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l!'OREWORD 

The ultrasonic inspectability of austenitic materials and components is 
a controversial subject of discussion in the international nuclear circle since 
those materials were specified for major parts of primary systems of both light 
water and sodium cooled nuclear reactors. Initially those materials were deemed 
uninspectable by ultrasonics. However in the early seventies special techni
ques did appear and were immediately tested on site. In view of the prelimina
ry results, large research prograws were launched all over the world to improve 
the performances, to understand the difficulties, and to establish the confiden
ce level of ultrasonics applied to nuclear austenitic materials. In the mean 
time, existing ultrasonic testing techniques were systematically applied on pri
mary and auxiliary circuits and cladding areas. Specific service problems such 
as intergranular stress corrosion cracking, sub-cladding cracking, peculiar 
geometries also required development of adapted techniques. 

Informed of those developments by its Working Group on Safety Aspects of 
Steel Components of Nuclear Installations, the OECD (Organization for Economic 
Co-operation and Development) - Commit tee for the Safety of Nuclear Installations 
(CSNI) decided to gather all known specialists of these problems to make up 
the state of the art and draw recommandations for further actions. At the invi
tation of the OECD - Nuclear Energy Agency (NEA), a programme group was esta
blished (appendix 1) and Association VINCOTTE of Belgium hosted and organized 
the specialist meeting. 84 invited delegates from three international organiza
tionsand 14 american, asian and european countries gathered in Brussels for a 
two days debate. 

The reader will find in the next pages, the 24 reports presented as weIL 
as short summaries of discussion periods. From these three major points emer
ged : 

- the knowledge of the behaviour of ultrasonic waves in austenitic materials 
has made essential progresses. lt shows that a successful ultrasonic inspec
tion depends often on the previous knowledge of the macrostructure involved. 
Therefore the participants recommended that material standards be more strin
gent to assess more reproducible austenitic macrostructures and that specific 
non-destructive methods be developed to test on site the peculiarities of 
actual materials. 

- At present the ultrasonic inspection of austenitic Inaterials can be effective 
with a high level of preparation and a carefull choice of probes and instru
ments. Furthermore new techniques based on signal analysis theories appear 
and some already are at the stage of indus trial demonstration. The partici
pants were of the opinion that they might oring soon significant improvements. 
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All trials and new developments presented were based upon specifie test pieces. 
However due to the reported variability of austenitic structures, such pieces 
do not provide a satisfactory basis for comparison. Therefore the partici
pants strongly recolllmended that a worldwide international programme be organi
zed to collect common sets of pieces, to objectively canpare all available 
techniques using these, and to draw specific recommandations. Such a progran~e 
was though to be initiated by 1985. 

To conclude the foreword, l would like to thank all individuals and orga
nizations who helped me to organize this meeting. r'irst of ail lIiy thanks go to 
OECD for its support and specifically to Mr. P. ULIVER for his advices and his 
aid. l am also very glad to aknowledge the very effective help l got fram all 
Programme Group members and session chairmen. Last but not least, Illy thanks 
go also to Association VINCOTTE for its financial support, and to the personnel 
of its Public Relation Service for its very effective management of all practi
cal aspects of the meeting. 

II 

P. CAUSSIN 
Engineer - Section Head 
Association Vinçotte 
Belgium 
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nle effect of anisotropy on the propagation of ultrasonic waves in austenitic 
stainless steel. 

A. JUVA - Technical Research Center of Finland 
J. LENKKERI - University of Oulu, Finland 

ABSTRACT 

Austenitic stainless steel single crystals were used 
for measuring ultrasonic velocities and attenuations 

for both longitudinal and shear wave modes in certain 
crystallographic orientations. Calculations of the 
orientation dependence of the velocities as well as 

energy flux deviations were performed using the veloc
ity measured in the 110 direction. 

Using the single crystal data the attenuation caused by 
Rayleigh scattering was calculated corresponding to 
polycrystalline materials. The attenuation was 2.5 

times higher than in ferritic steel with similar grain 
size. 

In a spherical single crystal specimen sorne unexpected 
phenomena occurred. The reasons for these phenomena 
were analyzed. In the sphere 111 lattice directions 

were the most favourable for the propagation of ultra
sound whereas the 100 directions were very poor. The 

propagation in the 110 directions was between that of 

the 111 and 100 directions. However, these results at 
least partly depend on the spherical shape of the 
specimen. 

To study the effects of grain size and orientation 
polycrystalline welded and casted specimens having a 

100 fibre texture were studied and the results were 

analyzed using calculations based on the single crystal 
measurements. For longitudinal waves in polycrystal
line specimens the 45 0 direction to the axis of the 
columnar grains gave remarkably lower attenuation 
values than other directions. It was also observed 
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that the attenuation of the longitudinal waves p~rallel 

to the grains was slightly lower than perpendicular to 
them. For propagation of shear waves the O· and 90· 
directions to the columnar grain axis were most 
favourable. In the perpendicular case the shear wave 
had to be polarized parallel to the grain axis to 
obtain maximum penetration. The observed phenomena~ 

• were explained on the basis of velocity and energy flux 
calculations. 
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1 INTRODUCTION 

Ultrasonic examination of austenitic stainless steel 
welds and castings is restricted by the strong attenua

tion of ultrasound. The attenuation of ultrasound de
pends on various parameters among which grain size and 

texture have an important role. However, when com
paring the theories and results of several researchers, 

it must be concluded that the effects of grain size and 

texture are not yet clear (Caussin, 1978). 

In the following the effects of grain size and texture 
are analyzed on the basis of measurements made in aus
tenitic stainless steel single crystals as well as in 

strongly textured polycrystalline specimens. 

Theoretically the attenuation of ultrasound is.smaller 

in a single crystal than in polycrystalline materials 
because the scattering at grain boundaries is missing. 

In a single crystal the attenuation is rather low in 
low index lattice directions. In more complicated lat
tice directions the direction of energy flux i.e. pro
pagation direction deviates from the wave front normal 

i.e. from the easy propagation direction leading to 
high apparent attenuation. The ultrasound velocity and 
energy flux varies in different lattice directions de
pending on the elastic anisotropy of the material. In 
polycrystalline materials the grain boundary scattering 

is also the larger the more anisotropie the material is 

i.e. the more the acoustic impedances of the adjacent 
grains differ from each other. 

Depending on the relationship between the ultrasonic 

wave length À and the average grain size D, Papadakis 
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(1965) gave the well known equations for the attenud
tion a caused by grain boundary scattering: 

Rayleigh scattering when A » 0: a ( 1 ) . 

stochastic scattering when A - 0: a = K2f 20 (2) 

~1 diffusive scattering when A < 0: a = K30 (3) 

where f is the frequency of the ultrasound. The coef

ficients KI' K2 and K3 depend on the elastic 
anisotropy of the crystals. 

For the Rayleigh and stochastic scattering the coef

ficients KI and K2 include a factor p2 = (cl1-c12-2C44)2, 
where cIl' c 12 and c 44 are the three independent elastic 
coefficients of a cubic crystal. In an isotropic crys
tal p = 0, which means that no scattering exists. On 
the contrary, in anisotropic materials, the scattering 
is very strong. 

The advantages of using low frequency under conditions, 
where the Rayleigh and stochastic scattering exist, are 
very apparent because the frequency affects the scat
tering by its 4th and 2nd power in Eqs. (1) and (2). 
On the other hand according to equation (3) the fre
quency has no influence on the diffusive scattering. 
In deformed materials the grain size is usually smaller 
than the wave length and thus Rayleigh scattering pre
dominates, and the attenuation a decreases with de
creasing grain size D. In castings and welds the grain 
size is usually larger than the wave length and conse
quently mainly diffusive scattering occurs the attenua
tion a decreasing when the grain size 0 increases. 
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could be performed in all possible orientations. How
ever, sorne practical difficulties occurred, which are 
discussed later in this paper. 

To measure the attenuation and velocity in different 
directions in the polycrystalline materials several 
specimens were fabricated. Cylinders with 30 mm dia

meter and 30 mm length as well as 30x30x30 mm cubes 
were fabricated with their axes in different direc

tions. These specimens were used only for longitudinal 
wave measurements. All of the interesting directions 

were available. Immersion techniques with focussed 
probes as well as an interferometer were applied. 

For being able to study the attenuation of the shear 
wave mode in the 0°, 45° and 90° directions to the col

umnar grains also triangular specimens were made. 

Immersion technique was used also for these studies. 

Varying the angle of incidence in water, either longi

tudinal or shear waves could be generated in the speci
men. 

Another experimental arrangement applying a special de
vice was used to obtain accurate velocity values for 

both longitudinal and polarized shear waves. These 
measurements were performed to determine the elastic 

coefficients and anisotropy of the single crystal. For 

these measurements a 5 mm thick plate was cut from the 
single crystal. The orientation of the surfaces paral
lel to the 110 plane was checked by X-ray Laue photo
graphs. The angle of misorientation was less than 1°. 

The velocities of the longitudinal mode and two differ

ent transverse modes with polarization in 001 and 110 

directions, respectively, were measured by a 10 MHz 
pulse-echo-overlap apparatus similar to that of Hellier 

et al. (1975). X-cut and Y-cut quartz transducers at
tached to the sample by phenylsalicylate were used for 
the longitudinal and transverse waves, respectively. 
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One transducer in each measurement operated as both 
transmitter and receiver. In the ultrasonic equipment 
the time base of the oscilloscope is triggered by a 
signal generator with a frequency selected so that two 
echoes of the echo-train are in accurate overlap on the 
screen of the oscilloscope. The output of the same 
signal generator is also divided by 10, 100 or 1000 in 
a frequency divider and lead to trigger the pulsed 
oscillator, which produces the ultrasonic pulses. The 
transit time between the selected echoes is the inverse 
of the frequency of the signal generator. This corres
ponds to the exact overlap. The absolute accuracy in 
the determination of the ultrasonic velocity is about 
0.1 % but small changes of about 0.005 % in the veloc
ity arising from e.g. temperature changes may be de

tected. 

The density of the sample measured by hydrostatic 
weighing is 8057.5 kgm- 3, which was used in cal
culations of the elastic coefficients. 

Plate-like specimens were also cut from the polycrys
talline materials A and B. However, because of the 
strong ~ttenuation the measurements at 10 MHz were pos
sible only in few directions. 

3 RESULTS 

3.1 SINGLE CRYSTAL MEASUREMENTS 

The screen displays obtained with the single crystal 
sphere in the directions 111, 110 and 100 using a 2 MHz 
transducer are presented in Fig. 3. In other direc
tions no back wall echoes were obtained. In each mea
surement the second back wall echo was less sensitive 
to the variation of the angle of incidence. When ad
justing the second echoes to the O-level of the screen 
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a. 

b. 

c. 

Fig. 3. Screen displays obtained in the single crystal 
sphere in the directions a) 111, b) 110, and 
c) 100. 
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Table 2 Velocities and attenuations measured from the 
single crystal specimens. 

Specimen Mode Oirec- Po1ar- v, ml s a,dB/cm 
tion ization 

plate long. 110 110 6085 0.67 
plate transI 110 001 4014 1. 17 
plate transe 110 1ïo 2086 1. 87 
sphere long. 111 111 6300 -
sphere long. 110 110 6080 -

the superiority of the 111 directions was recognized. 
In the 110 directions an amplification increase of 8 dB 
was needed compared to the 111 directions. In the 100 
directions the needed increase of amplification was 22 
dB. 

The ve10cities measured from the single crystal sphere 
with the interferometer as we11 as the ve10cities and 
attenuations obtained from the plate 1ike specimen with 
the pulse-echo-over1ap method are given in Table 2. 

3.2 MEASUREMENTS IN TEXTURED POLYCRYSTALS 

The longitudinal wave velocity and attenuation mea
sured with a 2 MHz transducer in the polycrystalline 
cubes at angles 0°, 45° and 90° with respect to the 
columnar grain axis are given in Table 3. The attenua
tion in the 45° direction ;s c1early the 10west in both 
materia1s. The para1lel direction (0°) is the second 
best direction and the perpendicular one (90°) {s cle
arly the worst. These resu1ts are in agreement with 
those obtained by Baikie et al., 1976 and Kupperman et 
al., 1976. 

The results obtained with the cylindrica1 specimens 
also prove the superiority of the 45° direction. In 
al1 other directions the attenuation was so strong that 
even the first back wall echo was not obtained. Fig. 
4a gives a typical screen display representing these 
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2 EXPERIMENTAL PROCEDURES 

An austenitic stainless steel single crystal, and two 

polycrystalline strongly textured materials were 

studied. The single crystal was delivered by Aremco 

Products, USA. Due to difficulties in growing the 

single crystal, the final sample consisted of a few 

separate grains. One of those was, however, large 
enough for this study. A 30 mm diameter sphere was 
spark cut from the large crystal. The shape and sur

face quality of the specimen were finished with extreme 
care by polishing and etching. In Fig. la the single 

crystal sphere is seen etched before final cutting off 
from the cylinder. Sorne primary lattice directions can 

be seen on the sphere. On the final polished and etc
hed surface in Fig. lb the cubic lattice symmetry can 

be seen. 

a. b. 

Fig. 1. The spherical single crystal. a) etched before 
final cutting, b) finished. 

One of the polycrystalline materials (material A) was 

produced with submerged arc overlay welding. Its cross 
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section perpendicular to the welding direction is pre
sented in Fig. 2a. The other material (B) was a slice 
of a continuously casted slab, a macrograph of which is 
seen in Fig. 2b. In both materials a clear solidifica
tion texture can be seen. With X-ray diffraction mea
surements a strong 100 texture was observed in the 
solidification direction of material A. In material B 
a texture consisting of both 100 and 111 poles was 
recognized, the former being the stronger. The chemi
cal compositions of the materials are given in Table 1. 

a. b. 

Fig. 2. Macrographs of a) weld material A (scale 
1.75:1) and b) casting B (scale 1:1.5). 

Table 1. Chemical compositions of the materials used 
for the studies. 

Composition % 

Material C Si Mn S P Cr Ni Mo Cu Ti Al W V Nb 

single crystal 0.05 0.04 n.02 0.005 0.005 14.5 14.5 2.'~ D.nJ -

weld. A 0.030.f; 1.580.027 0.027 18.0 lJ.5 0.12 0.15 0.002 0.100.10 0.0: 

casting. B 0.02 0.71 0.84 0.014 0.017 19.3 11.6 2.47 O.OS 0.00 0.03 -

The attenuation and velocity in the spherical single 

crystal were measured both with immersion techniques 
with focussed probes and using an interferometer with 
different frequencies. Only longitudinal wave measure
ments were made with this specimen. The spherical form 
was assumed to be very useful because measurements 
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directions. The attenuation was clearly lowest for the 
45° direction. The characteristics of material A in 

the 45° direction were: vL = 5910 ••• 6090 mis, and a = 
1.7 dB/cm. A typical display for the 45° direction is 

shown in Fig. 4b. The previously mentioned difference 
between the attenuations in 0° and 90° directions was 

not observed here because of the scattering effect at 

the convex surface of the cylinders. 

-
Table 3 The longitudinal velocity vL and attenuation a 

measured at 2 MHz in different directions with 
respect to the columnar grain axis in materials 
A and B using 30x30x30 mm cubic specimens. 
x) In this direction no back wall echoes were 
obtained. 

Material Direction vL, mis a, dB/cm 

A 0° 5000-5030 1.2-1.3 
A 45° 6000-6040 0.7-0.8 
A 90° 5140-5280 2.3-2.8 
B 0° 5220 1.8 
B 45° 6140 1.0-1.3 
B 90° x ) x ) 

a. b. 

Fig. 4. Screen displays abtained fram cylindrical 
specimens of material A using the same amplifi
cation. 
a) parallel to the columnar grain axis 
b) in 45° direction to the columnar grain axis. 

The results obtained from the plate like specimens 

using the pulse-echo-overlap method with 10 MHz are 

given in Table 4. The tests were made in directions 
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O·, 45° and 90° both in the welded material A and in 

the casting B. However, results were obtained only in 
the directions and with the modes given in Table 4. 

Table 4 The results obtained from the polycrystal1ine 
plate-like specimens at 10 MHz. 

Material Mode Oirec- Polar- v, mIs a, dBlcm 
tion ization 

A long. 0° - 5308 5.9 
A trans. 0° 90° 3960 7.4 
A long. 45° - 6228 6.0 
A trans. 90° 0° 4060 9.7 
b long. 4S- - 6287 5.8 

The results obtained from the triangular specimens of 

materials A and B using immersion technique are visual

ized in Fig. 5. The on1y angles of incidence in water 
in which a back wall echo from the specimen could be 
obtained are shown in the figure. Velocity measure
ments support the conclusion that for 10° and 11° 

angles of incidence the mode is longitudinal and for 
16° transversal. 

16· 16·' 
\ 1 \ , 

11·' 

1 
1 

Fig. 5. Angles of incidence in water and wave modes in 
triangular specimens. 

In the direction parallel to the grain axis both longi

tudinal and transversal modes seem to penetrate the ma

terial. However, in the perpendicular direction only 

the transversal mode and in the 45° direction only the 
longitudinal mode can be created in the material. 
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4 THEORETICAL CONSIDERATIONS 

4.1 THE ELASTIC COEFFICIENTS 

The elastic coefficients of a cubic crystal are re

lated to the velocities of ultrasonic waves in the 110 

directions through the equations: 

where vL is the longitudinal wave velocity, and 

vT and vT are the transverse wave velocities 
with the pblarization in the 001 and 1ÏO directions, 

respectively. The three independent elastic coef

ficients cIl' c 12 and c 44 are then obtained from 

( 3 ) 

the velocity measurements in one crystal direction of 
the 110 type. The calculated coefficients for the pre-

sent austenitic steel single 
Il -2 cIl = 2.036 x la Nm ,c 12 . Il -2 and c 44 = 1.298 x la Nm • 

crystal are: 
11 -2 = 1.335 x la Nm 

The velocities v. (i 
l 

1, 2, 3) in an arbitrary crys-
tal direction with mutually orthogonal polarization 

vectors (r., s·, t.) obey an equation of motion 
111 

which in a crystal of cubic symmetry has a form of 

three simultaneous equations (Truell et al. , 1969): 

(AlI - pv 2 )r + A12 s + A13 t = a 

A21 r + (A 22 - 2 + A23 t a P v ) S = 

A31 r + A32 s (A 33 - 2 0, + P v ) t = 

-14-
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where 

AlI + ( cIl - c 44 )n x 
2 c 44 , 

A21 = Al2 {c 12 + c 44 )n xny 

A22 c 44 + (cIl 
2 = -c 44 )ny , 

A31 = A13 = (c 12 + c44 )n xnz 

and nx ' ny and nz are the direction cosines of 
the wave front normal. 

The values of v are obtained from the condition that 

the determinant formed by the coefficients of r, sand 

t in Eq. (4) must be zero. This condition leads to a 
cubic equation for v2 and three real and positive 
values for v in each crystal direction. For each value 

of v the corresponding polarization vector may then be 
obtained from Eq. (4). In each direction the three 

values of v correspond to the three modes with mutually 
orthogonal polarization vectors. In special symmetry 

directions such as the 100, 110 and 111 directions one 

of them is a pure longitudinal mode and the other two 
pure transverse modes. In an arbitrary direction there 

are one quasi longitudinal and two quasitransversal 
modes. 

4.2 ORIENTATION DEPENDENCE OF THE VELOCITIES 

The Eqs. (4) were solved by computer for 25 different 
directions of the wave front normal, (Fig. 6). The 

wave front normals corresponded to 25 pairs of angles a 

and s (Fig. 7), which varied from 0° to 90° and from 0° 

to 45°, respectively, with intervals of 15°. The 

values of velocity and polarization direction in the 

other parts of the direction space are obtained by sym-
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metry. The velocities in four different crystal 
planes-corresponding to four different values of sare 

presented in Fig. 8. The orientation dependence of the 

velocity is much st ronger for the transverse modes than 

for the longitudinal mode. The longitudinal velocity 
is highest for the 111 directions and lowest for the 
100 directions. 

J L 
energy wave front normal 
flux 

Fig. 6. Visualization of the wave front normal and the 
direction of energy flux i.e. "propagation 
direction". 

10011 

a 

, 1 
1 

'1 't 

wave front 
normal 

10101 

Fig. 7. Angles a and S defining the wave front normal 
direction. 

4.3 ENERGY FLUX DEVIATION 

In an elastically isotropic medium the wave front nor

mal direction is also the direction of energy flux 

(propagation direction) of the ultrasonic pulse (Fig. 

6). In an anisotropic medium the direction of energy 

flux deviates from the wave front normal except in sorne 
symmetry directions of the crystal. The direction of 

the energy flux of the pulse is the normal of the cor

responding "slowness surface" (Auld, 1973). The slow-
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a 

c P=30· 
(001) 

d 

P=1S· 
(001] 

P=4S· 
(001) 

Fig. 8. Orientation dependence of velocity in four 
crystal planes presented in polar coordinates. 

ness furface means the resiprocal of the velocity pre-
1 

sented as a function of crystal direction. Cross 

sections of the slowness surfaces corresponding to the 
angle a of 0°, 15°, 30° and 45° are presented in Fig. 9. 

5 DISCUSSION 

The experiments made on the single crystal sphere may 
be compared to the calculations presented in chapter 

4. The observation that measurements were possible 
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Fig. 9. 

IhO· 

(001) 

13=30· 
(001) 

(010) 

IhlS· 

(001) 

Ih4S· 
(001) 

-~ 
" 

(110) 

Cross sections of the slowness surfaces corres
ponding to 8 = 0°, 15°,30° and 45°. The small 
arrows in a) and d) represent the directions of 
energy flux. 

only in sorne symmetry directions of the crystal is 
consistent with the fact that the direction of energy 

flux differs from the wave front normal. Therefore an 
ultrasonic pulse aimedto be sent through the sphere 

deviates from the exact diagonal direction and no echo 
pattern is obtained in an arbitrary direction of the 

single crystal sphere. 

In the symmetry directions 100, 110 and 111 the mea

surements should be possible because here the energy 

flux is parallel to the wave front normal. In the 110 
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and 111 directions the echo pattern was indeed ob

tained. In the 111 directions the amplitude decay was 

exponential but in the 110 directions the amplitude 
fluctuated quite irregularly from echo to echo as seen 

in Fig. 3. In the 100 directions on1y one echo was 

visible in Fig. 3c. A possible reason for this is that 
the curvature of the slowness surface is quite strong 
in the vicinity of the 100 direction as seen in Fig. 
9. Thus even a small deviation of the wave front nor
mal from the idea1 100 direction causes a strong devia
tion in the direction of the energy flux. Therefore, 
the beam having a width of a couple of mi1limeters 

diverges strong1y in the 100 direction. On the con

trary, in the 111 directions the slowness surface is 
quite f1at near the 111 direction and the normal of the 
surface i.e. the energy flux is quite accurate1y in the 
111 direction in spite of sma11 deviations in the wave 

front normal direction. Both the experiments and the 

curvature of the slowness surface indicate that the 
situation in the 110 directions is somehow intermediate 

between the cases of 100 and 111 directions. 

Even in the 111 directions the echo pattern was quite 

sensitive for sma11 changes in the direction of the 
incident ultrasonic beam. A misorientation of about 2° 
decreased drastically the amplitudes of the echoes of 

odd order numbers but left the amplitudes of the even 
echoes unchanged as seen in Fig. 10. A possible reason 

for this is suggested in Fig. Il. In the vicinity of 
the 111 directions of the sphere it may be possible 
that the pulse reflects back anà forth in the sphere 

a10ng a slightly V-shaped path. This may be the case 

if the wave front normal coinsides with the normal of 

the surface of the sphere in the ref1ection points A 
and B in Fig. Il. In this case every second echo does 
not hit or on1y partly hits the receiver. 

The values of the longitudinal wave velocities in the 
111 and 110 directions of the sphere are in fairly good 
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a. 

Fig. 10. 

b. 

The effect of a small misorientation (about 
2°) on the echo pattern obtained in the 111 
direction of the single crystal sphere. a) no 
misorientation b) 2° misorientation. 

t 
(1111 

~ IOdd 
--...... ~ echoes 

Fig. Il. A possible explanation for the effect 
illustrated in Fig. 10. The situation is 
strongly exaggerated. In real conditions, if 
the incident beam deviates only 2° from III 
direction, also the odd number echoes partly 
hit the receiver. 

agreement with the more accurate values measured in the 

plate shaped single crystal. 

In polycrystalline materials under conditions of 

Rayleigh (À » 0) and stochastic (À - D) scattering the 

attenuation can be estimated through Eqs. (1) and (2) 
using the measured single crystal elastic coef

ficients. If for example the grain size is 0.1 mm and 
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the freguency 5 MHz, the condition for Rayleigh scat

tering is obeyed and the attenuation is 1.07 dB/cm for 
longitudinal waves and 7.32 dB/cm for shear waves. The 

values are about 2.5 times higher than for body centred 
cubic iron with corresponding grain size and frequency. 

In crystalline materials with coarse grain size (0 > À) 

as for example in welds and castings usually diffusive 

scattering (Eq. 3) occurs. In these materials the 
situation is much more complicated. In the polycrys

talline samples A and B with strong fibre texture the 

velocity is lower along the fibre-like grains than in 

other directions. The velocity along the grains is 

close to the velocity in the 100 directions of the 
single crystal. This supports the X-ray diffraction 

measurements confirming that the texture is of 100 
type. With regards to the observation that the at
tenuation is lowest in the 45

0 direction to the fibre 

axis and essentially st ronger in all other directions, 

no simplified correlation between velocity and attenua
tion can be given although the attenuation very often 
decreases with increasing velocity. 

The situation in the direction perpendicular to the 
grain axis (90 0

) may be discussed referring to Fig. 
Ba. This figure shows that in tile plane perpendicular 
to a 100 type crystal direction the angular dependence 

of the longitudinal velocity is considerable. A poly
crystalline sample with a 100 type fibre texture may be 

considered to consist of grains having either Œ = 00 

and different values of B. or B = 00 and different 

values of Œ as in Fig. Ba. The velocity therefore 

varies from grain to grain leading to strong reflec

tions at the grain boundaries and therefore to strong 

attenuation. 

In the direction of the fibre axes (0
0

) the velocity i5 
equal in every grain if the directions of the fibre 
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axes are accurately in a 100 direction. The experimen

tal attenuation is, however, quite strong. The reason 

is believed to be similar to that discussed in the case 

of the single crystal sphere. Because of the strong 

curvature of the slowness surface near the 100 direc

tion the beam diverges rapidly leading to many reflec

tions at the sidewalls of fibre-like grains. This 

leads to spurious pulses and deteriorated echo train 

seen as a strong apparent attenuation. 

In the 45° direction to the fibre axes in each grain a 

is 45° but a has random values in different grains. 

From Figs. 8a-d it is seen that the longitudinal 

velocity is only weakly dependent on a if a is 45°. 

Therefore, the reflections from the grain boundaries 

are quite weak. The slowness surface in Fig. 9 is also 

quite flat in the regions where a is near 45° and the 

beam divergency is therefore believed to be weaker than 

in other directions. 

It can be seen from the Figs. 8 and 9 that the shear 

wave velocity depends strongly on the propagation di

rection and on the polarization direction. This means 

that the attenuation in a polycrystalline sample 

caused by the grain boundary scattering is still 

stronger for shear waves than for longitudinal waves. 

In the experiments made both in plate-like and triangle 

shaped samples the measurements for shear waves were 

possible only in two directions i.e. in the parallel 

direction (0°) and in the perperpendicular direction 
(90°) providing that the polarization is parallel to 

the fibre axis. These observations are clarified by 

analysing Figs. 8 or 9. In the 100 directions the 

shear wave velocity is independent of the polarization 

direction. Hence the velocity is the same in the 

direction of grain axes and the attenuation is much 

lower than in an arbitrary direction. From Figs. 8a or 

9a it may be seen that if the propagation direction of 
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shear waves is perpendicular to a 100 axis the velocity 

of the fast shear wave mode vT in Fig. Ba is in
dependent of the propagation dlrection in this 100 
plane. In this case the fast shear wave is the shear 
wave having the polarization in the 100 direction. In 
a textured sample with the propagation direction 

perpendicular to the fibre axis vT is therefore 
equal in all of the grains and the 1attenuation is 

fairly low. 

6 CONCLUSIONS 

The effects of anisotropy on the propagation of ultra

sound in austenitic stainless steels is considerable. 

Particularly in the coarse grain weld and cast ma
terials where diffusive grain boundary scattering 

occurs the situation is very complicated. The solidi
fication texture in welds and castings causes big dif
ferences in attenuations, velocities and propagation 
angles of both wave modes in different scanning direc
tions. Explanations can be given for all of the obser

ved phenomena on the basis of theoretical calcula
tions. However, the link between practical NOT of aus

tenitic welds and castings and the information of this 

study is not quite clear. The authors, however, hope 
that the results of this study can be helpful to under
stand the difficulties associated with practical ultra

sonic inspections of these materials. 
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Contribution to improving ultrasonic testing of thick bimetallic welds 

B. 'l1WMPFF, J-P. LAUlIIAY, J.J. OLlVERA, Framatome, r'rance 

ABSTRACT 

The need for safety of nuclear power installations is forcing engineers to 
finds ways and means of efficielltly testing austenitic welds joints. 

In view of the advantages of ultrasonic testing, which is used with success 
for ferritic weld joints, development of wOFe effective methods for austeni
tic weld inspection is an important objective in the nuclear industry. 

FRAMATOME ls cooperating with WESTINGHOUSE, ELECTRICITE DE FRANCE and the 
COMMISSARIAT à l'ENERGIE ATOMIQUE to determine the capabilities and reliabili
ty of ultrasonic testing procedures for detecting flaws in austenitic steels 
and bimetallic weldments. 

A particular section of FRAMATOME 's vork, performed at the U~SA Laboratory in 
Lyon, is concerned with the study of thick bimetallic welds between forged and 
cast stainless and ferritic steels. 

Conventional ultrasonic testing of such weldments is rendered difficult or inef
ficient by considerable background noise, important anisotropy in ultrasonic wave 
propagation and spurious echos. 

An analytical study of ultrasonic vave propagation vas carried out to design 
the best suited transducers for examination of two kinds of thick bimetallic 
welds. (wave, frequency, refracted angle in steel damping and sound field). 

This study included several points 

1°) Metallurgical structure of the various areas of each weldment. 

- 2°) Ultrasonic vave propagation (velocity and attenuation) at various frequen
cies performed on cylindrical s8C,lples removed from various areas of each 
weldment. 

- 3°) Principal parameters for ultrasonic testing (wave mode, frequency and re
fracted angle in steel) of artificial flavs machined in flat test blocks 
representative of each wel~nent (3 mm diameter side drilled woles and 
3 x 3 mm notches). 

The results of this study contribute towards the design and choice of 
probes best suited to inspection of these austenitic velds. 

The use of these special probes which are manufactured in FRAMATOME and 
INSAS' LABORATORIES considerably improves detection of natural and arti
ficial reflectors. 
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1. INTRODU (,;'nUN 

The need for safety of lluclear power installations is forcing engineers 
to find ways and means of efficiently testing austenitic weld joints. 

ln view of the advantages of ultrasonic testing" which is used with suc
cess for ferritic weld joints, development of {llore effective liIethods for auste
nitic weld inspection is an important olJjective in the nuclear industry. 

ERAMATOME is cooperating with WESTINGHOUSE, ELECTRICITE DE r'M,NCE and 
the COMMISSARIAT A L'ENERGIE ATOMIQUE to determine the capabilities and relia
bility of ultrasonic testing, procedures for detecting flaws in austenitic 
steels and bimetallic weldments. 

A particular section of FAAMATOME's work, performed at the INSA Laborato
ry in Lyon, is concerned with the study of thick bimetallic welds between for
ged and cast stainless ana ferritic steels. 

Ultrasonic testing of sucil welciments is complicated Dy the phenomellon of 
"anisotropic scattering" which produces considerable background noise, spurious 
echoes and anisotropie attenuation of ultrasonic waves. 

An analytical study of the ultrasonic wave propagation in the various areas 
of two kinds of thick birnetallic welds enables us to determine the characteris
tics of special probes which will be tested on artificial and actual flaws. 

2. METALLURGY 

2.1. Description of the two bunetallic joints 

This weldment is cowposed of S areas (fig. 1) : 

(A) forged ferritic low carbon steel (SA SU8 Cl. 3), 
(B) lJuttering composed of 24 Cr - 12 Ni stainless steel for the first layer 

and 20 Cr - 10 Ni - 3 Mo for the other layers, applied with a covered elec
trode, 

(C) hOlllogeneous weld composed of 2U Cr - 10 Ni - 3 Mo stainless .steel, applied 
with a covered electrode, 

(D) forged austenitic stainless steel (Z 3 GND 17-12), 
(E) cladding composed of 24 Cr - 12 Ni stainless steel for the first layer 

and 20 Cr - 10 Ni - 3 Mo for the other two layers, applied using automatic 
technique. 
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This weldment is also coruposed of 5 areas (fig. 2) 

(A) cast ferritic low carbon steel (SA 216 grade WCC) , 
(B) buttering with the same composition as 2.1.1. (B), 
(C) homogeneous weld with the same compositioh as 2.1.1. (~), 

(D) cast austen1tic stainless steel (Z 3 eND 17-12), 
(E) cladding with the sane composition as 2.1~1. (E) but applied with a covered 

electrode. 

2.2. Metallographic study 

(A) forged ferritic steeld : 

micrographic exallination (m.e) revealed a very fine grained ferrite and 
cementite texture (the grain size according to AFNOR A 04.102 is Gall). 

(B) buttering 

macrographic examination (M.E) revealed the edges of the successive weld 
runs and unidirectional crystallization perpendicular to the weld prepara
tion and to these runs. The grains follow the heat paths in the weld during 
cooUng and they often grow epitaxially from one weld run to another. The 
grains are columnar in shape; they are about 1 mm wide and up to several 
centimeters long. 

m.e. revealed : 

- in a plane perpendicular to the weld axis, a ferrite iattice (7 %) marking 
the limits of austenitic matrix crystallization. Important variations in 
the lattice shape occur between two weld runs, 

- in a plane parallel to the weld axis, a regular ferrite lattice without 
any special direction. 

(C) homogeneous weld : 

K.E. revealed variable crystallization around a principal axis coinciding 
with the axis of symmetry of the preparation. The dendritic texture has 
th~ same characteristics as in 2.2.1. (B). 

(D) forged austenitic stainless steel : 

m.e. revealed a clas8ic~1 austenitic twinned texture (G = 3 to 4). 

(E) cladding : 

The dendritic texture has the same characteristics as in 2.2.1 (fi). 
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(A) cast ferritic steel : 

ID.e. revealed a very fine-grained ferrite and 1amellar perlite texture 
(G = 10), 

(B) buttering same texture as in 2.2.1 (B), 

(C) homogeneous weld : same texture as in 2.2.1 (C), 

(D) cast austenoferritic stainless steel : 

M.E. revealed a coarse texture with streaked grains. These grains are 
equiaxial on the edge (grain size 3 mm); but in central area, the grains 
increase to 4 mm x 10 mm in size and are perpendicular to the weld axis. 

m.e. revealed a coarse texture with a thick ferrite lattice (30 ~), 

(E) cladding : same texture as in 2.2.1 (E). 

3. ULTRASONIC WAVE PROPAGATION 

3.1. Measurement methods 

Cylindrical samples (19.4 or 35.3 ~u in diameter) were taken from the 
various areas of each weldruent paralle1 to its axis. 

The study of ultrasonic longitudinal wave propagation (attenuation and 
velocity) was performed using the apparatus shown in fig. 3 : the cylindrical 
samples were placed between transmitting and receiving transducers (two Pana
metrics V 115, Ij 0.75 ", 10 MHz broadband with plexiglass lenses) so that the 
beam passed through the diaweter of the specimen. The ultrasonic longitudi
nal beam propagation characteristics of the samp1es were studied by rotating 
them in the beam. 

Owing to the choice of tuning of Panametrics 5052 PR pulser-receiver and 
Hewlett Packard 141 T Spectrum Analyser, a constant frequency spectrum level 
was obtained on ferritic samples for frequency between l and 5 Mllz. This le
vel was considered as the reference level. For anisotropie samples, attenua
tion was plotted against this level for angles increasing 5° at a time. 

On1y velocity curves were plotted for non interface cylindrical samples. 
Velocity and attenuation measurements were obtained from the same screen dis
plays. 
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3.2. Results 

