hopes to control 
both internal and external factors sufficiently that a well-defined probability 
of detection function with minimal variance is obtained. Unfortunately, this 
is rarely the case, particularly in the examination of weldments in piping. We 
lack adequate experimental data, do not know the effects of interacting inter
nal and external parameters, nor the variability due to operators. 
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TABLE 13.6.11. Summary of IGSCC Test Results by Quadrant 
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FIGURE 13.6.4. Predicted Probability of Detection (POD) Curves for 
20, 50, and 100% DAC Reporting Levels 
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13.7 FACTORS INFLUENCING DETECTION RELIABILITY 

Flaw detection reliability with ultrasonics has been discussed in Chap
ters 4 and 5. Figure 13.7.1 presents those internal and external factors sig
nificant to such reliability. This figure is somewhat modified and expanded 

from Figure 4.6.1. 

The external and internal factors cited vary in relative significance; 

however, any one of them can reduce reliability to zero under a given set of 
circumstances. This is particularly true for flaw characteristics. Several of 

LIMITATIONS TO FLAW DETECTION, SIZING, LOCATION WITH UT 

~ 
INHERENT LIMITATIONS SET BY TH[ORETI CAL CONS I DERATION$ (UTl 

" \ INTERNAL FACTORS 

COMPONENT SURFACE 
!FINISH IRREGULARITY, 
ACCESSIBILITY! 

COMPONENT GEOMETRY 
lONE VS TWO-S I OED 
ACCESS I 

MATERIAL FACTORS 
(CLADDING GRAIN 
SIZE AND ORIENTATION, 
MACROSTRUCTURE 
SPECIFIC MATERIAU 

FLAW CHARACTERISTICS 
(ORIENTATION, GEOMETRY, 
ROUGHNESS, STRESS 
ON FLAW! 

ACOUSTIC PROPERTIES 

EXTERt\AL FACTORS 

REFERENCE 
STANDARDS 

EQUIPMENT 
(VARIABILITY) 

HUMAN ELEMENT 

FIGURE 13.7.1. Limitations to Flaw Detection, Sizing, Location 
(modified from Figure 4.6.1) 
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the factors are interactive . For example, varying the equipment may substan
tially improve or reduce the reliability as influenced by flaw characteristics. 

In the case of RT, the tightness and orientation of two-dimensional cracks 
and the fraction of the section thickness covered by the crack will be the 
critical factors. 

Eddy current testing will be affected by many of the factors in Fig

ure 13.7.1, both internal and external. 

In the case of MT, PT , VT the surface characteristics will be controlling. 

A rough eroded surface will be much more difficult than a smooth surface 
insofar as detecting surface flaws is concerned. 

Thomas( 13 ·7· 1) argues that NDE, particularly lSI, is overrated. He tends 

to concentrate on lSI of the RPV rather than other components such as piping in 
the primary circuit. Two approaches to lSI are cited; namely, problem monitor
ing and problem seeking. Problem monitoring consists of resolving a course of 
action for a known problem. Problem seeking, on the other hand, attempts to 

seek out unknown or unexpected modes of failure. The author considers this 
approach relatively ineffective. 

Thomas( 13 •7•1) argues that lSI in general provides only a limited factor 

of improvement; specifically, no more than a factor of 3. In my estimation, 

this number is suspect because the cases of both vessel and piping failures 
used to validate this factor of 3 were either non-nuclear, without lSI, or the 
piping data included instrument line failures which biases heavily toward leaks 
and failures not detected by lSI. A further factor subject to argument has to 
do with the credit taken for detection of flaws followed by repair. 

Another approach , which appears to have considerable potential, is sug
gested by Buchalet et al. (13 ·7· 2) In essence, they suggest that the level of 

NDE be based on a qualitative sensitivity analysis using the following three 

parameters: 

1. the "vulnerability" of a given zone of the primary coolant system, 

with the level depending upon the potential damage to which the zone 

could be subjected during the life of the plant . 
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2. the ''importance of the safety hazard" created by a rupture in a given 
zone of the primary coolant system. 

3. the "efficiency level" of current lSI programs for a given zone of 

the primary coolant system. 

Vulnerability is determined in terms of the following factors: 

1. mechanical and thermal loads caused by geometrical discontinuities, 
external loads, metallurgical discontinuities, thermal gradients, and 

residual stresses. 

2. fabrication and examination factors such as volumetric defects, 
planar defects, metallurgical defects and difficulty of examinations 
during fabrication. 

3. environmental factors such as corrosion due to flow rates, to liquid
vapor interfaces, to local boiling, or to possible leaks, erosion and 
wear, mating, tearing, impact shock or irradiation. 

The preceding factors are given weighting functions and a 1, 2, 3 rating 
for each region of the primary coolant system where 

1 = low probability of having the damage factor present in the zone 
considered 

2 = low to medium probability 

3 =high probability. 

The significance of the safety hazard due to failure in a given zone can 

be assessed as low, medium, or high. Based on the preceding, five categories 
of lSI are established within the primary coolant system zone; namely, 

I - No inservice inspection 
II - Low efficiency lSI 
III - Medium efficiency--the rating for current lSI 
IV - High efficiency, lSI 

V - Design changes are required to decrease the vulnerability level. 

Figure 13.7.2(13 •7•2) illustrates the use of these zones (I, II, III, 

IV, V} for a specific case of flaws in reactor pressure vessel nozzles. 
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13.7.1 Statistical or Probabilistic Approaches 

Another method of defining NDE reliability is in terms of sensitivity 
where testing sensitivity is determined by the minimum size of a flaw which 
must be detected based on engineering requirements. If the sensitivity is too 

low, flaws may be missed that could result in failure. Too much sensitivity 
caused detection of large numbers of structural inhomogeneities and insignifi
cant flaws. 

Rogovsky and Rose( 13 · 7·3) discuss a statistical/probabilistic approach 

to optimization of NDE sensitivity using the concept of probability density 

functions in Figure 13.7.3. While the authors base their approach on distance
gain-size (DGS), other approaches based on standards or standardless (e.g., 

DGS) could be used. They define the signal amplitude A as a function of a 
random argument where defect characteristics, S, i parameters pertaining to the 
piece being formed and m apparatus sensitive parameters so 

A = y ( S, X, ••• , Xi , ••• , X i+m) 

In terms of signal amplitudes, P1(A') corresponds to flaw sizes less than 
critical and P2(A") corresponds to flaw sizes greater than critical (Fig

ure 13.7.3). The probability of a false rejection y and of passing a flaw a 
can be expressed as 

a = J A o P (A .. ) dA 
A". 2 m1n 

and, 

y = 
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FIGURE 13.7.3. Sample Distributions of the Probability Density Function 
p(A) of the Signal Amplitudes in the Reject-Free 
(S < S0 ) and the Rejectable (S ~ S0 ) Areas of a Part 

Using the above approach, the following is a general formula for the probabil

ity density of the signal amplitude: 

The authors utilize measurements with FBHs to calibrate their model. 
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13.8 GENERATION OF PROBABILITY DENSITY FUNCTIONS AND 
CUMULATIVE DENSITY FUNCTIONS 

The ultimate aim is the generation of probability density functions if one 

is to quantify detection reliability as an input into a probabilistic fracture 

mechanics model. This aspect is dealt with fairly comprehensively in Chap-

ter 12. The status at this time, with regard to piping or thicknesses relevant 

to piping, is that there are inadequate quantitative data available to con

struct appropriate PDFs and CDF's. 
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13.9 OPTIMIZATION OF DETECTION 

If one examines the available data in terms of the various UT evaluation 

procedures, it appears that distance-amplitude-correction (DAC) has inherent 
limitations, particularly with regard to flaws oriented away from the normal. 

Other procedures such as adaptive learning may lead to improved reliability 

with regard to both detection, location and sizing. Further work is required 

to quantify these advanced techniques. 
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CHAPTER 13A 

PROBI\BILITY MODELS FOR RELIABILITY OF FLAW DETECTION 

13A .1 INTRODUCTION 

This chapter will examine general and specific probability models, then 

pursue these models through correlation functions and field or production data. 

Finally, statistical probability models for flaw detection will be investi

gated. Because of the spectrum of terminology, a section on nomenclature is 

included. The equations in Sections 13A.3 and 13A.4 are derived predominantly 

from References 13A.3.1 through 13A.3.5. 

The mathematical derivations are considered rigorous; however, it should 

be recognized that the equations assume correlations between four parameters 

such as size and ultrasonic signals. Such correlations usually will be non

linear, may be discontinuous, and almost certainly are influenced by surface 

ana internal properties of the test piece. Therefore, one should exam1ne so

called generic correlations carefully since they may be nelther generic nor 

correlate over a spectrum of flaw sizes, shapes, locations and orientations. 
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l3 .A.2 

NOMENCLATURE 

a 

a 

b 

2c 

2c 

f 

n 

pd(ar) 

pd(a/i) 

pd( a/s) 

pd(a/D,a) 

pd(a/D,a) 

pd(i/a) 

pd(s/a) 

pn (a) 

TERMINOLOGY RELEVANT TO PROBABILITY OF FLAW DETECTION 

Flaw surface depth or internal half depth 

Apparent flaw depth 

Apparent flaw rejection threshold 

Minimum flaw size of concern 

Flaw length 

Apparent flaw length 

Apparent flaw length rejection threshold 

Fraction of population that contains a flaw of the size and type 
under consideration 

Fraction of units that fail 

Fraction of units that are rejected by inspection 

Fraction of defective units in service 

Number of subvolumes with flaws 

Probability distribution of rejection levels 

Probability distribution of flaw size given a response signal 
of magnitude i 

Probability distribution of flaw size given a detection response 
signal of amplitudes 

Probability distribution of flaw size given the detection event 
and the flaw has an apparent size a 

Probability distribution of apparent flaw size given the detec
tion event and the actual flaw size is a 

Probability distribution of flaw response signal magnitude given 
a flaw size of a 

Probability distribution of detection signal amplitude given a 
flaw of size a 

Preinspection distribution of flaw sizes 

l3A.2.1 



pnla,S)/r) 

pnla,S,r) 

pniD,a) 

pn I i ) 

pnls) 

s 

so 
v 

A 

IRP 

L 

N 

p 

p 

P' 

PI D) 

Post-inspection distribution of flaw size 

Distribution of flaw sizes that cause rejection 

Distribution of detected apparent flaw sizes 

Distribution of flaw response signal magnitude 

Distribution of flaw detection response amplitude 

Flaw response amplitude 

Flaw response amplitude detection threshold 

Number of subvolumes 

Area which may contain flaws, mZ 

Plr/a) flaw rejection probability 

Length which may contain flaws, m 

Number of tests 

True probability of detection 

Natural estimate of PISn/n) 

Lower bound for P (probability of detection at a given confi
dence level) 

Probability of no flaws in given subvolume 

Probability when flaw site is known 

Probability when flaw site is unknown; many flaws; total 
inspection 

Probability when flaw site is unknown; many flaws; partial 
inspection 

Probability when flaw site is unknown; many flaws; partial 
inspection; flaw rate in uninspected region differs from rate 
in inspected region 

Probability when flaw site is unknown; many flaws; partial 
inspection; flaw rate varies among various regions 

Probability of a flaw indication (of certain size) 
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p ( E I 

PI F I 

P(G) 

P(D/F) 

P(E/F) 

P(D/G) 

P(E/G) 

P(G/E) 

P(F/E) 

P ( G/ D) 

P(F /D) 

Po = P(E/F) 

Po 0 = P(F) 

P(D/a) 

P(fJ 

P(f/a) 

P(n) 

P(r) 

P(r/(a,S)) 

P(r/D,a) 

Probability of no flaw indication= 1- P(O) 

Probability that a flaw of a certain size exists 

Probability that a flaw of a certain size does not 
exist = l - P(F) 

Probability of detecting a flaw when one exists 

Probabiity of missing a flaw = l - P(D/F) 

Probability that a false indication will occur 

Probability of verifying a good part is flaw-free= 1- P(D/G) 

Probability a flaw does not exist when none is indicated [or, 
is likelihood of correct acceptance (reliability)] 

Probability that a flaw exists even though none is indicated 
[or, is likelihood of false acceptance (a type-one inspection 
error)] 

Probability that a flaw does not exist even though a flaw has 
been indicated [or, is likelihood of false rejection (a type
two inspection error)] 

Probability that a flaw exists when a flaw is indicated [or, 
is likelihood of correct rejection] 

Probability that a material unit that passes the inspection is 
defective; also 1- P(r/a,S) 

Probability that a material 1s defective before inspection 

Flaw detection probability 

Probability of failure event (P(f/a) 

Flaw failure probahility 

Probability as defined in specific equations, n flaws 

Probability of the rejection event 

Flaw rejection probability; defined as the probability that a 
material (unit) will be rejected from the population by an 
inspection, given that the material unit contains only one flaw 
of size "a" and that the inspection size isS 

Conditional flaw rejection probabiity 
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PsR " P(E/G) 

PNo 

PNoo 

P N( f) 

PNr 

PNsr 

s 

z 

1 - (l I 

" = 
6 

Probability that a sound material unit will be rejected by 
inspection 

Pr>Jbable number of defects per material unit in population that 
passes inspection 

Probable number at defects per material unit before inspection 

Probable number of failures per unit 

Probable number of rejectable indications per material unit 

Probable number of rejectable indications that are due to flaws 
of size less than b 

Reliabilities; subscripts denote cases similar to those for 
subscripted probabilities 

Inspection size; defined as the flaw size at which the flaw 
rejection probability is 0.50 

Number of detections of flaws in the tests 

Volume which may contain flaws, m3 

Total volume of component 

Standardized binomial (normal) variable 

Tabulated standard normal variable for 1- a' 

Confidence probability 

" 1 . . d llil 1::l'ill ~ua 1ty 1n ex= PTFT = ~ 

Ratio of probability that a flaw does not exist to the prob
ability that a flaw does exist 

1/f 

E b b 'l't t' l'j_DJ_GJ_ rror pro a 1 1 y ra 10 = "'P1D7fT 

Ratio of the probability of a false indication to the demon
strated probability of flaw detection 
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y 

6 

p 

a 

SUBSCRIPTS 

I 

M 

T 

X 

y 

erf z 

erfc z 

Ratlo of probability of correct verification of flaw-free parts 
to the probability of missing a flaw 

Measure of inspection uncertainty 

Mean 
-1 

m 

number of 
-2 -3 

m , m 

flaws per unit length, area, or volume; 

Proportion of length, area, or volume of piece inspected 

Number of subvolumes in V 

Inspection 

Manufacturing 

Total 

Generalized terminology for given examination method (PT, MT, 
RT, UT, ET, VT, etc.) (PMT• 'x• etc.) 

Generalized material terminology (Al, Steel, etc.) 

Error function 

Complementary error function 
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l3A.3 CONDITIONAL PROBABILITIES 

Reliability is defined as P(G/E) -the probability that a flaw does not 

exist when none is indicated. 

The conditional probability of Event A given Event 8, denoted by P(A/8) 

is defined as the ratio of the probability of the intersection(a) of A and 13 

to the probability of event B; i.e., 

P(A/B) = P(AB)/P(B) (l3A.3.1) 

Correspondingly, 

P(B/A) = P(BA)/P(A) (13A.3.2) 

Since the probability of the intersection of A and B is equal to the probabil

ity of the intersection of H and A, one can combine Equations (l3A.3.1} and 

(13A.3.2) above and write 

P(A/B)P(B) = P(AB) = P(BA) 

This becomes Bayes theorem: 

P(A/B) ~ fP(B/A)J P(A) 
~ l P(B) 

P(B/A) P(A) (13A.3.3) 

(13A.3.4) 

Several cases will be examined using the specific terminology for flaw proba

bilities based on References 13A.3.1 and 13A.3.2. 

(a) Intersection of A 
both in A and B. 

and B is the set consisting of all 
lt may be written P(AnB) or P(AB). 

13A.3.1 

the outcomes that are 



IJA.3.1 Simple Case: Flaw Site Known (P 1~1l 

P(GE) = P(G/E) P(E) (13A.3.o) 

(l3A.3.6) 

is the probability that a flaw does not exist when none is indicated; however, 

another probability is P1 (FIE), the probability that a flaw exists even though 

a flaw has not been indicated; e.g., E can occur if either G or F occurs: 

By analogy with Equation (13A.3.5) 

Substituting Equation (13A.3.7) and (13A.3.8) into (13A.3.6), 

Rearranging, 

P1(E/G) P1 (G) 

Rl = p 1 ( G IE) = 0P !'('E"/ F"~")'P,.'-,(F'""~)--c+...-op",('"i"E77/ G")'P,--,(G"') 
1 1 1 

Pl(G/E) = P
1

{E/F) P
1

{F) 

P1{E/G) P1 {G) 

1 
P1{E/G) P1{G) 

+ P1{E/G) P1{G) 

1 
P1{E/F) P1(F) 

1 + P1(E/G) P1{G) 

(13A.3.7) 

(13A.3.8) 

(13A.3.9a) 

(13A.3.9b) 

(13A.3 .9c) 

An alternate form of Equation (13A.3.9c) is based on the fact that the follow

ing are mutually exclusive events: 

13A.3.2 



(13A.3.9d) 

and 

(13A.3.9e) 

so Equation (13A.3.9c) can be expressed in terms of unreliability before 
inspection P1 (F) and the probability of detecting a flaw P1 (D/F) 

where 

R1 =-1 -+-r,[1'-P'1~lDM/cF~)]"P1'(~F) 
P1(E/G)(1-P1)(F) 

a= Quality 
P1(G) 

Index= Pl(F) = 

P1 (E/G) 
y =Success-probability ratio= p (E/F) 

1 

Therefore, Equation (13A.3.9c) can be written as 

Similarly, the following general cases can be derived: 

1-P 1 (0/G) 
1-P1(D/F) 

P1(F/E) =the probability that a flaw exists even though none is 

indicated: 

P1(F) P
1

(E!F) 

P1(F/E) = P
1

(G)P
1

(E/G) + P
1

(F)P
1
(E/F) 
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(13A.3.9f) 

(13A.3.10) 

(13A.3.11) 

(13A.3.12) 

(13A.3.13) 



where 

(13A.3.14) 

P1(G/D) =the probability that a flaw does not exist even though a flaw 

has been indicated: 

P1 (GID) 

1 P1 (G/D) = -=,.... 
1 +

a6 

error= probability ratio= 
P1 (DIG) 

P1 (D)F) 

(13A.3.15) 

(13A.3.16) 

(13A.3.17) 

P1(F/D) =the probability that a flaw exists when a flaw is indicated: 

(13A.3.18) 

(13A.3.19) 

13A.3.2 Flaw Sites Unknown--100% Inspected (R2~1l 

Generally, in an object such as a pressure vessel, a flaw may be consid

ered a "rare event" in the sense that most of the part {length, area, volume) 

is unflawed. The first step is to establish the probability distribution for 

the total number of flaws in the system. 

The number of flaws within a volume, V, will be assumed to be a random 

number; consequently, a volume under inspection may have 0, 1, 2--or any number 

n flaws. 
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Suppose the volume, V, is subdivided into equal small volumes a, and that 

the probability that an unacceptably large flaw is present in a specified sub

volume is proportional to the volume of the subvolume. Then if A is a constant 

of proportionality, 

(13A.3.20) 

The probabi~ity of no flaws in (V/a) is 

(13A.3.21) 

where the third term is the probability that two or more flaws exist in the 

subvolume; this term is of higher order than the second; if a is chosen large 

enough, the third term becomes negligible. The probability of finding n sub

volumes with flaws is a series of Bernoulli trials where each subvolume V/a is 

a trial with a probability of success, P1, and failure, P0 : 

' (P J" (P )a-n p ( n; a) 
a. 

= (a n) ! n! 1 0 

' (~v )" , AV)a-n a. 
\1- ;;- (13A.3.22) = (a n)! n! 

However, the subdivision into subvolumes was arbitrary, and in no way can an 

arbitrary subdivision alter the mean number of unacceptable flaws, (AV), con
tained in V. Therefore, 

n -AV 
P(n) = , P(n;a)=(>V) exp (13A.3.23) 

a > oo n! 

AV constant 
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Equation (13A.3.23) gives the probability that exactly n flaws are present 

in the volume, v. From the derivation, A can be seen to be the average number 

of flaws per unit volume; whereas A and AV need not be integers, n obviously 

must be an integer. Equation (13A.3.23) is the Poisson distribution and is 

tabulated in most elementary statistics tests. 

The probability that the system contains n flaws is p(n). For line welds, 

A is the mean number of flaws per unit length and L is the length. For sur

faces and thin sheet, A is the mean number of flaws per unit area and A is the 

area; for large solids, A is the mean number of flaws per unit volume and V is 

the volume of the vessel wall, etc. Whereas n is, of course, an integer, A may 

be a decimal. The product AV, Al, or AA is the mean number of flaws per sys

tem; the product need not be an integer. 

13A.3.2.1 Flaw Distribution Within a Volume 

When several flaws are distributed within a volume, all flaws need to be 

detected to determine whether they are unacceptable because of limited size, 

or because they require evaluation or repair. In contrast to small parts, a 

vessel is not rejected if a flaw is found. If the detection of any flaw is 

assumed to be independent of any other flaw, 
00 

(13A.3.14) 

where P(F ) is the probability that exactly n flaws are present in V and 
n 

P(E/F ) is the probability that all of them escape detection. To get the total 
n . 

probability that a flawed part misses inspection, one must sum over all possi-

ble number of flaws n. 

By applying the previous criteria, 

P(F ) = p(n) = ~n exp (->V) 
n n. 

(13A.3.15) 
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Also, under the assumptions of flaw independence and detection indepen

dence, the roles of conditional probability hold, and 

P(E/Fn) = [P(EiF 1 )Jn = [P(E/F)]n (13A.3.26) 

Therefore, Equation (13A.3.24) becomes 

P(FE) = exp (-;V) 
m (,\1\n 

~ ~ [P(E/F)J" 
1 n. 

n= 
(131\.3.27) 

The reliability for the case where flaw sites are unknown; many flaws; total 

inspection (R 2,P 2) is 

R
2 

= P
2

(G/E) (13A.3.28a) 

The unreliability is 

1 - Rz = P2(F/E) (13A.3.28b) 

Since 

(13A.3.2Y) 

( 13A. 3. 28c) 

(13A.3.30a) 

(13A.3.30b) 
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or 

From P
2

(G) (no flaw exists) 

P
2

(G) o P(o) o (;V) 0 exp (->V) o exp (->V) 
n:=o 

Since 

ro 

x-l ~ 
e ; L.J 

n== 1 

(;V )n (P(E/F)n 
n! 

o exp [(;V)P(E/F)] - l 

Equation (13A.3.34b) is analogous to Equation (J3A.3.9f). 

13A.3.3 Flaw Site Unknown-- Only Part of the Line, Area, or Volume 

lnspectable (R 3~3 ) and (R 4 ~l 

(UA.3.3l) 

(l3A.3.32) 

(l3A.3.33) 

(l3A.3.34a) 

(13A.3.34b) 

In many situations, portions of a structure are inaccessible for inspec

tion as is the case for portions of a reactor pressure vessel, particularly in 

older plants. Such portions may contain flaws. Because uninspectable volumes 

may be conservatively constructed to compensate for uninspectability, the 

expected number of critical flaws per unit volume within them may differ from 

the number within inspectable volumes. In this section, the equation for 
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reliability when portions of the structure are uninspectable will be derived. 

The general case is where 

in the inspectable region 

A J A ; that is, when the flaw rate of occurrence 
a o 

differs from the rate in the uninspectable region. 

The desired equation may be derived from Equations (13A.3.23) and 

(13A.3.34b). The probability that no flaws exist in the uninspected region is 

PI o l exp [-11 - p);av] (13A.3.35) 

where 1- p is the proportion of V which is not inspected. The probability 

that no flaw exists in the inspected region after inspection is 

(13A.3.36) 

as long as the probability of occurrence of flaws in one region is independent 

of that in the other, the law of compound probability applies so 

13A.3.3.1 Case Where A = A a--s 

(13A.3.37) 

If the flaw density is the same in the uninspected region as in the 

inspected region, A
3 ' 0 

A, then 

exp [-(1-p);V] 

13A.3.~ 
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13A.3.3.2 Many Sections 

If a structure contains many sections with various flaw densities, the 

rules of compound probability can be applied. Form uninspectable regions and 

~ inspectable regions the general form is 

(13A.3 .39) 

In considering the explicit application of probability theory to flaw detection 

we return to Bayes Theorem: 

P(A/B) P(B) = P(B/A) P(A) 

P(F/0) P(D) = P(D/F) P(F) (13A.3 .4) 

(terminology used) 

pd(a/i)da = P(F/D) (13A.3.4D) 

pd(i/a)di = P(D/F) (13A.3.4l) 

En( a) da P(F) 
fro pn( a) da 

(13A.3.42) 

0 

and 

En(i)di = p (F) 

f 00

pn(i) di 

(13A.3 .43) 

0 
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By combining the four Equations (13A.3.40 to 13A.3.43) into Bayes Theorem 

pd(a/i)pn(i) Joo pn(a)da = pd(i/a)pn(a) 
0 

Joo pn(i)di 
0 

(l3A.3.44) 

If we assume that each indication corresponds to a flaw of some size (possibly 

zero) and each flaw corresponds to an indication of some size (possibly zero), 

then 

Joo pn(a)da = Joo pn( i)oi 
0 0 

and Equation (13A.3.44) can be reduced to 

Furthermore, 

pd(a/i)pn(i) = pd(i/a)pn(a) 

rpd 
0 

(a/i)da = Joo pd(i/a) di = 1 
0 

(l3A.3.45) 

(l3A.3 .46) 

(l3A.3.47) 

Integrating both sides of Equation (13A.3.46) over i from zero to infinity 

gives 

Joo pd(a/i )pn( i)di 
0 

pn(a) Joo pd(i/a)di 
0 

(13A.3.48) 

From Equation (13A.3.47), the integral on the right-hand side of Equa

tion (13A.3.48) is one; hence, 

pn(a) = Joo pd(a/i)pn(i)di 
0 

13A.3.11 
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Substituting Equation (13A.3.49) into Equation (13A.3.46) and rearranging terms 

gives 

pd(i/a) = pd(a/i)pn(i) [foo pd(a/i)pn(i)d~-
1 

(13A.3.50) 

The problem becomes one of establishing a relationship between the signal 

magnitude ( i) and the detection signal amplitude (s) as they relate to the flaw 

size (a). The preceding relationships in Equations (13A.3.40 to 13A.3.50) 
develop a relationship between (i) and (a). The equations to be developed 

later will be in terms of (s), the amplitude. While simplifying assumptions 

can be made in terms of 1 in ear relationships, the more correct magnitude

amplitude curves will be nonlinear. 

Equations (13A.3.1 to 13A.3.39) concentrated on the various probabilistic 

relationships in very general terms. Equations (13A.3.40 to 13A.3.50) estab

lished a relationship between NDE signal and flaw size in a qualitative sense. 

The next step is to attempt to quantify the inspection and flaw variables. 

We shall attempt to relate the imperfection rejection probability 
P(r/(a,S)) to inspection acceptance level in terms of apparent flaw sizes and 

the flaw sizes, (a). For example, a typical inspection size is the flaw size 

that has a 50% probability of causing a rejection if it exists. Obviously, 

such a level can be raised or lowered if deemed necessary. 

The post-inspection flaw distribution pn(a,S)/r is related to the initial 
flaw distribution function pn(a) by 

pn((a,S)/r) = (1- P(r/(a,S)) (pn(a)) (13A.3.51) 

The distribution of flaw sizes that cause rejection pn(a,S,r) is related 

to the imperfection rejection probability and to the initial flaw distribution 

function pn(a) by 

pn(a,S,r) P(r/(a,S)) (pn(a)) (l3A.3.52) 
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These may be modified so that 

(13A.3.5la) 

P(r/(a,S)) (13A.3.5lb) 

P(r/(a,S)) (pn(a)) = pn(a) - pn((a,S)/r) (13A.3.5lc) 

but 

P(r/(a,S)) (pn(a)) = pn(a,S,r) (13A.3.52) 

Therefore, 

pn(a,S,r) = pn(a) - pn((a,S)/r) (13A . 3.52a) 

A third relationship of P(r/(a,S)) is 

P(r/(a,S)) = P(r/(D,a,S)) P(D/a) (13A.3.53) 

where the conditional rejection probability P(r/(D,a,S) is the probability the 

component will be "rejected,'' given the detection event has occurred, the flaw 
of size (a) exists, and the detection probability P(D/a) is the probability 
that a specified detection event occurs; given that a flaw of size (a) exists 
in the component. The determination of the detection probability and the con
ditional rejection probability involves the establishment of the underlying 
inspection frequency functions, the inspection amplitude frequency function 
pd(S/a) for P(O/a), and the apparent size frequency function pd(a/(D,a)) for 
P(r/(D,a,S)). If these inspection frequency functions are known, the distribu

tions of amplitudes observed in the product inspection and the distribution of 
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apparent flaw sizes can be used separately to arrive at independent estimates 

of the material quality, both at the time of preinspection and at various times 
throughout the system life. 

A major problem is the lack of quantitative information regarding values 

of pn(a). A typical flaw size distribution is given in Figure 13A.3.1, 
together with the ideal flaw detection function. The inspection capability as 
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measured by P(r/{a,S) may take the form of Figure 13A.3.2. The two figures are 
combined in Figure 13A.3.3 to illustrate a possible flaw detection function. 
Figure 13A.3.4 illustrates the impact of inspection uncertainty, o, on flaw 

rejection. Figure 13A.3.5 is an example of what is needed from quantitative 
NDE such as UT, showing a typical confidence band and detectability limit a

0
• 

If detected flaws are analyzed or repaired, the corrected flaw distribution 
will be such as given in Figure 13A.3.6. Figure 13A.3.7 typifies the varia

bility of reliability to inspection as a function of reliability before 
inspection. 

0... 

z 
0 
;::: 
u 
UJ w 
a 
L.a.. 
0 
>-
I-

....J 

a:l 
<( 
a:l 
0 
a:: 
0... 

TYPE I 
ERROR 
REG JON 

IDEAL STEP 
FUNCTION 

'FALSE' 
SIGNALS TYPEll 

ERROR 
REGION 

NOT REJECTABLE REJECTABLE 

FLAWS I ZE, a 

FIGURE 13A.3.2. Hypothetical Curve of Probability of Rejection 
Versus Imperfection Size. "False" signals and 
95% confidence levels shown. 

13A.3.15 



FLAW FREQUENCY CURVE 

/~"-(' 
I \ 
I \ 
/ \."'. am 

I N " + 
""' 

FLAWS IZE. a 

FIGURE 13A.3.3. Flaw Detection Function Derived 
from Previous Figures 

1.0 
a: 

a.. 
Vl ..... 
z 0.8 :::> 
z 
0 
..... 
u ....... 0.6 --> ....... 
a: 
\..L. 
0 
z 
0 0.4 ..... 
u 
<( 
a: 
\..L. 

....... 
-' 0.2 m 
<( 
m 
0 
a: 
a.. 

