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The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international commit-
tee made up of scientists and engineers who have responsibilities for nuclear safety research and
nuclear licensing. The Committee was set up in 1973 to develop and co-ordinate the Nuclear Energy
Agency's work in nuclear safety matters, replacing the former Committee on Reactor Safety
Technology (CREST) with its more limited scope.

The Committee's purpose is to foster international co-operation in nuclear safety amongst
the OECD Member countries. This is done in a number of ways. Full use is made of the traditional
methods of co-operation, such as information exchanges, establishment of working groups, and
organisation of conferences. Some of these arrangements are of immediate benefit to Member coun-
tries, for example, by enriching the data base available to national regulatory authorities and to the
scientific community at large. Other questions may be taken up by the Committee itself with the
aim of achieving an international consensus wherever possible. The traditional approach to co-
operation is increasingly being reinforced by the creation of co-operative (international) research
projects, such as PISC and LOFT, and by a novel form of collaboration known as the international
standard problem exercise, for testing the performance of computer codes, test methods, etc. used
in safety assessments. These exercises are now being conducted in most sectors of the nuclear
safety programme.

The greater part of the CSNI co-operative programme is concerned with safety technology
for water reactors. The principal areas covered are operating experience and the human factor, reactor
system response during abnormal transients, various aspects of primary circuit integrity, the
phenomenology of radioactive releases in reactor accidents, and risk assessment. The Committee
also studies the safety of the fuel cycle, conducts periodic surveys of reactor safety research pro-
grammes and operates an international mechanism for exchanging reports on power plant incidents.

The Committee has set up a Sub-Committee on Licensing which examines a variety of nuclear
regulatory problems, provides a forum for the free discussion of licensing questions and reviews
the regulatory impact of the conclusions reached by CSNI.

* * * * * * * * *

Requests for additional copies of this report should be addressed to:

Nuclear Safety Division
OECD Nuclear Energy Agency
38 Boulevard Suchet
F-75016 Paris
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SUMMARY

Austenitic steels are an important group of materials which are generally used for applica-
tions where resistance to corrosion, or high strength and creep resistance at elevated temperatures,
are required. They are used extensively in nuclear plant.

Although ultrasonic inspection methods have been routinely used in industry for some three
decades, it is well known that cast or welded austenitic components can be difficult, or even
impossible, to examine ultrasonically. Development of ultrasonic techniques is therefore in progress
in several countries to provide improvements which are being sought on safety and economic grounds.

This report reviews much of the available literature on the ultrasonic inspection of austenitic
welds. A brief description of the relevant metallurgical characteristics is given before a considera-
tion of the physical properties of the weld metal and the current theoretical models used to describe
ultrasound propagation in it.

The largest section deals with the practical steps taken to improve the capabilities of ultrasonic
inspection and includes a discussion of the problems of flaw location and sizing. The review closes
with some general conclusions and suggestions for areas where further work is required.

Prepared on behalf of the Organisation for Economic Co-operation and Development,
January 1985.

May 1985
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1. INTRODUCTION

Austenitic steels are an important group of materials which are generally used for applica-
tions where resistance to corrosion, or high strength and creep resistance, are required at elevated
temperatures, such as in the primary pipework of a PWR or the primary circuit of a fast reactor.
Austenitic steels may also be used where ductility at very low temperatures is essential, such as
in cryogenic vessels, while their corrosion resistance also makes them attractive when processing
foodstuffs.

Ultrasonic inspection techniques have been routinely used in industry for approximately 30
years and it has always been known that cast or welded austenitic components can be difficult,
or even impossible, to examine ultrasonically. It is only in the last 8-10 years that it has be"enknown
why they are difficult to examine, and significant progress has been made towards improving
inspection techniques.

Standards of safety are becoming more stringent with time and consequently there is a need
to demonstrate some degree of inspection capability for the detection of planar flaws during fabrica-
tion (and also inservice) of any structure the failure of which could have serious safety or economic
consequences. Thus it is clearly necessary to continue developing techniques for inspecting austenitic
welds.

This Report reviews much of the work that has been reported on the ultrasonic inspection
of austenitic welds. Previous reviews have been written by Caussin 1978(1

) and Whitaker and Jessop
1981 . (2) It was considered in late 1983 that sufficient additional developments had occurred to
warrant a new review of the situation. Accordingly, the GECD Nuclear Energy Agency commissioned
this state of the art survey within the programme of its Principal Working Group NO.3 (Primary Circuit
Integrity) of the Committee on the Safety of Nuclear Installations. Some of the papers reviewed
also mention coarse grained austenitic materials and castings. In this report we make a theoretical
distinction between materials which are strongly textured and whose bulk properties are anisotropic,
such as the majority of austenitic welds and castings, and materials which simply have a coarse
grain structure but whose bulk properties are isotropic. Practically, however, it is less easy to make
a clear distinction, since similar ultrasonic techniques are applied to both types of materials.