l·l·!._UltLa~o~i~ longit~dinAl_wAV~ ~r2Pagat!o~ !n_the_vArio~s_a~eAs_o! ~e!d~ 
!!e~t_<l) 

~~~~!~!~_!~~~!~!~_!~~~~~-~~~~! 
- Attenuation : isotropic. A constant level of between l and 5 MHz was consi

dered as reference. 

- Velocity : constant at 5950 ruls. 

~!~~!~~!_~~!~~~!~~~_!~~~~~_!~~~~!~!!_!~~~! 
- Relative attenuatLon : isotropic. Relative attenuatlon was ne~ligeable fOl 

low frequencies (1 MHZ) but increased in upper frequency ranges. We found 
a relative attenuation coefficient ~ ie. 

= 0.04 LMHzJ with 3 MHz ~ f ~ 5 MHz 

- Velocity was constant at 5790 mis. 

~!~!!~~~-~~~~~!~!~_~~~~!_S~~~~~~!~~_~~_~~~~~~~~~~~_~~!~l 
- Relative attenuation was anisotropic and the variations of attenuation obser

ved was markedly cyc1ic, having a period of 90°. 
Attenuation was weaker at low frequencies and the gap between maximwll and 
minimum àecreased at lower frequencies. 
l'hese extremes remained unaltered when frequency was varied. 
The axis of least attenuation was regularly observed at an an~le of 45° to 
the grain a1ignment axis of the dendritic texture. 
A specimen curve is given in fig. 4. 

lt seems that attenuation in this kind of dendritic texture was caused by 
curvature of the incident beam as 

1) only sli~ht variations in background noise loIas observt!d when sauple was 
rotated; 

2) in an angu1ar position with transmitted signal reduced to minimum, a stron
ger si~nal was obtained when a 2 mm receiving transducer was displaced 
perpendicularly with respect to the incident u1trasonic beam. 

- Velocity was anisotropic, the variation was cyclic with a periode of ~Oo. 
ln the homogeneous weld (fig. 5), the maxilllwn ve10city was 6120 mis and the 
minimum 5250 mIs (difference of 15 %). 

ln the buttering, the maximwlI veiocity was 6280 mIs and the minuuim 5270 mis 
(difference of 16 %). 

The maximum velocity corresponds to the maximum attenuatioll. 
However i.t shou1d De lloted that these measurements only indicate "apparent" 
attenuation and velocity in the incident ultrasohic beam direction owing to 
beam curvature phenoillenon. 
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3.2.1.4. Global attenuation ---------------------------
ln fig. 6, attenuation was plotted as a function of angular position for 

each cylindrical sample. r'or a given scanning surface, the direction of Least 
attenuation corresponds to the minimum when attenuation curves for cylinorical 
sarnples representing the various areas through which ultrasonic waves pass to 
reach a given point in the weld are superimposed. 

1.~.~._Ult~a~0~i~ 10gg!t~d!nAI_w~v~ Er2PASAt!o~ !n_the_vAr!o~s_a~eAs_ol ~eld= 
!!!e~t_(lI2. 

3.2.2.1. ferritic cast steel and dendritic areas ------------------------------------------------
- Attenuation and velocity : sanle results as in 3.2.1.1. and 3.2.1.3. 

3.2.2.2. Austenoferritic cast stainless steel ---------------------------------------------
Variations were sUlall enough to enable the sanlple to be considered as iso

tropie for attenuation and velocity. 

- Attenuation was slight at l MHz but greatly increased at higher frequencies 
ie 0( LdO/Cffi_7 == 0.7 f LtllizJ with 2 l'lliz ,~f <_ 5 ~lliz. 

3.2.2.3. Glooa1 attenuation 

ln fig. 7, we plotted attenuation as a function of angular position for 
each cylindrica1 srunple. 

4. OPTIMIZATION Of DETECTION uF ARTlflGAL REFLECTORS 

Various artificial reflectors (3 mm dianleter side drilled holes and 3 x 3 mm 
notches) are machined in 50 mm wide test-blocks representative of each weldment 
(fig. 8). 

The tests were performed under water with followin~ variables 
refraction an~le in steel and frequency. 

wave .uode, 

To detect reflectors, several factors were taken into consideration: the 
crossing of the water/steel interface, attenuation particular to (:!8cb material 
for a given angle of incidence, the crossing of interfaces between steels if 
it occurs, and variation in the path of ultrasounds accordin~ to the angle of 
incidence. 

4.1. The effect of wave mode 

The tests performed with longitudinal waves ~ave oetter results than with 
transverse waves at srune frequency or wavelength. 
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4.2. The etfect of refraction angle in steel 

Each reflector was examined from both surfaces for refracted angles in 
steel increasing in 10° steps. We used a <.;GR Ultrasonic R 7 fLaw detector and 
a Panametrics V 30i (O. 75" in diameter - 2.25 MHz) transducer. The reference 
amplification (OdB) was obtained for an amplitude signal 6/7 the height of the 
screen on a 2 mm diameter side drilled hole machined at a depth of 50 mm in a 
ferritic test-block possessing the same ultrasonic properties as the Ils block. 
At each measurement position, the anplification needed to produce &1 amplitude 
signal 6/7 the height of the screen, the apparent ultrasonic sound path and the 
signal to noise (SIN) ratio were plotted. 

1) The two parent materials (ferritic forged steel ana austenitic forged stain
less steel) are very permeable to ultrasonic waves : this permeability is not 
very different in these two materials. On the other hand, the dendritic tex
tures of the buttering, the cladding and the homogeneous weld are very dif
ficult to cross and induceù phenolllena such as ; high degree of anisotropic 
attenuation, very low signal to noise ratio, curvature of the ultrasonic bea1ll 
and spurious echoes. 

2) ln each of the four possible scanning directions, a11 the reflectors were de
tected if the angle ~ refracted in the steel is such that 40° ~ e ~ 50°, as 
already noted in fig. 6. 

3) The mean difference in amplitude for echos associated with a line of reflec
tors at the same depth was generally smaller for e ~. 40°. 

4) Onlye = 45° allowed a SIN ratio > 12 dB for all the reflectors and in the 
four scanning directions (an exception however : SIN 9 dB in the screen dis
play for hole nO 2 examined from the cladded surface through austenitlc 
stainless steel parent material). 

5) There were many structural spurious echoes at small refracted angles 
(e ~ 30°) and angles close to weld preparation angles (15° and 30°). 

6) The location of reflectors was poorly situated for high refracted angles 
(a ~ 60°), due to curvature of the ultrasonic beam in the dendritic textures 
for long sound paths. 

A refracted angle t) - 45° is therefore the best suited direction to inspect 
the maximwn volume of this weldment and gave the best conditions for detec
tion and location of flaws. 

This confirms the directions pointed out by the ultrasonic propagation study 
in the cylindrical samples (s 3.2.1.4., fig. 6). 
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1) Various areas of the joint possessed different ultrasonic propagation 
characteristics : 

the ferritic steel is very permeable to ultrasonic waves; 
- the coarse grained texture of the austenitic cast stainless steel produ

ced a drastic and non uniform attenuation in ultrasound, the SIN ratio 
being very small (sorne reflectors 65 wn deep were not oetected); 

- the dendritic textures as in 4.2.1. 1. 

2) As the parent materials were not syrruuetrical, the detection of the artifi
cial flaws varied greatly with respect to direction: 

- when exall1ining from the ferritic steel side, all the reflectors (except 
the notch n° ~) are detected when e = 45°; 

- when examining frola cast stainless steel side, reflectors situated at a 
depth of 25 mm were detected for ~ :( 60°, while the S5 m.m deep reflectors 
were no longer detected : the sound path in this steel tltust be reduced 
to detect the reflectors near the opposite surface. 

3) The SIN ratio was very low for tests performed from the cast stainless steel 
side. 

4) There were many structural spuriolls echoes at small refracteù anglcs (t;;::;' 3uo) 
and also at angles close to welù preparation aUtiles (lU C and 20°). 

S) The location of reflectors was poorly situated for small (0 , lUO) and high 
(~ ~ 6UO) refracted angles owin6 to a long sound path in the dentritic tex
tures of the Duttering and the homogeneous weld. 

A 40° ~ ~ ~ 45° refracted angle in steel is therefore the best-suited direc
tion to inspect the iilaximum volULlIe of this weldment and proviJes the Dest 
conditions for flaw detection and location. 

This also confirms the directions pointed out by the ultrasonic propagation 
study in the cylindrical samples (;j 3.2.2.3., fig. 7). 

4.3. The effect of freguency 

A Panametrics V 115 «(/J U.7S" - lu llli~ broadband) transducer was connected 
to the Panametrics 5052 l'R l'ulser Receiver. 
3u mm (weldluent 1) or 25 liIm (weldlllent Il) deep sidt:! drilleù holes were examineù 
with longitudinal waves at a 45 ° refracted angle in the steel. 

The -3 dB frequency spectrull1 bandwidth for si~nals obtained from eacia re
flector showed that 1.5 MHz was weIL suited fur ooth weld,uents. 
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5. CONCLUSiuNS 

The above results make it possible to define the characteristics of sui
taDle probes : they should emit longitudinal waves at 1.5 MHz at an angle 
of 45° in steel. 

At the present time, YRAMAIOME is testing some special probes manufactured 
in both its own and in INSA'S Laboratories. 
Other commercially avai1able probes, specially manufactured for inspection of 
austenitic welds, will a1so be tested. The transducers giving the best results 
will be used for testing representative blocks with actual flaws. 
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Fig. J - Weldment (1) - Metallography 
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Ferritic cast steel parent 
material. 
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Fig. 2 - Weldment (II) - Metallography 
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Some fundamental aspects of testing austenit~c steel structures by ultrasonic8 

W. OPPERMAN, H.A. CROSTA(;K 
Dortmund University, F .R. Germany 

ABS'fBAC'f 

A number of essential influencing factors in the ultrasonic testing of 
austenitic ruaterials are discussed in conjunction with calculations and prac
tical measurements. The work establishes that for the detection of defects 
optimum frequency ranges exist and that by staying within these ranges, the 
signal-to-noise (SIN) ratio and also the evaluation of defects in lUaterials 
producing marked ultrasonlc scat ter can be improved. the effect of spectral 
distribution of the pulse being d~ninant over that of pulse duration was noted. 

1. INTRODUCTION 

ln the ultrasonic testing of materials with high attenuation, difficulties 
are encountered which grow particularly when there is ruarked scatter. Such 
scatter occurs in very coarsegrained and inhomogeneous materials as a result 
of which the SIN ratio is lUarkedly reduced whereby defect identification is 
rendered more difficult. This situation gives rise to two problems when tes
ting marked scatter-producing, and therefore also austenitic materials. The 
first problem involves detecting defects, that is to say identifying them even 
in materials generating a great deal of scatter. The second problem concerns 
evaluation of defect indication and hence interpretation of defect size, shape 
and location (for exemple Dy the DGS-Diagram). The problem of defect detection 
which is substantially dependent on raising the SIN ratio, and the techniques 
whereby this ruay be achieved, have already been reported on ~l~. 

One of these techniques, the so-called (;S-Technique ~2; 3-1, is aased on 
the fact that by specific electrical e~tation of the transducer, the spectrum 
of the acoustic pulse receives a desired defined composition. Apart from the 
already mentioned advantage provided by the reduction of scat ter ~1-1 and the 
resultantimprovements in ruaterials testing ~2; 4; SJ, this technique offers 
some further features that ruake it appear especially suited to basic research 
into the interaction between ultrasound and reflector. These are: 

- Possible variation of frequency at constant banawidth. 
- Variation of oandwidth st constant centre frequency. 
- Variable duration and form of pulses, the effects of which are, of course, 

associated with the spectral distrioution. 
- Concentration on specific frequency ranges. As a result, a very high acoustic 

energy is availaole in these ranges which is particularly useful in basic stu
dies. 
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These features make the CS-Technique appear particularly advantageous 
to basic research into the relationship between the SIN ratio and the pulse 
duration as well as the pulse spectrum. 

2. INfLUENCE OF SPECTRAL DISTRIBUTIuN 

Apart from the noise reduction ~1-1 which were calculated on the basis 
of simplified assumptions for basic studies and are compared with the white 
noise itself, SOrne further influencing factors exist in practical testing, 
particularly in defect evaluation. These are the transducer with its frequen
cy-dependent transfer function, the sound field which depends upon the dt>.. -
ratio of the transducer, and finally the sound field of the defect which depends 
upon the diX - ratio of the reflector Out is also affected by losses of diver
gence. Therefore, the defect indication is suoject to a dual influence 0) the 
test frequency. 

liowever, these relationships become particularly difficult and confusing 
if, instead of using llIonochrornatic wave trains, spectra are employed whose com
position may change. This possible change of the spectra is illustrated 
briefly in the following example - fig. l - which shows the frequency spectra 
of a gated sine wave and those of a sine wave also gated but having superimpo~ 
sed on it a (l-cos wt)4 function. If these pulse, or the spectra shown, are 
applied to a wide-oand transducer (12 mm dia) which, in turn, transmits them 
to a cylindrical hole (6 llUll dia) to a depth of penetration of 100 üun, the spec
tra shown in the second row of fig. l result. The gated sine wave in particu
lar exhibits a rise of the higher frequencies and a reduction of the lower fre
quencies in the defect response. If, however, the ultrasonic pulse is subject, 
to a certain amount of damping due to Rayleigh scatter (u.26 dB/cm at 4 MHz -
third row of fig. 1), the high-frequency components which actually contribute 
Inore to defect identification, are increasingly darnped whilst the low-frequency 
components are raised. At higher levels of damping, e.g. approximately 0.78 
dBlcm at 4 MHz, a value wl,ich is at times exceeded by a considerable margin in 
austenitic castings, this can lead to a situation where the defect response con
tains hardly any frequency components of the actual test frequency of 5 MHz. 
ln the case of the gated sine wave the defect is actually tested with frequen
cies around 2.5 MHz rather than 5 MHz. By contrast, the pulse designated sin4 

has a considerably more favourable shape. Under the sarne conditions it also 
undergoes de-mixing. liowever, since the spectrurn falls off abruptly on either 
side, the de-mixing is also drastically limited so that the defect is tested, 
and hence also evaluated, with approximately the sarne frequency band ev en when 
high attenuation i8 present. 

To achieve positive defect iaentification, it is important to use not only 
a single frequency since otherwise there is the danger that at certain angles 
the defect will not be detected. On the one hand the CS-Technique distinctly 
limits the spectrum while, on the other, it cOllsiderably broadens the main 
maxima compared ",itll the gated sine wave, so that a defined frequency band with 
severai near ly equivalent frequency components are available for defect detection. 

-42-



The shifts in the frequency spectrum which may De produced even in gated 
sine waves by unfavourable switch-on and switch-off functiona, naturally mani
fest themselves to an appreciably greater extent as soon aa wide-band transdu
cers are used in the conventional mode. These transducers have, in the recent 
past, been very widely advocated for testing austenitic materials ~6-1. While 
the y are, initially, eminently suited to defect detection, they do have inhe
rent risks when it comes to defect evaluation. To illustrate this, fig. 2 gives 
the frequency spectrum of a broad-band 2.25 MHz-transducer. The spectrum was 
determined on a fine-grained hemisphere by the ~lpùSe-echo-technique ~7-1. ln 
the testing of an austenitic casting with a grain size of approximately l accor
ding to ASTM the echo from a 6 mm hole at a depth of aDout 65 mm consists pre
ferably of frequency components below l MHz. Therefore, the nominal frequency 
of 2.25 MHz specified here shifts in the evaluation to less than l MHz. This 
causes considerable difficulties to the evaluation parameters since the diver
gence of the sound field naturally changes considerably with the frequency. 
Thus, the frequency or wave length directly acts on the near-field length and 
hence on evaluation scales such as, for exrunple, the DGS-Diagram. For evalua
tion of the defect it is hence necessary either to have precise knowledge of 
these processes of de-mixing of the pulse as it travels to the defect, a demand 
which, at the tllue of writing, appears virtually impossible to meet, or to set 
from the very start test parameters in such a way that their modification due 
to sound damping will be insignificant. 

These considerations apply, to the formation of the sound field of the 
defect and hence to defect evaluation ~len sound damping is present. If addi
tional scat ter occurs, optimum ranges for the test exist since, fundamentally, 
there are different functional relationships betweell frequency and scat ter on 
the one hand and frequency and defect size and Location on the other. For an 
optimum test, maintaining these optimum ranges is, therefore, extremely impor" 
tant. This situation is shown in fig. 3 for a 4 Ullll cylindrical hole at a depth 
of 100 Dm. The left-hand row covers the various spectra based on the assumption 
of white noise as the impinging acoustic spectrunl while on the right-hand side 
the specified transfer function Qf a transducer is superimposed. ln the left
hand row the response of the 4 mm hole acting as reflector is plotted vs. the 
white noise. SO long as this occurs without damping, the amplitude of the 
reflector rises with increasing frequency. If scatter does occur, the damping 
of the sound on its way to the reflector will not only cause the echo from the 
reflector to be danlped in the high frequency range but, additionally, there will 
occur (in the region of the Rayleigh-scatter with the 4th power of the frequen
cy) noise signals. The latters grow faster with the frequency than does the 
defect-generated signal. If damping through scat ter is around u.23 dB/cm at 
4 MHz, the reflector signal can no longer be separated from the noise signal 
above 4 MHz. With this more coarse-grained structure the scatter &~plitude 
rises more rapidly with the frequency. This, however, entails two requirements. 
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One is that it is very important tù maintain the optimum test frequency range 
and hence to narrow down the test range in order to obtain sensitive defect 
detection. In particular, the sharp culoff of high-frequency iUlproves the 
SIN ration while the cutoff of low-frequency components which contribute little 
to defect identification, reduces particularly divergence losses. Adherence 
to a specifie test range which is indicated in broken lines in the right-hand 
row of graphs, becomes particularly important whenever there is marked scatter, 
that is to say when the scat ter curve begins at very early frequencies and rises 
very rapidly. 

A defined test range is further of significance when there are small de
fects which will only register at very high frequencies and are incapable of 
generating strong signals. This means particularly that whenever this test 
range becomes very narrow, in other words when the limits of conventional test 
methods are reached, the CS-Technique will yield a substantial improvement in 
defect detection. The iUlprovements obtainable in the SIN-ratio through the 
CS-Technique and adherence to specifie test ranges therefore depend upon the 
existing coefficient of scatter and upon the size uf the defect. The impro
vement will be relatively minor when there is a low degree of scat ter and the 
defect is very large. In testing austenitic materials, even using special 
transducers for varying depths, the CS-Technique yielded improvements in many 
instances of about 6 to 10 dB over the conventional technique L2J. 

The prerequisite for an Optl.1UUl!\ test, i.e. the maintenance of specifie 
ranges or, as lIlentioned above, the cOlllparison between the conventional and the 
CS-Technique under optimum conditions, depends largely upon knowledge of the 
range havini:) the optimuUl SIl'. ratio. Determining this range by the conventional 
techniqu~ is difficult. Here, again, the CS-Technique offers a comparatively 
easy way of determining the spectra of defects and noise in dependence upon the 
frequency. By choosing the test frequency, a spectroscopy of the two quanti
ties is simply carried ou!:. By way of illustration, f.1.g. 4 gives the echo from 
a 6 mm drilled hole at a depth of 65 ,mu and the scatter signal a short distance 
in front of the defect, i.e. at a depth slightly less than 65 f11l1l, in the afore
mentioned coarse-grained austenitic casting. lt will be noted that the ampli
tude of the defect signal rises already at low frequencies while that of the 
noise signal does not start to respond until aaout 1. 7 MHz. That the maximum 
amplitude of the noise signal is greater at approxü'lately 2.3 MHz than that of 
the defect signal is due in part to the shortest distance and in part to inter
ferences. Here, de-mixing of the acoustic pulse is not yet as complete as at 
the depth of the defect. This Iileasurement is made by continuously varying the 
centre frequency 'oy the C~-Technique. In order not to lose the axial resolu
tion the pulse still has a relatively broad bandw:i.dth. However, in order to 
obtain a very narrow-band spectrUlIl so as to 'oe al)le to use it in a comparison 
with the calculation reierred to at the beginning of the section, the centre 
frequency of the transmitted pulse is used directly for filtering the echo on 
the reception side to a narrow band within the preselected time window. In 
this way a very effective spectroscopy is possible with the simpliest means. 
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SIN ratios measured in this way correspond largely to the calculations 
presented in fig. 3. Since the calculations are initially based on monochro
matie wave trains (Fourier transfonnations). they demand in the ideal case an 
infinitely narrow frequency band for analysis. These demands are, however, 
of relatively little significance to SIN determination as required in the prac
tical application of ultrasonics. The operator lIIUSt distinguish on the screen 
of an US-test monitor the echo procuded by the defect from the noise. To deter
mine this SIN ratio as it occurs in practice, two time windows are set, one of 
which determines the noise sorne way in front of the defect while the second 
screens out the echo from the defect and directly compares the two echoes with 
each other. If one shows this SiN ratio in dependence upon the variation of the 
centre frequency, the s&ue tendency results in principle - fig. S. The maximum 
SIN ratio is at approximately 1. 5 MHz and hence distinctly below the limit at 
which the scatter amplitudes of the spectruru rise sharply. Compared with the 
SIN ratio as indicated by the spectra, the value of the SIN ratio in the case 
of the short pulse of fig. 5 is reduced through the integration over a larger 
band within the frequency range. The value is, however, in most cases still 
higher than that obtainable with transducers under normal excitation. 

In US-testing austenitic materials, the use of wide-band transducers pre
sents particular problems because these transducers still have a relatively 
broad spectrwu in the test zone which is close to the surface. The high-fre
quency cOluponents present here cause relatively high scat ter amplitudes and 
therefore a lower SIN ratio. With increasing depth this pulse undergoes de-mixing 
so that its frequency spectrum slips into the optimum range. Here, positive 
and sensitive defect identification is possible. As the pulse travels further, 
i.e. penetrates to greater depths, further de-mixing of the pulse is due to dam
ping so that its frequency spectrulll shifts to lower values. In consequence of 
this it may happen that the pulse again slips out of the optimum range and over
looks smaller defects at greater depths due to the low-frequency c~nponents 
which are primarily present. Hence the SIN ratio deteriorates again. It fol
lows from this that with wide-band transducers the SIN ratio is either dependent 
upon depth, or one would have to select for each defect depth a transducer 
with a specifically suited spectrwn. 

3. IN~'LUENCE OF PULSE LENGTH 

The investigations clearly confirm the great influence of the frequency on 
the scatter amplitudes, and asshown on the divergence and the formation of the 
defect sound field. As the SIN ratios are limited to a relatively narrow fre
quency range, adherence to this optimum irequency range definitely conunends 
itself. Here, the (;S-Technique already yields a distinct advantage because it 
is able to largely stay within this range and yet forms relatively short pulses 
so that the axial resolution ls not lost. On the other hand, however, current
ly accepted thinking is that especially broad-band and, in accordance with the 
current focm uf excitation, extremely short pulses are capable of raising the 
SIN ratio LbJ. It is argucd that a pulse-excited transducer which transfers 
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this broad spectrum, generates a very short pulse whose interference capabili
ty, particular ly in depth, is considerably restricteù. Frolll this it is conclu
ded that the scatter amplitude must necessarily fall. The successes achieved 
with such broad-band transducers then led also to the demand that extremely 
short, broad-band pulses be used - which, however, invariably also involve 
high-frequency components. In juxtaposition to this is the statement - confir
med by these investigations - that high-frequency components cause particular
ly high scat ter amplitudes. 

These two opposite statements lead to the question of whether this influen
ce of pulse length affects the scatter signal to a lUore Illarked degree than does 
the frequency spectrum. To clarify this question, the practical SIN ratio was 
determined for a pulse of 1. 5 Jlsec and one of 3 J.1sec length (fig. 6), using 
the same workpiece with its 6 nua dia. hole drilled to a depth of 65 IIUII. The 
spectra of these two pulses, designated ~2l.5 and S23, respectively, are also 
shown in fig. 6. In this particular case, the frequency Il:.:eroll represents the 
centre frequency which is used as the variable quantity for the SIN ratio. lt 
will be noted that the 3 psec long pulse has a narrower frequency band than the 
1.5 psec pulse, its spectrulll being synulletrical about the centre frequency which 
means that it also extends towards the left. The results obtained by measure
ment of the SIN ratios are interesting inasmuch as the longest pulse distinctly 
yields the best Sit. ratio. However, the range withill the shortest pulse with 
the broadest spectrum yields lower S,iN ratio values, it does nevertheless retain 
these almost constant over a wide range. 

The explanation of this is provided by the width of the spectrum. At 
low frequencies, the short pulse has the better SiN ratio. When the centre 
frequency is very low, there is as yet no significant occurence of scatter 
components. The high-frequency components contained in the short pulse, howe
ver, already contribute to improved defect detection. When the centre frequen
cy for the long and short pulse extends into the optimum SIN ratio, the high
frequency components of the shortest pulse generate more scat ter so that the 
SIN ratio is lowered. If, however, the centre frequency is shifted towards 
very high frequencies with extremely strong damping. the short pulse has the 
possibility of de-mixing itself towards low frequencies Illore than the long 
pulse is able to. For the range of the optimum SIN ratio at this centre fre
quency, the shortest pulse contains components of lower frequency and higher 
amplitude and hence SIN ratios lying within the optimum range 50 that defect 
detection is increased. Tnerefore, the decisive influencing factor is not the 
pulse length but rather the spectrulll, its composition and the modification it 
undergoes on its journey through the workpiece. 

While in this coarse-grained austenitic material a shiit of the optimum 
centre frequency for the SIN ratio will already be noticed. these relationships 
become more pronounced when testing an austenitic weld in a 9 nUll thick plate 
(fig. 7). When directing ultrasonic pulses at the considerably slllallest defect 
(side-drilled hole, 1.5 IlUII dia), the same tendencies as those previously noted 
will be observed with respect to the size of the SIN ratio. The longest pulse 
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distinctly yields the best SIN ratio and this more particularly, at the 
highest centre frequencies. As the pulses grow shorter. the range of a good 
SIN ratio again widens but the maxiuluili value falls and shifts towards low 
frequencies which is understandable whilst the high frequencies. ~n short pul
ses generate scat ter components. 

This statement concerning the consiaerably greater influence of the test 
frequency or its spectrulII on the scatter &uplitudes, cOlllpared with that of the 
pulse duration, is also confirmed by another experiment involving the ultraso
nic irradiation of three different material. using a broad-band transducer 
with a rated nOUlinal frequency of 2.25 MHz. 'Ihe resultant spectra are shown 
in fig. 8. The first material is a finegrained steel plate whose rear wall 
echo is shown in the high-frequency pulse and in its spectrum. The second is 
a cast iron plate with a strong sound-damping characteristic. in other words 
a material causing absorption and scatter. whose rear wall echo is shown at 
two different distances. The third is hard rubber which causes absorption only. 
This experiment provides that particularly the marked de-hlixing of the frequen
cy spectruul in cast iron goes hand in hand witll a lengthening of the pulse. 
After passing through an 80 mm thick pieceof cast iron the pulse is already 
so long that its beginning and end are no lunger visible 011 the oscilloscope 
whereas the aDsorption-causing piece uf hard rubbcr which exhibits a relative
ly mild fall-off towards the high frequencies. still forills a relatively short 
pulse. Hence. the originally short duratioll uf the pulse l5 no longer present 
at the defect site wllen there is sound d&uping. The pulse, and hence its axial 
reaolution at this point, has lengthened considerably through modification of 
its spectral content compared with the pulse at the point of entry into the 
material. lt followa from this that the spectruill plays a substantially greater 
role than does the duration of the pulse. 

'the CS-Technique is capable of providing an improvement in the testing of 
such ularked scatter-producing austenitic materials. For one thing, defect de
tection cau be increased through utilization of the optimum SIN ratio, the 
particular advantage being that the given spectrum is also maintained over 
different depths of the workpiece. J!'or another, maintaining these data constant 
over the depth of the workpiece makes for considerably improved defect evalua
tion. The example of an austenitic for~ing will illustrate these two facts -
fig.~. ln this forging, which measures approximately 250 111111 oy 360 uun, there 
are a 3 uun dia. side-drilleu hole about 50 IlUll below the surface and a fiat bot
tom hole about 350 lIun below th~ surfac~. The optimum test range is between 
about 0.9 and 1.3 MHz. Above these frequencies, there is a relatively sharp 
rise in the noise level. The results obtained for these two defects by the 
conventional technique and by the CS-Technique are compared. By the conven
tional technique, it Ulay very well be possiole for a 1 MHz resonant transducer 
to detect the flat bottoUl hole Defure the IJack wall echo with a SIN ratio of 
more than 10 dB. Huwever, due to its reSU113nt design this transducer is not 
capable of detectillg the SU llUll deep dr illed bùle as its pulses are too long. 
if. by contrast, a wide-band 2.25 NB" transducer is employed, it will detect the 
drilled hole at a distance 01 5U Ulm relatively disLinctly; its pulse, however. 
is 50 weakened at a greater depth that a back wall ccho will nut even oc observed. 
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If the same transducers are excited by the CS-Technique within this 1 to 
1.3 MHz range, the resonant 1.0 tlliz transducer will detect the very close 
defect due to the shortening of the pulse facilitated Dy the CS-Technique 
while the 2.25 MHz transducer will not only detect that same defect, using a 
test frequency of 1.3 ~lliz, but will also detect the defect close to the back 
wall with a considerably improved SIN ratio. ln fact, it was even able to 
detect some swaller natural reflectors located in-between. By maintaining the 
test data constant, the test range is appreciaoly extended. The axial resolu
tion, compared with the 2.2) NHz transducer used in the conventional mode, is 
adillittedly sOlllewhat lower but the SIN ratio rises to values which cannot De 
determined from these scope traces. 

4. SUMl'lARY 

ln testing coarse-grained luaterials, defect detection suffers from unfa
vourable SIN ratios. With respect to this, calculations and practical measure
ments are presented which prove that there exist within the transfer function 
of a transducer optulum frequency ranges for defect detection. The practical 
application of these findings demands that specifie frequency ranges be adhered 
to during the test. 

Staying within these frequency ranges provides not only an improved 
SIN ratio but also an extension of the test range and a substantial improvement 
in defect evaluation. Moreover, the frequency spectrum exercises a greater 
influence on the SIN ratio than does the length of the pulse. The CS-Technique 
which selects specifie frequency ranges and permits defincd measurements should 
be applied especially in those cases where the evaluation of deiects causes 
problems. flle use of DGS-diagrams and the like in testing coarse-grained mate
rials should thereby be improved. 

Some examples of ultrasonic tests of austenitic castings, austenitic 
forgings and th.Ln-walled austenitic weld serons are illustrated. 
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Utilization of a t'isher linear discriminant function in IG~C<': detection 

J.L. ROSE, M.J. AVIOLI - DrexeL University, USA 
M.E. LAPIDES, Electric Power Research Institute, USA 

ABSTRA<':T 

A Fishêt Linear Discriminant function i8 used to separate geometric 
indications from IGSCC indications in 304 stainless steel piping. Excellent 
performance on a variety of test semples has been achieved. A transducer 
selection criteria is outlined that enables us to loeate reflectors efficiently. 
Dual element angle beam transducers are used for thick pipes and single element 
angle beam transducers are used for thin pipes. Excellent signal to noise ratio 
and gain is achieved with these transducers. Following the transducer selection 
process, an algorithm selection criteria is established as a function of bath 
pipe diameter and thickness. The algorithms are aIl Fisher Linear Discriminant 
functions that make use of such features as rise time of the RF wavefora 
envelope, pulse duration, fall time, partial power between 1.5 and 2.0 MHz in 
the power spectral response and a second partial power between 2.0 and 2.5 MHz. 

Physics is used to explain the excellent performance of the dual angle beam 
transducers and also to explain the usefulness of the five features listed above. 
Physical considerations include grain scattering, forward and backscatter 
concepts, transducer focusing effects, specular reflection characteristics of a 
notch and of a single crack, and random scattering characteristics from geometric 
reflectors. 

Results are presented in the paper for a variety of test specimens. The 
training data is described in detail followed by a complete test data analysis. 
Engineering interpretations of sensitivity and specificity are outlined, 
sensitivity being defined as the capability of finding cracks in the crack 
population, and spec1ficity defined as a capabllity of finding geometries in 
the complete geometric population. Overall performance of the algorithms in 
a rating study on thick wall pipe was approximately 80%. Improved algorithm 
performance ls also suggested by way of a data acquisition retake philosophy 
and a circumferential lntegration philosophy. Consideration of a circumferential 
intergration procedure improved the overall algorithm performance to about 87%. 

In order to review the pattern recognition studies associated with the 
establishment of the Fisher Linear Discriminant function, a tutorial review 
and analysis of aIl of the data acquired on thick wall pipes are analyzed 
using probability density function analysis, two-space scatter diagrama. 
self-tested Fisher Linear Discriminants. sorting tree techniques, followed by 
a template mat ching program. These studies show that the rating study carried 
out on the thick wall pipe was close to optimum as far as utilization of the 
five signal features are concerned. 
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INTRODUCTION 

The subject of IGSCC detection has received considerable attention in 
recent years. Ongoing research work on this and related problem areas can 
be found in ref. [1]. Work reported in this paper describes procedures for 
separating IGSCC signaIs from geometric type reflection signaIs, geometric 
indications including counterbore, root, and crown type situations. 
Preliminary work on this subject is reported in papers by Rose and Singh 
[2, 3, 4]. Similar work utilizing an adaptive learning philosophy is reported 
in ref. [5]. 

A transducer and algorithm selection criteria is outlined in this paper 
that provides us with a procedure for effectively locating reflectors and then 
for characterizing the reflectors. A dual element angle beam transducer is 
used in some of the work. Details of this transducer are reported in ref. [6]. 
The dual element angle beam transducèr has excellent gain and signal to noise 
ratio for inspecting 304 austenitic stainless steel piping. 

Physics is also used to explain the excellent performance of the dual 
angle beam transducers and also to explain the usefulness of the five features 
used in pattern recognition. Physical considerations include grain scattering, 
forward and backscatter concepts, transducer focusing effects, specular 
reflection characteristics of a notch and of a single crack, and random 
scattering characteristics from the geometric reflectors. 

A two-space scatter diagram of selected time domain and frequency domain 
features has shown promise for solving this difficult classification problem 
[2, 3, 4]. A Fisher Linear Discriminant function is used in this work that 
improves the overall prediction capability considerably. Details of the 
Fisher Linear Discriminant function are reported in ref. [7] and ref. [8]. 
Features included in this s~udy are rise time of the RF waveform envelope, 
pulse duration, fall time, partial power between 1.5 and 2.0 MHz of the power 
spectral response, and a second partial power between 2.0 and 2.5 MHz. 

Results are presented in the paper for a variety of test specimens, the 
test specimens conta1ning intergranular stress corrosion cracking produced from 
a special graphite wool techn~que [9]. The training data is described in 
detail followed by a complete test data analysis. Engineering interpretations 
of sensitivity and specificity are outlined, sensitivity being defined as the 
capability of finding cracks in the crack population, and specificity defined 
as a capability of finding geometries in the complete geometric population. 
Improved algorithm performance is also suggested by way of a data acquisition 
retake philosophy. 

Overall performance of the algorithms in a rating study on thick wall pipe 
was approximately 80%. Consideration of a circumferential integration procedure 
improved the overall algorithm performance to about 87%. 

In order to review the pattern recognition studies associated with the 
establishment of the Fisher Linear Discriminant function, a tutorial review 
and analysis of aIl of the data acquired on thick wall pipes are analyzed 
using probability density function analysis, sorting tree techniques, followed 
by a template mat ching program. These studies show that the rating study 
carried out on the thick wall pipe was close to optimum as far as utilization 
of the five signal features are concerned. 
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A discussion and camparison of the rating resu1ts on th1ck wall pipe w1th 
the tutoria1 rev1ew presentation 1a a180 prasented 1n the paper. 

DATA AcqUISITION METHODOLOGY FOR TRAINING PURPOSES FOR THE RATING STl'DY 

The development of a s1mplified pattern recognition algorithm to 
discriainate lGSCC fromgeometric ref1ectors 1n nuclear reactor piping 1s 
camplicated by variations in pipe wall thicknesses. The data used in this 
study, for training purposes, were taken from threê different siZe pipe sections 
sa fo110W8: 

A- 4" schedule 80 (.337" thick) 29 lGSCC, 70 crown 
10" achedu1e 40 (.32" thick) 33 crack, 24 geoaetries 

B - 10" schedule 60 (.5" thick) 55 lGSCC, 15 root 

C - 12" schedule 100 ( .875" thick) 25 lGSCC, 34 geometries 
26" schedule 80 (1.3" thick) 17 lGSCC, 17 counterbore, 22 root 

This study sought to determine the effects of pipe th1ckness on an lCSCC 
detection system. 

Pipe thickness has an effect on the location of lGSCC in relation to the 
wald 1tself. See Figure 1. Due to varying stress concentrations and other 
factors, cracking in larger diameter (and therefore, larger thickness) pipes 
occure closer to the we1d root indications when dealing with 1arger pipes. due 
to ·their proximity to the expected sight of cracking. On the other hand. cracks 
in smaller thickness pipes may be located so as to allow the ultrasonic be .. 
to rebound and record an echo froa the weld crown. Furthermore, since the pipe 
wall 1s relat1vely thin, the add1tional arrival ttme of the crown indication 
will not be as evident ae with thicker pipe. Thus, crown indications are often 
a problem vith smaller size pipes. As expected, crown indications only showed 
up with the 4" dia. specimen, while root and counterbore signals appeared with 
the 4", 10", 12", and 26" dia. pipes. 

The dual elament transducer was preferred, due to its reduction of grain 
noise and resultant high SNR [6]. The smaUer Single el_eut unit. however, 
was ti.ed vith the smaller size pipes to provide adequate contact over .ost of 
the transducer's surface. Both transducere were checked prior to their use 
for appropriate frequeucy content and pulse shape characteristics. 

Prior to ultrasonic examination, available records and penetrant testing 
results were studied to de termine the most probable locations of craCking in 
the specimens. 
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The data acquisition system i~ diagrammed in Figure 2. Its major c~ 
ponents are: 

Aerotech UTA-2 Pulser-Receiver 
Tektronix 7704 Oscilloscope 
Biomation 8100 Analog-to-Digital Converter 
Hewlett-Packard 1200A Oscilloscope 
PDP 11/05 Minicomputer with Hard and F10ppy Disks 
Tektronix Graphics Terminal and Hard Copy Unit 

Actual data taking was started by fo110wing a standard procedure to set 
the "gate": that portion of time after the transmitted pulse whieh coutains 
the signal to be studied. To set the gate, the transducer was p1aced so a. 
to obtaiD a direct ref1ection from the edge of the pipe semple to be tested. 
The fact that the indication is from the edge is verified by the damping 
technique: the operator places his finger at the pipe edge and checks for 
attenuation of the signal. The point in time of the start of this echo is 
noted. The actuel gate is set slightly back in time from this to account for 
wave velocity variations in the heat affected zone and decreased path length 
due to counterbore. The offset is approximately 10% for smaller diameter 
(4") pipes, and 15-20% for the 1arger sizes. 

With the gate set, the transducer was moved around the circumference of 
the pipe, near the weld in question, using minera1 oi1 as an acoustic couplant. 
When an indication was found which could be identified as either crack or 
geometry, it was taken as data. Data was taken in the vicinity of a 1/2 skip 
distance value from the weld centerline. This identification was accomp11shed 
with the records mentioned previous1y; in addition, it should be noted that 
the damping technique can be used to verify many geometry indications. 

The actual recording of data was two-part. First, the location of the 
point on the pipe, instrument settings, and type of ~cation were hand
recorded. Second, the signal was digitized and sent to the computer. where 
it was stored on a magnetic disk for future use. The signals were averaged 
32 timea before storage to improve their signal-to-no~sé ratios. Enough of 
each signal was stored as was thought necessary to make a decision. their 
1engths varying from 5 to 20 microseconds. 

FEATURE EXTRACTION 

Due to a very large variance in the amplitude values for crack as well as 
geometry indications, it was concluded that amplitude information alone could 
not be used for the ref1ector classification problem. Sample results are 
contained in Table 1. 

A total of five features found to work best from a large list of features 
were therefore extracted from each stored signal: 
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Table 1. Sample Amplitude Resulta in mV for a 26" Pipe SpeciJDen 

Crack 

Root 

Counterbore 

Maxilllum 

3343.2 

1288.56 

714.6 

-61-

Minimum 

566.4 

326.6 

197.12 



Feature 1. The duration of the pulse as measured from 20% to 20% 
of maximum amplitude 

Feature 2. The rise time of the pulse as measured from 20% to 90% 
of maximum amplitude 

Feature 3. The fall time of the pulse as measured from 90% to 20% 
of maximum amplitude 

Feature 4. The partial power contained in the 1.5 to 2 MHz band of 
the signal's frequency spectrum 

Feature 5. The same as Feature 4 but from 2 to 2.5 ~mz 

Envelope generation made use of a Hilbert Transform. Details are 
outlined belo'W. 

Any real signal can be represented as the real part of a complex signal 
called the pre-envelope. 

,. 
~(t) - x(t) + j x(t) 

where x(t) - pre-envelope 
i(t) - signal 
~(t) - Hilbert Transform of x(t) 

The Hilbert Transform is defined as: 

A 
x(t) 

This is simply the convolution of 1- and the real signal. 
11't 

and 

In the frequency domain 

Jt 
X(w) - - j F(w) 

o 
j F(w) 

w > 0 
w - 0 
UI < 0 

o 

e
jwt 

dw + 1 j F(w) 

-~ 

~he envelope of a signal 1s defined as: 

-62-

jwt d e w 



Therefore, ta generate the envelope of a particular signal, it is 
necessary ta obtain its Hilbert Transform. This is most easily accomplished 
by generating the Fourier Transform of the original signal and then multiplying 
the positive frequency portion by -j, the negative frequency portion by j and 
setting the w - 0 value ta zero. Pp on inversion, this 1s the Hilbert Transform. 

The original signal components and the Hilbert Transform camponents are 
squared point by point and then added together. The square root of this sum 
is the envelope. 

It should be noted that the partial power features were obtained using 
a sliding band pass filter. This was used ta mimick possible analog circuitry. 
The fil ter was 3 dB down at .25 MHz on either side of the filter center 
frequency and the roll-off rate was 20 dB/octave, again on either side of the 
center frequency. 

TRANSDUCER AtID ALGORI~ SELECTION 

A transducer and algorithm selection chart is outlined in Table 2. Once 
a particular pipe thickness and diameter are known, Table 2 can be used ta 
select an appropriate pattern recognition algorithme The training base used 
ta develop the algorithm is also listed in Table 2. AlI of the useful 
algorithms referred to in Table 2 are listed for re~erence purposes in Table 3. 
Transducer specifications are listed in Table 4. The transducer and algorithm 
selection criteria outlined above was generated according ta the data 
acquisition methodology section for five features followed by a Fisher Linear 
Discriminant technique [7, 81. 

Some of the transducer selection considerations are outlined next. 

PhIsical Considerations of the Dual Element Angle Beam Probe 

Selection of a dual element probe was based on a number of items. The 
dual element transducers consist of acoustically and electronically separated 
transmitting and receiving elements. The transmitting and receiving elements 
are positioned at an angle ta each other, as illustrated in Figure 3. The 
dual element angle beam transducer design is shawn in Figure 4. The improved 
SNR of the dual element angle beam transducer in a high noise environment could 
be explained by the fact that the receiver element is only receptive ta the 
energy emanating from a zone where the ultrasonic beams related to each element 
overlap, or in other words, on the directivity pattern of the transmitting and 
receiving transducer. It can be argued that a dual-element transducer for a 
fixed design range has the capability of providing SNR equal ta a single-element 
transducer, if not better. This type of transducer is usually designed for a 
fixed thickness range and its application beyond this intended design function 
results in poor performance. In arder ta carry out complete ~olumetric 
examinations of reason, their application has been rather limited. Additional 
benefits of the dual element probe are outlined in Figure 5. A computer program 
is used ta evaluate sound pressure field variations produced by a number of 
dual element angle beam transducers in order to obtain an optimally designed 
transducer. 

The results of a computer model aimed at determining the optimal 
transducer shape and such other design parameters as roof angle, separation 
distance between elements, and height of the transducer above interface, etc. 
for varia us pipe sizes is outlined in [61. Pressure profiles can be used to 
study changes in the focal distances and lateral resolution of the transducers. 
Precise focal point position Can also be studied. 
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table 2. MACC Transducer and A1gorithm Selection Chart 

Thickness < .4" 

.4"< Th< .8" 

Thickness > .8" 

Trainins Base 

A - 4" schedule 80 
la" schedule 40 

B - la" schedule 60 

C - 12" schedule 100 
26" schedule 80 

Dia. < la" 

U1 single element 
A1gorithm 1-1 
Training Base A 

(.337" thick) 29 IGSCC, 
(.32" thick) 33 crack, 

70 
24 

crown 

Dia. > la" 

U2 dual element 
A1gorithm 2-2 
Training Base B 

U2 dual element 
Algorithm 3-2 
Training Base C 

geometries 

(.5" thick) 55 IGSCC, 15 root 

( .875" thick) 25 IGSCC, 34 geometries 
(1.3" thick) 17 IGSCC, 17 counterbore, 22 root 
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Table 3. Algorithme 

A1sorithm 1-1 

-.0145451 • -.00395259RT - .0046502lPD + .0171996P1 - .0749970P2 
Expectedperformance of 90.7% sensitivity, 67% .pecificity, 0% ret.ka 

Alsorithm 1-1 (a1ternate) 

-.00704321 • -.00291599RT - .0020665PD 
Expected performance of 60% sensitivity, 55.7% .~ecificity, 0% ret.ka 

A1sorithm 2-2 

Th • -.0265993PD + .0639162P1 - .000457078P2 
Tb > .0431121 - crack 
-.0597 < Th < -.0431 -+ retake 
Th < .0597492 - geometry 
Expected performance of 96% sensitivity, 57.1% specific1ty, 8.6% retake 

Alsorithm 3-2 

Th • -.0004228RT - .007969PD + .034lP1 - .OSS5P2 
Th > -.0044 - crack 
-.007 < Th < -.0044 -+ retake 
Th < -.007 - geometry 
Expected performance of 90% sensitivity, 77% specificity, 18% retake 

Note: if -.006 to -.0085 expected 95, 69, 11, 
if -.00875, 95, 57, 0 
for a reference pulse of 
.7 lJsec RT, 2.01 lJsec PD, ~1. 75 MHz, CF 
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Table 4. Transducer Specifications 

1. Transducer U1, Single Element Angle Beam Transducer 

a. Transducer shape - circu1ar 

b. Diameter - 0.375" 

c. Center frequency - "1.5 MHz" 

d. Frequency content - "Intermediate" 
(a bandwidth of approximately 1.5 MHz) 

e. Transducer shoe to produce angles of 45° in carbon étee1 

f. Transducer shoe width - 0.624" 

g. Specifies: 

KB-Aerotech PN3815-2 
A24070 

with standard parallel inductor tuning 

II. Transducer U2, Dual Element Angle Beam Transducer (see Figure 3) 

a. Transducer shape - square 

length - 3/8 inch 
width • 3/8 inch 

b. Separation Distance Q - 0.08 cm 

c. Roof Angle e - 5° 

d. Incident Angle a-32° 
(as required to yield 45° angle in carbon steel) 

e. Height of the transducer above the interface ~ - 0.5 cm 

f. Center frequency - 1.5 MHz 

g. Frequency content - "Intermediate" 

h h. Transdueer shoe width - 0.855" 
effective shoe width - 0.83" 

1. Specifies: 

KB-Aeroteeh J288l33 
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Figure 3. Dual Element Active Axis Computation Concept 
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transmit ter 

o 
o 

f 
many scattering 
centers with 
changes in 
acoustic impedance 

receiver 

o 

~---crack surface 

1. Directivity of the sending transducer is towards a crack 
surface with many grain scattering centers in its way. 

2. Directivity of scattering centers are much more concen
trated towards the sending transducer compared to the 
receiving transducer, especia11y when considering the 
cumulative effect of a11 grain scattering that occurs 
a10ng the path from the sending transducer to the crack 
·surface in question. 

3. Grain scattering as the wave trave1s fram the crack 
surface to the receiver will not impinge on the receiving 
transducer since directivity is back scattered in the 
direction of the crack surface. 

4. Focusing of the ultrasound beam at a particular depth 
provides us with the maximum reflected signal fram the 
crack area. (Grain scattering magnitudes are therefore 

.sma1ler, hence leading to an improved SIN ratio.) 

Figure 5. Physical Explanation of Oual Probe 
Values in 55 Pipe Inspection 
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Shoe Width Determination 

Shoe width was an important consideration. The inspection of steel pipes 
for weld area defects in this work was performed with shear wave transducer 
assemblies. A shoe is attached to the active transducer element in order to 
introduce sound energy at some angle other than normal. Discounting pipe wall 
thickness, the effective introduction of energy into a pipe is therefore a 
function of shoe and couplant contact. 

When using either a single element or a dual element probe, the operator 
quite often uses a technique known as signal peaking. Signal peaking is a 
process whereby the inspector skews the transducer until he obtains a maximum 
amplitude signal. Curved shoes, shoes shaped for a particular pipe geometry, 
do not lend themselves conveniently to this type of inspection. Many indications 
are obtained with the transducer assembly in a position skewed off normal. 
Therefore, effective pipe inspection requires the use of transducers with 
flat-faced shoes. 

The problem addressed here then, is to have a dual or single element 
transducer selection criteria based on fIat shoes and various diamet·ers of 
stainless steel pipe. 

A fIat surface abutted against a curved surface forms a line of contact. 
The contact is greatest when the transducer is parallel to the axis of the pipe 
and minimum when it is perpendicular to the axis (assuming a rectangular shoe; 
i.e. not square). The introduction of ultrasonic energy into this interface 
situation would be limited if this line were the only path available. 
Fortunately, liquid couplants are used and these not only increase the effective 
energy path, but reduce the area of contact problem when skewing the transducer. 

The geometrical situation is shown in Figure 6. 

This couplant layer thickness is very important. One would prefer to get 
as much ultrasonic energy as possible into the pipe being ispected. That is, 
minimum reflection of energy is desired at the oil-pipe interface. For 
completeness, the dual element configuration is shown in Figure 7. 

The couplants used most often are similar to mineraI oil with respect to 
their acoustical properties. The pipes usually inspected are stainless steel. 
lt has been found that a frequency of 1.5 MHz is somewhat better than other 
frequencies for the inspection of stainless steel. A typical situation then, 
would involve mineraI oil with 1.5 MHz ultrasonic energy propagating through 
it into steel. This information and layered media theory taken from 
Brekovskikh [10] indicates that maximum transmission of energy occurs when the 
oil layer varies from 2/5 À to 3/5 À; 

Referring to Figure 6, if LI = 2/5 À and L2 = 3/5 À, then best transmission 
would be in effect. 

Layer thickness is obviously a function of shoe width. This formula is 
easily derived and has been used in our transducer selection criteria to make 
sure that the shoe is not too large. 
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RATING REStTLTS 

A series of tests was conducted on five different graphite-wool type 
Japanese pipes [9]. In order to evaluate the performance of the transducers 
and algorithms contained in the transducer and algorithm selection chart, only 
thick wall pipes were considered in this study. Excellent results were obtained 
and are listed in Table 5. A photograph of one of the test specimens is 
included as Figure 8. 

The reference pulse for the dual element transducer used in this study is 
shown for reference purposes in Figure 9. This data was taken by the edge of 
pipe 85-86 at a half "V" distance. 

An additional concept ·of circumferential integration was considered at 
this time. In order to see if circumferential integration would help, points 
in error were studied with neighboring points to see if spatial averaging could 
improve our prediction. If neighboring points were both correct, it was assumed 
that circumferential integration was possible. If cwo error points, side by 
side, had neighboring points that were correct, circumferential integration was 
also assumed as positive. On the other hand, three errors in a row led us to 
believe that circumferential integration would not help. A study of the data 
acquisition on the five Japanese pipes produced the following results. Of 17 
incorrect answers, 15 could pow be called correct using circumferential 
integration. lt might be possible, therefore, to raise the overall index of 
performance by about 7% by employing circumferential integration. 

ADDlTIONAL PATTERN RECOGNITION STUDIES FOR A 
TUTORlAL REVIEW OF OUR ALGORlTHM DEVELOPMENT PROCEDURES 

lt was decided ta carry out some additional work on pattern recognition 
in order to determine an upper limit on algorithm performance for the five 
Japanese pipes available in our laboratory. ArchivaI type data was acquired 
from areas both in the graphite-wool region and L~ areas where dye penetrant 
indications were clearly shawn. Results of these additional studies are 
reported on the following pages. The ?tudies serve as a tutorial review of 
our algorithm development procedures. 

Probability Density Function Analysis 

Considerations from physics and observation of the data taken from five 
12" schedule 100 Japanese pipes showed that five features were most useful in 
studying discrimination capability becween intergranular stress corrosion 
cracking and geometric type reflectors in the pipes. In order to study the 
distributions of these features for the crack and geometric type reflectors, 
a series of probability density function curves were generated. Figures la 
through 14 show the resulting PDF curves for rise time, pulse duration, 
fall time, partial power Pl, and partial power P2, respectively. Results 
obtained were excellent, showing that smaller rise times generally come about 
for cracks with very dispersive results for geomètric type reflectors. 
Reduced pulse duration values were also smaller for cracks and spread very 
substantially for geometric type reflectors. The partial power feature from 
1.5 to 2.0 MHz for cracks was compact and well-defined compared to very 
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Table 5. Index of Performance Values on the Five Japanese Pipes 

Sensitivity 8 73% --11 

B5-B6 Specificity 7 64% --11 

Ove raIl 15 68% --22 

Sensitivity 25 100% --25 

C5-C6 Specificity 21 84% --25 

Overal1 46 92% --50 

Sensitivity 6 75% - -8 

C7-C8 Specificity 15 75% --20 

Overal1 21 75% --28 

Sensitivity 13 
1]'- 81% 

D5-D6 Specificity 23 79% --29 

Overall 36 80% --45 

Sensitivity 11 73% --lS 

D7-D8 Specificity 19 76% --25 

Overa11 30 75% --40 

Sensitivity 63 84% --75 

ALL PIPES Specificity 85 77% --110 

Overall 148 80% --185 
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Figure 8. Japanese Pipe Specimen 12" Schedu1e 100 on Test Stand 

(n7-D8) 
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dispersive results for geometric type reflectors. The feature of fall time 
also showed some promise being smaller for crack and dispersive for geometric 
indications. 

Probability density function curves can be used in a number of ways. They 
can be used to develop two-space scat ter diagrams that are easy to analyze from 
a visual inspection point of view. Quite often one feature is not sufficient 
for solving a classification problem. On the other hand, two features have 
shown great promise for signal classification. Obviously, if five features are 
examined, ten two-space scatter diagrama could be produced, each producing 
different index of performance values. The best features from the probability 
density function analysis can be used to study the most promising ~-space 
diagrams. If results are still not acceptable, the PDF input with the best 
feature information can be used to extend our analysis into N-space; say for 
example, with a Fisher Linear Discriminant technique. 

Sorting trees can also be established from an analysis of PDF curves. 
This technique ensures us that classification potential based on a single 
feature measurement would not be overlooked. Sorting tree algorithms can 
also be established as a switching system that classifies signals as crack 
or geometric immediately, based on certain feature values and then subjects 
all remaining data to a more advanced pattern recognition algorithme 

Some of these concepts and a few additional extensions that make use of 
PDF analysis are explained on the following pages. 

Two-Space Scat ter Diagrama 

It is convenient to study a plot of one feature versus another in order 
to seek out clusters of data ideally, of course, looking for a geometric 
cluster and a crack cluster. A search for these clusters is very easily 
carried out in two-dimensional space. As an alternative to cluster analysis, 
one might recognize in two-space a linear decision surface that seems to 
separate the data nicely into two classes. Selection of this line, of course, 
can vary the sensitivity and specificity of the pattern recognition algorithm 
selected for this study. Of ten two-space scatter diagrama that are possible 
in this five feature study, two sample two-space scat ter diagrams are 
illustrated in Figure 15 and 16. The resulting sensitivity and specificity 
for the partial power versus pulse duration curve shown in Figure 15 is 87% 
and 58%, respectively. The overall performance 1s 70%. In Figure 16 the 
resulting index of performance values are improved slightly, being 85%, 63%, 
and 72% for the sensitivity, specificity, and overall performance, respectively. 
Many other t6pics of interest in pattern recognition can be studied quite 
readily with the aid of two-space scatter diagrams. As an example, sensitivity, 
specif1city, and overall performance can be plotted as a function of either the 
X or Y coordinate intercept for thestraightline shown in Figures 15 and 16. 
A retake philosophy could also be established that actually considers two 
parallel lines on the two-space scatter diagrams with the interior region 
being called a retake zone. This concept i5 illustrated in Figure 17. 
Inpsection has indicated that this procedure can ususally produce a marked 
improvement in algorithm performance as a data retake experiment usually forces 
the data points to fall futher away from the decision surface. 
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Fisher Lihear Discriminant 

Some work reported in the past has shown the versatility of the Fisher 
LinearDiscriminant function as a pattern recognition algorithm development 
procedure in signal classification. Based on the results of the engineering 
evaluation analysis, it was decided to study the effectiveness of four 
features in the Fisher Linear Discriminant. Rise time, pulse duration, the 
partial power feature Pl, and the partial power feature P2 were used. The 
resulting sens1tivity, specificity, and overall performance was 84%, 71%, and 
80%, respectively. It is very simple to modify the threshold used in the 
Fisher Linear Discriminant function which can change the algorithme performance. 
A plot of sensitivity and specificity versus threshold is illustratèd in 
Figure 18. A 77% sensitivity value, 77% specificity value, and hence 77% 
overall performance can be obtained with a threshold of about 1.80. An increase 
in sensitivity of say to 90% causes a significant reduction in specificity to 
about 60% for a threshold value of about 2.00. An engineering decision on 
algorithm selection is required at this point that is based on both inspection 
reliability and economics. 

The retake philosophy to improve algorithm performance was also studied 
in this case. In this case, a retake percentage of 14.0% produces a sensitivity 
of 88.1%, specificity of 69.6% and overall performance of 77.4% for an upper 
threshold of 1.917 and a lower threshold of 1.6888, the algorithm being 

Threshold - -.675000RT - .565664 + 5.3l333Pl - .090633lP2 

Soreins Tree Analysis 

~Any different sorting tree arrangements cou Id be considered in this study. 
One that seemed reasonably useful is diagrammed in Figure 19. In this case, 
feature values of the five features were compared with feature values that 
would guarantee a high probability of the signal being a crack-like reflector, 
these numbers taken from the PDF curves. The high sensitivity is effected by 
calling the majority of reflectors cracks. Therefore, the geometries were 
sorted first knowing that crack calls contained many geometries. Results for 
the sorting tree arrangement shown in Figure 19 are as follows: sensitivity, 
81%; specificity, 81%; overall performance, 81%. It should be pointed out that 
performance is somewhat improved by selecting an interval for the Pl feature. 
Typical linear algorithms do not, in general, deal with these situations. 

Template ~fatchin8 of Feature Vectors 

tt is possible to develop a pattern recognition algorithm by using a 
minimum distance classifier that actually compares an unknoYn feature vector 
to a prototype feature vector for a crack and a geometric indication. The 
test vector is classified as either crack or geometry according to a distance 
measure providing us with a degree of closeness to a cluster in feature space. 
This technique also provides us with a modified matched fil ter methodology that 
is often usefu1 in signal classification analysis. 

Prototype vectors of cracks and geometries may be generated in a number 
of ways For this study the vectors were obtained by using the mean vectors of 
each class and secondly the median vectors of each class. The four features, 
rise time, pulse duration, partial power ?l, and partial power P2, were used. 
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Bias was decreased by normalizing the feature values. Without norma11zation, 
distance measures would have been strongly biased toward pulse duration, its 
range being on the order of 1 to 10 in magnitude whereas other features ranged 
from .3 to 3 in magnitude. The results for this study are shown below. 

Unnormalized Normalized 

Mean Median Mean Median 

Sensitivity 91% 81% 92% 92% 
Specificity 60% 63% 62% 69% 
Overall 72% 70% 74% 78% 

As indicated above, using the median normalized vectors as prototypes 
produced the best overall performance. 

CONCLUDING R~~S 

1. Results from the rating study for thick pipes was encouraging, the 
sensitivity, specificity, and overall performance being 84%, 77%, and 80%, 
respectively. The tutorial review procedure that led to a new algorithm 
produced little improvement, in this case, providing us with a sensitivity, 
specificity, and overall performance of 88%, 69%, and 77%, respectively. 

2. Circumferential integration procedures could improve the overall 
perforoance by about 7%. 

3. Threshold modification can be used to increase sensitivity or 
specificity with the tradeoffs depending on the economic situation and required 
inspection reliability. 

4. Algorithm selection is not unique. Similar results can be obtained 
for a large number of different algorithms. As an example, the two algorithms 
used in this paper, the first used in the rating study on thick pipes, and the 
second generated from the tutorial review procedure, were similar in nature, 
but significantly different with respect to the coefficients used in the 
Fisher Linear Discriminant function. Signs were logical. Less influence on 
the partial power P2 was obvious in the tutorial algorithme This, of course, 
was expected from the PDF curves. In the rating algorithm, PD was more 
influential than RT, but in the tutorial algorithm, bath were important. 
Additional studies and the variations with pipe thickness must still be 
carried out. 

5. The original algorithm listed in Table 2 for 12" schedule 100 pipe 
was tried on the data acquired for tutorial purposes on the five Japanese 
pipes. It was expected to obtain an upper level of sensitivity, specificity, 
and overall performance of about 88%, 69%, and 77%, respectively, these figures 
coming about as a result of a Fisher tutorial development on aIl of the 
Japanese pipe data. In this exercise, however, without the benefit of a retake 
procedure, the sensitivity, specificity, and overall index of performance for 
185 data sets was 78%, 73%, and 75%, respectively. Additional work must be 
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carried out on algorithm selection retake influences and algorithm similarities 
in order to understand fully algorithm utilization. 

6. Algorithm improvement may still be possible by modifying the transducer 
system, perhaps to a dual tandem configuration, etc. There is obviously no 
substitute for claver data acquisition that makes use of the physics of wave 
propagation in an attempt to acquire aIl mode conversion and scattering 
inf orma tion • 

7. Algorithm improvement could also be possible by incorporating more 
features into the analysis. Probability density function analysi. is a 
valuable aid in feature selection. Additional data on more pipes will improve 
the feature base, and hence algorithm development procedure. 

8. Additional work on intermediate and thin wall pipe must still be 
carried out in order to test the transducer and algorithm selection concepts 
presented in this paper. 
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On the applicability of ultrasonic testin~ techniques for coarse grain aus
tenitic welds 

E. NEUMANN, M. ROEMEa, R. SCHENK, K. MA'l'THIES 
Federal Institute for Materials Testins, F.R. Germany 

ABSTBACT 

On the following items it shall be reported : 

- Ultrasonic prooe techniques ta overcome ultrasonic attenuation due ta graLn 
scattering and their performance. This includes such techniques as lLœita
tion of the sensitivity range Dy transmitter-receiver probes and focusing 
probes and the evaluation of flaw indications. 

- Use of broad band longitudinal ultrasonic pulses. This includes discussion 
of the problem of ultrasonic scattering and the problem of transwission of 
ultrasonic signals by scattering media evaluating the power spectra of the 
ultrasonic signals. 

- On the problem of ~atching between ultrasonic probe and ultrasonic fLaw 
detector. 

Signal processing methods as inverse filtering and non linear si~nal processin~. 

I. Introduction 

Until now ultrasonic testing of coarse grained austenitic welds 
is a difficult problem. Recently special testing techniques have 
been developed to overcome ultrasonic attenuation due to grain 