0 
0 0.33 0.67 1.00 l. 33 1. o7 2.00 

INSPECTION SI ZE tS'bl 

FIGURE 13A . 3.4. Probable Fraction of Material Units Rejected 

13A.3.16 



VI z 
0 
i= 
u ......, 
u. 
~ ......, 
0.. 
:E 
u. 
0 
z 
0 
i= 
::::> 
CXI 

~ 
1-
Vl 

0 

N;;;/ / 
CONFIDENCE t( / 
LIMITS~ I 

/ I / ,N 
, _ _,// I 

MEASURED FLAW SIZE 

-DETECTABI LITY 
LIMIT, a0 

FIGURE 13A.3.5. Example of Flaw Size Measurement Required for 
Quantitative Ultrasonics Showing Typical Con
fidence Band and Detectability Limit a0 . 

10-4 ..----·---------------------, 

10-5 AFTER 
INSPECTION 
METHOD A 
1 x.GAIN 

10-6 

AFTER 
I DEAL 

INSPECTION 

10-7 
1 X GAIN 

AFTER 

' INSPECTION 

" METHOD A '\. WITHOUT 2x.GAIN '\. INSPECTION lQ-8 ' '\. pn (a) 

'-/ '( 

l0-9 ' 
0 0.33 0.67 1.0 l. 33 1.67 2.0 

IMPERFECTION Sl ZE (alb) 

FIGURE 13A.3.6. The Distribution of Imperfection After Inspection 

13A.3. 17 



1.0 

P [BIA] = 0. 9 / 
/ 

0.8 / 
/ 

z / 0 
~ 0.6/ u 
I..I.J 
0.. / Vl z 0.6 
0::: / I..I.J 0.5 1:.: / <( 

>- /~NO INSPECTION 
t-
_J 

0.4 co 
<( / ::::i 
I..I.J / 0::: 

...:. / 0::: 

0.2 / 
/ 

/ 
0 

0.2 0.4 0.6 0.8 1.0 

RELIAB ILITY BEFORE INSPECTION, P [A~ 

FIGURE 13A.3.7. Variation of Reliability After Inspection as a Function 
of Reliability Before Inspection. The probability of 
identifying an existing flaw is a parameter. The false 
alarm rate, P[B/A'] = 0.02. 

The following equation permits such an evaluation of pn(a) when the rejec
tion probability P(r/a, S)) is known and assuming no spatial correlation of 

flaws: 

pn(a) 
f (S )pn ((a,S )/r) ro o o o (13A.3 . 54) 

where the inspection method is designated by (o) , the inspection size by S
0

, 

and the flaw size distribution by pn0 ((a,S
0
/r) . This represents the number 

of flaws per unit volume in a given size interval . Figure 13A.3.8 illustrates 
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1.0 

how a point estimate of pn
0

((a,S
0
)/r) can be determined from an examination of 

flaw sizes in rejected units fr
0

(S
0

) and how P
0
{r/(a,S

0
)) is determined by an 

analysis of the inspection data on specimens containing known flaws. 

The historic pattern of fabrication and NDE for components such as pres
sure vessels has substantial built-in conservatism. This is recognized; how
ever, it is difficult to establish how much conservatism is justified and how 
much is excessive. If it becomes possible to quantify NDE signals with flaw 
dimensions, orientation and location, and relate these to stresses and mechani
cal properties through a probabilistic failure model, the required level of 
conservatism could be established. 

Three obvious areas of conservatism are: 

1. The assumption a large flaw still exists in the component after 

inspection--in effect, although a flaw is not found, it must exist. 
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2. Extreme values of stress and mechanical properties are assumed to 
exist in conjunction with the assumed flaw . 

3. Generally, the crack is assumed to propagate with zero initiation 

time, whereas crack initiation typically occurs only after a substan
tial portion of the system life. 

These factors will be considered in terms of probability of flaw detection 

followed by assessment of flaw significance and repair if required; probability 
that significant flaws will not be detected; and the probability that unde
tected flaws could lead to failure. The reader may wish to read Chapter 11, 

Section 11 .4, at this time to familiarize himself with hazards analysis and the 
form of such functions. 

The probability of rejection by an inspection P (S) on the fraction 
r 

reJected fr(S) is 

P (S) = f (S) = 1- exp- (PN (S)) r r r (13A.3.55) 

where 

PNr(S) • Vr ~oo P(r/(a,S))pn(a)da (13A.3 . 56) 

Here V is the volume of the component inspected , P(r/(a,S)) is the rejection 
u 

probability, and pn(a) is the preinspection size distribution of flaws. 

P(r/(a,S)) is defined as the probability that a flaw of size (a) will be 
rejected if the inspection size is set at S and pn(a) is the flaw size distri
bution. For example, the inspection size S may be defined as the flaw size at 
which P(r/(a,S)) is equal to 0.50, in which caseS is written asS . z 

There are several relationships similar to Equations (13A.3.55) and 
(13A.3.56) ; some of these follow. Probability material is defective if no 

inspection is conducted: 

(13A . 3.57) 
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where 

PN00 = V u Ja>pn( a) da 
b 

The probability that sound material will be rejected is 

where 

PNSR(S) = V Jb pn(a,S,r)da 
u 0 

The actual number of rejectable units will be 

( 13A. 3. 58) 

(13A.3.59) 

(13A.3.60) 

Another relationship pertains to the rejectable flaws that pass inspection 
where 

P0(S) = 1- exp {-PN0 (S)) ( 13A. 3. 61) 

and 

(13A.3.62) 
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The total number of flaws acceptable and rejectable can be written as 

Alternate forms for PNr(S), PN5R(S) and PN0(S) follow: 

or 

Since 

PNr(S) = Vu foo pn(a,S,r)da 
b 

PNSR(S) = Vu ~b p(r/(a,S) (pn(a))da 

PN
0
(S) = V joo (1- P{r/{a,S)) {pn{a))da 

u b 

1- exp (-PN0(S) = exp (-PNr(S)) 

{13A.3.63) 

(13A.3.56a) 

(13A.3 .60a) 

( 13A. 3 . 62 a) 

(13A.3.64) 

(13A.3.65) 

A function containing the characteristic features of rejection probability and 

analogous to F(x) is 

f
a 

- 1 P{r/(a,S)) = 172 o(S) (2n) -oo 

13A . 3.22 

2 
exr(x-S) dx 
2n o(S)2 ( 13A.3 .66) 



where o(S) is the inspection uncertainty. If either o(S) or P{r/{a,S)) and 
pn{a) are known, the rejection fraction can be determined as a function of 

inspection size by combining Equations (13A.3.56) and (13A.3.66): 

1 Joo P~a~ da Joo exp-~ x-s )2 dx 
PNr(S) = Vu (2n)l/2 u o -oo 2o (S) 

{13A .3 .67) 

13A.3.4 Failure 

The fraction of components which fail is 

(13A .3.68) 

where 

(13A.3.69) 

P(f/a) is the probabilty of failure given a flaw of size (a) exists and 
pn((a,S/r) is defined as equal to the number of flaws existing in the popu

lation which passed the inspection with size a to a+ 6 a per unit volume. 
Combining · 

PNf(S) = V foo (P(F/a)) (1- P(r/(a,S)) da 
u 0 

(13A.3.70) 

or 

(1- P(r/(a,S)) = 1- 1 l/Z ~a exp -(2-5)
2 

dx 
o(S)(2n) -oo 26 (S) 

( 13A .3. 71) 

Substituting Equation (13A.3.70) into Equation (13A.3.68) gives the probable 
fraction which will fail as a function of inspection size. 
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13A.3.5 Examples of Flaw Frequency and Flaw Detection 

It is apparent that values of pn(a) are essential if the inspection pro
cess is to be quantified. Various methods have been used to obtain such data. 
One such method is destructive examination which requires sectioning sufficient 

material to count the number of flaws in each size interval. To be statisti
cally significant, this may entail examination of many specimens. An illustra

tion of data obtained in this fashion exists for defects in the 0.1-in. size 
(pn) (0.1"). In some welds, the value may be as high as 1 in.-4 to as low 

-7 -4 -4 as 10 in. for high quality titanium alloys . The units 10 are derived 

from the volume/component times number of components times the length of the 
flaw size interval of L3/N x N x L = L4 which is the denominator used with the 

number of flaws in a given interval. 

In the case of components such as pressure vessels, it is impossible to 

establish statistically significant data by destructively sectioning them. 

An alternate approach is to remove as many defects discovered by NDE as 

is feasible to permit their critical evaluation. This involves trepanning sec

tions and replacing with weld metal . 

We shall examine the relationships influencing statistically meaningful 

material--flaw populations. 

If x is a given inspection method, with inspection set at S, 

(13A .3.68a) 

where 

( 13A .3. 72) 

A statistically meaningful sample for the pressure vessel would be for the 

case where , for every significant flaw rejected, there are 19 rejections of no 
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failure significance. For this example, only 20 x 10 or 200 trepanned sections 
need be tested, or about 1,000 pounds versus 2 x 1011 pounds for Case 1, a 
pure destructive testing program. 

13A.3.6 Imperfection Frequency from NDE Indications 

While a selective destructive examination such as the one cited in the 

preceding paragraphs is less expensive than a pure destructive program, it 
still represents a significant cost. 

A third approach is to determine preinspection material quality from the 

detailed results of NDE. It is necessary first to detect then to evaluate 
flaws located by NDE. In a nuclear system, detection could proceed in three 
steps: 

1. Determine whether the flaw (either surface or subsurface) is smaller 
than the flaw standards of ASME XI . 

2. If the flaw size exceeds the acceptance standards , conduct a flaw 
evaluation using the LEFM technique of Appendix A of ASME XI. 

3. If the flaw size exceeds the evaluation levels , remove by grinding 
or by weld repair. 

These three steps also entail consideration of flaw growth and continued 

NDE monitoring in future examinations . It should be noted that rejection 
implies different things than are typical for small part NDE accept-reject 

standards. 

Using the above ground rules, it should be possible to determine whether 
the apparent size(s) of the flaw(s) exceed(s) each of the predetermined 
size(s); e. g., Equation (13A.3 .53): 

P(r/(a,S) ; P(r/(D,a,S)) P(D/a) (13A.3.53) 

The critical parameter as noted in Equation (13A .3.54) is pn(a). This can 
be evaluated by several techniques. 
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For example , pn(s} , the distribution of amplitudes observed in the NOE , 

is related to the amplitude frequency function pd(S/a} and the preinspection 
material quality pn(a) through the integral equation : 

pn(S) = ~oo pn(a) pd(S/a) da 
0 

This integral can be deconvoluted to arrive at a measure of pn(a). 

(13A.3.73) 

The dependence of the various inspection event probabilities upon the 
decision threshold can be determined if the correlation between the signal 
response used in the decision and th~ flaw size (severity) is known. For 
example, the detection process is usually based on a signal amplitude exceeding 
some threshold, s0. The correlation between the signal amplitude and the 

imperfection size can be described by pd(S/a). Here pd( S/a) dS is the proba
bility that the signal amplitude is between S and S + dS, given a flaw 
size (a) . 

The flaw detection probability is related to this indication-amplitude 
flaw-size correlation function and the detection threshold s0 as follows: 

P(O/a) = ~oo pd(S/a) ds 
so 

(13A.3.74) 

In ASME XI UT procedure (now in ASME V), s0 = 0. 50 DAC for a standard 
side-drilled hole. 

After detecting the flaw , the decision to "reject" the component may be 
based on the apparent size (severity) of the flaw exceeding some t hreshold , ar. 
The correlation between the apparent size and the actual size of the flaw can 

be described by pd(a/(O,a)). Here pd(a/O,a))da is the probability that the 

apparent size is between a and a+ da, given the detection event has occur red, 
and the actual flaw size is (a). This apparent size correlation function and 
the rejection threshold, a, is related to the conditional rejection probability 

as follows: 

13A .3 .26 



P(r/(D,a)) =100 

pd (a/(D,a))da 
"' 

(13A.3.75) 
ar 

This equation may be modified, either because the rejection or detection crite
ria are not carefully controlled, or because the evaluation should entail an 
assessment at multiple levels of acceptance/rejection such as the ASME XI flaw 
standards, the acceptable flaw based on LEFM evaluation or the rejectable flaw 

requiring repairs. In such cases, Equation (13A.3.74) or (13A.3.75) would need 

to be modified to account for the distribution of ar and s0 and the various 
levels established for ar and s0; e.g., a , ar , a and s0 , S0 , s0 . 

rl 2 r3 1 2 3 

One example would be 

P(r/(O,a)) (13A.3 .76) 

where pd (ar) describes the distribution of rejection levels. 

Returning to the function pn(a), the apparent size distribution of flaws, 
pn(a), which can be determined from the details of the examination record, is 

related to the preinspection material quality, pn(a), and the apparent flaw 

size distribution: 

pn(a)/(O,a)) through 

pn(a) = 100 

pn(a) P(O/a)pd (a/(D,a)) da 
0 

( 13A.3. 77) 

Given P(O/a) pd(a/(D,a)) and pn(a), the preinspection quality pn(a) can 
be determined. 
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13A.4 CORRELATION FUNCTIONS AND FIELD OR PRODUCTION DATA 

The underlying correlation functions can be estimated directly with a 
flawed specimen program by recording the distribution of response amplitudes 
arising from imperfections of a given size range. Such an inspection uncer
tainty analysis using flawed specimens has two potential advantages over the 

conventional rejection-nonrejection counting analysis in determining the imper
fection rejection probability (IRP): 

• With some limited modeling of the inspection process, the IRP at a 

given inspection level can be estimated with greater confidence from 
fewer flawed specimens. 

• The dependence of the IRP upon the inspection level can be determined 
from a single inspection of the flawed specimens rather than requir
ing inspection of the flawed specimens at each inspection level of 
interest. 

Unfortunately, the IRP estimated from a flawed specimen program by either 
uncertainty analysis or detection counting analysis applies rigorously only to 
the inspection performance on the geometry, imperfections and environment char
acteristic of the flawed specimen inspection, and it is very difficult to 

translate the IRP observed under these artificial conditions to the IRP that 

describes the actual field or production inspection performance on actual parts 
with normal production or field imperfections. 

The remainder of this section outlines a procedure for determining the 
underlying correlation functions and, subsequently, the IRP from field or pro
duction inspection data rather than from flawed specimen data. This approach 
avoids the cost of manufacturing intentionally flawed specimens and also avoids 
the uncertainty associated with how well the imperfections, geometry, and envi
ronment in specimen inspections represent actual field or production 
inspections. 

In attempting to use field or production data to generate the underlying 

correlation functions, the first thing to realize is that the underlying func
tions (e.g., pd(s/a)) cannot be estimated directly from field or production 
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data because of the difficulty in obtaining an unbiased estimate of the NDE 
responses for a given imperfection size. What can be obtained from field or 

production data and destructive examination of selected indications in a given 
amplitude range is a function (e.g., pd(a/s)), which is closely related to the 
desired correlation function. The desired correlation function, for example, 

pd(s/a), describes the distribution in NDE response amplitudes 11 S11 associated 
with a given imperfection size 11 a" while the field or production observable, 
for example, pd(a/s}, describes the distribution of imperfection sizes 11 a" 
associated with a given NDE response 11 S. 11 

To generate the desired underlying correlation function pd(s/a), both the 
function pd(a/s) and a second observable pn(s), which describes the frequency 
of NDF responses at each amplitude, must be determined. Using Equa-
tion (13A.3.50), the following relationship can be written between the 

potential field or production observables pd(a/s) and pn(s) and the desired 
indication-amplitude, imperfection-size correlation function: 

pd(s/a) = pd(a/s) pn(s) [[oo pd(a/s) pn(s)ds] -l (13A.4.l} 

Here pd(a/s) is the probability that given an indication of amplitudes, 
the actual flaw size is between 11 a11 and a+ da, and pn(s) ds is the probable 

number of indications per unit volume with amplitude between s and s + ds. A 
comparison of Equations (13A.3.50) and (13A.4.1} indicates a one-to-one corre

lation between pd(i/a) and pd(S/a). 

The observables can be obtained from field or production data. For ex~ 
ple, pn(s) can be estimated from a record of the frequency with which 
indications of different magnitudes occur. Figure l3A.4.1 illustrates the 
relationship between pn(s) and the number of indications found in production 

inspection of 1,000 m of weld. This figure illustrates an ultrasonic inspec
tion in which the ultrasonic signal amplitude s is expressed in a distance 

amplitude corrected (OAC) percent of a signal from a standard reference hole. 
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FIGURE 13A.4.1. Distribution of Imperfection Detection Response Amplitudes 

A histogram of the number of indications in each 10% DAC interval is recorded. 
An estimate of pn(s) in units of (meter% )-1 is given by 

pn(s) Number of indications per 10% interval 
= 1,000 meters x lO % (13A.4.2) 

The second observable, pd(a/s), can be estimated by destructive examina
tion of selected indications to determine the actual flaw size that gave rise 
to the indication. For example, the indications in the vicinity of a 100% OAC 
and 25% DAC (illustrated in Figure 13A.4.1 by cross hatching) can be destruc
tively examined to obtain an estimate of the distribution of imperfection sizes 
that correspond to a 100% DAC signal (pd(a/100%)) and the distribution of 

imperfection sizes that correspond to a 25% DAC signal (pd(a/25%), respec

tively. Figure 13A.4.2 illustrates the relationship between pd(a/100%) and the 
actual flaw sizes found in the destructive examination of the 22 indications 
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with ultrasonic signal in the vicinity of 100% DAC; and between pd(a/25%) and 
the actual flaw sizes found in the destructive examination of 55 indications 
in the vicinity of 25% OAC. A histogram of the number of flaws in each 0.1 em 
interval with ultrasonic signal amplitude in the vicinity of 100% OAC and 25% 

OAC are recorded. Estimates of pd(a/100%) and pd(a/25%) in units of cm-1 are 
given by 

pd(a/100%) Number of flaws in size interval a with 100% DAC indications 
= Total number of flaws with 100% OAt indication x 0.1 em 

(13A .4 .3) 
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and 

pd(a/25%) = Number of flaws in size interval a with 25% OAC indications 
Total number of flaws with 25% DAC indication x 0.1 em 

(13A .4 .4) 

In summary, pd(a/s) and pn(s) can be estimated from field or production 
data. Using these estimates of pd(a/s) and pn(s) in conjunction with Equa
tion (13A.3.68) gives an estimate of the indication-amplitude, imperfection
size correlation function pd(s/a). Through Equation (13A.3.74), this can be 

used to estimate the imperfection detection probability and the dependence of 
the imperfection detection probability on the detection threshold. 

In an analogous manner, the apparent-size to actual-size correlation func

tion can be estimated: 

-1 

pd(a/O,a) = pd(a/D,a) pn(D,a) [[""pd(a/D,a) pn(O,a) da] (13A.4.5) 

Here pd(a/(D,a)) da is the probability that a detected imperfection of 
apparent size a will have an actual imperfection size between "a" and a + da, 

and pn(D,a) da is the probable number of detected imperfections per unit volume 
of apparent size between a and a+ da. These functions can also be estimated 
from field or production data in a manner analogous to that outlined above. 

Using these estimates in conjunction with Equation (13A.4.5} gives an estimate 
of the actual-size to apparent-size correlation function, pd(a/D,a). This, in 
turn, through Equation (13A.3.75), can be used to estimate the conditional 
rejection probability. 

In this manner, the imperfection rejection probability can be estimated 
along with the dependence of this probability upon inspection levels without 
the introduction of a flawed specimen program. 
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13A.4.1 Projection from Small-Flaw Frequency 

The procedures permit the measurements of pn(a) for flaw sizes that occur 
at least occasionally in the manufacture of material units. In some engineer
ing applications, the desired reliability is so high or the number of manufac
tured material units so low that very few, if any, flaws of concern exist in 
the available population. Under these conditions, a method is required for 
projecting pn(a) to the region of interest from the region where the flaw
frequency is high enough that point estimates can be obtained of pn(a) by the 

procedures outlined in the previous subsections; i.e., a method is required for 
projecting pn(a) from the range where a is small to the range where a is large. 

To arrive at realistic projections, an approximate functional description 
of pn(a) is required. Unfortunately, few studies have been conducted in this 
macroscopic flaw range to determine functions which describe pn(a). Two func

tions have been used in the literature: 1) the log--normal function, and 
2) the exponential function. 

It is essential that systematic studies, including analysis of the under
lying causes of the flaw distribution, be conducted to arrive at functions 

which will describe engineering flaw distributions. Such basic information, in 
addition to allowing projections to the very low probability regime, would per-

mit more accurate and more rapid estimate of the flaw frequencies in the higher 
probability regions. 

13A.4.2 Determination of the Conditional Failure Probability 

To determine the effect of the inspection level change, P{f/a), the proba
bility of failure given that one imperfection of size a exists, must be deter

mined. Three procedures for determining P(f/a) are outlined below: 1) a 
procedure based on failure history, 2) a procedure based on probabilistic 
LEFM, and 3) a procedure based on destructive testing. 

If a statistically significant failure history is available, the data can 
give the most accurate estimate of P{f/a); however, such a failure history 

approach is dependent upon previous relevant history and, hence, cannot be used 

for a new product or a high reliability product for which no statistically 
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valid history is available. The failure history can be used to update a new 
product after it has been in use long enough to establish the relevant history. 

Lacking this historical data, a probabilistic fracture mechanics or a des
tructive testing program on imperfect component samples can be used to deter
mine P{f/a). Such approaches require knowledge or simulation of the spectrum 
of loads to which the material unit will be subjected in normal use. 

13A.4.3 Failure History 

In many engineering applications, a history of failures exists. If an 
analysis of the fracture surface has been conducted to determine the defect 

size existing at the time of failure, then the number of failures per imperfec
tion size interval divided by the total material volume of the population can 

be plotted, as illustrated in Figure 13A.4.3, and an estimate of pn
0
(f,a,S

0
) 

can be determined. In the limit where ~a approaches zero, pn
0
(f,a,S

0
) ~a is 

the probable number of imperfections per unit volume with the size between a 
and a+ ~a that would cause failure in the life of the material unit after the 

material unit has passed an inspection method 0 with inspection size set at s0. 

Having determined the preinspection flaw frequency, pnH(a), for the his
torical material and having determined {P /{a,S )), the rejection probability 

0 0 
for inspection performed on the population for which the failure data are 
available, the probable number of imperfections per unit volume between a and 
a + ~a existing inservice is given by pn0(a,S0)/r)~a, where 

(13A.4.6) 

The conditional failure probability is given by 

(13A.4 .7) 
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or combining Equations (13A.4.6) and (13A.4.7) gives 

P(f/a) 
Pn (f,a,S ) 

0 0 ( 13A. 4. 8) 

The probable fraction of material units which would fail if they passed 

inspection method X with inspection size set at S is then given by 

(13A.4.9) 
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with 

(13A.4.10) 

If the present preinspection material quality is the same as the histori

cal and preinspection material quality, then pn(a) = pnH(a) and PNfx(S) 
reduces to 

f ro 1-P (r/(a,S) 
PN - v X f x - u 

0 
..... 1-""""P:-

0
..,.../ r-/~(-a__,, S,...)"'T") ( 13A .4 .11} 

Either Equation (13A.4.10) or (13A.4.11) can be used with Equa-
tion {13A.4 .9) to calculate the probable fraction of failures as a function of 
the inspection size when the relevant history is available. 

13A.4.4 Fracture Mechanics and Flawed Material Unit Testing 

In many engineering applications, the required historical information is 
not available . Under these conditions, it is necessary either to predict or 
measure the growth of a flaw under the expected usage. Probabilistic fracture 
mechanics incorporating when necessary the distribution of initiation time, can 

give accurate estimates of P(f/a), particularly for applications where the 
material is in the elastic regime. A number of reviews of fracture mechanics 

exist in the literature. The fracture mechanics approach is particularly use
ful because a limited number of tests on laboratory specimens can be used to 
predict the failure behavior of the specified material under a wide range of 
load spectrums and material configurations. 

Unfortunately, in many material applications, fracture mechanics does not 
give accurate predictions of P(f/a). Difficulties occur in applications where 
a) a major fraction of the flawed material life is taken up in crack initiation 
(actually in crack growth below the size when FM is applicable}; b) plastic 

behavior is important; c) environmental factors are important; or d) because 

of the complexity of the problem, it may be difficult to calculate the required 
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stress distributions. In these engineering applications, it may be most effec
tive to conduct, possibly in conjunction with some LEFM analysis, simulation 

tests directly on a limited number of flawed material units to determine 
P(f/a). 

A semi-quantitative assessment is given in Table 13A .4.1. 

13A.4 .5 Quantification of Flaw Detection, Location and Sizing 

There are relatively limited data available which can be used with the 

probabilistic equations developed in this report to quantify detection, loca
tion and sizing of flaws. The following section is a review of known data plus 

an exercise in use of the probability equations. It is hoped that this section 
will indicate both the strengths and the weaknesses of the procedure as well as 
highlighting the availability or lack of availability of key information. 

Four conditions concern us regarding reliability of flaw detection; 

namely: 

1) Flaw is detected 
that is present 

2) Flaw is detected that 
does not exist 

3} Flaw is not detected 
that exists 

4) Flaw is not detected 
that does not exist 

Equipment 
Re 1 i ability 

Reliable 

Unreliable 

Unreliable 

Rel i ab 1 e 

System 
Reliability 

Yes--improves 

No effect 

Adverse 

Yes 

One and four indicate reliable systems, assuming repair or rejection while two 

and three represent either a cost penalty (2), or a safety penalty (3). 
These conditions are illustrated in a Venn diagram, Figure 13A.4.4 . 

In the case of a nuclear system, the most probable condition is the 

following: 

Flaws exist; their location is unknown; only a portion of the system 

1s examined by NOE; the flaw rate in the uninspected region differs 
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TABLE 13A.4.1. Size of Flaws Leading to Failure and Conditions 

General--For all cases 

Stress--Assumed equal to yield (oy) 

Surface stress om= ob; om+ ob = oy 

Nominal yield strength 50, 100, 150 Ksi 

Nominal values Krc in Ksi -IN112 50, 100, 150 

Geometry-plate 10-in. and 2-in. thick 

Flaw ratio ali; t = 2c: 0.50 and 0.1 

Flaw location--surface, and at mid-plane : 

1 I 2 1 I 2 ( 1 )1 
I 
2 1 I 2 1 I 2 ( 1 )1 

I 
2 

Krc = K1 = om Mm n a "0" + ob Mb ( n) a Q 

(Cases examined are simplistic, but do indicate sensitivity of 
critical flaw dimensions to parameters. The surface flaw case 
is considered to be more accurate than the embedded flaw.) 

Q; a/9. ~ 

Surface 

Subsurface 

Mm surface; a/t ~ 

a/t < 0.1 
a/t - 0.1 

a/t - 0.3 

Mm subsurface 
t = a; l. R./ t = 2 a/ t 

-o.1 
0.1~ 

0.25 

0.3 

0.55 
0 . 70 

Parameters 
0.5 0.1 

2.2 0.9 
2.4 1.1 

Mm Values 
Thickness 

10 I 

1 n. 2 1n. 
0.5 0.1 0.5 O.l 
1.1 1.1 1.1 1.1 
1.1 1.1 1.1 1.1 
1.1 1.3 1.1 l.J 

10 in. 2 in . 

1.0 
-Lo 

1.05 

-1.1 
1.4 

1.6 
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TABLE 13A.4 . 1. (contd) 

Mb Values 
Thickness 

10 in . 2 in . 
Mb surface; aft ~ 0.5 0.1 0.5 0. 1 

a/t < 0 . ~ 1.0 1.1 1.0 1.0 
a/ t - 0.15 0 .9 0.8 
a/t - 0.3 0.6 0.8 0.8 0. 6 

Mb subsurface 
i = a; 2 i/t = 2 a/t 10 in. 2 in. 

<0 . 1 0.1 0.1 

O.b 0.15 

0.25 0.3 

0. !>5 0.5 

Surface Failure Flaw Depth or Half Depth (a) 

Thickness 10 in. L in. 
Kic 50 Ioo I so 50 mo I 5o 
a/~ 0.5 0. 1 0.5 0.1 0.5 0.1 0.5 ri .1 ri.!l ri.l 0.5 ri .l 

a a a a a a a a a a a a a 

0 
-'J 

50 0.71 0.24 Leaks 1.4 Leaks Leaks >2 in. 0.41 >2 in. >2 in. >2 in. >2 in. 

100 0.16 O.Ob 0. 73 0.24 3.24 0.59 O.lY 0.06 >2 0.32 >2 >2 

150 0.07 0.03 0.30 0.10 0. 73 0.25 0.07 0.02 0.47 0.10 >2 0.35 

Subsurface 

:!...J 
50 1.8 1.25 NS NS NS NS >2 NS >2 NS >2 NS 

100 0.70 0.32 -3 .5 1.26 3.5 1.60 NS 0. 35 NS NS NS NS 

150 0.34 0.15 1.2 0.56 2.5 1.27 0.33 0.15 >2 NS 

NOTE: NS--Not Subsurface. 
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from the flaw rate in the inspected region. Using a reactor pressure 
vessel as a surrogate to evaluate the preceding hypotheses, we see 
that welds are considered to be the most probable location for sig

nificant flaws so they are examined essentially completely. While 
the base metal is examined to a degree during the construction phase, 
it does not undergo an examination analogous to the preservice and 
inservice inspections. One reason justifying such an approach is the 
data indicating that flaw rates should be lower in the base metal 
(at least for significant flaws.) 

The preceding will be recognized as embodied in Equation 

1 
R2 =----eX_P_{~P~AV~P2~(~E/-F~)} ___ 

1 1 + P2 {E/G) 

(13A.3.36) 

13A.4.13 



The following are the significant equations used to evaluate flaws 
quantitatively: 

pd (S/a) = pd(a/S)pn(S) 

J oo pd(a/S)pn(S)dS 
0 

pn((a,S)/r) = (1- P(r/(a,S))(pn(a)) 

pn(a,S,r) = P(r/a,S))(pn(a)) 

P(r/(a,S)) = P(r/D,a,S))P(O/a) 

P (S) = 1 - exp(-PN (S)) r r 

PNr(S) = Vu [~ P(r/(a,S))(pn(a))da 

P 00 = 1 - exp (-PN00) 

PN0 = V J"" pn( a) da 
0 u b 

b 
PN (S) = V J pn(a,S,r)da 

SR u o 

13A.4.14 

(13A.3.41) 

(13A .3 . 51) 

(13A .3.52) 

(13A.3.53) 

( 13A .3. 54) 

(13A .3.55) 

( 13A .3. 56) 

(13A . 3 . 57) 

( 13A .3 .58) 

(13A.3.59) 

(13A .3.60) 

(13A.3 . 61) 



1 P(r/(a,S)) = 1/ 2 6(S)(2'1T) 

PN (S) = V f (S ) rx u ro o 

P (r/(a,S)) 
x pn ((a,S )/r)da P
0
(r/(a,S

0
) o o 

pn(S) = J~ pn(a) pd (S/a)da 
0 

P(D/a) = f a> pd(S/a)dS 
So 

P(r/D,a)) = f a> pd (a/(D , a))da 
a 

pn(a) = J oo pn(a) P(D/a) pd(~/(D,a))da 
0 

pd(~/(D,a)) = pd(a/(D,a)}pn(D,a) 

Jf~ pd(a/D,~))pn(D,a)da 
0 

13A.4.6 Method of Attack 

(13A .3.62) 

(13A .3.66) 

( 13A . 3. 72) 

( 13A .3. 73) 

(13A.3 .74) 

( 13A. 3. 75) 

(13A .3.77) 

(13A.4.5) 

The available data pertinent to flaw detection , location and sizing can 
be divided into the following subsets: 

• Relevant to detection only 
• Relevant to location only 

• Relevant to sizing only 

13A .4 .15 



• Pertains to detection and location 
• Pertains to detection and sizing 
• Pertains to location and sizing 

• Covers detection, location and sizing. 