In this review we begin by briefly describing the metallurgical characteristics of austenitic
welds which are of relevance to the problem of ultrasonic inspection. This is followed by a descrip-
tion of the physical properties of austenitic weld metal and the theoretical models which have been
developed to explain the propagation of ultrasonic waves through weld metal. The largest section
in the review deals with the practical steps that workers have taken to make inspection possible,
or easier. The problems of sizing flaws in austenitic welds are also considered and, finally, we look
at a few applications and draw some general conclusions.

2. METALLURGICAL CHARACTERISTICS OF AUSTENITIC WELDS

This section briefly describes the important metallurgical characteristics of austenitic welds
which are relevant to ultrasonic testing.

The atoms of austenitic steels have a FCC structure at all temperatures. Therefore the macro-
crystalline structure of an austenitic weld is established when it solidifies and the austenitic phase
forms long columnar grains which grow along the directions of maximum heat loss during cooling.
These grains can betypically one or two centimetres long (often larger in castings) and some typical
examples can be seen in Fig. 1, which shows some sections through welds made by the Manual
Metal Arc (MMA) welding process.

Ferritic welds do not exhibit grain structures such as that shown in Fig. 1. They undergo a
solid-solid transformation from FCC to BCC during cooling, which breaks-up the columnar grains
although it is sometimes possible to see the remains of such a structure in the capping run of a
ferritic weld. Also when one weld run is deposited on top of another, the heat input refines the

ND-R-1201(R) 3
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3. THE PHYSICS OF AUSTENHIC WELD METAL

g,ain suuctu,e of the lowe' one. Metallu,gicallVit is impossible to ,efin
e

the s«uctu,e of austenitic
welds bV heat «eatm
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alone. The s«uctu,e of austenitic welds can onlVbe ,efined bV heavy

defo,ma
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and ,ec'vstallisation. 0' bVapplving high p,essu,es at high tempe,atu,es as desc<ib
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bV Lott and Malik 1g83.''' but neithe, of these p,ocesses is usuallV p,actiCal f0< weldm

ents

.

. Thus it is onlv in austenitic mate,ials which have a FCC s«uctu,e that long columna' g,ain

s
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du,ing the ult,asonic
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(i) Manual Metal Arc (MMA)

(iil SUb',l1ergedArc (SA) or (SAW)

(iii) 1\I\!~ta\Inert Gas (I'J\IG)
(i\l) Tungsten Inert Cas (TIG)The co',umna' g,ain
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in multipasS MMAwelds gene,allV g'OWexpitaxiallVth,ough suceessive

weld beads, and the colu',nn
a
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inspectio;n pu,pose
s
, AI"""V et al 1g78, '" 8aikie and Yapp 197g. '" The columnae s«uctu,e 0'
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TIG welds.

The phVsicalp,ope"ies of austenitic weld metal, in a" fa' as they influence ult,as
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inspe

c

'
,ion, we,e fi<stinvestig ,ted bVHolmes and BeasleVin 1g62'" They obse'v cd that austenitic welds
had a st<ong textu" and that the p<opagatiOnof ul«asonic waves in this mate<ialappea"d to be
,bno<mal. Using X-"V diff"ctio

n
techniques they found that the long axis 0' the columnae g"in

s

co"esponded to the 100 c<Vstall09"phiC di,ection. F,om this "suit th ev concluded that austenitic
weld metal was aniso«opic. and the<e was p,obablV a connection betWeen this and the difficultV
of ul«asonicallV testing it. In fact the aniso«opV of the elastic constants in austenitic steels had
been p,e

v

iouSIV"po"ed bVSaltmutte< and Stangle< 1g(30.'" It mav be noted that the elastic con-
stantS in '""itic matN

ials
a" not s«onglV dependent on o,ientation within the g"ins.

HolmeS 1963'" investigated the effect of i,on additions to austenitic welds to p"ve

nt

the
oceu"e
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of c<ac
king

and also the effect of g"in boundaeVp,ecipita
teS

on ult"sonic attenuation
and 'ound no effect. Thus he concluded that the high attenuation of weld metal was due to the

basic properties of the columnar strUcture.Renewed inte<es
t
in the inspection 0' austenitic weld metal was ,epo,ted bVPete<son et al

in 1975"" and bVBaikieet al in 1976'''' whO "peated the X-"V wo<k 0' Holmes and BeasleV'"
and obtained the same ,esult. BaikiealsOmeasu"d the appae

ent
attenuatilon 0' comp"ssio

n

waves
in cVlinde<sof weld metal machined ,<om weld pads with aligned columnae g"in