scattering [1-5]. If the attenuation coefficient is smaller than 
0,3 dB/mm at the frequency of the ultrasonic pulse testing could 
successfully be carried out. Nevertheless for ultrasonic testing 
coarse grain austenitic materials it is necessary to decide case 
by case which technique to apply. The basis of reliable ultrasonic 
testing is to perform ultrasonic testing with reference blocks of 
the sarne type of construction as the component under test. 

For the development of testing codes for coarse grained austenitic 
materials especially the relationship between materials structure 
and ultrasonic testability has to be investigated. But already at 
present it seems to be sure that only the combination of different 
optimization procedures concerning the ultrasonic testing system 
leads to sufficient reliable ultrasonic inspection results. Such 
procedures are: 

- Damping of the ultrasonic probes to produce short, broadband 
ultrasonic pulses. 

- Selection of such types of ultrasonic waves, which possibly 
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do not interact with grain structure e.g. longitudinal waves 
or polarized transversal waves. 

- Limitation of the sensitivity range of the ultrasonic probes 
by suitable shaping the probes' sound field to reduce grain 
scattering. 

- Acoustic and electrical matching of transducer and ultrasonic 
flaw detector as a transfer system [6]. 
Application of signal processing methods to increase the sig
nal to noise ratio: 

- Use of transmitter-pulses of variable frequency and 
bandwith [7] 

- after reception of the signaIs e.g. averaging methods [2] 
inverse filtering or multiplicative mixing. 

2. On ultrasonic scattering and transmission of ultrasonic signaIs 
through coarse grain austenitic material 

Because of the dependence of sound velocity on the direction of 
propagation within the austenitic crystal ultrasound is scattered 
statistically when propagating through coarse grained polycrysta
line austenitic materials. Additionally discontinuities of acou
stic impedance at the grain boundaties lead to partial reflexion 
of ultrasound. 

Fig. 1 shows the result of this scattering process. The amplitude 
of the indication from a cylindrical drill hole (0 3 mm) in an 
austenitic cast testpiece is shown as a function of frequency. It 
is decreasing strongly with increasing frequency. 

On the other hand the amplitude of scatter indications, which by 
measurement of time of flight using a time window seem to origi
nate from the neighbourhood of the test flaw is nearly independent 
on frequency. This seems to be contrary to the law that ultraso
nic scattering is dependent on frequency by a power of two to 
four of frequency. 

The interpretation is that one has to deal with multiple scatte
ring of ultrasound. By this effect the high frequency part of the 
ultrasound is restricted to the vicinity of the ultrasonic probe 
while the low frequency part of ultrasound is spreading over the 
whole volume of the testpiece. But in both cases the soundpathes 
caused by multiple scattering are reaching the meter range. So 
the amplitude of scatter indications measured are dependent on 
the experimental arrangement. Measuring in pulse-echo technique 
as usually is done in ultrasonic testing the attenuation as a 
function of time of flight is constant for aIl scatter indications 
and not dependent on their frequency. So the measured spectrum of 
scatter indications is determined by the ultrasonic probe's 
characteristic spectrum itself. Measuring with two ultrasonic 
probes in a through transmission arrangement a strong dependence 
of amplitude of scatter indications is seen as has been shown 
just recently [8J. 

The result of these measurements is the choice of ultrasonic fre
quency. On the one hand one has to avoid decreasing signal to 
noise ratio with increasing frequency. On the other hand one has 
to avoid a poor resolution of flaws by choosing a testing frequen
cy lower than 1 MHz. So it has been proven to be a good compromise 
for austenitic weld joints with wall thickness up to 60 mm to 
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choose a frequency range between 1,5 - 2,0 MHz. 

To reduce the negative influence of ultrasonic scattering on 
testability of coarse grain materials the use of short longitudi~ 
nal wave pulse is favourable. As a result interference effects 
between different grain boundary echoes are reduced. So high ampli
tudes scatter indications ("grass") are avoided. 

When using long, narrow banded ultrasonic pulses it may happen 
that by interference of different grain boundary echoes false 
indications are generated. These false indications are not easy 
to discriminate from real indications. One means to suppress 
false indications is inverse filtering of the signal, as it is 
shown in fig. 17, 18. Inverse filtering is a method to increase 
the bandwidth of a signal supplementary. Generally speaking the 
amplitude of scattered ultrasound is proportional to the root of 
the ultrasonic pulse lenghth: 

AS:At '" W 
This means that reducing the pulse length by a factor of 10 the 
signal to noise ratio will increase by 10 dB [2}. 

The interaction between materials structure and ultrasonic pulses 
can be estimated by frequency analysis as the pulse lenghth and 
pulse spectrum are connected by the Fourier transforme In fig. 2 
three power spectra are shown: 

-spectrum of a backwall echo from a material with low 
attenuation (quartz) representing the characteristic spectrum 
of the ultrasonic probe itself, 

- spectrum of a backwall echo from austenitic cast material, 

- spectrum of the scatter indications within a certain time 
window in the neighbourhood of the backwall echo from auste
nitic cast material. 

From the spectrum of the backwall echoes it can be seen that the 
austenitic coarse grain material is acting as a low-pass filter 
on the ultrasonic pulse. Depending upon the length if the sound 
path the effective testing frequency and the bandwidth are reduoed. 
The example is showing that the effective frequency is reduced 
from 2 MHz to 1 MHz and the bandwidth (6dB-width) corresponding 
from2 MHz to 1 MHz. So it seems that the broadband ultrasonic 
probe is matching its spectral characteristics to the testing 
problem • The effective testing frequency now is shifted to a 
frequency range, where the noise spectrum has not its maximal 
amplitude. 

Fig.3 is demonstrating the calculated influence of coarse grain 
material of attenuation~~~~0,3 dB and sound path s = 100 mm 
on ultrasonic signaIs of . mm different bandwidths. The 
result is that the bandwidth is decreasing in both cases, the 
pulses are growing longer. But the broad banded pulse is still 
short enough to avoid interference of grain boundary indications. 

The amplitude is decreasing by 38 dB in the case of the nar~ow 
banded pulse but only by 24 dB in the case of the broad banded 
pulse. 
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So under aIl circumstances broad banded ultrasonic pulses are 
better suited to test coarse grain material than narrow banded 
pulses. As for the optimal band width of the ultrasonic pulse 
the following considerations are valide 

The spectrum of the scatter indications is identical with the 
spectrum of the back wall echo from the low attenuation material 
(the probe's characteristic spectrum). The main spectral characte
ristics of the scatter indications evidently are determined by 
the ultrasonic probe itself. This is conform with the ab ove 
measurements that the amplitude of scatter indications is not 
frequency dependent. 

So it seems not to be favourable too to use extremly short, 
broadbanded ultrasonic pulses [9]. It is necessary much more to 
find a compromise between scatter indications of higher frequency 
and false indications generated by interference of narrow banded 
grain boundary echoes. 

Fig. 4 is demonstrating this factual situation. Ultrasonic pulses 
and spectra of a narrow banded, a broad banded and an extremly 
broad banded probe measured in low attenuation material are 
shown. Moreover the A-scans of the backwall echo in austenitic 
cast material are shown. The backwall echoes are overshooting by 
10 dB to demonstrate the grain scatter indications. As can be seen 
the best signal-to-noise ratio is achieved with the fairly broad 
banded system. The extremly broad banded system is not favourable 
because the high-frequency portion of the spectrum is contributing 
to the grain scatter indications while the signal with information 
doesn't contain high frequency components. On the other hand the 
narrow bânded system is generating false indications by inter-
ference of grain boundary reflections. In the ca~of a fairly 
broad banded system where the measured spectra of scatter indicat
ions and of signaIs with information are in the same frequency 
range the signal-to-noise ratio is highest. 

As can be se en from fig. 5 the frequency spectrum of grain scat
tering indications varies considerably depending on the probes 
position on the surface of a specimen. By sharp frequency tuning 
of a narrow band ultrasonic system to frequency windows in the 
spectrum of grain scattering indications a high signal to noise 
ratio. would be obtained. Unfortunately it is not possible to get 
a good signal to noise ratio by sharp frequency turing of a narrow 
band system, because of the severe fluctuations of scatter indi
cations as a function of probe position on the specimen's surface. 
This can be concluded from the spectrum averaged over different 
probe positions. 

3. Ultrasonic probe techniques 

3.1 Use of longitudinal ultrasonic waves. 

For ultrasonic testing coarse grained austenitic welds, it has 
been shown that longitudinal waves are best suitable because the 
influence of coarse grain structure on the signal to noise ratio 
is lower than with transversal waves [10]. Following this theore
tical estimation the increase in signal-to-noise ratio using 
longitudinal waves should be about 11 dB. Experimentally the incre
ase of the signal-to-noise ratio is found to be only about 4 dB 
(fig. 16). The reason for this might be that not only Rayleigh 
scattering is occuring but phase scattering too. 
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3.2 Longitudinal wave single transducer probes 

In many cases of testing austenitic weld joints a sufficient 
signal-to~noise ratio is obtained by using longitudinal waves 
instead of tranversal waves and using a sound field of lower 
divergence [3J. By reducing the sound field's diameter the scatter 
indications are reduced. The dimensions of the sound field are 
adapted to the testing problem by calculating the transducer dimen
sions using the Kirchhoff' diffraction theory in the Fraunhofer 
approximation [11-13]. 

3.3 Longitudinal wave transmitter receiver probes 

3.3.1 Operating principle 

The need for more efficient reduction of the sensitivity area of 
the probe in more difficult cases of testing austenitic weld 
joints is leading to transmitter receiver probes [14J and to 
focussing probes [15-17, 20]. 
As Richter pointed out 1968 [18J, the coherent noise occuring 
during ultrasonic testing of coarse grained weld metal may be re
duced by using a transmitter receiver method. The lobes of the two 
transducers of the probe are inclined towards one another so that 
the y are crossing in the first half skip distance. Their crossing 
area is the sensitive are a of the probe. Only ultrasound coming 
from this area is registered with a significant signal amplitude. 
The coherent scattering is coming no longer from the area passed 
by the ultrasonic pulse, but only from the sensitivity area of the 
probe while the signal of a reflector remains nearly as high as 
with a single transducer probe. The level of the coherent scatter
ing is given by the lateral and azimutal extension of the sensiti
vit Y area as weIl as by the actual extension of the sensitivity 
area between the position of the reflector and the receiver. The 
possibility to limit the sensitivity area in axial direction is 
an important advantage of transmitter receiver probes. According 
the required extension and position of the sensitivity are a of a 
transmitter-receiver probe, the transducer dimensions are calcu
lated by Kirchhoff diffraction theory. Testing experiences with 
welded components have shown, that the extension of the sensitivi
ty area in lateral and azimutal direction should be 15-20 mm. 
The decrease in sensitivity at the zone edges may be 6 dB. 

Fig.6 shows examples of distanae-amplitude-correction (DAC) cur
ves of probes with plane coupling surfaces obtained at 3 mm fIat 
bottom holes as a function of reflector depth and projection dis
tance. Especially in cases of complex shaped surfaces of the 
specimen, the DAC-curves have to be measured with a suitable 
reference specimen of equal scale containing test reflectors. 

3.3.2 On the evaluation of ultrasonic flaw indications 

For testing austenitic welds especially in the case of complica
ted geometrical conditions, defects classification is based on 
comparisons with reference reflectors using distance-ampli tude
corrections curves. For each specimen under test reference blocks 
welded under same conditions as the specimen itself have to be 
used. Reference reflectors for time-base and sensitivity setting 
are cylindrical drill holes in almost aIl cases. However some
times fIat bottom holes are used, for instance when testing 
cladded specimen for subcladding cracks. 
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The correlation between the echo height and the diameter of fIat 
bot tom holes as reference reflectors was evaluated experimentally 
for transmitter-receiver probes. A fine grain austenittc steel 
test block was used containing fIat bottom holes (3, 6, 10, 15 mm 
~) in the depth b = 25 mm. Fig. 7 represents the relative ampli
tude AV of the echo indications as a function of equivalent 
flaw size (diameter of the fIat bot tom holes). The amplitude 
AV is related to the amplitude of the echo-indication of the 

3 mm ~ fIat bottom hole, for which is ~V = O. The straight line 
shows the theoretical dependence between echo height and equivalent 
reflector size using a single transducer probe: The signal 
amplitude increases by 12 dB when the diameter of the reflector 
is doubled. One measures the same dependence of the echo height 
when varying the diameter of the fIat bottom hale for transmit
ter-receiver probes. Only at large sizes of fIat bottom holes 
the results measured with transmitter-receiver probes are 
deviating from the 12 dB-Iaw: "Now the measured amplitudes are 
lower than those measured with a single transducer probe. 

3.3.3 Application of transmitter-receiver probes._to thick:walled 
specimens. 

Because of the limitation in the sensitive range of the probes 
for the testing of thick walled parts, several angular transmitter 
receiver probes have to be employed whose sensitive ranges cover 
the whole weld under inspection. Fig. 8 shows an example of divid
ing the weld seam in testing zones. The weld in a 60 mm thick plate 
has been divided into four testing zones in depth. The ultrasonic 
testing with transmitter-receiver probes is performed within half 
the skip distance. The angle of incidence has to be adapted to the 
zone depth and, if possible, to the preferred orientation of the 
expected flaws. For the surface testing zone, the angle of inci
dence is chosen to be 70°. Experiments with test-flaws near the 
surface (for instance with slots of1 mm height and width), have 
shown that a reflector near thesurÎace is detectable with a 
sufficient signal to noise ratio. The angles of incidence for the 
second and the third testing zone are smaller to reduce the 
lengths of the sound paths. For the testing zone at the opposite 
surface an angle of 45° has been chosen, in this case exploiting 
the reflection of an angle mirror for flaw detection. 

3.3.4 Application if transmitter-receiver probes to thin-walled 
specimens. 

There are thoroughly different problems in the case of thin-walled 
(6-12 mm ) austenitic welded specimens as for instance welded 
tubes (100-700 mm ~). The main problem with ultrasonic testing 
austenitic welds, coarse grained dendritic material is of less 
importance. Because of the low wall-thickness heat dissipation 
after welding i s relatively fast. So formation of coarse grain 
in the weld metal solidifying at first fine grained is restrained. 
Moreover the sound path in the weld metal does not exceed 15-20 mm. 
Therefore it seems possible to choose a higher ultrasonic fre
quency than 2 MHz. Especially welds with excessive reinforcement 
and root convexity are difficult to test ultrasonically because 
of the problem of geometric indications. To solve this problem 
increased resolving power of the ultrasonic pulses and increased 
accuracy of reflector location are necessary. 

Increased resolving power is achieved by choosing a frequency range 
of ultrasonic pulses between 4 and 6 MHz which is fairly attenuat
ed in the austenitic weld metal. Furthermore the sound field is 
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adapted to the volume to be inspected by the Kirchhoff diffract
ion theory. The projected distance between the front of the ultra
sonic probe and weld crown is about 20 mm. Thus grinding of the 
weld ls no longer necessary. 

Increased accuracy of reflector location is achieved by mechanized 
inspection using an automated ultrasonic probe manipulator. 

Testing results obtained with artificial flaws are shown in fig. 9 
[1 J. 

Because of the relatively fine grained weld material it is suffi
cient in many cases to use longitudinal wave single transducer 
probes for welds in thin-walled austenitic specimens. Certainly 
these probes have to be specially tailored too: According the 
required extension of the ultrasonic beam the transducer dimensions 
have to be calculated according to diffraction theory taking into 
account the curvature of the surface. 

In a laboratory scale ultrasonic testing can be done using immers
ion techniques as shown in fig. 10. This has the following 
advantages compared with the usual contact technique of coupling: 

- No influence of the coupling layer on testing results, 
- Free choice of angle of incidence, 
- Use of (largrr) focussing probes ppssible becruse adaption 

of the probes coupling surface to the specimens surface 
is not necessary. 

Practical solutions for ultrasonic testing systems using immers
ion technique are shown in figs. 11, 12. 

3.4 Focussing probes 

The improvement of the signal-to-noise ratio by ultrasonic testing 
with focussing probes is due to the limitation of the sensitivity 
area to the focal area. 
On the focussing of sound field by curved piezoelectric membranes 
and lenses has been already repo~ted extensively [15-17, 19}. 
It shall be reported here on the focussing of sound fieldsby means 
of Fresnel zone-plates [20}. 
It is the advantage of Fresnel zone~plates that they have short 
focal distances coupled with a high degree of focussing. Focus
sing of the sound field by a Fresnel zone-plate is resulting from 
phenomena of diffraction. The Fresnel zone-plate is placed direct
ly in front of a piezoelectric membrane. A zone-plate consists of 
a central circular opaque zone together with a set of combined 
opaque ring zones, fig. 13. AlI zones have the same surface area, 
namely the area of the central circ le: ~ -1f: f.p . Àtl 
(f = focal length), :t being the ultrasonic wavelength. The 
se~ies of zone radii is given by,r,,-:=fn.~·),.' ,n being an integer. 
This zone-plate is acting as a focussing lens with a focal 
length fp. 
The reversaI zone-plate is acting as a focussing lens, too. Hence 
it follows that only a part of the incident sound pressure can be 
concentrated in the focal point by an obstruction zone-plate. 
Therefore we use a third type of zone-plate, suggested by Lord 
Rayleigh [211 for optical systems, as shown in the bot tom part of 
the fig. 13. It is called a phase reversaI zone-plate. Either the 

-99-



ring zones or the reverse zones are coverei with transparent 
rings of thickness d, such that (N-1) d = ~~ , N being an 
integer. The path difference of ~/2 represents a ~ -phase chan
ge, i.e. a relative phase reversaI. The contributions of these 
rings are adding to the contributions of the reverse ring zones. 
Fig. 14 shows a focussing probe with a reversaI zone plate con
sisting of 5 zone rings and the Schlieren-optical representation 
of the sound field in water. Fig. 15 shows the measured sound 
pressure distribution in the focal point perpendicular to the 
acoustical axis and the sound pressure distribution along the 
acoustical axis in the focal area. 

3.5 Comparison of performance of different inspection techniques 

To estimate the performance of different ultrasonic inspection 
techniques quantitative statistical methods have been applied 
for the evaluation of the results [22]. An austenitic test weld 
was inspected containing a great number of intentionally 
produced, natural flaws, e.g. pores, slags, lacks of fusion etc. 
Altogether 27 different longitudinal flaws were evaluated by 
inspection from two sides of the weld . 
The position and the approximate size of these flaws were taken 
from a radiographic inspection. Fig. 16 gives the testing re
sults obtained with transversal wave single transducer-, longi
tudinal wave single transducer-, longitudinal wave focus-,4nd 
longitudinal wave transmitter receiver probes, aIl with~= 60° 
and l c::J 3 mm. 

The cumulative echo height distributions of flaw indications 
Pn t t and of scatter indications PS tare given in a probabi-

~ ec ca 
lit Y diagram as a function of relative gain setting 4V /dB/. 
A V = 0 dB corresponds tè the sensitivity setting for the 3 mm 
fIat bottom hole indication on 80 % of~ll screen. 

The left hand curves PDetect show the cumulating echo height 
distribution of the flaw indications. The echo heights are 
measured by that gain setting 4V where echo heights reach 80 % 
of full screen. The curves PD t t represent the flaw detection 
probability as a function of ~a~!able reference level 4V. 

The right hand curves Ps t show the cumulative echo height 
distribution of the ca grain scattering indications. The 
echo heights of the scattering indications are measured too by 
that gain setting ~V where echo heights of scattering indicat
ions reach 80 % of full screen. Ps t is the probability that a . ca 
nOlse signal exceeds the reference level ~V, so thnt it is taken 
as a flaw siqnal. 

The detectability of flaws in coarse qrained 
materials is determined e~clusively by the echo height of scat
ter indications. Therefore the noise level A V = R is defined 
as that gain setting at which the cumulative echo ~eight distri
bution of the grain scatter indications reaches the value 1 %. 
This means that the noise level is that level which is exceeded 
by 1 % of aIl scatter indications while 99 % of aIl scatter 
indications fall below that level. By this measuring method the 
signal-to-noise ratio may determined objectively and reprodu
cibly the error of measurements being not larqer than 2 dB. 

From the se diagrams the quality criteria may be taken by 
which the performance of the different ultrasonic testing 
techniques may be judged : 
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1.) The maximal flaw detection probability at the gain setting 
corresponding to the noise limit R1 : transmitter-receiver 

probe 87 %, focussing probe 79 %, longitudinal wave single 
transducer probe 59 %, tranversal wave sinqle transducer 
probe 48 %. 

2.) The signal-to-noise ratio taken for the reference reflector 
3 mm fIat bottom hole : transmitter-receiver probe 11 dB, 
focussing probe 11 dB, longitudinal wave Single transducer 

probe 7 dB, transversal wave single transducer probe 2,5 dB. 

4. Deconvolution (inverse filtering) and non-linear signal
processing 
, 

It has been already stated, that short ultrasonic pulses will 
cause less grass indications than longer ones. Due to that fact 
a further increase of the bandwidth of the transfer system trans
mitter-probe-specimen-probe-receiver was tried. For that purpose 
the falling slopes of the pulse spectrum near the bandlimits 
were lifted by an inverse filter, which had been realized in a 
computer. After that procedure of inverse filtering it turned out, 
that the amplitude of grass indications decreased compared te 
that of flaw indications, i.e. the signal-to-noise ratio was in
creased. The reason for this effect is the further reduction of 
the coherence length of the ultrasonic pulse which results ina 
decreased capability of forming interferences. For this type of 
signal processing it is meaningless with which bandwidth the 
ultrasonic pulse really propagates through the material. One can 
assume for sound propagation that the laws of linearity and cau
salit y are valuable. Therefore it is possible to correct the 
transfer characteristics by an inverse filter also after receiv
ing of the signal, i.e. it is possible to amplify the weak 
components of the signal near the band limits more so that, the 
coherence lengths of the signal will apparently be reduced. 
As this type of inverse filtering needs a digital computer and 
is additionally time consuming, it has been tried to establish 
approximately an inverse filter by use of an electriaal cicuit. 
The improvements gained by this are shown in fig. 17, 18. 

Further improvements can be expected by employing non-linear 
methods of signal processing, e.g. by multiplicati~emixing of 
single frequency components of the signal, fig. 19 [23, 24]. 
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Overview of Arionne National Laboratory efforts on ultrasonic NDE of stainless 
steel welds. 

D.S. lWPPE~, K.J. REIMANN 
Argonne National ~aboratory, USA 

ABSIMC'I 

An overview of Argonne National Laboratory efforts on ultrasonic NDE 

of stainless steel welds will be presented. Data on velocity of sound and 

signal amplitude variations in stainless steel weld metal as weIl as data 

on deviations of longitudinal and shear beams will be discussed and compared 

with model calculations. Variations in sound velocity with propagation 

d'irection has been observed to be as large as 45% for shear and 14% for 

longitudinal waves. Beam deviations as large as ~ 22 0 for longitudinal, 

~ 45 0 for SV, and ~ 22 0 for SR waves have been detected experimentally. 

Comparison of experimental results with model calculations assuming an 

orthotropic symmetry for the weld metal are reasonably good. The implica-

tions for nondestructive examination of weld metal are discussed. Advantages 

of spatial averaging of coherent ultrasonic noise to improve signal-to-noise 

ratios in ultrasonic inspections are presented. Significant improvements 

in signal-to-noise ratios can be observed for detection of reflectors in 

weld metal. Efforts to assess the adequacy of conventional ultrasonic test-

ing techniques for detection of intergranular stress-corrosion cracking 

(IGSCC) in stainless steel reactor piping are presented. Difficulty in 

detecting field-induced rcscc was reduced through the use of a single-element 

focused transducer • 

.. Review supported by the U. S. Nuclear Regulatory Commission. 
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I. INTRODUCTION 

This paper will present a review of efforts at Argonne 

National Laboratory (ANL) on ultrasonic inspection of stainless steel welds. 

The topics to be discussed include results on wave propagation in stainless 

steel weld metal, spatial averaging techniques to minimize coherent ultrasonic 

noise from the weld metal microstructure, and problems associated with 

optimization of conventional ultrasonic techniques to detect intergranular 

stress-corrosion cracking (IGSCC) in reactor piping. 

II. WAVE PROPAGATION IN AUSTENITIC STAINLESS STEEL WELD METAL 

The microstructure of austenitic stainless steel weld metal is 

acoustically anisotropic. Consequently, the ultrasonic inspection of 

austenitic stainless steel weld metal is difficult, and the acoustic pro

perties are not easily understood. Many investigators, some of them mentioned 

below, have studied the propagation of ultrasonic waves in stainless steel 

1-19 weld metal and the implications for flaw detection. 

Yoneyama et al. [7] have studied the cause of false indications some

times observed in austenitic stainless steel welds and have demonstrated 

that shear-wave signaIs can be reflections caused when the acoustic beam 

deviates from the anticipated path and follows the lines of grain growth. 

Baikie et al. [8] showed the orientation dependence of longitudinal wave 
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velocity and demonstrated that the apparent attenuation of longitudinal 

waves at 2 MHz in stainless steel weld metal varied with propagation 

direction relative to the columnar grain axis. The minimum attenuation 

occurred for waves propagating at about 45 0 to the grain axis (the direction 

of maximum wave velocity). Tomlinson et al. [9] interpreted Baikie's data 

on the basis of beam deviation, concluding that the variation in apparent 

attenuation may be primarily due to the variation in beamwidth (and deviation) 

with propagation direction, with the smallest beamwidth observed for directions 

of maximum velocity. In a recent report, Adler et al. [10] discuss aniso

tropic structural materials (stainless steel welds and centrifugally cast 

pipe) and illustrate how anisotropy must be accounted for when employing 

frequency analysis for flaw characterization. Some data are presented on the 

relative apparent attenuation of longitudinal waves as a function of pro

pagation direction, in qualitative agreement with Baikie [8]. In previous 

publications by the present authors [19], the variation in frequency spectra 

with microstructure, including polarization effects, has been examined. 

The three main factors that contribute to the ultrasonic attenuation are 

grain-boundary scattering, mode conversion, and the phenomenon of beam steering, 

in which the ultrasonic beam is guided towards the direction of maximum 

ultrasonic velocity in the weld [9]. Spurious signaIs, which cannot be 

correlated with component geometry or actual flaws, contribute to the 

difficulties in interpreting the results. The difficulties encountered, 

as weIl as the high attenuation in the weld metal, have been discussed in 

the literature [2-12, 14, 17, 18]. However, for coarse-grain materials, 

proper selection of the acoustic mode and an understanding of the acoustic 

propagation characteristics wh en the weld metal is inspected may cnhance 

the reliability and sensitivity and lead to an improved ultrasonic testing 

method. 
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Experimental Procedure 

Experimental results were obtained for a "V"-type multipass shielded-

3 
metal arc weld, l-cm coupons from welded Type 304 stainless steel tensile 

3 specimens made available for this study, and three ~l-cm single crystals 

of austenitic stainless steel. The single-crystal sample compositions were 

19Cr-10Ni, 19Cr-14Ni, and 19Cr-19Ni. 

The original welded plate (300 x 150 x 50 mm) from which other speci-

mens were cut was Type 304 stainless steel with Type 308 stainless steel 

weld metal. The weld was a "V" type with a 77° included-angle, multipass 

shielded-metal arc. This specimen was cut in half along the long dimension. 

From one half, a 24 x 25 x 38 mm weld-metal coupon was removed for ultra-

sonic examination, as shown in Fig. 1. 3 
The l-cm tensile-specimen coupons 

were the source of velocity-of-sound and attenuation data for propagation 

direction 45° to the columnar-grain axis. 

Velocity-of-sound data were acquired with an Intervalometer employing 

the pulse-echo-overlap method [20, 21]. Normal-incidence 2.25-MHz and 

5-MHz shear- and longitudinal-wave transducers were employed. These 

transducers and an Aerotech UTA3 pulser-receiver system were used for flaw 

detection. A shear-wave couplant or epoxy was used to couple shear waves 

directly into the weld metal. An X-ray diffractometer 26 scan method was 

used to evaluate the crystallographic texture in the weld samples. 

Experimental Results 

A. Elastic Constants 

To obtain the single-crystal elastic constants for stainless steel, 

the longitudinal velocity and slow and fast shear vclocities were measured 
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along the <110> propagation direction of each single crystal. The elastic 

constants C44 , CIl' and C12 are determined from the following relationships: 

and 

where Vt is the longitudinal velocity, V the shear, and V the slow shear. 
t l t 2 

Table l shows the results (average of the 3 single-crystal samples) for 

velocity of sound and elastic constants. The uncertainty in the latter 

TABLE l 

Velocity of Sound and Elastic Constants for Stainless Steel 

Vt<llO> 6.062 x 105 cm/s CIl 20.5 ± 0.2 x 1011dynes/cm 2 

V t l 
<110> 3.957 x 105 cm/s C12 13.3 ± 0.2 x 1011dynes/cm 2 

V <110> 
t 2 

2.130 x 105 cm/s C44 12.5 ± 0.5 x 10' dynes/cm 2 

8.01 g/cm 3 
p 

measur~ments includes a slight error «0.2 percent for CIl) due to mis

orientation of the <110> crystallographic axis from the cuhic-face normal 

and path-length measurement. The data could he corrected for the mis-

orientation, but thisuncertainty is much smaller than that due to the other 

errors combined. These values are within 5 percent (for CIl and C44) and 
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10 percent (for C12) of values found in the literature for 304 stainless 

steel [12, 22]. 

B. Microstructure 

Columnar grains up to 10 mm in length and 1 mm in width, essentially 

parallel to the z-axis, can be observed. In the weld metal the X-ray results 

indicated a strong preferred <100> orientation in the z-direction. The X-ray 

diffraction data are, of course, obtained only from the surface of the 

specimen interrogated. 

C. Velocity of Sound in Weld Metal 

Our results (refer to Fig. 4) for longitudinal-wave velocity are 

consistent with those of [9] and [10] but only qualitatively consistent 

with the shear-wave results of [10]. (The present data show greater an iso

tropy.) A variation in velocity of 14 percent for longitudinal and 45 

percent for shear waves is observed here. The maximum velocity for 

longitudinal waves is in a direction ~5° to the columnar grain axis, whereas 

this is the direction of minimum shear velocity. The maximum velocity 

for shear waves is in a drection pèrpendicular with polarization parallel, 

to the grain axes (these are the directions of low longitudinal velocity.) 

Velocity measurements parallel, perpendicular, and at 45 0 to the grain axes 

were sufficient to verify the theoretical results, as these are the 

directions of minimum and maximum velocity. 

D. Attenuation 

As was reported in [9], the present experimental observations have shown 

that longitudinal waves propagatlng <It '\45 0 to the long axis of the colufTlnar 

grains exhiblt the least attenuat ion. This is conf irmcd ln the present study, 
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3 where pulse-echo signaIs obtained from 1-cm we1d-metal coupons show that 

u1trasonic waves propagating at 45° to the grain axès have 1.5-3 dB/cm less 

attenuation than waves propagating para1lel or perpendicular to the columnar 

grains. 

The results for shear waves are different. lt has been observed here 

that shear waves propagating across the grain axis, but with polarization 

parallel to the grain axis, transmitted signaIs with 3 dB/cm less attenuation 

than shear waves propagating in other directions, inc1uding 45° to the 

grains axis. The significance of these results with regard to flaw detection 

will be discussed in later sections of this paper. 

Theory 

The coarse-grain character and anisotropy of stainless steel weld metal 

suggest that, in a model which describes the region of the weld where the 

columnar grains are vertical, an assumption can be made that the sample has 

orthotropic symmetry [23]. The effectiveness of the model can be checked 

by comparing the predicted and measured ultrasonic velocities in various 

propagation directions. The following discussion (a) indicates how the 

velocity in various directions can be predicted for the weld metal, and 

(b) discusses the phenomenon of beam steering, which can have a great effect 

on apparent attenuation of both longitudinal and shear waves. The discussion 

begins with the simple example of a single crystal of stainless steel and 

concludes with the model previously described. 

Calculations of ve10city and deviations in the 100 and 110 plane for 

single-crystal Type 304 stain1ess steel were performed by Musgrave's method 

[1, 13, 15], using elastic constants from single-crystal specimens of 

Table 1. The results are plotted in Figs. 2-3. The deviation is labeled 
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positive if it is in the same direction as the Increment of the angular-

velocity direction cosine, and negative if it is in the opposite direction. 

Curves derived are similar in shape to curves obtained by Musgrave for nickel 

[1]. The figures show that the quasilongitudinal velocity can vary from 

6.4 x 10
3 

to 5.1 x 10
3 

m/s and the shear-wave velocities from 4.0 x 103 to 

2.1 x 10
3 

rn/s. The angle between velocity vector and energy ray can amount 

to 22° for longitudinal waves, 50° for vertically polarized (SV) shear waves, 

and 35° for horizontally polarized (SR) shear waves in single crystals of 

stainless steel. The results for single crystals are presented for the 

110 plane so that they can be compared with the weld-metal results (FigR. 4-5). 

These curves clearly show how velocity surface, wave surface, and energy-ray 

deviations are modified in going from a single crystal to the orthotropic 

s~~etry of the weld metal. The coarse-grain structures exhibit symmetry 

around one axis (the z-axis), and there will be five independent elastic 

constants [16]: 

CllD = ë22D = Cu + 3yc C33D = ëU 
+ Ê(f 

20 5 

ë
44D = ë55D = ë44 

yC ë66D = ë44 
+ yC -5 20 

C13D = ë23D = ë12 
_:& ë12D = ë12 

+ yC 
5 20 

where Cij is the elastic constant for polycrystalline materials [10]. The 

texture anisotropy factor y can be derived from the following considerations: 

(a) In the 001 plane (cross section of a grain), the ultrasonic 

velocity should be independent of direction of incidence. 

(b) The velocities parallel to the z-axis (the axis of symmetry) should 

be the same as given by CIl and C44 in a single crystal. 
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These restrictions establish the value y = 1. Using the relations 

CijD and the same single-crystal elastic constants used previously, 

velocity surfaces and deviation were calculated for coarse-grain structures 

of Type 304 stainless steel. The results are plotted for the 110 plane in 

Figs. 4-5. Examination of the velocity curves indicates that in the 110 plane 

3 3 the quasilongitudinal velocity can vary between 6.2 x 10 and 5.1 x 10 mis, 

whlle the shear-wave velocities can assume values between 4.0 x 103 and 

333 
2.4 x 10 mis, and 4.0 x 10 and 3.2 x 10 mis. The deviation of longitudinal 

waves can be as large as 21°, while that of shear waves can reach values of 

44° or 13°, depending on polarization. Calculated values of velocity in 

discrete directions were within 10 percent of values obtained by measurements 

on a columnar-grain structure of weld metal. 

The above theoretical considerations lead to a better understanding 

of consequences that will be encountered in the practical application of 

ultrasonic testing of structures with preferred orientations, such as stainless 

steel welds. 

Discussion 

The simple weld-metal model described above accounts reasonably weIl 

for the experimental data on velocity of sound and is in qualitative agree-

ment with the data for attenuation. 

Experimental observations of longitudinal waves by previous investiga-

tors indicate that waves propagating at ~5° to the long axis of the dendrites 

have the least attenuation [9]. In the present study, ultrasonic pulse-echo 

3 
signaIs obtained from l-cm weld-metal coupons showed that longitudinal 

ultrasonic waves propagating at 45° to the dendrites undergo 1.5-3 dB/cm less 
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attenuation than waves propagating paraI leI or perpendicular to the dendrites 

(in general agreement with [9]). These results indicate that the convergence 

of ultrasonic beams along the propagation direction of maximum velocity may 

be the major factor in the attenuation of longitudinal waves. ln Fig. 5, the 

energy-ray deviation is indicated for longitudinal waves. A negative slope 

for ~ = 0 is the point of maximum convergence without deviation of the beam. 

A positive slope indicates divergence. The maximum convergence occurs at 

~50°. This implies that a beam propagating along this direction would not 

necessarily deviate from the straight path and would experience a focusing 

effect. The experimental results indicating maximum beam intensity along 

a direction ~5° to the dendrites are consistent with the predicted observation 

that the beam tends to focus when traveling along a direction of maximum 

velocity. Fig. 6 illustrates this point for longitudinal as weIl as shear 

waves. 

The results for shear waves are not as clear as for longitudinal. 

Maximum shear velocities occur for waves propagating (a) parallel to the 

dendrites and (b) perpendicular to the dendrites, with polarization parallel 

to them. The minimum velocity is along a direction 45 0 to the grain axes 

with polarization in the 110 plane. The current experimèntal observation 

is that shear waves propagating across the columnar grains with polarization 

parallel to the grains axes have at least 3 dB/cm less attenuation than aIl 

other signaIs, including those from waves propagating at 45 0 to the columnar

grain axes. (This is qualitatively consistent with the theoretical predictions.) 

For shear waves traveling parallel to the grains, one observes a difference 

in attenuation for various polarizations which is not predicted. This may 

be due to variation in mode-conversion characteristics (the grains are not 

exactly parallel to the wave-propagation direction) or to a structure which 
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is not as symmetric about the z-axis as assumed. For shear waves traveling 

perpendicular to the long axis of the grain, grain-boundary scattering May 

be an important factor, since the acoustic-impedance mismatch across the 

dendrites varies considerably for different polarizations (and thus different 

wavelengths). This is suggested by the observation that the frequency 

spectrumvaries with polarization. With high-velocity (long-wavelength) 

waves, higher frequencies are transmitted than with low-velocity (short-

wavelength) waves {S,lB]. The mismatch is least for waves polarized along 

the grain axis and greatest for waves polarized across them. In the latter 

case, scattering would help explain the larger-than expected variation in 

attenuation with polarized shear waves propagating across the columnar 

grains. 

In order to help establish the adequacy of the model in predicting 

beam deviations for shear waves, a cylinder has been cut from the weld 

coupon of Fig. l to measure the deviation of the shear beams. A method 

employing a pitch-catch mode and normal-incidence shear-wave transducers is 

being used in an attempt to measure the deviation. Fig. 7 shows the 

arrangement. An epoxy is used along with two 2.2S-I4Hz transducers and 

2 l-cm curved plexiglass "shoes." The transducers can be moved around the 

cylinder in steps by removing and reglueing the transducer to find the angle 

of maximum signal transmission and thus the beam-deviation angle. Although 

Many difficulties are encountered with this simple method, data show 

significant beam deviations. The preliminary data are quantitatively 

consistent with the model predictions for vertically polarized (SV) waves, 

but only qualitatively for horizontally polarized (SR) waves. Nevertheless, 

the prediction that the sharpest deviation (~ 22°) for SR waves occurs for 
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waves propagating at ~5° to the columnar grain axis i8 verified experi

mentally. In addition, a zero deviation for SV waves occurs for a pro

pagation direction of ~5° to the grain axis, as predicted. Furthermore, 

a large positive deviation (~5°) for ~ ~ 67° and a negative deviation 

(~ 22°) for ~ ~ 22° are observed. 

Flaw Detection 

The detectability of artificial reflectors placed in stainless steel 

weld metal is affected by wave modé (longitudinal or shear) and by variations 

in the polarization of the shear waves tbat are used. 

A 2.25-MHz 13-mm-diameter Panametrics broad-band shear-wave transducer 

was used to detect a 2.4-mm-diameter side-drilled hole in a weld metal 

sample. With SR shear waves propagating at about 45° to the columnar grain 

axis, the reflection from the hole could be readily distingui8hed from the 

noise. Rowever, with SV shear waves (45° angle to grain axis) the reflection 

from the hole could not readily be observed. The SV shear waves are used for 

conventional shear-wave inspection in which a longitudinal-mode crystal and 

wedge generate shear waves via mode conversion at the wedge/metal-surface 

interface. With a 2.25-MHz, 13-mm-diameter gamma-series longitudinal-wave 

transducer manufactured by Aerotech, the hole could also be readily dis

tinguished from the background noise, although the longitudinal wave has 

less resolution because of the longer wavelength and ringing. These results 

are consistent with those presented earlier. For ultrasonic inspection of 

piping, SH shear waves, with particle motion perpendicular to the plane 

formed by the incident and reflected beams, would be preferable for two 

reasons: 
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(a) Spurious signaIs are reduced, since SH waves cannot be mode con

verted to longitudinal waves at the pipe iriner wall, whereas SV 

waves cano 

(b) As we have shown, SR waves with the specific geometry described 

here can penetrate stainless steel weldmetal better than 45° SV 

waves, because of the anisotropie nature of the weld. Thus, 

defects in the HAZ of a weld could be detected from the opposite 

side of the weld with SR waves. 

Generating SR waves, however, is difficult because normal-incidence shear 

waves must be employed (requiring a very viscous or solid couplant). The 

use of electromagnetic acoustic transducers (EMATs), which are noncontacting, 

may eventually alleviate this problem. Although the practical application 

of EMATs for routine reactor inspection is still in the future, they are 

currently being tested in Germany for stainless steel inspection. 

III. ULTRASONIC DETECTION OF INTERGRANULAR STRESS-CORROSION CRACKS 

The numerous problems associated with the in-service ultrasonic detection 

of IGSCC in nuclear reactor piping are weIl knowo: (a) Many geometrical 

reflectors are present; (b) the coutour of the weld on the ID surface is 

unknowo; (c) ultrasonic signaIs from the cracks are weak; (d) the weld crown 

interferes with transducer movement; (e) the working environment is poor 

(high temperature, humidity, and radiation levels); (f) pipe access is 

limited; (g) ultrasonic attenuation varies from one pipe region to another; 

(h) the weld metal produces ultrasonic "noise"; and (i) reference standards 

are unsatisfactory. A program was carried out at ANI. [25] to optimize the 

parameters associated with conventional ultrasonic in-service inspection 

techniques. The results of the study indicated that no single conventional 
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ultrasonic probe would optimally detect aIl the crack types (longitudinal, 

transverse, slanted, skewed) that might be expected in nuclear reactor 

piping. If a flaw of a specifie size and orientation is sought, then some 

L~provement can be made in detection capability. Some details of the program 

are discussed below. 

Weld Geometry 

Machine preparation and grinding can result in spurious ultrasonic re

flections at the pipe ID, severely limiting inspectability of the RAZ. In 

this study, coupons were obtained from three azimuthal positions of a pipe

to-elbow section of l02-mm (4-in.) bypass piping. This pipe section was 

removed from service because of numerous ultrasonic indications. Sectioning 

of the pipe revealed no cracks; the signaIs, which varied in amplitude, were 

aIl from geometrical reflectors. This problem is not confined to bypass lines. 

In a section of 660-mm (26-in.) piping, signaIs can be obtained simultaneously 

from the root bead and land (step). A crack signal originating between the 

root and land would probably be obscured by the echoes from the geometrical 

reflectors. Inspectability could be improved by having the land in machine

prepared pipes at least two wall thicknesses beyond the root bead. In 

addition, the weld crown can interfere with the motion of the transducer 

(particularly 13-mm probes), limiting detection of ultrasonic echoes from the 

region of the weld fusion line. Smoothed weld crowns would al1eviate this 

problem. 

Attenuation of Ultrasonic SignaIs 

Another inspection problem is the variability in ultrasonic attenuatian 

amang base metal, HAZ, and weld metal. A 2.25-Mllz, 13-mm-dia transùucer was 
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used to detect identical 13 x 1.3-mm EDM notches in the HAZ and base Metal 

of a piece of 102-mm (4-in.) piping. A variation of almost 10 dB between 

base metal and HAZ was noted, with a further loss of ~ 10 dB as the signal 

passed through the weld Metal. Careful calibration procedures employing 

actual field piping or very good mock-up samples will be required to compensate 

for this attenuation variation. Notches in a reference welded pipe section 

were found to be advantageous for setting the sweep position. EDM notches 

(0.5 to 1.0 mm deep) in the HAZ of mock-up pipes would be useful for setting 

up an in-service test. EDM notches at the weld fusion line can indicate 

potential difficulties in detection of cracks near that location. Pipes 

with laboratory-induced IGSCC would provide an even more effective reference. 

Use of Focused Probes 

The application of focused probes to in-service ultrasonic testing 

could, in principle, improve the detection probability of IGSCC because of the 

narrower ultrasonic beam. This was found to be the case for small reflectors. 

In a plot of amplitude versus EDM notch depth for two transducers (one 

focused, one not) , the signal-to-noise ratio for an ultrasonic echo from 

a small notch (0.13 mm deep) using the focused probe was more than double 

that with the unfocused probe. 

The importance of a high signal-to-noise ratio is suggested by laboratory 

results obtained on a core spray line pipe section. This pipe contained six 

short « 25 mm) field-induced cracks which, on the basis of available data, 

were estimated to be 2.8-4.8 mm deep. The cracks were partially skewed 

relative to the pipe longitudinal axis. Because such cracks are difficult 

to detect, a comparison could be made of defect-detection probabilities with 

various ultrasonic probes. Four transducers were evaluated. The cracked 
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area was scanned 10 times with each transducer, giving a maximum of 60 

possible "detections" per transducer. The total time for each set of 10 

scans varied from 30 to 35 min. Binomial distribution statist1cs were used 

to estimate the upper 95% confidence l1mit on the probability of missing one 

of the flaws in one scan of the pipe. The results are shown in Table II. 

TABLE II 

Probabilities That Nonthroughwall Stress-corrosion Cracks in Pipe 10-24A Will 
a Escape Detection on a Single Pass by Various Transducers 

Transducer Transducer 
SeriaI Frequency, Size, Type Miss Upper 95% 
Number MHz mm Probability Confidence Limit 

015957 2.25 6 unfocused 0.63 0.75 

016443 2.25 13 unfocused 0.52 0.65 

016506 2.25 13 focused 0.42 0.55 

015956 1.0 13 unfocused 0.72 0.83 

a 
AlI transducers are Aerotech miniature shear-wave probes with replaceable 
wedges. A Branson 303B pulser-receiver was used (seriaI number 507070). The 
beam angle was 45°, and fIat wedges were employed. The probabilities are 
those obtained with a single transducer under a specifie set of conditions 
and are not to be interpreted as absolute values for the cracks examined; 
only the relative effectiveness of the four probes is evaluated. 

The data, although limited, suggest that the focussed transducer was better 

for detecting these small flaws. These results with respect to the relative 

merits of the probes are consistent with those obtained for 102-mm pipes with 

small artificial reflectors. 

Frequency Selection 

The two major factors that determine the optimum frequency for in-

specting stainless steel piping are diffraction (spreading) of the ultrasonic 

beam and scattering from the grain boundaries. In the present case, the 
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apparent attention a can be expressed as 

where aD i8 the loss due to diffraction and aS is the 108s due to grain

boundary (Rayleigh) 8cattering. For this scattering, À » D where À is 

ultrasonic wavelength and D is grain size. For a transducer of radius a 

2 generating longitudinal waves, aD is about 1 dB for each a lÀ. The Rayleigh 

scattering term for this case is 

where f = frequency. The result is that the system behaves as if it were a 

"band-pass filter". Although this effect is observed primarily for 

longitudinal waves, a phenomenon that is at least qualitatively similar 

(that is, a minimum in apparent attenuation versus frequency) should occur 

for shear waves. In the ANL study, tests on stainless steel with 1-, 2.25-

and 5-MHz, l3-mm-dia transducers showed empirically that a frequency of 

~ 2.25 MHz gave minimum attenuation. In another study [26] with l3-mm-dia 

transducers, in which more frequencies were tested, the best frequency was 

found to be 1.8 MHz. Note, however, that a smaller transducer wou Id 

shift the minimum attenuation to a higher frequency. and a larger one would 

shift it to a lower frequency. 

Use of Dual- Versus Single-element Probes 

In the ANL study, a dual-clement 2.25-mlz Panametrics transducer was 

compared with several single-element probes. The only advantage noted for 

the dual-element probe was .in detection of skewed reflectors. Recently. 
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however, a more compact dual-element transducer has been made available 

commercially and is becoming more widely used for detection of IGSCC I27]. 

IV. SPATIAL AVERAGING 

Another technique thathas potential application to the improved detec

tion of flaws in SS welds is spatial averaging. The problem in inspecting 

stainless steel, particularly around welds, often reduces to one of extracting 

the flaw signal from the noise signlas. This problem is often related less 

to electronic noise than to coherent noise; that is, scattering from grain 

boundaries, rough surfaces, or weld-metal interfaces. A slgnal-averaging 

method is demonstrated here for fIat surfaces where the defect (crack or notch) 

is in the weld metal. 

A weld scanner, shown schematically in Figure 8, has been designed and 

built at ANL to demonstrate the advantages of spatial averaging. Water is 

used as a couplant.Two transducers (T and R in Fig. 8) are operated in a 

pitch-catch mode to gene'rate 45° ultrasonic waves in stainless steel samples. 

The projection of the pitch-catch included angle e to a horizontal plane is 

varied between 60 and 90° in steps of ~ 3°, and the receiving signal is averaged 

over several transducer positions. Each step incorporates a pause, during 

which the ultrasonic trace of the "A-scan" is digitlzed by a transient recorder 

and stored in the memory of a Data General Corporation 2/10 minicomputer. 

The average of digitized traces from up to ten angular positions of the 

beams is printed out after the scan for a particular point in the sample ls 

completed. As a result, one obtains a series of averaged A-seans and their 

overall average as the weld scanner moves across the specimen. 

Several specimens have been inspected with this device. In the example 

presented bere, the weld scanner was used to examine a fIat weld hy means of 
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refracted longitudinal waves (45 0 beam). Figure 9 shows three individual 

traces and the computer average of ten such traces (corresponding to ten 

values of e). The transducer was positioned so that ~5° longitudinal waves 

were propagated in the weld metal. The averaged trace unambiguously shows 

the reflected longitudinal and shear wave and the shear wave mode converted 

from a longitudinal wave in the EDM-notch plane. These signaIs are not as 

evident in the individual traces. The water-metal interface is seen as the 

first large peak. With the scanner away from the notch but still over the 

weld metal, the averaged trace does not show the presence of a reflector. 

The present study demonstrates that coherent ultrasonic noise can be averaged 

so as to significantly enhance the signal-to-noise ratio for flaws in stainless 

steel weld metal. 

Another demonstration of the enhancement of signal-to-noise ratios is 

provided by a simplified system in which an Aerotech miniature shear-wave 

transducer (6 mm, 2.25-MHz, 45 0 beam) was moved parallel to the plane of a 

crack (2 cm long and up to 2 mm deep) in a stainless steel tensile specimen. 

A Sonic Mark l pulser-receiver with video output was used. The smoothing of 

the rf traces can often enhance the ability to detect flaws with the signal

averaging process. In this example, the transducer was displaced paraI leI to 

the crack plane in 3-mm steps. During this motion, 10 video traces, covering 

a total transducer displacement of 27 mm, were averaged to obtain the final 

A-scan. 

Figure 10 shows a typical averaged trace and five of the data sets in that 

average. The peak is the crack signal. If the transducer is moved to a 

position ahead of the crack so that the beam still passes partially through 

the weld metal but does not impinge on the crack, the signal average shows 

a reduced noise level. 
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v. SUMMARY 

Data on sound velocity and attenuation have been acquired for stainless 

steel weld-metal samples and compared with theoretical predictions and efforts 

of other investigators. Sound velocity has been observed to vary with pro

pagation direction by as much as 45 percent for shear waves and 14 percent for 

longitudinal waves. In addition, elastic constants have been measured for 

single crystals of stainless steel. 

A simple model that describes the propagation of ultrasonic waves in 

Type 308 stainless steel weld metal is generally consistent with sound-velocity 

data and apparent attenuation for both longitudinal and transverse waves. 

The model assumes that the weld consists of a collection of long single-crystal 

grains with their long axes in the 100 crystallographic direction. These 

grains are arranged parallel to each other with a randam orientation about 

the long axis (that is, the axis has orthotropic symmetry [20]). Velocity 

and energy-ray deviation curves have been calculated 

for stainless steel single-crystal and columnar-grain structures, using the 

elastic-constant data obtained in the present study. These results were 

compared with results from the literature. 

It has been demonstrated that inspections of welds with ultrasonic waves 

at an angle of 45° to the axes of the grains are more successful when 

SR or longitudinal waves are used rather than conventional ahear waves. 

Inspections parallel or perpendicular to the r,raJ.ns arc most effective 

with shear waves of the proper polarization, rather tlklO lon~itudinal waves. 

These observations are glmerally consistent with moùel predict ions. 

Work carried out at ANL on the optimization of parameters for detection 

of IGSCC by conventional ultrasonic means, and the potential use of spatial-
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averaging techniques for improving signal to coherent noise ratios in 

ultrasonic testing, have also been presented. The results of the parameter 

opttmization study suggest that (a) no single probe is adequate to detect 

aIl the types of cracks that are found in reactor piping, (b) the use of single

element focussed probes May improve the probability of detecting very small 

IGSCC, and (c) the variation in attenuation due to microstructural differences 

between HAZ and base metal necessitates the use of special reference pipes 

(including pipes with welds and possibly IGSCC) for effective interpretation 

of ultrasonic signaIs. The studies on horizontally polarized shear waves 

indicate that research and development work with electromagnetic acoustic 

transducers for application to stainless steel components should be signifi

cantly increased, as it May ultimately allow reactor components to be inspect

ed with 45° SH waves. These May be more effective for inspection of V-type 

stainless steel welds than the conventionally used 45° SV waves. 

Spatial averaging has been shown to be potentially useful in reducing 

spurious ultrasonic signaIs during testing of stainless steel welds by 

averaging out coherent ultrasonic noise. 
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Longitudinal wave ultrasonic inspection of austenitic we1dments 

B.S. GRAY, R.J. HUDGELL, H. SEED 
United Kingdom Atomic Energy Authority 

ABSTRACT 

Successful volumetrie inspection of LMFBR primary circuits, 
and also much of the secondary circuit, is dependent on the 
availability of satisfactory examination procedures for austen
itic welds. Application of conventional ultrasonic techniques 
is hampered by the anisotropie, textured structure of the weld 
metal and this paper describes development work on the use of 
longitudinal wave techniques. In addition to confirming the 
dominant effects of the weld structure on ultrasound propaga
tion sorne results are given of studies utilising deliberately 
induced defects in Manual Metal Arc Welds in 50mm plate together 
with preliminary work on the inspection of narrow austenitic 
welds fabricated by automatic processes. 
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1. INTRODUCTION 

Successful volumetrie inspection of LMFBR primary circuits, 
and also much of the secondary circuits, is dependent on the 
availability of satisfactory examination procedures for welds 
made between plates of austenitic steels such as Type 316 and 
304. In order to supplement radiography in the demonstration of 
the structural integrity of the reactor during construction and 
to meet possible requirements for in-service inspection there is 
a need to provide appropriate ultrasonic procedures. 

Application of conventional ultrasonic techniques is hamp
ered by the anisotropie, textured, structure of the weld Metal 
and this paper describes development work on the use of longi
tudinal wave techniques which are generally regarded as prefer
able for the examination of thick sections. In addition to 
confirming the dominant effects of weld structure, and hence 
fabrication procedure, on ultrasound propagation some results are 
given of studies utilising deliberately induced defects in Manual 
Metal Arc (MMA) welds together with preliminary work on the in
spection of narrow gap welds fabricated by automatic processes. 

Since it is the principal material of interest in this con
text for the UK fast reactor development programme, aIl the work 
to be discussed makes use of type 316 austenitic steel specimens 
and work has concentrated on butt welds in 50mm thick rolled 
plates. 

The paper closes with a brief descussion of some factors 
involved in the application of these results to the in-service 
inspection of a sodium cooled reactor. 

2. BASIC THEORY AND CHOICE OF TECHNIQUE 

Macrographs of three manual Metal arc welds are shown in 
Figure 1 and reveal long columnar grains which begin at a fusion 
face and extend into the body of the weld. The grains follow 
the heat flow paths in the weld during cooling and can grow 
epitaxially from one weld run to another as shown. The columnar 
structure of such welds May be broken up by meshanical deforma
tion, or modified by heat treatment above 1050 C, but these pro
cesses cannot usually be considered for large items of plant and 
thus it is not generally possible to modify the weld structure 
following initial fabrication. 

Baikie et al(l) showed that the ultrasound propagation velo
city and attenuation in a 316 MMA weld is direction dependent for 
longitudinal waves while Launay et al(2) reported similar results 
for the components of a transition weld between austenitic and 
ferritic material in addition to providing a concise record of 
the practical advantages on signal/noise ratio grounds of using 
longitudinal waves for ultrasonic pulse echo examination instead 
of shear waves. Tomlinson et al(3) had reported very similar 
attenuation data for Inconel 182 weld Metal and alpha brass 
while their results on a single crystal of nimonic 80A proved 
that the attenuation variations are not due to a grain boundary 
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effect. Nevertheless, these anisotropic effects are not signi
ficant in measurements made on samples of rolled plate which is 
made up of a relatively homogeneous distribution of equiaxed 
grains. 

While there have been numerous studies of the compositional 
and metallurgical phase variations in austenitic weld metal, 
there is a marked lack of published data on the detailed varia
tion of the elastic properties of the material. Bowever, X-ray 
diffraction results by Baikie et al(l) and Kupperman and 
Reimann(4) show a strong alignment of the 100 crystallographic 
directions of the face centred cubic structure of the weld metal 
along the long axis of the columnar grains. Theory indicates 
that su ch a structure will produce anisotropy of the type obser
ved whether or not the grains are aligned in the plane perpen
dicular to their axes, and also lead to the deflection of ultra
sound beams because the wave fronts are no longer necessarily 
normal to the propagation direction. Figure 2 illustrates this 
beam skewing phenomena with a comparison of some theoretical and 
experimental data for the angle of deviation of the beam of 
longitudinal (Cp) waves propagating through a block of weld 
metaI. 

Qualititatively similar effects are observed for shear 
waves. For Sv waves the skewing effect is greater than for Cp 
waves, and opposite in direction for most beam angles(5), and 
this contributes to the weIl known signal to noise ratio prob
lems but the effect appears less for SB waves(4,5). Bowever, 
the use of SB waves is currently impracticable for most applica
tions and the remainder of this paper will be mainly confined to 
the consideration of longitudinal waves in order to investigate 
their potential effectiveness for NOT when utilising their 
advantage in signal to noise ratio. An important aspect, how
ever, is the need to appreciate factors which mean that a longi
tudinal wave probe cannot be regarded as if it were merely a 
novel variety of shear wave probe. 

3. STUDIES USING ARTIFICAL REFLECTORS 

As part of the investigation of the effect of weld structure 
on ultrasound propagation, l!mm diameter side drilled holes were 
introduced into several welds and they were examined with a 
series of probes using both manual and automated techniques. 
Table l shows the results of measurements of beam angle in a 
specimen of Type 316 rolled plate for the five longitudinal wave 
angle probes prepared using a series of perspex wedges and a 12mm 
diameter commercial transducer. 

Reflections from the holes that could be detected in the 
weld specimens one and two were maximised and the range, probe 
position and reflection amplitude recorded. The welds were 
examined from either side and from both the upper and lower sur
faces and it was generally found that the effective beam angle 
differed from that in plate material. Detailed examination of 
the data revealed thaô the longitudinal waves propagate along 
preferred paths at 45 to the long axis of the columnar grains. 
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This is illustrated in Figure 3 and may be seen to agree with 
qualitative expectations from Fig 2 where the variation of beam 
skewing for the angle~ reported in Table I is such as to deflect 
a beam towards the 45 preferred direction. In contrast, for a 
conventional normal compression probe examination there is a 
defocusing effect which results in major beam bending as is also 
shown in Figure 3 for weld specimen two. 

The differences between the grain structures of the weld 
specimens one and two produce significant differences in the 
ultrasound propagation directions and indicate that relatively 
small differences in the detailed fabrication procedures are 
important. Work on the third specimen emphasises this. Figure 
lc shows the grain structure of a weld produced in the horizontal
vertical position with appropriate choice of preparation while 
the welds depicted in Figures la and lb were produced down-hand. 
For the horizontal-vertical weld the beam from a normal compres
sion probe is favourably inclined to the grains whereas an angled 
beam is not, which is in direct contrast to the situation for the 
down-hand samples. 

Clearly, the fact that the ultrasound propagation direction 
is a function of the grain structure makes it very difficult to 
accurately locate a reflector from probe position and A scan data 
in the conventional manner. From the data obtained during the 
examination of the two down-hand welds it was observed that the 
range values were approximately correct for the direct distance 
between probe emission point and reflector in spite of the beam 
skewing phenomena. Using a flaw detector calibrated using rolled 
plate velocity data the average range error was 2-5% and it was 
found that holes could be located satisfactorily by a triangula
tion technique provided that they were detectable from both sides 
of the weld. This is illustrated in Figure 4. 

Finally for the MMA welds, the relative amplitudes of the 
maximum signaIs reflected from the holes in the down-hand welds 
were measured using the calibrated gain control of a flaw detec
tor for the angle beam examinations and the results are shown 
in Figure 5. For each specimen the range of amplitudes for the 
reflections from side drilled holes is 8-12dB but the signal to 
noise ratio is at least 15dB which is high for austenitic welds. 

Bince the beam skewing and variable apparent attenuation 
are apparently confined to the weld metal it is of interest to 
examine the results obtained from an examination of narrow gap 
welds. The study has therefore included welds made by a special 
Tungsten Inert Gas (TIG) and an electron beam welding process 
which yield a smaller volume of weld metal than the MMA process 
and which can have a very different dendrite structure as shown 
in Figure 6. 

As anticipated the beam paths in weld metal were found to 
be sufficiently short for beam skewing effects to be negligible 
for longitudinal waves while, in contrast to Figure 5, the vari
ations in signal amplitude shown in Figure 7 are such that a 
use fuI distance amplitude correction curve can be constructed 
which would facilitate automated sentencing. 
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Figure 8 compares the results of si~ple automated raster 
scans of the electron beam weld using 45 shear and longitudinal 
waves. A wide time gate was used and in the illustration the 
amplitude of the gated signal is superimposed on the co-ordinate 
corresponding to the position of the probe emission point along 
the weld centre line which is marked. The side drilled holes 
are clearly detected but also of significance is the large 
signal generated by the fusion face during the shear wave examin
ation. 

For shear waves, the signal from the fusion face is greater 
than that for a llmm side drilled hole in the weld metal whereas 
the reverse is true for longitudinal waves. This result may be 
explained qualitatively by two effects. First there is a 25% 
difference between the velocity of Sv waves in plate and in the 
45 degree direction in weld metal, but only a 5% difference for 
longitudinal waves. Thus the acoustic impedance mismatch at the 
fusion boundary is larger for the shear waves than for the long