A limited number of reports are sufficiently comprehensive to permit a 

re-evaluation of data. Many reports are limited to a few data points, inter
esting as such, but not capable of re-evaluation. Both the limited information 
and the more extensive will be reported. 

Table 13A.4 .2 is an attempt to examine various flaw locations and NDE 

techniques used for detection in the context of component and material parame
ters such as surface condition, thickness, geometry, macro- and microstructure . 

Whereas emphasis is placed on flaw detection, several techniques work well in 
sizing and, in a few instances, in establishing flaw orientation. 

As will be noted from Table 13A.4.2 detection of surface flaws is gener

ally insensitive to thickness, geometry or micro-structure when PT or MT are 
used; however, the surface condition is critical. With embedded flaws these 
three parameters of thickness, geometry and micro- or macro-structure become 
critical, particularly for UT. The following review is an attempt to quantify 
these truisms and to establish the degree with which each of the cited parame-

ters affect probability of flaw detection. 

The ultimate purpose will be to establish some ranking order for the vari
ous parameters as functions of NOE technique and flaw location. 

Thompson(l3A·4·1) expanded on work of Tittman regarding an approach to 

quantify the parameters of an unknown defect as a necessary input into a frac
ture mechanics model. Their approach given in Figure 13A.4.5 complements 
Figure 13A.4.2. The right side of Figure 13A.4.5 presents the parameters 

necessary to characterize a flaw and the left side indicates the types of mea
surements that might be utilized in determining these parameters. 

13A.4.16 



TABLE 13A.4.2. Significant Parameters Influencing Flaw Detection 
and NDE Techniques Used 

Flaw 
Location 

Surface 

Near 
Surface 

Embedded 

NDE 
Techniques 

MT, PT Vis u a 1 , 
Rayleigh 
ET 

UT 
RT 

MT 

ET 

UT 

RT 

UT 

RT 

Surface Component Component 
Geometry Conditions Thickness 

Critical 

j 
Not too 
important 

Critical 

Not 
critical 

Important 

Not 
important 

Not 
important 

' Critical 

Not 
important 

Not 
important 

' May be 
important 

Not 
important 

Important May be 
important 

Signifi
cant 

Critical 
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May be 
important 

j 

Macro 
and 

Micro
Structures 
Not 
important 

l 
Signifi-
cant, not 
too 
important 

Not 
important 

May be 
important 

Not 
important 

Signifi
cant 

Not 
important 

Other 
as 

Cited 

Flaw 
Ori
enta
tion 
is 
criti
ca 1 

Flaw 
Ori
enta
tion 
is 
criti
ca 1 
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13A.5 STATISTICAL/PROBABILITY MODELS FOR FLAW DETECTION 

The probability of detecting a flaw with a nondestructive testing proce

dure is a function of the size, orientation and location of the flaw. The 
probability of detecting a very small flaw is near zero, whereas the probabil

ity of detecting a very large one usually is nearly one. The probability of 
not detecting a flaw (PND) is equal to 1- (probability of detection), and is 
usually the parameter used in analyses. PND (a) will have an influence on the 
results of the analysis. PND will be like a complementary cumulative distribu

tion function in statistical analyses because it varies between 0 and 1, and 
will only asymptotically approach 0. Hence, candidates for PND will be drawn 
from a variety of cumulative distribution functions. The particular distribu
tion can be estimated from information in the literature on PND for various 

types of nondestructive techniques. The present analysis will be concerned 
with both radiographic and ultrasonic inspection techniques, because both typi

cally are used in the inspection of primary piping of power reactors. The ini
tial {preservice) inspection is by both ultrasonics and radiography, and the 

inservice inspection usually is performed ultrasonically. 

13A.5.1 Discrete Distributions 

While continuous distributions such as cited in Chapter 11, Sections 3 

and 5 are preferred, the detection process lends itself to discrete functions 
such as the Binomial or the Poisson. O'Neil and Jordan( 13A· 5·1) suggested 

their use in an early study; however, no data were given to validate the 
choice. Tang(l3A· 5•2) suggested the same choice again without data. Packman 
et a1.( 13A· 5·3) in the Metals Handbook, Volume 11, 8th Edition, discuss the 
problem of detection reliability extensively and are known to have substantial 
data. The binomial distribution was suggested on the basis that NDE is a yes
no, detection-nondetection process. The standard form of the binomial dis
tribution is 

P{D/F) = (~) Px (1 - P)n-x (13A.5.1) 
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where n is a positive integer and p has value 0 < x < 1. p represents the 

probability of flaw detection and 1- p, often given as q, is the probability 
of nondetection. In this instance, x will be an integer where 0 < x <n, and 

(!!.) = -4 (n- x) ! 
X X. 

The sum of all the positive values for Equation (13A .5.1) is 1 and can be 
written as 

(P + (1 - P}]n 
n 

= I: 
n 

(x) pX (1 - P)n-x 1 (13A.5 .2) 
X=O 

The probability of detecting x or more flaws can be found by summing Equa
tion (13 .5.1) over all the values S for which S ~X, or 

n 
P(D/a) = P(S > x) = L 

i=X 

n 
( i) • P i(1- P)n-i (13A.5.3) 

The binomial distribution can be used to determine the error in the detec
tion estimate since there is an appreciable probability that the point estimate 
is not exactly equal to the true probability of detection . The binomial dis
tribution is the preferred approach for a limited number of nondestructive 
examinations , the usual case. A standard table of cumulative binomials can be 
used for a given confidence level. For large values of nand either large 
(>0.9) or small (<0.1} values of p, the Poisson distribution can be substituted 
for the binomial. Where suitable , the Poisson parameter is very useful because 
it tabulates detection or nondetection and is not dependent on n. 

P k (13A. 5. 3) . t d f t . ac man 1s sugges e or more ex ens1ve coverage. 

13A .5. 2 Continuous Distributions 

Several continuous distributions have been suggested for reliability of 
flaw detection; however , most were mathematical exercises and were not based 
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on data. I would include Jouris and Shaffer(l3A·5•4) who suggested an exponen
tial and Shaffer(l3A·5•5) who suggested an extreme value maximum distribution 

in this category. 

Troitski(l3A· 5·6) used a different approach where flaw size was considered 

to follow an exponential distribution and prediction of flaw size was the 
critical parameter. The probability of over-prediction or under-prediction of 

flaw size was considered to fit a normal (Gaussian) distribution. 

L . d . d d u . 11 . ( l3A ' 5 ' 7) d H ( l3A ' 5 ' 8 ) . . f h 1 1ar an nl 1ams an arrop 1n extens1ons o t e 
original work presented in the Marshall report(l3A· 5•9) used a modified expo
nential equation as did Lemon(l3A· 5·10) where the probability of nondetection 

PND was not allowed to be less than a minimum value regardless of crack size. 

In the case of References 13A .5.7, 13A.5 .8, and 13A.5.9 there were no data. 

The approach was based on answers to a questionnaire . They assumed the flaw 
size distribution could be modelled : 

N(x) = A(x) B(x) (13A.5.4) 

where N(x) represented the distribution of flaws after fabrication A(x) times 
the probability defects of a given size were missed, B(x). 

A(x) was assumed to fit 

A(x) =A exp (-xx) 

x = 4.06 in.-1 and A = 14.8 in.-1 

A best estimate of B(x) was 

B(x) = £- (1- £) exp {-lJX) 

. -1 
£ = 0.005 and lJ = 2.88 1n . 

13A .5.3 

(13A .5. 5) 

{13A .5.6) 



Harrop(lJA.S.S) considered the effect of a series of independent 

inservice examinations yielding an equation: 

N (P) (x) = 
tp 

Nt (P-1)(x) B(x) 
p 

The nondetection probability remained the same. 

(13A.5.7) 

H · ( 13A · 5 .ll) · 1 t d . d th t. d. t . b arr1s 1n an ear y s u y exam1ne ree con 1nuous 1s r1 u-
tions --gamma, Weibull, and log-normal-- using extensive data from NOE of 
aluminum alloys. In a subsequent study Harris(lJA.S.l2) concentrated on a 

modified log-normal distribution based on detection data in ferritic and 
austenitic piping. 

The following functions were examined in the early study:(lJA.S. 1l) 

= exp - (a/y)n 

k-1 ( ) n 
= exp- (lJa) L ~ 

n=O n. 

1 Log-normal PN0(a) =I erfc (v ln a/a*) 

a* = y ( 1 n 2 ) 112 n 

(13A.5.8) 

(13A.5.9) 

(13A .5.10) 

where y, n, lJ, k, v and a* are adjustable parameters. a* is the crack size 
having a 50% chance of being detected; (PN0(a*)) = 0.5. The function erfc x 
is the complementary error function. Its relation to the usual form of the 
log-normal is log-normal cumulative distribution: 

F ( x) (13A.5.11) 
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13A.5.3 The Error Function 

The error function is defined as 

2 
erf z = --rrl 

1T 

z 
f exp {-t2)dt 
0 

The complementary error function is 

If 

erfc z = 2 
--rrl 
11 

Jooexp {-t2)dt = 1 - erf z 
z 

F ( ) 1 ( 1 + erf ( 1 n x - ~ ) X = -2 -o21/2 

{l3A.5.12a) 

( l3A . 5 .12 b) 

( l3A. 5.13) 

The preceding are for the cumulative probability detection; however, it is more 
common to use the probability of nondetection. Recalling 

PO = 1 - PNO 

then 

PNO = 1 - PO 

1 1 (1 + erf (ln x-~) = - ~ - -
c. o21/2 

( l3A. 5 .14 a) 
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where 

PND = 1 - i [
1 + 1- erfc (ln x-~)] 

o21/2 

[ 
2 - erf c ( 1 n x-~) ] 

o21/2 

= 1- 1 + ~ erfc (ln x-v) 
c. o21/2 

P 1 X-~ 
NO = 2 erfc ln 112 o2 

H · (13A.S.ll) the form arr1s uses 

1 a 
PND = 2 erfc ln v a* 

= v 

13A.5.4 Lower Bound Detection 

(13A.5.14b) 

(13A.5.14c) 

(13A.5.14d) 

(13A.5.14e) 

(13A.5.10) 

Harris( 13A· 5· 12 ) in a later study using p1p1ng NDE data modified the log
normal equation in line with the approach of Lidiard and Williams:( 13A.S.l) 

1 PND = E + 2 (1 - E) erfc {v ln a/a*) ( 13A. 5.11) 

where E is the lower limit of PND and other parameters have been defined 
previously. 

Harris( 13A· 5· 12 ) used the results of previous studies( 13A· 5·9, 13A· 5· 11 ) 

together with data of Kupperman et al. (13A· 5•13 ) to quantify the probability 

of detecting a flaw of some depth ~ by various NDE techniques, recognizing 
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that the results are quite sensitive to factors such as nature of the defect, 

location in weld or base metal, and 
to various NDE equipment variables. 
tions as noted in the following: 

grain structure and material, in addition 
The results covered a spectrum of condi-

• Thick-walled ferritic piping, Reference 13A.5.11 

• Thick-walled ferritic pressure vessels, Reference 13A.5.9 
• IGSCC in austenitic piping, Reference 13A . ~.13. 

Figure 13A.5.1 presents detection probabilities from various sources with 
emphasis on Reference 13A.5.13. A value of 0.005 was selected as the lower 
limit of PND for E. In most cases, the 50% probability of detection value 

for a* was taken as 0.2 in. (5 mm) and v was given various values. The best 
fit to the data occurred for v = 3 which is suggested for future studies. 

The effect of reducing a* from 0.2 in . (5 mm) to 0.1 in. (2.5 mm) can be 
seen in Figure 13A.5.2 where the curve marked a* = 5 mm is the same as the 
v = 3, a* = 5 mm in Figure 13A.5.1. 

13A.5.5 Probability Density Functions 

Harris( 13A· 5·11 ) considers both the probability density function (assuming 

log-normal distribution) and those cracks of concern caused by safety or other 
considerations. The pdf will be 

Po( a) = 1 e 1 2 (lna1x) 2 
~a(2n)l/2 xp- 2 ~ (13A.5.16) 

If the Becher and Hansen( 13A· 5· 14 ) data are used, x 0.004 in. and 
~ = 1. In terms of an error function 

where 1 is the same as 1 in Equation (13A.5.10.) 
~ 2 112 021/2 

l3A.5.7 
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13A.5.6 Upper Bound Detection 

Harris( 13A· 5·12 ) introduced an upper bound value based on pipe wall 

thickness (t) . This is accomplished by subtracting P d (>t) and dividing con 
by 1- P d (>t) so that P d (>0) is still 1 or con con 

~ erfc 1 
L ~ 2 172 

Pcond (>a)= -t 

ln a/A - T (13A.5.17b) 

where 

(13A .5.17c) 

13A.5 . 7 When to Repair 

The problem of a flaw size cutoff based on flaws greater than a given size 
being unsafe or a decision to remove and repair, etc., can be modelled by 

defining Po(a) da as the portion of cracks exceeding some limits that fall into 
the range a to a+ da . Therefore , the number of cracks of concern of size a to 

a+ da present in a unit volume will be 

nla) da = Pa (da) 
~ 

(13A.5.18a) 

and the number of cracks of concern of size a to a+ da present in a component 
of volume V will be given by 

n(a) da _ ~ _ p(a) da 
N -~ - (13A .5.18b) 

where N is the total number of cracks in V, nv ( ~ o) is the average number of 
cracks of concern per unit volume and ~o is some flaw length above which they 
are rejected. 
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The probability of having a crack of concern in a component of volume V 
can be expressed in terms of the probability of having a crack of concern in a 

unit volume, which is denoted as P~ ( i o) or 

(13A.5.19) 

where P* is the probability of having a crack of size greater than a. 

The total as-fabricated crack population can be written as 

(13A.5.20) 

If this function is multiplied by the probability of nondetection 

1 PNO = £ + 2 (1 - £) erfc {v ln a/a*) (13A .5.15) 

The post-inspection and repair flaw population can be determined. 

Another approach suggested by Harris in a later study( 13A· 5•12 ) yields 

essentially the same results in an equation that can be evaluated by numerical 
integration. If the assumption is made that all flaws above a given size that 
are detected are repaired, the post-inspection flaw distribution P~(a) can 
be obtained by multiplying the preservice flaw distribution P (a) by the 

0 
probability of nondetection PN0(a) or 

(13A.5.21) 

Therefore, the conditional cumulative distribution will be 

P cond (>a) (13A.5.22) 
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Here a-upper is some upper limit on crack depth such as the critical depth or 
t he wal l thickness. If we substitute the expanded equations for P

0 
(Equa-

tion 13A .5.16) and PNO (Equation 13A.5.15) and taki ng a as h, and inte-upper 
grating we obtain 

P cond (>a) = f [ erfc (.
2
L2 ln a/ •) - erfc (.

2
t72 1 n h/ •)] 

1-E J vln h/a* (y+ 1 */ * ) 
+ -----.,_..,.. v n a >. erfc y dy 

2 (2 )
1/2 exp -

2 
2 2 

~v n vln a/a* ~ v 
(13A . 5.23) 

The results of the numerical integration are given in Figure 13A.5.3. The 

preservice NDE is seen to have a significant influence only for defects larger 
than a* which is 0.1 and 0.2 in. (2.5 and 5 mm). It is only when a > a* that 
the preservice NDE will have a substantial influence on the crack depth 
distribution. 

The data in Figure 13A .5.3 become the bases for establishing the condi
tional cumulative failure probability of components as a function of time fol

lowing the NDE when combined with acceptable initial defect depths. This 
aspect is addressed in Chapter 12 . 

13A.5 .8 Sensitivity to Model 

The early study by Harris compared the Weibull (13A.5.8) , Gamma {13A. 5. 9), 
and log- normal (13A .5. 10) distributions in terms of probability of nondetection 
of flaws. Figure 13A .5. 4 permits a comparison of the distributions using the 
same data source or the data source modified slightly by adjusting PND f rom 
1.0 to 0.98 for the smallest flaw and from 0.0 to 0.02 for t he largest 
flaw . The values of the parameters in the equations follow: 

Weibull PN0(a) = exp- (a/y)n 

y = 0. 07 in. and n = 2.0 

a*= y (ln 2)1/n 

a* = 0.058 in. 

13A.5.12 
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k-1 n 
Gamma PND(a) = exp - ( ua) 2: {ua} 
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log-normal PND = 2 erfc (v ln a/a*) 
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13A.5.9 Radiographic Model 

The same log-normal model was used for reliability of radiographic exami
nation(1JA.S.l1) modified for the response of a* with thickness. This becomes 

1 PN0(a) =I erfc {v ln a/kh} (13A.5.24} 

where a* = kh 

Data from various sources were used to evaluate v and k. These data are 
plotted in Figure 13A.5.5. 

As noted there are substantial scatter. Optimistic value of v and a* are 

v = 2.26 and a*= 0.6 h while pessimistic values are v = 1.53 and a*= h. The 
parameter values selected were PND = 1/2 erfc 2.3 ln a/0.6 h. 
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CHAPTER 13B 

ELASTIC WAVE PROPAGATION AND VELOCITY, SLOWNESS AND WAVE SURFACES 
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CHAPTER 138 

ELASTIC WAVE PROPAGATION AND VELOCITY, SLOWNESS AND WAVE SURFACES 

138.1 INTRODUCTION 

Most of the derivations in this chapter are based on work of 

M (138.1.1) M.ll d M (138.1.2) d A ld(138.1.3, 138.1.4) usgrave , 1 er an usgrave an u . 
Those portions dealing with elastic constants and propagation of plane waves 
in elastic media have been covered in Chapter 9A and are not repeated. The 

reader may wish to review the relationships in Chapter 9A since prior knowledge 
is assumed in the derivations presented here. 

This chapter will be a vehicle to examine wave behavior in solid media. 

The interaction of various waves in isotropic and anisotropic media will be 
examined with respect to the following: 

• wave direction 

• type of wave - shear, longitudinal 

• wave velocity 

• stresses and strains developed in various media because of wave 
propagation 

• development of velocity, slowness and wave surfaces 

• effect of media on wave characteristics such as beam convergence or 
divergence. 

The preceding is a two-way street. One can calculate structural charac
teristics such as lattice constants knowing the wave characteristics. Simi
larly, knowing the lattice constants and type of lattice it is possible to 
predict beam skewing, etc. 

The mathematical bases for each factor (direction, velocity, etc.) will 

be developed, then combined. 
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Emphasis in this chapter will be on the wave surface, the velocity sur
face, and the inverse velocity (slowness) surface. Attention is given to sym

metric lattices such as cubics rather than to the more general case of low 
symmetry lattices. Terminology parallels that in Chapter 9A wherever possible. 

Matrix 9A.4.19 yields the three possible wave locations for the three 
plane waves propagating in a linear elastic homogeneous anisotropic medium. 
This matrix represents a velocity surface of three sheets. Equa-
tions (9A.4 . 2la} through (9A .4.21c) yield the particle displacement direction 

. f . 1 M ( l3B .l.l) d th d 1 cos1nes or the var1ous p ane waves . usgrave use ana er eve op-
ment to illustrate wave behavior which follows. 
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138.2 WAVE 01 RECTI ON 

Let 

I 

S = aA + eA + yA 
X y Z 

asx' = a2A + aeA + ayA y z 

2 (A - pV ) A + aeA + ayA = 0 
X y Z 

I 2 2 
aS - a Ax = (pV - A) Ax 

Similarly for A and A , and y z 

aS' 
Ax = ----.2~--"""""2 

pV - A + a 

I 

A = yS 
z pV2 - C + l 

Substituting into 138.2.1, 

2 
6
2 2 

2 a 2 + 2 + 2 Y 2 = 1 
pV - A + a pV - 8 + e2 pV - C + y 

138.2.1 

(138.2.1) 

(138.2.1a.1) 

( 138.2 .1a.2) 

(13B .2.1a.3) 

(138 . 2 .1a.4) 

(138 .2.2(a)) 

(138.2 .2(b)) 

(138 .2.2(c)) 

(138.2.3) 



which is another form of matrix 9A.4 . 19. 

Examination of 

a A = __,2,.--__;;;. _ __,..2 
z pV - A + a 

8 (13B.2.4} 

shows that direction A :A :A is neither coincident nor orthogonal to <t , m, n> 
X y Z 

(Figure 13B .2.1) . Therefore, elastic waves are generally quasilongitudinal or 

quasi transverse. 

Equation (13B.2.4) defines one vector A1 in Figure 13B.2.1. If we apply 
equations (13B.2.2a) - {13B.2.2c) to define A2, the following equation results; 
this equation is the general form in solid analytic geometry defining the angle 
between two lines: 

0 

FIGURE 13B.2.1. A Modification of Figure 9A .4.2 
Giving the Vector Describing 
a Normal <t , m, n> to a Wave 
Front Plus the Longitudinal 
and Shear Waves (Al, A2, A3) 

13B.2.2 

{13B.2.5) 



This will yield an equation similar to equation (138.2.3) with the left hand 

equal to zero, or the angle is 90° (1)· 
The same approach can be used to establish the orthogonality of A2A3 and 

A3A1• Therefore, with any direction <t, m, n>, there will exist an orthogonal 

triad of possible displacement vectors each propagating with a certain phase 

velocity. 

If v1 = v2, vectors A1 and A2 will be polarized in the plane of normal 
A3; however, they are not polarized in any specific direction contained in 

the plane. For elastic waves, v1 = v2 = v3 is not possible. 

The general case of the displacement vector of a plane wave of normal 
<t, m, n> and velocity v can be modified for the cubic lattice as follows 

(terminology in cubic geometry): 

Let 

a = ell - c44 

b = c12 - c44 

a-b = c = ell - cl2 - 2c44 
2 H = pV - c44 

Using values in equation (9A.6.5a} - (9A .6. 5f) and substituting into 
(9A.4.16)- (9A.4.18}, one obtains 

(t2a-H) A + tmb A + nib A = 0 
X y Z 

2 tmb A + (m a-H) A + mnb A = 0 
X y Z 

ntb A + mnb A + (n2a-H) A = 0 
X y Z 

yielding the matrix comparable to (9A.4.19}: 

2 t a-H tmb ntb 

tmb 2 m a-H mnb 

ntb mnb 2 n a-H 

138.2.3 

= 0 

{13B.2.6(a)) 

(13B.2 .6(b)) 

(13B.2.6(c)) 

(13.8.2.7) 



This matrix may be expanded to develop equations pertinent to specific 
planar or direction systems , yielding appropriate velocity and displacement 
vectors . The values by this route will follow those of (9A.5 . 2) - (9A.5.4) . 
An example of the expanded matrix follows: 

For the generalized case of <t, m, n> 

where p
1

, q
1

, r
1 

define the unit displacement vector. 

The expanded matrix( 138 · 1· 2) will be in the form 

H3 - aH2 + c(a+b) EH-c2(a+2b) 11 = 0 

.[ = m2n2 + n212 + t2m2 

2 2 2 
11 = x. m n 

(138 . 2.8) 

(138 . 2.9) 

In the simple case of the (001) plane where z = 0, the direction number n 
in the set <tmn> will be zero, and: 

A -J 0 
X 

Ay -J 0 

A = 0 z 

Extracting roots 

Then H2-aH+c(a+b) t2m2 = 0 
after dividing through by H 

[ ( 2 2 2 2 2) 
112

] a~ a -4(a -b ) m 

138.2 .4 

{138 .2.10) 



from (138.2 .8) 

A H1 - £. a 

( ) 

2 

~ . = mb = 

1 

£.mb 
2 H1-m a 

where L = longitudinal or one shear wave Sv with the other shear wave: 

Ps = 0 = qS and yT = 1 
H H H 

: . Wave is truly shear for all <£. , m, o>. 

For the <100> and <110> directions in the (001) plane, 

<100> 2 
pVL = ell; PL = 1; ql = 0 + rl 

2 2 
Ps = o = Ps Pv = c44 = pVS 

SH v H v 

and the shear displacement vectors lie along any direction contained in the yz 
plane. 

For 

<110> 

138.2.5 



The preceding are the same values obtained in 9A.5 .2 and 9A.5.3. 
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138.3 WAVE PROPAGATION 

An examination of the propagation of a uniform plane (bulk} wave along a 
particular direction as well as the polarization in planes perpendicular to the 
propagation direction in isotropic and anisotropic media will permit predic
tions in various lattices. 

Values to be used will be the wave vector (K): 

K = 2n/'A (138.3.1) 

where >.. is the wave length and the phase velocity is (V ) (the propagation p 
velocity of a point of constant phase): 

(138.3.2} 

where w is the frequency (the number of waves passing any point of the sound 
field per second). 

The propagation of a uniform plane wave in a direction can be designated 
by the equation 

u (r,t) =X cos (wt-ky) (138.3.3) 

where u is the particle displacement field and x (or y or z) are unit vectors. 

Equation (138.3.3) is a uniform plane wave of x-polarized particle dis
placement propagating along the y axis. 

The linearized strain-displacement will be 

1 (au. au·) 
£ •. (r,t) ='7r -

1 +--.-J. lJ c.. ar. ar. 
1 J 

(138.3.4} 

where .. = x, y, z are in rectangular coordinates. Therefore, the strain lJ 
accompanying u (r,t) will be 
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(13B.3.5) 

This is an x-polarized, y-propagating shear wave. See Figures 13B.3.l(a) and 
13B.3.2(a). Similarly, 

,. 
u = z cos (wt-ky); z-polarized (13B .3.6) 

u = y cos (wt-ky); y-polarized (13B.3.7) 

Figures 13B.3.1(c) and 13B.3. 2(c) represent the z-polarized case. 

Iii! X-POLARIZED ISHEARl 

lbl Y-POLARIZED ICOi\lPRESSIONALl klZ-POLARIZfD !SHEAR! 

FIGURE 13B.3.1. Grid Diagrams for Plane Uniform Particle 
Displacement Waves Propagating Along y 
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X 
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. • ••• - ~ • • •• - .. . < • ... - ~ .. ' . • ••• . ••• - ~ . • •• - ---=+ ••• ••• - ~ 

.. . • •• ., ••• -. " ••• - " . ••• - ~ .. ••• - -. .. ••• .. . ••• 
" . ••• --- ~ .. 

~ ••• - ..._ 
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lbl Y-POLARIZED ICOMPRESSIOMLI ICil-POLAR IZ£0 ISHEARI 

FIGURE 138.3.2. Field Line Diagrams for Uniform Plane Particle 
Displacement Waves Propagating Along y 

For a shear field, 

£ = £ - l auz =~sin (wt-ky) zy yz - 2 ay 2 (138.3 .8) 

Therefore, this is a z-polarized, y-propagating stress wave. In the y

polarized case, 

au 
£ = __l = k sin (wt- ky) yy dy (138.3.9) 

This is a y-propagating compressional wave. See Figures 138.3 . 1(b) and 
138.3.2(b). Pure shear deformation of a cube occurs when forces (F) are 

applied to the cube faces (Figure 138.3 .3) of area A. If two-dimensional pure 

138.3.3 
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lal SIMPLE SHEAR lbl PURE SHEAR 

FIGURE 136.3.3 . Traction Forces Applied to a Uniformly 
Sheared Block 

shear (Figure 136.3 .4) is combined with Figure 136.3.3 three-dimensional pure 
shear, there will be a static analog of dynamic shear waves where 

T =T =F/A yx xy (136.3 .10) 

In the case of a uniform plane wave of xy shear stress propagating along 
they axis, the generalized equation for stress in Cartesian coordinates is 

- F. 
1 

(136.3.11) 

where i , j, x, y, z, and Tij; is the stress field. The specific xy shear 
stress is represented by 

Txy = Tyz = sin (wt-ky) (136.3.12) 

In a freely propagating wave with no body force sources, F will be 0, and the 

translational equation of motion above will satisfy the following conditions: 

- k COS (wt-ky) (136.3.13) 
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Y. 

X 

STATIC. PURE SHEAR DEFORMATION 
OF A CUBE OF MATERIAL IS PRODUCED 
BY APPL Yl NG FORCES F TO ITS FACES. 
IF THE AREA OF EACH FACE IS A THE 
TRACTION FORCES ON THE +x AND +y 
FACES AREA: 

Tx = y ~ 

AND 

T ·x£. y A, 

FIGURE 13B.3.4. Comparison of Simple Shear and Pure Shear. 
The two cases cannot be distinguished by 
the strain field alone because one is 
transformed into the other by a rigid 
rotation. 

The divergence of the xy stress field propagating in the y direction will be 

" a " V•T = x ay Txy = -xk cos (wt-ky) ( 13B. 3.14) 

where V•T is the stress divergence vector also written as 

(13B.3.15) 

In a uniform plane wave of xy shear stress propagating along the y axis, the 
controlling equations will be 

-xk cos ( wt-ky) (13B . 3.16) 

13B.3.5 



Double integration of 

yields 

a2 ux 
p ~ = -k X cos (wt-ky) 

at 

u = X ~ COS (wt-ky) 
pw 

(138.3.17(a)) 

(138.3.17(b)) 

(138.3.18) 

(138.3.19) 

which is the same as the particle displacement field for the x-polarized, y
propagating shear wave cited previously other than the multiplying factor 
k/pw2. 

In the strain field, 

1 k2 . 
E = E X=~~ Sln (wt-ky) xy y c. pwc. 

(138.3.20) 

Since the stress field T and the propagation field u are both related to the 

strain field, and the di~~erence is limited to the multiplying factor k/pw2, 

the strain field accompanying the modified equation will be 

1 k2 . 
EXY = E X= z z Sln (wt-ky) 

Y pw 
(138 .3 .21) 
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Some idea of the implications of these relationships is given in Fig
ure 138.3.5 where the particles (u) are lao· out of phase with the displace

ments (Txy). 

The preceding stress and strain relationships for a shear wave can be 

applied to a cubic crystal such as a single crystal of stainless steel. 

Tyx 
• T 

xy 

a b c 

Ia I 

e 9 h 

lbl 

FIGURE 138.3.5. Relationship Between the Stress and Particle 
Displacement Fields in an X-Polarized, Y
Propagating Uniform Plane Wave. Because of 
mechanical inertia the net forces on the 
particles in (b) are lao• out of phase with 
the displacements. 
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The stress field for the x-polarized, y-propagating shear wave is 

T = sin (wt-ky} xy 

The strain field is 

k2 
2£ = - 2 sin (wt-ky) 

xy pw 

(138.3.12) 

{138.3.20} 

A cubic crystal whose coordinate axes (x,y,z) coincided with the crystal axes 
(X,Y,Z) is given in Figure 138.3.6. 