itudinal waves. Secondly, longitudinal waves are only weakly 
reflected by right angle corners as strong shear wave components 
are produced by mode conversion(7). Qualitatively similar 
effects were observed in our corresponding measurements on the 
narrow gap TIG weld but the shear wave signaIs from the fusion 
face were much weaker than for the electron beam weld. This 
difference presumably derives from the different grain direction 
shown in Figure 6 and the greater roughness of the fusion face 
in this TIG weld specimen. 

4. STUDIES USING DELIBERATELY INDUCED DEFECTS 

In order to examine the application of angled longitudinal 
wave techniques to actual inspections a number of deliberately 
defective MMA welds have been prepared using down-hand techniques. 
These specimens will ultimately be examined destructively to con
firm the effectiveness of the examination techniques under lab
oratory conditions. 

The weld defects used in the study included lack of fusion 
and cracking introduced into different positions in the section 
of welds with single Vee, double Vee and 'U' preparations. 
After welding the specimens were machined fIat on aIl surfaces 
to remove the excess root penetration, the cap, and aIl distor
tion produced by welding. 

AlI the welds were tested withangled and normal 2!MHz 
longitudinal wave single crystal probes using both manual and 
automated techniques. A l2!mm diameter probe was used for the 
normal ~cans and for the angled scans a 25mm dia probe mounted 
on a 21 perspex wedge to give a nominal 450 beam. During the 
manual scans the probe was skewed slightly to maximise the signal 
but for the automated scans the beam centre line was kept normal 
to the weld centre line. 

As with the samples containing artifical reflectors the 
specimens were examined ultrasonically from both sides of the 
weld using both upper and lower surfaces, and, in addition, an 
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orthodox radiographie examination was carried out. 

Figure 9 illustrates the results for a lack of fusion 
defect for which the A scans were recorded in digital form 
during an automated examination in the geometry indicated in 
Fig Sa. These A scans are reproduced as a time series display 
in Fig Sb and the approximate location of the fusion boundaries 
sketched in. The echoes which originated from the region of a 
planned defect are clearly apparent. 

The value of the exercise will be fully assessed on comple
tion of the destructive examination but, if it is assumed that 
the deliberate defects are approximately of the size 1ntended, 
then the work indicates that fairly small defects can be detected 
in the laboratory. 

5. DISCUSSION 

The work reported here confirms that ultrasound propagation 
is governed by the weld structure and hence that the fabrication 
procedure is very important. Indeed the effectiveness of any 
inspection using these techniques cannot be assessed without 
some knowledge of the grain structure. Therefore it is not 
possible to assess the effectiveness of an inspection solely 
with the use of data gathered during the inspection, weld fabric
ation data are essential. 

A predictable grain structure is a pre-requisite for the 
use of these techniques but it is not clear that they could be 
used for welds produced by aIl available welding procedures. 
Thus some welding procedures produce columnar structures with 
little evidence of epitaxial growth from one weld run to another, 
as shown in Figure 10, and it is apparent that there will be no 
continuous preferred paths through such a weld. Further work 1s 
required to investigate the inspectability of, a wider range of 
weld structures using longitudinal waves and, in particular, 
work is in progress on the effect of variations in the manual 
metal arc welding procedure. 

The data of Figures 5 and 7 clearly indicatethat signal 
amplitude is not a good guide to the size of any reflector 
while the spatial variation of the magnitude of beam skewing 
and consequent focusing effects rule out the use of dB drop 
techniques. Moreover, it is clearly virtually impossible to 
generate a useful DAC curve applicable to MMA welds and one of 
the most promising techniques to overcome this sizing problem 
is that under development by Silk(6) which is based on time of 
flight measurements of the diffracted signaIs from the edge of 
defects. 

In addition to the problems referred to above and to the 
normal evolution required to convert laboratory techniques into 
field inspection procedures, application of ultrasonic inspec
tion procedures to ISI of LMFBR involves consideration of a 
number of other important factors. Problems arising from the 
inspection temperature and choice of couplant are generally 
recognised, while the selection of calibration blocks has been 
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referred to above, but it is also necessary to consider the 
effects of sodium ingress on the detectability of surface 
breaking defects. Theoretical work by Temple(8) using ideal
ised models clearly indicates that there is a threshold of 
crack width in the lO-lOOll range below which the ultrasonic 
reflectivity of a sodium filled crack May be expected to 
decrease significantly. 

Work in this area continu~s as part of the overall task of 
ensuring, in collaboration with the welding development engin
eers, that techniques are available to permit adequate inspec
tion of LMFBR welds. 

From a comparison of the results of the manual and auto
mated examinations it May be concluded that the latter are gener
ally more satisfactory and studies are in progress at RNL on the 
possible application of Pattern Recognition Techniques to further 
increase their effectiveness. 

This paper has described experimental investigations on 
the application of longitudinal waves using probes with a centre 
frequency of 21MHz. Further work is required to investigate the 
possibility of there being an optimum frequency range of the type 
reported by Lautzenheiser and Greer(9) when using shear waves 
for the examination of thinner sections of austenitic material. 

6. CONCLUSIONS 

The experimental investigations described in this paper 
demonstrate that angled longitudinal waves show great promise 
as a practical inspection procedure for the detection of defects 
in austenitic welds. Nevertheless, since the propagation of 
ultrasound in austenitic weld Metal is determined by the colum
nar structure of the weld, it is apparently essential that the 
fabrication procedure should be such as to yield a predictable, 
weIl ordered, grain structure and details of this procedure must 
be available to the ultrasonic examiner. 
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TABLE l 

LONGITUDINAL BEAM ANGLES IN 316 PLATE PRODUCED BY 

VARIOUS PERSPEX WEDGE ANGLES 

Perspex Wedge Angle 
(Degrees) 

18 

19.5 

21 

22.5 

24 
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Bearn Angle in Plate 
(Degrees) 

39 

42 

48 

51 

57 



( a ) S oec i men l 

(b) Specimen 2 

(c) Specimen 3 

FIG 1 MACROGRAPHS or THREE t),ANUAL m:TAL ARC 811TT 4nos IN 50mm THICK PLATE 
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MACROGRAPH OF A SUBMERGED ARC BUTT WELD IN 25mm THICK PLATE 

FIG. 10 
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Ultrasonic testing technique of fuel c1adding tubes for FRR - Grass echo 
suppres8ion technique 

M. lGARASHI, T. SHI BATA , M. !tlIURA 
Power Reactor and Nuclear Fuel Development Corporation, Japan 

ARS TRACT 
j 

Type 316 8tainless steel is applied for the fuel cladding tubes of 
FBR in Japan. Flaw of tubings are deteeted into detai18 by ultrasonic te8t 
before those are con8tructed to fuel pin8. The grain size of the stainless 
steel give an effect upon the reaults of the ultrasonic test. i8pecially when 
the grain size grow8 larger, gra8S echo increaaes and at the seme time aensiti
vit y of flaw detection deteriorates. To resolve the problema pointed out befo
re, ultrasonic testing techniques to suppress graas echo ia undergone. As a 
result of the test, two effective methods are found out. One 18 to give the 
adequate position of the ultraaonic tranaducera and another ia to aet char ac
teriatic frequency of the flaw detector'a amplifier by that of tranaducera re
sonance frequency. 

1. INTRODUCTION . 

Type 316 stainless steel is applied for the fuel cladding tubes of FBR 
in Japan. 
The grain size of the stainless steel gives an effect upon the results of the 
ultrasonic test before those are constructed to the fuel pin. 
When the grain size become larger, grass echo increase and at the seme time 
sensitivity of flaw detection deteriorates. 
To resoive the problems, ultrasonic testing techniques to suppress grass echo 
for large grain cladding tubes were developed. 

2. TEST METliOD 

2.1. Flaw detectors and transducers 

The characteristics of the flaw de tee tors and transducers adopted to the 
tests are listed in Table 1. 
To investigate the effect of the incident angle and of the flaw detector~ upon 
the grass echo, UM-721 is used. NDT-102S and Mark Il are used to examine the 
correlation between the frequency range and the ~rass echo. 
To inspect thin wall specimen, focussing type transducer are necessary. Trial 
to suppress grass echo are undertaken with transducers of 0.3 and 0.5 mm in 
beem focus diameter. 
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2.2. Standard specimen 

Standard specimens for the ultrasonic test are shown in fig. land 2. 
These specLuens are prepared to have different grain sizes. Artificial flaws 
are made at both the outside and inside surfaces of the standard specimens by 
the Electron Discharge Machining (EDM) method. 

The reflector depths is given in both figure land 2 in percent of wall 
thickness. Three levels, 5 %, 7 % and lu %, are adopted as the nominal depth 
at Power Reactor and Nuclear Fuel Development corp 1. And ruuong these three 
nominal depUIS, the 7 i. is used as the standard reference for judging of the 
integrity of fuel cladding tubes. The depth and the direction of flaws are 
given in both figures 1 and 2. 

2.3. Ultrasonic testing method 

Brief operation diagram of the u1trasonic testing method is given in 
fig. 3. Condition of ultrasonic test is summarized as follows, 

1) Signals from inside and outside artificial flaws are adjusted at the s~le 
level. 

2) Signals from artificial flaws are adjusted in proportion to the depth. 

3) Signals levels from 7 % depth artificial flaws are adjusted to be larger 
than noise level. 

The ultrasonic flaw detection tests are classified into two methods : 
either manually moving specimens or automatically moving them. The former ls 
called "manual test" and the latter "automatic test". 

3. RESULTS OF ULTRASONIC TEST 

3.1. Transducer of 0.3 nun focus diruneter 

Result of the ultrasonic test for specimen no l which has small grain 
size is shown in fig. 4. The ultrasonic signal from inside and outside arti
ficial flaws is proportional to the depth and no grass echo appears. The 
photograph inserted in the figure shows the signal of artificial flaws obser
ved on an oscilloscope. 
r'ig. 5 shows result of ultrasonic test for specimen no 2 which has large 6rain 
size (ASIM grain size nurnber 7.5). At this time, a grass echo which is equal 
to 10 % of the thickness of a cladding tube appears. 
Under this circumstance the sensitivity of the flaw detection test is deterio
rated. Larger the grain size is, higher the level of grass echo grows, and 
the inspection of 7 % thickness flaw becoilles difficult. 
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The relation between incidence angles, longitudinal artificial flaw echoes 
and grass echos is found out with the manual test (fig. 6). 
At œax~um aœplitude of artificial flaw echos, the level of grass echo remains 
low. 'the incidence angle at which signal levels of both inside and outside 
flaws are equal, is 25° and this angle is suitable for ultrasonic test. The 
results of the manual test of circumferential flaw are shown in fig. 7. About 
24° is the proper incident angle for the circumferential flaw detection test. 
For practical reasons, the automatic tests which simulate the actual conditions 
are undergone. 
Fig. 8 shows the results of the automatic tests. 
After the tests on the standard specimen that has large grain size with transdu
cers of 0.3 mm focus diameter, the following two points become clear. 

1) The detection of longitudinal 7 % thickness flaw is possible. 

2) Echoes from circumferential 7 % thickness flaw are almost at the sane level 
as of grass echoes and the detection is difficult. 

3.2. Transducer of 0.5 mm focus diwneter 

The result obtained with the standard specimen no 2 using automatic test 
and the transducer of 0.5 mm focus diameter is shown in fig. 9. 
When the incidence angle for the longitudinal direction is 23°, which is almost 
the seme as that of transducer of 0.3 mm focus diameter, the incidence angle 
for the circumferential direction is 22.2°. 
As may be seen from the fig. grass echoes were equivalent to those obtained 
on 7 % thickness reflectors for the circumferential direction. 
When the detection of longitudinal flaws is made easy, the detection of circum
ferential ones is difficult. 

3.3. Adjustment of transducer position for the detection of circumferential 
flaws 

Fig. 10 shows the result of the ultrasonic test for the circumferential 
flawa of the standard specimen no 2. 
When the incidence angle reaches 24.6°, the grass echoes decrease below the 
level of the 7 i. thickness flaw echoes. 
As this point, the linearity between the depth of artificial flaws and the 
level of flaw echoes is not observed. 
Using the phenomenon that the grass echo is more attenuated than artificial 
flaw echoes, a trial to suppress the grass echo is made. 
Measuring the flaw echoes after multiple reflection the air-metal interface 
is one of the simplest method to confirm the assumption. 
In this purpose, the echoes were measured after 5 reflections. The results 
of the Uleasurement are shown in fig. 11. When the incidence angle comes to 
26°, the grass echoes fall below the 7 % thickness flaw echoes. 
However it is necessary to use additional amplification for compensating for 
the attenuation due to the propagation over long distances. 
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3.4. The flaw detector and grass echo 

Using the specimen with large grain size (ASTM grain size number 7.5), 
the relation between the frequency range of the flaw detector and the grass 
echo is exmnined. 
At that time, the incidence angle of 24.5° is applied. Fig. 12, 13 and 14 
indicates the relation between the frequency and the signal leve1 of the 
standard specimen no 2. Grass echo is inc1ined to decrease when the transdu
cer resonance frequency lies inthe lower frequency range af the flaw detector 
frequency response. 

4. CONCLUSION 

1) The circwnferential ultrasonic detection of f1aws in c1added fuel tubes 
is found more difficult than that of longitudinal ones. 

2) The accurate adjustment of the incidence angle is effective to suppress 
grass echo. An incidence angle of about 25° is good for the detection of 
the circumferential flaws according to this program. 

3) Grass echo is inclined to decrease when the transducer resonance frequency 
lies in the lower frequency range of the flaw detector frequency response. 
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No 

A 
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E 

F 

Longitudinal l'law Circumferential 

Depth Width Length 
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Flaw detectors 

Name NDT-l02-S UM 721 MARK TI 

Pulse 6KHz 2KHz 10KHz 
Interval 

Frequency 7.0-l6.9MHz 8.0-12.6MHz 3.4-l2.6MHz 
Range 

Trallsducers 

Name UZ 3-10-3 UZ 3-10-4 

Resonant Nominal 10MHz Nominal 10MHz 

Frequency Practica1 Il.4MHz Practical 9.0MHz 

Diameter of 4.Smm 4.Smm 
Transducer 

Diameter of O.3mm O.5mm 

Focus(-3dB) 

Table 1 Summary of flaw detectors and transducers 
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Experience of ultrasonic inspections of filletand butt welds in austenitic 
steel in Heysham and Hartlepool A.G.R. 's 

J. R. TOMLINSON, A. R. WAGG 
Central Electricity Generating Board, United Kingdom 

ABSTRACT 

The experience of testing two designs of stainless steel (type 316) 
weldment in the boilers of the Heysham and Hartlepool Advanced Gas-Cooled 
Reactors is described. 

The first weld discussed is a fillet weld (57 mm thick x 542 mm 0.0.) 
joining superheater outlet headers to the concentric thermal sleeves. The 
unique feature of this inspection is the use of a welding procedure to produce 
columnar grains growing at 45

0 
to the ultrasonic beams. The development work 

on which this is based has been extensively reported elsewherei in this paper 
we concentrate on the practical difficulties of carrying out the inspection. 

The inspection using straight beam short pulse compression wave probes is 
described in detail. Defect detection and sizing is based on evaluation of 
both direct echoes and obscuration of the back wall echo. Part of the 
inspection has been carried out with the assistance of a mechanical scanning 
jigi an X-y recorder generates graphs of the test results. These graphs are 
analysed later to produce a description of defects in a form compatible with 
the acceptance standard. 

Amongst the problems encountered have been the operator's unfamiliarity 
with the equipment, variations in attenuation and grass level and the magnitude 
of the task of data analysis. 

Many indications from small pieces of welding slag and a geometrical echo 
not seen in the trial welds have made the task of analysis very tedious. 

To date 100 of the 128 welds have been inspected. Although there have 
been regions of sorne welds that were declared uninspectable, no repairs have 
been necessary as a result of the inspection findings. 

The second weld whose inspection is described is a manual metal arc 
butt weld in 19 mm wall x 102 mm 0.0. pipe. This is the closing weld in an 
assembly carrying thermocouples into the superheater header. The presence 
of the thermocouples and an internal heat shield makes radiographie inspection 
very difficult. Ten such welds are to be inspected. 

The ultrasonic inspection procedure, which has been demonstrated on trial 
welds containing artificial reflectors, involves the use of four probes. The 
root of the weld is inspected with a 60

0 
shear wave beam passing entirely 

through the parent tube. A 60
0 

shear wave beam and 450 and 0 0 compression 
wave beams are used to look for circumferential defects in the weld body. A 
45

0 
compression wave beam is also used to seek defects transverse to the weld. 

Conventional scanning, defect sizing and recordinq procedures are used. 
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Surprisingly, except in the inspection for transverse defects, no 
difficulties have been encountered with attenuation or grass. Echoes from o . 
the fusion face have been seen, and a nominal 60 shear wave beam has been 
found to propagate perpendicular to the inspection surface. No ultrasonic 
indications have been the cause of repairs. An indication on a radiograph in 
an area judged free of defects by ultrasonics was eut out. Visual examination 
during the repair confirmed that the defect was only a slight over-penetration 
of the weld bead into the bore of the pipe. 

1. INTRODUCTION 

The last ten years has seen a world-wide growth of interest in the 
possibility of applying ultrasonic testing methods to austenitic steel 
components. Prior to that the problems of inspecting such coarse-grained, 
anisotropie materials were recognised, but their causes were little understood. 
In recent years significant advances have been made in understanding the 
problem and in devising solutions. The contribution made in the C.E.G.B. to 
that understanding has been reported elsewhere (1). In this paper we review 
two applications of that work to post-fabrication inspections of austenitic 
welds incorporated in the boilers of the Heysham and Hartlepool Advanced 
Gas-Cooled Reactors (A.G.R.'s). 

Figure 1 is a cross-section of the reactor design, showing the location 
of one of the eight pod boilers. The superheated steam outlet headers (4 per 
boiler) are located at the top of this structure where they pass through the 
concrete boiler closure head (Reference (2) gives more detail on the boiler 
design). As shown in Figure 2 the header is joined to the concentric thermal 
sleeve (necessary to protect the concrete from the high temperature of the 
reactor coolant gas) by a fillet weld. This is the first of the two welds whose 
inspection will be described. The header, the forging that forms the top of 
the thermal sleeve, and the weld itself are all made from AISI 316 steel. With 
2 reactors at each site, there are 128 such welds to be inspected in aIl. 

On No. 1 Reactor at each site 5 of the superheater headers are provided 
with additional thermocouples to monitor the temperatures of steam emerging 
from individual boiler tubes. The thermocouples pass into the steam space 
through a gland assembly mounted on top of the dome at the end of the header as 
shown in Figure 3. The ultrasonic inspection of the closing butt weld in this 
structure is the subject of the second part of this paper. 

2. THERMAL SLEEVE TO SUPERHEATER HEADER WELD 

2.1. Background to the Inspection 

The integrity of this weld is vital to the safety of the reactor. 
Consequently it was deemed necessary to apply a volumetrie non-destructive 
test to the structure after fabrication. The geometry of the weld prevents 
detection of defects on the fusion faces by radiography. Thus there was a 
need to develop an ultrasonic test procedure. 
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A fracture mechanics assessment of the likely stresses - both operational 
and residual from the welding process, combined with laboratory measurements 
of the creep strength of the weld Metal lead to the definition of an acceptance 
standard for the fabrication of this structure. Fortunately it has proved 
possible to devise an ultrasonic ins~ection method which is capable of reliably 
detecting defects larger than 125 mm in area, which is a lot smaller than the 
maximum size tolerable in this structure. 

The strategy of NOT finally adopted includes a dye penetrant examination 
of the half-completed weld, and an ultrasonic inspection and a further dye
penetrant check on the fully machined weld. 

2.2. Weld Design and Fabrication 

As explained in reference (1) the design of the weld and the method of 
fabrication have been modified to suit the ultrasonic inspection. Here we 
de scribe briefly only the final design, - see Figure 4. The outside diameter 
of the header is 432 mm. 

The body of the weld is built up in layers at 550 to the header axis, using 
manual Metal arc welding. This procedure generates a columnar grain structure 
with the axes of the grains near 45

0 
to the header axis. This orientation gives 

best transmission of ultrasonic beams radial to the header and parallel to its 
axis. There are slow variations in the grain orientation around the weld with 
more rapid fluctuations at the start-stop positions. 

The weld is finally machined to the rectangular profile shown, with a 
surface roughness less than 3.2~m Ra. 

2.3. Ultrasonic Procedure 

A feature of the inspection procedure for this weld is its complexitYi the 
final specification amounts to a 17 page document (3). It will only be possible 
to identify the main features of the technique here. 

Four different beam directions are employed. These May be MOSt simply 
categorized according to the surface through which the beams are injected. 

(a) From the curved surface of the forging. 
45

0 
and 60

0 
shear wave beams are used to detect defects lying on the fusion 

face to the forging. Miniature angle probes (8 mm x 9 mm crystal) and 
twin miniature angle probes of frequency 2 MHz are employed. 

(b) From the fIat surface of the weld. 
Normal compression wave probes (5 MHz short pulse, 12.5 mm diameter 
crystal) are used to detect defects in the body of the weld and on the 
fusion face to the forging, and also to locate the root of the weld. 

(c) From the curved surface of the weld. 
Normal compression wave probes are used to detect defects in the body of 
the weld and on the fusion face to the header. Defects in any orientation, 
including axial cracks originating from the root, are detectable by their 
obscuration of the header bore echo. This inspection has been done with 
5 MHz, 12.5 mm diameter crystal probes in contact, and in immersion (see 
2.4. below). 
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In aIl the inspections the scanning sensitivity was chosen such that 
the sound scattered by the grain structure ("grass") occupied a certain 
fraction of the screen height - either 1/10 th or 1/20 th. Indications more 
than five times (14 dB) the height of the grass were to be reported and explored 
in more detail. 

To understand the difficulties of defect sizing in these welds it is 
necessary to recognise that despite the close control over the welding, the 
effective attenuation of the beam is not constant. Figure 5 shows a typical 
plot of the amplitude of the header bore echo as a function of circumferential 
probe position. There are both slow variations in the attenuation over distances 
of order 200-400 mm (; to ~ of the circumference) and more rapid variations 
over distances of order 10-20 mm. The latter variations are on a scale comparable 
with the crystal diameter and result from variations in the insonified grains as 
the probe is moved. The longer range variations are assumed to result from 
deviations in the macroscopic alignment of the grains from the Ideal inclination 
at 45

0 
to the header axis. Both causes of variation make it difficult to apply 

conventional probe movement sizing methods (20 dB or 6 dB) • 

For the inspection through the forged ring these difficulties do not arise 
and sizing by probe movement methods is straight forward; from the fIat surface 
of the weld there is no simple alternative - we must accept the consequent 
uncertainty in defect sizes. When inspecting through the curved surface two 
alternatives to probe movement methods present themselves. 

The first may be described as a modified D.G.S. (A.V.G.) method. In this 
the amplitude of the defect signal is compared to the, partially-obscured, 
backwall signal. The method has been calibrated on a series of fIat bottomed 
holes in a ferritic steel test block and checked with a model austenitic weld 
into which artificial reflectors were welded. 

The second method of sizing is applicable to larger defects. This is 
essentially the same as that used for sizing of laminations in plate and relies 
on the obscuration of the header bore echo. It is appropriate to note that any 
areas in which the backwall echo is less than twice the height of the grass at 
the same range are reported as uninspectable and treated as defective in the 
assessment of the welds. Areas where the backwall echo is between 2 and 5 times 
the height of th2 grass (6 to 14 dB up) may at worst contain isolated defects 
less than 125 mm in area. 

2.4. Scanning Jig 

Some forro of continuous, analogue data recording system is desirable for the 
effective operation of any ultrasonic test system that relies on the obscuration 
of a standing echo. When the amplitude of this echo varies ev en in the absence 
of defects, because of variations in attenuation, this facility becomes essential. 

This has been achieved with the use of a simple, hand-driven scanning jig 
and an X-y recorder. The probe, which is coupled to the surface by a 35 mm-long 
oil co l umn , and an indexing potentiometer are mounted on a ring which can be 
rotated around the weld. The slowly-leaking couplant is continuously replenished 
by a pump. The X-axis of the recorder represents circumferential position of 
the probe; the Y-axis is driven from the flaw detector via a logarithmic amplifier. 
By adjusting the gate delay either backwall echoes or defect echoes may be plotted. 
Figure 5 shows typical results. 
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These traces are the raw data for the analysis. They provide:-

(a) defect echo amplitudes as a function of probe position - from which 
defect dimensions according to the 20 dB or 6 dB methods can be found, 

(b) relative amplitudes of defect and backwall echoes for the modified AVG 
sizing, 

(c) backwall echo obscuration lengths for s1z1ng big defects, and finally they 
form a very complete fingerprint of the weld which could be valuable if 
re-inspection was ever required. 

2.5. Successes and Difficulties 

Despite the complexity of the inspection process anQ the novelty of the 
welding procedure there have been no major difficulties. Just over 100 of the 
128 welds have been inspected to date; no significant defects have been detected. 

one problem not uncovered in workon the pre-production trial welds was the 
presence of an echo from the inner surface of the forged ring. This appeared 
on many production welds when the compression probe was placed on the curved 
surface of the weld, with its centre on the line of fusion to the forging (see 
Figure 4). Half of the beam is then incident at an angle of about 70 on the 
weld fusion face. Laboratory tests have confirmed that sufficient energy is 
reflected from this fusion face onto the inner surface of the forging for echoes 
to be obtained from that surface if it is machined in irregular steps, instead of 
the smooth profile shown in Figure 4. 

The use of the scanning jig has greatly improved the ease of the inspection, 
while at the same time ensuring complete coverage of the weld surface and 
generating a very complete (and readily reproducible) record of the test results. 
In the early stages of the production inspection the ultrasonic operators were 
unfamiliar with the use of the chart recorder; now they can use it with as much 
facility as the flaw detector. 

Probably the greatest difficulty associated with the use of the recorder 
is the magnitude of the task of analysing the large volume of data generated. 
Each weld generates 24 A3 sizegraphs of backwall echo and defect indications. 
In some welds a large number of small reflectors have been detected, particularly 
near the outer surface of the weld. Listing and sizing these indications, which 
are almost certainly innocuous slag, has proved time-consuming. There have also 
been small areas, near the root of the weld, where the attenuation has been high 
enough to prevent a proper inspection being carried out. Since these areas have 
to be treated as defective it is necessary to map out their sizes as carefully 
as if they were defects. 

3. THERMOCOUPLE GLAND WELD 

3.1. Background to the Inspection 

This weld is a butt joint between two pieces of 102 mm 0.0. x 19 mm wall 
316 forged pipe. It is special because it is the closing weld in the assembly 
and hence has to be made with the thermocouples already threaded down the bore 
of the pipe. The thermocouples are protected from the heat of the welding 
process by an internal heat shield as shown in Figure 6. The presence of the 
heat shield and thermocouples make conventional radiographic procedures impossible. 
A double wall single image radiographic technique is being used on this weld but 
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it was clear from trials with welds containing artificial defects that this 
technique has only limited defect detection capabilities. An ultrasonic method 
that complements the radiography has accordingly been developed. 

It was not felt worthwhile to carry out a full fracture mechanics assessment 
of these welds, which are therefore being accepted on the basis of a "radiographic" 
acceptance standard. Inevitably the results of the ultrasonic inspection are 
not directly compatible with this standard and a certain amount of interpolation 
between the capabilities of the ultrasonic technique and the requirements of the 
acceptance standard is necessary. 

The weld is made by the manual metal arc process in the downhand position 
by rotating the assembly about a horizontal axis. This generates the columnar 
grain structure, symmetric about the weld centre-line, that is characteristic 
of this process. The weld cap is removed by grinding, with special care being 
taken to avoid the production of undulations in the surface. 

3.2. Development of the Ultrasonic Procedure 

The ultrasonic procedure was developed principally by the use of trial welds 
containing artificial defects. Three types of artificial defect were used: 

(a) thin plates of 316 6 mm x 6 mm seal-welded onto the prepared tube ends to 
simulate lack of side-wall fusion, 

(b) spark machined notches in the root and body of the weld simulating both 
longitudinal and transverse cracks (6 mm x 6 mm), 

(c) short lengths of 316 tube 1.5 mm i.d. incorporated in the body of the weld 
simulating welding slag. 

Of aIl these artificial defects, only the spark-machined slots transverse 
to the weld were difficult to detect using the probes as described below. 

The inspection procedure for use on the production welds makes use of five 
different probe t~es - normal comgression (5 MHz twin 6 mm x 3 mm crystals), 
45

0 
shear wave, 60 shear wave, 45 compression wave along the pipe and lastly 

45
0 

compression wave in the plane transverse to the pipe axis (aIl 5 MHz, 6 mm 
diameter crystals). 

These are used to inspect the various parts of the weldment as follows. 

Parent Tube This is checked for lamination-type flaws with the normal probe. 
Two 45

0 
shear wave probes in a pitch and catch configuration are used to check 

on the shear wave velocity in the parent material and also to detect anomalous 
attenuation in the pipe (detected in the pipe used to make the trial welds). 

Weld Root The 60
0 

shear wave beam passing through parent material only is used. 
The 60

0 
angle is preferred to the alternative 450 beam as it gives better 

discrimination between the signals from a truly defective root and those due to 
mild, and innocuous, over- or under-penetration of the root. 

Weld Fusion Faces Bath 45
0 

and 600shear wave beams are scanned from the half 
skip to full skip positions, again traversing only parent material. Weak echoes 
from the fusion face itself are seen at the full skip position. 
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o 0 
Weld Body: Defects Along the Weld The 60 shear wave probe and 45 compression 
wave probe are used; sizing of indications is not attempted with the shear wave 
beam as this beam is liable to suffer severe deviations in direction as a result 
of the anisotropy of the weld metal (1). There was evidence from the trial welds 
of this probe generating a normal shear wave beam in the weld metal. 

Weld Body: Defects Transverse to the Weld The 45
0 

compression wave probe with 
a shoe contoured to fit this diameter of pipe is used. 

The test sensitivities used are such that grass, while visible on the screen, 
presents no impediment to the inspection. The test sensitivities and reporting 
level are based on the results obtained with the trial welds. Defect sizing is 
based on the maximum amplitude method. Conventional manual scanning and data 
recording are employed. 

3.3. Production Testing Experience 

There are only 10 of these welds in aIl; consequently there has not been a 
large amount of data generated by the inspection of the production welds. No 
defects have been repaired on the strength of the ultrasonic test results. One 
weld however gave radiographie indications in the root area; the ultrasonic 
evidence pointed to the presence of a mild over penetration in this weld. Visual 
observation during the repair that was subsequently carried out confirmed the 
ultrasonic findings. 

4. DISCUSSION 

The inspections of the two welds described above have one feature in 
common - namely that an ultrasonic procedure was called for primarily because of 
the difficulties of radiographie inspection. We have not yet reached the stage 
where ultrasonic inspection of austenitic welds after fabrication is automatically 
required. 

They are also similar in that the procedures used are relatively complex and 
each has been developed specifically for the particular weld geometry and process. 
As such their development and application are relatively costly in manpower terms. 
The development of the fabrication and inspection for the thermal sleeve to 
header weld illustrates what can be achieved - but only through the effective 
co-operation of a variety of skills. Figure 7 illustrates this by showing the 
involvement of the many groups and organisations involved in that work. 

The organisations identified there are: NDTAC-NDT Applications Centre, 
MEL-Marchwood Engineering Laboratories, CERL-Central Electricity Research 
Laboratory, PITB-Production Inspection and Test Branch, GD&CD-Generation Design 
and Construction Division (aIl of which are parts of the C.E.G.B.) and B&W
Babcock & Wilcox (Operations) Ltd. 

The two inspection procedures also have marked differences. That for the 
butt weld is superficially similar to that which would be applied to a ferritic 
weld; the peculiar geometry and greater thickness of the fillet weld required the 
application of more novel techniques. They also differ in the nature of the 
acceptance standard against which the ultrasonic results were judged. The 
fitness-for-purpose type of standard, based on fracture mechanics is easier to 
apply than the quality control type of standard originally written for use with 
radiography. 
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5. CONCLUSIONS 

1. It is now possible to use ultrasonics to demonstrate the integrity of 
austenitic steel welds. 

2. The procedures used will in general be specific to a particular component 
geometry and more complex in their application than.those for ferritic welds. 

3. The development of a successful inspection requires good liaison between 
designer, fabricator and inspector. 
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Improved ultrasonic inspection of austenitic stainless steel components by 
signal averaging techniques 

S. KRAU S, K. GOEBBELS 
Fraunhofer - Institut fUr Zerst~rungsfreie PrUfverfahren, F.R. Germany 

ABSTRACT 

The ultrasonic inspection of stainless steel austenitic materials is 
highly restricted by backscattered ultrasound which is either caused by the 
coarse grained structure and by the high anisotropy and herewith related 
steps in acoustic Lmpedance at grain boundaries. The backscattered signal 
can be of the same amplitude as the signal from the reflector. Today, worldwide 
a lot of research and development work is done to improve the ultrasonic inspec
tability of these components. Regarding the test arrangement as chain in the 
sense of the communication theory, consisting of the test block, the probe, 
the UT-device and the signal processing unit our work is connected with the last 
link of this chain. In the A-scan the backscattered signal appears as inter
ference structure. The distribution of the amplitudes depends on the probe 
position upon the surface of the specimen, on the test frequency and on the 
angle of incidence. Small variations of these parameters cause great changes 
in the backscattered signal intereference structure, while the amplitude from 
a reflector remains constant. Adding up a certain number of A-scans from dif
ferent positions, frequencies or angles, the signal-to-noise ratio (SNR) is 
Lmproved. In this contribution will be reported about the physical background 
of backscattering, necessary to understand the method, the different signal 
averaging techniques (averaging analog or digital signals, high-frequency or 
video signals; spatial-, frequency-, directional averaging), the experimental 
set up (on-line signal averaging unit) and the results obtained at austenitic 
welds or castings with improvemeuts in SNR up to 2u dB. 

INTRODUCTION 

As for the purpose of this meeting, the authors like 

to give a short review about their work concerning the 

improvement of signal-to-noise ratio (SNR) by signal averaging 

techniques. We have to thank the "Bundesministerium fUr 

Forschung und Technologie" for sponsoring this work in its 

"Reaktorsicherheitsforschungsprogramm". 

For the ultrasonic inspection of coarse grained materials 

the signal-to-noise ratio as ratio between the amplitude 

of a defect indication A(x) and the amplitude of the scattered 

ultrasound AS(X)' will be described in general byequation 

(1) • 

SNR = 20 log A(x) / AS(x) [dB l ( l ) 
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The amplitude A(x) of the signal of interest (i.e. backwall

echo, defect echo), depending on the attenuation a in the 

material, is given by equation (2), disregarding beam diffrac

tion. 

A( x) = AO • -ax e 

with x: length of the sound path 

Ao: maximum amplitude 

( 2 ) 

The mean scattered amplitude AS(x) measured in pulse-echo 

technique as a function of the sound path x is proportional 

to the square root of the pulse length ~ and the scattering 

coe f fic i e nt aS. 

AS ( x) = A (~. a ) 1/2 
o S 

-ax e ( 3 ) 

By combining equations (2) and (3) according to equation 

(1), the SNR is 

SNR = -10 log (~ . aS) (4 ) 

As the diffraction is disregarded, as mentioned above, 

equation 4 is only exact if x equals O. Furtheron, the 

scattering amplitude AS(x) is introduced as mean value. 

In the normal A scan, because of the Interference of the 

scattered pulses, the scattering amplitudes can either 

be zero or 10 dB to 20 dB higher than this mean value for 

a fixed distance x. 

AlI methods for improving the SNR when testing coarse 

grained materials can be more or less derived directly 

from equation (4). aS and/or ~ must be influenced. This 

can be performed by one or more of the following methods. 

In Fig. 1 the whole testing system is shown as chain 

in the sense of the communication theory. It consists of 
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specimen, probe, UT-device and signal processing unit. 

What about the specimen, the grain and dendritic structure 
can be varied by controlling the fabrication and the heat 

treatment during welding fll. 
What about the probe, the pulse length, wave mode and beam 

shape are variable. The pulse length and herewith the band

width depends on the damping of the probe. Wave modes can 

be longitudinal waves instead of transversal waves /2/ 

or polarized shear waves f)/, even electromagnetically 
excited. The focusing of the sound field can be done by 

lenses {4/, by separation of sending and receiving trans

mitter /5,6/ or by phased arrays /7/. Rising the testing 
frequency leads too to more focused sound beam: in sorne 

special cases, the testability can be improved by this 

method {8/. as and ~ can furtheron be controlled through 
the spectrum of the sending pulse. Using burst excitation 

instead of peak excitation, the spectrum of the pulse is 

controlled by pulse length and shape of the envelope: in 

this way, higher frequencies which contribute more to the 

scattering are drastically reduced /9/. 

AlI the listed methods lead only to reduction of the 

height of the scattering amplitude, but do not smooth the 

interference structure itself. This is only possible by 
applying signal averaging techniques 110-12/. Last but 

not least, it must be mentioned, that today there is sorne 
effort in using other methods from the communication theory 

to improve signal-to-noise ratio. 
In this paper will be reported about the signal averaging 

techniques. 

Method 

The already mentioned interference structure is the 
result of the reflections of the pulse at the grain boundaries 

in the sound beam and the superposition. This amplitude-
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modulated signal has a frequency spectrum which is quite 

similar to that of the transmitting pulse: therefore it is 

coherent to the signal caused by reflection at a real defect. 

As we learned fram the communication theory, improvements 

in SNR by signal averaging are only possible if the signal 

of interest and the noise are not coherent to each other. 

Therefore, we have to make the noise to a stochastic, in

coherent one. This can be done by moving the probe over 

the surface of the test piece, by changing the testing 

frequency and/or by changing the angle of incidence. The 

methods are called: 

spatial signal averaging 

- frequency signal averaging 

- directional signal averaging 

In aIl cases, small variations in position, frequency or 

angle cause strong variations in the interference structure 

while the signal 0 f the defect remains constant - at least 

in first approximation - in amplitude and time-of-flight. 

This is shown in Fig. 2 for eight A scans from eight different 

positions on the surface separated by one grain diameter 

d~350 pm. Adding more and more independent A scans, the 

improvement in SNR becomes better and better and the scatter

ing amplitude fits to equation (3) (Fig. 3). 

Here we had a plane-parallel specimen, the easiest 

case, if there are artificial or real defects, the moving 

must be performed with regard to the echo dynamic curve 

of the reflector. 

The next two figures show the improvement in SNR by 

spatial averaging for longitudinal (Fig. 4) and transverse 

artificial weld defects (Fig. 5). For a two millimeter 

fIat bottom hole, the SNR in the normal A scan is 0 dB: 

by averaging over 1024 A scans, SNR is improved for 15 dB. 
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For the transverse defect in an austenitic submerged arc 

weld, SNR is increased for 5 dB for the 3 mm fIat bottom 

hole. Furthermore, there are detected two natural defects 

(slag inclusions we suppose) between the weld runnings, 

because we could find them with straight beam probes, too. 

An example for frequency averaging is given in Fig. 6. 

For a 3 mm side drilled hole in an X-shaped austenitic 

weld, SNR is improved by changing the testing frequency 

between 3.7 MHz and 5.3 MHz and averaging 1024 times. 

When changing the angle of incidence while keeping constant 

the frequency, the effect is the same (Fig. 7). 

The three averaging techniques mentioned above can 

be performed in different ways. Additionally can be varied: 

- type of data processing 

(analog or digital signaIs) 

- type of signaIs 

(high frequency of rectified signaIs) 

- amplitude of A scan 

(wheighting by linear of exponential function). 

It is depending on the testing problem what kind of method 

will be preferred. For a quantitative evaluation of the 

measurements in practical application there usually will 

be done linear digital averaging over rectified signaIs. 

Measuring Device 

The block diagram of such an on-line signal averaging 

device developed and built by IzfP is shown in Fig. 8. 

The ultrasonic equipment consists of an UT-device connected 
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with a probe which can be moved over the specimen surface 

in case of spatial averaging. A fast ADC and the averager-unit 

are the main parts of the signal processor. The averaged 

signaIs are displayed on a CRT, for documentation a pIotter 

could be used. The instrument is controlled by a microcomputer. 

The averager-unit consists of 8 identically built modules 

with a throughput rate of 2.5· 106 amplitude values per 

second each and a separa te controller module. 

Figure 9 shows the simplified timing diagram of an 

averager module. With a clock frequency of 50 MHz the averaging 

cycle of one module lasts 400 ns. The internaI organization 

for memory read, memory write and ~ocess initialisation 

takes 60 ns. Reading takes 100 ns, adding and writing 80 ns 

each. The memory of each. module is l k words by 18 bits. 

The application of 8 modules for parallel processing means 

a throughput rate of 2 ~ 107 amplitude values per second 

and a memory size of 8 K words by 18 bits. The performance 

time of the averaging process for 1024 A scans (400 ps 

each) is approximately 0.4 s. 

Measurements 

Figure 10 shows an improvement in SNR of 7 dB for 

a slag inclusion in an austenitic weld. The testing frequency 

was 2 MHz longitudinal waves. The thickness of the weld 

60 mm. 

Figure Il shows for the same weld, the detection of 

lack of side wall fusion near the root. Angle of incidence: 

45 degree. Testing frequency: 2.0 MHz; shear waves. 

Figure 12 gives an interesting example for testing 

coarse grained casting not only with one of the methods 

mentioned above, but by combining two of them. Here we have 
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together the broadband transducer and the signal averaging 

method. The pulse length was only 1.5 wavelength, the fre

quency 2.5 MHz (longitudinal waves). With this transducer 

the porosity was already detectable in contrast to a not 

highly damped one. Additionally, averaging gives another 

5 dB in SNR-improvement. 

Outlook, Conclusion 

With this contribution on the one hand, we tried to 
give an idea about the principle of signal averaging techniques 

for improved ultrasonic testing of coarse grained materials 

and on the other hand, to show the present status of the 

technique. What about the last point, we think that one great 

problem is solved, the problem of reducing the data processing 

time. We reached this aim by building up an on-line system 
in our own laboratory. Another improvement in the technique 

at aIl we shall reach by using electronically controlled 

phased arrays for spatial and directional averaging. At the 

moment, this work is going on. 

The main problem to solve is, in our opinion, to con

centra te further research and development efforts to investigate 

the possibility for combining the several methods for improving 

the SNR and to came by this to an optimized ultrasonic testing 

system for coarse grained materials /l3J. 
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Multiple - Bearing - Angle (MBA) crack detector for cladded pipe examinations. 

G. GRUBER 
Fraunhofer - Institut fUr Zersttlrungsfreie PrUfverfahren, F.R. Germany 

ABSTRACT 

Two statistical ultrasonic techniques were developed to (1) aid in 
the selection of ultrasonically more readily inspectable cladded stain
less steel components and (2) increase the realiability of detecting 
surface-breaking cracks in operating cladded piping systems. A method 
based on the satellite-pulse technique permits the quantification of 
variations in the shear-wave-velocity profile across clad-base material 
and weld-base material interfaces. Tb increase the reliability of crack 
detection through the introduction of redundancy into the ultrasonic in
spection system, one of the anglebeam probes in a two-element nonplanar 
array transmits into the test material a nonevanescent longitudinal wave 
in addition to the usual shear wave. Results of proof-of-principle testing 
will he presented. 

* Research Exchange Scientist from Southwest Research Institute, 
San Antonio, Texas 
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1. Introduction and Summary 

Weldments and heat-affected zones (HAZ) of uncladded austenitic 
stainless steel piping systems are susceptible to intergranular stress 
corrosion cracking (IGSCC) in boiling water reactor (BWR) piping systems. 
Stainless steel corrosion-resistant cladding (CRC) has been applied to 
the inside surface of recirculation pipes in same BWR nuclear power plants 
so that the wrought structure be minimally susceptible to IGSCC. 

The difficulties associated with the inservice inspection (ISI) 
of the welds and heat-affected zones of cladded recirculation pipes are 
weIl known f1-7}. The main problem appears to be not that of lack of 
sensitivity but that of too Many "spurious indications", i.e., too much 
Interference or "grass" which masks the small crack signaIs. The basic 
problem is the inability of the ultrasonic examiner to differentiate 
between the relevant ("signal", S) and irrelevant ("interference", 1) 
parts of the highly-distorted, complex ultrasonic waveform received from 
a volume of cladded and/or welded structure. Tight cracks with irregular 
surfaces May have indications (signal echoes) too low to be separated 
fram interference echoes originating either fram the coarse microstructure 
of the clad/weld material (volume reverberation) or fram the rough clad-base 
and weld-base material interfaces (surface reverberation) and thus escape 
detection. Conversely, interference echoes May be misinterpreted as having 
been caused by fatigue or stress corrosion cracks. 

A synthesis of pertinent published works in the ultrasonic examination 
of austenitic welds of cladded piping systems has been performed. Deficien
cies and capabilities of presently-employed or newly-proposed techniques 
for the ultrasonic examination of hard-to-inspect bimetallic stainless 
steel structures were assessed along with the adaptability of relatable 
signal generation, propagation, and processing technologies utilized 
in underwater acoustics, seismic communication, and Medical ultrasonics. 
Innovative concepts and signal-to-interference ratio (SIR) enhancement 
choices were derived from a pattern-recognition rather than an amplitude
dependent approach through transfer of ideas fram neighboring technical 
fields. 

The development of a field-validated ultrasonic system, based on 
the feasibility-tested multiple-bearing-angle (MBA) crack detection tech
nique, is the essence of recommendations for future work. If satisfactory 
correlations between the presence of narrow planar slits and certain 
readily-extractable ultrasonic signal features could be demonstrated 
not only with cladded test plates but also with fabricated mockups of 
welded cladded pipes, these relationships would be available for use 
in an effective/reliable volumetric examination which meets the require
ments of Section XI of the American Society of Mechanical Engineers (ASME) 
Code. 

2. Fabrication of Test Plates 

The first step toward the development of a reliable ultrasonic system 
for the detection of fatigue or stress corrosion cracks that May develop 
in the recirculation pipes of some modern BWR nuclear power plants was 
the fabrication of cladded test plates (Fig. 1). These plates were used 
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to determine the main sources of interference and to establish the feasi
bility of half a dozen or so candidate techniques. The test plates were 
fabricated from materials and with cladding, heat treating, and welding 
procedures specified by the General Electric Company. In contrast to 
the field situation, however, the 12-mm thick Type 304 stainless steel 
"base" plates were cladded symmetrically on both sides with Type 308L 
stainless steel material. The clad thickness varies from 2.5 mm to 7.5 mm. 
Each plate contains four narrow slits ranging in depth from 0.5 mm to 
5 mm. The slits are spaced 25 mm apart so as not to influence or otherwise 
bias the results of simulated-crack-detectability testing. 

3. Main Sources of Interference 

Since the interference echoes occupy a region of the time in which 
crack echoes could he present, it is important to establish the statisti
cal characteristics of the main sources of interference. Unfortunately, 
not enough nondestructive evaluation (NOE) physics is available to provide 
us with guidance on the reflection, refraction, scattering, mode conver
sion, and other processes which may be involved. Concepts developed to 
model the propagation of ultrasonic signaIs in the inhomogeneous ocean 
with irregular upper and lower surfaces !a,9J may he used to advantage 
in the ultrasonics of bimetallic stainless steel structures. There appear 
to he several, simultaneously-operating mechanisms responsible for the 
generation of interference echoes which hinder the detection of crack 
echoes. Sources of reduced SIR, which may explain the low signal-to
interference ratios encountered in the ultrasonic examination of the 
welds and heat-affected zones of cladded recirculation pipes, include 
the following deterministic and stochastic mechanisms: 

(1) signal reduction associated with specular reflection of the 
ultrasound by discontinuities in the acoustical impedance 
profile at the bimetallic (base, clad, and weld metals) 
interfaces; 

(2) signal reduction associated with refraction of the ultrasound 
by the discontinuities in the acoustical impedance profile at 
the bimetallic interfaces; 

(3) volume reverberation due to multiple scattering from the coarse 
grains of the clad and weld materialsi 

(4) surface reverheration due to multiple scattering from the 
irregular bimetallic fusion lines; and 

(5) random electronic noise. 

The crack detection process is reverberation limited (rather than noise 
limited). This realization represents a major break from the ill-defined 
definition of "weld noise" or "grass" as the sum of those indications 
"originating in the weld area for which the source cannot he explained" 
(Reference 10). 
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Multiple backscattering fram the grain boundaries in the interior 
of the clad and weld metals (volume reverberation) and that from the 
rough clad-base and/or weld-base material interfaces (surface reverbera
tion) may produce a partially coherent interference wave field of large 
amplitude so as to obscure the signal wave field. The crack and reverbera
tion echoes Along the different metal paths overlap to give rise to a 
complex envelope for the received ultrasonic waveform which varies randomly 
(fluctuates) in a deterministically-unpredictable manner with slight 
movement of the pulse-echo transducer (probe) or shift in the center 
frequency of the transmitted pulse. 

Upon the incident shear or longitudinal ultrasonic beam encountering 
an irregular base-clad or base-weld material interface, each hill and 
depression acts as a small localized surface scatterer so that the inter
ference wave field received by the pulse-echo probe is the result of 
the superposition of a large number of waves of small amplitude and random 
phase. In contrast, the wave field received by the probe fram the base 
of a surface-breaking crack remains largely coherent in space and time. 

The performance of ultrasonic crack detection systems is also degraded 
by the randomly-oriented grain boundaries in the interior of the base, 
clad, and weld metals. The location and size of these volume scatterers 
are also randomly distributed. 

In propagating from one point to another, portions of the ultrasonic 
energy is directed away and lost insofar as a particular receiver is 
concerned (deterministic mechanisms 1 and 2). Volume reverberatlon ls 
always a source of Interference in coarse-grained austenitic materials 
(stochastic mechanism 3). The multiple scat ter of ultrasound by the irreg
ular fusion lines of bimetallic structures also gives rise to random 
fluctuations of amplitude and phase in the received waveform (stochastic 
mechanism 4). For crack echoes with less than 10 dB signal-to-interference 
ratio, interpreting the received waveform (i.e., deciding the presence 
or absence of a crack based on the received, highly-distorted waveform) 
is marginal and completely unreliable for signaIs with less than 3 dB 
SIR. 

4. Basic Experiments with Test Plates 

Current understanding of the details of the physical phenomena in 
the ultrasonic examination of the welds and heat-affected zones of cladded 
stainless steel structures is limited, and does not permit the mathemati
cal (deterministic or stochastic) derivation of the relationship between 
certain readily-extractable features of the received ultrasonic waveform 
and the relevant structure variables (e.g., state of cracking). The rela
tionships which govern the statistical wave propagation phenomena in bi
metallic structures must, therefore, he developed empirically by systemat
ically varying the relevant material properties and ultrasonic parameters. 
Table 1 contains the lists of material properties and ultrasonic parameters 
which were varied. 
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Material Properties 

Shear wave velocity distribution 
Longitudinal velocity distribution 
Grain size distribution 
Fusion line roughness distribution 
Clad thickness distribution 

Ultrasonic Parameters 

Wave mode 
Dominant wavelength 
Pulse length 
Beam angle 
Number of probes 
Separation of probes 

Table 1. Variables Involved in Ultrasonic Crack Detection 
System Optimization Study 

From the point of view of most SIR-reducing phenomena (i.e., reflec
tion, refraction, and reverberation), uncontrolled/unknown variations 
in the sound velocity profile across the base-clad and base-weld material 
interfaces are considered to be undesired material properties. An ultrasonic 
creeping-wave method was developed to quant if y the local variations in 
the shear-wave-velocity profile of cladded, welded, or otherwise bimetallic 
structures. The generation of the first pair of creeping waves by a hole 
drilled into the side of a homogeneous test specimen is shown in Fig. 2. 
The incident ultrasonic beam is aimed at the center of the void of diameter d 
so as to maximize the amplitude of the first pair of creeping waves which 
arrive at the pulse-echo shear wave probe after having traveled ("crept") 
once around the back surface of the void in opposite directions. For clarity, 
only the counterclockwise creeping wave is shown by the wiggly line from 
Ql to Q2' When the ultrasound encounters the front surface of the void 
at poin~ P, a specularly-reflected wave (R-wave) is sent back to the probe. 
A pair of Rayleigh-type surface waves is also produced by the incident wave 
at points Q1 and Q2 where the bUlk-to-creeping-wave mode conversion is 
predicted to take place /111. Each time the counterclockwise creeping wave 
reaches point Q2' tangential reradiation, in the form of a tangentially
scattered bulk wave (S-wave) fram the void during its circumvention, is 
launched at the desired detection angle to be received by the probe (Fig. 3 
and 4). The delay time between the R pulse and its lagging "satellite" S 
pulse from a void of given diameter is inversely proportional to the shear 
velocity of the material surrounding the void /12J. The satellite-pulse 
technique for the determination of the variation of shear wave velocity 
across various base, clad, and weld material fusion lines in bi- or tri
metallic structures is based on the comparison of the separation in time
of-arrivaI between the main signal and the first in an infini te series 
of small associated pulses returned from side-drilled holes of the same 
diameter placed at various locations in a cladded, welded, or otherwise 
inhomogeneous stainless steel structure (Fig. 5). Tb obtain an estimate 
of the variability in ultrasonic shear-wave-velocity profile of cladded 
stainless steel piping systems, a series of measurements can be carried 
out on test plates fabricated with different base and clad materials, 
perhaps using different cladding, heat treating, and welding procedures. 

A short-duration pulse was used to excite a highly-damped ultrasonic 
pulse-echo shear-wave probe with a center frequency of 4 MHz. The arrivaI 
time measurements were made directly fram the radio-frequency (RF) waveforms 
displayed on the oscilloscope of a modified Sonic Mark l Ultrasonic Flaw 
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Detector. Using side~drilled holes of 2.50 mm diameter, the delay time 
ratio for stainless steel 304L and carbon steel 1020 was measured to 
be 1.04. This compares favorably with the expected shear velocity ratio 
of 1.05 as measured by a conventional ultrasonic technique. The creeping
wave shear velocity measurement technique May be used not only to determine 
local variations in the shear-wave-velocity profile of existing bimetallic 
structures but also to select acoustically better matched, and therefore 
ultrasonically more readily inspectable, bimetallic structures. Figure 6 
shows two side-drilled holes1 the upper hole was drilled into 304 stainless 
steel base material and the lower hole is located in 308L stainless steel 
clad material. An approximately 20\ slower shear wave velocity waa obaerved 
for the clad material (Figs. 7 and 8). 

The absence of interference echoes before the R pulse and their 
presence both before and after the S pulse are quite noticeable in Fig. 8. 
This type of pulse spreading or waveform distortion May be explained as 
followa. Dnagine a pulse of ultrasound to be incident upon the scatterers 
in a small volume V in an otherwise homogeneous Metal. The scattering of 
the leading end of the pulse by the back scatterers in V May then arrive 
at the pulse-echo probe at the same instant as the scattering of the 
trailing end of the pulse by the front scatterers in V. The net effect 
of multiple scatter arrivaIs is pulse spreading. The reverberation caused 
by the scatterers lying within the ultrasonic beam at the range of interest 
and contained in the volume V increases with increasing pulselength. 

5. Multiple Bearing Angle Crack Detector 

ln any statistical communication system, the SIR May be enhanced 
by a number of subsequently or simultaneously performed operations in 
the space, time, and/or frequency demains. The partly coherent nature 
of the interference field dictated that coherent detectors, based on 
forming the space, time, and frequency averages of the waveforms received 
from neighboring examination volumes, be considered as prime candidates 
for improving the reliability of ultrasonic inspection of the welds and 
heat-affected zones of claddedrecirculation pipes 1"13-17.1. The developed 
multiple-bearing-angle (MBA) crack detector offers superior performance 
over available ultrasonic techniques while being completely compatible 
with standard equipment and probes. The MBA crack detector utilizes the 
following SIR-enhancement techniques: 

(1) Use of short pul ses 1 
(2 ) Use of narrow beams1 
(3) Use of both longitudinal and shear waveS1 
(4 ) Use of multiple bearin;J angles1 
(5 ) Use of multiple frequencies1 
(6 ) Array processing1 and 
(7 ) Spatial averaging. 

ID compiling this list, special consideration was given to assure compat
ibility of these techniques with each other. By definition, the best 
crack detector is the one which incorporates the demonstrable advantages 
of several of the Iisted techniques with minimum increases in system 
cost and complexity. Some solutions to the low-SIR problems encountered 
in the ultrasonics of bimetallic structures can be found in transmitted 
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pulse design (pulse shaping) or beamforming while others can he found 
in wave mode selection, pattern recognition, temporal averaging, array 
processing, and spatial averaging. The advantages of the listed techniques 
are briefly discussed. 

(1) Use of Short Pulses 

The volume or surface area where the reverberation echoes are pro
duced in the welds and heat-affected zones of cladded pipes can be reduced 
by transmitting short pulses. Short pulses also provide for good range 
resolution and wide distribution of the transmitted ultrasonic energy 
in the frequency domaine 

(2) Use of Narrow Beams 

Beamforming provides another means for increasing the probability 
of detecting propagating IGSCC in cladded piping systems. The volume 
or surface area where reverberation echoes are produced can he reduced 
by restricting the transmitted beam. The bearing angle errors associated 
with signal and interference field amplitude and phase fluctuations can 
be reduced by the use of high-frequency, directional probes transmitting 
narrow beams. Beam restriction also provides for good lateral resolution 

(3) Use of Both Longitudinal and Shear Waves 

Splitting the transmitted energy in the time domain into two wave 
modes provides a further method for crack detection performance improve
ment. The detectability of cracks is affected by the wave mode. Longitudi
nal (L) waves May be better in some applications while shear (S) waves 
May he hetter in others. The sensitivity (probability of detection) or 
the specificity (probability of not false alarming) of the crack detector 
May he increased by combining the S-wave test with an L-wave test. These 
tests May he combined in series or in parallel (i.e., they May be performed 
in succession or simultaneously). 

When the tests are combined in series, the inspected material is 
considered to be defective if it tests positive to each of the tests. 
The test specimen is considered to be free of defects if it tests negative 
to any of the tests. The series combinat ion of tests enhances the specific
ity of the inspection by reduces its sensitivity. 

When the tests are used in parallel, the inspected material is con
sidered to he defective if it tests positive to any of the tests. The test 
specimen is considered to he free of defects if it tests negative to aIl 
tests. The parallel combination of tests enhances the probability of crack 
detection (sensitivity) although it reduces the specificity. Tb implement 
a combination of tests in parallel, it was decided to "resurrect" the L 
wave, made envanescent (i.e., suppressed) in the production of the stan
dardized 45-degree S wave, by making the platform angle of the lucite 
wedge less than the usual value (37°) by about 8 degrees. This amounts to 
increasing the reliability of crack detection through the introduction of 
redundancy into the ultrasonic inspection system. The wedge-module design 
and the production of both a L wave and a S wave by one probe (Probe A) 
and only a S wave by another probe (Probe B) are presented below. 
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(4) Use of Multiple Bearing Angles 

Splitting the transmitted energy in the space domain into several 
bearing angles provides still another method for improving the performance 
of the crack detector. Phase-locked multiple beams, produced by two or more 
probes connected in paraI leI to a common transmit-and-receive electronic 
system, May be employed to distinct advantage since it is unlikely that 
aIl transmitted pulses give rise to interference echoes in concert. The 
interference model assumed in this analysis consists of a statistically 
large number of statistically independent volume and surface reverberation 
sources (scattering centers) located at various distances and oriented 
at various angles relative to the multiple-bearing-angle (MBA) array 
shown in Fig. 9. The scattering centers are assumed to be uniformly distri
buted over aIl directions and aIl distances. Even though the examination 
volumes of the three beams L , S , and S seen in Fig. 10 are overlapping, 

a a b 
the interference echoes received by the two probes May be assumed to 
be largely independent of one another and of the crack echoes. 

For the purpose of introducing redundancy into the ultrasonic crack 
detection system, Probe A is positioned on alucite wedge module so as 
to transmit into the bimetallic test specimen a nonevanescent longitudinal 
wave, L , in addition to the usual shear wave, S • A second probe is 
placed :trategically behind the first so that Pr~be B receives the shear 
wave reflected from the base of the surface-breaking crack, Sb' on the 
average at the same time when S is received by Probe A. The adjustable 
lucite paths are used to compen~ate for the Metal path differences between 
the S and Sb beams. The proper values for the probe separation, platform 
angle: a

J 
ana a

2
, and bearing angles S1' 8

2
, and Yi depend mainly, but 

not critically, on the pipewall thickness n. 

The interference echoes received by the probes will generally be 
statistically independent time functions governed by separate Metal path 
effects. The degree of coherence of the interference field is dependent 
upon the probe separation distance and the spatial characteristics of 
the Interference field in neighboring examination volumes. Probe separation 
distances of 15 mm or greater have been found to reduce the coherence 
of the interference field in the cladded test plates to negligible levels. 

Multiple-beam techniques yield more reliable results than single-beam 
techniques because the former smooth out the random phase and amplitude 
fluctuations. With the simple addition of waveforms received by the two 
probes, which amounts to real-time signal averaging, more decorrelation 
of the interference field than that of the signal field is expected to 
occur. The result is an enhancement in SIR. Figure 11 illustrates the SIR
enhancement which can be achieved by temporal averaging (i.e., without 
any probe movement) in the detection of a 5 percent deep sawcut in a 
double-cladded plate. 

(5) Use of Multiple Frequencies 

Unlike the crack echoes, the interference echoes are stronly influ
enced by the ratio of the dominant wavelength present in the transmitted 
L or S wave to the Mean grain size and the Mean roughness of the cl ad-base 
and the weld-base material fusion lines. While the reverberation level 
is less at lower frequencies, it is easier to transmit short pulses at 
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higher frequencies. It may be advantageous to use one resonance frequency 
for Probe A and another for Probe B ("frequency wobbling") • 

(6) Array Processing 

Interference level fluctuations can be reduced by the use of multi
element arrays, since each element in the array yields extra information 
about the location of the surface-breaking crack to be detected. A three
element, nonplanar array arranged in the form of a triangle provides, 
for example, three opportunities for pairwise cross-correlation. The 
output SIR available for crack detection depends on the directivity pattern 
of the array, the space-time-frequency characteristics of the signal 
field, and the space-time-frequency characteristics of the interference 
field. The bearing angle errors associated with the amplitude and phase 
fluctuations can be reduced by the use of directional arrays. Useful 
redundancy and supplemental bearing angle information can be obtained 
without having more than three elements in the array. The probes should 
be connected in paraI lei to the same transmit-and-receive electronics. 
The detection process for surface-breaking cracks becames a relatively 
simple matter of recognizing the characteristic LS pulse pair or doublet 
which is uniquely associated with surface-breaking cracks (see Fig. 10 
and lowest trace in Fig. 11). 

(7) Spatial Averaging 

A small change in the position of the MBA-array may change the inter
ference field significantly but leave the crack echoes basically unchanged. 
The LS pulse pair recognition process may be further aided by averaging 
the output of the MBA-array over several hundred statistically different 
array positions. Spatial averaging is recommended when the LS doublet 
is not clearly evident fram the individual waveforms. Proof-of-principle 
results on the SIR-enhancement achievable with spatial averaging are 
presented in Fig. 12. 
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Fig. 1. Cladded Pressure Vessel, Pipe, and Test Plate Samples 
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Fig. 2. Generation of a Pair of Echoes by a Side Dri~~ed Hole in a 
Homogeneous Test Specimen 

-225-



Fig. 3. Pulse-Echo Shear Wave Probe Aimed at a 3.18 mm Diameter 
Side Drilled Hole in a Homogeneous Test Specimen 
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Fig. 4. 
Reflected and 
Satellite Pulses 
fram a 3.18 mm 
Diameter Side 
Drilled Hole 

Fig. 5. Generation of a Pair of Echoes by a Side Drilled Hole in an 
Inhomogeneous Test Specimen 
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Fig. 6. Pulse-Echo Shear Wave Probe Aimed at 2.50 mm Diameter 
Side Drilled Holes in a 304-308L Bimetallic Test Specimen 
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Fig. 7. 
Reflected and 
Satellite Pulses 
from a 2. 50 mm 
Diameter Side 
Drilled Hole in 
the Base Material 



Fig. B. 
Reflected and 
Satellite Pulses 
from a 2.50 nun 
oiameter Side 
orilled Hole in 
the Clad Material 

Fig. 9. Two-Element Array of Multiple-Bearing-Angle (MBA) Crack Detector 
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Fig. 11. Signal-to-Interference Ratio Enhancement Achievable by 
Temporal Averaging 
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Fig. 10. 
Superposition of 
Three Beams 
Received by the 
MBA Array of 
Fig. 9 



Fig. 12. Signal-to-Interference Ratio Enhancement Achievable by 
Spatial Averaging 
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s Flaw-to-grain echo enhancement by split-spectrum processing 

V.L. NEWHOUSE, N.M. BILGUTAY, J. SANIIE 
Purdue University, USA 

ABSTRACT 

A split-spectrum processing technique for an ultrasonic flaw detection 
system is demonstrated which Lmproves the flaw-to-grain echo ratio in large 
grained materials. The enhancement is achieved by partitioning a wide band 
received spectrum. to obtain uncorrelated or partially correlated bands, 
which are then processed to suppress the grain echoes with respect to the flaw 
echo. SLmulation data and experimental results for titanium are presented 
showing improved flaw detection capabilities. 

Note of the editor : full paper not subruitted for publication. 

Introduction: 

When the range cell of an ultrasound system contains many unresolved 

·and rando. reflectors such as grains, the overlapping echoes which result 

.. ke the detection of flaws within the range cell difficult even when the 

flaws are substantially larger than the grains. 

A similar problem exists in radar when targets are embedded in smaller 

randa. targets, known as clutter, which like grains result in unresolved and 

randomly distributed reflections that conceal the desired target. To im-

prove the detection of targets in clutter, techniques known as frequency 

diversity or agility have been used where clutter echoes are decorrelated by 

simultaneously transmitting with two or more channels centered at different 

frequencies or by shifting the transmitted frequency between pulses. The 

resulting decorrelated signals are then averaged, which results in signal-

* Supported by EPRI project number RP1395-4 and Purdue NSF-MRL program 
DMR 77-23798. 
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to-clutter enhancement [1,2). The application of frequency agility to flaw 

visibility enhancement was suggested by Koryachenko (3) and successful ex

perimental results were reported by Goebbels [4J. 

In this paper we describe a split-spectrum processing technique first 

reported at a recent conference [5J, which gives results superior to fre

quency averaging. This technique operates by plotting the minimum ampli

tudes of different frequency segments of a broad band echo signal as a func

tion of time. 

Experimental Technique: 

In previous work [4J the frequency agility technique has been applied 

to r.f. flaw detection systems simply by shifting the center frequency of 

the transmitted signal within the bandwidth of the transducers b~d process

ing the data by time averaging as in radar. Since each output ~nction must 

be sampled and stored individually, this process has the disadvantage of be

lng both time consuming and requiring a large st orage space in the computer. 

'nü.ever, a significantly simpler technique is possible for obtaining the in-

dividual output functions when a wide band signal is transmitted. Thus, it 

can be shown theoretically that the filtering necessary to obtain the output 

functions corresponding to adjacent frequency bands can be achieved at the 

receiver by computer processing rather than at the transmitter by real 

filters, with equivalent results. 

In the work described here a wide band transmitted noise signal cen

tered at 5 MHz with 3 MHz half-power bandwidth was used in a previously 

described random signal correlation system [6J. A typical output of this 

system as a function of range is shown in Fig. 1. This wide band output of 

the correlation system is Fourier transformed and split into adjacent spec

tral bands by means of Gaussian shaped digital filters. These spectral 
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bands are then inverse Fourier transformed and the resulting separate corre

lation functions are normalized to a single amplitude. This normalization 

procedure has the effect of enhancing the effective bandwidth of the syste •• 

Using these individual correlation functions, the algorithms described below 

are used to obtain a single correlator output with improved flaw visibility. 

Experimental Results: 

The algorithms whose performances are described here will be referred 

to as the averaging and the minimization techniques respectively. The 

averaging technique is similar to the square Law detection followed by n

pulse integration used in radar systems. In this technique, the received 

signals corresponding to different frequency bands are first squared and 

then averaged. The minimization techniq~e which was originally introduced 

by \~is group [5], selects and plots the minimum squared amplitude from 

among the frequency bands at each point. The two algorithms have been ap

pl;ed to titanium samples with average grain sizes between 0.01-0.02 mm,. 

·~~.ining flat-botto. holes simulating flaws. 

Fig. 1 shows the unprocessed correlator output for a 3/64 inch diameter 

hole at 3 inch depth surrounded by grain echoes. The correlation functions 

used in the processing algorithms are obtained by filtering the amplitude 

spectrum of the wide band echo shown in Fig. 1 with Gaussian shaped filters 

having selectable bandwidths b and center frequency spacing Af. Therefore, 

the number of bands m used for split-spectrum processing ;s determined by 

the frequency jump Af and the total available bandwidth B, which is 2 MHz in 

these experiments and lies between 4-6 MHz. 

An example of a processed output using the minimization algorithm vith 

b = 500 KHz and Af = 100 KHz is shown in Fig. 2. The output shows signifi

cant improvement in flaw-to-grain echo ratio as well as enhanced resolution 
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compared to the original output shown in fig. 1. 

fig. 3 shows the plots of experimental flaw-to-maximum grain echo ratio 

enhancement (fIG) vs. bandwidth b for various values of frequency jump Af. 

The enhancement factor, FIG, is calculated by determining the ratio of the 

flaw echo to the maximum grain echo in the processed output and dividing it 

by the corresponding ratio in the squared correlator output. 

Results for the same titanium sample using the averaging algorithm are 

shown in Fig. 4 as FIG vs. b for various values of Af. We see that the max

imum value for FIG is distinctly smaller than that given by the minimization 

algorithm shown in Fig. 3. These two figures are discussed further in the 

theoretical section. 

The effect of the average grain size on the performance of the minimi

zation atgorithm was investigated by simulation. Fig. 5 shows the plot of 

FIG vs. b with Af = 143 KHz for average grain sizes of 0.05, 0.1 and 0.2 mm 

corresponding to 25, 50 and 100 grain boundaries within the scan range, 

respectively. These results show that for average grain size AX = 0.2 mm 

the FIG results are significantly worse than those for Ax = 0.1 mm and 

AX = 0.05 mm. Although the peak values of FIG for all three cases occur 

between b = 300-400 KHz indicating that the optimum bandwidth is independent 

of the average grain size, the peak values are higher for smaller Ax. These 

results indicate that the performance of the minimization algorithm is af

fected in a positive manner as the average grain size is reduced. 
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Conclusion: 

This paper has addressed itself to the task of detecting the presence 

of a single relatively strong sound reflector (i.e. flaw) situated in the 

range cell of an ultrasound echo system, under circumstances where the echo 

fro. the strong reflector is dominated by the su. of echoes resulting fro. 

smaller, unresolved reflectors (grains) which fill the range celle We have 

demonstrated that the flaw-to-maximum grain echo ratio can be enhanced by 

nearly an order of magnitude by procedures in which the echo of a broad band 

transmitted ultrasound signal is split into many spectral components which 

a~e processed and subsequently recombined. Two algorithms have been 

.~p.scribed which make use of the fact that echoes from scatterers which are 

~(oo close to be resolved, are dominated by interference effects such that 

their amplitudes strongly with frequency. Since the amplitudes of the 

echoes from the large and well separated scatterers are relatively unaffect

ed by frequency changes, a mechanism is available for extracting a large 

scatterer echo from the combined echo of Many smaller scatterers. 

The results presented here show the feasibility of split-spectrum pro

cessing for ultrasonic applications. Further research may lead to even more 

powerful algorithms, matched to the different classes of flaws and grain 

structures. 
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Figure Capt tons 

FIg. 1 Correlator output for a tltantum sample wtth 
3/6~ Inch dlameter flat-bottom hole. 

FIg. 2 SIgnal of Ftg. 1 processed wtth the mtnlmlzatlon 
algorlthm. b. 0.5 HHz, Af a 0.1 HHz, B - 2.0 HHz, 
m • 21. 

FIg. 3 Flaw-to-maxtmum gratn echo ratto enhancement vs. 
bandwtdth ln tltanlum sample for the mtntmtzatton 
algorlthm. Avatlable bandwtdth B • 2.0 HHz, 
Af - frequency spactng between spectral samples, 
m - number of spectral sampI es. 

FIg. ~ Flaw-to-maxlmum gratn echo ratio enhancement vs. 
bandwldth ln titantum sampJe for the averagtng 
algorlthm •. Avatlable bandwtdth B - 2.0 HHz, 
Af". frequency spacing between spectral·samples, 
m - number of spectral samples. 

·'Flg. 5 Flaw-to-maxlmum grain echo ratio enhancement vs." 
bandwldth for stmulated mlntmlzatlon algorlthm 
wlth selected values ofAx (average graIn slze). 
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Ultrasonic imaging techniques in non-destructive evaluation 

S. GANAPATHY 
University of Michigan, USA 

ABSTRACT 

Recent progress in the development of a synthetic aperture focus-
ing system for ultrasonic pulse-echo evaluation is described in this 
paper. This paper describes results in some selected areas of our work 
towards the design of a real-time field implementable system. Decon
volution combined with synthetic aperture processing shows enhanced 
resolution of flaw images. Several techniques have been designed and 
implemented for graphical display of flaws. An order of improvement 
in processing speed has been obtained and work is continuing in this 
direction. Initial results have been obtained in our work on defining 
the effect of synthe tic aperture processing on flaw images and resolution. 

1. INTRODUCTION 

A synthetic aperture focusing technique for ultrasonic testing, 
SAFT-UT, has been under development at The University of Michigan over 
the past 5 years [Refs 1, 2, 3, 4, 5]. The system is capable of imaging 
discontinuities in pressure vessel steel with high lateral and longi
tudinal resolution, namely, about 1 wave length. With conventional 
focused transducers the resolution is a function of the size of the 
active element, assuming a constant focal length. In a synthetic 
aperture system, the equivalent of a very large diameter transducer 
is synthesized by combining the responses of a small diameter transducer 
which has been mechanically scanned over an area. Since the synthetic 
aperture focusing process is performed after the scan has been completed, 
the SAFT-UT technique has the feasibility of focusing at any and aIl 
depths without rescanning. 

High signal to noise ratios are achieved in the SAFT-UT system 
through the use of signal averaging. Signal averaging in the SAFT-UT 
system is a simple operation since each A-scan is stored digitally 
during data acquisition. Signal-to-noise ratio improvements of 20 
to 30 dB are readily obtainable. It then becomes feasible to use higher 
frequency transducers and to obtain greater sensitivity for detecting 
small discontinuities. 

In a synthetic aperture system it is necessary that a discontinuity 
be scanned over a large subtended angle in order to obtain the optimum 
resolution. This is accomplished in the SAFT-UT system by the use of 
a wide beamwidth transducer. A wide scanning angle has an added advantage 
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in that discontinuities which have orientations that are not optimum 
can still be imaged by the SAFT-UT system in a single scan. In such 
a case the ultrasonic beam is incident upon a discontinuity at many 
angles simultaneously, thus improving the reliability of the inspection 
results. The use of broadband highly-damped transducers and digital 
deconvolution techniques makes it possible to identify discontinuities 
located close to another reflector, such as a front surface interface 
or another discontinuity. 

SAFT-UT is inherently quantitative and volumetrie. The digital 
nature of the SAFT-UT data acquisition, processing, and display makes 
it ideally suited for quantitative analysis. The speed and accuracy 
of the minicomputer assure reliability and repeatability. A two dimen
sional scanning apparatus makes possible a truly volumetric scan of 
the material. When combined with an interactive display system, the 
operator is able to thoroughly scrutinize suspect areas. In addition, 
since the system records the RF A-scans in digital form, they can be 
stored indefinitely on magnetic tape for comparison with subsequent 
inspections. Such a capability is of extreme importance in monitoring 
a growing crack. 

Discontinuities are sized and located independently of the relative 
amplitude of the echoes from the discontinuities. Unlike the conventional 
UT approach in which the amplitude of the echo from a discontinuity 
is used to determine the Size of the discontinuity, the SAFT-UT system 
uses the image of the discontinuity's boundaries to determine its size. 
In this respect the amplitude of response is of secondary importance. 
As long as enough energy is reflected by the discontinuity so that 
it can be detected, an accurate determination of its size is possible. 

2. SYNTHETIC APERTURE lMAGING 

Synthetic aperture imaging can be illustrated by considering the 
case of a transducer which is scanned in a straight line over a test 
specimen containing a point target. As shown in Figure 1, the echoes 
for those scan positions that are laterally displaced from the target 
location are delayed in time due to the greater distance they have 
to travelo The locus of echo phase shifts created by the scanning process 
is generally hyperbolic in form with its apex position at the location 
corresponding to minimum echo travel time. 

If the scanning and surface geometries are known, it is possible 
to accurately predict the shape of the locus of the echoes. If the 
individual A-scan signaIs are now shifted forward in time by an amount 
equal to their predicted phase delays, they will come into phase with 
one another. Then, if the signaIs are coherently summed, the result 
will be a single large response as shown in Figure 2. The A-scan 
signaIs included in this process constitute a synthetic aperture. 
The same process is repeated with a new synthetic aperture displaced 
by one scan position from the previous aperture as shown in Figure 3. 
In this case, however, the phase shift compensation does not produce 
a set of in-phase echoes. Destructive interference occurs during summation 
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which results in a significantly smaller response. The process is 
directly analogous to,that which occurs in a conventional transducer 
with a focusing lens. Repeatedly shifting the new aperture by one 
scan position and producing a new output signal each time has the 
effect of producing a scanning synthetic aperture. 

The achievable lateral resolution P will be approximately equal 
x 

to [À/(4sin(60/2»], where À is the ultrasonic wavelength in the medium 
in which the target is located, and 60 is the total angle over which 
the target is insonified. If we assume an insonification angle of 
30°, a reasonable value for a focused transducer in steel, then Px is 
approximately equal to À, or 2.6 mm (0.10 in) in stainless steel at 
2.25 MHZ. 

3. EXPERIMENTAL SETUP AND DATA COLLECTION 

3.1 Experimental Setup 

In this section we will very briefly describe the experimental 
setup. The data collection is done in a scanning tank using a true 
5 axis scanner (Figure 4). The scanner can be moved in X, Y, or Z 
axis and also has two rotational degrees of freedom, one in the XY 
plane and one in the YZ plane. The specimen to be scanned is immersed 
under water and the transducer is pulsed and the echoes coming back 
from the specimen are digitized and stored. The Electronics hardware 
consists of a Panametrics (10 MHZ bandwidth, maximum gain of 60 dB) 
amplifier and pulser and a transient recorder with a maximum sampling 
frequency of 20 MHZ with 8 bit accuracy. Typical transducers used 

# 
are 2~MHZ or 5 ~lliZ focused transducers. 

Currently this data set is typically written on to a disk 
and processing and display are done off line. The processing is done 
on an Interdata 7/32 minicomputer with 256Kbytes of 750 nanosecond main 
memory. Synthetic aperture processing itself takes of the order of a 
few hours (3 to 6) currently and efforts are underway to drastically 
reduce that time. The synthetic aperture processing and the subsequent 
steps produce a four dimensional data set. Namely the X, Y, Z coordinates 
at any point inside the specimen and the associated amplitude of the 
echo pulse. It is from this information that we have to reconstruct 
the size, shape, orientation, etc., of the flaw. To enable us to do 
this we have designed and implemented various interactive graphics 
techniques. These are the perspective contour plot, gray scale imaging, 
pseudo color imaging and shaded surface technique. These have been 
implemented on appropriate graphics hardware. Our graphics hardware 
consists of a high resolution (5l2x5l2x12) RAMTEK color graphics terminal, 
a medium resolution (256x256x8) gray scale terminal, a Tektronix 4010 
and an HP pIotter. We will soon be adding a color hard copy device 
(to make slides, transparencies, etc.). Besides these the laboratory 
has the usual assortment of line printer, DEC Writers, video terminaIs, 
tape drive, etc. • AlI of the devices are interfaced to the Computer 
and constitute a flexible and yet reasonably powerful facility to carry 
out our research goals in Nondestructive Evaluation. 
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3.2 Data Collection 

AlI data collection and management is currently done digitally 
with an Interdata 7/32 minicomputer. A flow chart for the system is 
shown in Figure 5. During data acquisition a test specimen is fmmersed 
in a tank of water and scanned under computer control by a single 
scanning transducer operating in pulse-echo mode. Highly damped, 
focus~d transducers are used in a raster scan. Scanning is done in 
a single plane with the test specimen oriented so that the focal point 
of the transducer is located on the specimen surface. 

At each scan position the minicomputer causes the ultrasonic 
transducer to be pulsed. The resulting A-scan RF signal is sampled 
and converted to a digital value at equal time intervals as shown in 
Figure 6. The time delay between the pulsing of the transducer and the 
first sample (ID), the subsequent delay increment between successive 
samples (DI), and the number of samples (NP) are recorded for future use. 
Additionally, the operator may choose to employ signal averaging to reduce 
the random noise introduced by wideband amplifiers in the system. 
In this case, at each scan position, the transducer is pulsed repetitively 
and the resulting sampled signaIs are averaged. For random noise a 
signal-to-noise ratio improvement equal to the square-root of the 
number of signaIs averaged can be achieved. 

Thus far, the discussion of the synthetic aperture focusing technique 
has been described in terms of a linear scan. In reality, the typical 
data scan is two-dimensional and requires a two-dimensional aperture. 
The locus of echoes from a point target is therefore actually a hyperboloid 
and the phase shifts are calculated accordingly. 

4. DECONVOLUTION OF A-SCAN SIGNAL 

Since the resolution of A-scan signal is primarily limited by 
the bandwidth of a transducer, higher longitudinal resolution can be 
achieved by use of highly damped transducer with a price of reduced 
sensitivity. An alternative approach to tmprove the longitudinal resolu
tion is the use of signal processing technique known as deconvolution. 
The purpose of deconvolution is to remove the effect of transducer 
characteristics out of A-scan signal so that the deconvolved A-scan 
signal reveals more details of discontinuities which had been obscured 
by the transducer response. There are several ways to der ive a decon
volution filter. The method developed here (linear predictive deconvolu
tion) is based on linear prediction analysis which is a system modeling 
technique using linear least square criterion. The method consists of 
two steps; (1) esttmate transfer function of a transducer by ca1culating 
linear prediction coefficients of the transducer impulse response, 
(2) build a finite btpulse response (FIR) filter whose coefficients 
have been obtained in step 1. Figure 7 shows the b10ck diagram of these 
steps. The results of the deconvolution are shown in Figure 8. Figure 
8-a is an impulse response of a 2.25 MHZ transducer taken at the front 
surface of an aluminum block and the deconvolution fi1ter coefficients 
were calculated using this signal. Figure 8-b is the result of the 
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deconvolution when input is the signal in Figure 8-a, Figure 8-c is 
the result of a bandpass filter after the deconvolution showing certain 
clean up effect. Figure 8-d is the envelope detection of the original 
signal in Figure 8-a and Figure 8-e is the envelope detection of 
Figure 8-c. Since one of the limitations in this metbod is the minimum 
phase requirement for an impulse response, further improvement of the 
method bas been made to remove this restriction by including complex 
cepstrum computation which is a class of generalized linear system 
analysis and it can separa te an impulse response into minimum and maximum 
phase components. Then linear prediction analysis is applied separately 
to each of these components. Thus the final form of the deconvolution 
filter (homomorphie predictive deconvolution) becomes the cascade of 
two deconvolution filters; one for a minimum phase component and the 
other for a maximum phase component. Figure 9-a is the result of 
homomorphie predictive deconvolution method using the signal in Figure 
8-a as an input, Figure 9-c is a simulated A-scan data generated by 
taking convolution of Figure 8-a and two impulses shown in Figure 9-b. 
Figure 9-d shows the result of deconvolution of the data in Figure 
9-c. 

5. lMAGING NEAR FRONT SURFACE DISCONTINUITI 

For the ultrasonic nondestructive testing using longitudinal wave, 
it is difficult to detect discontinuities located close to the front 
surface of a specimen. This is due to the fact that a reflection from 
a flaw is likely to be buried in the front surface reflection which 
has much larger amplitude than that from a flaw and it also takes 
certain amount of time to decay. Two approaches have been investigated 
to solve this problem; (1) use of deconvolution method, (2) application 
of two dimensional filtering to B-scan images. As described in this 
paper, deconvolution can remove the ring down of a transducer response, 
thus increasing the detectability of small reflectors near a larger 
reflector. However, since in the deconvolution process a transducer 
response is modeled by a linear system, A-scan data to be deconvolved 
must be free of saturation, which requires additional modifications 
to the data acquisition system. The second approach deals with a 
gray scale image of B-scan data and does not require saturation free 
condition. We have made an initial study of the second method. This 
method applies a two dimensional fil ter to a B-scan image to remove 
the region caused by front surface echoes. In a typical B-scan image 
as shown in Figure 10, a bright region caused by front surface echoes 
extends over the entire X direction with a finite width in Z direction. 
Two dimensional Fourier transform of this image will generate a spectrum 
as shown in Figure Il. As illustrated by these figures, frequericy 
component of the front surface image is mostly concentrated on a thin 
line. Thus, hy filtering out this portion of the spectrum and getting 
back to the spatial domain we can remove the front surface signal while 
keeping MOSt of information regarding flaws. We have implemented a 
two dimensional filtering program which utilizes two dimensional FFT 
and two dimensional Hanning window, and it was applied to aB-scan 
image of part of a inconel pipe. The result indir.ates that 

moet;·of front surface eeho has been removed. Howcver, more pxperiment 
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on this method using artificial flaws will be necessary in order to 
evaluate the improvement in detectability of near front surface flaw. 

6. GRAPHICAL DISPLAY OF FLAWS 

There are several techniques that have been designed and imple
mented for the graphical display of flaws. The four techniques that 
we will discuss in this paper are: 

(a) Perspective Contour Plot 
(b) Gray Sca1e lmaging 
(c) Pseudo Co10r lmaging and 
(d) Shaded Surface Representation 

6.1 Perspective-Contour Plot 

A perspective-contour plot is a composite picture of a sequence 
of contour plots, each contoured at the same intensity 1evel, rotated 
as defined by user, and displayed after hidden 1ine elimination. Given 
an inspection volume defined by three spatial coordinates, X, Y, and 
Z, one can construct a perspective-contour plot by using any set of 
either XY, XZ, or YZ planes that intersect the volume. For example, 
Figure 12 shows two different perspective-contour plots of the same 
inspection volume. Each plot is contoured at the same intensity leve1 
and rotated by the same amount. The difference between the two plots 
is the number and type of planes that compose the plots. The top plot 
is composed of four XY planes whi1e the bottom plot is made up of nine 
XZ planes. 

The computer algorithm which produces a perspective-contour plot 
has been imp1emented as an interactive software program which uses a 
command language to set up the various necessary parameters. The user
defined parameters remain in force unti1 specifica11y changed. This 
allows the user to pro duce a series of plots for various values of 
certain parameters while holding the other parameters constant. For 
example, a user might specify the planes he wants, the contouring leve1 
desired, and then proceed to produce a series of plots for various 
rotations (See Figure 13). It is a1so possible to specify a region 
within the inspection volume to be en1arged for closer scrutiny. After 
en1argement, rotation can again be made to optimize the view. 

6.2 Gray Sca1e Imaging 

The gray sca1e disp1ay unit was designed, built and debugged 
at The University of Michigan. For a complete description of the design 
and potential capabi1ities of the unit the reader is directed to 
reference [3]. A fairly powerful and use fuI interactive software has 
been designed and has been in use for 100king at cross sectional 
information. The basic idea is to look at any one plane (XY, YZ or ZX) 
of a specimen at a fixed value of the thi.rd coordinate and convert 
the echo amplitude into gray levels. This has proved to he a more 
effective technique than contour plots for visualizing and understanding 
the flaw information (See Figures 14 and 15). 
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Unlike the contour plot where one has to decide on the slicing 
level, in grny scale imaging one is not throwing any information away. 
Because of the look-up table feature of the hardware one can zoom in 
and look at any amplitude range in greater detail. The disadvantage 
is that one does not get a three dimensional view of the whole flaw 
at once. Improvements can be made to overcome this deficiency and 
efforts are underway to implement such technique$ as walk-thru the 
object, etc •• 

6.3 Pseudo Color lmaging 

This is really an extension of gray scale imaging technique. 
Instead of using gray levels to represent amplitudes one uses a color 
coding scheme to represent amplitudes. The basic idea is to use cool 
colors such as blue or green to represent low amplitudes and hot colors 
such as red or pink to represent the higher amplitudes. Since the 
human visual system is capable of seeing more colors at one time than 
the number of distinct gray levels, color does add an important dimension 
to comprehension of flaw information. Our own results and experience 
to date indicates that Pseudo Color lmaging is a far better display 
technique than the previous two techniques. This too suffers from 
the disadvantage of not presenting a true three dimensional image. 

6.4 Shaded Surface Representation 

A true three dimensional display technique is to display the 
three dimensional flaw geometry as a shaded surface with varying gray 
levels across the perspective image. The subtle change and rate of 
change of intensities would then convey a very powerful depth cue to 
the visual system. Our work in this area is not complete yet bet we 
do have preliminary results that show promise. 

7. REAL-TlME STUDY 

In order to determine the potential for real-time imaging using 
the synthetic aperture technique, several interrelated problems must 
be addressed. One problem concerns the aperture size and its effect 
on resolution. Smaller apertures clearly require less time to process 
but give less resolution. Another problem is data input/output (I/O). 
If computer memory is limited, data must be obtained from an external 
device at a considerable sacrifice in speed. Hence the theoretical 
lower limits to processing are more dependent on the access time of 
storage devices than on expcution time of machine instructions. 

However, the time required for synthetic aperture processing may 
or may not be the bottleneck in the design of a real-time field imple
mentable system. There could be potential computational bottlenecks 
such as in scanning, display or subsequent image processing. AlI of 
these must be carefully studied and evaluated before one can design 
a complete SAFT-UT system. Such an investigation is under way at The 
University of Michigan and in this paper we will present some of our 
findings. 
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7.1 Faster Aperture Processing 

We have identifieda definite bott1eneck in our system which 
invo1ves the synthetic aperture processing itse1f [Ref 3]. To under
stand the basic computationa1 porb1em, refer to Figure 16. The heart 
of the computation revo1ves around vector addition where e1ements of 
vectors have to be shifted by varying amounts. As the figure shows 
the shift depends on the depth (or the e1ement that is under considera
tion) and the distance p between the two vectors. For f1at surfaces 
these shifts (as a function of p and n) cou1d be computed ahead of time 
and stored in look up tables. For other geometry, it might be better 
to compute on the f1y. This is still under investigation. 

Neverthe1ess, it is this shift and add cycle that has to be executed 
a few million times. As an examp1e consider the EDM b10ck scan (page 
111 of reference [3})which has an X-Y grid of 61 by 71 points (See 
Figure 17). Each A-scan is digitized to 406 points in Z. If we use 
an aperture size of 25x25, the number of such shift and9add operations 
are approximate1y equa1 to 61x71x406x25x25 i.e., 1 x 10 or a billion 
times. It bas been possible through very efficient programming of the 
inner 100p and use of double buffering techniques to effective1y hide 
the 1/0 time under processing time and execute each shift and add operation 
(programmed instructions) in approximate1y 15 ~ sec. That gives us 
an execution time of 15000 seconds or a 1itt1e more than 4 hours just 
to do the aperture processing. The detai1s of our ana1ysis and solution 
can be found in reference [3] and [4]. 

We are current1y working on improving the execution time even 
further and identifying other prob1em areas where we might be compute 
bound. A carefu1 ana1ysis and an extension of the above ideas indicates 
that further speed can be obtained on1y by switching to the use of 
array processors or better still the design of a special purpose processor. 

8. CALIBRATION AND PARAMETER STUDY 

Part of the motivation for this study is to more c1ear1y define 
the effect of the synthetic aperture processing program on the final 
processed image and to be able to more convenient1y characterize the 
reso1ution of the processing by methods which more c10se1y correspond 
to the methods used for characterizing a 1inear system. In particu1ar, 
it wou1d be usefu1 to characterize the synthetic aperture by its impulse 
response, or, in the termino10gy used in characterizing an optica1 
system, by a point-spread function. 

Once the procedures for characterizing the effects of the synthetic 
aperture on processed images have been deve10ped, it then becomes possible 
to measure the effects of changes in the various parameters used in 
data collection and processing by noting the effects these changes have 
on the point-spread function. For examp1e, it wou1d be desirable to 
know how much random error can be tolerated in the scanning device which 
locates the transducer at cach successive position in the scan at data 
collection time. How rough can the front surface of the sample be? 
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What are the effects of the chain of electronics in the data collection 
system? What is the effect of the decrease in amplitude of the echo 
pulse with distance? What are the effects of pulse shape and pulse 
width? Some of these questions have been addressed [4,5] and we will 
present some of our results in this paper. 

In order to obtain the point spread function of our synthetic 
aperture processing system a data generating program has been developed 
to create data sets. The data generating program used in this study 
can build data sets that simulate one or more point reflectors distributed 
throughout a scanned volume. The operator can choose the number and 
locations of these points. Ohter parameters which the operator can 
specify are: (a) the frequency of the simulated transducer pulse, 
(b) the envelope of the pulse (presently limited to Gaussian or rectangular), 
(c) the phase of the RF within the pulse envelope (measured relative to 
the center of the pulse), (d) the amplitude and width of the pulse 
envelope, (e) the amount of attenuation of the pulse amplitude due to 
absorption and sC2ttering within the simulated volume, (f) reciprocal 
r or reciprocal r attenuation, (g) sampling intervals in X, Y, and Z 
directions (these can be specified independently), and (h) randomization 
of the simulated transducer X-Y position and/or height. In this paper, 
X, y, and Z are the spatial coordinates of the inspection volume, the 
surface of the test piece and the scan being in an X- Z plane. r is 
then the distance from the point target to the point on the surface 
directly below the transducer. Note also in this paper aIl the plots 
were made after the RF waveforms were envelope detected. The last 
feature allows the generation of data sets which simulate sets produced 
by a scanning mechanism which has random position and/or height errors 
associated with each position in the scan grid. For details of the 
program and the testing procedure the reader should refer to [4]. 

Several experiments were carried out using the simulated data 
generated by this pro gram to better understand the effect of processing 
parameters. Figure 18 shows a sequence of processed ideal data sets 
containing random position errors. From top to bottom in the figure, 
one standard deviation in the error distribution equals, respectively, 
20 percent, 50 percent and 100 percent of the horizontal sampling intervals 
(X and Y sampling intervals are 2.54 mm). Comparing these plots with 
the same size aperture of Figure 19, it can be seen that the side lobes 
are affected first and that the effect is to wash these out into an 
overall background level around the central peak. The central peak 
is also broadened. The top result in Figure 18 is surprisingly good 
and suggests that the requirements on scanning mechanism precision are 
not at aIl extreme. Also, the deeper the flaw lies, the more error 
that can be tolerated since a given error in scan position produces 
smaller phase shift errorR at deeper depths. The overall effect is 
to reduce the signal-to-noise ratio and reduce the side lobeR in the 
point spread function. 

It is possible to deliberately introduce slight random variations 
into the positions of a scanning device in order to reduce the Ride 
lobes in the response if it i8 possible to tolerate a slight reduction 
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in the signal-to-noise ratio. It was also observed that the point 
spread function deteriorates rapidly when the standard deviation of 
local random variations of a front surface of a specimen exceeds 0.5 mm, 
while global variations are not as serious as local variations. 

Our efforts in this direction is still continuing and one ls re-
ferred to [4] and our forthooming annual report {5] for additional 
results. 

9. CONCLUSIONS 

The above represent some of our results in our efforts to design 
a field implementable real-time Ultrasonic lmaging System using syn-
thetic aperture processing to automatically infer the size, shape, 
orientation and type of flaw in reactormaterial. Our work is system 
oriented and spans a number of areas such as Ultrasonics, Signal Processing, 
Computer Graphics and Image Processing and Computer Architecture. Our 
results to date are very encouraging and our experience leads us to 
conclude SAFT-UT is indeed a viable tool for real-time Ultrasonic inspec
tion of reactor components and that more automated graphics and image 
processing and a deeper understanding of SAFT processing and the inter
relationships amongst various parameters in SAFT and resolution of 
imaging are problems that need further attention. The current state 
of the art and trends in Computer and Electronics technology and our 
experience so far with SAFT leads us to be optimistic about the design 
of a real time SAFT-UT system for field implementation. 
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20 per cent, 50 per cent, and 100 per cent of the 
horizontal samp1ing interva1 which is 2.54 mm 
(approximate1y one wave1ength of sound in the 
materia1l. Procezsing was do ne with an Il x Il 
aperture in each ~ase. 
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Fig. 19 Plots showing the effect of aperture size on the 
point spread function of the synthetic aperture 
processing. The center plot in eacn row is an 
x-y slice through the point target and is the 
plot representing the point spread function 
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Ultrasonic inspection of stainless steel pipe weldments for IGSCC 

M.E. LAPIDES 
Electric Power Research Institute, USA 

Written contribution shortly introduced by 

J .L. ROSE 
Drexel University, USA 

These notes have been prepared for the use of EPRI contractors and have 
been released to CSNI for purposes of discussion at a European specialist 
meeting. These notes represent a summary of work in process as of April 1980. 
However, they are not intended to serve as any official program evaluation, 
nor should they be cited as a basis for quantitative or qualitative assessment 
of any particular UT method. 
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1.0 Introduction: During the past sever~l yea:-s EPRI has conducted a series 

of research programs aimed at improving the reliability of detection of 

intergranular stress corrosion cracking (IGSCC) found in austenitic, 

stainless steel, Type 304 nuclear power plant piping. The purpose of 

this paper is to record some salient observations froM this work which 

can serve as a guide to those concerned with similar investigations and 

with the development of advanced signal processing methods. Note that 

seme of the work discussed is still in process •. In such cases, the 

opinions expressed are those of the author as opposed to beinq fully

validated conclusions. 

2.0 Flaw Characteristics: IGSCC in the reference material results from a 

composite of material sensitization, environment and stress. The sensi

tization requirement primarily restricts IGSCC to the weld heat-affected 

zone (RAZ). The complete spectrum of environmental factol:s is not 

currently known. However, IGSCC can occur at BWR operating temperatures 

in the presencp of oxygen normally present in the coolant and in ?WR 

borated water at temperatures of approximately 10QoF. The actual 

enabling chemistry in the PWR units is not currently known. 

IGSCC growth appears to be driven by a composite of residual stress and 

applied loads; the crack orientation will vary with the magnitude and 

distribution of these forces. The most common situation ls that IGSCC 

appears as a circumf~rential crack in the RAZ; axial components of the 

crack are not uncommon in large pipe sizes. 

A useful perspective is provided by thinking of IGSCC as being a tree

like growth with 'bran~hes' extending in all directions into the inter

granular medium. At any particular radial depth either the 'branch' or 

the 'trunk' ~ay he the predominant physical flaw and acoustic reflector. 

Un der hiqh stress intensity conditions the 'trunk' section usually 

dominates; the crack be ing akin to a saw r.ut or notch wi th rc;'l.1ghened 

sidewalls. At 10'" stress intensity both 'trunk' ünd • brancht:s' may be 
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extremely 'tight' with barely any physical separation in evidence, 

3.0 Basic UT Detection Considerations: The usual pipe wall thicknesses of 

interest to the se investigations range from about 6 mm to 32 mm. (BWR 

pipe sizes are nominally 4"-28", Schcdules 80-~OO. PWR sizes are approx

imately the same, but vary significantly from unit to unit, and the 

schedules are typically 10-60 in the affected lines.) Thus, attenuation 

and scattering is a significant issue, but not nearly so much as is the 

case with cast materials or thicker sections. By implication, crack 

signal-to grain noise is not as significant an issue as it might be in 

alternate cases noted, except for cracks which are a small percent age 

(3-5\) of the pipe wall thickness.As a corollary, crack signal-to grain 

noise enhancement techniques, while valuable, are generally not the 

critical issue in this IGSCC detection case. Instead, the more substan

tial issue is the differentiation of IGSCC returns from the potentially 

large number of geometric reflectors which will generally present them

selves during volumetric examination of the RAZ. 

There are probably a large number of search unit configurations appli

cable to the successful detection of IGSCC in reference piping. For the 

BWR pipe sizes EPRI has concentrated on low frequency (1.8-2.5 MHz} units 

of either single or dual crystal types1 the latter often being referred 
• 

to as 'dual, low frequency' and being differentiated from more conven-

tional 'dual' or 'pitch-catch' units by the presence of a roof angle 

which serves to partially focus energy in the RAZ area. A 45° shear wave 

is utilized for the BWR sizes. The dual unit is recommended, except 

where interference between it and a weld crown preclude RAZ examina

tion. The smaller, single crystal unit is adequate for these cases 

(usually smaller pipes with undressed crowns). A document describing the 

analysis, development, specifications and experience with the se search 

units has been published (1). 

A search unit for the thinner wall pipea (i.e. PWR case) has not yet been 

fully evaluated. 
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4.0 Some In-Service 1r..spection Considerations: Normally, it might be 

expected that firm detectability and sizing requir~ments might exist as 

derived from the fracture mechanics analyses associated with specifie 

inspections. However, this is not currently the uniform case for various 

reasons, foremost among which are the limited knowledge of crack propaga

tion rates and th~ genera1 indication that through-wall leakage does not 

result in a safety issue. Accordingly, the targets current1y specified 

are somewhat arbitrarily defined and are: 99+\ detection of aIl IGSCC 

greater than 10\ through wall with less than 2\ false calls. Tacitly, 

this is an operational uti1ity-oriented performance set which places high 

emphasis on a low false alarm rate (e.g., decreasing the minimum through

wall size while accepting a higher false alarm rate would be no more 

technically demanding). Alternatives ~~y be considered as the under

standing of the impact of 1GSCC is better illuminated. However, the 

present set appears reasonable i:"} light of the indications that 1GSCC 

will arrest in large pipes (16" diameter or larger) - and will propagate 

rapidly in smaller pipes (4"-10", normally welded). The minimum detec

table crack for techniques noted i5 bélieved to be 3% through wall. 

Praqmatic 1S1 requirements a1so dictate the overa11 UT apporach since it 

is clear that the pulse height recording level can substantially 

influence performance expectations as suggested by the following: 

Recording Ievel 

50\ DAC 

20% DAC 

No. Recordable calls 

High* 

Higher* 

Probable Error Source 

Missing Small Cracks 

Miscalling Cracks 

(False Alarms) 

*Quantitative value varies substantially with welding quality. 

Thus, considering the realities of 1SI, there i5 a premium on achieving 

target perfor~4nce with the maximum recording level. Correspondingly, 

there is no guarantee that decreasing recording level will improve 

prospects for achieving target requirements previously noted (although 

obviously decreasing re::ordi.ng level tends to insure that all cra::ks are 
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There are œany reasons why the optimization study implied 1n the t~bula

tion has not been performed: one being the wide variability of welding 

practice and resultant number of 'geometric' calls Ce.g., weld crown, 

root, counterbore) encountered. However, the primary reason is the 

belief that ~uch higher pay-off techniques th~n a simple reduction in 

recording level appear to exist. These are discussed in subsequent 

sections. 

1t appears of importance to note that the assessment of the reliability 

of a single inspection method does not of necessity establish the reli

ability of 151: the reason being that in IS1 flaw calls are invar~ably 

subject to one or more reinspections, using either alternate methods, or 

people of higher skill levels, or both. (5uch interpretation error, 

which is believed to stem from incorrectly equating I51 to more conven

tional, on-line quality inspections, appears prevalent in formaliz~d 

nuclear safety studies.) Consideration of the actual ISI process has 

fostered thoughts on the use of a two-step process to achieving perfor

mance goals. The objective of the first phase would be ~100' crack 

detection, b~t with a higher-tnan-end-target false calI ratio. The 

second procedure would be optimized to discriminate the remaining, 

restricted set of geometric calls. Although nominally complex, this 

approach i~ completely compatible with large-scale I51 as currently 

performed - and could substantially conserve time and radiation exposure. 

5.0 Basis of Advanced Develop~2nt: nie following, somewhat simplified 

sketch, which integrates prior eomments, serves as a basis for discussion 

of advanced development. The sketch illustrates the relative sources of 

unrellability for 1GSCC deteetion as a funetion of wall penetration. 
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At low percent age penetration, the major source i5 obtaining measurab1e 

reflected energy from the crack. This source of unre1iabi1i~y drops 

rapidly with increasing crack depth, at which point discrimination (i.e., 

differentiating crack and geometry ca11s) and procedural error sources 

predominate. Since the ref1ected energy 1imit generally occurs at crack 

8izes below the target of interest, the logical emphasis of advanced work 

i8 on the ;eduction of the other two remaining error sources. 

IS1 personnel will normally perform manual operations or computations to 

aid in discrirninating 'ca11s'. Actions could include finger damping ~to 

eliminate responses from weld crowns) and plottii1g of the location of 

calls to eliminate those whch arc exterior to RAZ. The extraction and 

extension of these supplementary crack 'features' by signal processing 

methods - and their use to reduce discrimination errors, provides one 

basis for advanced developrnent. 'IWo sOI:lewhat similür, but separable, 

paths are involved. The first examines 'features' which can be utilized 

in cornpanion with present nanual inspection :':",ethods; the second, using 

automation of search unit movement and position determination, permits 

address of more diverse detection and discrimination techniquez. 
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!SI procedural errors can de~ive from many sources including training and 

skill level of operators, the methods used by the inspection team to 

insure the quality of their work and other factors. However, for the 

reference piping EPRI experience suggests a more basic problem, related 

to calibration standards, which is illustrated in terms of the following 

'learnina curve' s~etch. 

z: 
cc 
Q 
~ 

:E 

~-----------------"-------------------------------~ 
CUMULATIVE EXPERIENCE (number of verified :SI) 

Curve (A) is a tYl'ical u"tlity industry learning curve which results when 

the initial basis for inspection procedure development 1.5 suspect and 

must he verified on the basis of destructive assay results from ~ervice 

withdrawals. Curve (C), the other extreme, is the case where an 

existing, COde-acceptable ins0Pctir:m n",Plod i5 know:'\ +:() r~ fuIl:" ""'pl i-· 

cable when the fla ..... ~IlSpcçtlcrl c:an'lJct.l(J!1 i".;; in.i.lL .. l:.c1. Histûr.lc.:tlly, 
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1G5CC efforts were tracking Curve (A), largely because of: (a) generic 

unfamiliarity and (b) the fact that conventional UT calibration standards 

(e.g., slots En"'! notches) proved to he much better ultrasonic reflectors 

than did actual 'tight' 1G5CC frequently found in service. 5ince the 

size of the shaded area shown in the sketch is a measure of the economic 

penalty the utilities pay for 151 unreliability, it is considered 

important to reduce the time required to substantially improve 

'reliability' in addition to achieving an ultim.'ltely '100\ reliable' 

technique. Curve (B) illustrates the first approach selected which was 

simply the generation of true equivalents of the 1GSCC flaws in piping 

weldments - and the distribution of these samples to 151 and utility 

groups as qualification standards. Retrospectively, this action provided 

more rapid upgrading of capability than would the development and distri

bution of a single procedure to be used by aIl 15I groups. There are 

probably a number of applicable pro=edures: the diverse availability of 

samples facilitates 'tunlng' of available procedures as weIl as training 

and acceptance testing by 151 customers. 

The two 'feature' extraction methods previously mentioned can also be 

rationalized in terms of the preceding sketch. Basically, both are tech

niques of achieving performance represfmtative of Curve (C). Although • 
not intrinsically so, the companion rr.ethods are usually less powerful 

than fully automated methods. However, with the present state of tach

nology, they can be more rapidly distributed to 151 users- and have been 

developed on this basis. !n simulated field tests the companion or 'c~ll 

confirmer' methods have already demonstrated the tenets of the learnlng 

curve sketch in excellent fashion. 

6.0 Flaw 5amples: The availability of valid flaw samplcs ls a major problem 

ln a11 151 work: the necessity of true replication ()f a flaw( s) becomes 

of critical significance when 'features' are utillzed in the inspection 

procedure: the number of samples required to quantitatively qualify an 

151 procedure can easily become a prodigious fiscal and time burden if a 

large number of IntC'rreJatcd fe3t'Jrts (lrc inv':'llvcd.:-"ccoldingly,.:'\ SLlb-

stdntial effort has been devoted to flaw manufacture and to the verifica-

tian of 'true' equivalents. 
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From the standpoint of UT, IGSCC varies substantially in ultrasonic 

transmission or reflectivity essentially with crack 'tightness'. (See 

Section 2.0). Conservatively, information should always be obtained from 

'tight' specimens but this is n~ither necessary or feasible in many 

cases. Specifically, existing information on welding procedures, pipe 

sizes and applied loads can be used with reasonably high confidence to 

predict the expected 'tightness' of the crack. 

The more common IGSCC samples (4"-diameter pipe obtained from General 

Electric's Pipe Test Laboratory) were prepared under high load conditions 

and are typically too open to serve as conservative samples (although 

they are probably accurate replicas of 4" pipe cracks found in service). 

The primary samples utilized had IGSCC grown in under BWR service envi

ronment conditions (except for applied loads) using an artificial 

crevice, crack initiation acceleration technique. These samples are 

believed to he near identical replications of IGSCC found in service 

before the crack is 'opened' by service loads. IGSCC locations and 

length can be precisely controlled, crack depth can he controlled to a 

one sigma variation of approxim~tely 0.5 mm. Hence, destructive assay 

for most confirmation work is net required. Insofar as can be deter

mined, the manufactured IGSCC are identical to large pipe service 
• removals in the 12"-28" diameter range except that the crack is somewhat 

tighter. 

The ultrasonic response of service withdrawal, artificial crevice, 

chemically corroded and mechanical flaws is being acquired and cross

correlated in order to determine where sample interchangeability is 

feasible. The measured parameters are: a) the search unit character

istics and calibration, b) the relè.tive amplitude of the return (for 

conventional UT approachesj, c) the power spectra of the return, and 

d) variants of (b) and (c) as a function of search unit-flaw location 

parameters. The latter twù items are considen~d mandatory for 1 feature'-

based system evaluation. A standard recording protocol has been 

permanent retent~_on and flexible usa'J'~ of these data. T:-IC prag:-..:!~_ic 
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reason for this approach (based largely on the estimate of the number and 

types of samples required to qualify a feature-based system) is suggested 

~ the following tabulation: , 

Flaw Sample 

Type 

0 Service Removals 

0 Service Replicas 

0 Physical Equivalents 

0 RF Waveforms 
(from physical 
samples) 

0 RF Waveforms 
(synthetic) 

Availability 

Poor 

Good 

Excellent 

Derives from 
above 

Excellent 

Unit Cost 

Very High 

High 

Moderate-High 

Low 

Very Low 

Comments 

Diversity not 
possible 

Also available 
from equipment 
in service 

Implies simu
lation will be 
used to qualify 
systems 

Fundamentally, the cost and time of using physical samples exclusively 

for qualification at high cQnfidence levels could easily becorne exces

sive. It appears rnandatory to be able to substitute computer simulation, 

with waveforms perturbed to permit variational and sensitivity studies, 

to overcome these limitations (referred to as 'synthetic waveforms'). 

Note also that since IGSCC rellability is discrimination limited (see 
• 

Section 5.0) the qualification test base must be appropriately diverse in 

both cracks and 'geometry' (e.g., crown, root, counterbore, surface 

finish, etc.). 

7.0 Feature Extraction Systems: Companion Methods: The signaIs acquired in 

conventional, ultrasonic pulse-echo approaches contain more 'information' 

(both tirne and frequency domain) than i5 normally u5ed by the operator. 

This is well-knowni there i5 a major body of existing analyses and signal 

processing techniques (largely from radar related efforts) available to 

demonstrate feasibility and the potential value of the 'information' in 

laboratory-scale operations. What does not appear to he available are 

integrations of these equipments adaptable ta field usage and perhaps 
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equipments for I51 by diverse users. The latter factor appears to be 

unique in that it is without precedent and poses some distinctly new 

questions (e.g., assuming a signal processing algorithm is substituted 

for operator judgment, what is the liability of the third party, 

algorithm creator?). In recognition of the aforementioned considerations 

and because the instrument was believed to be independently valuable and 

capable of rapid field introduction, a decision was made to evaluate what 

has come to be identified as a 'call confirmer' shawn schematically in 

the following sketch. 

CONVENTIONAL 
UT 

PULSE R RECE 1 VU 

RF GATE 

.select signals for r~view 

DATA PROGESSIM6_ 
UNIT 

.compare signal~ to IGSCC 
features 

1 

1 
1 

1 
1 , 

• de cid e ; fic ra c k , 9 e 0 met r~. i 
or retest . 

SEARCH UNIT AND 
SYSTEM VERIFICATION 

SUBS Y STEr~ 

• display de~is;on 

.verify adequacy of search unit 

.compare system adequacy by comparison 
to calibration sample 
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The 'calI confirmer' consists of three basic functional elements: a) a 

conventional pulse-echo UT set, b) an auxiliary data processing unit 

(DPU), and c) a search unit verification subsystem. The DPU connects to 

the UT set thru an RF gate; it performs by comparing an operator-selected 

flaw signal to 'features' which have been found ta characterize IGSCC. 

In One implementation, these features include pulse envelope duration and 

rise times, and the relative power in selectable frequency bands - aIl of 

which are combined to form a discriminant function. The DPU declares 

whether the signal calI is judged to he a 'crack' or a 'geometry' - or 

whether retest is necessary for such determination. The response is 

noted ~ flashing lights. 

The 'calI confirmer' is now being readied for field testing as part of 

its development for reasons suggested by the following sketch which, in 

turn, is a recasting of that shown in Section S. 

. , 
- ------1 

A: Industry bchavlor pattern 
8: Inriu~ncp 0' Vdl1d sample 

distrIbution: 
C 

o 

Observed situation with 
initial"Call Confirmer" 

1980 target path for CalI 
Confirmer-to br aChipved 
(nominally) by spati31 
averag i ng methods. * 

lII~ote th"t 'mejl~n r~i·:â:,il1ty' r~fers to ~ne t(J~dl 
sçectru~ of IGSCC enco~nte~eo in BW~ piDi~q.~o~ever 
errors are not rando~;'lOù~' performanc~ can virtual1y 
be guaranteej .,th SOffie pipe sizes and classe~ at the 
present time. 
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In itspresent physical e~odiment, the 'calI confirmer' scores 85-100\ 

on crack calls with 0-20\ false calls when operated by various users with 

little prior training. (By way of reference, skilled operators score 

from 0-100\ on cracks and 0-40\ false calls using conventional methods; 

the primary reason for the low scores being the lack of substantial prior 

experience with the 'tight' cracks tested.) This performance suggests a 

basic value of acceleration of a learning curve as previously noted as 

weIl as other direct usage options. However, a higher priority concern 

is achieving the nominal '100" instrument based on the following consid

erations: 

Qualification 

a) The unit has been tested on some 150 flaws, an impressive number 

which probably exceeds that for many methods accepted as 'qualified'. 

However, neither the overall performance figure, nor the number of 

tests can he considered significant by them~elves unless it can be 

insured that the test flaws exhibit sufficient diversity. In 

context, diversity means: 1) the cracks and geometries are repre

sentative in size and type of those expected in service, 2) those 

geometries which are 'suppressed' in the discrimination are repre

sented by extremes to which the discrimination process is most sensi

tive 'i.e., a me ans of performing sensitivity studies in critical 

areas), and 3) pipe size, fabrication processes, and material 

variants of interest are included. 

b) A computer simulation of the 'calI confirmer' has been developed to 

aid in design and to contribute to the qualification program 

described, notably sensitivity studies. 

c) As a result of using (a) and (b) preceding, it ls antlcipated that 

qualification results will be presented as a reliability and false 

calI ratio at a specified, quantifiable confidence level. 
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d) The 'calI confirmer' includes signal averaging (temporal) once the 

'calI' has been selected. Ho~ever, such averaging does not occur 

during- 'wiping,' and the operator must select the calls to he con

firmed. The qualification of these procedures (i.e., determination 

of error sources); the compat ibi lit Y with existing codes (or 

equivalent) remain to be established. 

e) The feasibility of using spatial averaging or an additional discrim

inant to achieve the '-100%' capability instrument has been demon

strated. What remains to he determined is whether this step requires 

measured and recorded search unit movement or simply approximate 

movement un der operator control. Nominally, this will he a second 

procedure initiated when the unit indicates 'retest' as being 

required. 

Instrument Design 

a) With the exception of any pr.ysical implementat.ion for 'retest' 

response, the unit i5 presently configured for field use. Accept

ability by operators rernains to be established. 

b) Transducer drift from nominal calibration is a standard field 

probl~m, made more significant in this instrument hecause 'features' 

may be more sensitive to drift than is pulse formation. The target 

is to have the unit operate with any seriaI number of a special 

transducer model; to have transducer acceptance criteria (or to 

desensitize perforrr~nce to transducer variations by a deconvolution 

technique) and to have a pre-usage operator check referenced to an 

IGSCC calibration standard. 

c) The present physical implementation is referred to as an analog unit 

(even though considerable digital signal processing componentry is 

used) since a conscious decision was made to elinunate a high speed 

AIn converter and fast Fourier transform unit in the interest of cost 

of the cnd unit. Hn~evcr, an all-digi.tal sy"tem is also un<k'r inve:;

tiQatlo11 - and MS been subJcct to prelllllir'dr'y c~vélludlioll U:.iln<J _i .... 
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higher speed equip:-!\ent'subsequE'ntly described. The decision to 

implement the alI-digital unit (which uses somewhat. different 

'features' for discrimination) is considered to be cost-based1 the 

exception being that deconvolut.ion (or equivalent) appears to be 

substantially easier in digital configuration. Parenthetically, the 

'cost' of the unit defined appears to be more dependent on the n~~er 

and type of alternate flaws (i.e., other than IGSCC) to which the 

unit can ~! adapted than on compone nt costs per se (since application 

diversity should be the market determinant). 

d) Specifie 'features' of the pulse showing high discrimination value 

can obviously he displayed for discretional~ use of the operator in 

conventional UT approa~hes. This subject has not been addressed 

speeifically to date, but information neeessary for this option 

implementation will be made available once more data on qualification 

and, more significantly, transducer sensitivity influences, have been 

obtained. 

The major contributors to the work described are as follo,,;s: 

M. E. Lapides, EPRI, Concept, Functional Approach 

J. Rose, M. Avioli, Ultrasonics International, Analysis & Design 

B. Abtaxr.s, A. Zeger, Zeger-Abrams, Instrument Design & Implementation 

G. P. Sing11 (now SWRI), Analysis 

M. Behravesh, Battelle Columbus, Qualification 

8.0 Feature Extraction Systems: Automated Systems: The fully-automated 

system being developed by EPRI is intended to he a diverse ImE instrument 

rather than one uniquely intended for reference pipe IGSCC. However, 

this discussion is limited only to the latter application. Viewed in 

this context, the fully-aut.omated system has Many program characteristics 

in common with the manual uni.t prcviously discussed and many which are 

unique to itself. The primary CO!T\ffion element ls the 'qualificatior.' 

requirement, which, in this case, is substantially more dernanding since 

with conventional practise. 
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The fundamental functional ~lements of the fully-automated system include 

a) an electrornechanical positioning system capable of moving and 

precisely determining the position of a scarch unit on a pipe under 

command of b) an interface control 1er connected to c) a digital, signal 

processing unit operated and integrated by a programmable micr:)processor 

section, aIl of sufficient speed and capacity to permit essentially real

tirne processing of acquired signaIs with search unit rnovement rates of 

the order of 100 inches/minute. This basic equipment (item c) exists as 

fieldable hardware, appropriately engineered for transport, operator 

interfacingj data display and recording and supervisory review, aIl as 

might he required in 151 operations inside containment of nuclear 

plants. This equipment is described in Reference (2) and is not further 

delineated herein. 

The signal processing unit/scann€'r compley. is potentially capable of 

providing or sirnulating virtually a11 of the ult.rasonic detection and 

sizing techniques which can der ive from combined knowledge of a signal 

and its position as suggested by the following sketch. 
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Representative signal/position cornbinations which can he accommodated 

range from mimicking operator motions through to precision illumination 

angle studies and/or achicvement of synthetic transducer arrays. As 

suggested by the sketch, the processing assumes cmphasis on frequency 

domain infor.mation as weIl as the need for both 'predetermined' and 

'statistical' methods of developing software progra~s for flaw character-

istics. (i.e., A 'statistical' approach would involve the determination 

of the relative discrimination value of arbitrarily selected techniques 

or 'features' - and, by iteration, select those features of most signif

icance to the flaw characterizationi one method of doing this is the 

~daptive ~earning ~etwotk as marked in the sketch.) 

An integrated, fully automated unit has not yet been subject to intensive 

reference pipe IGSCC testing. However, there is little reason to believe 

that 1t does not have the same potential - or indeed, even more than the 

previously described manual unit. Hence, the more significant issues are 

related to how the potential is realized, how the nnit is 'qualified', 

and the programs reqnired or in being for these objectives. 

The IGSCC detection and sizing method utilized in the automated system i5 

not yet fully developed, but consi5ts of the following essential steps: 

1) A series of scans of the I~Z are made to detect flaws of interesti 

this series utilizes ranging to select signaIs from the HAZ, a form of 
• 

matched filter to differentiate IGSCC and geometry signaIs and correla-

tion methods to integrate the results of overlapping scans. 2) The 

targets selected on the first series are reexamined for sizing using a 

diffraction method. Preliminary testing of the system data processing on 

restricted samples for purposcs of s':at'ls assessment suggest that target 

performance Icvels should be achievabie. 1I0wever, a substantial quali

fication effort is required, in part because comparatively few inves-

tigators have examined the frcquency domain approaches used and, in part, 

because of the current necessity of developing algorithrns by an iterative 

approach. 

In contrast to conventional pulse-echo techniques, a diverse frequcncy-

based 0'1 technique favor:; the lJ~.if' of Cl broad bar,d trilllsrlucer "'Ince, 
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theor~tically, the information content is proportional to the band

width. 'Ibis poses no prnble!tl ta t.he techniq,-~c in use, but difficulty can 

arise in correlating results with t.hose obtained by more conventional 

methods. Spe~ifically, the transducer currently used yields cr~~k calls 