The Hooke's Law equations in Chapter 9A for a cubic are reduced in matrix 
notation to the following: 

ell c12 c12 0 0 0 0 

0 c12 ell c12 0 0 0 0 

0 c12 c12 ell 0 0 0 0 

0 = 0 0 0 c44 0 0 0 
0 0 0 0 0 c44 0 0 
T 0 0 0 0 0 c44 2£ xy xy 

and T xy = c44Txy2 

This means that the field defined by T £ xy xy constitutes a valid acoustic 

wave solution only if 

2 2 
c44k = pw 

The relationship between the wave vector k and the angular frequency w is 

called the dispersion relation of the wave. The phase velocity {V
5

) for the 
X-polarized, Y-propagating shear wave in the cubic crystal will be 

w ( I )1/2 Vs =I= c44 P (138.3.22) 
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FIGURE 138.3.6. Symmetrically Equivalent Shear Waves 
in a Cubic Crystal Medium 

and the wavelength will be 

(138 . 3.23) 

Here k is the wave vector which is always proportional to the wave length . The 
preceding relationships for 

T = 2c44 £ xy zy (9A.l0) 

apply equally to the z-polarized case; namely, 

and 

(138.3.22) 
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The x-, y-, z-polarized shear waves in Figure 138.3.6 propagating along the 

relevant axes can be combined. Figure 138.3 .7 illustrates how various degen
erate shear waves (those propagating along the same direction with the same 
velocity) may combine to form various particle displacement polarizations. 
Referring to Figures 138 .3.6 and 138.3.7, one can combine the x- and z
polarized shear waves propagating along the Y axis: 

z. z 

k:y 
X, x 

tAl 

Z, z 

Z, z 

~\ 
X, X 

IBI 

ley 
X,x 

Z.z 

I /Y,y 

~x .• 
101 

FIGURE 138 .3.7. 

ICI 

ult I 
X 

Z, z ---

lC " 
X,x 

([) 

Combination of Degenerate Shear Waves to Form 
Arbitrary Particle Displacement Polarizations 
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U = (XA + z8) cos (wt-ky) (138.3 .24) 

This combination yields a shear wave with the same phase velocity (p/C44 )112 ; 

however, there will be a linearly polarized particle displacement along the 
direction xA+z8 (Figure 13B.3 .7(c)) . 

A different case is one where the polarized waves combine with equal 
amplitudes but with a 90° phase shift: 

U = x cos (wt-ky) + z sin (wt-ky) (138 .3.25) 

This will yield a circularly polarized particle displacement; e.g., 

u = (U 2 + U 2)1/2 
X Z 

(138.3 .26) 

tan X = Uz/Ux = tan (wt-ky) (138.3 .27) 

(See Figure 13B.3 .7(d) . ) Similar approaches will yield an elliptically polar
ized pattern (Figure 138 .3.7(e)). 

It is apparent on symmetry grounds that the same relationships apply to 

shear waves trave l ling along the X and Z crystal axes. Indeed, travel along 

the <100> family of directions yields the same phase velocity (c441P) 112 • 

Compressional wave propagation in a cubic axis with a y-propagating com

pressional wave is represented by 

~ 

U = y COS (wt-ky) (138 .3.7) 

oyy = k sin (wt-ky) (138 .3.28) 

For the case of a cubic single crystal where the coordinate axes coincide 
with the crystal axes, 
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a 
XX ell cl2 cl2 0 0 0 0 

ayy cl2 ell cl2 0 0 0 E 
YY 

azz = cl 2 cl2 ell 0 0 0 0 
T yz 0 0 0 c44 0 0 0 
r zx 0 0 0 0 c44 0 0 
T 0 0 0 0 0 c44 0 xy 

axx = cl2 EYY = c12 k sin (wt-ky) (13B .3.29(a)) 

ayy = ell EYY = ell k sin (wt-ky) (13B .3.29(b)) 

azz = cl2 EYY = c12 k sin ( wt-ky) (13B.3 .29(c)) 

The equations of motion following are for a free wave propagating along 
the y axis: 

a 2 - T = -pw U ay xy x 

a 2 
-a = -pw U 
ay YY Y 

a 2 - T = -pw U ay zy z 

Only ayy is common to t he two sets of equations. Therefore, 

2 
-pw u = 0 

X 

2 a 2 
-pw uy = ay ayy = -c11 k cos (wt-ky) 

138.3.12 

(13B.3 .30(a)) 

(13B .3.30(b)) 

(13B.3 .30(c)) 

(13B.3.3l(a)) 

(13B.3.3l(b)) 

(13B .3.3l(c)) 



Substituting for Uy, 

2 2 -pw COS (wt-ky) = -c11k cos (wt-ky) (138.3.32) 

or 

2 2 pw = c11 k (138.3.33) 

The phase velocity (V1 ) for a compressional(a) wave propagating along theY 

cubic crystal axis will be 

(138.3.34) 

This relationship applies to the family <100>. In compressional(a) or shear(a) 

waves in cubic crystals in other directions, proof of the controlling equations 
for families of axes other than <100> becomes quite complicated. For example, 

with <110> or <111> directions, the options consist either of a rotation of 
axes or quite complicated analytic solutions of equations. 

If one leaps from the model to the solution, the results are as follows: 

Compressional wave LllO] 

(
c + cl2 + 2C44)1/2 

vt [110] = 11 2p (138.3.35) 

Shear wave [110] 

(
c c )1/2 

V [flO] = 11 - 12 
s 2p (138 .3 .36) 

(a) Alternate terminology is longitudinal for compressional and transverse for 
shear. 
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(
c )112 

Vs[001] = : 4 (138.3.37) 

In the case of shear waves, the velocities will differ depending on the polar

ization direction; whether [110] or L001]. This contrasts with shear waves 
propagating along <100> axes. 

Hexagonal crystals are of interest because of their uniformity about the 
z-axis. This orthotropic symmetry is similar (in two-dimensions) to isotropic 
symmetry . When propagation is in the XY plane (normal to Z-axis), there are 

two pure shear and one pure longitudinal mode; namely, 

(138.3 .38) 

(Vs}z-polarized = (
c4P4)1/2 

(138 .3.39} 

(
c )1/2 

(VL} compressional = ~ 1 (138.3 .40} 

Since hexagonal crystals are anisotropic, the above represents a case where the 

complete set of acoustic waves are trirefringent. 

Behavior in the basal plane is more apparent in inverse-velocity (slow

ness) diagrams discussed later. 

138 .3.14 



138.4 WAVE VELOCITIES AND DIRECTIONS 

In isotropic media, the phase velocity described in 138.1 and Fig-
ure 138.1.1 defines ray (or wave), normal (or velocity) , and inverse (or slow
ness} surfaces where these surfaces are defined as follows: 

• Ray (or Wave) Surface - the plot of energy velocity versus energy 
flow direction; the envelope of planes normal to the phase velocity 

(VP}(k vector). 

• Normal (or Velocity) Surface- the plot of phase velocity (VP) versus 
the vector (k). 

• Slowness (Inverse Velocity) Surface- the inverse of the phase veloc
ity (k/w = 1/Vp} as a function of the propagation direction. It 
is independent of the frequency (w). 

Following are a few other relevant definitions: 

• Wave Surface Vector - the sum of the velocity vector plus the sym

metry vector. 

• Phase Front - phase fronts of plane waves are normal to the wave vec

tor (k); therefore, each portion of the ray surface corresponds to 
the phase front for a plane wave with energy traveling in that 

direction. 

• Energy Velocity - defined in terms of the average power flow density, 
or 

The vector 

V = P /U ; alternately, kV = V e avg avg e p 

v = v cos 1/1 P e (138.4.1) 

The latter relationship is significant in anisotropic media where k and Ve 

will not necessarily have the same direction. Therefore, a plot of Ve as a 
function of its direction, yields the ray surface, which cannot be obtained 
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through a simple inversion of the slowness surface. Figure 138 .4.1 permits a 
comparison of the energy velocity (Ve) and the inverse phase velocity {k/w = 
1/VP). As noted, the energy velocity (Ve) is always normal to the slowness 

surface (Figure 138.4.1(a)). The wave vector k, similarly, is normal to the 
ray surface (Figure 138.4.1(b)) . Also, Figure 138 .4.1(c) illustrates the 

relationship between the phase velocity VP and the energy velocity Ve. 

Figure 138.4 .2 permits a clearer interpretation of phase veloc ity, energy 

velocity, the wave vector (k), the normal surface , and the ray (wave) surface. 
The wave vector is always normal to the ray surface. As noted, 

(138 .4.1) 

The normal surface (a plot of phase velocity (VP) versus wave vector 
direction) and the ray surface (a plot of energy velocity versus energy flow 
direction) are illustrated {Figure 138.4 .2). The ray surface is the envelope 

of planes normal to VP. Since the phase fronts of a plane wave are normal 
to k, each portion of the ray surface corresponds to the phase front for a 

plane wave with energy traveling in that direction. 

The velocity of the modulation on a wave is called the group velocity 
{which in a rigorous sense applies only to lossless media) . However, it can be 

approximated with a one-dimensional modulation envelope constructed by taking 
two waves with slightly differing values of w and k: 

cos (wt-kz) - cos [(w + 6w)t - (k + ok)z] = 

carrier wave modulation envelope 

The propagation velocity of the carrier is the phase velocity (V ): p 

w + ow/2 w 
vp = k + ok/2 ~I 

138 .4 .2 

{138 .4.2) 
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FIGURE 13B .4.1. (A) and (B) Relationships Between the Slowness 
Surface and the Ray Surface , and (C) Relation
ship Between the Phase Velocity Vp and the 
Energy Velocity Ve. 

k 

FIGURE 13B.4.2. Definition of the Norma l (or Phase Velocity) 
Surface and its Relationship with the Ray 
Surface 
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The propagation velocity of the modulation envelope is the group velocity {V ): 
g 

v -~ ~ g - l'ik ~ ak 

The dispersion relation for plane acoustic waves is 

Differentiating, 

or 

and 

a£/ak 
X 

a£ I aw ' etc· 

(138 .4.4) 

(138 .4.5) 

{138.4.6) 

(138 .4 . 7) 

(138.4.8) 

Then V ana V will be identical for acoustic waves since group velocity has a g e 
directly measurable physical meaning not apparent in the definition of energy 
velocity . 

Figure 138 .4 .3 pictorially represents the real case of a pulse of acoustic 
energy radiated by a plane-wave transducer; the wave packet, which is limited 
in two dimensions by the size of the transducer and in the third dimension by 

the pulse length , travels along the path noted. The wave fronts travel along 

the direction k, which is normal to the transducer surface. The wave packet 
modulation envelope travels in the direction V ; V ; as noted , this may be at 

g e 
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FIGURE 13B.4.3. Deflected Acoustic Beam Trajectory 
in an Anisotropic Solid 

an angle with respect to k. Therefore, the receiving transducer will need to 
be offset to intercept the acoustic pulse. 

The geometrical relationships between velocity (normal), inverse (slow
ness) and wave (ray) vectors can be seen more clearly in Figure 13B.4.4 for 
both longitudinal and shear waves. The discussion will concentrate on the 

longitudinal waves, Figure 13B.4.4(a), recognizing that the same arguments 

apply to shear waves, Figure 13B.4.4(b). The geometrical relationships should 
clarify the analytic equations that follow. 

Definitions 

Line<£, m, n>- the inverse surface of three sheets is the locus of points 
defined by a radius vector of magnitude c44 tPv and direction <£, m, n> 

where A• = c44Jpv (A• will be discussed 1ater in 138.5.1.) 

AL' ul, vl - the direction cosines of the line joining Inverse Point I 
to the corresponding wave point P, or (P is a point on the wave surface), and 

UL - n (13B.4.9} -m 
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The angle EL is given by 

(13B.4.10) 
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Points on the wave surface are defined as 

(138 .4.11) 

Similar equations apply to shear waves. 
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13B.5 INTERPRETATION OF SURFACES 

13B.~.l The Wave Surface Equations 

To obtain the wave surface, it is necessary to find the envelope of planes 

£t; + mn + nr; - v = 0 (13B.5.1) 

subject to the conditions 

(13B.5.2) 

and 

2 Q2 
a + ~ + 2 2 ----,2..--.:...___~2 

pV - A + a pV - B + S 

2 
2 y 2 = 1 

pV - C + y 
(13B.2.3) 

The differentials for the above relations are 

~d £ + ndm + dn - dv = 0 (138.5.3) 

i d£ + mdm + ndn = 0 (13B.5.4) 

[(d_ ( 2-A) + 2 ~~ ~~ ( 2-B) + 82 !!l.) {~ 2 
+ 2 ~~] a£. pV a a£ a£ pv a~ a£ (pv -C) Y a£ 

+ + dl 
(P l - A + a 

2) (Pi - B + S 
2) ( 2 c + l) pV -

[(d. (ov2-A) + 0 2 ~~ { as
2 

2 s2 ~} (!1
2 

(oi-c) + / ~~] - (pv -B) + 
+ am am + am am + am am dm 

2 2) 2 s2) 2 2) (pv - A + a (pv - B + (pv - C + y 

138.5.1 



+ dn 
{as

2 
( l-B) + 0 2 ~} {!:1.2 

( 2-C) + 2 .!£} an P p an an pV Y an 
+ f 2 2)2 + ....:...;;..;.._2 --2--:0\2~ 

\pV - B + S (pv - C + y ) 

{aa
2 

(pv2-A) + a2 aA} 
an an 

( 2 2)2 
pV - A + a 

2 82 2 

{ 2 a 2)2 + -{ -2 ~-02)~2 + ( 2 Y 2)2 
\PV -A + a \pV -B + P pV - C + y 

(B13.5.5) 2pvdv = 0 

Equations (13B.2.2(a)) through (13B.2.2(c)) yield 

1 (13B.5.6(a)) 
f. 2 2)2 
\pV - A + a 

(13B.5.6(b)) 

1 (13B.5.6(c)) 

( 2 2)2 
pV - C + y 

Using undetermined multipliers - A' with (13B.5.4) and B' with (13B.5.5), 

f.-A• +B'P=O (13B.5.7) 

n - A'm + B'Q = 0 (13B.5.8) 

t;;- A'n + B'R = 0 (13B.5.9) 

(13B.5.10} 
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where P, Q, R are written for the coefficients of dt, dm, dn in 13B.5.5. 

Multiplying 13B.5.7 by t, 13B.5.8 by m, 13B.5.9 by n, and adding 

~ E;. + mn + nz; - A' = v - A' = B' (~ P + rrQ + nR) 

Substituting (13B.5.6(a)) through (13B.5.6(c)), 

with 13B.5.10, 

p = -

where 

1 
2pvB 1 

2 2 
~A + ~ B 
a a 

A :A :A 

2 
+ r C 
21 
y 

p: q: r = __ .;.;X___.Y'--.;;;.z---.....,.,.. 

(
A2 + A2 + A2)1/2 

X y Z 

= -

The value of A' for cubic and hexagonal symmetries is selected as 

(13B.5.11) 

{13B.5.12) 

(13B.5.13) 

This is the locus of a surface. For any value of A' ~ 0, there will exist for 

any medium, velocity, index, (inverse velocity) and wave surface a set of equa
tions such as given in (9A.4.16- 9A.4.18). The index (slowness) surface in 

the inverse of the velocity surface with respect to a sphere of inversion 

whose radius is directly related to A'. 
13B.5.3 



As noted in Figure 138 .4 .4, both vectors OP and IP define the wave sur
face . Redefining, 

Wave Surface - the polar reciprocal with respect to the inversion 

sphere of the index (slowness) surface; also it is the first negative 
pedal surface of the velocity surface . 

Suggested visualization of ultrasonic wave is as a polarized source of 

single frequency whose dimensions are large compared to the wave length of the 
elastic waves propagated. If the UT source is large compared to the wave 
length , a diverging wave front will be emitted. 

The first energy reaching the receiving side will be that arr1v1ng on the 
plane element tangent to the surface; it will have traveled across the sample 
with the phase velocity (VP) along <t , m, n> appropriate for such displacement. 

In general, the imposed displacement will be resolved along the directions A1, 
A2, A3, and the resolved components of displacements will travel with three 

discrete velocities appropriate to plane waves of normal <t, m, n> . Similarly, 

Q = - 1 p + q + r [ 2 2 2 ] 
2pv8 I 7 Am 7 8m 7 em 

1 [ 2 2 2 ] R = - ~A +.9_8 +.!:_c 2pv8• t n 82 n 2 n 
a Y 

so that Equation (138.5.11) becomes 

v- A1 = ~ (t L+mM+nN) . 
c.pV 

1 
M = - 2pv8• 

1 
N = - 2pv8 • 

Thus the coordinates of any point on the wave surface are 

{ v - - 1- (i l +mM+nN )} 
2pV 

138.5.4 

+ L 
2PV 

(138 .3.14) 

(138.3.15) 

(138.5 . 16) 

(138 .5.17) 



n = m [ v- z!v (iL+mM+nN)] + z~v 

+ _N_ 
2pv 

(138.5.18) 

(138.5 .19) 

and ~:n:~ are direction numbers for the path of energy or ray corresponding to 

a wave normal <t,m,n>, Figure 138.4.4. Combining these three, 

(1-i) im ni L 

r = v + 1 
2PV im 2 (1-m ) mn M {138 .5.20) 

ni mn {l-n2) N 

Therefore, the wav~-surface vector is equal to the velocity vector plus another 
vector which is related in a more or less complicated manner to the structural 
symmetry of the medium, depending on the order of symmetry . 

The preceding analytic equations are directly applicable to cubic crystals 
either as single crystals or in highly oriented coarse-grained structures. 
Recognizing that it is difficult to visual ize geometries from the equations, 
several figures are included to permit an assessment of both velocity and wave 
surfaces. Figures 138.5.1 and 138.5 .2 illustrate velocity-surface intersec
tions with the (001) and (110) planes. Figure 138.5.3 permits one to examine 
changes as the plane is rotated in 15° increments from (100) to (110) . At cer

tain loci such as the x. y, or z axes. the quasilongitudinal or quasishear 
waves revert to pure longitudinal or pure shear. 

Figures 138. 5.4 and 138.5.5 illustrate wave (ray) surfaces for (100) and 
{110) planes similar to velocity surfaces in Figures 138.5.1 and 138.5.2. 

Obviously, the wave surfaces are very complex. Recalling that the ang le~ 

becomes zero when the surfaces are pure longitudinal or shear, the velocity and 

wave surfaces must come into contact at all points where w is zero. 
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FIGURE 138.5.1. Velocity-Surface Intersection with (100) Planes 
for (1) Sin9le-Crystal Stainless Steel; 
(2) Nickel (Analytically); (3) Iron 
(Analytically); and (4) 316 SS Weld Metal 

Recalling the relationships between Ve and k/w for slowness surfaces and 
k and Ve for wave surfaces (Figures 138.4.1 and 138.4.2), both Ve and k are 
normal to the slowness and wave surfaces, respectively; and reexamining the 
relationship of the vector denoted by OP and IP in Figure 138.4.4, it is appar
ent that wave surfaces can be developed from either slowness or velocity sur
faces. In fact, the slowness surface is much more powerful. The cusps in the 
shear-wave surface are directly related to the nodes in the slowness surface. 

This can be seen by examining velocity (normal), slowness, and wave surfaces 

for the same crystal. Figure 138.5.6 permits this comparison. 
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FIGURE 13B.5.2. Velocity-Surface Intersection with (110} Plane for 
(1) Single Crystal Stainless Steel; (2) Dendritic 
Structure of Stainless Steel; (3} Nickel 
(Analytically} 

If the velocity and wave surfaces are overlaid for the most complex case 
of shear wave, vertically polarized Figure 13B.5.6(b) results. 

The preceding slowness surface serves as an introduction to the next sec
tion on that topic. 

13B.5.2 Slowness (Inverse Velocity) Surfaces 

The propagation characteristics in isotropic and anisotropic solids can 
be determined in terms of Hookes Law (Chapter 9A - Equations 9A.4.10 -
9A.4.15). These equations are generalized to 

(13B .5.21) 

13B.5.7 



(a l (b) p . 15° 
( 001) 

FIGURE 138 .5.3. Orientation Dependence of Velocity in Four 
Crystal Planes Presented in Polar 
Coordinates for 316 SS Weldment 

At fixed w, a surface is defined in k-space as a function of its di rection. 
This is called the wave vector surface . The first term contains k2 and the 
second w2, so the relation can be expressed in terms of the ratio k/w. This 

means the wave vector k is always proportional to w. 
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FIGURE 13B .5.5. Wave-Surface Intersections With the (110) Plane for 
(1) Single Crystal Stainless Steel; (2) Dendritic 
Structure of Stainless Steel; (3) Nickel 

It may be more convenient to consider the inverse of phase velocity 

1/VP = k/w as a function of the propagation direction. The slowness surface 
is a powerful tool in interpreting the behavior of isotopic, orthotropic and 

anisotropic solids . 
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The three cases of interest are isotropic, cubic and hexagonal. A rela
tively fine-grained steel behaves isotropically. As noted in Chapter 9A, for 
Lame' constants, 

Isotropic = V = w/K (independent of direction) p 

(9A.6.2{a)) 

{9A.6.2{b)) 

The inverses will give the slowness surface which will consist of two concen

tric spheres (Figure 13B.5.7{b)) with the outer sphere shear waves and the 

inner longitudinal waves. 

y k /w 
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FIGURE 13B.5.7. (A) Acoustic Plane Wave Scattering at a Plane 
Boundary Between Two Isotropic Media; 
(B) Isotropic Slowness Surface Illustrating 
Controlling Inverse Velocity Equations 
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A cubic may have a pure shear wave , a quasishear wave and a quasl
longitudinal wave. 

The pure shear wave is polarized normal to the cube face: 

(13B.5.22) 

The quasishear wave is 

(k/w)2 = (2p)l/2 / ell+ e44- [(ell- e44)2 eos2 2~ 

+ ( + )2 sin2 2"]-1/21 cl2 cl4 ¥J (13B.5.23(a)) 

The quasilongitudinal wave is 

1/21 [ 2 2 (2p) c11 + c44 + (c11 - c44) cos 2~ 

+ ( + )2 . 2 2"]-1/21 c12 c44 s1n ¥J (13B .5. 23(b)) 

cos ~ = L 

Propagation in a plane passing through a cube face diagonal is very com
plex analytically; the effects can be seen more clearly in the graphical plots. 

In cubic crystals, there will be special symmetry directions such as <100> 
<110> and <111> where there will be one pure longitudinal mode and the other 

two pure shear modes . In other directions, there are one quasilongitudinal and 
two quasishear modes. 

The direction of the energy flux of the pulse is the normal of the corres

ponding slowness surface at the symmetry directions <100> <110> <111>. The 
energy flux will be parallel to the wave front normal. 
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Hexagonal materials behave orthotropically in the xy plane normal to the 
z axis. In this plane, shear and longitudinal modes are pure, that is i~depen
dent of propagation direction. 

A pure shear mode is polarized normal to the z axis: 

( k) ( p )1/2 
-; 2 = c66 (138.5.24) 

A pure shear mode polarized parallel to the z-axis: 

(k) ( p )1/2 w 1 = c44 (138.5.25) 

A pure longitudinal mode: 

(k) ( p )1/2 w 3 = ell (138.5.26) 

138.5.2.1 Graphical Illustrations of Slowness Surfaces 

In adjacent isotropic media with different acoustic properties, an inci

dent wave may be reflected or refracted, Figure 138.5.7(a). In contrast to an 
electromagnetic wave, acoustic waves can be birefrigent or trirefrigent; two or 
three transmitted (refracted) waves may be generated from the incident wave. 

Figure 138.5.8 illustrates electromagnetic and acoustic wave behavior for 
an incident wave propagating in the yz plane. As noted, the electromagnetic 
wave velocity (Snell's Law) is independent of propagation and polarization 
direction so the slowness surface is a single sphere, and 

(138.5.27) 
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k' _z 
w 

Acoustic media are birefringent even in isotropic media (Figures 138.5.7(b) 
and 138.5.8): 

(138.5.28) 

Figure 138.5.9 illustrates the geometric limitations possible with regard 
to scattering or internal reflection of the incident wave. Such scattering, 
Figure 138.5.9(a)), and evanescence occurs at angles of incidence greater than 
some critical value: 

e = sin ~ 
( ) 

-1 v 
cr e v~ (138.5.29) 
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Real values of the critical angle occur only when Ve < V~. 

Figure 13B.5.9(c) illustrates the more complicated situation in acoustic 
waves where several critical angles may occur. See Figure 13B.5.9(d). 

In anisotropic media, the slowness diagrams become much more complicated. 
Examples are given for single crystals of iron, nickel, stainless steels and 
of stainless steel weld metal to illustrate similarities among the group. 

In anistropic media, the wave vector amplitude will vary in a complicated 
fashion with changes in angle of propagation, making an analytic definition of 
Snell•s Law difficult; however, the values are obtainable graphically from the 
slowness surface. In anisotropic materials, the angle situation is more com
plex as can be seen in Table 138.5.1. 

TABLE 138.5.1. Comparison of Refracted Wave Modes 

Medium Electromagnetic Waves(a) Acoustic Waves 

Isotropic One refracted wave direction Two wave velocities possible for 
each propagation direction; two 
refracted wave directions 
(birefrigence) possible. 

Anisotropic Same as acoustic-isotropic Three wave velocities possible for 
each propagation direction; three 
refracted wave directions 
may occur (trirefrigence). 

(a) Limited to one wave velocity for each propagation direction. 

Above anisotropic case is illustrated in Figure 138.5.10. 

Figure 138.5.11 illustrates some of the unusual features of anistropic 
scattering that arise from nonparallelism of the wave vector k and the group 
velocity Vg. The illustration refers to a cubic crystal with propagation in 
a cube face, the yz plane, and with a free boundary lying along the xz plane. 
Since the second medium is vacuum, only reflected waves occur. There is one 

pure shear wave polarized normal to the cube face, and quasishear and quasi 
longitudinal waves polarized in the cube face. The pure shear wave has only 
two stress components, T and T , while the quasishear and xy xz 

138.5.17 



MEDIUMl 

QUASILONGITUDINAL OUASISHEAR 

~"--:-__..:.=-t.....::;;_-~. ~..,-----l QUASI SHEAR 

I kz • kz I 
lw w ' 

-~I 1-
~~ I 
I w I 

QUA$ I LONGITUDINAL 
QUA$ I SHEAR 

QUASI SHEAR 

FIGURE 13B.5.10. Scattering of a Quasilongitudinal Plane Wave 
at a Boundary Between Anisotropic Media, 
Showing Construction of the Scattering 
Angles from the Slowness Surfaces 

quasilongitudinal waves have stress components T , T , and T Conse-YY zz yz 
quently, the quasishear and quasilongitudinal waves are not coupled to the pure 
shear wave by the free surface conditions: 

= T = T = 0 yy yz 

In Figure 13B.5.11, both the incident and reflected quasishear waves have 
positive values of k , but negative values of (V ) • Under these conditions, z g z 
the ray vectors (or energy flow directions) and the wave fronts (or surface of 
constant phase) have the relative orientations shown in Figure 138.5.12. 
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Anisotropy of the acoustic slowness surface can lead to unusual wave scat
tering effects at a plane boundary between two media. An example is when the 
boundary is normal to a three-fold crystal symmetry axis in the second medium, 
and the incident wave impinges normally on the boundary. The cube diagonal 
direction of a cubic crystal [111] is one example (Figure 138.5.13) . 

Waves are either pure transverse or pure longitudinal, and the transverse 
(or shear) waves are degenerate . Also, the shear slowness curves cross the 
symmetry axis at an angle. Figure 13B.5 .13(b} illustrates this behavior for 
the [111] direction in a cubic crystal, where one of the shear curves corre
sponds to a [1l0]-polarized pure shear wave and the other reduces to a pure 
shear wave polarized at right angles to the plane containing [1l0] and [111]. 

The energy (or group) velocity is always normal to the slowness surface. 
This means that the energy velocities of the shear waves propagating along 
[111] in Figure 13B.5.13(b) are both deflected away from k. The group velocity 
of the [1l0]-polarized shear wave is deflected toward the [001] axis and the 
group velocity of the other shear wave is deflected toward the [110] axis . 
There are, however, still further complications. Figure 13B.5.13(b) represents 

slowness curves for waves propagating in the plane defined by the [110] and 
[001] crystal directions , but it is clear from the cubic symmetry of the crys
tal that identical curves will be obtained for propagation in any plane that 

passes through a cube edge and a cube face diagonal . Slowness curves for the 
plane passing through [100] and [011], therefore, appear as shown in Fig-
ure 13B .5.13(c). The shear waves propagating along [111] now have different 
polarizations than those given in Figure 13B.5 .13(b}. The unusual feature is 
that the group velocity directions are also different than they were in Fig-
ure 13B.5 .13(b) . For the [Oll]-polarized pure shear wave in Figure 13B.5.13(c), 
the group velocity is deflected toward [100] and the other shear wave is 
deflected toward [011]. Slowness curves for the plane passing through [010] 

and [101] also have the same shapes giving two additional polarization and 
energy velocity directions for the pure shear waves traveling along [111]. 

This kind of behavior always occurs when shear waves propagate along a three
fold crystal symmetry axis. 
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Symmetry Axis [111] in a Cubic Crystal 

An example of the variation in slowness surface of single crystal austeni
tic stainless steel at various angles, a, is given in Figure 138.5.14. 
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Hexagonal crystals represent a special case because of orthotropic symme
try about the z axis. Because of the solidification pattern of austenitic 

weldments, there is a very strong preferential axial solidification and a 
rather random orientation about this axis. The pattern is similar to that 

observed in hexagonal metals. The velocity, wave, and slowness surfaces in the 
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xy plane are quite simple. Figure 138.5.15 illustrates the slowness surface. 
The velocity surface will invert the circles so that the longitudinal wave is 
the largest. Since the waves are all pure, not quasi, the wave surface will 
duplicate the velocity surface. 

The surfaces containing the z axes are quite complicated and will not be 

discussed here. 

k /w 

y I (k/wl1 -4 
PURE SHEAR, POLAR I ZED I I 6 x 10 s/m 

TO Z-AXES ---+--~ (k/wl
2 

PURE SHEAR, POLARIZED .1. 
/ TO Z-AXES 

kxiw 
~--------~----~----+-~~D?-H~6-x_l_0_~4--

s/m 

FIGURE 138.5.15. Hexagonal Crystal Classes. Propagation 
in XV plane (normal to the Z-axis) 
orthotropic symmetry slowness surface. 
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138.6 BEAM SKEWING 

The angular deviation of the energy (group) velocity vector from the phase 
velocity vector is sensitive to the physical properties of a solid, such as the 

density and elastic constant. Such beam deviation or skewing may result in 
internal reflections or failure to detect because the beam falls outside the 

transducer region. In general, there is a tendency for the beams to preferen
tially travel along directions associated with higher phase velocities. There

fore, quasilongitudinal waves will deviate toward <110> and <111>, and quasi 

shear waves will deviate towards <100>. 

In the generation of velocity, slowness, and wave surfaces of single crys
tals or oriented structures, the following values are required, using a cubic 
crystal as an example: 

• An angle e preferably measured from some direction such as <001>; however, 

an arbitrary position can be used. 

• Elastic constants of the crystal c11 , c12 , c44 • 

• Density of the crystal. 

Measured values related to e are 

• longitudinal and shear velocities (VL, VS, vs ) 
v H 

• angles €L' €s ' €s (use Figure 138 .4.4) 
v H 

• ratios c44/pVL' c44/pVS ' c44/pVS 
V H 

ratios 2 - c44/pVL cos £L; 2 
- c44/£Vs • pVL pVS cos €s ; 

H H H 

It is possible to construct all three surfaces using the above values. 

With respect to skewing, 

function of e for L, SH, SV. 
derived from Figure 138.4 . 4: 

the angle 6 (Figure 138.4.4) is required as a 
This can be obtained using the information 
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Desired value: angle 6L (Using L Wave as an Example) 

Known values: ON = VL 

OI = C44/ pVL 

IN= VL - c44/PVL 

IP = IN 
cos e: 

VL-c44/pVL 
= 

To determine sin e: using: 

Va 1 ues 

e: = 

NP 
sin e: = TP 

NP = IP sin e:L 

2 

Tan 6L 
NP pVL - c44 

= ON = pVL cos e:L 

2 
pVL - c44 1 . sin e: are known. pVL cos e: V.' L 

2 

Tan 
NP c44- pVS 

AS = ON = pV S cos e: 5 

sin 

sin 

1 e:L • VL 

1 
e:s v 

s 

Therefore, Tan A can be calculated yielding A. 
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As noted previously, the magnitude of the skewing angle depends on the 
elastic constants. For example, the following are the values in <100> and 
<110> directions: 

<100> <110> 

2 
pVL = ell 

2 2 
pVS = pVS = c44 

H v 
2 

pV S c44 
H 

pV~v = ~ (en - c12) 

Therefore, as the magnitude of elastic constants increases, velocities 

increase for a given density; as the magnitude of density increases, velocity 
decreases . For metals of interest, the density will be about 9 g/cm2• 

The relative magnitudes of the vectors IN and IP establish£ . This, in 
turn, sets the magnitude of A. Since 

IP = ----cos £L 
or 

Examination of Figure 138.4.4 confirms that incremental increases of c44 for 
a given density results in an increase of A with respect to £. This is par
ticularly apparent in the shear-wave case. 

Some examples of beam skewing for the (001) plane and for the (110) plane 

are given in Figures 138.6.1 and 138.6.2. The values confirm the preferred use 
of longitudinal waves near 45• for examination of austenitic weldments. 
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138.7 APPLICATION AND INTERPRETATION OF SURFACES 

In systems of relatively high symmetry, such as cubics or hexagonals, it 
is possible to infer the geometry of surfaces from comparable crystal struc
tures in the absence of knowledge of the elastic constants. With a series of 
parallel surfaces such as in an octahedron, one can establish directions of 

maximum beam velocity and back calculate the elastic constants. This procedure 
was used by Juva et al.( 138 ·7•1), Silk et al. (138 •7•2), and Kupperman and 

Reimann( 138•7•3) with single crystals and weld crystals of austenitic 
stainless steel. Values are given in Table 138.7.1. 

TABLE 138.7.1. Values of Elastic Constants for Austenitic 
Stainless Steels (NJmZ) 

Source ell 

Juva et al.(l3B.7.1) 2.036 x loll 

Silk et al.(l3B.7.2) 2.230 x loll 

Kupperman & 

1.335 x 1oll 
1.318 x 1o11 

1.298 x 1oll 

1.099 x 1o11 

Reimann(l3B.7.3) 2.05 * 0.02 x loll 1.33 * 0.02 x loll 1.25 * 0.005 x loll 

The following questions were posed prior to writing this chapter: 

1. How are the various surfaces calculated? 

2. What is the significance of the various surfaces with respect to UT 
beam behavior and structure? 

3. What can be inferred from the various surfaces with regard to beam 
skewing, beam convergence, divergence, optimum examination angle and 
optimum structure for examination? 

Hopefully, answers to these questions have been developed. 

It is apparent that the slowness surface is the most powerful from an 
interpretive point of view. Once the slowness surface is known, the others can 
be developed. 
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14.1 

CHAPTER 14 

THE ASME CODES: TESTING TECHNIQUES, ANALYTIC PROCEDURES 
AND SUGGESTED MODIFICATIONS 

INTRODUCTION 

We will examine the ASME (V and XI) Code requirements relevant to the 
ultrasonic examination of reactor systems and components. A review of the man

datory appendices for ultrasonic examinations should permit an assessment of 
their strengths and weaknesses. Later sections of the chapter will review the 
reliability values obtained in the examination of piping and pressure vessels 

either as components or as simulated components (e.g., test blocks). These 
values highlight some of the limitations inherent in the code-approved ultra

sonic procedures. Finally, suggestions will be made for evolutionary (stop
gap) changes versus revolutionary changes. Some could be made through ASME 
Code channels; others could complement the Code, through Regulatory Guides or 
similar approaches. 
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14.2 THE ASME CODE 

• What is the purpose of inspection, particularly ultrasonic? 

The purpose is to locate flaws in the pressure retaining boundary. Flaws 

of significant size must be located, and their size and shape determined. The 
probability of finding the flaw should be very high; the accuracy of defining 
the flaw is not so critical but must be conservative. 

It is widely recognized that radiographic and ultrasonic examinations are 
complementary tools, and that one does not take the place of the other in 
locating all flaws. 

Although both techniques are often capable of detecting the same internal 
flaw, it has been repeatedly demonstrated that certain flaws will go undetected 
by radiography, but be readily found ultrasonically. Conversely, though less 

often, radiography has been demonstrated to find flaws which were undetected by 
ultrasonics. 

Two examples are presented. 

First, consider a smooth-surfaced, straight-sided flaw, such as lack-of
fusion, perpendicular to the testing surface. Detectability by radiography 
will be very good. Oetectability by (conventional} single search unit UT will 
be poor for a smooth-sided flaw; a tandem search unit technique will be effec

tive unless the flaw is so tight that ultrasound transmits readily through it. 

Second, consider an irregular crack-like flaw oriented perpendicular to 
the testing surface. Oetectability by radiography will be poor unless the 
voids oriented parallel to the beam are significant. Conventional UT will 
detect it easily because of reflections from the many facets of the crack per
pendicular to the ultrasonic beam. A tandem search unit will give inferior 
results. Thus, RT and UT are complementary. 

Section III of the ASME code relies on radiography for volumetric exam
ination, while Section XI, because of radiation and access difficulties, must 

rely on ultrasonics. Responsibility for the examination also shifts, from the 

Manufacturer for Section III to the Owner for Section XI. This leaves the way 
open for conflict. 
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• Why did Section XI issue its own procedures? 

The ultrasonic procedures available in the Code, such as Article 5 of Sec
tion V, while adequate for flaw detection, did not provide for measurement of 
flaw size to relate to the Section XI acceptance standards; they were dependent 

on the experience and judgment of the individual test operator to determine the 
nature and size of reflectors. 

• What are we talking about? 

Appendix I of ASME XI and Article 4 of Section V, which replaced Appen

dix I in winter 1976, contains mandatory requirements for the conduct of ultra
sonic examination of welds in Class 1 and Class 2 ferritic vessels. The 
technique not only detects and locates flaw indications within the weld and 
adjacent base metal, but also provides length and through-wall d1mensions of 
the indications. 

Appendix III contains mandatory requirements for the conduct of ultrasonic 

examination of welds in Class 1 and Class 2 ferritic piping systems. Flaw 
indication sizing criteria are included. 

It is expected that Appendix III will be replaced with text from Sec
tion V. The appendices and the articles are applied in accordance with IWA-
2200 when the methods are specified by Tables IWB-2500 and IWC-2500. 

IWA-2232 covers application of ultrasonic examination . In Summer 1978, 

(a) makes Article 4 (Section V} mandatory for Class 1 and 2 ferritic ves
sels greater than 2 in . thick. 

(b) provides for use of Appendix III for ferritic piping, with the modi

fication that 50% of reference level be recorded. 

(c) provides that everything not falling within the (a) and (b) cate

gories shall be examined by Article 5. 

While recording at 50% reference level, everything is evaluated and sized at 

(100%) of reference level. 
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Also note that other ultrasonic techniques may be employed if qualified 

under 1\tA-2240. 

After flaw indications are detected and recorded, they must be evaluated 

(1~-3000). The evaluations are divided into two categories: 

(1) Indications not exceeding the acceptable sizes cited in IWB-3500. 

(2) Indications exceeding the acceptable sizes of IWB-3500. {They may 
be evaluated in accordance with Appendix A of ASME XI. Results of 

Appendix A may be 
a) size acceptable; continue to monitor 

b) size unacceptable; repair.) 

Typical examples of standards are given in Figure 14.2.1 {IWB-3330) and 

Tables 14.2.1 and 14.2.2 (IWB-3510.1 and IWB-3510.2). 

Table 14.2.3, culled from the various ASME XI editions and addenda, pro

vides an overview of critical actions influencing NDE. 

14.2.1 Objectives of UT Appendices 

The primary objectives of vessel weld examinations may be summarized 

briefly: 

1. search the entire weld volume 

2. locate reflectors accurately 

3. define reflector size 

4. achieve reproducibility between successive examinations over the life 

of the unit. 

Complications are added to examination of piping welds: 

1. It is essential that reflections from geometric conditions associated 
with the weld be differentiated from flaws. 

2. It is essential that dependence on the judgment of the individual 

operator be reduced. 
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FIGURE 14 . 2.1 (IWB-3330) . Multiple Planar Flaws Oriented in Plane Normal 
to Pressure Retaining Surface 

The use of Appendices I and III has improved flaw detection; however, con
tinued improvement will be necessary. For example, examinations 1) through 

overlay cladding on vessels, 2) of austenitic piping, 3) of tri-metallic weld 
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TABLE 14 .2.1 (IWB-3510.1). Allowable Planar Indications 

Material Ferritic Steels that Meet the Requirements of 
NB-2331 and have specified minimum tield strength of 

50 ksi or less at 100 F 
Thickness Range: 4 in. and Greater 

Aspect Surf ace Subsurface 
Ratio, Indications Indications 
a/ z ( 1) a/t , %(2) a/t, %(2 ,3) 

0 1.8 2.3 
0.05 2.0 2.4 
0 .10 2.2 2.6 
0.15 2.4 2.9 
0.20 2.7 3. 2 
0 .25 3.1 3. 7 
0.30 3.5 4.1 
0.3S 3.5 4.6 
0.40 3.5 5.2 
0 .45 3.5 5.8 
0.50 3.5 6. 5 

NOTES: 

(1) For intermeaiate Flaw-aspect ratios, A/t linear 
interpolation is permissible. 

(2) Component Thickness, t , is measured normal to 
pressure retaining surface of component. Where 
the section thickness varies, the average thick
ness over the length of the indication is the 
component thickness. 

(3) The total allowable depth of subsurface indica
tion is 2a . 

joints, and 4) of some nozzle geometries are difficult and may not be suffi
ciently reliaole. Additional research and development is required to provide 

bases for future modifications of the mandatory appendices. 

The following are the critical factors in Appendices I, III, and IV : 

• use of calibrated (and certified if possible) equipment 

• use of trained personnel 

• use of a well-definea written procedure 
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TABLE 14.2.2 (IWB-3510.2). Allowable Laminar Indications 

Component thickness, 

4 
6 
8 

10 

t 
. 1 

, 1 n. 

12 and greater 

NOTES: 

Laminar Area 
2 A, Sq in. 

18 
18 
24 
30 
36 

(1) For intermediate thickness, 
linear interpolation of area 
i s perm iss i b 1 e 

(2) The area of a Laminar Flaw is 
defined in IWB-3360 

• use of calibration blocks that closely duplicate such factors as thick
ness, acoustic properties, surface finish, etc., of the components being 
inspected 

• daily use of a rigorous, comprehensive calibration procedure that 
must be completely documented 

• use of an examination procedure that closely parallels the calibra

tion procedure so new parameters are not introduced 

• extensive documentation of every stage of the examination with atten
tion to a well-defined reference system for locating precisely where 

the transducer is with respect to a weld. 

I terns Common to A 11 Appendices 

In all cases personnel performing NOE must be qualified in accordance with 

SNT-TC-lA-1975 (or 1980). Where NOE methods do not exist, it is the responsi
bility of the owner or his agent to provide some (IWA-2300). The following are 

required: 

Article 5200 (h).- requires the operator's name, certification level and 

company affiliation. 
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TABLE 14 .2.3. Significant Changes in NDE Requirements in ASME XI 
Editions and Addenda 

Edition/ 
Addenda 

1970 

W-70 

1971 

S-71 

W-71 

S-72 

W-72 

S-73 

Paragraph 

I S-210 
IS-212 .1 
IS-212.2 
IS-213.1 
I S-213 .2 

I S-214 
IS-311 

I S-120 

IS-311 

IS 213.2 

I S-311 

I S-213 

I S-311 

IS-313 

IS-314 

I S-315 

Items/Comments 

Examination Techniques 
MT cites ASME I II A pp. IX - 3500 
PT cites ASME III App . IX - 3600 
RT cites ASME III App. IX- 3300 
UT cites ASME III App. IX- 3400 

ASTM-E-114 
ASTM A-435 
Permits alternate exams 
Evaluation per ASME III on ANSI 31.7, SNT-TC-lA for per
sonnel . (Above emphasized the primary pressure bound
ary; examination of some Class 2 systems (ECCS, etc . ) 
is inferred. Note that App. IX-3400 requires 20% QA.C . ) 

Deleted comments on Class 2 systems (ECCS, Auxiliary) 

No major changes from 1970 

Dropped reference to ANSI 31.7 

Permits 100% QA.C to size (wording ambiguous - does 
App. IX require 20% DAC control for detection?) 

Trivial changes regarding sizing criteria 

Nothing significant 

Added Class-2 Systems 

Major changes- added App. I (pressure vessel) (emphasis 
is on calibration) 

Version covered thickness >l-in. 

Added evaluation of NDE results 

Added flaw characterization 

Added flaw standards 

Added evaluation standards 
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Eo it ion/ 
Addenda Paragrap h 

W-73 

1974 

S-74 

W-74 

S-75 

W-75* 

S-76* 

W-76* 

1977 

S-77 

W-77 

I S-316 

IWA-2121 
IWl.-2122 
IWA-2234 
HA-2231 
IWA.-2232 

App. I 

IWB-2500 

I W\-2410 
IWA-2420 

I W\-2232 

IW\-2300 

I Wl.-2300 

TABLE 14.2.3 . (contd) 

Items/Comments 

Added evaluation analyses per App. A. 

Nothing 

New format - IW instead of IS 

MT cites ASME V Article 7 
PT cites ASME V Article 6 
RT cites ASME V Article 2 
UT cites ASME V Article 5 
Requires UT in accordance with either App . I or ASME V 
Article 5 where anything less than 2.5 in. falls under 
article 5 so 20% DAC must be used 

Revised scanning requirements and calibration block 
material 

Expands base metal subject to UT 

Nothing significant 

Nothing significant; App. I errata 

Major change in examination philosophy 

Introduced two examination programs (A & B); required 
qualification by examination of Level III personnel to 
SNT-TC-lA-1975. Incorporated App . III (UT Piping) 

Incorporated (formally) App . IV (ET-S. G. Tubing) 

Referenced App . I , III and Article 5 but raised 20% OAC 
to 100% OAC 

Deleted App . I; replaced with Article 4 of ASME V. 
(Article 4 parallels App. I in calibration area. ) 

Minimal changes from final 1974 addenda 

Expanded criteria for visual testing 

More visual criteria V-1 through V- 4 

* 10 CFR 50.55{b) does not accept W-75, S-76, and W-76 Addenda. 
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TABLE 14 .2.3. (contd) 

Edition/ 
Addenda Paragraph Items/Comments 

S-78 IWA-2232 Spelled out Article 4 and App . III; new requirements 
to record 50% DAC and size at 100% DAC 

S-79 

W-79 

1980 

W-80 

A pp. IV 

IWA-2232 

Requirement to report tube denting 

Specific requirements, visual acuity 

III-3320 System calibration at least once a week 

T-523 Definition of written procedure 

Article 5 Expanded calibration block requirements 

Article 5 Overall change in format 

IWA-2232 Specifics regarding use of nozzle dropout, component 
prolongations, or material with same specification, 
product form and heat treatment for calibration blocks 

T-432 .1.2 Dropped requirement to recalibrate mechanized equipment 
with change in personnel 

Table 
T-434.1 Defined perpendicular tolerance on notch reflecting 

surface 

S-80 

W-80, 
T-431 

IWA-2232 

I II-3230 

III-3330 

App. IV 

Nothing significant 

Nothing significant 

Must calibrate at beginning and end of vessel weld 
examination 

Specifies use of written procedure 

Expanded comments on restriction in weld exam 

System check change from 4 to 12 hours 

Cites Article 8 of ASME V for eddy current; residual 
App. IV ties to Article 8 
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Article 7000 --requires identification of operator(s) and data 

evaluator(s) who conducted each examination or part thereof. 

NDE by UT is in accord with Appendices I or III plus relevant articles {4, 

5) of ASME Section V {I~-2232). 

The preservice examination encompasses essential ly 100% of all pressure

retaining welds together with a substantial portion of adjacent base metal 

(IWB-2100). 

14.2.2 Ultrasonic Examination 

The various factors cited under Procedure Requirements will be discussed 

in detail, primarily in the context of the 1974 edition of ASME XI . 

Where possible the similarities of Appendices I and III will be cited. 

Obvious differences will be emphasized. 

Scope (I-1100, T-410, III-1100) 

Defines the ultrasonic (UT) examination method, equipment and reporting 

requirements for welds. The methods described are used to detect and locate 

imperfections within the weld and adjacent base material. 

Limitations of Scope 

I-1200, T-441. Methods are limited to Class 1 and 2 ferritic vessels 
2-1/2 in. (2 for Article 4) and over in wall thickness . Clad vessels are 

included. 

III-1100 . Limited to Class 1 and 2 piping systems made from ferritic 

steel in full penetration butt welds and adjacent base metal in piping systems 

having a nominal wall thickness of 0.20 to 6 in. Examination of base metal 

shall be applied to each accessible side of the weld for a distance of 1/2 T 

or 1 in., whichever is smaller. 

III - Supplement 7 -Austenitic Welds. The UT examination of welds in 

high alloy steels, or high nickel alloys, and of dissimilar metal welds between 

combinations of these materials and carbon or low alloy steels may, because of 

the inherent coarse-grained structure of the weld, be subject to marked varia

tions in attenuation, velocity, reflection, and refraction at grain boundaries. 

If the rules of Appendix III are used, the following recommended modifications, 
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such as 11 other angles may be used where metallurgical characteristics impede 

effective use of 45° angle beam (III-4410), 11 should be used. 

Procedure Requirements (I-1300, T-422, III-2300) 

Ultrasonic examinations are performed in accordance with a written proce
dure. Each procedure includes at least the following information: 

(a) weld types and configurations to be examined including thickness 
dimensions (materials and product form-casting, forging, plate, etc.) 

{b) the surface or surfaces from which the examination shall be performed 

(c) surface condition 

(d) couplant 

(e) technique (straight beam, angled beam) contact or immersion 

(f) angles and mode of wave propagation in the material 

(g) (search unit) type, frequency and transducer size(s) 

(h) special search units, wedges, shoes, or saddles, if used, and type 
and length of search unit cable 

(i) ultrasonic instrument (types) 

(j) description of calibration 

{k) directions (and extent) of scanning 

(1) (data to be recorded and) method of recording (manual or automatic) 

(m) automatic alarm and recording equipment or both, if used 

(n) rotating, revolving, or scanning mechanisms, if used 

In III and Article 4 the following are included: 

(o) personnel qualification requirements 

(p) approval of the procedure as required by I~-2120 (in heading) of I. 

Calibration Blocks (T-434, III-3400) 

Vessel calibration blocks must duplicate as closely as possible the mate

rial of the vessel being examined. The initial position in which they must be 
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placed in relation to the vessel has been relaxed somewhat. Data have been 

presented to the ASME XI committee providing the bases for reasonable relaxa

tions to permit material of the same material specification and heat treatment 
as included in the vessel. The calibration block is significantly larger than 

the standard Section V block to reduce the effect of sidewall reflections, and 
provide full beam path conditions. It also contains six mandatory calibration 

holes and two notches , and is clad (if the component is clad) to provide the 
most complete foreseeable basis for duplication of the actual workpiece . The 
calibration block must be retained on the vessel site, so that it will always 

be available for future examinations . 

Code Case N-278 provides a design for a single vessel calibration block 

that can be used for a range of material thicknesses (Figure 14.2.2) . The 
requirements for calibration blocks for piping have been made even more exact
ing, in a sense , than those for vessels; the Appendix III blocks must be of the 
same material , nominal diameter, and wall thickness as the piping being 
examined . However , Code Case N-98 permits ±0.25 in. tolerance on calibration 
blocks cited in Article 5 when thickness is less than 1 in . 

Calibration sensitivity is based on the reflections from I.D . and 0.0. 

surface notches, unlike the side-drilled holes used to determine sensitivity of 

vessel weld examinations. Surface notches have been used to be consistent with 
the concern for surface crack detection . A "calibrated" surface crack would be 

the ideal calibration reflector; a surface notch is the best approximation. 
Side-drilled holes may be used to determine shape of a distance-amplitude cor
rection (DAC) curve . 

Representative calibration blocks for vessels and p1p1ng are shown in 

Figures 14.2.3 (I-3131) and 14.2.4a and b [III-3430(a), III-3430(b}], as well 
as Figure 14 .2.5 (I- 3240) for curved calibration blocks for pressure vessels. 

• Why does Appendix I (Article 4) have such rigorous calibration 
requirements? 

The round-robin ultrasonic examinations conducted by the Pressure Vessel 
Research Committee (PVRC) on heavy-section weld specimens 201 and 251J revealed 
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FIGURE 14 . 2. 2. Alternative Basic Calibration Block (Permitted Under Code Case N-278) 

NOTES: 

1. Holes dr illed and reamed to 5/16 in. dia. positioned at 1 in. intervals through the calibration block 
thickness . The five side-drilled holes located below center thickness are located near side , the five 
upper holes are located on the far side . 

2. Holes installed as in note 1 but positioned on a scribe line shown at 1 in. intervals through the thick
ness. The holes shall be alternated side to side , as shown so that the distance between any two holes 
is 2 in. (top and bottom holes are 1 in . from the surface) . 

3. Notches (2) top and bottom as shown, 2 in. long to 1/4 in. dia . flat end mill notches 2% T deep through 
clad notch is 2% deep into the base metal. 

4. The tolerances for hole diameters shall be *1/32 in. notch depth tolerance shall be+ 10 and -20%. The 
tolerance on hole location through the thickness shall be *1/8 in. 

5. For basic calibration blocks 4 in. and less the side-drilled holes shall be at T/4 in . intervals through 
the thick ness and hole diameter shal l be 3/16 in. 

6. Calibration or DAC curves obtained using the block shall include all side-drilled holes representing the 
weld thickness to be examined. 

7. Use of surface notch and surface notch response calibration is optional . 

* Minimum dimensions 
** Basic calibration block thickness shall equal or exceed the maximum weld thickness to be 

examined. 
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2" LONG 1/8" TO 114" DIA FLAT END 
MILL NOTCHES 2% T DEEPl 

WELD THICKNESS !tl 

CLAD 

BASIC CALl BRAT ION 
BLOCK THICKNESS (T) 

HOLE 
DIAMETER 

OVER 2 in. THRU 4 in. 3 in. OR t 3116 in. 
OVER 4 in. THRU 6 in. 5 in. OR t 114 in. 
OVER 6 in. THRU 8 in. 7 in. OR t 5116 in. 
OVER 8 in. THRU 10 in. 9 in. OR t 3/8 in. 
OVER 10 in. * * 

*FOR EACH INCREASE IN THICKNESS OF 2 in. OR FRACTION THEREOF THE 
HOLE DIAMETER SHALL INCREASE l/16 in. 

FIGURE 14.2.3 (I-3131). Basic Calibration Block 

that there was a great variability in procedures and results among the examin
ers (see Welding Research Council Bulletins 221, 252) . A revised PVRC test 
procedure (6/27/74), which was the basis for Appendix I, was developed to 
reduce variability and to enhance reliability of detection and location of 
flaws. It was verified by use on round-robin ultrasonic examinations on PVRC 
specimens 155, 202, and 203 (see WRC Bulletin 257). 

Calibration for Examination, Appendix I (Article 4) 

The general method of calibration is semi-mandatory . The UT operator may 

choose his own method so long as he achieves the following: 

• sweep range calibration over the examination range 
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FIGURE 14.2.4b (III-3430(b)). 
Recommended Design for Basic 
Calibration Block. 

• sensitivity calibration of the examination system 

• distance amplitude correction (DAC) 

• position calibration with respect to the front of the search unit and 
the examination surface 

• correction for planar reflectors perpendicular to the examination 

surface at or near the surface 

• beam angle and beam spread measurement. 
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FIGURE 14.2. 5 {I-3240) . 

T MIN. 

~ 
::=-=:.:-- ----l2 -----· 

=--==--==-=-==r --- ---

6T MIN. 
SCRIBE 3LINES 
AROUND BLOCK 
ON 4 FACES. 

Curved Basic Calibration Block {Appendix I, 
ASME XI) 

Calibration sensitivity is based upon the ultrasonic reflections from side

drilled holes in the calibration block . 

In all calibrations, it is important that maximum indications be obtained 

with the sound beam oriented perpendicular to the axis of the calibration 
reflector. The center line of the search unit shall be at least 3/4 in. from 
the nearest side of the block or pipe . (Rotation of the beam into a corner 
formed by the reflector and the side of the block may produce a higher ampli
tude signal at a longer beam path: this beam path shall not be used for 
calibration . ) 

For contact examination, the temperature of the examination and basic 
calibration block surfaces shall be within 25.F. For immersion examination, 
the couplant temperature for calibration shall be within 25• of that for scan

ning, or appropriate compensations for angle changes shall be made. 

Note that calibration includes the complete ultrasonic examination system. 
Any change in search units, shoes, couplants, cables , ultrasonic instruments, 
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recording devices, or any other parts of the examination system is cause for a 
calibration check. The original calibration must be performed on the basic 
calibration block. Calibration checks may be performed on a basic calibration 
block simulator or calibration reference block, but must include a check of the 
entire examination system. 

Each calibration shall be performed from the surface (clad or unclad) cor
responding to the surface of the component from which the examination will be 
performed . 

Linearity 

Two very important operations in instrument calibration concern amplitude 

and amplitude control linearity. The specific operations required in such 
calibrations follow: 

Supplement 5- Screen Height Linearity . To verify the ability of the 

ultrasonic instrument to meet the linearity requirement, position an angle beam 
search unit as shown in Figure 14 .2.6 (III-S5-1) so that echoes can be observed 

from any two reflectors in a calibration block. Adjust the search unit posi
tion to give a 2 to 1 ratio of amplitudes between the two echoes, with the 

larger set at 80% of full screen height. Without moving the search unit, 
adjust sensitivity (gain) to successively set the larger echo from 100% to 20% 
of full screen height , in 10% increments (or 2-dB steps if a fine control is 
not available), and read the amplitude of the smaller echo at each setting. 

The reading must be 50% of the larger amplitude, within 5% of full screen 
height. The settings and readings must be estimated to the nearest 1% of full 
screen. Alternatively, a straight beam search unit may be used on any calibra

tion block that will provide the signal differences . 

Supplement 6- Amplitude Control Linearity. To verify the accuracy of the 
amplitude control in the ultrasonic instrument, position a search unit so that 

an echo from one reflector in a calibration block is peaked on the screen. 

With the increases and decreases in attenuation shown in Table 14 .2.4 the echo 
amplitude must fall within the specified limits . Convenient reflectors from 

any calibration block may be used with angle or straight beam search units. 
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FIGURE 14.2.6 (III-SS-1). Linearity 

TABLE 14 . 2.4. Range of the Amplitude Control in Ultrasonic Instruments 

Indication Set at dB Control Indication Limits 
%of Full Screen Change (a) %of Full Screen 

80 - 6 dB 32 to 48 
80 -12 dB 16 to 24 
40 + 6 dB 64 to 96 
20 +12 dB 64 to 96 

(a) Minus denotes decrease in amplitude; plus denotes 
increase . 

Note: The settings and readings must be estimated to 
the nearest 1% of full screen . 

Calibration Verification 

A complete calibration is required at the beginning of each examination; 
system calibration checks verifying the distance-amplitude correction (DAC) 
curve and the sweep range calibration must be done at the start and finish of 
every examination, with any change in personnel, and at least every 4 hours 
during an examination. 

Code Case N-211 waives the personnel change provision in the case of 
examinations performed using programmed, automated equipment (now in 
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T-432.1.2). Code cases N-234 and N-235 permit extension of calibration check 
to 12 hours for automated systems regardless of changes in personnel. 

Any change in DAC curve in excess of 20~ (2 dB} invalidates all examina
tions since the last calibration. 

The extent of the information that must be recorded can be seen from the 
list of items required to be included in the piping examination calibration 

data sheet (III-3500}: 

(a) Calibration sheet identification and date; 

(b) Examination personnel; 

(c) Examination procedure number and revision; 

(d) Basic calibration block identity; 

(e) Ultrasonic instrument identity and serial number; 

(f) Beam Angle, couplant, and mode of wave propagation in the material; 

(g) Orientation of search unit with respect to the pipe (longitudinal or 
circumferential); 

(h) Search unit identity: frequency, size, and Manufacturer's serial 
number; 

(i) Special search units, wedges, shoe type, or saddle's identity, if 
used; 

(j) Search unit cable type and length; 

(k) Times of initial calibration and subsequent calibration checks; 

(1) Amplitudes and sweep readings obtained from the calibration 
reflectors. 

If an electronic OAC is being used , a second record shall be made of the 
resultant amplitudes and sweep readings obtained from the calibration 

reflectors . 

Examination (I-2000, T-441, 111-2000) 

The basic examination criteria are, for vessels, pulse-echo straight beam 
and angle beams; and, for piping , pulse-echo angle beams. There are specific 
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requirements regarding search units (transducers), and on the rate of search 

unit movement, which cannot exceed 6 in./sec (III-2420). Note that other 
instrument and search unit characteristic such as transducer size and frequency 

are not specified. 

Surface Preparation (T-441.2, III-4200). Examination surfaces should be 
free of irregularities, loose/foreign material, or coatings which might inter

fere with UT. 

Examination Coverage (T-425, III-2410). To assure complete coverage of 

the materials), each pass of the search unit shall overlap a minimum of 10% of 
the transducer piezoelectric element dimension perpendicular to the direction 
of scan. 

Identification of Examination Areas (T-441, III-4300). Special attention 

is given to locating all welds and marking them appropriately. Definitive 
reference systems are required for both pressure vessel and piping. 

A general method for pressure vessels is described in I-6231 and Appen
dix A of Article 4; however, a different method may be utilized so long as it 

meets the above requirements. Similarly, III-Supplement 2 describes a refer
ence system for piping. 

General (I-2000, T-441, III-4400). The volumes of weld and base metal to 

be examined for both pressure vessels and piping are indicated in the following 
figures. In the case of pressure vessels, straight beam and 45° and 60° angle 
beams are used with the option of other pairs of angle beams provided the dif

ference between angles is at least 15°. In piping the preferred angle is 45° 
with similar options available. 