which would usually he ignored by an opera'..:or; in the automated system 

these 'calls' i!rc readily enhanced by established signal-to-noise 

enhancement techniques. The practical consequences of this situation 

are: 

a) Initial developmcIlt of the algorithm should he conducted on true 

flaws of broad diversity, conpled with destructive assay in ordE'r to 

avoid initial errors. UnfoI·tunately, this situation is not casily 

achievable. 

b) A premium exists on developing accurate (in the frequency spectrurn 

sense) physical replicas of flaws which do not require destructive 

assay, signal 'sign",tures' of flaws and/or search unit cross

correl~tion techniques - aIl as a means of avoiding the limitations 

inherent in item (a) pre6eding. 

These observations were perhaps the strongest motivation for accelerated 

devclopment of a basic catalog of frequency spectrwn signatures of flaws 

of vario\;s. sizes and t.ypes. Ideally, the se sign3tures should accelcI.ate 

algorithm developrnent and are expccted to be vital in 'qualification.' 

Once an algorithm has been developed, it is important to attempt to 

derive sound, physical acoustics interpretatiol1s of the more important 

discriminant functions, primarily to insure that a satisfactory flaw 

sample base or equivalent is in hand for development and quali.fication. 

Statcd alternùtively, it is clearly feasiblc to develop an excellent 

detection Dl sizing algorithm solely from empiric pattern recognition 

hased techniques. Howcver, this savercly complicates thp qualification 

process by ('Xjl,lnrUr.g the number of fldw-pipc variants which must be 

utilized. 
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The present. state cf rr.i.crop.rocesGor/proqran .... ·ning technolo~1Y ls such that 

reprogram..":ling is nowhere near as convenient in either time or cos1: as ls 

desirable. The practical implication of this observation is that high 

confidence in the algorithm viability is desired before commitment. to 

microprogramming. 

All of the preceding notations reflect the 'first-time through' nature of 

the undertaking (and parenthetically the difference bet",'·:''?n laboratory 

demonstrations and 151 instrument dE'velopment)j a situation which should 

he considerably relieved by complet ion of the effect unàertaken. A 

similar, if not more formidable situation recognized, i5 that of the 

mechanical scanner itself. Currently, .,ery [.,. .. , mechanized scanners for 

utility UT ... ,ork exist throughout the world. Those that do exist ... ere not 

specifically developed for the type of data acquisition disc1l5sed. 

Hence, one dimension of effort is sirnply basic scanner development and 

verification. The second dimensio:1 ls that while it ls most convcnicnt 

to develop detection anc} sizing algorithms for pipe circular geom€!t~jes, 

the probable 1G5CC det8ction requirement is for examinationof pipe-to

component weld areas. The first consideration is reflected in present 

limited ability to utilize sorne 'spatial averaging' methods in initial 

algorithms (e.g., present scanners are capable of moving a search unit 

axially and circumferentiallYi ske~ling of the search unit, a motion of 
• formation value has contemporarily becn excluded sinee sllch motion i~ not 

available). 

Many generating plants ' .... cre net built-. to facilH.ate 151i those that were 

nevertheless prcvide very limited spe'::e for scanner introduction and 

movement. These consider.ations, plus the indicated incide,1ce of 1GSCC at. 

pipe-to-component and pipe-to-fitting weldments, all serve to plac~ in 

question the diverse applicability of ""lgorithms which dt'pend on both 

flexible and precise location capat,ility - or which predic~te compara-

tively minor variation~: of ciiamctE;r "l1th axial mOVN!'\t?nt. A compr.ehensive 

evaluatio'1 üf scannt!r t'ot.enLi:ü and plant "cct.~5sibility, no' .. i:'1 proce::.s, 

is expected to rcsolve chis issue. 

-263-



As previously noted, these COIl'J1lcnts relate to the use of the fully

automated system for ISI, a recognized long-tûrm objective. From an 

alternative viewpoint the system hê.lrd·..tare is proving to he of irnmediate 

value in data acquisition as an aid in the configuration of alternat€' 

instruments - CH.d, most particularly as a too! to address the critical 

issue of fla .... · si z.ing in addition to det.ection. 

The major co~tributors to the work described are as follows: 

Various, Adaptrcnics Inc., Analysis, Signal Processing Equipment Design 
(A. Mucciardi, Project Manager) 

M. Fleming, Amdata Systems, pipe scanning equipment 

S. Doctor, Battelle Northwest, frequency spectrwn 'signature' catalog 

R. Beverly, SwRI, flaw sample and data management 

M. Behravesh, Battelle Columbus, qualification 

AlI R&D efforts involved are dirccted by Gary Dan of EPRI; the qualifi
cation and 151 application efforts are primarily part of a separately 
funded BWR O~ner's Group project managed by M. E. Lapides 
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Application of ultrasonic testing techniques on austenitic welds for fabri
cation &bd inservice inspection 

x. EDELMANN 
Sulzer Brothers Limited. Switzerland 

ABSTRACT 

The demand for safety and operational surveillance of nuclear 
power installations, in particular with regard to leaks in au
stenitic pipes which are mainly caused by intergranular stress cor
rosion cracking, is forcing engineers to find ways and me ans 
to test austenitic weld joints as weIl. 

In view of advantages of ultrasonic testing, which is used 
with great success for weld joints from carbon steel, its appli
cation on austenitic welds seems to be obvious. Subsequent ope
rational surveillance can be rendered even more effective by 
using the experience in instrumental response gathered during 
testing at the stage of fabrication. 

Sulzer Brothers Limited is a manufacturer of components for 
nuclear power plants. The laboratory for nondestructive testing 
gained its experience in ultrasonic testing of austenitic welds 
on components in fabrication which often undergo an ultrasonic 
examination. Furthermore, inservice inspections were performed 
on austenitic components of Swiss nuclear power plants, both 
BWR as weIl as PWR. 

Examples of ultrasonic applications both for inservice and fa
brication inspections are given. The possibilities and the li
mitations are discussed. The problems met in course of testing 
for intergranular stress corrosion cracking are dealt. The dif
ficulties met during an inservice inspection of the austenitic 
primary coulant piping of a Westinghouse typ pressurized water 
reactor are described. 

There are a lot of cases where ultrasonic testing of austenitic 
components is possible. But one is far away from a general so
lution. Development has to be performed on a case by case basls. 

It is very important that each factor influencing the test re
sult is taken into consideration. One has to differentiate be
tween parent metal and weld metal. Manufacturing process, wel
ding technique and heat treatment are very important for the 
testability. Control of the grain configuration by measurements 
of the sound transparency may indicate an incorrect manufactu
ring process. Differentiation between fabrication and inservice 
inspection is most important. For both, adequate reference 
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blocks are absolutely neceesary. On these blocks the testing 
problem can be analysed and a suitable testing technique and 
sensitivity laid down. 

Unforeseen difficulties on the components to be tested are com
plicating the examination problem. Often, the definite technique 
can be set down only in course of the actual examination becau
se of geometrical and metallurgical problems. In older plants 
the manufacturing of adequate reference blocks is a difficult 
task. These facts demand a lot of the testing personnel. There
fore a special training is necessary. 

Experience has to be gathered with the new testing techniques 
on actual flaws. Exact documentation and critical analysie of 
findings will allow a judgement of poesibilities and limita
tions and will also help in taking corrective actions in the 
development of testing techniques. 

Further research for the testing of strongly attenuating cast 
structures and for the distinction of false indications from 
real flaws is urgent. These developments must be tested in 
practice. The testability must be influenced in the stage of 
fabrication of a component in relation to geometry, accessibi
lit y, metallurgy and surface condition. Furthermore, mechanized 
equipment must be provided to reduce radiation doses of testing 
personnel. Most important is a careful pre-service inspection 
of new components. 



1. INTRODUCTION 

The demand for safety and operational surveillance of nuclear power 
installations, in particular with regard to leaks in austenitic pipes 
which are mainly caused by intergranular stress corrosion cracking, is 
forcing engineers to find ways and means to test austenitic weld joints as 
weIl (1). 

In vlew of advantages of ultrasonic testing, which is used with great 
success for weld joints from carbon steel, its application on austenitic 
welds seems to be obvious. Subsequent operational surveillance can be 
rendered even more effective by using the experience in instrumental 
response gathered during testing at the stage of fabrication. 

Sulzer Brothers Limited is a manufacturer of components for nuclear power 
plants. The laboratory for nondestructive testing gained its experience in 
ultrasonic testing of austenitic welds on components in fabrication which 
often undergo an ultrasonic examination (2,3). Furthermore, inservice 
inspections were performed on austenitic components of Swiss nuclear power 
plants, both BWR as weIl as PWR (4). 

2. PROBLEMS INVOLVED 

The difficulties in connection with ultrasonic testing of austenitic welds 
and parent metals are well-known. The problems are connected with the 
metallurgical structure. The elastic anisotropy of the different grains 
leads to a scattering coupled with mode conversion. 

Disturbing echos are met as "noise". The sonic energy is attenuated, while 
scatter echos and grain boundary ("grass") patterns appear. A very 
important factor is the signal-to-noise (SiN) ratio, which denotes the 
ratio between the evaluated ultrasonic indication of the actual signal "s" 
and the noise "N" due to scatter and interference echos. For a reliable 
examination the SIN-ratio should be as good as possible. 
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Differences in grain sizes and orientations influence the testability. Weld 
zones are characterized by columnar grains which behave quite differently 
compared to the grain structure in the parent Metal. 

For ultrasonic testing a very clear distinction must be made between 
parent metal and weld Metal, and between fabrication and inservice inspection. 

3. AUSTENITIC MATERIALS AND WELD JOINTS 

When talking about the testability of austenitic structures, the term 
"austenitic" covers a variety of materials. It includes stainless stee18 and 
nicke1-chromium a1loY8, su ch as "Inconel", "Inco1oy" etc., as weIl as 
dissimi1ar we1d Metal joints. The distinction between different materials and 
between parent Metal and we1d Metal ls very important (Fig. 1); whereas parent 
Metal may be rolled, drawn, forged or cast, a wide range of processes is used 
for welding. The problems of testing differ according to material, production 
and process Methode In the manufacturing process a component May undergo one or 
more heat treatments which can influence grain structure, especially the grain 
size. 

Fig. 2 shows a Nimonic forging with varying grain size and its effects. At two 
positions on the forging, an attempt was made to obtain four backwe11 echos 
with a 4 MHz straight beam probe. In one position the on1y indications which 
can be seen are those from the coarse-grained structure. From our point of view 
a control of the grain configuration is at least as important as the searching 
for flaws, e.g. laminations. Grain configuration can vary from component to com
ponent even within one workpiece. Great differences can be met. This possibly 
points towards an incorrect production process, e.g. incorrect forging or a 
false heat treatment. 

The following example (Fig. 3) shows such an influence on the grain 
configuration. A heat treatment was specified as solution heat treatment which, 
in this case, should not have influenced the grain size. Comparative 
measurements with ultrasonic showed remarkable differences in sound trans
parency between the plate with and the other without heat treatment. An 
investigation in the macrographie section showed the very different grain 
configuration, which led us to conclude that something went wrong with heat 
treatment. In this connection two facts have to be pointed out: 

(1) Grain sizes in the parent Metal from ASTM 2 to 1,0 and 00 together 
with a certain content of impurities such as phosphorus and sulfur 
can produce great problems during welding. Often, microfissures may 
occur to a large extent. These fissures are intergranular in the 
heat affected zone of the weld beginning perpendicularly at the fus
ion line. There are cases where, in the stage of inspection of the 
parent metal, testability can only be reached by reduction of the 
testing frequency. Instead of investigating why these difficu1ties 
have occurred and what could be possible consequences for welding 
and for later use in service of the component, the efforts are con
centrated, possibly unwisely, on sufficient sound transparency. 
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(2) Incorrect heat treatment and larget grain sizes can have a bad in
fluence on the occurrence of intergranularstress corrosion cracking. 

4. TESTING OF AUSTENITIC WELDS DURING FABRICATION OF A 
COMPONENT 

4.1 Variety of Austenitic Welds 

The following figures show some macrographie sections through different 
types of welds as they can be found in boiling water (Fig. 4) and 
pressurized water (Fig. 5) reactors. One can state that great differences 
occur both in parent as weIl as in weld Metal. There are dissimilar Metal 
welds, connecting different types of base metals. Carbon steels are 
buffered against the weld joint. It is obvious that each kind of weld 
joint has to be investigated separately. 

4.2 Reference Blocks 

For the development of an examination method, one of the most important 
step is the fabrication of an adequate number of reference blocks. These 
blocks must be of the same parent and welding materials as the object to 
be examined. Welding must also be carried out with the same welding 
techniques, the weld seam geometry must be the same, and welding para
meters, welding position, weld temperature gradients etc. must be kept 
practically identical. It is also of great importance that the reference 
blocks are heat treated in the same manner as the component. 

4.3 Advanced Ultrasonic Testing Techniques 

When choosing a suitable technique for a given examination problem, the 
use of conventionàl probes should always be considered first. If no 
success can be obtained, special techniques have to be applied. Fig. 6 
shows some possibilities. They can be divided into two groups: special 
probes and signal processing. Bath special probes as weIl as signal 
processing can bring improvements. In Europe good results have been 
achieved by angle probes with longitudinal waves, often by means of the 
transmitter/receiver technique (5,6,7). Fig. 7 gives an impression of the 
variety of angle probes with longitudinal waves available on the market. 
One difficulty for the practical application of these special probes is 
the shear wave part which appears together with longitudinal waves in 
oblique incidence. 

The great amount of probes makes it difficult to judge whether a certain 
probe is the best for a specifie application or note Therefore, reference 
blocks are absolutely necessary. 

4.4 Development of a Testing Technique 

The testing technique can be developed by using the reference blocks. 
These reference blocks And reflectors are necessary both for longitudinal 
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and transverse defects; the most suitable reflectors are side-dri11ed 
holes at different depths and, for defects close to or at the surface, 
notches. The best position for the side-drilled holes ls at the transition 
line between the parent and weld material. Fig. 8 shows an example of a 
DAC (distance-ampli tude-correction) curve from such holes on dissimilar 
we1d meta1 joint. The indications from the various reflectors with the 
beam passing through the weld have been exposed successive1y on a 
photograph of the screen. The DAC curve from the opposite direction, i.e. 
on1y through the fine-grained base materia1, is quite different. A 
comparison of the two DAC curves gives the opportunity of assessing the 
absorption, scattering and refraction effects of the materials. In 
addition, a decision can be made as to whether the weld is to be examined 
with one procedure or in different depth zones with different probes. 

4.5 Spurious Indications 

When examining welds in the field, spurious indications are frequently 
met. These indications are caused mainly by the metallurgical structure 
conditions or by the weld seam geometry. When using longitudinal wave 
angle probes, the shear wave component can also be the cause. 

An example of a spurious indication is shown in Fig. 9. Here, during 
examination of a weld with 450 longitudinal waves, a part of the waves is 
deflected at the transition between the stainless steel parent metal and 
the Inconel weld and hits the opposite surface vertically. This effect can 
be confirmed by dabbing the spot in question on the opposite surface with 
contact medium, so that the indication is influenced on the screen. As 
soon as the beam exit point of the probe is moved over the transition 
line, this indication disappears immediately. 

4.6 Test Results Gained by Special Probes 

The following two examples show the possibilities of the application of 
angle probes with longitudinal waves. 

Fig. la shows a section through a 3 mm deep vertical crack in an 
austenitic submerged arc weld together with the corresponding ultrasonic 
indication on the screen. The heights of the reference holes with the beam 
passing through the weld have been marked on the screen. For this type of 
defect, the most suitable probe is a small transmitterreceiver 
longitudinal wave 700 angle probe with 4 MHz. Such probes can be used as 
weIl for the examination of cracks in or under cladding. Even surface 
cracks can be found in this way. 

The next example is shown in Fig. Il where a comparison ls made among 
three different types of probes on a 45 mm thick automatically welded 
TIG-Inconel weld. The investigation was made with longitudinal wave 450 

probes from different manufacturers. Of course, each probe produces a 
different DAC curve from the 2 mm side-drilled holes (7, 17, 27 and 37 mm 
from the surface in weld/parent metal transition) with the beam passing 
through the weld. As noted previously the pictures of the screen have been 
exposed succesively showing in each case aIl four indications. The probes 
were then set to find the 1 mm high lack ~f fusion defect shown, using the 
individual DAC settings. The resulting indication is shown for each probe 
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alongside. Due to the orientation of this defect, it is best found and 
gives the strongest indication through the weld. Differences in the 
relationship between the DAC curve and the indication height for each 
probe are obvious due to the difference in probe characteristics (fre
quency). 

As can be seen, some good results have been achieved by the application of 
special techniques in the stage of fabrication. But one is still far away 
from a general solution of the problem. Further experience must be gained 
in the very near future. Above aIl, a reasonable sensitivity setting must 
be determined for the various probes in relation to the flaws to be found. 
It is therefore important to make as Many sections as possible through 
defects found and to closely follow and record any grinding out of defects 
during repaire Information about the position, size and nature of defects 
thus investigated can then be compared with the ultrasonic examination 
results. By a critical analysis of test results, we can make a step 
forward to a successful testing procedure. This requires, however, 
effective collaboration between manufacturer, customer and acceptance 
authorities. 

s. INSERVICE INSPECTION 

An inservice inspection is often performed under less than ideal 
circumstances. Apart from the surrounding conditions such as radiation and 
temperature,additionally the components to be tested have not been 
designed and made to facilitate testing. For instance the actual 
metallurgica! structure May not be accurately known. 

Furthermore, geometric conditions at the inner and outer surface can 
bring problems. Often one has to decide during an inspection how to go on 
because actual circumstances do not correspond exactly to those prescribed 
in the drawing. Particular difficulties are caused by the special type of 
expected flaws which can differ dramatically from those met during 
fabrication of a component. 

5.1 Principle for Inservice Inspection 

An inservice inspection should - from our point of view - be concentrated 
to the areas near the inner and outer surfaces. Fig. 12 shows the 
realisation with the help of a reference block. Suitable reference 
reflectors are notches at the inner and outer surface and side-drilled 
holes (SOR) in the fusion line between parent and weld Metal. 

The surface area can be covered by special transmitter/receiver 
longitudinal (TRL) angle probes with an incidence angle of 700 or greater 
(creeping wave probes, head type waves). With these probes, depending on 
the case of application, cracks which are going down from the upper 
surface or coming up near the surface can be found even when the beam 
crosses the weld area. For the inner surface a 450 shear wave probe with a 
suitable frequency can be applied because the service induced fl~ws occur 
mostly beside the root of the weld. 
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When app1ying longitudinal waves - which are able to cross the we1d metal 
- special care has to be taken. For the examination with the corner effect 
under 450 for f1aws at the inner surface, some effects have to be taken 
into consideration. Fig. 13 shows the comparison of the amplitude of 
notches with different depths in a test block with a thickness of 50 mm. A 
2.25 MHz crystal, size 0.5 x 0.75" with two wedges producing shear waves 
and longitudinal waves under an incidence of 450 in steel is used. The 
results using the shear wave probe show an increase of amplitude with 
increasing notch depth. The longitudinal (compressional) angle probe 
results in oscillations which do not even a110w to dimension notches by 
the amplitude. not to speak of cracks. A very important fact for 
application of shear wave probes is the region of saturation which begins 
in this case at anotch depth of about 3 mm. These resu1ts are very 
important for the sensitivity setting for an inservice inspection. The 
behaviour of notches in the sound field of a probe has to be taken into 
strict consideration. If this is not the case, large errors in the test 
result can be the consequence. The fact of saturation is important too for 
the notch depth of 10% after ASME Code XI, which in this case is 5 mm (in 
the region of saturationt) 

5.2 Intergranu1ar Stress Corrosion Cracking (IGSCC) 

The ultrasonic testing for IGSCC identification still crea tes great 
problems. The effects considered in aIl of the former paragraphs are 
unfortunately valid also for components with IGSCC. Fig. 14 shows the most 
important factors which impede the testability and have great influence on 
the test result. One meets different grain sizes again from component to 
component and even within one component with corresponding influence on 
attenuation. The crack has under certain circumstances an unfavourable 
shape and orientation, which makes it a bad reflector. This can go so far 
till the occurrence of a crack network may, together with grain 
desintegration, prevent any reflection because the material 
can no longer oscillate. 

For a correct ultrasonic testing one should have a reference block as 
simi1ar as possible to the object to be tested. One cannot use a certain 
piece of austenitic steel with reference reflectors. Furthermore, a 
comparison of sound attenuation from the reference block to different 
locations on the object to be tested has to be performed (Fig. 15). Such a 
comparison can be made with two identica1 shear wave probes set in V-path, 
both on the reference block and on the test objecte If the different sound 
transparency is not corrected, the examination result can be worthless. 

Another point which has to be taken into account ls the often not Ideal 
geometry (Fig. 16). The objects to be tested seldom have machined inner 
and outer surfaces. Thickness can change, counterbores, excessive 
penetration at the root of the weld and the weld bed surface limit the 
possibilities of ultrasonic testing. In many cases these factors are 
identified at the beginning of an actual examination only. Each weld must 
be investigated as an individual problem which expects a lot from the 
testing personnel. In our company we have built up a special training 
program. 

Another fact has to be kept in mind: Even today it is not possible to give 
a reliable value for crack depth by ultrasonic meanst 
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5.3 Thick Wall Cast Components 

A special problem is the ultrasonic testing of cast components. In 
Westinghouse type pressurized water reactors the main cooling pipes are 
made of austenitic steel in a thickness range of 60-85 mm. At the Beznau 
power plants 1 and II an ISI of austenitic welds of the primary coolant 
system was performed in 1979. Cast elbows welded together with different 
types of austenitic pipe materials are encountered. A report about this 
problem has been published (4). Bere, the most important results will be 
mentioned only. 

Fig. 17 shows the attenuation for different frequencies in a 40 mm thick 
piece of austenitic casting - which is typical for elbows. lt is obvious 
that 1 MHz i8 the most suitable frequency. But great differences in 
attenuation May occur in the various components. Fig. 18 demonstrates the 
reference block with reference reflectors, side-drilled holes and notche8, 
for cast components welded together. Examination of the surface and near 
surface region is done by a special 700 TRL-probe. A 2 mm deep reference 
notch in the cast material at the surface andthe 5 mm diameter SDH in the 
depth of 15 mm with sound waves incident through the weld meta1 produce 
indications with a good signal to noise ratio (Fig. 19). This probe has 
been developed for the detection of subc1adding cracks (8). 

The volume and the root area are examined by a special 
transmitter/receiver probe with longitudinal waves of 450 at a frequency 
of 1 MHz (9). The indications of the 5 mm dia sidedrilled holes in 15, 30 
and 45 mm depth with sound waves incident through weld and parent Metal 
can be seen in Fig. 20. In this case the sound transparency through the 
cast parent Metal is worse than through the weld Metal. This demonstrates 
that there exist cases where the problems in the parent Metal are more 
pronounced than in the weld meta1. The applied probe was the best 
available for the cast material in the above mentioned elbows. But even 
this probe is not sufficient for a thickness of 60 mm as can be seen in 
Fig. 21. On the left side the noise level is shown and on the right side 
an indication which could be associated with the 4 mm deep notch. The 
notches of l, 2 and 3 mm and in actual testing also the 4 mm notch would 
not be found. With shear waves there is no possibi1ity of detecting 
either the side drilled holes or the notches through the cast parent 
Metal. These facts together with those demonstrated in Fig. 13 (notches as 
reference reflectors) forced us to concentrate the ISI on those 
components which have a better sound tranparency. Such components with a 
much better sound transparency than that of the reference blocks shown in 
Fig. 17 and 18 were found during inservice inspection and were carefully 
investigated. 

The problems descrlbed show the possibilities and limits of the testing 
techniques available today. 
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6. SUMMARY 

There are a lot of cases where ultrasonic testing of austentitic components is 
possible. But one is far away from a general solution. Development has to be 
performed on a case by case basis. 1t is very important that each factor 
influencing the test result is taken into consideration. One has to 
differentiate hetween parent metal and weld metal. Manufacturing process, 
welding technique and heat treatment are very important for the testability. 
Control of the grain configuration by means of measurements of the sound 
tranparancy may indicate an incorrect manufacturing process. Differentiation 
between fabrication and inservice inspection is most important. For both, 
adequate reference blocks are absolutely necessary. On these blocks the testing 
problem can be analysed and a suitable testing technique and sensitivity laid 
down. 

Unforeseen difficulties on the components to be tested are complicating the 
examination problem. Often, the definite technique can be set down only in 
course of the actual examination - especially for 151 - because of geometrical 
and metallurgical problems. These facts demand a lot of the testing personnel. 
Therefore a special training is necessary. 

In older plants the manufacturing of adequate reference blocks is a difficult 
task. 

7. CONCLUSIONS 

Experience has to he gathered with the new testing techniques on actual flaws. 
Exact documentation and critical analysis of findings will allow a judgement of 
possibilities and limitations and will also help in taking corrective action in 
the development of testing techniques. 

Further research for the testing of strongly attenuating cast structures and 
for the distinction of false indications from real flaws is urgent. These 
developments must be tested in practice. The testability must he influenced in 
the stage of fabrication of a component in relation to geometry, accessibility 
metallurgy and surface condition. Furthermore, mechanized equipment must be 
provided to reduce radiation doses of testing personnel. Most important is a 
careful pre-service inspection of new components. 
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Recent experiences in the ultrasonic examination of austenitic steel components 

M. KROLL, E. FISCHER, M. STERNISCHA, H-D. WALLHEINKE 
Kraftwerk Union, F.R. Germany 

ABSTBACT 

Durinr; manufacture, nuclear power plant components made of auste
nitic stainless steels are subjected to a comprehensive ultrasonic 
examination based on the stipulations of both the Federal German 
Heactor Safety Commi.ssion and the KTA Safety Standards. This ie, 
however, not applicable to austentitic castings. 

In general, the ultrasonic examination of austenitic plates and 
seamless pipes presents few problems if the parts involved are of 
standard dimensions. Difficulties are, however, often encountered 
in the examination of forgings and welds. Not enough information ls 
available on the type and scope of these difficulties prior to 
examination to enable an examination technique to be specified 
in the form of examination instructions. The selection 
and stipulation of an optimum ultrasonic examination technique is, 
therefore, based on measurements taken on the part to be examined 
or on test specimens whose dimensions and manufacturing technique 
are in cssential agreement with those of the part to be examined. 

Experience was r;ained in the field of ultrasonic examination of 
austenitic welds from a relatively large number of test pieces 
(cil'cumferential pipe welds R.nd butt welds on plates). 

This involved the determination of the signal-to-noise ratio 
for the various test pieces as a rule on a 3 mm cylindric hole. 
Resul ts of l'eference measurements performed wi th longitudinal-wave dual 

scarch uni ts (~·i.EL) produced as a rule better signal-to-noise ratios. 
The differencœto results obtained with transverse-wave search units 
containing a single oscillator were, however, in sorne cases only 
a few dB. According to the experience already gained, both the 
welding metbod (submerged arc or manu al electrode welding) and 
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welding parameteI's (energy per unit length) do not influence the 
ul trasonic examination as much as local differences in beam 
attenuation. 

ln addition, considerahle differences in amplification occur in 
sorne cases dependent upon the type and location of the re
flectors (longitudinal or transverse discontinuities, location 
in the base material or within the weld) which may considerably 
complicate the evaluation of the signal amplitude even with the 
use of the DAC method. The surface waviness of ground welds, 
especially when relatively large SEL search units are used, 
often introduces an additional difficulty into actual test 
performance and evaluation of results. In spite of these 
difficulties and restrictions, welds on austenitic components 
with average wall thicknesses are generally amenable to a 
Iaeaningful ultrasonic examination if the fine-grain quality 
of the base materials is adequate and thus also amenable to 
exrunination. The amount of work involved in this case is, 
however, as a rule considerably higher than that for ferritic 
cornponents. 
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1. Introduction 

The extensive use of ultrasonic examination for in-process 
and in-service inspection of austenitic components constitutes 
a considerable part of the quality assurance system and safety 
philosophy in the construction of nuclear facilities. 

The requirements made of non-destructive examination and those 
to be made of the components of the reactor coolant pressure 
boundary of nuclear power plants in the Federal Republic of 
Germany with regard to safety are specified in a guideline of 
the German Advisory Committee on Reactor Safeguards (RSK = 

Reaktor-Sicherheitskommission). The RSK has been set up by 
the Federal Ministry for the Interior. This guideline gives, 
amongst other things, a wealth of details for the non-destruc
tive exaœination of components of the reactor coolant pressure 
boundary of pressurized water reactors. The following para
graph refers to the ultrasonic examination of austenitic weld 
connections in the edition valid since the beginning of 1979: 

"The ultrasonic examination may be replaced by the radiographie 
examination for welds with nominal diameters less than 500 mm 
in which the material properties are impaired to such a degree 
that no conclusive examination can be made when using the 
techniques of the pulse echo method available according to 
the present state of the art such as the single probe tech
nique, focussing probes, transmitter-receiver technique, wide
band probes and the use of longitudinal waves." 

This guideline means that the suitability for ultrasonic ex a
mination of welds must be demonstrated in every single case. 

Using two examples it shall be illustrated in t~e following 
that the performance of such a demonstration necessitates 
costly examination programs. 
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2. Examination Examples 

At this point there shall be no detailed references to the 
particular difficulties encountered in the ultrasonic examina
tion of austenitic materials as the type and size of the in
teraction between ultrasonic waves and austenitic materials 
is described in many references. Likewise it is important to 
keep clearly in mind, with regard to the much-quoted distinc
tion between the search and analysis technique, that the 
interest of industry must be seen to lie in demonstrating the 
integrity of austenitic components with justifiable economic 
expenditure. Thus the approach for solving examination pro
blems must of necessity accord greater consideration to the 
choice of existing examination techniques than to the optimi
zation of a particular technique on the basis of only a few 
test blocks. In the selection of the available examination 
method, preference is given furthermore to that method which 
necessitates the least expenditure in its performance with 
the same degree of demonstrability. 

2.1 Accumulator -----------------
In the first example, the effects of the welding parameters 
on the ultrasonic examination of 25 mm thick plates are inves
tigated. The findings should be taken into consideration in 
accordance with the guideline already referred to in the manu
facturing process of accumulators. The material is a niobium
stabilised austenite with the material no. 1.4550. eX 10 Cr 

Ni Nb 18/9). 

As coarse grain and dendrite growth certainly are the factors 
governing the suitability for ultrasonic examination in the 
case of austenitic weld joints and as it must be possible to 
limit these parameters by local heat treatment, the energy 
per unit length and the welding process were varied to enable 
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the effect on ultrasonic examination to be interpreted. A 
verification of the mechano-technological material charac
teristics would have to show whether the results obtained lay 
~~thin the scope of the prescribed tolerance ranges even from 
this point of view. 

In determining the welding process for the investigation pro
gram, it was necessary to consider primarily the welding 
techniques envisaged for the manufacture of the accumul ator, 
namely the submerged-arc welding process and manual arc weld
ing. So that it was also possible to assess idealised welding 
conditions in respect of ultrasonic examination, an automatic 
tungsten inert gas welding head (automatic TIG welder) was 
developed which permits lower base metal heating and a lower 
rate of weld metal deposition. Furthermore, it is possible 
to keep the parameters constant for the duration of the weld. 

Attention was also paid to keeping the interpass welding tem
perature low with a view to only slight grain enlargement. 

The following table shows a comparison of the individual para
meters. A wire or electrode diameter of 4 mm and 3.25 mm was 
used for both the 3 submerged-arc welds and the 3 manual arc 
welds. In each case one of the plates with very low energy 
per unit length, no. 2 of the submerged-arc welds and no. 6 

of the manual arc welds, was welded with the smaller wire 
diameter or smaller electrode. A wire with 1.0 mm diameter 
was used for the automatic weld. The energy per unit length 
of approx. 18500 ~! for the submerged-arc weld and approx. 
8000 Ws for the manual arc weld correspond to normal weld cm 
data. One may see from the table that the energy per unit 
length was reduced by a factor of 2 for two plates in each 
case. 
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Welding edge preparation may be seen in the next diagram. The 
double-U butt weld, the weld geometry which occurs by far 
the most often, was performed for aIl manual arc welds and 

2 out of 3 submerged-arc welds~ 

We shall not go into details here of the wire and flux com
bination nor into the analyses of the filler metals. It should, 
however, be mentioned briefly that the procedure usually found 
in practical application was also adhered to here. 

2.1.2 Non-Destructive Examination ---------------------------------
The correlation of these welding parameters with the result of 
the non-destructive examination was performed in accordance 
vuth the pragmatic procedure referred to above. 

AlI plates were subjected to a radiographie examination which, 
however, produced no results other than isolated pores in 
plates nos. 2 and 3. The pores were permissible in accordance 
with valid codes and standards. No. 3 of the test plates, the 
submerged-arc weld wi th the compound single-U and single-V 
butt weld preparation, was radiographically examined both per

pendicularly and parallel to the V. 

Before fabrication of the test specimens necessary for per
formance of the ultrasonic examination, sound attenuation mea
surements were undertaken on the plates. The welds of the test 
plates were ground flusb with the plates on both sides. A 
deviation from the standard fabrication sequence arose however, 
due to the relatively great "distortion" of the plates during 
welding. This rendered subsequent straightening of the plates 
and additional mechanical surface finishing'necessary. This 
resulted in the quality of the specimen surface no longer cor
responding to that of the component. It was optimum for the 
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ultrasonic examination with a peak-to-valley height of 
<10 /um and ripple of < 0.1 mm related to the probe contact 
surface. 

The sound attenuation measurements should be taken here to 
mean the deviation of the transmission echos and should make 
a statement on the stability of the structural configuration 
of a single plate or on the comparison of the plates with 
one another. They were performed with 450 angle probes in V 
transmission. The result may be seen from the diagram. The 
V transmission values were recorded at both 2 and 4 MHZ for 
the transverse waves and 2 MHz for the longitudinal waves. 
In spite of optimum surface conditions, the measurement for 
the transverse wave probes shows no satisfactory results. 
Since greater amplitude deviations are recorded as the wave 
length becomes shorter, as is to be expected, it is understand
able that the longitudinal wave probes with 2·MHZ provide the 
best results, namely the least variations. 

An evaluation of the V transmission values recorded in all 
seven plates both perpendicularly and parallel to the weld 
shows that it was not possible to prove any relationship be
tween the ultrasonic signal and the welding process or para
meter settings used. 

The proof of suitability for ultrasonic examination linked with 
a selection of the most suitable examination techniques was 
provided by the recording of DAC curves. Six test blocks were 
made from each plate with which reference responses for long
itudinal and transverse defects could be recorded. In accord
ance with the basic code for the examination of welded plates 
of these dimensions, the transverse holes with 3 mm diameter 
were distributed as in the diagram. The test reflectors which 
represent 4 depth zone areas including the groove for the 
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demonstration of surface cracks in half the skip distance, lie 
on the one hand in the filler metal and on the other in the 

weld groove face. 

The examination techniques used are derived from commercially 
available probes. The tables shown provide a list of the trans
verse and longitudinal wave probes with various beam angles 
and frequencies. One can see that in the case of the longitu
dinal wave probes the choice of beam angle results from the 
desire to demonstrate all test reflectors directly, i.e. at 

half the skip distance. 

The individual test holes were examined using each of these 
probes and the "gain reserve" and signal-to-noise ratio were 

recorded as decisive parameters. 

An evaluation of the results summarised at first in table form 
shOWS that preference must be given to the longitudinal probes 
and in this case the transmitter-receiver examination technique. 
Although it was also possible to detect a great number of re
flectors using the simpler single ultrasonic crystal examina
tion technique with transverse waves, the examination failed 
completely in the detection of transverse defects. 

Preference of the TRL examination technique with division into 
two depth zones as opposed to the single ultrasonic crystal
longitudinal wave probe is based on the far greater signal
to-noise ratio of the transmitter-receiver method. 

Much more interesting than the result of comparing examination 
techniques, which is on the whole identical to the theoreti
cal predictions, is the fact that it was not possible to find 
any influence of the '\velding procedure or weld parameter 
settings on the suitability for ultrasonic examination. The 
results which it was possible to achieve by reducing the 
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energy per unit length are smaller than the deviations which 
must be attributed to the performance of a manual ultrasonic 
examination. 

A change in the welding procedure aimed at reducing base metal 
heating is unnecessary from the point of view of examination 
at least for plate thicknesses as investigated in this case. 

A comparison of the notch toughness values determined in 
ISO-V specimens and metallographic evaluation of macro and 
microsections likewise reveals only slight differences for 
the various welding processes. Only in the automatic TIG 
welds is the structure somewhat altered. As opposed to the 
submerged-arc and manual arc welds, the crystallite orienta
tion is not quite as uniforme 

Due to the realisation that reduction of base metal heating has 
a negligible influence on the structure of the weld and non
destructive examination, four more test plates were made to 
supplement this series of investigations. They were also sub
jected to examinations depending on welding parameter settings 
but this time in addition taking into consideration the in
crease in base metal heating. 

This time the welding procedure was limited to the performance 
of submerged-arc welds. The energy per unit length and the 
filler pass temperatures may be seen in the table. The weld 
parameters were chosen to enable a comparison to be made with 
the tests carried out previously. The energy per unit length 
of~ 17000 ~! again corresponds to generally used weld para
meter settings. The interpass temperature of approx. 200 was 
achieved by H20 quenching after weI ding of each pasSe 

The ultrasonic examination proceeded analogously with the 
test program already described, and the results of both sound 
attenuation measurements and the determination of an optimum 
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examination technique are directly comparable. As a result 
of the attempt to achieve as high a signal-to-noise ratio 
as possible, the transmitter-receiver technque with longi
tudinal waves and subdivision of the wall thickness into 
two depth zones had to be chosen as the most suitable exami
nation method. The evaluation of the effect of welding para
meter variation on the suitability for ultrasonic examination 
shows no impairment of the ultrasonic examination even in 
this case with extreme increase in base metal heating. 

A comprehensive assessment of the tests on 11 test plates 
with a total weld length of 5.5 m shows that DAC curves for 
the TRL technique provide adequate values for all beam inci
dence positions and that the welding parameters have no effect 
on suitability for ultrasonic examination. 

The mechano-technological values also lay above the minimum 
requirements. 

One may conclude provisionally from this investigation that it 
is not necessary to manufacture separate test blocks for each 
welding procedure, each weld profile and for different welding 
parameter settings. 

In a further case we have tackled the problem of demonstrating 
the integrity of austenitic pipe welds. In a program similar 
to that of the plates, the aim is to demonstrate suitability 
for ultrasonic examination. You can see a list of the nominal 
diameters and wall thicknesses in the following table. As in 
the previous test, different welding procedures were used. As 
may be seen from the table, submerged-arc, manual arc and 
automatic TIG welds were compared with one another. A table 
of the welding parameters is unnecessary in this case as 
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various procedures have to be used due to fabrication con
ditions and not because optimisation of the welding procedure 
was the reason. The automatic weld was intended in turn to 
enable us to interpret any improvement in the ultrasonic exa-

~ 

mination due to constant setting parameters. 

The second point which must be considered in its effect on 
the suitability for ultrasonic examination was the manufac
turing process of the pipes. Some were made from forged bars 
by drilling whilst others were manufactured by the pilger 
method. 

Before the investigations on the suitability of the weld con
nections for examination were begun, the first difficulties 
were already in evidence due to great sound attenuation dis
crepancies both amongst the individual pipes and also at 
different positions on the same pipe. The metallographic re
sults showed grain sizes of - 1 to 6 according to the ASTM 
classification. The coarse grain areas or partially-crystall
ized structure may be attributed to deviations during the 
forging process as a result of exceeding or falling short of 
the hot working temperatures, the furnace dwell times and 
the critical degree of deformation of the material concerned. 

As an approach as near as possible to normal practice was a 
prerequisite for performance of the welds, the test block 
pipe sections were selected at random to simulate the join
ing of different pipes. This diagram shows the consequences 
for the existing grain size deviations. 

The two pipe sections with fine grain and coarse grain and 
the problems of the filler metal clearly illustrate the dif
ficulties encountered in attempting to provide a conclusive 
ultrasonic examination. 
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In addition to the problems encountered in the structure of 
the austenite, one may anticipate further difficulties in 
the ultrasonic examination of piping. The pipe bend, sur
face waviness and the shape of the weld root limit the 

• possibilities of solving such problems. The following list 
provides an overview of the examination techniques used. 
As, on the whole, the amplitude height represents the only 
evaluation variable, the gain reserve of the ultrasonic 
examination device and the signal-to-noise ratio was deter
mined once again at 3 mm transverse holes. 

Adaptation to the pipe curvature was undertaken on all probes. 
Thus in the investigation phase the adaptors used were ex
clusively wedges to keep probe wear to a minimum. Thus it 
was possible to use the same ultrasonic probes for longi
tudinal and transverse defect examination and for the various 
dimensions. 

l do not want at this point to go into details about the 
"usual" difficulties encountered in ultrasonic examination, 
e.g. the theoretical examination of the transmission curve 
in transverse defect examination, accuracy of defect location 
relative to pipe curvature, the change in the angle of inci
dence at a groove as a function of the pipe diameter and the 
wall thickness for constant beam angle, as the y are not spe
cifically related to austenite. 

On the other hand the PFoblem of surface waviness due to the 
great weld reduction in welds ground quasi-flush with the 
pipe are not negligible. Although the probe shoe must be 
adapted for these pipe dimensions, the contact problems are 
not lessened. Waviness of less than 0.5 mm per probe contact 
surface permissible in our case signifies impairment of manu al 
examination even \'lith relatively "Tell ground final passes. 
All these boundary conditions prejudiced the use of ultra-
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sonic probes of miniature design. That preference was given 
once again to the TRL examination technique as the choice of 
the most suitable examination method may be attributed not 
least to the formation of the arithmetic mean value. However, 
the result should not obscure the fact that variations in 
gain in the order of magnitude of only 1 dB were decisive 
for individual cases of application. It is easy to see from 
the example of the DAC curves that this result represents 
a compromise. 

If one considers the example of the weld referred to above 
with the two different structures for the adjacent materials, 
it is easy to appreciate that DAC curves of the same reference 
hole recorded from different positions vary quite considerably 
from one another. 

The next diagram shows, for the purpose of clari ty, which 
four incidence positions are possible for the detection of 
longitudinal and transverse defects wh en using probes ground 
to fit the contact surface. Tilting or meandering is also 
greatly limited when using adapted transducer shoes. If one 
still takes reflector locations in the other side of the 
weld root face and in the filler metal itself into conside
ration, it is easy to appreciate that the selection of a 

.reference source involves a high content of unsharpnesses. 

The following diagram shows an example of DAC curves recorded 
using different incidence p'o si tions. 

The two diagrams show an examination technique used for one 
pipe dimension. As the selected TRL technique necessitated 
in its turn a division into 2 zones, it was also necessary 
to prepare two adaptor scales. The use of a TR probe with a 
focussing range of 60 mm transmission path with wall thick
nesses up to 30 mm resulted from the desire to keep the 
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number of examination techniques used small and to determine 
one procedure applicable to all cases of application. The 
relatively long focussing distance and also the 450 beam 
angle may be attributed to the problems already mentioned 
encountered in the examination of transverse defects. 

Each of these two diagrams shows not only the DAC curve 
applicable for the component examination which must be made 
extremely conservative to avoid at aIl costs the risk of 
falling short of the detection threshold, but also the 4 
reference sources for the 4 possible incidence positions. 
However, in an amplitude height evaluation there is a dis
tinct rise in the detection threshold for other areas. 

This may lead to considerable indication recordings particular
ly in austenite examination with an in part greatly reduced 
signal-to-noise ratio and very definite structural noise 10-
cally. Thus in the manu al examination of austenite, too, . 
one must begin to correct the great deviations in the echo 
height by making allowances as is similarly the case \~th 
the automatic examination. That me ans that if an indication 
which must be recorded has to be allocated to an overestimated 
area due to its location, the corresponding allowance must be 
subtracted from the overall detection threshold for the con

servative detection height. 

Otherwise one would have to record separate reference res
ponses not only for every individual pipe section but also for 
every dimension and every incidence position of every depth 
zone. 

It was not possible to single out any influence of the condi
tion of the processed material on the performance of the ultra
sonic examination. Although performance of the examination was 
facilitated on the pilger rolled bars due to the generally 
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smaller degree of sound attenuation in the base material, it 
is understandable that su ch influences play a subordinate 
role as a result of the sound attenuation caused by the RAZ 
(heat affected zone) linked with the high gain deviations. 

Discussion 

In the present report on our practical experiences in the 
preparation of examination concepts for the ultrasonic exami
nation of austenitic components we have attempted to illustrate 
the course of examination in relation to the specified legal 
requirements. As the RSK guideline referred to at the beginn
ing of the report has not yet been made binding in a KTA 
safety rule (KTA = Kerntechnischer AusschuB = Nuclear Safety 
Standards Commission), these in-process inspections are per
formed as part of the requirements of a KWU specification. In 

both examples, that of the 25 mm thick plates and that of the 
pipe weld joints, we have paid as much attention to the exa
mination of the effect of differing welding processes, weld 
edge preparations, variable interpass temperatures and energy 
per unit lengths as to the influence of the condition of the 
processed material. The procedure for determining the optimum 
examination technique is often rendered more difficult with 
forged parts as test blocks must be manufactured for calibra
tion of the detection threshold. 

Although the two examples have shown that a series of fabri
cation parameters during \..,relding have only slight effects 
on the suitability for ultrasonic examination, everyone who 
is involved ~rith the ultrasonic examination of austenitic 
materials knows the dreaded inconstant connection between 
material and suitability for ultrasonic examination. For this 
reason it is still advisable, at least on the basis of these 
results, to observe all important fabrication parameters 
such as 
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_ material (base material and filler metal) 
_ fabrication process (base material and weld) 
_ dimensions important for èxamination 

- surface conditions 

for the test block, too. 

The empirical determination of suitability for examination 
derived from this procedure and the optimum examination tech
nique in each case are necessary as we are not yet able to 
extrapolate the optimum procedure from our wealth of experience 

due to the large number of variables. 

The choice of examination techniques must be made with the 
aim of being able to detect possible fabrication defects with 
certainty. As the occurrence of hydrogen-induced transverse 
cracks is impossible in the case of austenitic welds, we shall 
be able in future to leave out ultrasonic examination for trans-

verse defects. 

As the empirical procedure to demonstrate the suitability for 
ultrasonic examination necessitates considerable expense and. 
a high incidence of risks related to fabrication and dead
lines, we are planning a research and development program 
jointly with research institutes and other system manufacture's 
in which both the effect of material variables on the suita
bility for ultrasonic examination shall be determined, as 
comparative investigations with various examination tech
niques tested on selected austenitic components. 
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Present practice on ultrasonic in-service inspection through 8ustenitic 
stainless steels on nuclear piping in Spain 

J.B. PEREZ PRAT 
Tecnatom S.A., Spain 

ABSDACT 

1. CALIBRAnON PROBLEMS IN RELATION TO CODES 

The code used is ASME section XI and section V as references. There 
are no requirement of calibration blocks with weld and big differences between 
blocks with or without welds have been found. 

2. RESEARŒ DEVELOPED 

Systematic research has been carried out on calibration blocks with 
welds manufactured with the same welding procedure as on site. Drilled holes 
at differents depths inside and outside the weld metal have been manufactured 
to demonstrate the detectability of those reference reflectors. Moreover 
notches at the weld root, weld crown and counterbore have also been manufactu
red. 

Longitudinal and transverse waves ultrasonic probes with several angles 
were used. 

3. DESIGN PROBLEM 

Welding design is a very important factor in testing reliability. Weld 
crown must be ground flat to allow welding inspection and the counterbore must 
be minimum. 

However with the older design nothing of that can accomplished and there
fore additional scans must be carried out as weIL as surface examinations. 
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1. INTRODUCTION 

On 1976 Tecnatom started the preoperational inspection 
of the first Spanish Nuclear Power Plant of the 1000 MWe 
generation, built at Almaraz with a PWR Westinghouse type reactor, 
and was faced with the problems arising from the need of 
including more than 1000 welds with ultrasonic inspections on 
the base line program with near 60 % of austenitic stainless 
steel. On 1978 and 1979, the same work was started at two other 
similar type and size plants, Lem6niz and Asc6. 

Up to 1979 our research on inspection of austenitic 
stainless steels have been limited to be a part of the work 
preparation, with the normal time and man power limitations of 
a private emerging inspection organization. Work preparation 
was iniciated as follows: 

In addition to the official inspection requirements 
limited to enforcement of ASME XI, at the stage of preparation 
of the first inspection we asked the utility to provide us with 
a complete set of welded mock-ups, easily obtained during the 
installation stage, to be used as ultrasonic calibration and 
procedure development blocks, allowing consideration of the 
weld and base Metal and HAZ different ultrasonic performance. 
As a result of the request, near 20 different welded pipe 
spools covering different materials, thicknesses and diameters 
were supplied by the plant owner, and mechanized by us, with 
base Metal and weld located refectors consisting on side drilled 
holes and notches with depths and dimensions as propposed by 
ASME XI for base Metal calibration blocks. This practice has 
been repeated and improved for the other new plants (see fig. 1) 

The calibration blocks are made from the same base 
material, and with welding procedure, counterbore and weld crown 
finish similar to the production welds. AlI recently built 
auclear power plants in our country are providing us with a 

-334-



complete set of welded spools for obtaining the ultrasonic 
calibration blocks. Usually, one set of blocks is used for 
field PSI and ISI and mantained on the plant. A duplicate 
collection of blocks is retained on our laboratory allowing 
improvement of techniques and work preparation, as weIl as 
comparison of ultrasonic performance between similar lines 
from different power plants. The carbon steel blocks show 
minimum effect for ultrasonic distorsion or through weld 
defect detectability, while the stainless steel we1ds and 
mate rials show different ultrasonic distorsion and defect 
masking effects, which we intend to define and optimize 
case by case. At present we are intending to correlate with 
general metalographic structure by heat treatment and welding 
parameters. 

2. INSPECTION OF CAST STAINLESS STEEL PRIMARY PIPING 

The primary piping of Almaraz NPP was made from SA351 
CF8A centrifugally cast straingth runs, elbows being 
statically cast, 66 to 90 mm thick. The same material was 
found at Zorita NPP with regular ISI since 1972. Some 
available longitudinal refracted wave transducers, were tried 
and later on, a mechanized sample of primary piping material 
drop-out was send, together with a reduced specification, to 
various potential transducers suppliers in Europe in early 
1976. The best result was obtained by a combination of RTD 
SEL type transducers, using 452 , 522 and 722 refracted angles. 

The weld metal (root TIG SFA-5-9 type 308 and manual 
or sub arc type 308) found on the primary piping was 
ultrasonically much better than the base metal, who presented 
apparent attenuations of nearly 1 db each 4 mm distance. 
Statically cast material bends produce higher noise and 
spurious indication levels than centrifugally cast parts. 

Presently some slight improvements have been provided 
for the primary piping inspection of the second and third 
plant, but inspection effectiveness is considered still 
seriously limited (see fig. 2). New SEL transducers as weIl 
as other new special types, show improved performance while 
signal filtering and transducer matching, for further 
improvement of signal to noise ratio, has been intended. 

Metalographic examinations of weld and base metal 
have been performed, looking for grain preferred orientarions. 
Results show no preferent orientations but a completely 
differenciated zone on the lower or inside part of the 
centrifugally cast base material (see figs. 6 and 7). 

Machined notches on the lower surface cannot be 
detected by angled beams what is considered as the most 
serious limitation of this ultrasonic inspection. 
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When preparing the mechanized inspection of safe end 
to pipe weld from inside the reactor vessel, it was found 
that the transducers selected for inspection from the upper 
surface were not the adequate ones when they were used from 
lower surface. 

Even the K1G strai Lght beam transducer used normally 
for O.D. inspection was needed to be substituted by the SEB1. 
This asymmetry on through thickness direction was also 
atributed to through thickness differences of grain size. 

Transducer selection is made on the plant mock-up 
weld by outlin~ the calibration curves on the ultrasonic 
screen, followed by a complete scan on base metal calibration 
block with a memory device or photographie long time exposure 
recording the envelope of single puntual spurious indications 
appearance. The calibration is considered admissible when DAC 
curve is at least 6 db over the envelope of the spurious 
indications which are additionally around 4-8 db over grass 
level (see fig. 3). 

3. INSPECTION OF TRI~ETAL WELDS 

Tri-metal welds found until now on the PWR with 
stainless or inconel buttering show acceptable ultrasonic 
transmission capabilities. Shear wave pitch and catch 45 2 

signaIs are not found substantially more affected by these 
welds than by welds between two carbon steel materials. 

On the contrary inconel or tri-metal welds of BWR 
reactor vessel safe ends,are presenting special difficulties 
to ultrasonic inspection: Longitudinal refracted wave twin 
crystal shape wedged, transducer assemblies are being 
manually tested presently and, later on, they will be tested 
in a mock-up where calibration blocks or we~ded spools will 
be inserted and mechanically scanned with the ISI equipment 
and Data Adquisition System. 

Curvature of safe ends provides additional dificulties 
and requires, specially for twin crystal transducers, a 
different perpendicular and parallel mounting for each 
different diameter. 

4. OTHER WELDS ON AUSTENITIC STAINLESS STEELS 

Ultrasonic inspections of other austenitic pipe 
welds from 8 to 36 mm thick, mainly 376 types 304 and 316, 
have been dealed up to now using only shear waves 2 or 4 MHz 
completing ocassionally the inspection with 70 2 longitudinally 
refracted SEL 2 MHz. 
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In on our third PWR, where the weld crown have been 
made near flush smooth on almost aIl welds, and the 
counterbore have been machined to 2T distance from weld root 
and where few use of ring inserts have been made, the weld 
and weld interface ultrasonic scanning difficulties have 
become more strong and evident, and the use of longitudinal 
refracted waves from single miniature transducers WSY type 
has been started; nevertheless there are still reflectors 
inside sample welds that are not detectable after extensive 
trials performed on the weld mock-ups using different 
longitudinal refracted wave transducers (see fig. 4). 

Longitudinal refracted (LR) waves are used instead 
of shear waves only when some of the reflectors cannot be 
detected through weld by shear waves and they are detectable 
by longitudinal waves or wh en any of the gain corrections, 
needed for obtaining the same amplitude on the same or 
equivalent reflector by traversing weld metal, is more than 
8 db. However the use of LR waves is restricted by their 
limitations on use on a full skip scan. 

Changes up to 8 degrees on ultrasonic beam apparent 
angle have been observed to differ on base material, from 
angle measured on stainless steel standard V type block. Some 
metalographic correlation seams to identify bigger deviations 
with material showing through thickness sharp ~rain size 
changes. When crossing welds, even bigger deviations appear, 
such as a 702 transducer with a 38 2 measured through weld 
angle. 

On figure 5, three structures of 376-304 identi: .cal 
specification materials are shown; the first structure 
corresponds to material with a normal ultrasonic performance. 
The second and third ones correspond to one specimen on two 
different through thickness positions (total thickness of 
19 mm), showing different grain size and grain boundary 
segregation levels, and producing a 52 - 82 change on the 
apparent refracted angle •. 

5. METHODOLOGY FOR AUSTENITIC MATERIAL ULTRASONIC 
CHARACTERIZATION 

We have started a cooperation with the INTA's (1) 
materials and NDT laboratory, subsidiary of the Spanish 
Defense and Air Forces, which facilities include an 
ultrasonic spectroscopic installation. 

The ftr.st attempt on the field of austenitic pl..pl..ng 
materials characterization has been to obtain a series of 
slice cuts 10 mm thick on different positions and with 
different orientations from a section of primary piping weld 
and base Metal (see fig. 12). 

(1) Instituto Nacional de Técnica Aeroespacial Esteban Tarradas 
Ref. Dr. F. Ramirez, Mr. F. Soler and C. Valdecantos. 
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We initially asked for ultrasonic attenuation 
measurements from 1 to 5 MHz frequency range, and velocity 
measurements and noise spectrum analysis on the different 
specimen sections. A discouraging variability without 
appearance of possible correlation was initially found. See 
fig. 8 and 11. Afterwords the INTA laboratory has been 
working on the following approach technique: 

Using a broad band transducer, the signal of the 
water-steel incident echo signal is p otted by a XY devi e 
showing a continuous amplitude versus frequency shape. By 
gating on the oscilloscope the water-steel interface signal 
together with the first backwall signal the resulting 
amplitude-frecuency curve is shape modulated and plotted on 
the same frequency or Y scale. By parallel moving of the 
specimen a modulated amplitude frequencv curve is obtained 
on each different point (see fig. 10), nith a small manually 
induced X displacement for presentation. 

From these curves the following information is 
obtained and easily analized. 

a) The local velo city is easily obtained by measuring the 
distance between e.g. 10 modulation peaks on the Y 
scale. Variations of velocity are made evident by 
comparing modulation peak relative position on the 
different curves. 

b) The attenuation is shown simultaneously on all the 
available frequency ranges by the modulation intensity. 

Attenuation and velocity comparison between different 
points with no significant position differences show up 
the dispersion of these values while differences found 
consistently between different slice orientations, or 
in depth or weld different positions, will be used for 
knowledge of ultrasonic performance. 

Presently, a lot of 30 specimens obtained for CF8 
cast and welded spools of 304 type forged materials are in 
course of ultrasonic velocity and attenuation characterizat
ion. 

z. CONCLUSION 

Ultrasonic Inservice Inspection of a Nuclear Power 
Plants generally required and practiced, present a series of 
different problems emerging from the simple fact that 
ultrasonic beams suffer directional attenuation and deviations 
when used through austenitic stainless steels, with intensity 
depending on both the base material and the weld structure 
themselves and their non-uniformity. 
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Cast as weIl as extruded or forged pipe when sectioned 
for metalographic study, in addition to dispersion values, 
show variations on grain size on through thickness direction 
due to the fabrication or heat treatment processes. 

Our performance, during the past four years, in 
ultrasonic field inspection of austenitic stainless steels, 
from the point of view of an inspection company user of 
commercially available equipments, as weIl as from the point 
of view of an utility related group, intending to assure by 
151 the control of defects significant for the plant integrity, 
and, at the same time assuring the efficiency of man power and 
equipment investments for 151, sho up an evident unclear 
balance. Rate on progress observed even appreciable and high 
praised, is as a whole not paying the considerable effort 
observed on this field at international level. 

Even when the same rate of effort is required until 
assuring adecuate levels of confidence on 151 of our presently 
pressure resisting or just installed austenitic welded 
materials it seems at this point that there is a evident need 
to require from pipe fabrication pro cesses, specially heat 
treatment specification tolerances, as weIl as welding pro cesses 