Extent of Scanning. Wherever feasible, the scanning of the examination 
volume shall be carried out from both sides of the weld on the same surface. 
Where configuration or adjacent parts of the component are such that scanning 

from both sides is not practicable, this fact shall be included in the report 
of the examination. The examination volume shall be scanned by angle beams 

directed both at right angles to the weld axis and along the weld axis. 

Wherever feasible, each examination shall be conducted in both directions 

(approaching the weld from both directions and parallel to the weld in both 

directions). These examinations shall be conducted using two beam angles from 
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each direction (nominal angles of 45° and 60°). This results in nine distinct 
scans of a typical vessel main seam. Examples of scanning volumes are given 
in Figures 14.2.7-14 . 2.9 (IWB-3511 . 1(a), 3511.1(b), and 3514.1(a)). 

Wherever possible the entire examination volume shall be scanned. This 
includes adjacent base material for a distance on each side of the weld equal 

to one-half the weld thickness. Where component configuration precludes or 
limits scanning, this fact shall be included in the report of the examination. 

Sensitivity level is usually set at twice the reference level for scanning 

unless an electron DAC is used; however, indications, when found, are recorded 
at the reference level gain setting: 

• reflectors parallel to the weld seam-- the angle beam examination 
of the weld and HAZ shall be done by a full Vee path from one side 
or a one-half Vee path from two sides of the weld, where practicable. 

CIRCUMFERENTIAL 

WELD CLADDING 

E D 

CIRCUMFERENTIAL 
WELD 

A 

I 
tl 

c _l 

E -F -G-H 

AREA SCANNED AS 

REQUIRED TO EXAMINE 
VOLUME E - F - G - H 

VESSEL SHELL- HEAD JOINT 

,. 
I 

~ EXAM VOLUME ~ A-B-C-D 

AREA SCANNED A'S 
~ 

REQUIRED TO EXAMINE 
VOLUME A - B-C -D I 

VESSEL SHELL COURSES 

FIGURE 14.2.7 (IWB-3511.1(a)). Vessel Shell Circumferential Weld Joints 
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EXAMINE VOLUME A-B-C-D 

fL 

\ 

FIGURE 14.2.8 (IWB-3511.1(b)). Vessel Shell Longitudinal Weld Joints 

When examination is limited to one-half Vee path from one or both 

sides of the weld, the weld and 1/2 in. base material on each side 
of the weld shall be examined by a surface method. 

• reflectors transverse to the weld seam -- The angle beam examination 
for reflectors transverse to the weld shall be done on the weld crown 
on a single scan path to examine the weld root by one half Vee path 
in two directions along the weld. 

Scanning for planar and laminar reflectors is conducted with a longitudi
nal beam in accordance with I-4500 calibration. 

Scanning patterns for nozzle welds and adjacent base material will vary 

according to whether the examination is conducted from inside or outside the 

nozzle. With an examination from inside the nozzle, a straight beam normal to 
the plane of the weld may be substituted for the two angle beams normal to the 
weld seam. 
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FIGURE 14.2.9 (IWB-3514.1(a)). Similar and Dissimilar Metal Welds in Piping 

Sizing of Reflectors. I-6300 (T-441.8) is the part of these requirements 
that constitutes a really significant departure from other Code UT require

ments. We have based our requirements on the "6-dB drop" or "half-amplitude" 
technique; however, we have modified this several times based on cumulative 

experience and UT system limitations. A lower threshold for recording data has 
been stabilized as 50% DAC; however, we have, in Article 4 of Section V, 

adopted 50% of~· amplitude as the sizing point for reflector signal ampli

tudes exceeding DAC. 
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It is appropriate to note here that recording the data is all that we 
require of the UT operator; unlike the other Code UT requirements, we do not 
require him to 11 determine the shape, identity, and location .. of all reflectors 

producing a response greater than 20% of the reference level. The Section XI 
acceptance standards are based on the .. worst case .. f 1 aw, a crack , so a 11 

reflectors, whether they be from slag, lack-of-fusion, crack , or whatever, are 
sized as to length and through-thickness dimensions, and judged against the 
same criteria. 

With Appendix III, the volume subject to examination is the weld and 
1/4 in. on each side of the weld . In other words, we think that any threat to 
pressure boundary integrity will be concentrated in that area. However, the 

causes of confusion due to joint geometry occur in the same area. Code
allowable mismatch, off-set, counterbore, and IO and 00 weld convexity are all 

similar dimensionally to the Section XI weld acceptance standards, and all can 
produce ultrasonic reflections. 

Piping weld examination may be conducted with a single angle-beam trans
ducer. Straight beam and a second beam angle may be used but are not required. 

Wherever possible, the entire examination volume is scanned . Where compo
nent configuration precludes or limits scanning, this fact shall be included 
in the report of the examination. 

For reflectors parallel to the weld seam, the angle-beam examination of 
the weld and HAZ is done by a full Vee path from one side or a one-half Vee 
path from two sides of the weld, where practicable. 

For reflectors transverse to the weld seam, the angle-beam examination for 
reflectors transverse to the weld is done on the weld crown on a single scan 
path to examine the weld root by one-half Vee path in two directions along the 
weld. 

Data must be recorded for reflectors exceeding 50% of OAC based on the IO 

and 00 notches. We ask that the peak amplitude and the data to determine the 

location from which you are getting the peak amplitude be recorded, and also 
the positions where you cross the OAC amplitude. 

14 .2.25 



What Do You Do Where Appendices I and III and Article 4 Do Not Apply? 
Article 5 of Section V is a set of general requirements for all ultrasonic 

examinations called for in the various sections of the Code, and not just Sec

tion XI . It includes general procedures for calibration and of flaw detec
tion, but does not include flaw sizing criteria . Typically, determination of 

flaw shape, identity, and location is the responsibility of the operator. It 
has recently been rewritten and, as it appears in the Winter 1978 Addenda, is 
considerably more definitive than before: 

Equipment calibration: 

Personnel training: 

Written procedure: 

Calibration blocks: 

C a 1 i brat i on : 

Examination: 

Data reporting as 
modified by 
I~-2232( b): 

T-522 similar to Section XI Appendices. 

Per referencing Code; minimum, SNT-TC-lA 1975. 

Per referencing Code. 

For welds (T-543) a similar material is 
required; 3 side-drilled hole calibration 
reflectors are required where there was one 
before; block thickness requirement is the 
same as Appendix I or Article 4 

T-544 provides for a distance-amplitude cor
rection and no longer calls for calibration 
checks using a "transfer method." 

One angle beam from 4 directions. Straight 
beam where angle beam cannot be performed. 

The operator must record all indications pro
ducing a response greater than the 50% OAC, 
size flaws based on 100% DAC. 

14 .2.3 Records (I-6000, T-470, III-4500) 

For each ultrasonic examination the following information shall be identi
fied and recorded: 

(a) procedure 
{b) ultrasonic examination system (equipment) 
(c) examination personnel 

(d) calibration sheet identity 
(e) weld identification and location 

(f) surface from which examination is conducted. 
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For each inservice inspection, the following information shall·be identi
fied and recorded in addition to the information on the individual examinations 
required above: 

(a) ultrasonic examination procedure (I-1300) 

(b) calibration blocks used (I-3100) 

(c) examination system calibrations (I-4200) 

(d) weld identification plan (I-6200) 

(e) record of reflectors (I-6300, I-6400) 

(f) surface from which examination is conducted. 

(g) record of indications or of volume free of indications. For each 

indication that equals or exceeds the reference level of 50% DAC, the 
search unit location and orientation, and the following information, 
shall be recorded: 

(1) peak amplitude as either dB from the reference level, or as a 

percent of DAC; sweep reading in reflector; search unit posi
tion; search unit location; sound beam direction per III-4330; 

(2) minimum sweep reading to reflector and pos1tion of search unit 
at reference level amplitude; 

(3) maximum sweep reading to reflector and position of search unit 
at the reference level amplitude; 

(4) search unit positions or locations parallel to the reflector at 
the end points where the reflector amplitude equals the refer
ence level (length of reflector). 

(h) date and time period of examination. 

The complete report of each examination must be submitted to the local 
enforcement authority within 90 days of completion, including identification 

of procedures and equipment sufficient to permit duplication at a later date. 
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Illustrative Example of Data Recording (I-6330) 

When scanning perpendicular to the weld, a reflector is found which 
exceeds 50% OAC. Position the search unit to give the maximum amplitude from 
the reflector. Figure 14.2.10 (1-6350) is an illustration of the maximum 
amplitude scan and tabulation of that data with additional scan data that might 
be taken on a reflector in a longitudinal weld : 

(a) Read and record the maximum amplitude in percent of OAC. 

(b) Read and record the distance from surface to reflector (at the left 
side of the indication on the sweep). 

(c) Read and record the position of the search unit on the indexing strip 
at the reference line. 

(d) Read and record the location of the indication at the beam centerline 
intersection with reference line from the weld layout reference 
points in inches (for longitudinal or circumferential welds) or in 
azimuth degrees (for nozzle welds). 

Move the search unit toward the reflector until the amplitude falls to 
half the maximum. Read and record the following : 
(e) minimum distance f rom surface and 

(f) minimum position . 

Move the search unit away from the reflector past the maximum amplitude 
position until the amplitude falls to half of the maximum amplitude . Read and 

record the following : 
(g) maximum distance from surface and 
(h) maximum position. 

Subtract the minimum distance from surface f r om the maximum and divide by 

the through thickness reading on the sweep . Record as 

(i} depth in percent ofT . 

Subtract the maximum distance from surface from the through thickness 
reading (or use the minimum depth , whichever gives the smaller number), and 

divide the number by the through thickness reading on the sweep. Record as 

(j) distance from surface in percent ofT. 
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Successively read , record , and compute data along scan paths at increments 
no greater than 9/10 of the transducer dimension (measured parallel to the scan 

increment change). Continue scans until the maximum amplitude found at the end 
points of the reflector is the smaller of 50% OAC or half of the maximum ampli

tude that was measured at the maximum amplitude location and position. The 
length of the reflector is the distance between the end points. 
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14.3 STRENGTHS AND WEAKNESSES 

An examination of the PVRC and PISC results in Chapter 3 highlights the 

importance of calibration and the operator. The poorly defined calibration and 

examination procedures of the early PVRC tests were mirrored in the poor reli

ability of detection of flaws. Plate No. 201 is the best example of these 

limitations. The results with the unclad block were fair to poor. With the 

clad block they were poor to nonexistent. 

A tightening up of the calibration and examination requirements high

lighted the operator variable. The reliabilities of flaw detection ranged from 

excellent to poor with the operator being the major variable. This was seen 

for the PVRC test block data and is buried in the PISC data. Since the PISC 

data on detection reliability are averaged, it is not apparent that a few teams 

did very well while most did relatively poorly. A definite weakness in the 

ASME V, XI, UT techniques is the degree of subjectivity introduced by the oper

ator. If it were possible to achieve results consistent with top operators 

performance, the existing UT procedures would be quite adequate. Unfortu

nately, this has not been achieved. The Air Force study cited in Chap-

ter 13{ 13 •6· 17 ) clearly underlines the operator variability. It also 

confirms that the difference between the very good and the average operator 

consists of a series of imponderables not lending themselves to statistical 

analysis. This difference stresses the importance of reducing subjective fac

tors through modification of the current ASME UT procedures even if it means 

sacrificing to a limited degree the results obtained by the outstanding 

operator. 

Calibration blocks represent a significant variable with approaches based 

on side-drilled holes, flat-bottomed holes, notches or even real cracks. 

Acceptable results have been 

ing a rigorous procedure has 
Some studies( 2·2·3) indicate 

obtained with all calibration approaches, provid

been developed and is followed by the operator. 

that notches 

are preferred in conjunction with holes. 

significant factor. 

more closely 

Attention to 
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resemble cracks and 

detail appears to be the 



ASME XI UT is based on a comparison to the distance-amplitude curve devel

oped during calibration. Originally defects were compared to a 20% DAC curve. 

Later this was changed to 50% recording and 100% DAC reporting on the basis 

that 20% DAC resulted in an excessive time for evaluation of geometric indica

tions. While true, work of Taylor and Selby( 2·2 ·3) reveal that detection 

reliability also is reduced markedly. While an increase in DAC level reduced 

time in analyzing geometric effects, it also permitted significant flaws to be 

unreported. In fact, in at least one instance cracks exceeding 50% through

wall completely around the circumference of piping generatea UT signals well 

below 50% DAC. 

Another problem not limited to ASME XI UT procedures is detection of near

surface, near-field flaws. Conventional shear wave is generally unsuccessful 

in detecting flaws immediately under cladding when examined through cladding. 

It may be necessary to add requirements, particularly longitudinal wave exami

nation, or utilize some other techniques. 

Finally, most conventional UT tends to overestimate small flaw and under

estimate large ones. If sizing of flaws was uncoupled from detection, the 

detection mode could be optimized. Once it has been determined that a real 

flaw exists near or aoove the size permitted by the standards, techniques such 

as holography, SAFT-UT, etc., can be used to establish flaw location, orienta

tion and aimensions. 

Regulatory Guide 1.150 was developed in an attempt to improve the reli

ability of UT. I would classify this and other documents as stop gap 

approaches aimed at improvement of perceived limitations. In the case of Reg

ulatory Guide 1.150, emphasis is given to instrument drift, calibration, and 

control of sizing errors. The level of improvement does not appear to be com

mensurate with the added time required. 
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14.4 REGULATORY GUIDE 1.150 AND SUGGESTED CHI\NGES 

Some members of the USNRC have expressed reservations as to the adequacy 

of later versions of the UT requirements in ASME XI. These reservations culmi

nated in a Regulatory Guide 1.150, "Ultrasonic Testing of Reactor Vessel Welds 

During Preservice and lnservice Examinations." This document had a major 

impact on the UT sector of the nuclear industry. Great quantities of comments 

were generated, usually citing why the requirements could not be complied with. 

Finally, a more directed effort was conaucted under an ad hoc committee of the 

electric utility industry chaired by Jack Lance of Yankee Atomic Electric Com

pany. This culminated in a report, "Development of Optimized Reactor Pressure 

Vessel Inspection Guides," June 1982. 

The report contains a point-by-point comparison of the verbatim positions 

in the Regulatory Guide with the alternates suggested by the ad hoc committee. 

This comparison is shown in Table 14.4.1 to permit an understanding of both the 

Regulatory Guide and the industry alternatives. Presumably, there will be a 

series of meetings with the USNRC to attempt to modify the Regulatory Guide. 

How successful they will be in modifying it only time will tell. 

14 .4 .1 



TABLE 14.4.1. Recommended Changes to Regulatory Guide 1.150 

Current Regulatory Position 

Ultrasonic examination of reac
tor vessel welds should be performed 
according to the requirements of 
Section XI of the ASME B PV Code, 
as referenced in the Safety Analysis 
Report (SAR) and its amendments, 
supplemented by the following; 

1. INSTRUMENT PERFOR~NCE CHECKS 

The checks described in para
graphs 1.2 through 1.5 should be 
made for any UT system used for the 
recording and sizing of reflectors 
in accordance with regulatory posi
tion 6 and for reflectors that ex
ceed the Code-allowable criteria. 

1.1 Frequency of Checks 

As a minimum, these checks 
should be verified within 1 day be
fore and within 1 day after examin
ing all the welds that need to be 
examined in a reactor pressure ves
sel during one outage. Pulse shape 
and noise suppression controls 
should remain at the same setting 
during examination and calibration. 

1.2 Screen Height Linearity 

Screen height linearity of the 
ultrasonic instrument should be de
termined according to the mandatory 
Appendix I to Article 4, of Sec
tion V the ASME Code, within the 
time limits specified in regulatory 
position 1.1. 

1.3 Amplitude Control Linearity 

Amplitude control linearity should 
be determined according to the man
datory Appendix 4, Section V of the 
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Recommended Changes 

Ultrasonic examination of reactor 
vessel welds should be performed ac
cording to the requirements of Sec
tion XI of the ASME B PV Code, as 
referenced in the Safety Analysis 
Report (5AR) and its amendments, sup
plemented by the following: 

1. INSPECTION SYSTEM PERFOR~NCE 
CHECKS 

The conduct of a quality examina
tion requires that the performance 
characteristics of inspection system 
(instruments, cable, transducer, 
etc.) used be well defined and docu
mented. This is particularly true 
for situations which require compari
sons of examination results generated 
during successive examinations on the 
same components. 

The checks described in para
graphs 1.1 and 1.2 should be made for 
any UT system used for inspection of 
reactor pressure vessel welds. 

The field performance checks de
scribed in 1.2 (with the possible ex
ception of 1.2.c.) will be conducted 
on the basic calibration block. 

1.1 Pre-exam Performance Checks 

a. Frequency of checks 

These checks should be verified 
within 6 months before reactor pres
sure vessel examinations performed 
during one outage. Pulse shape and 
noise suppression controls should re
main at the same settings during cali
bration and examination. 



ASME Code, 1977 edition, within the 
time limits specified in regulatory 
position 1.1 

1.4 Frequency-Amplitude Curve 

A photographic record of the 
frequency-amplitude curve should be 
obtained. This record should be 
available for comparison at the in
spection site for the next two suc
cessive inspections of the same 
volume. The reflector used in gen
erating the frequency-amplitude 
curves as well as the electronic 
system (i.e., the basic ultrasonic 
instrument, gating, form of gated 
signal, and spectrum analysis equip
ment) and how it is used to capture 
the frequency-amplitude information 
should be documented. 

1.5 Pulse Shape 

A photographic record of the un
loaded initial pulse against a cali
brated time base should be obtained. 
The time base and voltage values 
should be identified and recorded 
on the horizontal and vertical axis 
of the above photographic record of 
the initial pulse. The method used 
in obtaining the pulse shape photo
graph, including the test point at 
which it is obtained, should be 
documented. 
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b. RF Waveform 

A record of the RF (radiofre
quency) pulse waveform from a refer
ence reflector should be obtained 
for each search unit used in the ex
amination in a manner which will 
provide frequency amplitude informa
tion. At the highest amplitude por
tion of the beam, the RF return 
signal should be recorded before it 
has been rectified or conditioned 
for display. The reflector used in 
generating the RF return signal as 
well as the electronic system (i.e., 
the basic ultrasonic instrument, 
gating, and form of gated signal) 
should be documented. These records 
should be used for comparison with 
previous records. 

1.2 Field Performance Checks 

a. Frequency of Checks 

As a minimum, these checks 
should be verified within 1 day be
fore and within 1 day after examin
ing all the welds that need to be 
examined in a reactor pressure ves
sel during one outage. Pulse shape 
and noise suppression controls 
should remain at the same setting 
during examination and calibration. 

b. Instrument Sensitivity 
During linearity Checks 

The initial instrument sensitiv
ity during the performance of 1.2.d 
and 1.2.e should be such that it 
falls at the calibration sensitivity 
or at some point between the cali
bration sensitivity and the scanning 
sensitivity. 

c. RF Waveform 

A record of the RF (radiofre
quency) pulse waveform from a refer
ence reflector should be obtained 
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and recorded in a manner that will 
permit extraction of frequency am
plitude information. At the highest 
amplitude portion of the beam, the 
RF return signa 1 shou 1 d be recorded 
before it has been rectified or con
ditioned for display. This should 
be determined on the same reflector 
as that used in l.l.b above. This 
record should be retained for future 
reference. 

d. Screen Height linearity 

Screen height linearity of the 
ultrasonic instrument should be de
termined according to the mandatory 
Appendix I to Article 4, Section V 
of the ASME Code or Appendix I to 
Section XI of the ASME Code. 

e. Amplitude Control Linearity 

Amplitude control should be de
termined according to the mandatory 
Appendix II of Article 4, Section V 
of theASME Code or Appendix I to 
Section XI of the ASME Code. 

f. Angle Beam Profile 
Characterization 

The vertical beam profile should 
be determined for each search unit 
used during the examination by a 
procedure similar to that outlined 
in nonmandatory Appendix B-60, Arti
cle 4, Section V of the ASME Code 
or Appendix I to Section XI of the 
ASME Code. Beam profile curves 
should be determined at different 
depths to cover the thicknesses of 
materials to be examined. Interpo
lation may be used to obtain beam 
profile correction for assessing 
flaws at intermediate depths for 
which beam profile has not been 
determined. 

Beam profile measurements should 
be made at the sensitivity required 



2. CALIBRATION 

System calibration should be 
checked to verify the OAC curve and 
the sweep range calibration per non
mandatory Appendix B, Article 4, 
Section V of the ASME Code, as a 
minimum, before and after each RPV 
examination (or each week in which 
it is in use, whichever is less) or 
each time any component (e.g., 
transducer, cable, connector, 
pulser, or receiver) in the exami
nation system is changed. Where 
possible, the same calibration block 
should be used for successive inser
vice examinations of the same RPV. 
The calibration side holes in the 
basic calibration block and the 
block surface should be protected 
so that their characteristics do not 
change during storage, These side 
holes or the block surface should 
not be modified in any way (e.g., 
by polishing} between successive ex
aminations. If the block surface 
or the calibration reflector holes 
have been polished by any chemical 
or mechanical means, this fact 
should be recorded. 

2.1 Calibration for Manual Scanning 

For manual scanning for the siz
ing of flaws, static calibration may 
be used if sizing is performed using 
a static transducer. When signals 
are maximized during calibration, 
they should also be maximized during 
sizing, For manual scanning for the 
detection of flaws, reference hole 
detection should be shown at scann
ing speed and detection level set 
accordingly (from the dynamic DAC). 
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for sizing. For example, s1z1ng to 
a 20% DAC criteria requires that the 
beam profile be determined at 
20% OAC. 

2. CAL! BRA Tl ON 

System calibration should be 
checked to verify the OAC curve and 
the sweep range calibration per non
mandatory Appendix B, Article 4, 
Section V of the ASME Code; Appen
dix I of Section XI; or the plant's 
Technical Specifications before and 
after each RPV examination (or each 
week in which it is in use, which
ever is less) or each time any com
ponent (e.g., transducer, cable, 
connector, pulser, or receiver) in 
the examination system is changed. 
Where possible, the same calibration 
block should be used for successive 
inservice examinations of the same 
RPV. 

2.1 Calibration for Manual Scanning 

For manual sizing of flaws, 
static calibration may be used if 
sizing is performed using a static 
transducer. When signals are maxi
mized during calibration, they 
should also be maximized during siz
ing. For manual scanning for the 
detection of flaws, reference hole 
detection should be shown at scann
ing speed and detection level set 
accordingly. 



2.2 Calibration for Mechanized 
Scanning 

When flaw detection and sizing 
are to be done by mechanized equip
ment, the calibration should be per
formed using the following 
guidelines: 

a. Calibration speed should be 
at or higher than the scanning 
speed. 

b. The direction of transducer 
movement during calibration should 
be the same as the direction during 
scanning unless 1) it can be shown 
that the change in scanning direc
tion does not make a difference in 
the sensitivity and vibration back
ground noise received from the 
search unit or 2) these differences 
are taken into account by a correc
tion factor. 

c. For mechanized scanning, 
signals should not be maximized 
during the establishment of the DAC 
curve. 

d. One of the following alter
native guidelines should be followed 
for establishing the OAC curve: 

1) The OAC curve should be es
tablished using a moving transducer 
mounted on the mechanism that will 
be used for examination of the 
component. 

2) Correction factors between 
dynamic and static response should 
be established using full-scale 
mock ups. 

3) Correction factors should be 
established using models and taking 
scaling factors into consideration 
(assumed scaling relationship should 
be verified). 
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2.2 Calibration for Mechanized 
Scanning 

When flaw detection is to be 
done by mechanized equipment, the 
calibration should be performed 
using the following guidelines. 

a. Calibration speed should be 
at or higher than the scanning 
speed. 

b. The direction of transducer 
movement (forward and backward) dur
ing calibration to establish the DAC 
curve should be the same direction 
during scanning unless it can be 
shown that a change in scanning di
rection does not reduce flaw detec
tion capability. 

c. One of the following alter
native guidelines should be followed 
for establishing the DAC curve: 

1) The DAC curve should be es
tablished using either a moving 
transducer mounted on the mechanism 
that will be used for examination 
of the component, or a mechanism 
that duplicates the critical factors 
(e.g., transducer mounting, weight, 
pivot points, couplant) present in 
the scanning mechanism. 

2) Correction factors between 
dynamic and static response should 
be established using the basic cali
bration block or full-scale mockups. 

3) Correction factors should be 
established using models and taking 
scale factors into consideration 
{assumed scaling relationship should 
be verified). 



4) Correction factors between 
dynamic and static response should 
be established from the indications 
that are found during examination 
for sizing. For detection of flaws 
during the initial scan, correction 
factors may be assumed based on 
engineering judgment. If assumed 
correction factors are used for de
tection, these factors should later 
be confirmed on indications from 
flaws in the vessel during the ex
amination. Deviation from the as
sumed value may suggest reexamining 
the data. 

2.3 Calibration Checks 

If an EBS is used for calibra
tion check, the following should 
apply: 

a. The significant OAC percent
age level used for the detection and 
sizing of indications should be re
duced to take into account the maxi
mum error that could be introduced 
in the system by the variation of 
resistance or leakage in the connec
tors or other causes. 

b. Calibration checks should 
be performed on the complete con
nected system (e.g., transducer and 
cables should not be checked 
separately). 

c. Measures should be taken to 
ensure that the different variables 
such as temperature, vibration, and 
shock limits for which the EBS error 
band is determined are not exceeded 
during transport, use, storage, etc. 

d. When a universal calibration 
block is used and some or all of the 
reference holes are larger than the 
reflector holes at comparable depths 
recommended by Article 4, Section V, 
of the ASME Code, 1980 edition, a 
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2.3 Calibration Confirmation 

Calibration confirmation per
formed as mid-shift or interim 
confirmation between on-site cali
brations should comply with sta
bility requirements in T-433, 
Article 4, Section V of the ASME 
Code. 

When an electronic simulator is 
used for on-site calibration confir
mation after a Code-required block 
calibration performed off-site, the 
following should also apply: 

a. Complete system performance 
should be maintained stable prior 
to off-site calibrations and on-site 
calibration confirmation by use of 
target reflectors. The target re
flectors should be mounted with 
identical physical displacement in 
both the off-site calibration fa
cilities and the on-site mechanized 
equipment. Each on-site periodic 
calibration should be preceded by 
complete system performance verifi
cation using a minimum of 2 target 
reflectors separated by a distance 
representing 75% of maximum thick
ness to be examined. 

b. Written records of calibra
tions should be established for both 
target reflector responses and Code 
calibration block OAC curves for 
each transducer. These written rec
ords may be used to monitor drift 
since the original recorded 
calibration. 

c. Measures should be taken to 
ensure that the different variables 
such as temperature, vibration, and 
shock limits are minimized by con
trolling packaging, handling, and 
storage. 



correction factor should be used to 
adjust the OAC level to compensate 
for the larger reflector holes. 
Also, if the reactor pressure vessel 
has been previously examined by 
using a conventional block, a ratio 
between the OAC curves obtained from 
the two blocks should be noted (for 
reference} with the significant in
dications data. 

3. NEAR-SURFACE EXAMINATION ANO 
SURFACE RESOLUTION 

The capability to effectively 
detect defects near the front and 
back surfaces of the actual compo
nent should be estimated. The re
sults should be reported with the 
report of abnormal degradation of 
reactor pressure boundary in accord
ance with the recommendation of 
regulatory position 2.a(3) of Regu
latory Guide 1.16. In determining 
this capability, the effect of the 
following factors should also be 
considered: 

a. If an electronic gate is 
used, the time of start and stop of 
the control points of the electronic 
gate should be related to the volume 
of material near each surface that 
is not being examined. 
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2.4 Calibration Blocks 

Calibration blocks should comply 
with IWA-2200 of Section XI of the 
ASME Code. When a universal cali
bration block or a new conventional 
block is used, a ratio between the 
DAC curves obtained from the origi
nal block and from the new block 
should be noted (for reference) to 
provide for a meaningful comparison 
of previous and current data. 

The calibration side-drilled 
holes in the basic calibration block 
and the block surface should be pro
tected so that their characteristics 
do not change during storage. These 
side-drilled holes or the block sur
face should not be modified in any 
way (e.g., by polishing) between 
successive examinations. If the 
block surface or the calibration re
flector holes have been polished by 
any chemical or mechanical means, 
this fact should be recorded. 

3. EXAMINATION 

The scope and extent of the 
ultrasonic examinations should com
ply with IWA-2000, Section XI of the 
ASME Code. 

If an electronic gate is used, 
the start and stop control points 
should include the entire required 
thickness including the material 
near each surface. 

3.1 Near Surface 

The capability to effectively 
detect defects at the internal clad/ 
base meta 1 interface sha 11 be con
sidered acceptable if the examina
tion procedure(s) or technique(s) 
meet the requirements of Section 6.0 
of this document and demonstrate the 
following: 



b. The decay time, in terms of 
metal path distance, of the initial 
pulse and of the pulse reflections 
at the front and back surface should 
be considered. 

c. The disturbance created by 
the clad-weld-metal interface with 
the parent metal at the front or the 
back surface should be related to 
the volume of material near the in
terface that is not being examined. 

d. The disturbance created by 
front and back metal surface rough
ness should be related to the volume 
of material near each surface that 
is not being examined. 
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a. All examination procedures 
should include the use of the 2% 
notch which penetrates the internal 
{clad) surface of the calibration 
blocks defined by Section XI, Appen
dix I Figure 1-3131 or Section V, 
Article 4, Figure T-434.1. 

b. An alternate reflector, 
other than the 2% notch described 
above, may be used provided: 
1) that it is located at the clad/ 
base metal interface or at an 
equivalent distance from the sur
face, 2) that it does not exceed 
the maximum allowable defect size, 
and 3) that equivalent or superior 
results can be demonstrated. 

c. The examination procedure(s) 
should provide for volumetric exami
nation of at least 1 inch of metal 
as measured perpendicular to the 
nominal location of the base metal
cladding interface. 

3.2 Scanning Weld-Metal Interface 

The beam angles used to scan 
welds should be based on the geome
try of the weld/parent metal inter
face. Where feasible for welds 
such as those identified in Sec
tion T-441.4.2 of Article 4, Sec
tion V of the ASM£ Code, at least 
one angle should be such that the 
beam is perpendicular (+15° to the 
perpendicular) to the weld/parent 
metal interface, or it should be 
demonstrated that unfavorably ori
ented planar flaws can be detected 
by the UT technique being used. If 
this is not feasible, use of alter
native volumetric ND£ techniques, 
as permitted by the ASM£ Code, 
should be considered. 



4. BEAM PROFILE 

The beam profile should be de
termined if any recordable flaws are 
detected. This should be done for 
each search unit used during the ex
amination by a procedure similar to 
that outlined in the nonmandatory 
Appendix B(B-60), Article 4, Sec
tion V of the ASME Code, 1980 edi
tion, for determining beam spread. 
Beam profile curves should be deter
mined for each of the holes in the 
basic calibration block. Interpola
tion may be used to obtain beam pro
file correction for assessing flaws 
at intermediate depths for which 
the beam profile has not been 
determined. 

5. SCANNING WELD-METAL INTERFACE 

The beam angles used to scan 
welds should be based on the geome
try of the weld/parent-metal inter
face. At least one of these angles 
should be such that the beam is 
almost perpendicular (+15° to the 
perpendicular) to the Weld/parent
metal interface unless it can be 
demonstrated that unfavorably ori
ented planar flaws can be detected 
by the UT technique being used. 
Otherwise, use of alternative volu
metric NDE techniques, as permitted 
by the ASME Code, should be consid
ered. Alternative NDE techniques 
may be considered to include high
intensity radiography or tandem
probe ultrasonic examination of the 
weld-metal interface. 

6. SIZING 

Indications from geometric 
sources need not be recorded. 

4. BEAM PROFILE 

(Delete entire paragraph. This 
section included in Recommended 
Change 1.1.f., Angle Beam Profile 
Characterization.) 

5. SCANNING WELD-METAL INTERFACE 

(Delete entire paragraph. This 
section included in Recommended 
Change 3.2, Scanning Weld-Metal 
Interface.) 

6. RECORDING AND SIZING 

The capability to detect, record 
and size the flaws delineated by 
Section XI, IWB-3500 should be dem
onstrated. The measurement toler
ance established should be applied 
when sizing flaws detected and 
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6.1 Traveling Indications 

Indications that travel on the 
horizontal baseline of the scope for 
a distance greater than indications 
from the calibration holes (at 
20% DAC amplitude) should be re
corded. Indications that travel 
should be recorded and sized at 
20% OAC. Where the indication is 
sized at 20% DA.C, this size may be 
corrected by subtracting for the 
beam width in the through-thi-ckness 
direction obtained from the calibra
tion hole (between 20% DAC points) 
that is at a depth similar to the 
flaw depth. If the indication ex
ceeds 50% OAC, the size should be 
recorded by measuring the distance 
between 50% DAC levels without using 
the beam-width correction. The de
termined size should be the larger 
of the two. 

6.2 Nontraveling Indications 

Nontraveling indications above 
20% DA.C level that persist for a 
scanning distance of more than 
l inch plus the beam spread between 
20% DAC points (as defined by non
mandatory Appendix B. Article 4, 
Section V of the ASME Code, 1977 
edition) should be considered sig
nificant. The size of these flaws 
should be determined by measuring 
the distance between points at 
50% DAC and between points at 
20% OAC where the beam-width cor
rection is made only for the 20% DAC 
size. The recorded size of the flaw 
would be the larger of the two 
determinations. If it can be ade
quately demonstrated that a nontrav
eling indication is from a geometric 
source (and not a flaw). there is 
no need to record that indication. 

The following information should 
also be recorded for indications 

recorded during scanning (see 
paragraph 7. a). 

6.1 Geometric Sources 

Indications from geometric 
sources need not be sized. Record
ing of these indications should be 
at 50% DAC. Paragraphs 6.2 (a) 
and (b) do not apply. 

6.2 Indications with Changing 
Metal Path 

a. I ndi cations that change 
metal path distances (indicating 
through-wall dimension) when scanned 
in accorbance with the requirements 
of ASME Section XI, for a distance 
greater than that recorded from the 
calibration reflector should be 
recorded. 

b. Reflectors which are at 
metal paths representing 25% and 
greater of the through-wall thick
ness of the vessel wall measured 
from the inner surface should be 
recorded in accordance with the 
requirements of ASME Section XI and 
characterized at 50% DAC. 

c. Reflectors which are within 
the inner 25% of the through-wall 
thickness should be recorded at 
20% DAC. Characterization should 
be per the demonstrated methods 
under paragraph 6.0. Where the in
dication is sized at 20% DAC, this 
size may be corrected·by subtracting 
the beam width in the through
thickness direction obtained from 
the calibration hole (between 
20% DAC points) which is at a depth 
similar to the flaw depth .. If the 
indication exceeds 50% OAC; the size 
should be recorded by measuring the 
distance between 50% [Y\C levels 
without using the beam-width correc
tion. The determined size should 
be the larger of the two. 
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that are reportable according to 
this regulatory position: 

a. Indications should be re
corded at scan intervals no greater 
than one-fourth inch. 

b. The recorded information 
should include the indication travel 
(metal path length} and the trans
ducer position for the 10%, 20%, 
50%, and 100% DAC and the maxi mum 
amplitude of the signal. 

6.3 Indications without Changing 
Metal Path 

Precautionary Note. 

Indications lying parallel to 
welds may appear as nontraveling 
(without changing metal path) when 
scanned by parallel moving trans
ducers whose beams are aimed normal 
to the weld, i.e. at 90°. Multiple 
scans, however, may reveal that 
these indications are traveling in
dications. If so, recording and 
sizing are to be done in accordance 
with paragraph 6.2. 

a. Indications which do not 
change metal path distance when 
scanned in accordance with the re
quirements of ASME Section XI and 
are between the inner 25% of the 
through-wall dimension and the out
side surface should be recorded 
when any continuous dimension ex
ceeds 1 inch in the scanning 
direction. 

b. If the indication falls 
within the inner 25% of the through
wall dimensions, it should be re
corded at 20% DAC and evaluated at 
sm~ DAC. 

6.4 Additional Recording Criteria 

The following information should 
also be recorded for indications 
that are reportable according to 
this regulatory position: 

a. Indications should be re
corded at scan intervals no greater 
than one-fourth inch. 

b. The recorded information 
should include the indication travel 
(metal path distance) and the trans
ducer position for 20% (where appli
cable}, 50%, and 100% [11\C, and the 
maximum amplitude of the signal. 
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7. REPORTING OF RESULTS 

Records obtained while following 
the recommendations of regulatory 
positions 1.2, 3, 5, and 6, along 
with discussions and explanations, 
if any, should be kept available at 
the site for examination by the NRC 
staff. If the size of an indica
tion, as determined in regulatory 
positions 6.1 or 6.2, equals or 
exceeds the allowable limits of Sec
tion XI of the ASME Code, the indi
cations should be reported as 
abnormal degradation of reactor 
pressure boundary in accordance with 
the recommendation of regulatory 
position 2.a{3) of Regulatory 
Guide 1.16. 

Along with the report of ultra
sonic examination test results, the 
following information should also 
be included: 

a. The best estimate of the 
error band in sizing the flaws and 
the basis for this estimate should 
be given. 

b. The best estimate of the 
portion of the volume required to 
be examined by the ASME Code that 
has not been effectively examined 
such as volumes of material near 
each surface because of near-field 
or other effects, volumes near in
terfaces between cladding and parent 

c. When multi-channel equipment 
is used in the examination system 
such that all examination displays 
are not available for simultaneous 
viewing, an electronic gating system 
should be used which will provide 
on-line reproducible, recording in
formation, regarding metal path, 
amplitude and position of all indi
cations exceeding a preset level. 
The preset level should be the mini
mum recording level required. 

7. REPORTING OF RESULTS 

Records obtained while following 
the recommendations of regulatory 
positions 1.2, 3, and 6, along with 
discussions and explanations, if 
any, should be kept available at the 
site. If the size of an indication, 
as determined in regulatory posi
tions 6.2 or 6.3, exceeds the allow
able limits of Section XI of the 
ASME Code, the indications should 
be reported as abnormal degradation 
of reactor pressure boundary in 
accordance with the recommendation 
of regulatory position 2.a(3) of 
Regulatory Guide 1.16. 

Along with the report of ultra
sonic examination test results, the 
following information should also 
be included: 

a. The best estimate of the 
tolerances in sizing the flaws at 
the sensitivity required in Sec
tion 6 and the basis for this 
estimate. 

This estimate may be determined 
in part by the use of additional 
reflectors in the standard calibra
tion block. 

b. A description of the tech
nique used to qualify the effective
ness of the examination procedure, 
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metal, volumes shadowed by laminar 
material defects, volumes shadowed 
by part geometry, volumes inacces
sible to the transducer, volumes 
affected by electronic gating, and 
volumes near th~ ~urface opposite 
the transducer.~aJ 

c. The material volume that has 
not been effectively examined by the 
use of the above procedures may be 
examined by alternative effective 
volumetric NDE techniques. If one 
of these alternative NDE techniques 
is a variation of UT, recommenda
tions of regulatory positions 1 
and 3 should apply. A description 
of the techniques used should be 
included in the report, If other 
volumetric techniques or variations 
of UT are used as indicated in regu
latory position 5, the effectiveness 
of these techniques should be demon
strated and the procedures reported 
for review by the NRC staff. 

(a) It should be noted that the li
censee is required to apply for 
relief from impractical ASME 
Code requirements according to 
§50.55a of 10 CFR. If the li
censee is committed to examine 
a weld as per the inspection 
plan in the plant SAR, the li
censee is required to file an 
amendment when the commitments 
made in the SAR cannot be met. 
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including, as a m1n1mum, material, 
section thickness and reflectors. 

c. The best estimate of the 
portion of the volume required to 
be examined by the ASME Code that 
has not been effectively examined 
such as volumes of material near 
each surface because of near-field 
or other effects, volumes near in
terfaces between cladding and parent 
metal, volumes shadowed by laminar 
material defects, volumes shadowed 
by part geometry, volumes inaccessi
ble to the transducer, volumes af
fected by electronic gating, and 
volumes near th~ ?urface opposite 
the transducer.~a) 

Sketches and/or descriptions of 
the tools, fixtures and component 
geometry which contribute to incom
plete coverage should be included. 

d. When other volumetric tech
niques are used, a description of 
the techniques used should be in
cluded in the report. 

(a) It should be noted that the li
censee is required to apply for 
relief from impractical ASME 
Code requirements according to 
§50.55a of 10 CFR. If the li
censee is committed to examine 
a weld as per the inspection 
plan in the plant SAR, the li
censee is required to file an 
amendment when the commitments 
made in the SAR cannot be met. 



14.5 SUGGESTED CHANGES 

The following are some suggested changes for improving NOE: 

• Achieve a better understanding of factors responsible for differen
tiating the average from the excellent operator. Establish whether 

these factors can be quantified and used to improve operators. 

• As an alternate to improving the operator, consider automatic or 

semi-automatic approaches that will remove the operator from the 

decision process. This appears to be more applicable to the reactor 

pressure vessel than to piping. 

• Consider incorporation into the Code, or making available as a sup

plement to the Code, techniques such as longitudinal wave that are 

capable of detecting near-surface flaws. 

• Decouple sizing from detection; once it has been established that the 

signal results from a flaw, a technique best capable of sizing and 

locating it in a given geometry can be utilized. 

• Consider modifying DAC reporting levels on the basis of potential 

significance of a flaw. The mid-thickness flaw has little or no 

safety significance and could be checked at 100% or 200% DAC. On the 

other hand, near-surface flaws have definite fracture mechanics sig

nificance and could use 20% DAC. 

• Continue to emphasize the need for well-defined calibration proce

dures. This might entail further optimization of calibration blocks. 

• Recognize that pulse-amplitude techniques have inherent limitations 
and consider use of more of the information in the signal spectrum. 

The outstanding operator probably is doing that to a degree now. 
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CHAPTER 15 

CONCLUSIONS AND RECOMMENDATIONS 

15.I INTRODUCTION 

This chapter is a distillation of the preceding 17. Significant conclu

sions and recommendations are repeated here, including a locator to permit 
referral to the original source. It is hoped that the repetitive nature of the 
items which are grouped to accentuate this repetitiveness will underscore the 

significant items. Basically, this chapter is a built-in index pointing toward 

these items. Nothing new has been included. 

The following three somewhat arbitrary categories have been selected to 
permit discrimination and categorization of the various items: 

• Systems Controls--NOE {UT) system parameters relating either to 

equipment or transducers that control. Obviously, the decision may 

be somewhat subjective as to whether system parameters control. 

• Technique Controls--techniques impressed on the system that influence 

results. Typically operator influence, calibration, and code or 

standard defined procedures will control. 

• External Factors Controls--variables inherent in the object being 

examined that control. Obvious examples include flaw orientation and 

flaw surface characteristics, and material grain size and orientation 

effects as they influence beam attenuation, skewing, etc. 

Obviously, there will be a substantial degree of subjectivity between and 

within these three categories. I hope readers recognize this subjectivity when 

they disagree with the location of specific items. All original references 

occur in the chapters cited. There is a series of bullets grouped on the basis 

of a common aspect and incorporated under the three major headings. 
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15.2 SYSTEMS CONTROLS 

15.2.1 Beam Angle 

• Reliability of detection and sizing of defects using a single combi

nation of transducer beam angle and frequency was substantially lower 

than had been anticipated (3.6). 

• A 45° refracted shear wave yielded better results than 60° shear wave 

with respect to S/N ratio in austenitic weldments (6.5). 

• Selection of incident angles should be optimized for each examination 

zone in a structure; e.g., near the surface 78° (4.5.2.3.4}. 

• It is necessary to use different probe angles {70°, 45°, etc.) and 
to scan from different directions to ensure flaw detection (2.3.1). 

• As many beam angles and traverses as economically feasible should be 

used to minimize inherent limitations in detection (4.7). 

• Combinations of angles and frequencies enhance the reliability of 

detecting and sizing a given defect (3.6). 

15.2.2 Frequency 

• Frequencies less than 1.8 MHz are relatively unaffected by material 

parameters. Above 1.8 MHz with the metallurgical structures typical 

of austenitic stainless steel weldments filtering, distortion and 

attenuation occurs (6.5). 

• A decrease in frequency broadens the beam and increases the radiation 

pattern response (7.3.1). 

• Frequency should be optimized to yield acceptable S/N ratios together 

with good flaw resolution. Higher frequencies increase noise and 

decrease S/N ratios. Lower frequencies (<1 MHz) decrease resolution. 
The optimum range is 1 to 2.25 MHz (13.4.3). 

• Two significant parameters accounting for UT equipment variability 

are the system operating frequency spectrum and the beam profile or 

radiation pattern of the search unit (4.5.1). 
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• It is vital to match test equipment and transducers in a frequency 

range optimum for both. Often this is not done leading to no results 

or incorrect results (7.3.2). 

• UT equipment can meet ASME XI requirements yet have characteristics 

unknown to the operator which will influence test performance. Exam

ples are frequency response of probes (7.3). 

• The two most important parameters are operating frequency spectrum 

and beam profile for a given material {7.3). 

• Increases in frequency are accompanied by decreases in beam spread 

(8.4). 

15.2.3 Beam Spread 

• For a high detection probability with adequate S/N ratio, medium 

divergence probes are preferred. This does not apply to sizing 

(4.6.4). 

• Reduction of beam spread reduces noise level with coarse-grained 

materials because scatter is a volume effect. Focused probes accom

plish this; however, they may introduce other problems (4.5.2.3.4). 

• For sizing, a wide sound beam yields better results than does a nar

row (focused) sound beam and a wave-front with phase variations (near 

field/transition field) gives better results than a flat wave front 

(far~field focus) (6.2.3). 

15.2.4 Beam Size 

• Conventional UT consistently overestimates flaws whose sizes are less 

than the focal spot. Larger flaws may be underestimated depending 

on the sizing technique used (4.6.4). 

• Although B and C scans improve estimations of flaw location and ori

entation, they do not assist in sizing if defects are small relative 

to beam diameter (7.2.1). 
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• With flaws smaller than the limit of resolution probe displacement 
techniques are not accurate because the flaw ends cannot be 

distinguished (5.3.9). 

15.2.5 Pulse 

• Short broad pulses are preferred for coarse-grained materials because 
they suppress reflections from the grains as well as yielding higher 

resolution (4.5.1.3.4). 

• Short pulse probes are an advantage with anisotropic coarse-grained 

materials because there is less energy scattered along the beam; 

therefore, less noise (4.5.1.3.4). 

• Short broadband pulses will reduce scattering. improve S/N ratio and 

reduce false signals. Short pulse lengths reduce scattering thus 

improving S/N ratio. Increased bandwidth reduces false signals 

because of shorter signal times. This approach also reduces signal 

amplitude (13.4.3, 7.5.3). 

• A pulse behaves as if it consists of a continuous spectrum of sinus

oidal waves; as the pulse is reduced in duration the bandwidth 

increases (8.4). 

• Short pulses are better suited to test coarse-grained materials than 

long pulses (6.5.1). 

• Pulse shape may be a factor depending on whether the harmonic signal 

does or does not occur; a nonharmonic signal is more detectable 
(4.6.4). 

15.1.6 Bandwidth 

• Optimum systems for austenitic weldments include a medium bandwidth 

unit utilizing a tuned pulse capable of multicycle waveform excita
tion, preferably pitch-catch if applicable (6.5). 

• An ideal transducer would be a broadband device having a uniform 

response in the frequency domain and a delta transfer function in the 
time domain. Such a unit would have high resolution and faithfully 
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transduct signals. Unfortunately, real transducers do not behave 

thus, having low sensitivity so the alternative is a narrow-band 

unit (7.3.1). 

• Narrow-band equipment performs better than wide band for coarse

grained materials (6.5). 

• While narrow-band pulses and short pulses have specific advantages, 

they cannot be combined to yield a better system (6.5). 

• Optimum results can be obtained by minimizing equipment variability 

such as selecting either a tuned or a broadband system but not both 

( 4. 7). 

• Broadband is less sensitive than narrow band with effects more pro

nounced in the far field (4.2.4.1). 

15.2.7 Signal-to-Noise (S/N) Ratio 

• The S/N ratio is proportional to the square root of the bandwidth; 

therefore, a large bandwidth (short pulse) gives better results than 

a narrow bandwidth (long pulse) (8.4). 

• In defects yielding small amplitudes, spurious indications are the 

major problem rather than attenuation or sensitivity (6.5). 

15.2.8 Transducers/Probes 

• Transducer variability is a major problem. Until such variability 
is resolved the option is calibration and certification (7.3.1.1). 

• While very small transducers tend to yield more accurate results, 

conventional industrial practice is to compromise by using an inter

mediate size (4.6.4). 

• A larger probe is better for a general scan provided weld crown does 

not force the use of a smaller one (7.5.3.2). 

• With the ideal combination of transducer size to defect size it 

should be possible to accurately estimate flaw size, given that the 

flaw orientation is accurately known (unlikely). The ideal condition 
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would be an infinitely small transducer to obtain true orientation 

assuming knowledge of location (4.6.4). 

• A recommendation concerns evaluation of transducers to determine what 

parameters enhance detection and analyses of IGSCC (4.5.2.3.4). 

• Transducers represent a major source of variation. The radiation 

patterns, intensity and frequency response generally cannot be repro

duced within 20% even when the transducers are from the same manufac-

turers. Also, transducer characteristics 

useful life is about six months (4.5.1). 

classes of transducers is much worse than 

15.2.9 Wave Mode 

decay with usage; the mean 

The variability between 

within classes (4.5.1.1). 

• Shear-wave probes performed significantly better than longitudinal

wave probes for weak signal defects in austenitic steels (6.5). 

• Longitudinal waves are generally preferred when material anisotropy 

is a factor because they are less sensitive to such structures. For 

example, the shear mode accounts for most of the energy scattered by 

the grains and enhancing noise level, and there is less skewing with 

L-waves (4.5.2.3.4). 

15.2.10 Miscellany 

• Extensive testing of UT equipment and probes indicate a spread in 

values of 12 dB at two sigma for calibrations against known 

reflectors (7.3). 

• Specialized equipment is needed to improve detection of IGSCC, par
ticularly with regard to enhancing S/N ratios. Use of flawed speci
mens should help (4.5.2.3.4.). 

• A limitation on UT is the zone of low sensitivity near the incident 

beam surface. This zone is smaller with direct coupling than for 

immersion. Complementary UT techniques may be needed to examine this 

region (5.3.9). 
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• Mode conversion will adversely affect the signals from flaws because 
of the angular relationships (4.5.2.4). 

• Beam misalignment represents a potentially severe fault with frequen
cies below 6 MHz more susceptible than above. Contact probes are 

less susceptible then immersion probes. Typically, misalignments may 
exceed 2.5" (7.3.1). 

15.2.11 Focused Probes 

• Focused transducers appear to have considerable promise in the sizing 

of embedded flaws; however, their accuracy in bimetallic and trime
tallic welds or in coarse-grained austenitic structures has not been 
established (6.17). 

• Immersion focused probes are less sensitive to surface variability 
than contact probes so they may be preferred for PWR NDE, particu

larly for underclad cracks (7.6.2). 

• Exact determination of flaw size using focused probes is possible 
only if the following conditions exist: 1) the reflector surface is 
smooth and even; 2} the acoustical axis of the sound beam is vertical 

to the surface of the reflector; 3) the effect of an ideal reflector 
on an ideal sound field is considered correctly. An interpretation 
of the previous confirms the opinion that it is doubtful whether the 

optimized techniques used for ideal reflectors lead to satisfactory 
results for natural reflectors, regardless of phase relationships 
(6.2.3). 

• Focusing is advantageous for small reflectors plus being less sensi
tive to variations in flaw slant angles; there is no advantage with 
large defects (7.5.3.2). 

• Focused probes are superior for detecting poorly oriented flaws under 

static conditions; however, this superiority is markedly reduced for 
the moving probe case (4.6.4). 

• Acoustic holography and focused probes offer the best possibilities 
for sizing real flaws (7.2.1). 
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15.2.12 UT Techniques 

• Rayleigh wave examination of fatigue cracks tends to lead to under

estimation of crack depths if there is premature mode conversion from 

crack-face irregularities (5.5.5). 

• While Rayleigh waves may size detected defects well, they often do 

not detect because of transparency effect or severe attenuation on 

rough crack surfaces (5.5.5). 

• A multiple-beam technique has substantial promise for detection of 

cracks under cladding because of the ability to optimize beam 

conditions (6.5). 

• The multiple-beam techniques represents a special case of T-R probes 

where angle, frequency and wave form can be optimized. Not too sur

prisingly it is successful in detection and sizing of flaws (7.6.3). 

• T-R probes are poorer than single probes at longer ranges because of 

exaggerated increases in pulse length (7.5.3.4). 

• T-R probes have poor sensitivity (as do single probes) close to the 

surface. This is due to beam shape (7.5.3.4). 

• The tandem technique affords added reliability in evaluating defects 

compared to the single-probe technique (2.3). 

• Small planar defects normal to the surface are difficult to recognize 

from either side because most of the UT beam is reflected in differ

ent directions. The tandem technique may help (2.3). 

• Dual-beam probes are best for skewed reflectors; otherwise they are 
disadvantageous (7.5.3.2). 

• EMATS provide a technique for generating horizontally polarized shear 

waves for examination with no side effects because there will be no 

mode conversion (7.6.3). 

• Creeping waves offer promise for detection of near-surface cracks, 

particularly under cladding (7.6.5). 
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15.3 TECHNIQUE CONTROLS 

15.3.1 Operator 

• The operator is an important link. Under the same conditions with 

the same equipment, one will correctly define a flaw while the other 

will call it a geometric reflector (7.4). 

• Pronounced variability was observed among various operators in their 

ability to detect and size flaws in PVRC 251 block (3.2.4.3). 

• The human variable is quite marked. Some teams achieved acceptable 

overall reliabilities of detection for a given series of examinations 

whereas other teams using similar equipment or the same procedures 

had poor reliabilities. This means composite results do not portray 

the correct picture because the distribution is bimodal (3.6). 

• Training of UT personnel on piping containing defects such as IGSCC 

should be productive (4.5.2.3.4). 

• The human variable should be minimized by automation, special train

ing, etc. (4.7). 

• Both instrument and operator error are significant factors in sizing 

and location of flaws even more so than in detection (b.7}. 

• Pulse-echo examinations can vary widely because of the degree of sub

jectivitiy in the evaluations. In some instances, excellent results 

are obtained; in others, results are poor. If decisions are based 

on amplitude signal alone, great care must be exercised to ensure 

that the optimum signal is developed, and operators with appropriate 

field experience are a critical link. It is recognized that other 
techniques such as tendem provide an alternate (7.4.1}. 

15.3.2 Coupling 

• Errors in technique or procedure in terms of dB are coupling factor~ 

(*2.0) and operator variables (*2.0) (5.3.1.1). 

• Control of coupling gap to less than 0.2 mm is desirable (4.5.2.3.4). 
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15.3.3 Calibration 

• Both PVRC and PISC confirm that inattention to calibration procedures 

will invalidate results on specimens (7.4). 

• Gain adjustment using calibration blocks does not eliminate response 

variation caused by variation in frequency or search unit size. This 

is because with most calibration blocks, the energy impinges on the 

reference hole at normal incidence so the effect of variations in 

beam profiles does not become apparent (4.5.1.1). 

• Reference block containing real defects rather than drilled holes are 

advantageous (4.7). 

• Calibration against notches (ASME XI 1977 Ed.) is preferred to side

drilled holes (1974 Ed.) because the notches more closely resemble 

cracks and have lower sensitivity (2.3.3, 4.5.1.3). 

• Problems arising from calibration are a direct result of using ampli

tude as a means of detecting and sizing defects. The use of flat

bottomed or side-drilled holes is misleading in that there is no good 

correlation with real defects (4.5.1.3). 

• The acoustic properties of ferritic calibration blocks may vary mark

edly, particularly if the blocks contain inclusions (4.5.1.5). 

• Austenitic calibration blocks can vary markedly in UT test response 
and in apparent shear-wave beam angle from block to block and block 

to specimen (4.5.1.4). 

15.3.4 Sizing 

• Reliability of sizing has been oversold for state-of-the-art UT; 
therefore, it is prudent to iterate between two or more independent 

systems (5.5.5). 

• The sizing techniques used--half-height, 6-dB drop, 10-dB drop, 20-dB 

drop, vanishing echo, etc.--yield different results which in turn are 

dependent on the corrections or lack of corrections made with regard 

to beam spread (5.7). 
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• A conclusive determination of defect size by use of 6- to 20-dB drop 

methods is impossible if the lateral dimensions of the defects are 
smaller than the sound-field diameter (7.2.1). 

15.3.5 Miscellany 

• Correct location of defects was poor. Teams consistently did not 

relate dimensions to the benchmarks or did not read dimensions 

correctly (3.5.4, 3.6.2). 

• Scanning motion may yield a higher echo amplitude than a stationary 

probe. The two values converge with increased beam divergence 

(4.6.4). 

• The change from 20% OAC reporting level (1974 ASME XI Code) to 50% 

recording and 100% reporting level in 1977 Edition markedly reduced 

flaw detection reliability (2.3.3). 

• The new PVRC-UT procedure, which is essentially ASME XI Appendix I, 

was substantially better than the old more permissive procedure 

(3.2.4.3). 

• With IGSCC detection may be quite good; however, correct interpreta

tion ranges from fair to poor. The same applies to fabrication 

defects. False calls also are a problem (4.5.2.3.4). 

• A need exists to improve the methods for detecting off-axis flaws 

(skewing) either with improvements in technique or in scanning 
procedure (4.5.2.3.4). 

15.3.6 Distance-Gain-Size 

• If echo amplitude comparison techniques like DGS are used, then vari
ations in compressive stress or crack roughness will lead to appre
ciable sizing errors. The reduced response may also result in 

defects being missed entirely if an echo amplitude threshold is used 

to define recordable defects (4.6.3). 
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• Correctable sources of error in s1z1ng with OGS are effective probe 
diameter and frequency. The error in the first may be as large as 
15%; with frequency a similar error plus or minus may occur 

(5.2.4.1). 

• DGS used to size flaws in forging resulted in consistent underestima

tion of size in terms of both length and area. This also occurred 

with small flaws (5.6.2.4). 

• The AVG (DGS) technique may yield substantial errors in flaw sizing. 

For example, for surface flaws there is a pronounced magnification 

effect, as the distance from transducer to flaw increases the size 
will be overestimated and variability in pulse strength will lead to 

overestimation for distant reflectors (4.6.2). 

• Comparisons of true flaw sizes with those predicted by DGS indicates 

consistent underestimation (5.2.4.1). 

• The DGS method will size circular reflectors but not actual flaws 

(7.2.1). 

15.3.7 UT Techniques 

• The significance 

be substantial. 

of attenuation difference unless accounted for can 

For example, if the 

20 dB between standard and weld, the 

examined (4 .5 .2 .3 .2). 

attenuation is greater than 

weld will not be adequately 

• Crack-tip echoes are small; typically they are 50 dB down on a back
wall echo at the same range when using a compression wave probe at 

grazing incidence, and they are practically impossible to identify 
if the cracks are in compression or if the material contains other 

defects such as inclusions (4.6.3). 

• An optimized scattered amplitude technique requires careful selection 

of frequency, pulse length and electronic characteristics so that 

grain boundary echoes are largely in phase; under these conditions 

the observed signal is a measure of the presence of cracks (6.2.4). 
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• In crack-tip diffraction, several mechanisms contribute to the signal 
including the near-surface wave and a composite pulse arising from 

grain-boundary scatter. This means there may be marked variations 

from component to component (6.2.8). 

• Flaw-tip reflection avoids the assumption of maximum amplitude of 

signal at the center of a flaw and estimates flaw size better than 

the dB-drop techniques (5.6.2.5). 

• The errors in sizing cracks in clean material by detecting the tip 

echoes are typically ±1 mm if averaged for several probes. Indi
vidual readings, however, may be in error by several millimeters. 

When testing from the crack-breaking surface, the values of crack 

depth are usually slightly less than those recorded when testing from 

the opposite surface (4.6.3). 

• Spatial averaging may not be effective in moving probe situations 

because the signal is averaged out as well as the interference due 

to probe movement (6.5). 

• Amplitude-dependent, threshold-detection methods are most reliable 

when used in conjunction with pattern-recognition methods that do not 

depend on signal amplitude per se (6.5}. 

• Both time delay and amplitude variation have been used with Rayleigh 

waves in measuring surface flaws. Both underestimate or overestimate 

without an obvious correlation with actual crack depth; however, time 

delay has substantially less error (4.6.4). 

• Sizing by time delay is affected by several factors such as 1) length 
along the crack face rather than depth of penetration is measured; 

2) Rayleigh-wave travel times are affected by surface irregularities; 

3) shear-wave signals of comparable height may arrive earlier than 

the surface wave (6.3). 

• Another time domain approach is the satellite pulse-technique which 

is independent of 1) signal parameter from peak amplitude, 2} defect 

location, and 3) operating frequency {6.3). 
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• Results in the frequency domain using Adaptive Learning (ALN) has 

been very successful under certain circumstances; however, it has 
proven variable under other circumstances (6.17). 

• Signal processing {deconvolution) permits an increase in effective 
bandwidth when examining austenitics (4.5.2.3.4). 

• Acoustic holography offers a promising approach for flaw sizing; how

ever, the poor axial resolutions is a limitation since this dimension 

is critical in fracture mechanics (7.7.1). 

• Synthetic Aperture Focusing Technique (SAFT-UT) has definite promise 

in sizing and location of flaws because of its 1) simultaneous high 

lateral and longitudinal resolution (-1 A); 2) high S/N ratio; 

3) wide beam-width insonification; 4) wider bandwidth insonification, 

and 5) inherently quantitative and volumetric attributes. Its depth 

resolution is markedly superior to holography; a limitation is that 

it is slow (6.6.3). 
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15.4 EXTERNAL FACTORS CONTROLS 

15.4.1 Flaw Angle 

• An adverse angle resulting from probe angle and flaw orientation may 

cause a majority of the UT beam not being reflected back to the 

probe. UT from both sides of the weld helps (2.3). 