the prevention of the observed anomalies produced on the 
ultrasonic beams when actually crossing such materials. 
Ultrasonic inspectability more than a challenge to ultrasonic 
specialist must be a part of nuclear (procurement) fabrication 
or welding specifications. In nuclear industry 151 accesibility 
has been strongly considered as part of the quality of the 
plant some years ago, and in the same way as ultrasonics is 
clearly the 151 MOSt extended technique, the ultrasonic 
"visibility" should be considered at least on the welding 
procedure qualifications acceptance, until the ultrasonic 
inspectability conditions can be objectively translated into 
manufacturing parameters. 
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"1: •• 101 .. Fig. 5. Three austenitic structures with different 
UT performance aIl corresponding to SA-376 
304. Structures 2 and 3 are from same 
specimen but at different thickness posit. 
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SA.351 
SA.376 

1IHc ... t1»IIIFig. 6. Macrographs of SA351 CF8 and SA376 304 
structures, both with different in depth 
grain size. 
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Structure at four different thickness 
positions from a SA351 CF8 sample (x 60) 
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Detection of underclad defects by non-destructive testing 

J . P • LAUNAY, J. C. LEC01'iTE, P. l'1ARTIN, A. TIlOMAS 
Framatome, France 

ABSTBACT 

Following discovery of underclad defects in various reactor vessel 
nozzles and steam generator tube sheets, FRAMATOME undertook a lengthy test 
program to perfect and qualify non destructive test methods for detecting and 
characterizing this type of detect. 

Methods were studied to satisfy examination needs of both shop and site. 
The following situations were analysed : 

- Reactor Vessel Nozzles 

• Manual UT (shop and site) 
• Automatic UT (shop and site) 

- Tube sheets 

• Manuel UT before sheet drilling (shop) 
· Automatic Eddy Current Testing after tubing (shop and site) 

The technique chosen for ultrasonic examination uses 2 MHz longitudinal 
waves with about 70° refraction angle in the cladding thickness. The probes 
used are of the "Double Probe" or "focalised single probe" types. This method can 
detect defects with surface larger than or equal to 2 mm2. EX~lination of tube 
sheet by Eddy Current is performed using a probe placed inside the tubes. In 
this case, only open defects in drilled tube sheet holes can be detected. 

The feasibility of detection using both methods has been demonstrated 
on artificial representative defects and qualification has been obtained 
through numerous tests on natural defects. 

Ali methods and resources presently available to FRAMATOME allow an excel
lent detection rate for underclad defects. 
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1 - INTRODUCTION -

Discovery of underclad cold cracking phenomenom in steam 

generator tube sheets (fig. 1) and under the cladding of 

reactor vessel nozzles (fig.2) led FRAMATOME to study, 

develop and qualify non destructive examination methods 

capable of detecting and charecterizing these types of 

defects. To reach this objective, FRAMATOME started by 

studying the possibilities of various NOT methods, after 

which the following two techniques were retained : 

a) ultrasonic testing for examination of tube sheet before 

drilling and of reactor vessel nozzles 

b) Eddy current testing by internaI probe for examination of 

drilled tube sheets with tubes installed. 

2 - CHAR~CTERISTICS OF DEFECTS Ta BE DETECTED -

The type of defects to be detected originated from the same 

source for both tube sheets and reactor vessel nozzles 

a cold cracking phenomenom was involved in both cases. 

The tube sheets have an inconel cladding with an average 

thickness of 8 mm, and the base metal was up of SA 508 cl. 

3 type steel. 
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Thereactorvessel nozzles have a stainless steel cladding 

which is also about 8 mm thick. The base Metal was aiso 

made up of SA 508 cl. 3 type steel. 

In both cases the cracks are situated in the base Metal and 

stop at the interface between the base Metal and cladding. 

They are perpendicular to the cladding - base metal interface. 

3 - ULTRASONIC INSPECTION METHODS -

The ultrasonic method was chosen for the detection of 

underclad cracking : 

a) in non drilled tube sheets 

b) in reactor vessel nozzles. 

3-1. Principles of method -

Various tests were performed by FRAMATO~Œ in cooperation with 

the French Atomic Energy Commission (CEA) and Electricite de 

FRANCE (EDF). These tests were performed on models and on 

parts containing artificial and actual defects. The tests 

were mainly concerned with the choice of refraction angle 

in steel, wave mode and the types of probes to be used. 

Following these tests FRAMATOME chose the ultrasonic method 

using inclined longitudinal waves at angle of about 70° in the 

base Metal for detection of cracks. It should be noted that 

this method was advocated by various research organisations 

notably for reheat cracking. 

FRAMATOME studied and adapted two test techniques based on the 

inclined longitudinal wave principle : 

a manual inspection method with separate transmitter/receiver 

probes. 

an automatic inspection method with underwater focalised probes 

(in cooperation with CEA) 
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3-2. Manual ultrasonic inspection -

Two SE type inclined longitudinal wave probes were used 

depending on the kind of surfaces to be tested : 

- the first type of probe is used to inspect even or large 

rad!i curved surfaces 

the second type of probe is used to inspect small radii 
curved surfaces. 

3-2-1. ~rQQ~~_g~~g_fQr_!n~E~~~!Qn_Qf_~Y~n_Qr_1~rg~_r~g!!_~grY~g 

~grf~~~2:. 

The probes used by FRAMATOME are BAH SE 70 L2 150 or 

SONATEST SE 2.25 Mhz (the latter attached to a plexiglass 

probe shoe inclined at an angle of 26' of the transmitter 
receiver type. 

To compare the different probes used, FRAMATOME performed 

analysis of acoustic bearn behaviour in stainless steel 

and base metal for both crystals in each probe. The results 

were recorded at -6, -12 and -18 dB.fig.3 shows beam 

charecteristics at -6 dB for both probes (BAH and SONATEST). 

Analysis of experimental results produced the following 
data : 

the refraction angle of both probes is identical 

61° (fig.4) 
about 

the crossing of the stainless steel - base metal interface 

did not appear to affect bearn homogeneity 

- for each probe isoenergetic curves generated by both 

crystals were very similar. 

- fQr_~~_ErQe~ : 

the bearns crossed each other at a depth of about 10 mm. 

At about this depth each bearns' dimensions for - 6 dB 

were smallest (limit of near field). Therefore, it is at 

this depth that the best detection sensitivity and signal 

to noise ratio is obtained ; this is confirmed by the 

curves given in fig.5 
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However beyond this 10 mm depth zone, the beams rapidly 

separate and this becomes even more marked the deeper 
one goes. 

Therefore, outside this zone, detection sensibility and 

signal to noise ratio strongly decreases. This is confirmed 

by the curves given in fig. 5. 

- ~Q;:-§Q~~!~§!_Q;:Qe~_:I]Q9!±!~9_2!:~!!!1~2~L2!:~~1". 

The beam axes crossed each other at a depth of 16 mm. On 

the other hand the beams emitted by each half - crystal 

started to converge at a depth of less than 5 mm and the 

minimum dimensions for - 6 dB for each beam is located 

at a depth of about 6 mm. Optimal detection sensitivity 

level and signal to noise ratio is therefore situated at 

a depth of between 5 and 20 mm i-e at a depth where 

marked beam intersection occurs. This takes place at a 

depth of 10 mm which is confirmed by the curve given in fig.5 

Below 10 mm, single beam dimensions further decrease as 

weIl as the intersection zone. Above 10 mm these parameters 

increase. This phenomenom leads in the case of the SONATEST 

"modified stainless steel probe" to a lesser reduction in 

detection sensitivity level and signal to noise ratio at 

a depth of about 10 mm than for the BAM probe. 

If the BAM probe appears to be best suited for detection of 

defects located at the limit of the interface zone (because 

at this depth beams cross and dimensions are minimal 

whilst acoustic pressure is at a maximum) its range of 

use at depth is extremely reduced. 

Therefore, a reflector with a large vertical measurement 

risks to have this latter dimension greatly underestimated 

by the BAM probe (if the -6 dB method is used). 

If, however, none of the SONATEST "modified stainless steel" 

(sensitivity, beam dimensions, common surface) do not 

appear weIl suited for applications at the limit of the 

interface zone, on the other hand, large defects measured 

in the vertical direction should be evaluated much more 

accurately than with BAM probe. 
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This is because the depth of the detection range is much 

greater. It should be noted that the BAM probe is more 

sensitive for the detection of defects located at the 

limit of cladding area but that the SONATEST "modified 

stainless steel" probe performs more efficiently when 

identifying serious defects located at depth. 

Therefore the two probes appear to have complementary 

functions. 

3-2-2. f~Qe~2_fQ~_!n2E~S~!Qn2_Q~_2~2!!_~2g!!_S~~y~g_2~~~2S~~· 

Probes developed for inspection of even or large radii 

curved surfaces are not suitable for small radii curved 

surfaces due to their fIat crystals and the small size 

of shoes used. Therefore FRAMATOME was called upon to 

develop special probes and to demonstrate that test sensi

tivity for aIl radii of curves was equivalent. 

The probe developed by FRAMATOME has the following 

charecteristics 

- contact probe with shaped shoe 

- diameter crystal : 30 mm half cut 

- dome shaped crystal 

- crystal material : PZT 

- frequency : 2MHZ 

- type of waves : longitudinal 

- separate transmitter and receiver. 

A beam analysis (fig.6) shows that the FRAMATOME probe has 

almost the same characteristics as BAM'S : 

- the refracted angle in the block 66° (BAM : 61°) (fig.?) 

- depth of beam convergence: 9,5 mm (BAM : 10 mm) 

With a more detailed approach it can be seen that minimum 

dimensions at - 6 dB for each beam are located at a depth 

of 3 mm but these beams do not cross. 
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However, a marked bearn intersection can be observed at a 

depth of 8 mm. At this depthdetection sensitivity should 

be at its most efficient and this is confirmed by the 
curves given in fig.6. 

To conclude, although the most efficient sensitivity level 

is not obtained at the depth where the bearn dimensions are 

at their lowest point (BAM probe's characteristics), 

their dimensions are however lower tharn BAM'S at a depth 
of 8 mm (fig.6). 

The refraction angle is slightly larger than BAM'S and at 

a first sight is more efficient for detecting defects which 

are perpendicular to the scanning surface. 

The inspection methods used on (1) even and large radii curved 

surfaces and on ~) small radii curved surfaces are identical 

except for the following two differences 

- the type of probe to be used 

- the surface condition of the zone to be inspected and 

consequently the calibration block which is needed to set 

the sensitivity level for exarnination. 

AlI other pararneters are identical and may be applied to 

either of the two surface types. The type of probe which 

was specially developed to inspect small radii curved 

surfaces has characteristics which are comparable to or 

slightly more efficient than the Barn probe's. 
In fact : 

- at the sarne convergence depth the bearn's measurements are 
smaller at -6 dB 

the loss of sensitivity around maximum sensitivity is less 

marked (fig.6). Therefore at a depth of 5 mm, sensitivity 

level is only 4.4. dB whereas with the Barn probe a 

comparable loss occurs at 10.8 dB. This gives greater 

range for detection at depth. 
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the signal to noise ratio for holes located at a depth 

of between 4 to 12 mm is greater for 12 dB. 

Calibration, which is performed using blocks representing 

the curves (radii - surface condition), ensures a severity 

level (detection - characterisation) comparable to that 

obtained when inspecting even or large radii curved surfaces. 

3-2-3. QE~~2~!Qn_Q~_m2ng2!_!n~E~S~!Qn. 

Inspection is performed in two parts 

part 1 ': inspection with inclined longitudinal wave probe 

of the BAM or "modified SONATEST" types 

part 2 : inspection using KRAUTKRAMER SEB 4 KF 8 type probe 

at right angles to the indications detected 

in part 1. 

The setting of apparatus is performed on blocks which represent 

the part to be inspected and which contain flat bottomed 

2 mm diameter holes. 

The characterisation of indications into inclusion or non 

inclusion types is based on the comparison of responses 

obtained from the above two inspection operations. 

The following are considered as being inclusions : 

- all indications whose vertical measurements determined 

by the BAM probe are lower th an or equal to the thickness 

of cladding as determined by the difference between bore 

radii before and after covering. 

- all indications whose vertical measurements are greater 

than the thickness of cladding when a response, obtained 

at right angles to the defect with the SEB 4 KF 8 probe, 

is greater than 50 % for a vertical measurement equal 

to within 2 mm of that obtained with the BAM probe. 

In all other cases, indications are to be considered 

as being cracks. 
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Inspection can only be performed using machined or ground 

surfaces having a roughness of 6.3 Ra 

- when inspecting tube sheets the manual U.T. method which 

was developed allowed detection of cracks up to 0,7 mm 

deep and 5 mm long. 

- when inspecting reactor vessel nozzles, the inspection 

method applied to the machined surface allowed stainless 

steel underclad cracks to be detected when their area 

was slightly greater th an 2 mm2. 

A small number of cracks were not detected during inspection 

because of difficulties relating to the small dimensions 

of the beam in the .scanning zone. Nevertheless, efficiency 

cou Id be improved by increasing the number of tests. 

Performance of two successive examinations ensures detection 

of all cracks which are lesser than or equal to a height 
9,.e~ïe v 

of 3 mm. 

The inspection method applied to ground surfaces gives 

results which are comparable to those obtained from 

machined surfaces. Comparative tests performed showed, 

however, that difference in surface condition lead to 

an average loss in sensitivity of 2.5. dB which can reach 

3.4. dB in places. The extent of this difference only has 

a negligeable effect on inspection operations. 

The manual method may be applied with equal efficiency to 

either even or small and large radii curved surfaces. 

3-3. Automatic inspection using underwater focalised probes -

Detection of underclad cracks with contact probes becomes 

complicated very quickly as it involves repeated inspection 

over large surface areas, as is the case with plant and site 

equipment. 
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The small diarneter of SE type probe's focal spot size leads, 

in fact, to excessively long exarnination times. 

These factors led FRAMATOME to study and develop automatic 

inspection methods for examination of reactor vessel nozzles. 

These studies were performed in cooperation with Electricite 

de FRANCE (EDF)and Compagnie Générale de Radiographie (C.G.R.) 

insofar as in plant test applications are concerned, and 

with EDF and CEA for site testing applications. 

3-3-1. !~shn!g~~_~2~~' 

The method used is again based on use of inclined longitu

dinal waves entering the steel at an angle of about 70°. 

These waves are produced by focalised underwater transducers 
mounted on an automatic testing apparatus. 

- One of these transducers is adjusted at right angles to 

the inspection surface. It is designed to obtain an echo 

from the wall upon which the window is synchronised 

- The two other transducers which are located on each side 

of the first transducer, are inclined at an angle of 

14°. The axes of these two transducers converge with that 

of the first transducer on the scanning surface. These 

transducers are designed to detect cracks (fig.8). 

The equipment chosen by FRAMATOME is as follows : 

- the synchronisation transducer is referenced PANAMETRICS 

308 Rand has a 9 mm diameter crystal working at a 

frequency of 5 MHZ. 

- the othertwo transducers are both referenc~d PANAMETRICS 

V 395 equipped with highly darnped crystals 38 mm in diarneter. 

They function at a nominal frequency of 2.25 MHZ. Focalisation 

is obtained through a masked lens. The radii of the lens 

curve allows a focal distance of 260 mm to be obtained 

underwater. The focal spot is 6 mm in diameter at -6 dB. 

The purpose of the mask is to eliminate spurious ~chos 

originating from the condition of the scanning surface. 
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The analysis of the transducer beam which is used for 

automatic inspection of the nozzles was also performed. 

Cross sections of beams were established at the point 

where the beam enters the part, i-e after travelling 

180 mm underwater. These cross sections were established 

at -2, -6, -12 and -18 dB and are given in fig.9 for 

a masked and a non masked transducer (underwater incidence 

angle of 14°). 

It can be seen that the existence of the mask leads to beam 

decay. From the cross section of the 130 mm radii it can 

be noted that the focus spot increases laterally to about 

10 mm at -6dB. 

In the cross section through the generatrix of the 

cylindrical lens, the crystallength changes from 38 to 

28 mm and the apparent near field in this direction is 

300 mm in length. The 180 mm cross section approaches the 

near field limit (about 2/3) and only measures 17 mm at -6dB. 

3-3-2. B~ê~!~ê_Qe~2!n~g. 

As is the case with manu al inspection using SE probes, the 

qualification test for the method using focalised transducer 

was performed on those nozzles having a great number of 

cracks of various sizes. Insofar as crack detection is 

concerned, the sensitiv1ty of this method for identifying 

2 mm2 surface cracks was proven and no cracks greater than 

3 mm in height remained undetected. 

These results were obtained from both ground and machined 

surface conditions. 

The characterisation into inclusion and non inclusion type 

indications 1s not possible, however, at the present time. 

FRAMATOME is directing its efforts in this direction as 

weIl as in the measurement of crack height. 
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4 - EDDY CURRENT INSPECTION METHOD -

The specific geometry of drilled steam generator tube sheets 

with tubes installed raised a delicate problem for the 

development of a suitable underclad crack detection method. 

Methods such as R.T., U.T. thermogranhy and Eddy current 

testing on cladding surfaces were envisaged but dropped after 

preliminary studies and tests. Finally FRAMATOME chose the 

eddy current testing method applied to the inside of a tube. 

The principles of this method were developed by the CEA. 

4-1. Description of method. 

The method developed uses a differential probe which is 

rotated inside the tube. This method only allows cracks 

which emerge on the surface of the tube sheet holes to be 

detected. 

A diagram of the inspection equipment used is given in fig.10 

It includes a probe with a mobile operation system and 

control baYe 

The probe (fig.11) includes two coils electrically connected 

to abalanced impedance bridge. 

If a discontinvjty causes a break in the electromagnetic 

field, the bridge is unbalanced and gives ris~ to a variation 

in measurable voltage. 

Calibration is performed using a reference block containing 

a defect produced by E.D.M. This reference defect is located 

in the base metal at the limit of the clad - base metal 

interface. It is 3 mm high and 1 mm long. 

A frequency of 25 KHz is used for inspection. 

4-2. Tests performed and results obtained. 

Several tests were performed on : 

- representative test blocks with artificial defects produced 

by E.D.M. 
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- a tube sheet containing natural defects 

- representative models with fatigue cracks obtained from 

notches produced by E.D.M. and subjected to fatigue test. 

4-2-1. Crack detection ---------------
Defects identified by dye penetrant test and situated at 

right angles to the metal base - clad interface were located 

on tube sheets. Before tubing, aIl defects were redetected 

using eddy current. 

After tubing and tube expansion, almost aIl previously 

detected indications were located. 

For the representative model having defects produced by EDM, 

it can be seen that fatigue cracks are able to be detected 

when cracks are propagated in inconel and steel sides with 

or without stressing of test piece. 

Possible defects other than cracks cannot be detected by 
eddy current. 

Characterisation of crack height obtained from a signal 

fOllowing several rotations of the Eddy current probe gave 

rise to a signal which overestimated height by about 2 mm 

for the inconel side and by about 5 mm for the steel side 

when compared to visual estimation and to results obtained 

from eddy current examination before tubing. This overes

timation occurs systematically and can be attributed to the 

air-gap caused by the tube thickness and by the difference 

in magnetic permeability between inconel and steel. 

4-3 - C~nclusions -

Following the work performed by FRAMATOME concerning 

a) the selection of a method weIl suited to solving problem 

b) the qualification of a weIl suited method for Eddy current 

testing from inside tubes 
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FRAMATO~Œ considered it possible to inspect steam generator 

tube sheet using this method as aIl significant crack type 

indications normally detected by P.T. were located by eddy 

current after tubing. 

Automatic testing apparatus which allows inspection to be 

performed in both radioactive and non radioactive environ

ments has been specially developed to permit on site 

inspection. 
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Sizing of cracks perpendicular to stainless steel overlay by ultrasonic testing 

T. SAITOH, Japan Steel Works 
S. TAKAHASHI, Chiyoda Chemical Engineering and Construction Co, Ltd, Japan 

ABSTRACT 

In the petroleum industry, many pressure vessels with stainless steel 
overlay are in service and small cracks are often found on the surface of the 
overlay after sorne years of service. 

ln the past few years, a method of accurately measuring the crack depth 
of coarse grain stainless steel overlay has been sought because it is imprac
tical to obtain the depth of these cracks by ultrasonic testing. 

The present paper describes the technique which measures the depth of 
cracks in austenitic stainless steel overlay from the overlay side by ultraso
nic testing. 

1. INTRODUCTION 

A number of refineries operates with direct desulfuri~ation or hydro
cracking reactors that are overlayed inside with austenitic stainless steel 
to cope with the high temperature and high pressure hydrogen. 

ln the turnaround maintenance inspection of these reactors, dye penetrant 
tests (PT) are performed to confirm that the overlay welds are sound. When 
a crack is detected by PT, it is necessary to measure the depth and length 
of the crack and ascertain from fracture mechanics whether the reactor is 
sound or requires repairs before operated again. 

Measuring the depth of the crack with the shear wave angle beam technique 
is acceptable for ferritic steels, but not for austenitic stainless steel 
welds because of the coarse grain. Therefore, plant operators have been seeking 
a reliable inspection technique for overlay welds both from software and hard
ware aspects. Such a technique would be essential to measure the crack depth 
and foresee the life of the reactor, a basis for ascertaining when restarting 
the reactor. 

The present paper reports the technique which measures the depth of cracks 
in austenitic stainless steel overlays from the overlay side by ultrasonic 
testing, using the longitudinal wave twin crystal angle probe. 
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Two probes having different focal distance are provided to measure 

the depth of cracks from 2 to 30 mm. The probes are featured as below. 

Twin crystal 

Focal distance 

Angle of refraction 

Frequency 

Probe size 

Longitudinal wave technique 

10 and 20 mm, respectively 

45
0 

4 MHz 

20 mm x 35 mm x 20 mm each, distance between 

front of probe and probe index, 9 mm 

The newly developed technique has been evaluated by test pieces with 

overlay having natural cracks and in several reactors with cracks on overlay. 

The results have been satisfactory and, by this technique, data for 

analyzing safety of reactors and for countermeasures were obtained. 
Though developed for chemical pressure vessels, the technique would also 

be applied to nuclear pressure vessels with proper remote manipulating 

system. 

2. PRINCIPLE OF ULTRASONIC MEASUREMENT OF CRACK DEPTHS 

In general, the crack observed in the welds of the reactor has a 

considerable rough crack surface compared with that of high cycle fatigue 

crack as shown Fig. land is oriented perpendicular to the testing surface. 

Therefore, the depth of cracks in ferritic steel is ~enerallY measured 

by capturing the crack tip by the tiP-peak-ehco-method
l

)2 , which uses the 

echo caused when ultrasonic waves hit the crack tip as shown in Fig. 2, 

and calcuJating the depth from the beam path length (W). 

d w • cos. e ..................... (1) 

e angle of refraction 
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3. PROBLEMS IN THE ANGLE BEAM TECHNIQUE 

3.1 Grass Echo in Austenitic Stainless Steel Welds 

In austenitic stainless steel welds, there is no transformation for 

making the grain fine. In addition to this, the grain become coarse 

because the dendrite formed during welding remains until the weld cools 

to the ambient temperature. 

In such a case, if the shear wave angle beam technique shown in Fig. 3 

is applied to the austenitic stainless weld, many noises called the grass 

echo appear only at the weld. Because most of the time, its response exceeds 

the echo response of the defect, the signal to noise ratio decreases, 

making it difficult to identify the defect. 3) 4) 

3.2 Shear Wave Angle Beam Technique from Overlay Side 

Even in overlays, the coarse dendrite lies perpendicular to the inter

face, and the occurrence of grass echo cannot be avoided. 

When a crack (depth = 10 mm) occurring in the overlay through a ba<.:e 

metal of ferritic steel is measured by the tip-peak-echo-method shown in 

Fig. 4, the grass echo occurs within the beam path length (w), penetrating 

the overlay. 

The cathode ray tube (CRT) pattern for the sanning shown in Fig. 4 

is shown in Fig. 5 (a) and is compar .. r1 with the test for ferritic steel 

shown in Fig. 5 (b). 

For ferritic steel, the spurious echo unavoidable in the angle beam 

technique is generated from the probe housing and dead zone (4 mm) including 

the transmission pulse (T) occurs, but its length is small. Its inter

ference is negligible, (See Fig. 5 (b)) because the tip-peak-echo can be 

observed. 

For the overlay, the grass echo which occurs overlaps wi th the :: pllriowJ 

echo generated from the probe housing and the transmission p~18e (T) and 

forms a dead zone having a length of ~ l (25 mm) (See Fig. 5 (a)). 

Therefore, the tip-peak-echo is hidden in this zone. This dead zone (lI) 
depends on the probe characteristics, overlay thickness, and sensitivity. 

When il is 25 mm, the limited depth of the crack that can be measured is 

about 18 mm from equation(l). When the depth of the crack is smaller than 

the limited depth, it cannot be measured. The caus~ of this dead zone is 

mostly grass echo from the overlay. 
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4. COUNTERMEASURES AND FINDINGS 

The important task is to eliminate the dead zone shown in Fig. 5 (a), 

that is, the transmission pulse, spurious echo, and the grass echo, and 

to improve the characteristics for capturing the tip-peak-echo without 

missing. 

For this purpose a technique for measuring with a longitudinal wave 

twin crystal angle probe of a special design is studied (Fig. 6). 

Basis of Longitudinal Wave Twin Crystal Angle Probe Specification --_.- _ .. -'-- - - ... "'-"--'" 

a. Twin crystal angle probe 5) 

Using this type of probe, the transmission pulse and the spurious 

echo were erased, and the beam of the sound is narrowed to improve 

directivity so that the crack tip-peak-echo shown in Fig. 4 can be 

detected and the depth of the crack measured accurately. 

b. Longitudinal wave 

The use of longitudinal wave in the sound mode to detect flaws 

in austenitic stainless steel welds has been studied by many researchers 

in the world for the past few years, and it become generally to be 

accepted. The sound velocity of longitudinal wave in metals is about 

twice the sound velocity of shear wave; therefore, the wave length (À) 

of a longitudinal wave will be about twice of that of a shear wave when 

the frequency is fixed. Generally, a long wave length (Jl) has less 

grass echo. Also, even with equal wave length (Jl), the longitudinal 
5) 

wave is said to cause less grass echo. Further, since the direc-

tivity improves with higher frequency, it is considered that the longi

tudinal wave is advantageous over the shear wave in decreasing the 

occurrence of grass echo and improving the signal to noise ratio. 

The difference b~tween the conventional method (shear wave 

technique) and the focused longitudinal wave technique is shown in 

Fig. 7. 

The signal to noise ratio of the focused longitudinal wave 

technique is improved compared with the conventional method. 
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c. 45
0 

angle of refraction 

A check of the directivity theory 6) on the angle probe revealed 

that the directivity varies depending on the refraction angle (e) of 

the angle probe. 

The Fig. 8 shows the width of the ultrasonic beam when the depth 

of the crack is 10 mm. Thus, a narrow beam with sharp directivity is 

decisive for the tip-peak-echo-method 7) For this reason, the re

fraction angle was set at 45 0 . 

d. Focal distance 

The echo response from a vertically oriented crack surface is 

expected smaller and to improve echo response and signal to noise 

ratio, two probes having different focal distance (10 and 20 mm 

respectively) are provided to measure the depth of crack from 2 to 

30 mm. 

Distance-Amplitude Curves of these probes obtained using wedge 

type test block are shown in Fig. 9. 

e. Probe size 

Considering that this technique is to be applied to In-Service 

Inspection, probe size is minimlzed to increase the useability. 

5. RESULTS OF MEASUREMENT 

Three types of test pieces are provided to verify the capability 

of new probes and tested. 

Type l test pieces Having natural crack without overlay 

Type 2 test piece Having artificial flaws with overlay 

Type 3 test pie ces Having natural crack with overlay 
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Blocks hnving na turural cracks were eut ou t. from the reactor which was 

used for severa] yeurs and had hecn presûrvcd in our Muroran Plant. 

These blacks had natural eracks which had been induced during the 

investigation of local heating stress in the research center. 

Type l and Type 3 test pieces were cut out from these blocks as shown 

on Fig. 10. 

Examination condition 

Equipment Krautkr~mer USIP-ll 

Probe Longitudinal wave twin crystal angle probes 

Couplant Glycering 

5.1 Type l Test Pieces 

Type l test pieces are shawn in Fig. Il. 

Actual depth of crack in Fig. Il is measured by magnetic particle 

examination. 

Results of measurement by ultrasonic testing are shown in Table 1. 

Table l 

Test piece 

No. 

l 

2 

3 

4 

5 

Correlation between actual depth of cracks and depth 

by UT on type l test pieces 

Actual depth Depth by UT (mm) 

of crack (mm) --
FD : 10 mm FD : 20 mm 

5 6.3 -
10 10.9 -

15 14.7 16.5 

20 - 23.5 

30 - 30 

FD Focal distance 
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5.2 Type 2 Test Piece 

A test piece with a 8 mm thick overlay of type 309 and type 347 

provided with l mm width saw cuts of various depths shown in Fig. 12 (a) 

was made and tested. 

Fig. 12 (b) and (c) show the CRT pattern (with a time base of 50 mm) 

of the test piece with 2 mm and 4.5 mm saw cuts in the overlay. 

As expected, the grass echo disappeared and with improved signal to noise 

ratio, it was possible to measure the depths of the artificial flaws (saw 

cuts) in the overlay. 

Results of measurement of ultrasonic testing are shown in Table 2. 

Table 2 

Test piece 

No. 

6 

Correlation between actual depth and depth 

by UT on type 2 test piece 

.-
Actual depth Depth by UT (mm) 

of saw cuts (mm) FD : 10 mm 
---

2 2.1 
-----

4.5 4.6 

() 8.8 
._-_ .. _----- .. -._----

10 10.6 
----- -

12 12.7 

14 14.8 

FD Focal distance 

5.3 Type 3 Test Pieces 

Two test pieces are the 8 mm thick weld overlay on the block ha.ving 

na tural cracks whose depths are 6 mm and 14 mm respecti vely, eut out from 

the reactor as described in Para. 5. 

These test pieces are shown in Fig. 1.3 and results of mea::mrement 

by ultrasonic testing are shown in Table 3. 
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Table 3 

Test piece 

No. 

7 

8 

Correlation between actual depth and depth 

by UT on type 3 test pieces 

Actual depth from Depth by UT (mm) 

testing surface (mm) FD . 10 mm m: 20 . 
14 16 -
22 - 23.3 

mm 

The figures shown in Table 3 have a little variation compared with the 

results of type 2 test block, however, it is considered that these values 

are fairly accurate for the application of fracture mechanics analysis. 

The several CRT patterns obtained from the test piece No. 8 shown in 

Fig. 14 (a) to (e). 

Fig. 14 (a) shows the CRT pattern when scanning sensitivity is 

adjusted. 

The grass echo or noise echo from the sound area is set to 20 % of 

CRT height. 

Fig. 14 (b) shows the reflection from the crack tip of the overlay 

side. 

Fig. 14 (c) shows the reflection from the crack surface. 

Fig. 14 (d) shows the reflection from the crack surface at focal 

distance. 

Even from the crack surface, we can expect a large echo at focal 

distance. 

Fig. 14 (e) shows the reflection from the crack-tip, and when the 

probe is moved away from the crack further, aIl reflections disappear. 

By reading the beam path length, the crack depth can be calculated. 
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6. CONCLUSION 

It has been practically impossible to measure the depth of cracks 

that start from overlay surface and lies within the overlay, those that 

extend into the base metal, or those that start at the interface and 

extend into the base metal. By developing a longitudinal twin crystal 

probe with a refraction of 45
0

, it has been confirmed that cracks of 

2 mm or more in depth could be measured accurately. 

The newly developed technique has been evaluated in several reactors 

vith cracks on overlay. The results have been satisfactory, and it has 

been confirmed that by this technique, data for analyzing safety of 

reactors and for countermeasures to be taken can be obtained. 

It ia emPŒasized that this problem raised by the operator, researched 

and developed by the reactor manufacturer and engineering and construction 

company, and confirmed by the operator as practical is a sample of imple
menting terotechnology. 
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Report on a survey of ultrasonic testing in austenitic weld materials 

S. SANDBERG 
Tekniska Roentgen Centralen, Sweden 

ABSTRACT 

Buttwelds in austenitic stainless steel plats containing machined-in flaws 
were ultrasonicly examined partly at 1.5 MHz by special ultrasonic methods 
including 3-dimensional imaging, focused image holography and C-scan ima
ging with a segmented annular array search unit partly at 0.5 MHz, 1.0 MHz, 

2.0 MHz and 2.25 MHz by focused and non-focused probes of varying bandwidth 
in transverse and longitudinal mode with. frequency analysis performed on the 
UT signal. In addition the plates were examined by radiography, liquid pene
trant and conventional ultrasonic puls echo methods to characterize the re
flectors in the welds. 

It was shown that the primary problem in the detection of the known flaws in 
these specimens was the presence of numeruous false indications, not the lack 
of ultrasonic penetration. Examination with refracted longitudinal rather than 
refracted transverse wave ultrasound enhanced flaw detectability by minimazing 
the number of flase indications yet leaving the number of true indications in
tact. 

A focusing device increases detectability for both transverse and longitudinal 
modes. The metalurgical parameters studied do not significant affect the detec
tability of the machined-in flaws. 
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1. INTRODUCTION 

This is a report on a section of a research program sponsored by the 
Swedish Nuclear Power Inspectorat covering ultrasonic testing of austenitic 
weld material with the objective to assess the ability of several UT methods 
to detect and characterize artificial flaws in austenitic stainless steel 
welds. The program was conducted as a cooperative research program by TRC, 
sn and SwRl. 

The weld panels used are of type 316 stainless steel 39 mm thicA butt 
welded with different submerged arc welding techniques to give a variety of 
metallurgical parameters. 

The following four weld panels were used in this program 

SMAW LG 

SMAW FG 

SMAW MGHC 

SMAW MGLC 

Submerged arc welded Large Grain size 

Submerged arc welded Fine Grain size 

Submerged arc welded 
High carbon content 

Medium Grain size 
to give grain boundary precipitates 

Submerged arc welded Medium Grain size 
with a low carbon content 

The configuration of the weld panels is shown in figure 1. 

Side drilled holes 2.0 and 3.2 mm in diameter and short notches with a 
depth of 1.0 and 2.0 mm were machined into the weld panels after an initial 
UT-RT-PT examination. 

The weld panels were examined with the following ultrasonic techniques : 

1) lmaging with a focused phased array search unit of 1.5 MHz, 38 mm in diame
ter, 8-ring mnular array manufactured by SwRl. 

2) lmaging with refracted longitudinal waves with twin crystal quasifocused 
2.0 MHz probes manufactured by RTD. 

3) lmaging with refracted longitudinal waves with lensfocused 1.5 MHz probes 
manufactured by SwRI. 

4) lmaging with refracted transverse waves with lensfocused 1.0, 1.5 and 2.25 MHz 
probes manufactured by SwRl and Panametrics. 

5) lmaging with refracted transverse waves with flat 0.5, 1.0, 2.0 and 2.25 MHz 
probes of different bandwidths, manufactured by TRC, SwRl, Panametrics and 
KrautkrKmer. and use of a Karl Deutsch variable Narrow Bandwith transmitter. 

The evaluated parameter was signal to noise ratio. The SIN relationship 
is defined as the max~um signal amplitude from the observed defect divided 
by the maxLnum structural noise from the weld volume observed. 
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2. RESULTS 

Table l is a simplified overall picture of the results grouped according 
to flaw type and location, probe type, angle and mode. A "yes" means an ave
rage SIN greater than 6 dB for all or almost all scans. 

The results are rather ambiguous but it is quite obvious that refracted 
longitudinal waves are preferable to transverse waves when possible to use. 
Bandwidth considerations indicate that a narrow bandwidth is preferable to a 
broad bandwidth. Analyses with the Karl Deutsch Narrow Bandwidth transmitter 
and transverse wave mode show an increase of sensitivity of 10-15 dB in spite 
of a decrease in transmitted amplitude. No significant increase in detectabi
lit y is observed. 

Considering frequencies the results of this program show no significant 
trend between 1.0 and 2.25 MHz. 0.5 MHz does not indicate the machined in 
defects of the sizes used. 

The frequency spectrum analysis shows in the weld material a frequency 
shift of 200 kHz towards higher frequency for a 0.5 MHz probe and a frequency 
shift of 200 kHz towards lower frequencies for a 1.0 MHz probe. For a 2.25 MHz 
probe the shift is also towards lower frequencies. The maximum frequency may 
vary between 0.8 and 2.25 MHz when penetrating weld material. Metallurgical 
reflectors cannot be separated from flaw reflectors with the frequency analysis 
applied. 

Considering sizes of machined defects a 3.2 mm side drilled hole seems 
possible to detect with both transverse and longitudinal modes but an amplitude 
variation of 12 dB should be anticipated when scanning a side drilled hole in 
transverse mode. A 1 mm notch ( 2 % T) in the weld root seems possible to 
detect if one chooses his parameters carefully and a 2 mm notch (5 % T) is 
reasonably easy to detect. Notches in the weld crown are only possible to 
detect with longitudinal wave mode. 

lt should be noted that one needs a different set of UT parameters for 
the weld root and weld crown using longidutinal waves. 

Figure 2 shows a serie of scans with a flat and a lens focused 2.25 MHz 
broadband transducer over a 1.0 mm notch in the weld root of the SMAW MGHC weld 
panel. The figure indicates that a focusing device does help detectability. 
This figure is typical for all focusing devices used in this program. 

The above mentioned results are averaged over several weld panels with 
different metallurgical parameters. Different weld specimens do give different 
test results but it is not so that one set of metallurgical parameters is pre
ferable to another for several types of machined defects. The results rather 
suggest the contrary, if a set of ultrasonic parameters will detect the machi
ned defects in one weld specimen it will also detect similar set or machined 
defects in another. 
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A great effort was made to use signal processing to help separate metallur
gieal noise from flaw indications. 3 dimensional imaging and holographie 
imaging with a holosonic 200 instrument was used, and frequeney apeetrum ana
lysis with a Tektronix 71.12 frequency spectrum analyser was condueted with 
signals from different types or reflectors. 

The signal proeessing used does not significantly help raise the detee
tability of the maehined defects in the weld specimens. 
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1 

Result digest shows defect location and 
size, scanning direction and if the 
machined defect is possible or not to 
detect for each probe. Ayes represents 
an average SIN greater than 6 dB detected 
in all or almost all scans. 

l'an V 39; flat 45 v T 
2,25 MHz ilIIIIIersion 
l'an y 395 tocused 45lT T 
2,25 11Hz ilIIIIIersion 
Pan V 392 flat 45' T 
1,0 MHz immersion 
.l'an y ,~4!. rocuse4 4) ':1: 
1.0 11Hz ilIIIIIersion 
.l'an y ,ts~ flat 45"1' 
0,5 14Hz ilIIIIIersion 
Pan A 403-S flat 45' T 
2,25 MHz contact 
.l'an A 4U1";:' rlat 4)' T 
1,0 MHz contact 
l'an v ,~) t1a~-55v 'r 
2,25 !11Hz ilIIIIIersion 
ran , j~) r1atiU "r' 
2,25 MHz immersion 

. l'an y 395 tocuseQ lU'" :c 
2,25 )(Hz l111111ersi2n 
l'an y ,~4!. t18o;'{0 -.y 

1,0 MHz ll11111ersion 
.l!XD ïb-jts quasi toc 45 L 
2,0 MHz contact 
RTD 76-40 quasi rac W .11 

2,0 MHz contact 
li1'D 7b-45 quasi toc 70u .11 

2,0 MHz contact 
;'11111 flat 4) '.1: 

l,514Hz contact 
SlfRI flat 600 T 
1.5 MHz contact 
S'IBI tocused 45 T 
1 5 Jœz ilIIIIIerslon 
S_RI tocused 60u T 
l,511Hz ll11111ersion 
SiVlU tocueed 45 L 
1~5 Wz immersion 
SWlU phased array 45l 
1,5 MHz ll11111ersion 
SUI phased array 45T 
~.5 111Hz immersion 
S_lU phaeed array60 .T 
l,514Hz iJlllllersion 

SDa No 3 SDH No 2 
RAZ field center 
.0 3 2 JIIIII 10 3.2 JIIIII 

7JL X 
Yes Yes 

Yes les 

lia Ko 

- --
Ho No 

les No 

Yes No 

les Yes 

les Yes 

Yes --
Yes Ho 

Yes les 

les les 

-- Yes 

Table 1: Result digest 

SDH No 1 SDa SlYRI Notch weldroot Kotch weldroot Notch Weld- Kotch weld-
RAZ ~Z depth 1,0 JIIIII depth 2,0 JIIIII crown, HAZ c rown/we Id-
10 3 2 JIIIII 2J11111 depth 1,0 nm center,dep2,O 

~ ~ li Y ?SI 3E 
No No Yes les No 

Yes Iio les Yes No 

No No· No No No 

No No -- - --
Ho Ho -- !to No 

Ho Yes Yes Yes No 

Ho les -Yes No Ho . 
les No les -- --
Yes No Yes -- --
les No -- -- --
les -- No - -
Yes No No Yes Yes 

Yes No Yes No lio j 
1 - --- - -- -
1 

No No 

UA ao 

No No 

No Ho 

No No 

Yes Yes 

No No 

110 No 



• Ultrasonic examination of stainless steel E.R. welds by an ~ersion technique 

G. TORRIDA, G. ANTONIOLA, D. LATERZA 
Fiat TTG S.p.A., ltaly 

AAS'IBAC'I 

An ultrasonic examination method 
beam (E.R.) welds is being developed. 
Lnmersion technique employing focused 
the weld soundness and penetration. 

of austenitic stainless steel electron 
The method is based on an automatic 

transducers and aimed at detecting both 

The scope of this examination is the quality control of E.R. welds of 
different geometries performed in the fabrication of nuclear reactor components 
at Fiat l'TG. 

Equipments used are : 

- ultrasonic apparatus with dual trace display 
- four track recorder 
- ~ersion system to move the pieces and transducers so to have an 100 l volu-

me scanning of the welds 

The examination procedure, firstly set up for E.R. butt welds in AISI 304 
pipe 10 mm thick, 110 mm O.D., consists of 

1) Calibration of the ultrasonic equipment with recorder (the minimum detection 
level shall be ascertained) by means of a first calibration block with holes 
(to verify the weld soundness) ani a second calibration block with circumfe
rential notches on the inside diameter (to verify the weld penetration); 

2) Examination of the welded joint; 

3) Repetition of the calibration as per item 1. to verify the calibration cons tan
cy of the equipment. 

The reliability of the examination procedure has been checked as follows 

1) Weld soundness - The recorded indications, mostly due to porosity defects, 
are verified by means of radiographic examinations in addition to sectioned 
specimens. This comparison gives an approximate correction coefficient 
depending upon the dimensions of the defect. At present, the soundness con
trol is able to detect, with good signal/noise ratio, porosities of about 
0.8 lIIll diameter. 

* Work done within the activities of the CNEN-FlAT Industrial Promotion program 
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2) Weld penetration - The penetration control is at present able to detect an 
artificial defect 0.5 mm in depth on the inner surface of the welded speci
men. 
The comparison between real lacks of penetration and the corresponding 
ultrasonic indications has brought us to study and prepare four types of 
calibration blocks welded in particular ways so to simulate the real detects 
better than the usual artificial defects obtained by machining. The speci
mens welded in these ways are then equatorially cut to examine and compare 
the actual defects with the recorded indications. This type of investiga
tion is still in progress because it is deemed it necessary to enrich our 
case record. Subsequent step will be to obtain a significant correlation 
between lack of penetration and calibration notches indications. 

In conclusion, the establishment of adequate acceptance standards for 
the ultrasonic inspection of E.B. welds by means of automatic Lmmersion techni
ques suitable to lot fabrication purposes requires, in our opinion, an accurate 
experimentation to arrive at a correct interpretation of defect indications. 
This is particularly true for the lack of penetration defect. 

1. INTRODUCTION 

-~ ultrasonic examination method of austenitic stainless steel 
electron beam (E.B.) weld is being developed. The method is 
based on an automatic immersion technique employing at the 
same time two focused transducers traveling to examine both 
the weld soundness and penetration. 

The scope of this examination is the quality control or E.B. 
weld of different geometries perforrned in the fabrication of 
nuclear reactor components at Fiat TTG. 

Equipments used (Fig. 1 and 2) are: 

- ultrasonic apparat us with dual trace display 
- four track recorder 
- immersion system to move the pieces and transducers so to 

have a 100% volume scanning of the welds. 

The examination procedure described in this paper is being 
evaluated for the quality control of a first lot of 150 E.B. 
butt welds in AISI :304 pipe 10 rrm thick, 110 rrm. O. D. Rpliabil H.,>, 

oÎ results is also dLsCLISSt~d. 
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2. EXAMINATION PROCEDURE 

The examination of the irrmersed welded tube is performed employing 
at the same time two focused transducers positioned at 90 degrees 
from each other (see Fig. 3). Each transducer is connected to one 
channel of the ultrasonic apparat us and to one of the recorder. 
The oscilloscope pattern can be visualized both separately (one 
channel per time) and contemporaneously (both channels) on the 
TAC of the apparatus. Each rotation of the weld is si,gnaled by 
a proximi ty swi tch connected wi th the external marker of the 

recorder. 

The choice of the focused transducers has been aimed at diminishing 
the extent of the reception noise without sensitivity losses due to 
the attenuation thanks to the point energy concentration obtainable 
wi th this kind of transducers. An addi tional reason for this choice 
is the good side definition of the ultrasonic beam which allowsan 
accurate evaluation of the defect size. The choice of the focused 
transducer type (narrow or broad band) has been performed according 
to the following conclusions of a previous investigation: 

i) The weld soundness is better detected by means of a broad band 
focused transducer with the fo11owing characteristics: 

- 1 in. diameter 
- 2.25 MHz frequency 
- 76.8 mn focusing 
- 0.7 mn focal spot. 

This choice, in addition to the results of the experimental investi
gation, is supported by the fact that the reflecting (or attenua
ting) defects have different dimensions and, thereÎore, to each 
dimension would correspond an ideal frequency value as far as 
maximum reflection is concerned. Ideally, one should therefore 
control the weld by means of several narrow band transducers, 
each tuned in a particular frequency. Of course, this would be 
very costly and could arise interpretation problems. It is 
preferable to employ broad band transducers v.hich, even if s1 ightly 
less sensitive, can work covering a large frequency band. In addi
tion, broad band transducers have the adv'antage of an high resolution. 
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ii) The weld penetration is better detected by means oÎ a narrow 
band Îocused tra~sducer with the Îollowing characteristics: 

- 3/4 in. diameter 
- 5 MHz Îrequency 
- 44 mn Îocusing 
- 1.1 nm Îocal spot 

The above mentioned choice takes into account oÎ the reÎlector 
type, i.e. the lack oÎ penetration to be ideally considered 
as a plane reÎlector, and of the necess i ty of compromising 
between the sensivity which requires high frequencies and the 
noise level which is low with low frequencies. 

The examination is perîormed wi th the two transducers Îocused at the 
tube inner surface (weld root) as Îollo~s: 

i) For the weld soundness testing the ultrasonic beam is positioned 
perpendicular to the longitudinal axis (rotation axis) of the tube 
and possible attenuations of the bottom echo due to detected defects 
are recorded in A scan. Typical defects oÎ E.B. welds in tubes are, 
for example, porosities in the zone oÎ overlapping beads. 

ii)For the weld penetration testing the ultrasonic beam is positloned 
with 21° tilt (Fig. 3) so to scan the weld root zone and possible 
reÎlections due to lacks of penetration are recorded in A scan. lt 
should be noticed that in E.B. welds lack of penetration defects 
rnay just occur at the weld root. 

The Îollowing calibration blocks are used: 

i) For the weld soundness testing: block with three series of trepanned 
holes as shown in Fig. 4; 

ii)For the weld penetration testing: block \-;ith two slits obtained 
by ECM as shown in Fig. 5. 
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The exarrnnation procedure is the Îollowing: 

1. Calibration oÎ the ul trasonic equipment wi th the recorder 
(the minimum detection level shall be ascertained) by means 
oÎ both the "soundness block"· and the "penetration block"; 

2. 100 pel' cent weld scanning with a tube rotation oÎ 6 l'pm and 
a longitudinal Îeed oÎ 0.2 rrrn pel' revolution oÎ the two rigidly 
linked transducers; a complete scanning oÎ the weld zone requires 
a 10 rrrn pass; 

3. Repetition oÎ the calibration as pel' 1. in order to veriÎy 
the calibration constancy oÎ the equipment. 

3. INTERPRETATION OF THE RESCLTS 

Results are interpreted according to the following: 

i) Weld soundness (Fig. 6 shows an example oÎ calibration recording) 

Attenuation levels, recorded as peak heights, are caused by holes 
2.5 rrrn in depth and 0.8 - 1 - 2 rrrn in diameter, whereas attenua
tions oÎ other holes 5 and 7.5 rrrn in depth are not to be considered 
being erroneous (higher attenuations due to the side efÎect oÎ the 
hole) . 

Signal repetition (R number) is defined as the number of longitudinal 
scan passes where the attenuation signal (peak hei,ght H) becomes 
higher than the detection threshold('zero level") given by the 0.8 

rrrn dia., 2.5 rrrn in depth hole. 

For correct interpretation oÎ the results after the calibration, a 
table shall be prepared as fo110\l.'S: 

Hole dia. Hole depth Peak height Signal repetition numb. 
(rrrn) ( rrrn) H( rrrn) (R number) 

2.5 0 0 

0.8 5.0 15'': 5 

7.5 21* 6 

2.5 6 4 

1.0 5.0 12* 6 

7.5 2.3-" 8 
') -"- .. ") .34 8 

2.0 5.0 41'': 10 

7.5 47"1( 1.3 

* Values not to be considered 
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In this way one has two different kinds of data: 

a) The attenuation level of the bottom echo (actually recorded as 
peak height) as a function of the flaw reflecting area: wi th 
equal reflecting areas maximum attenuation occurs at the weld 
root. 

b) Repetitions, whose number is a function both of the flaw reflecting 
area (particularly i ts dimension referred to the longitudinal axis) 
and the flaw position in the wall thickness (with equal dimensions, 
the number of repetitions is lower toward the weld root). 

In conclusion, one can summarize the situation as follows: 

a) Wi th equal reflecting areas but different depth of the flaws 
in the wall thickness: 

l 
Max. 

Flaw at weld root 
Min. 

peak heigh 

repetition number 

)Min. peak height 
Flaw at weld surface ( (Max. repetition number 

b) With different reflecting areas but equal depth of the flaws in 
the wall thickness: 

- Peak heights proportional to the reflecting areas 

- Repetition numbers increase with the increasing of the longitudinal 
dimension of the reflecting areas. The other dimension (circum
ferential) affects only the permanence time of the attenuation 
signal. 

The evaluation of the flaw equivalent diameter is perfonned by means 
of the DAC curves (distance-amplitude curves) shown in Fig. 7/\. In 
order to obtain these curves we have determined the peak heights of the 
two holes 1 and 2 mm ~ia., 2,5 mm in depth (H = 6 and 34 mm respectively). 
A specimen has been prepared by machining one pr'oduction tuœ so to have 
three thickness steps 2.5-5-Î.5 mm in addition to the nominal wall 
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thickness of 10 nm. Moving the transducer facused at the tube 
inner surface longitudinally on the stepped zones we have 
recorded the variation of the battom echo hei.ght and obtained 
the DAC reference curve from the three experimental values 
H = 97, 92, 89. Assurrdng that this variation is valid also for 
the reflecting flaws at different levels in the wall thickness, 
we have described the two curves having this variation and going 
through the H = 6 and 34 values determined as mentioned above. 

The combined use of these DAC curves and of the Repetition Curves 
(Fig. 7 B) allows to evaluate the flaw equivalent diameter as 
described in the following example: 

H = 9,: R = 4 (Weld F of table on page 8 ) 

The intersections of the line H = 9 with DAC curves (Fig. 7A) 
determine four possi.ble cases: 

- Equiv. dia: 1.0 nm; depth of the flaw: Onm (weld root) 

" " 1.1 nm; Il " " " 2.3 rrrn 

" " 1.2 rrrn; Il " " " 3.9 rrrn 

" " 1.3 rrrn ; Il " " " 5.8 nm. 

Defini te R number values correspond to each of these values (Fig.7B): 

- Flaw dia. 1.0 rrrn R = 3.0 

" " 1.1 nm R = 4.3 

" " 1.2 nm R = 5.8 

" " 1.3 rrrn R = 7.9. 

R =4.3 is the closest value to the one (R = 4) determined for the 
flaw under consideration which, therefore, should have an 1.1 rrrn 
equiv. dia. and a 2.3 nm depth from the weld root. 

ii)Weld penetration (Fig. 8 shows an example of calibration recording). 

The detectionthreshold is given by the peak height corresponding to the 
slit 0.5 rrrn in depth at the inner surface of the calibration black. The 
evaluation of the penetration lack is obtained by means of bath the 
peak height and the repeti t ion number. 
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3. RELIABILITY OF THE EXAMINATION PROCEDCRE 

The reliability evaluation ~ been performed on the recorded indica
tions from 150 E.B. welds automaticalIy scanned. Each significant 
indication has been reexamined by means of RT and PT methods. 

Results obtained so far can be summarized as follows: 

i) Weld soundness - 15 per cent of the exami.ned welds have shown 
indications exceeding the "zero level" .The checking has been perrormed 
by means of the RT method, in this case considered 100 per cent reliable 
as far as tridimensional flaws is concerned. Sorne typical examples 
of relevant comparisons are the following: 

Weld RT indication (mn) 
RT equiv. dia. (mn) 

tJÏ indications UT equiv.dia. Equiv.dia. 
H (mn) - R (mn) change from RT 

(~) 

A 0.9 x 0.8 7 6 1.l(half thick + 15 
0.96 ness) 

B 1.2 x 1.3 30 5 1.8 (root) + 28 
1.41 

C 1.6 x 1.2 14 4 1.2 (root) - 23 
1.56 

D 1.8 x 1.2 9 - 13 1.4 (surface) - 16 
1.66 

E 2.5 x 1.2 9.5- 13 1.4 (surface) - 28 
1.95 

F dia 1.2 9 4 1.1 (toward 8 
root) 

G 1.8 x 0.5 12 2 1.1 (root) + .3 

1.07 
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It is concluded that the ultrasonic irrrnersion technique, in the 
condi t ions of our expeT'irnental setup, can detect tridirnensional 
flaws having an equivalent diameter of 0.8 !Tm, and that this 
technique, conceived for a production control, can afford results 
affected by a rnaxirrum error of about 3~ for flaws wi thin the 0.8 
2 !Tm equi v. dia. range. 

ii) Weld penetration - This part of the reliability evaluation is the 
one that has experienced rrost difficulties. Various types of defective 
welded tube specimens have been prepared as a reference for real lack of 
penetration defects such as: 

- specimen wi th beads increasingly deep from zero (no weld) to the 
wall thickness (complete penetration) 

- four lobes specimen, i. e. a specimen wi th four lacks of penetra
tion positioned at 90 degrees, and obtained by changing a welding 
parameter (thickness) 

- specimen welded wi th a tU ted beam 

- specimen welded with a lack of penetration corresponding to a beam 
deflection obtained by means of a magnetic field. 

According to our experience, the four lobes specimen (Fig. 9) is the 
rrost representative. A comparison has been made between the indication 
of the 0.8 rrm slit in the calibration block and those of the four lobes 
specimen. The transfer of the calibration peak height from the 0.8 !Tm 

slit has located on the four lobes specimen recording lacks of penetra
tion that, after cutting the weld apart, resulted to have real values 
of approx. 1.6 !Tm. 

The limited representativeness of the calibration slits induced us 
to investigate the only two production welds showing lacks of penetra
tion at the liT examination. 80th RT and PT testings have been performed: 
the radiographic testing detected no defects whereas the liquid pene
trant testing detected lack of penetration in one of the two production 
welds. The cutting apart of this weld evidenced that to the liT evaluated 
2.2 !Tm lack of penetration corresponded a real defect of approx. 3 !Tm. 

In conclusion, it can be stated that the method under development is 
able to detect lack of penetration defects with a sensitivity which 
is higher for 0.5 and 0.8 !Tm calibration slits than for the real defects. 
Anyway, the method appears to be able to detect lacks of penetration 

on the order of 1 !Tm. 
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4. CONCLUSION 

The establishment oÎ adequate acceptance standards Îor the ultra
sonic inspection oÎ E.B. welds by means oÎ automatic inmersion 
techniques suitable to lot Îabrication purposes requires, in our 
opinion, an accurate experimentation to arrive at a correct inter
pretation oÎ deÎect indications. 

At Fiat TTG ultrasonic exarrdnation of stainless steel E.B. welds 
by the described inrnersion techniqueemploying two Îocused tr'ansducel"'S 
is still under development. Anyway, the work done so Îar allows us 
to be confident oÎ the reliability oÎ the method. The interpreta
tion oÎ the results appears to be somewhat critical in the detection 
oÎ ve~ small lack oÎ penetration deÎects at the weld root whereas 
the weld soundness control has already reached a satisÎactory stage of 
development. 
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Fig. 9 - Four lobes specimen for the reliability 
evaluation of lack of penetration defects. 
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Factors affecting the re1iabi1ity of the ultrasonic examination of austenitic 
components 

P. CAlJSSIN, J. CEBMAK, D. VERSPEELT 
Association Vinçotte, Belgium 

ABSTRACT 

Except in special cases (heavy castings for examp1e) the u1trasonic testing 
technique is already able to reveal major flaws present in austenitic steel 
components. The detectabi1ity of smal1 f1aws has been demonstrated, as has sur
prising1y good location and sizing capability. However it has not been possible 
until now to draw any genera1 rules about the real performance of the ultrasonic 
technique in view of the number of prob1ems reported all over the world. 

Following some 10 years of research and field practice it appeared that the 
reliability of ultrasonic inspection of stainless steel items depended main1y 
of three factors : 

(i) The metallurgical microstructure of the test specimen, which complicates 
the inspection and which is generally unknown at the time of the test; 

(ii) The test procedure, which should provide unambiguous results; 

(iii) The instrumentation, which needs to be thoroughly checked, at the manu
facturing stage and before every inspection. 

The effects of these three parameters are discussed and possible solutions 
for improved reliability drawn . 

.1. INTRODUCTION 

The ultrasonic technique is commonly applied for inspecting auatenitic 
steel components of nuclear and petrochemical installations. It is often the 
only method practically applicable in nuclear environments for testing welds 
and pipes of the primary and auxiliary circuits. The latter are generally made 
of austenitic material which were considered for a long time as particularly 
difficult to inspecte The particular crystallographic structure of the material 
and the size of the grains are generally recognized as the major cause of h~h 
ultrasonic attenuation (mainly scattering) and low signal-to-noise ratio [l~ 
In the early 70's custom-made ultrasonic probes showed great promise [2J. At 
present such probes, using low-frequency refracted longitudinal (compression) 
waves, make possible the inspection of jieCeS of 5 to 100 mm in thickness, 
including centrifugally cast item [3, 4. However, if the sensitivity level 
required by most of the codes can be met in most of the cases, if detection 
of small flaws was demonstrated, if sizing capabilities were shown reasonable 
regarding the difficulties encountered, very litt le is known about the reliabi
lit y of the testing method~ 

In this presentation, three major parameters affecting that reliability 
will be discussed. 
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2. METALLURGlCAL STRUCTURE 

The manufacturing processes of austenitic steel items generally lead to 
the appearance of large crystallographic domains. The latter can be larger 
than the ultrasonic wavelength used for the inspection. In that case the 
properties of single crystals will govern the ultrasonic propagation L5, 6J. 

In welds these grains have been shown to grow with a preferential crystal
lographic direction ( < 100 > ) along the heat dissipation lines. From that 
process results a peculiar texture with properties similar to the ones of sin
gle crystals. These properties affect both the apparent attenuation and the 
velocities of ultrasonic waves. An example is shown in figure 1 where both 
the longitudinal wave attenuation at 2.25 MHz (0 dB for ferritic steel) and 
the velocity (5940 mis for ferritic steel) was plotted against the orientation 
of the ultrasonic beam. In that case the grains were mainly oriented at 35° 
from the 0° reference. That diagram shows a periodical variation of both para
meters and a good correlation between them. In figure 2 similar results are 
compared for samples with grains larger and smaller than the wavelength of 
longitudinal waves. In the second case, the variations were much less impor
tant, which revealed that the appearance of such fluctuations de pends on the 
grain size to wavelength ratio. A detailed analysis of these results will 
be published elsewhere. 

The austenitic steel microstructure not only causes fluctuations of both 
ultrasonic attenuations and velocities but also affects the frequency content 
of the ultrasonic signals and the beam structure. Figure 3 shows frequency 
spectra of bottom wall echoes in pieces in carbon and cast austenitic steel 
of 60 mm in thickness. lt can be seen that in the austenitic casting the high 
frequencies were much more attenuated than in the ferritic steel. 

The same samples were used to measure the structure of the ultrasonic 
beam after 60 mm of carbon and cast austenitic steel. The plots obtained 
with an electrodynanic sensor are presented in figure 4. Obviously the auste
nitic casting has severely distorted the ultrasonic beam. 

These results not only demonstrate that the austenitic structure can 
drastically affect the parameters of the ultrasonic examination but also that 
their importance can be evaluated when knowing the microstructure of the piece 
to be inspected. However a weld can join very different microstructures as in 
the example of figure 5 where a multi-pass weld connects a casting to an extru
ded pipe ~ME 316). Furthermore, knowing the grade of the material, the ela
boration process and the manufacturer does not mean that the microstructure is 
known. Figure 6 shows the microstructure of two centrifugally cast ASTM A351 -
CF8M steels of the same thickness made by the same manufacturer. lt is obvious 
that the resulting microstructures were quite different. 

3. TES TING PROCEDURE 

lt is generally agreed that the reliability of an ultrasonic inspection 
strongly depends on the testing procedure. The latter must involve adequate 
probes and unambiguous evaluation methods, and also take account of geometrical 
problems. 
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Since about 10 years probes specially designed for testing austenitic 
items have been intensively developed and are now available on the market. 
Figure 7 shows an example of the signal-to-noise ratio tmprovement gained 
with a home-made probe when testing centrifugally cast pieces. ln practice, 
the difficulty of inspecting austenitic material has led to the development 
of more than 20 different probes adapted to the numerous test conditions 
encountered when inspecting a structure as complex as the prtmary and the auxi
liary circuits of nuclear plants. Besides these, standard probes are also used. 

Raving the appropriate probe is the first 8tep when planning a test, the 
second step is to elaborate a testing procedure which will guarantee that known 
testing problems are solved. As an example, let us consider the preparation 
of the search for undercladding cracks. Generally the probe recommended for 
such an inspection is a Transmitter - Receiver (TR) probe using longitudinal 
waves refracted at 70° and having a beam crossing point positioned at the 
average cladding to base material interface (fig. 8). ln 8uch a test, the ins
pector should be able to discriminate an echo of a crack (rejectable) and of 
a cladding defect (usually acceptable). A possibility for solving that problem 
is to use a straight beam probe designed for inspecting the cladding and measu
ring its thickness. ln that case the results gained with both probes can be 
combined for improving the echo interpretation. As a matter of fact, a combi
nation of probes has always augmented the reliability of the ultrasonic exami
nation and should be applied whenever possible. 

Another problem mainly relevant to the inspection of pipe welds is the 
geometry of the weld. Usually, achieving the necessary strength of a weld does 
not require very accurate geometry of the weld assembly. ln practice, large 
deviations can be tolerated. This can lead to a situation such as the one 
described in figure 9. where the as built weld profile significantly differs 
from the initial design. ln such a case, geometrical echoes can be generated 
on surface discontinuities and will disturb the inspection, complicating the 
echo evaluation, extending the inspection time requested, and tiring the ins
pectors. These consequences can only have a negative effect on test reliabi
lity. 

4. INSTRUMENIATION 

4.1. Checking program 

Assessing the performances and the reproducibility of an inspection requi
res that the instrumentation meet the specified standard and be stable over a 
long period of time. ln ultrasonic testing the first problem comes from the 
fact that very little is specified for the instrumentation although variabi
lities were known and reported [7J. 

-423-



Five years ago a house program was initiated to evaluate the actual 
variabilities of ultrasonic instrumentation. For that purpose, a special 
equipment was designed and acquired. Since then a series of characteristics 
of probes, cables and electronic circuits (hereafter called apparatus) are 
regularly checked. The same equ~ment is used for checking at the construc
tion stage the special probes made for inspecting austenitic materials. The 
extension of the checking program is indicated in table 1. 

In this presentation only indicative results of that program will be 
described. 

The angular characteristics of a single crystal angle probe are measured 
in a semi-cylindrical steel block of 100 mm in radius. The probe under eva
luation is coupled to the flat axial surface and an electrodynamic sensor scans 
the cylindrical surface, measuring the energy distribution in the plane of in
cidence and in the axial plane perpendicular to the latter. A typical result 
of a defective 45° angle probe is indicated in figure 10. Not only an error 
in the refraction angle of 2.5 0 was measured but also a squint angle of 4° as 
well as a reinforcement of the secondary lobe. 

The beam characteristics of T.R. probes are measured in triangular steel 
blocks using also an electrodynamic sensor and custom-made recording system. 
The set-up used is indicated in the insert of figure 11. That figure shows 
the energy distribution when the beam crossing point is accurately positioned. 
In cases where the crystals were not accurately mounted in the probe, beam 
divergences similar to the one indicated in figure 12 are measured. Such a 
probe cannot be accepted for ultrasonic testing. 

The apparatus check covera a large number of items which requires special 
procedures. As an example, two disturbing results will be mentioned as exam
ples of characteristics which must be avoided. 

The first example concerns the frequency sensitivity of the amplifier. 
Whatever that sensitivity, it can be assumed that it is independent of the 
gain setting used. However, in practice, situations like the one described 
in figure 13 can be found. In that case the frequency bandwidth was shortened 
when the gain increased. 

In the second example of figure 14, it is shown that the complex input 
impedance of the amplifier can vary not only from one apparatus to another 
but also in a single apparatus depending on the amplifier setting. 

-424-



ls called instrument the assembly of apparatus, probe and cable. The 
resulting characteristics of an instrument depend on the characteristics of 
its individual components. A proper operation would theoretically require a 
reasonable impedance matching between these three components. In practice it 
appears that very little attention is paid to that kind of requirement. Indeed 
both the input and output impedance of the apparatus vary with the setting used 
as shown above. The result is that major parameters of an ultrasonic inspec
tion such as beam characteristics, testing frequency, resolution, etc ••• , can 
be modified without notice. As an example, figure 15 shows what happened to 
the waveform and the frequency spectrum of an echo when the apparatus input 
impedance was modified. This modification corresponds to two different power 
settings of the apparatus. It can he seen that the real effect of that setting 
is to modify the harmonic content in the signal instead of applying more or 
less power to the probe. 

4.2. Influence of instrumentation characteristics on inspection performances 
and reproducibility 

If fluctuations of instrumentation characteristics can be measured in the 
laboratory, it is difficult to quantify a priori which will be their influence 
on the performances and the reproducibility of an inspection. To get a preli
minary idea of that influence, an exploratory program was initiated. For that 
program a special apparatus was built. The main advantage was that three para
meters - the output impedance, the input impedance and the frequency response -
can be independently varied as indicated in table 2. Two straight beam probes 
were selected together with two connection cables for each. One cable had the 
nominal length and the other half that length. The combination of these char ac
teristics gave for each probe 36 possible configurations. 

To evaluate the influence of these characteristics, a plate made of auste
nitic sbeel, 35 mm thick, was selected. Each probe was permanently coupled to 
the block in order that when changing the apparatus settings or the cab les the 
probe coupling did not affect the results. 

With that set-up, two tests were made. The first one concerned the gain 
necessary with each configuration to obtain a bot tom wall echo at 80 % of 
screen height (SR). For the second one, the transfer adaptation between the 
austenitic plate and a standard carbon steel calibration block of the same 
thickness was measured. 

The results of the sensitivity measurements are indicated in figure 16 
for both probes. Differences in the range of 15 to 20 dB can be seen. further
more, the high damping probe was not operational with a capacitive loau. for 
the rest, the major influence cruue as expected from the frequency response. 
Rowever, differences of 6 to 10 dB were also accountable to the other variables. 
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With the transfer measurements it is generally expected to de termine the 
difference in ultrasonic attenuation in two different blocks. ln that case, 
this measurement would have had to give equal results for all 36 configurations. 
That was not confirmed as indicated in figure 17 where differences of 4 dB were 
recorded. 

Further details on that program will be published elsewhere. 

5. CONCLUSION 

In this presentation attention has been drawn to three parameters which 
obviously can affect the reliability of ultrasonic inspection of austenitic steel 
components. 

If it is now recognised that the metallurgical microstructure of an auste
nitic piece plays a definite role in the inspectab1lity of that p1ece, it has 
also been shown that 1t is d1fficult to know which is exactly that structure 
at the time of inspection. To efficiently use the laws of ultrason1c waves 
behav10ur in an austen1tic structure it would therefore be des1rable to be capa
ble of measuring the actual characteristics of the tested structure. Alternative
ly, a solution could be found by developing testing methods less sensitive to 
the effect of microstructure. 

To assess both the efficiency and reliability of an inspection, the tes
ting procedure must be carefully prepared and take account of known possible 
problems. However, it 1s not always possible to have a previous knwoledge of 
the exact geometry of a weld profile due to actual construction tolerances. ln 
these circumstances, a conservative evaluation of results should be made. It 
is thus recawnended that for new plants more attention be paid to weld prepa
ration. Secondly, means should be found to measure in situ the real geometry 
as an aid both for the elaboration of the testing procedure and for the evalua
tion of results. 

The third parameter analysed is the effect of equipment character1stics. 
It was shown that the equipment must be carefully checked if the main parameters 
of the inspection have to be known. If not, successive inspections will be 
carried out w1th equipment objectively different but nominally identical. lt 
was indicated that these differences affect the inspection results. To avoid 
such interference, it is recommended to prepare, on an international basis, 
standards on both the instrumentation characteristics and the methods to measure 
them. 
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TABLE l INSTRUMENTATION CHECKlNG PROGRAM 

• Probes - Complex impedance versus frequency 

- Frequency spectrum 

• Cable 

• Apparatus 

• Instrument 

- Beam characteristics 

- Capacitance 

- Characteristic impedance 

- CRT : Distortion 

- Generator : - Pulse characteristics 

- Time base 

- Amplifier 

- Output impedance 

- Linearity 

- Input impedance 

- Frequency response 

- Linearity 

- Gain accuracy 

Dead zone of main bang and echoes 

- Resolution 

- Sensitivity and dynamic range 

- Apparatus T cable + probe 

- Sensitivity 

- Characteristic echo 
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TABH 2 CHARAC'rERlS'rICS INDEPENDEN'rLY VARIABLE 

Apparatu8 

- Output impedance 

- Input impedance : 

- Frequency response 

Cable 

- Nominal length 

- Balf nominal length 

Probes 

Straight beam : 

12.5, 25.-, 50.- Ohm 

Resistive : 50.- Ohm 

Capacitive : 800.- Ohm at 2.- MHz 

Law Pass : 0.65 - 2.25 MHz (-3 dB) 

Bigh Pass 1.25 - 4.45 MHz (-3 dB) 

Wide Band 0.29 - 9.76 MHz (-3 dB) 

- 4 MHz, 10 mm dia, low damping 

- 2.25 MHz, 25.4 mm dia, high damping 
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a b 

Bottom wall eeho speetrum analysis for a 25.4 mm dia., 

2.25 MHz normal beam probe for 60 mm of metal path. 

a. Fine grain ferritie steel 

b. Centrifugally cast austenitie steel 

Figure 3 

b 
10 mm a 10 mm 

Beam spread of a 25.4 mm dia., 2.25 MHz normal beam 

probe at 60 mm of metal path. Limits at -2, -6 and 

-14 dB drop. 

a. Fine grain ferritie steel 

b. Centrifugally cast austenitic steel 

Figure 4 
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Macrograph of a 35 mm thick butt weld. Left : ASME 

TP316 extruded pipe, right : ASTM A35I-CF8M cast pipe 

Figure 5 PC zc. NV 
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a b 

Echoes from a il. ï mm diame ter, 30 nun deep ho le dr illed 

in a centrifugally cast black. 

a. longitudinal wave, l MHz, 45° angle probe 

b. standard, 2 MHz, 45° angle probe 

~I "'''''0''0 Figure 7 PC ZC NV 
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~ ........ 
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Fig.11 
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BE AM ANALYSIS 
ERROR ON SQUINT AND REFRACTION ANGLE 

Fig.12 
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Detectability of intergranular stress corrosion cracking using field proven 
ultrasonic techniques 

C. E. LAU TZENHEISER, W. C. Mc GAUGHEY 
Southwest Research Institute, USA 

ABSTRACT 

Experience over the past four years has shown that a conscienti
ously applied surveillance program of ultrasonically examining 
pipe welds can effectively detect intergranular stress corrosion 
cracking and allow for timely corrective action; the appropriate 
surveillance program is the use of trained personnel fol10wing 
detai1ed procedures. This statement is based on the fact that no 
stainless steel pipe we1ds examined by Southwest Research Insti
tute (SwRI) have deve10ped significant leaks due to undetected 
intergranu1ar stress corrosion cracking (IGSCC). Furthermore, 
in aIl instances except one, the presence of cracking defined by 
such an ultrasonic examination program has been confirmed when 
destructive eva1uation was made. 

Exhaustive laboratory research programs have identified many 
problems with detecting IGSCC with conventional ultrasonic pro
cedures. Recommendations have been developed for the use of 
focused dual element ultrasonic search units and other specia1-
ized approaches. Unfortunately, the use of dual element search 
units on piping systems requires a very high degree of special
ization in the design of those search units. This specializa
tion, while practical under laboratory conditions, becomes 
exceedingly difficult to accommodate under field conditions. 
The need for specially designed search units to fit the wide 
range of pipe diameters and wall thickness encountered neces
sitates having a very large number of special search units 
availab1e for each field examination series. Furthermore, 
normal wall thickness variations as encountered in the field 
can negate the applicability of many of the previously deslgned 
and constructed search units. The net effect of these diffi
culties is such that the effectiveness of highly specialized 
search units i8 largely diminished by field conditions. 

Fortunate1y it has also been found that single element search 
units are only slightly less effective than dual element search 
units when evaluated in laboratory conditions. The adaptability 
of single element search units to field conditions more than 
compensates for the potential of reduced sensitivity observed 
under laboratory conditions. 
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A properly designed inspection program includes use of 45° and 
60° angle beams. It was earlier observed and subsequently con
firmed by field experience that most cracks are detected using 
the 45° shear waves. However, it has been found that in 9% of 
the cases the IGSCC was detected only with the 60° angle beam 
and not with the 45° beam. 

The total surveillance program must include control of the pro
cedure, and equipment and the training of the ultrasonic tech
nicians. It has also been found to be extremely important that 
a highly experienced Level III analyst carefully review the 
ultrasonic examination record and evaluate each individual indi
cation to determine if the indication is due to IGSCC or is 
simply a benign geometric reflector. This is unfortunate because 
it encourages the accumulation of the very important analysis 
experience in a very small number of people. However, it appears 
nothing less will allow the necessary high degree of ability to 
be developed and applied in a way that will maintain this suc
cess fuI technique for identifying IGSCC. 

INTRODUCTION 

The ASME Code provides rules for the calibration and recording of the examina
tion, but leaves open such procedural matters as search unit frequency, beam 
angle, and search unit size. This is done to permit development of an improved 
examination. For comparison with previous examinations, it wou Id be best not 
to change procedures; however, when service-induced cracks are found which do 
not respond weIl to the examination, the procedure must be improved. 

PROCEDURE IMPROVEMENT 

Southwest Research Institute (SwRI) developed a thin-wall examination procedure 
using a dual 55-degree angle beam search unit. As shown in Figure 1, the angle 
was selected to reach under the weld crown to the weld root on a 4/8 vee path. 
The dual search unit gave good resolution and apparently improved examinations, 
but the improvement was not free of problems. Surface waves were generated in 
addition to the 55-degree angle beam shear waves. The surface waves sometimes 
reflected from crown grinding marks at the same time as the 55-degree beam 
reflection from the root. If the indication could be reduced by damping, the 
indication was from the surface and not a root indication which should be 
undampable. 

FIGURE 1. THIN WALL PROCEDURE 
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A through-wall transgranular crack specimen examined with the dual 55-degree 
search unit detected the crack with a low amplitude. A 2.25 ~Iz, 45-degree 
search unit with a single 1/4-inch diameter piezoelectric element gave higher 
amplitudes and enhanced the probability of detecting, recording, and identify
ing such indications. Therefore, the procedure was improved to use this search 
unit. Subsequent use of the 2.25-MHz, 1/4-inch diameter, 45-degree examination 
disclosed several additional crack-like indications in the system. Some of 
these indications were confirmed radiographically. Areas containing thirty-two 
ultrasonic indications were removed from the line, and aIl but one of them were 
confirmed as cracks by liquid penetrant examination. 

This experience confirms that a specimen containing a service-induced flaw indi
cation is the best proof device for procedure evaluation. Until such a speci
men is available, the reflectors in the calibration block are the best avail
able reflectors for procedure qualification. 

ON-THE-JOB PROCEDURE DEVELOPMENT 

Unfortunately the availability of service-induced flaw indications during pro
cedure development does not insure that the procedure will be capable of differ
entiating geometric from crack-like indications. In the summer of 1979 an exam
ination agency working on Three Mile Island Unit 1 had five throughwall service
induced flaw indications which they used in the development of a procedure 
using a 5 MHz 50° angle beam search unit pulsed at 1 MHz. Examination of welds 
in the line containing the five coolant leaks indicated that other welds had 
cracks which had not penetrated the pipe wall. Metallographic examination con
firmed the presence of cracks on the inside surface of the pipe adjacent to the 
welds. 

The procedure was used in the examination of 946 welds and "UT indications char
acteristic of cracking" were found in 206 of these welds. This resulted in lE 
Bulletin No. 79-17, dated July 26, 1979, which gave the following schedule for 
a11 PWRs: 

1. Review Report due August 25, 1979 

2. Visual, surface and volumetric examinations by October 24, 1979 

3. Examination and Repair Report by November 23, 1979 

Shortly after the Bulletin was issued, information was made available that 7 of 
the TMI welds which UT Interpretation indicated were cracked 360° intermit
tently had been removed and meta110graphy revea1ed that none were cracked. By 
this time 1902 welds had been examined and "UT indications characteristic of 
cracking" had been found in 350 velds. These welds were reexamined with a 2.25 
MHz 60° angle beam search unit. This procedure found that 38 of the welds had 
ultrasonic indications inducive of lGSCC and the remaining 312 welds contained 
only geometric reflectors. lE Bulletin No. 79-17, Revision 1, dated Octo-
ber 29, 1979, stated "Further metallurgical analysis of these welds is required 
to verify the adequacy of the UT procedures and to determine the nature of the 
cracking," and extended the completion date to October 19, 1980, for the exami
nation of PWR systems. 

The procedures used on the Three Mile Island Unit 1 stainless steel pipe sys
tems did not take advantage of developments in detection and identification of 
stress corrosion cracking made durlng the past four years. Early reports of 
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Bulletin No. 79-17 examinations of other unit systems by other examination. 
agencies using their own ultrasonic procedures revealed no indications identi
fied as cracks and no geometric reflectors were mistakenly identified as 
crack-like indications. 

DEVELOPMENT OF THE 1.5 MHZ EXAMINATION FOR DETECTION 
OF STRESS CORROSION CRACKING 

In order to improve the reliability with which stress corrosion cracking could 
be detected and identified, a significant procedure evaluation was undertaken 
in conjunction with the Electric Power Research Institute (EPRI). Evaluation 
of the frequency characteristics of the reflected indication was of prime con
cern. The frequency spectrum analysis of the reflected ultrasonic pulse indi
cated that the stress corrosion cracks in the EPRI specimens were most reflec
tive to a frequency of 1.5 MHz. The small size and tightness of the stress 
corrosion cracks would lead one to believe that the y would be detected best 
with higher frequencies. However, investigation has shown that this is not the 
case. 

The EPRI cracked pipe specimens, which were removed from boiling water reactor 
systems, were subjected to ultrasonic examination with a set of specially devel
oped search units. These search units varied in frequency from 1.0 to 10 MHz 
and in piezoelectric element size from 1/4 to 1/2 inch in diameter. Shear beam 
angles used were 45 and 60 degrees. Use of this set of search units on the 
EPRI cracked pipe specimens showed that the 1.5-11Hz search units provided ten 
times the amplitude obtained with a 2.25-MHz examination; that is, cracks which 
gave 20 to 40 percent distance amplitude correction curve (DAC) amplitudes at 
2.25 MHz gave 200 to 400 percent DAC amplitudes at 1.5 MHz. 

Field application of the 1.5-MHz examination was not without problems. Examina
tions on small diameter pipes were attempted using 1/4-inch diameter search 
units which, due to increased beam spread, caused an increase in recording of 
geometric reflectors. In addition, the beam spread generated surface waves 
from the leading edge of the angle beam wedge, adding to the confusion. 
Increasing the search unit size to 3/8-inch diameter solved most of this prob
lem; however, a surface wave indication is recorded occasionally from a 
1.5-MHz, 3/8-inch diameter, 6o-degree search unit and rarely from a 45-degree 
search unit. 

Amplitude enhancement with the 1.5-ffilz frequency required numerous reexamina
tions with 1.5 MHz to check the measurements and with 2.25 MHz for comparison 
with previous examination records. In the first inservice inspection (ISI) in 
which the 1.5-MHz frequency was used, one 4-inch bypass indication and three 
12-inch core spray indications were called and confirmed as cracks. In addi
tion, another crack was found in one of the removed specimens. This indication 
had been detected and recorded. But it was one grain width from the weld base 
metal interface, had a maximum amplitude of 178 percent during a 60-degree 
shear wave examination, and appeared to he a root indication; so it was 
miscalled in analysis. 

The 1.5-MHz 45-degree and 60-degree angle heam examinations gave stress corro
sion crack amplitudes equal ta or greater than those ohtained with 2.25 ffilz 
45-degree and 60-degree examinatlons. Most stress corrosion cracks give higher 
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amplitudes from the 45-degree angle beam examination and the 6o-degree angle 
beam examination provides confirmation of the reflector at a lower amplitude. 
However, in about 10 percent of cases the 6o-degree angle beam examination of 
the stress corrosion crack provides a higher amplitude and permits identifica
tion of the reflector. The 1.5 MHz examination consistently provided improved 
detection of stress corrosion cracks, so in spite of the requirement for addi
tional examinations, the change was justified. 

SINGLE VERSUS DUAL ANGLE BEAM EXAMINATION 

SwRI has not found consistently improved detection with the 1.5-MHz dual 
45-degree angle beam examination. When the 1.5-MHz 45-degree single and dual 
angle beams are compared on different stress corrosion cracks, the dual gives 
higher, lower or equal amplitudes compared to those from the single angle beam. 
When the weld crown dimensions prevent a 4/8 vee path examination of the weld 
root area, the 12/8 vee path examination can be used with the single angle 
beam. However, the focusing effect of the dual search unit limits the depth of 
field and prevents extension of the examination from the 4/8 to the 12/8 vee 
path without a change of search units. Since we have not found consistent con
vincing evidence that the dual improves detection of the condition, our proce
dures require the single angle beam examination for detection of stress corro
sion cracks. 

ANALYSIS 

Indications 100 percent of the DAC and greater are analyzed to determine the 
origin of the indication. In addition, aIl of the recorded indications are 
analyzed in areas which have a history of cracking in similar plants. As shown 
in Figure 2, analysis uses the thickness and weld crown dimensions taken at one 
point on the weld to draw the cross section through which the examining beam 
passes. The beam centerline position "w" from the weld centerline and indica
tion metal path are plotted. The 60-degree examination metal path corrections 
must be determined from the calibration record. The 45- and 60-degree examina
tion calibrations are usually recorded on the same sheet. The wedges sometimes 
have different beam path distances; so the delay control that is set for the 
45-degree examination does not provide the right delay for the 60-degree wedge, 
and the 6o-degree metal paths must bé corrected by 1/10 or 2/10 of an inch. 

The metal path is plotted as an angular line extending from the examination sur
face to or through the opposite surface. Metal paths terminating at the oppo
site surface on the far side of the weld centerline (such as indications 1 
and 5) are identified as root indications. Metal paths terminating more than 
1/2 inch on the near side of the weld centerline (such as indications 3 and 7) 
are identified as inside surface geometry. 

Metal paths terminating at the inside surface between those limits may be root 
suckback, inside surface geometry, or crack-like indications. In order to 
determine the indication identity, the preservice radiographs must sometimes be 
used. In one instance, the indication was found to have come from weld spatter 
deposits on the inside surface. An ultrasonic reexamination may be performed 
by repeating the examination which found the indication as a check on the metal 
path, "W", and "L" measurements. If this examination is different from previ
ous PSI or ISI examinations, an additional reexamination like the previously 
recorded examination may be performed to determine if a change to the reflector 
has occurred, or if the change is due to an improved examination. At the time 
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the reexamination is made, thicknesses and profile gauge measurements of the 
surface at the indication position are made to permit plotting the indication 
in the geometry applicable to that indication. If the indication cannot be 
explained geometrically, radiographs are called for. The new radiographs may 
show a geometric reflector, a crack-like indication, or no indication. In the 
latter two cases, the ultrasonically called, crack-like indication must be 
removed whether or not it is confirmed radiographically since it has been 
proven that the ultrasonic examination has better sensitivity for detection of 
stress corrosion cracks. Radiography can confirm, but cannot deny the presence 
of a stress corrosion crack. 

Metal paths which extend through the opposite interface may reflect to the exam
ination surface and back to terminate at the opposite surface on an "N" path 
such as indication 4. The weld crown sometimes prevents the search unit from 
approaching close to the weld centerline to permit examination of the inside 
surface on the slant path. When this occurs, the "N" path may show the indica
tion more readily than the slant path. This condition has occurred on some 
4-inch recirculation bypass piping weld cracks. 

Many indications have metal paths which terminate at positions other than the 
inside surface. So far, these have proven to be geometric reflectors from the 
crown and outside surfaces. The probable beam path and source of the indica
tion must be determined by analysis. 
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In analyzing indications, it must he kept in mind that geometric reflectors in 
piping occur approximately 1,000 times more often than flaw indications. Fig
ure 3 shows some of the geometric conditions which give indications requiring 
recording and analysis to determine if they are defect indications. It shows 
both the 45- and 6o-degree angle heam shear wave reflected from a l4-degree 
weld prep conical bore into the weld crown. Such indications are commonly 
detected. 

CONICAL BORE ANGLE AFFECT ON THE EXAMINATION BEAM 

The pipe weld inside surface preparation is generally a cylindrical bore extend
ing approximately 1/2 inch in from the end, to the conical bore which extends 
to the inside surface of the pipe. The conical surface angle may be specified 
as no greater than 10 degrees, or a 4-to-l slope, or a 3-to-l slope. These 
slopes are approximately 14 and 18 degrees, respectively; therefore, the coni
cal surface angle may vary from 0 to over 20 degrees in some piping systems. 

45° SHEAR 

DESIGNED WElD 

1 ~ R001_-----.~. 

ROOT AND CROWN 

'CONVERTED TO LONGITUDINAL 

60° SHEAR 
I--I--w 

NONE 

FIGURE 3. GEOMETRIC REFLECTORS IN PIPE-To-PIPE WELDS 

-447-



Appendix III to Section XI of the ASME Code appeared in the Winter 1975 
Addenda. Appendix III relies on the 45-degree angle beam examination of pipe 
we1ds. As shown in Figure 4, the we1d crown may prevent coup1ing the search 
unit so that the 4/8 vee path portion of the beam examines the we1d root. When 
this occurs, the search unit must be coup1ed farther from the we1d so that the 
12/8 vee path portion of the beam examines the we1d root. The remainder of the 
weld volume is examined by moving the search unit toward the we1d unti1 stopped 
by the crown. During this scan, the 4/8 vee path portion of the beam is inci
dent on the conical bore and will be deflected from the beam path shown in Fig
ure 4. 

Shear waves incident on a stee1-water interface at angles between 34 and 89 
degrees from the normal to the interface will ref1ect at the same angle on the 
other side of the normal. Rowever, Figure 5 shows that shear waves at angles 
between 1 and 33 degrees will partially mode convert into longitudinal waves. 
Longitudinal waves at angles between 1 and 89 degrees will partia11y mode con
vert into shear waves. The percent of energy converted is read vertica11y 
above the longitudinal wave beam angle regard1ess of whether the longitudinal 
angle is incident or mode converted. 

4/8 12/8 VEE PATH 

FIGURE 4. "N" PATR EXAMINATION 

Figures 6, 7, and 8 show the def1ection and mode conversion of a 13/8 vee path 
beam as the conica1 bore angle is changed from 0 through 29 degrees in 1-degree 
steps. Frames are identified by their chamfer angle number in degrees. Bearn 
paths are drawn for fIat and flush weld crowns and roots. Crown and root geome
tric other than fIat and flush will produce additionsl geornetric reflectors. 

Increasing the dimension of the ins ide surface weld prcparat ion cyllndr.lca 1 
bore to two times the nominal wall thickness would permit examlnatLon of the 
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FIGURE 6. BEAM PATHS 0° TO 9° CONICAL BORE 
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FIGURE 7. BEAM PATRS 10° TO 19° CONICAL BORE 
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FIGURE 8. BEAM PATRS 20 0 TO 29 0 CONICAL BORE 
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weld without bouncing the beam from the conical bore. We have recommended this 
change for several years. A plant which used the 2t cylindrical bore weld prep 
has been examined, and significantly fewer geometric indications were recorded. 

From 0 through 5 degrees, the shear beam is deflected along a gradually chang
ing path. At 6 degrees, the angle beam shear wave is incident at 33 degrees to 
the outside surface normal and converts 50 percent of its energy to longitudi
nal. At 7 degrees, the beam is incident at 31 degrees to the outside surface 
normal and converts 99 percent of its energy into longitudinal which hits the 
inside surface and converts to shear. From 8 through Il degrees, the alternate 
shear and longitudinal beams proceed along a gradually changing path. At 12 
degrees, the angle beam shear wave is incident at 33 degrees to the inside sur
face normal and converts 50 percent of its energy to longitudinal. At 13 
degrees, the beam is incident at 32 degrees to the inside surface normal and 
converts 98 percent of its energy to a 74-degree longitudinal which hits the 
outside surface at 61 degrees to the normal, converting 98 percent to shear at 
29 degrees, then it returns to the inside surface and another 98 percent energy 
conversion to longitudinal. From 14 through 20 degrees, the alternate shear 
and longitudinal beams proceed along a gradually changing path with a lower 
percentage of the energy converted. 

At 21 degrees, the angle beam shear wave is incident at 24 degrees; 89 percent 
of the energy converts to 48 degrees longitudinal which is incident on the out
side at 27 degrees, and 54 percent of this energy reflects. At 13/8 of the vee 
path, only 4 percent of the energy is left. The remainder has heen scattered 
by reflection from the conical bore and mode conversions at the five longitudi
nal wave reflection interfaces. From 22 through 29 degrees, progressively less 
energy is converted at the conical bore; but more energy is reflected in the 
longitudinal mode at the interfaces, so the 13/8 vee path energy percentage 
increases. 

On conical angles of 22 and 23 degrees, about 15 percent of the energy is 
reflected in shear, normal to the outside surface, appearing between 6/8 and 
7/8 of the vee path. On a conical angle of 29 degrees, about 54 percent of the 
energy is converted to longitudinal, approximately normal to the outside 
surface, and appearing between 5/8 and 6/8 of the vee path. 

Increasing the dimension of the inside surface weld preparation cylindrical 
bore to two times the nominal wall thickness would permit examination of the 
weld without bouncing the beam from the conical bore. 

ANALYSIS THROUGH THE CONICAL BORE 

In some existing plants, the conical bore is known to be approximately 1/2 inch 
from the weld centerline, but the conical angle is not known. As shown in 
Figure 9, indications which have metal paths extending through the conical bore 
area May he identified by using a compass to swing an arc pivoted at the coni
cal surface. The arc crossing a reflecting surface indentifies the shear wave 
reflector if the damping note confirms the identity su ch as crown Indication 8. 
The shear wave need not damp at the reflector if its direction is normal to the 
reflector such as outside surface Indication 9. If the arch reaches halfway 
from the conical surface to a reflector Identified by damping such as crown 
Indication 10, the indication ls caused by a mode-converted longitudinal wave 
which must damp regardless of incident angle to the damplng surface. When the 
arc narrowly missed the damping-identified reflecting surface, the pivot point 
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May he moved up or down 12-1/2 percent since the pipe thickness tolerance is 
±12-l/2 percent of nominal thickness such as crown Indication 11. When the arc 
extends far beyond the damping surface, a second arc pivoted at the damping 
spot will generally identify the inside surface reflecting the indication such 
as root Indication 12. 

IDENTIFICATION OF STRESS CORROSION CRACKS 

The developed procedures and analysis techniques have permitted us to identify· 
stress corrosion cracks. We have called and destructively confirmed inter
granular stress corrosion cracks in the 4 inch recirculation bypass lines on 
three out of six units examined. 

IGSCC in the 4-inch recirculation bypass has been attributed to the combined 
influence of the sensitization in the heat-affected zone and the inside surface 
weld preparation grinding/machining stresses, welding stresses coupled with a 
high oxygen concentration in the stagnant lines. 

Also, we have ealled and destruetively eonfirmed intergranular stress corrosion 
cracks in the 10 inch core spray lines of two out of six units examined. An 
ultrasonic indication in a third unit was confirmed radiographieally but was 
not confirmed by penetrant or Metallographie examinations. 
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IGSCC in the 10-inch core spray piping has been attributed to the combined 
influence of the sensitization in the heat-affected zone and the inside surface 
weld preparation grinding/machining stresses, welding stresses with a high 
oxygen concentration in the water. 

In addition, we have called and destructively confirmed transgranular stress 
corrosion cracks in the 8 inch safety injection lines on one of five units 
examined. These cracks were reported to be due to the presence of chlorides 
during construction. 

In addition, one core spray pipe crack was detected by visual examination when 
a wet surface was wiped dry and became wet again prior to ultrasonic examina
tion. The cracks which have been cal1ed from the ultrasonic examinations have 
been between 0.015 and 0.187 inch in depth between 0.5 and 4.0 inches long and 
the lengths are general1y in the top half of horizontal run 1ines. 

CONCLUSIONS 

The procedures used in examination and analysis of flaw indications have 
resulted in Many cracks being removed from the examined piping systems. SwRI 
believes that some minor cracks May have been missed in examination or analy
sis; however, no significant leaks have occurred between our periodic examina
tions of pipe. 
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* Ultrasonic inspection reliability for prLnary piping systems 

F.L. BECKER 
Battelle Northwest Laboratory, USA 

ABSTRACT 

This report describes the resu1ts of the first year1s effort of a five year 
program which is being conducted by Battelle, Pacific Northwest Laboratories, 
on behalf of the U.S. Nuc1ear Regulatory Commission. This initial effort was 
directed toward identification and quantification of inspection uncertainties, 
which are likely to occur during inservice inspection of LWR primary piping 
systems, and their influence on inspection reliabi1ity. These experiments were 
conducted on 304 stain1ess steel samples, however, the results are equally 
applicable to other materials. Later portions of the program will extend these 
measurements and evaluations to other materials and conditions. Initial con
clusions of this stud.Y are as follows: 

1. ASME Section XI, Appendix 3 calibration requirements coupled with 
a lack of search unit selection and control, provide no assurance 
that even idea1 reflectors of reportab1e size will produce a re
portable indication. 

2. Ultrasonic transparency produced by flaw tightness and/or f1uid 
in the crack can reduce ref1ected signal amplitudes by as much 
as 32 dB. This effect is qua1itatively similar to the theoreti
cal ca1cu1ated ref1ection from close1y spaced, smooth plane 
para1le1 surfaces. 

3. Non-optimum orientation of surface-connected reflectors can produce 
substantial 10ss in signal amplitudes, compared ta ideal re
flectors, and exhibit little relationship to reflector depth for 
45° incidence. In a11 cases, the condition is 1ess severe for 600 

incidence. This condition is freq~ency and search unit dependent. 

4. The influence of crack toughness in the range of 10 to 30 um RMS 
can reduce re1fected signal amplitude hy as much as 12 dB relative to 
an idea1 reflector of the same size. The amplitude decreases mono
tonica1ly as the degree of surface roughness increases. 

Round robin inspections for the purpose of measuring the effectiveness of current 
ISI procedures are in progresse Future program efforts will emp10y fracture 
mechanics analysis to calculate the required level of 1S1 reliabi1ity. Revision 
in the ASME Section XI Code will be recommended to assure that the required 
inspection reliahi1ity will be achieved. 

* Work supported by U.S. Nuclear Regu1atory Conmission under a Re1ated Services 
Agreement with U.S. Department of Energy, Contract DE-AC06-76RLO 1830. 
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INTRODUCTION 

Inservice inspe~tion of U.S. light water reactor (U/R) primary and secondary 
system piping is performed to the requirements of ASME Section XI. Inspections 
are performed at periodic intervals on a sampling of pipe joints. The objective 
of these inspections is to provide assurance that cracks of unacceptable size are 
not present, as well as the identification of generic-type defects which may be 
present in the remainder of the system or other similar systems. In some instances 
flaws as large as 25% of wall thickness(l)may not be detrimental to the integrlty 
of the pipe, even under conservative assumptions of material properties and 
service conditions. In other instances, smaller flaws could lead to rapid failure. 
In either case, flaws of small size must be reported to assure the discovery of 
generic defect conditions. 

Recent events have raised considerable doubt as to the effectiveness of ASME 
Section XI requirements. Round robin inspections conducted by the Pressure 
Vessel Research Committee (PVRC)~2)the Plate Inspection Steering Committee (PISC)(3) 
and Nordtest(4)have shown very low levels of effectiveness for procedures based 
on the requirements of ASME Section XI. The PVRC and PISC trials were performed 
on samples typical of pressure vessel inspection, while the Nordtest samples 
were more typical of piping systems. 

Recent failures(5)(leaks) in BWR and PWR systems due to intergranular stress 
corrosion cracking (IGSCC), PWR feedwater pipe cracking and BWR recirculation 
riser safe end cracking also serve to demonstrate the inadequacy of ASME Section 
XI requirements. None of these flaws were initially discovered by inservice 
inspection techniques. In many instances, the character of the flaws was such 
that they would not be reportable according to ASME Section XI requirements. 

The U.S. Nuclear Regulatory Commission (NRC) sponsored program, "Integration of 
NOE Reliability and Fracture Mechanics", has been initiated to address this current 
lack of effectiveness for inservice inspection of L~R primary piping syste~s. 
The principal objectives of this program are: 
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1. Determine the reliability of ultrasonic inservice inspection (ISI) 
performed on commercial, light water reactor primary piping systems. 

2. Using fracture mechanics analysis, determine the impact of NOE 
unreliability on system safety and determine the level of in
spection reliability required to assure a suitably low failure 
probabi1 ity. 

3. Evaluate the degree of reliability improvement which could be achieved 
using improved and advanced NOE techniques. 

4. Based on material, service and NOE uncertainties, formu1ate 
recommended revisions to ASME Section XI and Regu1atory require
ments needed to assure suitably 10w fai1ure probabilities. 

Resu1ts of the first phase of this program are reported be10w. 

PROGRAM RESULTS 

Before discussing specific results of the program, it is instructive to discuss 
the various components of inspection reliability, shown grapically in Figure 1. 
Six components or blocks of the inspection are shown. These could, of course, 
be subdivided further. In the first block, we have included ID geometry, material 
characteristics (i.e., attenuation and signa1-to-noise ratio), and most important1y, 
the characteristics of the flaw (i.e., length, depth, tightness, roughness and 
orientation). The second block considers 0.0. geometry and coupling efficiency. 
Thirdly, the characteristics of the search unit and instrument. The fourth 
area is the operator and his training, certification, experience, integrity and 
the conditions under which he must work. The fifth area inc1udes the procedures 
and requirements governing the inspection,as wel1 as other records and reports 
of fabrication and previous inspections. And 1astly, the decision of acceptabi1ity. 
Each of these components contribute significant1y to the overa11 inspection re
liabi1ity. 

ln this paper, we shall discuss our resu1ts concerning flaw characteristics and 
equipment variables. as we11 as the influence of inspection procedures on in
spection re1iabi1ity. Ana1ytica1 predictions of inspection reliabi1ity (recording 
probabi1ity) are also presented. 
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STATE-OF-PRACTICE 

At the inception of the program, it was felt that the state-of-practice of ISI 
was highly variable and should be documented. Interviews with five utilities, 

four commercial ISI organizations and three reactor manufacturers were conducted. 
The results of this investigation will be published shortly. Highlights of the 
review are as follows: 

• Test procedures are very similar and not substantially different 
from code minimums. Supplemental tests (after an indication has 

been located) are substantially different . 

• Selection of search units is highly variable. 

• Confidence in the inspections were highest for ferritic piping 
and lowest for cast stainless steel. 

• Only one company characterizes or periodically evaluates search 
units. 

• Recording of geometrical indications during basline (PSI) 
or ISI is not consistent and, therefore, of limited value. 

• Nominal and worst case counterbore conditions were described 
and are shown in Figure 2. 

FLAW GEOMETRY 

Flaw geometry conditions considered in these experiments include: aspect ratio 
ait = .2, circular segment, orientation 0° ~ 30° from perpendicular and back 
surface angle 0° ~ 20°. Sample geometries are shown in Figure 3. The EDM 
method was used to fabricate the notches. Maximum signal amplitude from each 
notch was recorded using four different search units at 45° and 60°. The results 
of these evaluations are shown in Figures 4-7. The influence of searc~ unit 
diameter for nonperpendicular reflectors (Figures 6 and 7) follow the same trends 
shown in Figures 4 and 5. 

Conclusions which can be drawn from this data, Figures 4-7, included the following: 
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FIGURE 2. COUNTERBORE CONDITIONS. 
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1. ASME Section XI, Appendix III, 1977 calibration, recording and 
reporting requirements are nonconservative considering the a110wab1e 
f1aw sizes of Tables lWB-3514. 

2. Search unit selection (present1y uncontro11ed) resu1ts in highly 
variable (nonconservative) test results. 

3. Sensitivity to off angle conditionsincreases with flaw depth. 

4. F1aw orientation has much 1ess influence on the ref1ected amplitude 
for 60° shear 1/2 V path inspection than for 45° inspection. 

FLAW CHARACTERISTICS 

The objective of this experiment is to quantify the influence of crack character
istics on the u1trasonic response. By app1ying a tensi1e stress to the flaw, it 
is possible to separate the influence of crack tightness from a1l other crack 
variables. We shal1 ca11 these two quantities tightness and f1aw character. 

Thirty 0.6 inch thick 304 stainless steel samp1es were prepared for this experi
ment. 24 samp1es were produced by fatigue in bending at f1aw growth rates of 
10-4 inch/cycle (rough) and 10-6 inch/cycle (smooth). Six samp1es were fabricated 
by the thermal fatigue method. F1aw depths were from 10 to 42% of the through
wall thickness. 

The u1trasonic response measured from the 24 bending fatigue samples~ using a 
1/2 inch, 2.25 MHz, 45° search unit is shown in Figure 8. These points average 
1.15 dB be10w the EDM notch curve with a standard deviation (0) of 1.35 dB. The 
EDM notches have approximately the same aspect ratio (a/~ = .2) as the cracks 
but are circular segments rather than semi-elliptical like the cracks. Semi
e11iptica1 notches wou1d produce a 1arger difference between notches and cracks. 
The responses shown in Figure 8 are in fact" the maximum signals which can be 
achieved, as tensi1e stresses beyond yie1d produce no further increase in signal 
amplitude. Therefore, this data represents the f1aw characteristics in the absence 
of crack tightness. 

Before proceeding further with the discussion of crack tiqhtness, it is instructive 
to consider the theoretical influence of this effect. As the faces of the crack 
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are forced into c10ser proximity, the influence of the intervening medium is re

duced. For smooth plane para11e1 surfaces, it is possible to calculate the re
f1ectivity as a function of the distance between the two surfaces. Figure 9, 
after Brekhovskikh~6)represents the case for water-fil1ed and air-fi11ed gaps 
between stain1ess steel surfaces for 45° incident shear waves. The theoretica1 
considerations are mentioned here only as an illustration. The crack is more 
truly represented as a statistica11y rough surface with sorne points in intimate 
contact. Increasing the contact pressure forces more points into contacts and 
resu1ts in a higher degree of u1trasonic transparency. 

The influence of crack tightness on the u1trasonic response was determined using 
a four-point bending fixture. A11 of the samp1es were measured in compression 
up to approximate1y 75% of yie1d and 50% of yie1d tension. One ha1f of the samples 
(those which were to be destructive1y tested) were tested at 200% of yie1d in 
compression and 100% of yie1d in tension. Figures 10 and 11 are typica1 examples 
of the resu1ts from the cracks which were produced by bending. In each case, 
tensi1e stress produced no increase in signal amplitude whi1e the p1ateaus are 
separated by 32 ~ 2 dB regard1ess of f1aw size. The mean difference between 
tension and 75% of yie1d in compression was 7 dB with.a standard deviation of 
4 dB. Figures 10 and 11 a1so show the effect of mechanica1 hyst~resis for stresses 
beyond the yie1d (in this case, 25 kip). 

For the case of thermal fatigue cracks as i11ustrated by Figure 12, the response 
is considerab1y different than for bending fatigue cracks. The crack in the samp1e 
shown in Figure 12 was 0.193 inch deep. The response, as fatigued, is 18 dB be-
10w DAC, and 22 dB be10w an equiva1ent EDM notch. The two p1ateaus are separated 
by 15 dB with the lower 26 dB and the upper 12 dB be10w an equiva1ent EDM notch. 
A tensi1e stress equa1 to 33% of yie1d was required to open the crack to its 

maximum ref1ectivity. 

The large differences in amplitude between the bending fatigue and thermal fatigue 
samp1es are due to the initial crack tightness and the crack characteristics. The 
bending fatigue cracks are p1anar and have a surface roughness of approximate1y 10 
microns. The thermal fatigue cracks are considerably rougher and deviate from 
a planar ref1ector by an amount which is significant compared to the wave1ength. 

INSTRUMENT AND SEARCH UNIT CHARACTERISTICS 

Experiments are currently in progress to evaluate the influence of instrument and 
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search unit variables on inspection re1iabi1ity. Extensive characterization 
measurements were performed on the two most common1y used instruments and a 
1imited range of search units. The two most important effects defined to date 
are horizontal beam diameter and the effective operating frequency of the search 
unit-instrument combination. 

ASME angle beam calibration techniques using notches of 1engths greater than 1.0 
inch do not compensate for the effective beam width a10ng the 1ength of the flaw 
(horizontal beam spread). This factor becomes important when the f1aw 1ength is 
1ess than the horizontal beam spread of the search unit. This effect is demonstrated 
by Figure 4, where 1/4 to 1 inch search units were ca1ibrated using a 10% notch. 
The minimum acceptable flaw size according to ASME Section XI, IWB 3514-3 is 11.4% 
or 68 mils. These data represent EDM notches of aspect ratio (al!) of .2; rea1 
flaws and aspect ratios from greater than .2 to .5 will produce 10wer response 
curves relative to DAC. 

The second factor of imporatnce is that of frequency response of the search unit
instrument combination. The two instruments eva1uated were the sonic Mark 1 
and the Nortec 131. Beth instruments are portable and wou1d be considered medium 
bandwidth units. However, they differ slight1y in their pulse output and receiver 
bandwidth. When used with the same search unit, these conditions produce a center 
frequency shift of approximate1y .3 r4Hz {2.4 to 2.1 r1Hz}. This shift may be 
responsib1e for the response differences shown in Figure 13. The 10wer frequency 
of operation of Unit 2 is 1ess sensitive to f1aw orientation. 

ESTIMATES OF INSPECTION RELIABILITY 

If we assume that variabi1ity due to inspection errors is norma11y distributed about 
some mean response,u(d}, the probability that a f1aw of a given depth (d) will 
produce a response greater than the recording thresho1d can be ca1cu1ated. This 
is defined as the recoding probability, RP{d}. We assume that the crack response. 
r, is given by: 

where: u (d) 

(1) 

= mean dB response for a crack of depth d; 0
2 = crack-to-crack 
1 

-474-



1 
::-
"-1 
VI 
1 

10 

• INSTRUMENT 1 

al 5 l- o INSTRUMENT 2 
"C 

U 
<: 
Cl 0 -UJ 
Cl 
=> 
~ 

~ -5 
0.. 

/ ~ 
:E "'-. <: 
~ 

-10 <: 
UJ • 0.. 

-15 
-20 -15 -10 -5 0 5 10 15 20 

ANGLE OF BACK SURFACE (DEGREES) 

FIGURE 13. RESPONSE FROM .1 INCH DEEP ANGLED BACK SURFACE NOTCHES USING THE 
SAME SEARCH UNIT AND TWO DIFFERENT BUT SIMILAR UT INSTRUMENTS. 



variability; a2 = variability between inspectors; a2 = variability within in-
2 3 

spections and a2 = a2 + a2 + a2 
• 

r l 2 3 

The recording probability is then calculated as follows: 

RP(d) = 

00 

where Zo = J!Jii)~ and c is the recording threshold. 
a2 

r 

Our estimate of the mean response curve, u(d), is based on 24 fatigue crack samples 
and their measured response under comparessive loading of 75% of yie1d. Whi1e the 
75% compressive stress may appear to be very conservative, it shou1d be noted that 
the data is for dry cracks. Cracks fil1ed with liquid (the condition applicable 
for ISI of ID surface connected cracks), IGSCC and tight thermal fatigue cracks 
may produce larger losses in signal amplitudes with no externa1 stress applied. 
The experimental data is shown in Figure 14, a10ng with fitted curve u(d) and 
the response curve for idea1 ref1ectors of aspect ratio .2. The mean of the 
measured data is 7 dB below the idea1 response curve with a standard deviation of 
4 dB. 

Estimation for the various sources of inspection error are shown in Table l, along 
with similar estimates made by Forli (4)and Silk~7) The standard deviation, ar' is 
suprisingly close for each of the estimates even though they are derived from 
substantia11y different sources. 

Estimates of recording probabi1ity for DAC threshold levels of 100, 50 and 20% 
are shown in Figure 15. These estimates are based on the results of this study. 
However, those of Forli and Silk are not substantially different. The range of 
app1icability of these estimates include most materials and thicknesses of primary 
system piping welds, but excludes f1aws on the far side of austinitic welds and 
cast austinitic piping . 

... 

ROUND ROBIN INSPECTIONS 

Preparations are currently in progress for round robin insepctions to determine the 
effective ness of current ISI practices. The resu1ts of these tests shou1d be 
avai1able early in 1982. 
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TABLE I 

ESTIMATE OF STANDARD DEVIATION 
OF INSPECTION VARIABLES 

This Study Si1k(7) Forli(4) 
+ dB + dB + dB 

Defect Orientation 3.6 3.5 

Defect Roughness' 1.4 3.0 

Transparency 3.7 4.0 

0 Crack-to-Crack Total 5.4 6. l 3.3 
1 

0 
2 

Between Inspection Teams 2.0 4.4 

0 
3 

Within Inspector 2.0 2.0 2.6 

Coupling 2.0 

or Total Inspection 6. l 6.7 6.0 
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WARNING 

This part of the proceedings was made up from notes of the ses
sion chairmen and from major points of discussion arising during the 
panel session. The panel session chairman collected aIl notes and 
gathered them in the following paragraphs. 

None of them have been reviewed by their authors and these should 
not be taken responsible for possible errors or omissions. 

1. SESSION 1 : FUNDAMENTALS 

1.1. Chairmen notes 

1.1.1. X. EDELMANN 

The paper of Mr. TRUMPFF dealt with the problem of ultrasonic 
test~ng of mixt welds between forged or cast stainless steel and fer
ri tic steels. 

In course of the investigations a metallographic study of the 
different regions was performed. Furthermore ultrasonic wave propaga
tion was studied by measuring of attenuation and sound velocity again 
in the different regions. Then optimal condition for the detection of 
artificial reflectors investigated. The best suitable technique for 
the described welds is the application of longitudinal waves with a 
refracted angle of 45 0 in steel, at a center frequency of 1.5 MHz. 
Works are going on to determine the best commercial available probes. 

The paper of J. ROSE dealt with the utilization of a Fisher 
linear discriminant function in intergranular stress corrosion crac
king detection. The application of this technique allows to separate 
geometric indication from IGSCC indications in 304 stainless steel pi
ping. A transducer selection criterion has been worked out. Excel
lent signal to noise ratios have been achieved with these transdu
cers. Fisher linear discriminant functions as algorithms make use of 
features as rise time, pulse duration, fall time, partial power bet
ween 1.5 MHz and 2.0 MHz in the power spectral response and a second 
partial power between 2.0 and 2.5 MHz. 

There are test specimens used for training of the system. Excel
lent results have been achieved on unknown cracked specimens. 

These technique must be tested in practice, this means that the 
transformation from the laboratory into the field has to be perfor
med. The final development is the so called "calI confirmer", a black 
box which takes the decision : crack indication or geometric indica
tion. The performance of the present system seems to be pretty far in 
front of the capability of an usual level two ultrasonic inspector. 

In the paper of D. KUPPERMAN data are given on sound velocity and 
signal amplitude variations and deviations of longitudinal and shear 
beams in stainless steel weld metal. These measurements are compared 
with model calculations. Good agreement between both has been achie
ved. Application of spatial averaging was described. Furthermore re
sults of an investigation of ultrasonic testing technique for IGSCC 
were presented. 
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General recommendations 

• Rea1ization of simple means for discrimination of cracks from qeome
trica1 indications (ca11 confirmer) for ISI. 

• Transformation of the new deve10ped techniques into field applica
tion. 

• Meta11urgica1 work - study of the physica1 nature of the we1d mate
rial. Inf1uencing grain structure to guarantee better testabi1ity. 

Fundamenta1 aspects were treated during the meeting in Most of 
the sessions. Therefore, some detai1s in this summary are not on1y 
restricted to Session 1. 

The prob1ems of coarse grained materia1s NOE, especia11y of aus
tenitic stain1ess steel components, are due to 

- e1astic anisotropy (direction dependence of ve10city v in the single 
crystal) and 

- qrain size d (scattered intensity, "grass", proportiona1 to mean 
grain volume for d ~ wave1ength À ). 

They both together are 1eading to 

- hiqh Attenuation 
- high scattering 
- beam skewing e 
- beam sp1itting. 

0<, 

0<.$' 
and 

on1y the 1ast effect ("Frie1inghaus-Gang1bauer" effec.t : 9. 
WCNOT, Melbourne, Nov. 1979) was not dea1t with at the Specia1ists 
Meeting. 

Severa! papers discussed e : JUVA, LAUNAY, KUPPERMAN, additio
na11y GRAY (Session 2), CAUSSIN (Session 4) on the background of 
BAIKIE's work from 76. The prob1em is we1l understood now, but gene
ra1 conclusions have to be drawn (the reader who is more interested in 
this, is referred to SILK's contribution to Volume 4 of Research 
Techniques in NOT by R.S. SHARPE, Ed. A.P. London 1980). As the 
signa1-to-noise ratio (SNR) or signa1-to-interference ratio (SIR, 
GRUBER in Session 2) is proportional to (KRAUS, Session 2) : 

SNR, SIR N ( 0( 

S 
with ~ = pulse 1ength, 0x = beam diameter at distance x, 

each method to decrease 0<.$ , C:l and 0x is appropriate to increase 
the SNR. This was shown by Many contributions : 

- "design for inspection" (TOMLINSON, panel discussion) and 
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- fine grained structure are demanded to decrease ~S' 

- longitudinal waves instead of shear waves (NEUMANN et al.) are redu-
cing the grass amplitude and they are used by Most people in practi
ce, 

- pulse shaping by the so-called controlled signaIs (CS) - technique 
reduces~S and optimizes the choice of frequency (CROSTACK and 
OPPERMANN), 

- there is no doubt that short pulses are one of the easiest and Most 
appropriate ways to enhance signaIs, 

- reducing 0x by focussing (lenses, transmitter-receiver probes~ 
NEUMANN et al.) will be used now in practice very often, 

- analysing beam skewing, the advantage of shear horizontal waves 
(SH-waves, polarized vertical to the plane of incidence) is clearly 
seen (KUPPERMAN). The problem is to excite and detect them with ul
trasonic probes. Electromagnetic acoustic transducers (EMATS) seem 
to be the only way in this direction, 

- surprising results for the SNR, SIR could be obtained in a study by 
NEWHOUSE et al. (Session 2), using communication theory (like ra
dar) algorithms, 

- a totally different problem, the discrimination between geometrical 
indications and defect signaIs during ultrasonic testing of tube 
weldments (the counterbore problem) was treated by ROSE et al. : 
pattern recognition algorithms evaluated with training sets and 
applied to test sets showed promising results in the relations false 
accepted/false rejected indications. 

The final discussion came to the conclusion that each of the 
methods developed for signal enhancement has its merits, but that none 
of these methods can solve the outstanding problems alone. Therefore 
combinations of different methods should be one keyword for the futu
re. GRUBER, KRAUS, NEWHOUSE (Session 2), KUPPERMAN pointed out that 
especially the combination of signal averaging techniques wlth other 
developments is an encouraging step forward. 

Several basic problems not yet solved were mentioned during aIl 
the sessions, not only in session 1 

- physics of scattering for d ~ À , physics of interference, propaga
tion in columnar grains, mode-conversions L-SV-SH, beam splitting, 

- interdisciplinary work design-metallurgy-NOE, 

- quantitative grain size determination for ASTM 1, 0, -1, ••• 
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possibilities to improve SNR, SIR by communication theory 
techniques, 

- classification and sizing of defects, if the problem 
signal-enhancement is reasonably solved. 

1.2. Discussion 

Most of the questions addressed both signal to noise ratio (SIN) 
enhancement and flaw discrimination techniques. It was also 
recognized that before speaking about SIN improvement, a signal should 
be obtained. 

Proposals for reducing the noise level (mainly discussed in this ses
sion) were though to mask efforts for pushing up the signal level as 
was proposed earlier. B. GRAY, UKAEA, also stressed the fact that 
better SIN should eventually lead to efficient sizing techniques. 

In the discussion of intergranular stress corrosion cracking 
(IGSCC) detection, J.L. ROSE, Drexel University, USA, answering ques
tions of M. KROLL, KWU-FRG, made clear that his results were only ba
sed upon the crack samples he had access to. As the test pieces were 
not destructively examined yet, he could not comment on their specifie 
geometry. F.L. BECKER, BNW USA, answering also a question of M. KROLL 
precised that usually IGSCC roughness was in the range of ultrasonic 
wavelength, whereas notches can be ten times smoother. 
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2. SESSION 2 : INSTRUMENTS AND METHODS 

2.1. Chairmen notes 

2.1.1. C.E. LAUTZENHEISER 

Note not delivered. 

2.1.2. A. THOMAS 

During the second part of Session II, we heard four reports con
cerning either the state of the art on signal processing or recent de
velopments in UT methods. 

1. For Mr. KRAUS' paper, 1 want to point out the two following points, 
relating to signal averaging methods : 

• first, an effort is made to develop an industrial device able to 
make these methods applicable on the whole, 

• then, it seems that further improvements of these methods and 
good applications could be obtained by the combination of other 
methods which are also known to help to signal-to-noise ratio im
provement. 

2. In the paper of Mr. GRÜBER, 1 noticed the use of 2 probes in the 
same casing which are both used for producing interference effects 
on the screen and for reducing noise. 
We are expecting additional results to check the efficiency of this 
method. 

3. From the paper of Mr. NEWHOUSE, it appears that with a good compu
ter, we are able to get many signal processings. 
The new algorithm Mr. NEWHOUSE uses seems to be very interesting 
for signal-to-noise ratio improvement and we await further results 
on its application. 

4. Concerning the paper of Mr. GANAPATHY, it is to be feared that 1 
will have to make further efforts to understand it very weIl. 
Nevertheless, it seems to be very interesting to check if the pic
tures obtained on low attenuation materials may bring some improve
ments in the interpretation of screen patterns from high attenua
tion austenitic co~ponents. 

2.2. Discussion 

There has been considerable discussion about the different 
techniques and new approaches presented. Most participants tried to 
make clear either the relative advantages and drawbacks of each 
approach or the interest of combining different solutions. However no 
definite answers have been given. Indeed it was appearing that most 
of the new techniques presented were still in an early stage of 
development. 
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The qeneral feeling was however that major improvements should be ex
pected from signal processing although industrial practicallity of 
that approach was still questionable. On the other hand, adapted 
pulse echo techniques only involving special probe design based upon 
metallurgical effects were shown to be readily available and far more 
efficient than standard UT techniques. 

Several attendees also pointed out remaining problems such as de
tection of ID surface connected defects with angled longitudinal waves 
(F.L. BECKER), effect of varying metallographic conditions in a given 
piece (N. THOMSEN, Danish Welding Institute) or suggested other 
techniques such as phase analysis (s. CRUTZEN, Commission of European 
Communities). 

F.L. BECKER also stressed the appearing disagreement about the 
use of short and long pulses to improving signal to noise ratios. Un
fortunately the question could not be talked over due to time lack. 
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3. SESSION 3 : INDUSTRIAL PRACTICE 

3.1. Chairman note: J.R. TOMLINSON 

The papers in this session fell into two groups : those by 
EDELMANN, KROLL et al and PRAT were concerned with inspection of aus
tenitic forgings, pipes and welds; those of LAUNAY et al and SAITOH et 
al considered the detection and sizing of undérclad cracks. 

EDELMANN noted that a case by case consideration of components 
was still necessary to ascertain their inspectability. More data is 
needed from destructive examination of components rejected by NOT to 
correlate the UT indications with the actual defects. There should be 
more consideration given to the needs of NOT in the design process -
both in respect of geometrical form and in choice of metallurgical 
processing. It May be that by minor modification of heat treatments 
Many of the difficulties of ultrasonic inspection could be removed. 

KROLL examined the effect of varying the heat input in welding on 
the attenuation of sound. He found little effect. This apparently 
surprising result was understandable when it was recognised that th~re 
was little variation in the grain structure of the welds produced. 

PRAT illustrated the difficulty of devising suitable inspection 
techniques for components where the requirements of NOT had not been 
considered at the design stage. He proposed that specifications for 
fabrication should include requirements on ultrasonic penetrability 
alongside the usual mechanical properties. 

These three papers aIl illustrated the importance of employing an 
approach to problems in which the skills of NOT engineers, metallur
gists welding engineers and fracture analysts are combined. Advances 
in NOT alone are likely to be inefficient means of enhancing plant in
tegrity. 

LAUNAY et al and SAITOH and TAKAHASHI both demonstrated some suc
cess in detection and measurement of underclad cracks. At least on 
isolated cracks in the base material it appears that cracks deeper 
than 3 mm can be detected and sized reasonably weIl. It wou Id appear 
that extension of defect into the cladding is not detectable by ultra
sonics alone - eddy current methods will have to be employed and 
further development work is needed in this field. 

3.2. Discussion 

The discussion was naturally divided ioto two parts. The first 
one concerned the three first papers. Many comments supported the 
views of the lecturers on the necessity to take into consideration 
~ince the design stage aIl inspection requirements. Once again the 
emphasis was put on the lack of specification on the metallurgical 
structure of components. It was suggested that acceptance standards 
include NOT of matallurgical structures in view of assessing both ins
pectability and conformity to expected mechanical and chemical 
toughness. 
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In the second part, the inspectability of cladding to base mate
rial joints was questioned. Answering a question of G. LOUIS, 
Cockerill, Belgium, J.P. LAUNAY precised that the Framatome's evalua
tion criteria are very conservative. In the exemple given, UT indica
tion being obtained in only one scanning direction with SE probes and 
no indication with the straight beam probe, the indication would be 
called crack. 

Both J.P. LAUNAY and T. SAITOH agreed that the diffraction 
technique described by the latter can not be used for sizing the 
french sub-cladding cracks due to the difference in morphology of both 
crack types. In any case the Japanese experience was the only success 
reported till now in this conference in sizing flaws in components in
volving austenitic material. 

A. DE STERKE, RTD-Netherlands, criticized the way in which T. 
SAITOH measured the focal distance of its S.E. probes, namely using a 
reflection on a flat plane. Instead he recommended to use side dril
led holes which would give more realistic results. (N.E.: the shape 
and morphology of the reflector used influence the focal distance mea
sured. In this case, the choice of an artificial reflector is a mat
ter of personnal judgment, since no recognized standard is presently 
available). 
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4. SESSION 4 : RELIABILITY 

4.1. Chairman notes: J. MaSCARA 

SANDBERG reported the results of an experimental survey of a 
number of UT methods to detect and characterize artificial flaws in 39 
mm thick butt weldments incorporatinq metallurqical variability produ
ced by various submerqed arc weldinq techniques. The basis of judg
ment was SIN. 

The important conclusions were : 

1. Lonqitudinal waves qave better results than transverse ones. 

2. Frequency analysis failed to separate metallurqical and flaw re
flectors. 

3. Weld crown notches could only be detected with lonqitudinal waves. 

4. Focusinq does help detection of weld root defects. 

5. The results are not sensitive to metallurqical parameters. 

TORRIDA et al paper described an ultrasonic immersion technique 
employinq two focussed transducers to examine (a) the weld soundness 
(b) the penetration of electron beam welded austenitic steel for 
nuclear components. In relation to wald soundness it was shown that 
the technique can detect volumetrie flaws of diameter 0.8 mm, and qi
ves a maximum error of 30 % for 0.8 - 2 mm flaws as judqed by compa
rison which radioqraphy. Weld penetration presented more difficulties 
but the method can detect 1 mm lack of penetration. 

In the CAUSSIN et al paper it is arqued that despite advances 
made in the detection of small flaws and in sizinq capabilities, 
little is known about the reliability of NDT of austenitic weldments. 
The paper discusses three factors affecting this reliability 

1. Variability of metallurqical structure. There are two related as
pects (a) the microstructure plays a vital role in determining the 
inspectability of the weldment (b) it is often difficult to know 
what the structure is - this point was also made by Mr. GRAY in his 
paper, when he pointed out that nominally identical welding can 
give quite different grain structures at different times. 

2. Testing procedure. A difficulty here ls knowing precisely enough 
the geometry of a weld profile due to construction tolerances. 
Means of measuring the real qeometry in situ are advocated. 
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3. Equipment characteristics. The importance of thorouqh equipment 
characterization is emphasized. The preparation of, and agreement 
on, international standards is recommended. 

4.2. Discussion 

The discussion started on the comments of J. MUSCARA on the reli
ability of the ASME code techniques. He declared that in his person
nal opinion, those techniques have been proved unreliable as well for 
austenitic steel as for ferritic steel inspection. 
In the mean time NRC establishes a data base on actual service flaws 
and NOT indications and will probably requires in the near future that 
any new technique designed for ISI be proven on realistic flaws. In 
that purpose NRC has installed a pipe crack study group of which 
conclusions will be released soon. 

M. KROLL asked how P. CAUSSIN could measure the cladding thick
ness of reactor pressure vessel (N.E. : P. CAUSSIN uses a specially 
designed SE probe. presently the thickness range covered is 4 to 12 
mm with an accuracy of 0.5 mm). 
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5. GENERAL DISCUSSION 

S.J. CRUTZEN, Commission of European Communities, and S. 
GANAPATHY, Unive~sity of Michigan, USA, stressed the fact that it is 
very difficult to have an objective appraisal of the different techni
ques presented. Indeed on one hand every experimentator uses his own 
collection of test pieces and on the other hand it was shown by seve
raI lecturers that most test pieces suffer from great variability in 
microstructure and thus in acoustic properties. To solve this pro
blem, the participants recommended that test pieces be collected on an 
international basis and be used to get comparable data. 

Answering a question of S.J. CRUTZEN, the participants mentioned 
several international cooperative programmes already in existence. 

- Ad hoc Working Group on ultrasonic inspection of austenitic steel 
welds. 
Australian - Belgian - Dutch - German - Swiss participants. 

- Framatome - Electricité de France - Commissariat à l'Energie 
Atomique - Westinghouse: quadripartite programme. 

- Framatome - Vinçotte programme 

- French - German cooperative programme 

- German - Japanese cooperative programme 

- International Institute of WeI ding group on the ultrasonic inspec
tion of austenitic welds. 

- STK - TRC - Westinghouse programme. 

In view of this amount of efforts, H.J. DE NORDWALL, Commission 
of European Communities, mentioned the possibilities of the European 
Communities to provide an adequate forum for some international 
harmonization. Following the same line, the participants were of the 
opinion that within 5 years a cooperative programme should be 
organized on a worldwide basis to objectively compare aIl techniques 
already in use or newly developed. The chairman promised to bring 
that conclusion to the attention of the sponsor of this meeting, the 
Committee for the Safety of Nuclear Installation of the Organization 
for Economie Co-operation and Development. 
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