• With surface flaws using Rayleigh waves deviation from orientations 

normal to the surface may result in overestimation or underestimation 

of flaw depth (4.6.4). 

• Crack orientation is a significant factor; while skewed cracks are 
relatively rare it must be recognized that they are very difficult 

to detect with normal UT procedures; rotating the transducer as sug
gested in the German HP 5/3 code improves detection (4.5.2.3.4). 

• Flaw characteristics such as orientation and dimensions are sensitive 

toUT conditions. Variations in equipment and technique will influ

ence (either adversely or favorably) the probabilities of flaw detec

tion, sizing and location (4.5.2.4). 

• Flaws oriented at angles substantially away from the normal to the 

surface are difficult to detect with conventional UT (3.6). 

• Flaw orientation is a critical factor. Flaw tilt of -10° is suffi

cient to prevent detections with a given beam angle. Another factor 

is due to the UT beam traveling at too flat an angle in relation to 

the defect so that there is insufficient reflection (4.6.4). 

• The significance of flaw surface condition and flaw tilt for a given 

beam angle helps explain the missed flaws when examinations are lim

ited to one surface and one or two beam angles (4.5). 

• Oblique incident beams may lead to errors in analyses because smooth 

cracks backscatter only weak edge waves which may be mistaken for 

slag lines, and rough cracks may have an undulating echo similar to 

that of slag cluster (5.3.g). 
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15.4.2 Multiple Items 

• The following are three major factors leading to errors in sizing of 

defects: 1) roughness of the flaw; 2) inclination of the flaw to the 

search beam direction; and 3) curving front and back of flaw (5.2.4.1). 

• Factors leading to underestimation of crack depth and, possibly, 

crack length include 1) tight cracks where transmission losses differ 

from open cracks; 2) specular reflection from smooth surfaces which 

is often the case for the lowest or latest generated section of a 

fatigue crack; 3) crack branching; 4) diffraction effects; and 

5) premature mode conversion of Rayleigh waves, possibly from irregu
larities down a fatigue crack face (4.6.1). 

• Dominant sources of sizing error with fatigue cracks are defect 

roughness (±3.0), orientation (±3.5) and transparency (±4.0) with 

the latter most significant. Estimates of the error in terms of dB 
are given (5.3.1). 

15.4.3 Miscellany 

• There is a need for carefully planned and statistically designed 

experiments to establish sources of error and means of correction for 

near-field flaws. The effort should include sizing and location by 

conventional or advanced UT techniques, and confirmation by destruc

tive testing. The tests should cover fairly thick sections of both 
ferrite (clad or unclad) steel and austenitic steel containing 

weldments (5.7). 

• PISC results indicate that detection probability and sizing are 

better for defects near the inner surface of the plate, and are worse 

for defects near the outer surface of the plate and for defects in 

the central part of the plate (3.5.5). 

• Laminations may shadow planar defects (2.3.1). 

• The opposite of lack of detection is the large number of geometric 

reflectors which may outnumber flaws 1000 to 1. These require exten

sive evaluations (4.5.2.2). 
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• The presence of liquid in a crack causes a marginal increase in
reflection for shear-wave beams incident at 20° to the crack normal. 
Modest decreases in reflection occur for beams incident at 45°, while 

considerable decreases are likely at 30° incidence (4.6.3). 

• Correlation between real defect size and estimated defect size is 

lower than one might have reasonably expected for the PVRC plates 

provided (PISC) (3.5.5). 

• UT test response from intergranular stress corrosion cracking can be 

much lower than the response from artificial calibration reflectors 

(4.5.1.4). 

• For natural reflectors structure is a decisive factor compared to 

wave length. Steps taken to improve measurement of dimensions 

include use of wavelengths large in comparison to defect structure, 

use of a relatively wide sound beam providing it is smaller than the 

reflector; focused beams are sensitive to flaw structure so that 

single reflectors are recorded by several indications (6.2.3). 

15.4.4 Stress Effects 

• Natural flaws provide the best results in interpreting the effects 

of stress. The results correlate well with actual flaw depths 

(5.4.1.1). 

• Another potential source of error related partially to the flaw and 

partially to the material is the effect of regions of high stress 

that may occur in the crack-tip region since they represent centers 
for acoustic scattering (4.5.2.3.3). 

• Artificial flaws subjected to increased applied stress lead to under

estimates of depth and overestimates of length. With natural cracks 
apparent crack depths increase with stress (4.6.3). 

• Shrinkage stresses may result in compressive loads on the crack ren

dering it transparent to the UT beam--with smooth surfaces and low 

frequencies. Complete transparency is probable at >20 N/mm2 com

pressive stress (2.3.1). 
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• Although compressive residual stresses may lead to cracks being 

undersized, fracture mechanics predictions of growth rates may never

theless be conservative because these stresses reauce the resultant 

stress intensity at the crack tip (4.6.3). 

• The growth conditions of fatigue cracks have a significant effect on 

their ultrasonic response, both at zero load and when under compres

sive stress. The stress intensity factor, K, during crack growth 

correlates well with the roughness of the fatigue crack surfaces and 

this is believed to cause the changes in ultrasonic response (4.6.3). 

• Low-cycle fatigue flaws are more detectable than high-cycle fatigue 

flaws because the higher stress of low-cycle fatigue leads to lower 

residual stress and larger crack opening displacement (4.2.4.1). 

• Sizing using crack-tip echoes should only be relied upon if the 

region of the crack tip is known to be unstressed or under tension 

I 4 .6.3 I. 

• The precision of the UT technique measured by the standard deviation 

increases with increasing stress on a flaw (4.2.2.2). 

• Both increasing crack roughness and increasing compressive stresses 

reduce the specular reflection from fatigue cracks. Decreases of up 

to 10 dB may be caused by crack roughness while large compressive 
stresses may cause decreases of up to 20 dB. However, the two 

effects are not cumulative as the roughest cracks show little vari

ation with stress. To some extent it may be possible to compensate 
for these effects by increasing the test sensitivity, but this will 

be limited in practice by the number of insignificant inclusions 
which give ultrasonic echoes similar in amplitude to those from 

cracks (4.6.3). 

• The combined effects of crack closure and crack surf ace topography 

make it impossible to develop a usable correlation between UT 

response from reference notches and fatigue cracks (4,6,3). 

• Crack closure of fatigue cracks in the near-tip region significantly 

affects UT response due to transparency effects (4.6.3). 
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• UT shear-wave measurements do not measure the true depth of the flaw, 
but only the depth for which the crack opening displacement 1s 
greater than some critical amount; hence, upon stressing the flaw, 

the apparent indicated crack depth increases. This increase 1n 

apparent crack depth indication appears to be a linear function of 

stress (4.1.1.1). 

15.4.5 Fatigue Flaws 

• The ultrasonic responses and surface profiles of fatigue cracks 

should be measured for a wide range of ~K and R values so that the 

dependence of the crack roughness on the growth conditions can be 

firmly established. This should be repeated for several materials 

with different values of yield stress using botn parent plate and 
weld metal (4.6.3). 

• UT beam behavior is sensitive to the flaw size with respect to wave

length ranging from incoherent scattering for small flaws to complete 

reflection with large ones (5.3.9). 

• When designing inspections to detect high-cycle fatigue cracks the 
orientations of the ultrasonic beams relative to the likely direc

tions of crack growth should be such that the specularly reflected 

waves are detected. Realistic estimates of crack-growth directions 

and compressive stresses during testing are necessary if reliable and 

cost-effective inspections are to be achieved (4.6.3). 

• Substantial differences in signal are observed between artifical and 

fatigue cracks. For example, 10 to 34 dB added gain was required for 
reliable fatigue crack detection which was attributed to partial 

transparency of the fatigue crack and diffuse scattering due to sur
face roughness (4.2.4.1). 

15.4.6 Skewing 

• Beam skewing is zero at 0° and 90°; however, beam angles of only a 

few degrees on either side of these values lead to a large skewing 

effect. If the angles are 0° to 15°, the wavefront deviation will 
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be positive and increase with beam angle; therefore, the beam will 

diverge and S/N ratios will be poor at 75° to 90°. Where the devi

ation is negative and decreasing, there will be the same (13.4.2.3). 

• Attenuation in anisotropic material can be minimized if the angle 
between the UT beam ana the columnar grains 1n the weld is 45°. This 

assumes the orientation 1s uniform (4,5.2.3.4). 

• The form of UT waves that will interact minimally with a (coarse

grainea) structure should be selected. Preferred choice is L-waves 

with S-H waves a possibility. This will nave less skewing and scat

tering (13.4.3. 7.5.3). 

• UT propagation depends strongly on the orientation of the beam rela

tive to the fiber axis. The beam width varies, being smallest when 

the sound propagates along a direction of minimum velocity. The 

SIN ratio is also a maximum when the beam is along such a 45° 
d1rection (4.5.2.3.4). 

• Several anomalies may occur in austenitic weldments. The weld fiber 

axis will influence attenuation, cause beam skewing, possibly lead 

to beam channeling, and greatly enhanced transmission has been 

reported to occur at the base metal/weld interface with no satisfac

tory explanation (4.5.2.3.4). 

• The location of maximum wave velocity \45°) also as the location of 
maximum beam convergence. Similarly as velocity decreases the beam 

aiverges (13.4.2.4). 

15.4.7 Scattering/Attenuation 

• In coarse-grained textured materials scattering is a significant con

tributor to attenuation with reflection, and refraction and mode con

version contributing to scattering. Both Rayleigh and stochastic 

scattering can contribute to the overall effect where Rayleigh scat

tering varies as the third power of grain size and inversely as the 

fourth power of wave length. Stochastic scattering varies directly 

with grain size and inversely as the square of wave length (13.4.2.1). 
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• While convergence and divergence are important contributors to signal 

amplitude and attenuation, the contribution must be kept in perspec
tive. For example, diffusive scattering in coarse-grained (0 > ;..) 

materials can be quite severe. There can be strong reflections at 

grain boundaries leading to strong attenuation (13.4.2.4). 

• Welding procedures and methods should be recorded and made available 

for ultrasonic inspection. The direction of ultrasonic attenuation 

can then be established (4.5.2.4). 

15.4.8 Surface 

• On an irregular surface UT sensitivity will vary erratically from 

place to place. On the average, the sensitivity loss depends mark

edly on the surface texture and little on the probe design. On the 

best hand-ground surfaces typical losses vary between 2 and 6 dB 

(4.5.2.1). 

• The deleterious effects of poor surface finish are most pronounced 

with high-angle (e.g., 70°) probes. Single defects can appear as two 

or more, and errors in through-wall size can be large (4.S.2.l). 

• On an uneven surface the 20-dB drop sizing technique will systemati

cally underestimate a defects through-wall extent. The maximum 

amplitude technique does not suffer this shortcoming, though it lS 

still impaired by component roughness (4.5.2.1). 

• Surface roughness will cause beam diffusion when peak-to-valley 

ratios or Ra > l/2 (4.6.4). 

• Suitable surface preparation will minimize coupling problems (4.7). 

• For reliable UT inspection the probe contact surfaces must be smooth 
and even (4.5.2.1). 

15.4.9 Cladding Effects 

• Cladding can lead to either overestimation or underestimation of flaw 

size, depending on technique used (5.6.2.1). 
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• The zero-degree, angle-reflection accuracy with cladding is believed 
to be caused by scattering on the concave surfaces of the weld beads. 

Since the shear wave reflects back along the initial path, it is 

defined as zero degree (4.5.2.3.1). 

• Cladding is a definite deterrent to flaw detection based on PVRC 
Plate 201 results (3.2.3). 

• Further tests are required to quantify reliability of detection of 

near-field cracks, particularly through cladding (3.6). 

• Examination through cladding grossly reduced reliability of detection 

compared to examining the same flaws with the same techniques in the 

absence of cladding (3.6). 

• The effects of austenitic stainless steel overlay clad extends beyond 

attenuation. Angle-beam misdirection and zero-degree angle reflec

tion may result from the unusual grain structure (4.5.2.1). 

• In nozzle examinations, cladding may lead to echoes, reflection, 

refraction and mode conversion--all militating against detection of 

smaller cracks (5.6.2.7). 

15.4.10 Geometric Effects 

• Component geometry is a critical factor. A combination of flaw loca

tion and orientation in a nozzle may result in no detection when 

examined from one surface while it is detected when examined from the 

other surface (4.5.2.2). 

• When examining the inner radius of a nozzle from the outer surface, 
changes in geometry along the circumference of the vessel require a 

series of beam angles for each crack position. While such a need is 

recognized there are no specific code requirements (4.5.2.2). 

• Convex surfaces (piping nozzles) may cause problems due to limited 

transducer contact area, controlling both shape and size of 

transducer (4.6.4). 
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• In piping the axial position of the counterbore and the angle of 

taper can cause mode conversion with the shorter counterbore more 

prone to mode conversion (4.5.2.2). 

• There is a real need to modify field welding procedures and weld con

figurations to improve lSI. Examples include moving the counterbore 

away from the weld fusion zone, reducing the taper in the counterbore 
and modifying the rules regarding drop through and suck-up control 

of weld crown is necessary too (4.5.2.3.4). 

• The structure of weld metal depends on the material and more on the 

welding technique. The features which determine the UT characteris

tic of the weld metal are not fully understood yet, due to the com

plexity and interplay of individual factors (4.5.2.4). 

• The inspection of austenitic weldments should not be divorced from 
welding procedures and the link between these procedures should be 

established in future NDE (4.5.2.4). 

• Lack of fusion between weld beads will lead to curved surfaces which 

cause UT beam scatter (2.3.1). 

15.4.11 Austenitic-Special Items 

• Plant designers should take into account the limitations of UT 

inspection when applied to austenitic structures at the earliest 

possible stage (4.5.2.3.4). 

• Codes should be modified to make use of the fitness-for-purpose 
approach; i.e., to take into account the special properties (tough

ness) of austenitic steels (4.5.2.4). 

• Sensitivity to small defects, in general, will be less high for aus
tenitic welds than for ferritic even when the weld structure has been 
optimized. Therefore, austenitic welds should be examined to accep

tance standards based on fracture considerations (4.5.2.3.4). 
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NUREG/CR-3110, Vol. III 
PNL-4584 

R5 

DI STRI BUT! ON 

No. of 
Copies 

OFF SITE 

Division of Technical Information 
and Document Control 

U.S. Nuclear Regulatory 
Commission 

7920 Norfolk Avenue 
Bethesda, MD 20014 

Division of Engineering 
Technology 

Office of Nuclear Regulatory 
Research 

U.S. Nuclear Regulatory 
Commission 

Washington, DC 20555 

w. F. Anderson 
U.S. Nuclear Regulatory 

Commission 
Mail Stop NL-5650 
Washington, DC 20555 

C. Y. Cheng 
U. S. Nuclear Regulatory 

Commission 
Office of Nuclear Reactor 

Regulation 
Engineering Branch 
Mail Stop P-1030 
Washington, DC 20555 

Mr. Robert Hermann 
U.S. Nuclear Regulatory 

Commission 
Mail Stop 516 
Washington. DC 20555 

Martin Hum 
U.S. Nuclear Regulatory 

Commission 
Mail Stop P-1000 
Washington, DC 20555 

No. of 
Copies 

E. L. Jordan 
U.S. Nuclear Regulatory 

Commission 
Inspection and Enforcement 
Main Stop EW-359 
Washington, DC 20555 

Dr. Thomas G. McCreless 
Asst. Exec. Director of 

Technical Activity 
1717-H USNRC-ACRS 
Washington, DC 20555 

12 Joseph Muscara 
U.S. Nuclear Regulatory 

Corrmission 
Division of Reactor Safety 

Research 
Mail Stop SS-1130 
Washington, DC 20555 

S. S. Pawlicki 
U.S. Nuclear Regulatory 

Commission 
Mail Stop TS-1000 
Washington, DC 20555 

G. A. Walton 
U.S. Nuclear Regulatory 

Commission 
Office Inspection & Licensing 
631 Park Avenue 
King of Prussia, PA 19406 

C. W. Allison 
Dept. of Labor 
Boiler Inspection & Codes 

Division 
501 Union Bldg./Suite 200B 
Nashville, TN 37219 

Distr-1 



No. of 
Copies 

W. H. Bamford 
Westinghouse Electric Corp. 
Nuclear Energy Systems 
P .0. Box 355 
Pittsburgh, PA 15230 

F. L. Becker 
EPRJ NDE Center 
J. A. Jones Applied Research 
1300 Harrison 
Charlotte, NC 28221 

Carl Bennett 
Battelle-Human Affairs Research 

Center 
4000 N.E. 41st Street 
Seattle, WA 98105 

F. C. Berry 
Chicago Bridge & Iron Co. 
P.O. Box 277 
Birmingham, AL 35201 

M. Buck ley 
Science Center 
Rockwell International 
1049 Camina Des Rios 
P .0. Box 1085 
Thousand Oaks, CA 91360 

H. Burger 
National Bureau of Standards 
Materials Building 
Washington, DC 20234 

Hans Burte~ Chief 
Metals and Ceramics Division 
Airforce Materials Laboratory 

(AP SC) 
Wright Patterson 

Air Force Base, OH 45433 

L. J. Chockie 
General Electric Company 
Nuclear Energy Division 
175 Curtner Avenue M/C 827 
San Jose, CA 95125 

No. of 
Copies 

Distr-2 

R. C. Cipolla 
Aptech Eng. Services 
795 San Antonio Road 
Los Altos, CA 94303 

W. E. Cooper 
Teledyne Engineering Services 
303 Bear Hill Road 
Waltham, MA 02154 

A. E. Curtis 
Rochester Gas & Electric Co. 
89 E. Avenue 
Rochester, NY 14649 

J. Danko 
Electric Power Research Institute 
3412 Hillview Avenue 
P .0. Box 10412 
Palo Altro, CA 94303 

G. J. Dau/K. Stahlkopf 
Electric Power Research Institute 
3412 Hillview Avenue 
P .0. Box 10412 
Palo Alto, CA 94303 

F. J. Dodd/W. C. Ham 
Pacific Gas & Electric Co. 
3400 Crow Canyon Road 
San Ramon, CA 94583 

F. T. Duba 
Hartford Steam Boiler 
Inspection & Insurance Co. 
56 Prospect Street 
Hartford, CT 06102 

J. H. Gieske/0. Ballard 
Sandia Laboratories 
P .0. Box 5800 
Albuquerque, NM 87115 

K. Hannah 
Washington Public Power Supply 

System 
3000 George Washington Way 
Richland, WA 99352 



No. of 
Copies 

0. F. Hedden/D. J. Ayres 
Combustion Engineering, Inc. 
1000 Prospect Hill Road 
Dept. 9004-2226 
Windsor, CT 06095 

A. E. Holt 
Babcock and Wilcox Co. 
P .0. Box 1260 
Lynchburg, VA 24505 

L. R. Katz/J. S. Caplan 
Westinghouse Electric Corp. 
PWR Systems/Forest Hill Site 
P .0. Box 355 
Pittsburgh, PA 15230 

J. R. Knoke 
Power Production Engineering 
P .0. Box 1325 
San Clemente, CA 92672 

Dave Kupperman 
Argonne National Laboratories 
9700 South Cass Avenue 
Argonne, IL 60439 

J. J. Lance 
Yankee Atomic Electric Co. 
20 Turnpike Road 
Westboro, MA 01581 

W. Lawrie 
Babcock and Wilcox Co. 
Alliance Research Center 
1562 Beeson Street 
A 11 i ance, OH 44601 

N. R. MacDearman 
Combustion Engineering, Inc. 
911 W. Main Street 
Chattanooga, TN 37401 

R. W. McClung 
Oak Ridge National Laboratory 
Post Office Box X 
Oak Ridge, TN 37830 

No. of 
Copies 

Di str-3 

J. G. Merkle 
Oak Ridge National Laboratory 
P.O. Box X 
Oak Ridge, TN 37830 

Thomas A. Nemzek, Vice President 
Special Projects Services 

Division 
J. A. Jones Construction Co. 
One South Executive Park 
Charlotte, NC 28231 

P. F. Packman 
Southern Methodist University 
Department of Mechanical 

Engineering 
Dallas, TX 75275 

Prof. Steven Serabian 
University of Lowell 
Mechanical Engineering Dept. 
North Campus 
Lowell, MA 01854 

Jack C. Spanner, P.E. 
Spanner Engineering, Inc. 
2042 George Washington Way 
Richland, WA 99352 

R. M. Stone 
J. A. Jones Construction Co. 
One South Executive Park 
Charlotte, NC 28231 

D. 0. Thompson 
Ames Lab., U.S. DOE 
Iowa State University 
Ames, lA 50011 

W. A. Van Der Sluys 
Babcock and Wilcox Company 
Alliance Research Center 
1562 Beeson Street 
Alliance, OH 44601 



No. of 
Copies 

A. R. Whiting/A. Greer 
Southwest Research Institute 
6220 Culebra Road 
Post Office Drawer 28510 
San Antonio, TX 78284 

Howard Woo 
Lawrence Livermore Laboratories 
P .0. Box 808 
Mail Stop L-90 
Livermore, CA 94550 

Edward Wright 
Department of Energy 
Clinch River Project 
P.O. Box U 
Oak Ridge, TN 37830 

Sumio Yukawa 
General Electric Company 
Large Steam Generator Division 
Building 55/Rm Ill 
One River Road 
Schenectady, NY 12345 

R. Zong 
Philadelphia Electric Company 
2301 Market Street 
Philadelphia, PA 19101 

I. P. Bell 
Risley Nuclear Power Development 

L abora tori es 
United Kingdom Atomic Energy 

Authority 
Risley, Warrington WA3 6AT 
England 

John Darlaston/R. P. Harrison 
Central Electricity Generating 

Board 
Research Department 
Berkeley Nuclear Laboratories 
Berkeley Gloucestershire GL13 9PB 
England 

No. of 
Copies 

N. F. Haines 
Central Electricity Generating 

Board 
Research Department 
Berkeley Nuclear Laboratories 
Berkeley Gloucestershire Gll3 9PB 
England 

J. D. Harrison/T. J. Jessop 
The Welding Institute 
Research Laboratory 
Abington Hall 
Abington Cambridge CBI 6 AL 
England 

R. W. Nichols 
Risley Nuclear Power Development 

Laboratories 
United Kingdom Atomic Energy 

Authority 
(Northern Division) 
Risley Warrington WA3 6AT 
England 

Mr. R. O'Neil 
Safety and Reliability Directrate 
United Kingdom Atomic Energy 

Authority 
Wigshaw Lane 
Culcheth, Warrington WA3 4NE 
England 

R. Sharpe/G. Silk 
Nondestructive Testing Centre 
Atomic Energy Research 

Establishment 
Harwell Oxfordshire OXll ORG 
England 

B. Watkins 
Risley Nuclear Power Development 

Laboratories 
United Kingdom Atomic Energy 

Authority 
(Northern Division) 
Wigshaw Lane 
Culcheth, Warrington WA3 6AT 
England 

Distr-4 



No. of 
Copies 

Jacques Pierre Dufresne 
Commissariat a l'Energie Atomique 
CEN SAR BN06 
92260 Fontenay-aux-Roses 
France 

P. Oliver 
Nuclear Safety Division 
OECO Nuclear Energy Agency 
38 b 1 d Suchet 
75016 Paris 
France 

Andre C. Prot/Robert Saglio 
Centre D'Etudes Superieure de 

Mecanique et D'Aerotechnique 
B.P. N 91190 Gif-sur-Yvette 
France 

J. E i senb 1 atter 
Battelle Institut e.V. 
Am Romerhof 35 
6000 Frankfurt am Main 90 
West Germany 

Guenter Engl 
K.W .U. 
Hammerbackerstr 
P.O. Box 3220 
0-852 Er 1 angen 
Dept. R214 
Germany 

P. Holler 
Institut fUr ZerstOrungsfreie 

PrUfverfahren 
Saarbrucken 
West Germany 

Otto Kellerman, Dipl-Ing. 
Direktor des lnstitut fur 

Reaktorsicherheit 
5 Kiiln 1 
Glockengasse 2 
West Germany 

No. of 
Copies 

H. J. Meyer 
Machinenfabrik Augsburg-NUrnberg AG 
Katzwangstr. 101 
85 NUrnberg 2 
West Germany 

E. Mundry/lng. H. WUstenberg 
Bundevsanstalt fUr 

Materi alprUfung 
Unter den Eichen 87 
D-1000 Berlin 45 
West Germany 

Professor D. Munz 
Universitat Karlsruhe (TH) 
7500 Karlsruhe 1, den 
Postfach 3640 
West Germany 

A. J. Tietze 
Technischen Uberwachungs-Verein 
Rheinland e.V. 
5000 Kiiln 1 
Postfach 101750 
West Germany 

R. Trumpfheller 
Deputy Director 
Rheinisch-Westfalischer 
Technischen Uberwachungs-Verein 
E. V. 43 Essen 1 
Steubenstr. 53 
West Germany 

Serge Crutzen 
Commission of the European 

CoiTITiunities 
Joint Research Centre 
Ispra Establishment 
21020 Ispra (VA) 
Italy 

A. deSterke 
ROntgen Technische Dienst, B.V. 
Delftweg 144 
NL 3046 Rotterdam 
The Nether 1 ands 

Distr-5 



No. of 
Copies 

Prof. Ir. D.G.H. Latzko 
Dept. of Mechanical Engineering 
University of Technology 
Delft 
The Netherlands 

A. Nielsen/P. Becher 
RISO Research Establishment 
DK-4000 Roskilde 
Denmark 

Lars-Ake Kornvik 
Section Manager 
Nuclear Department 
Kemistvagen 21 
Box 51 
S-1B3 21 TABY 
Sweden 

Dr. Gustaf Ostberg 
Engineering Materials 
Lund Institute of Technology 
Box 725 
S-220 07 - Lund 7 
Sweden 

Xaver Edelmann 
Sulzer Brothers Limited 
GH-8401 
Winterthur, Switzerland 

Dr. Yoshio Ando 
Professor, Nuclear Engineering 
Dept. of Nuclear Engineering 
Faculty of Engineering 
University of Tokyo 
7-3-1 Hongo 
B unkycrKu 
Japan 

K. I ida 
Professor, Naval Architecture 
Faculty of Engineering 
University of Tokyo 
7-3-1 Hongo 
Bunkyo-Ku 
Japan 

No. of 
Copies 

Di str-6 

T. Matsubara 
Mitsubishi Heavy Industries, LTD 
Takasago Technical Institute 
2-1-1 Shinhama, Arai-Cho 
Takasago 676 
Japan 

Dr. Shinsaku Onodera 
Associate Director Engineering 
The Japan Steel Works, Ltd 
Hibiya-Mitsui Bldg 
1-1-2 Yurakucho, Chiyoda-Ku 
Tokyo, Japan 

Y. Saiga 
lshikawajima-Harima Heavy 

Industries Co., Ltd 
1-15, Toyosu 3 
Koto--Ku 
Tokyo, 135-91 
Japan 

S. Sasaki 
Hitachi Research Lab 
4026 Kuji-Machi 
Hitachi-Shi 
Barak i-Ken 
Japan 

J. Watanabe 
Japan Steel Works, Ltd 
4 Chatsu-Machi 
Muroran, Hokkaido 
Japan 

T. Yamaguchi 
Mitsubishi Heavy Industries, Ltd 
Takasago Technical Institute 
2-1-1 Shinhama, Arai-Cho 
Takasago 676 
Japan 



No. of 
Copies 

ON SITE 

50 Pacific Northwest Laboratory 

S. H. Bush (39) 
S. R. Doctor 
P. G. Heasler 
G. J. Posakony 
F. C. Simonen 
Publishing Coordination (2) 
Technical Information (5) 

HEOL 

T. E. Michaels 

Di str-7 





NRC FOAM 335 1 REPORT NUMe!!!R IAurgntn:! by DOC! 
U.S. NUCLEAR REGULATORY COMMISSION NUREG/CR-3110, Vol. 3 ., 81: 

BIBLIOGRAPHIC DATA SHEET PNL-4584 
4 T1T~E A\IOSUBTITLE /Art<'Valum~No. d~propr.•r.l 2 /Le.-e bl¥>i<l 

Reliability of Nondestructive Examination, Volume Ill 3. RECIPIENT"$ ACCESSION NO. 

Chapters 12 - 15 
7 AUTHORISI 5. DATE REPORT COMPLETED 

MONTH I YEAA Spencer H. Bush, Senior Staff Consultant Auqust 1983 
g PERFORMING ORGANIZATION NAME AND MAILING ADDRESS (Include Zrp Code! DATE REPORT ISSUED 

Pacific Northwest Laboratory MONTH I YEAR 

October 1983 
Operated by Battelle Memorial Institute 

6 {Ledve t>IIHikl 
P.O. Box 999 
Richland, WA 99352 8 /Le.we DIMik} 

12 SPONSORING ORGANIZATION NAME AND MAILING ADDRESS 1/nclu<Jf! Zrp Code! 
10. P<lOJECT. TASK/WORK UNIT NO 

Division of Engineering Technology 
Office of Nuclear Regulatory Research 11 FIN NO. 

u. 5. Nuclear Regulatory Commission B-2289 Washington, D.C. 20555 

.:; TYPE OF REPORT 

I P~:~o~b:o;e;~;~ln:"~"~:~;~lst Technical 1983 

15 SUPPLE\r1ENTARY NOTES 14 /LeiWe o/M!k/ 

16. ABSTRACT 1200 words or leu/ 

This eighteen-chapter, three-volume study evaluates the various nondestructive 
examination ( NDE) techniques now used to detect flaws in components of nuclear sys-
terns so that the reliability of the techniques may be increased. The significance 
of flaws at various locations in pressure boundary components are assessed along with 
ways to optimize the NDE procedures needed to detect, locate and size them. Emphasis 
is placed on an integrated program which also considers design, fabrication proce-
dures, and materials. The data available on the reliability of detecting, locating 
and sizing flaws by NDE are used to construct a probabilistic fracture mechanics 
mode 1. The mode 1 highlights the significance of the failure to detect flaws, and to 
accurately locate or size them in the context of component failure probability. 

This study was conducted under the U.S. Nuclear Regulatory Commission program 
on the "Integration of NDE Reliability and Fracture MectJanics}1 Its objectives 
include 1) improving examination procedures for incorporation into the American Soci-
ety for Mechanical Engineers (ASME), Boiler and Pressure Vessel Codes, Section I I I , 
v, XI; and 2) gaining a better insight into the influence of improved reliability of 
NDE in detecting, locating and sizing flaws on component failure probabilities. 

17 KEY WORDS AND DOCU.\lENT ANALYSIS I 7a DESCRIPTORS 

Ultrasonics 
Reliability 
Nondestructive Examination 
Austenitic Metals 
F 1 aws 
F 1 aw Detection 
Flaw Sizing 

17C> •DENTIFIERS OPE"J-E\JOED TE"tMS 

18 AVAILABILITY STATEMENT 19 SECJR1TY CLASS !Th's .-~a am 

ifnclassftien 
21 '10 OF PAGES 

Unlimited 20 SECURITY CLASS /Th,<Q•I}t!! 22 PRICE 

Uru:Jassified s 
'<I>C FORM 335 <11 81l 