s

. The cVlinde<s
we,e machined so that the g"in

s
we<e paeallel with a diamete< of the cVlinde<sand it was found

that the attenuation vae
ied

in a cVclicmanne< depending on the beam to g"in angle. The attenua-
tion was a minimum when the beam to g"in angle was app<oximatelV4"° and a maximum at 0°
and gOo. The velo

citv

of comp,ession waves was also measu"d in the c;\inde<s and this was alsO
'ound to be a function 0' beam to g"in angle, with the maxima oceu"ing at app,oxim

atelV

45°
and unequal minima at 00 and 900. This p<oved conclusivelv that au'stenitic weld metal was
aniso«opiC. This pape, was impo,tant as it established the linkbetWeen the mic<OS«u

ctU

" of weld
metal and the ult"sonic behaviou' which had eluded HolmeS and Beas'eV' '"

3.1 The Symmet<V ot austenitic weld metal

4
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Musgrave and Miller 1954-1956(10,1112) laid the ground work for detailed studies of the
propagation of elastic waves in anisotropic media by the publication of the general theory, followed
by papers describing the propagation in materials with hexagonal and cubic symmetry.

In 1978 Tomlinson et al(13) repeated the attenuation and velocity measurements reported by
Baikie and established that the dependence of these on beam to columnar grain angle was due to
the bulk anisotropic properties of the weld. This conclusion was supported by similar measurements
on cylinders machined from alpha brass, Inconel 182 weld metal and a single crystal of Nimonic
80A. All three materials produced similar results to Type 316 weld metal, and the single crystal
result proved that the dependence was not due to scattering at grain boundaries.

Tomlinson showed that the apparent variation in attenuation was due to a beam skewing
phenomenon which occurs in anisotropic media and is described by Miller and Musgrave. The beam
skewing which occurred in the cylindrical specimens mentioned above was measured and the results
agreed satisfactorily with calculated values using Miller and Musgrave's theory. Thus an explana-
tion was found for the strange behaviour of ultrasonic waves in austenitic weld metal.

Adler et al 1978(14) investigated the symmetry of centrifugally cast stainless steel and found
that it was transversely isotropic (another description used is orthotropic). This means that the
columnar grains are randomly orientated about their long axes. Thus there is a plane of isotropy
at right angles to the axes of the grains. Adler also calculated compression and shear wave velocities
as a function of direction in transversely isotropic material and these compared favourably with
experimental values. Features of ultrasonic wave propagation in transversely isotropic media have
been recently modelled theoretically by Gillan 1980. (15)

The fact that austenitic weld metal is transversely isotropic rather than cubic complicates
the theory, but in terms of practicalities it makes very little difference. For example, the cubic model
predicts a maximum velocity for compression waves at a beam to grain angle of 45°, whereas for
the transversely isotropic model the maxima occurs at 48 0. Both models predict the same
phenomena, only the quantitative data varies.

Many research workers, including Kupperman and Reimann 1980(16) and Juva and Lenkkeri
1980(17) have reported the results of ultrasonic velocity measurements to investigate the symmetry
of weld metal. One of the specimens used by Juva was a sphere with a diameter of 30 mm made
from a large single crystal.

Curtis and Ibrahim 1981 (18)used a standard X-ray diffraction technique to calibrate a surface
wave technique for investigating the symmetry of austenitic welds and a casting. Surface wave
velocity was found to be extremely sensitive to the direction of the wave and therefore in principle
it could be used to determine quantitative texture data on unknown material.

3.2 Beam skewing

Musgrave and Miller laid the foundation for explaining the effect that material anisotropy has
on the propagation of ultrasonic waves and a text-book treatment has been published by Auld
1973. (19)Musgrave's theory showed that in an anisotropic media three wave modes exist, these
are a quasi-compression wave, and two quasi-shear waves with polarisations at 90°. For all modes
the direction of energy flow is generally not at right angles to the wavefront, and the amount by
which they deviate is commonly known as the skewing angle. The skewing angle for compression
waves can be measured fairly easily, Tomlinson 1978, (13)but this is not the case for shear waves.
Given the variation of velocity as a function of beam to grain angle, the skewing angle can be deter-
mined by constructing the slowness surface, which is the inverse of velocity plotted against beam
to grain angle. The skewing angle is found by constructing the tangent to the slowness surface
at the beam to grain angle of interest and then measuring the angle between the normal to the tangent
and a line passing through the centre of the surface.

Austenitic welds and castings exhibit beam skewing in all directions apart from the plane
at right angles to the long axis of the columnar grains, Fig. 2, after Silk 1980(20) shows the calculated
beam skewing effect in transversely isotropic austenitic weld metal for compression waves and
both shear waves.

ND-R-1201 (R) 5



Tomlinson<131 ascribed the cyclic variation in the apparent attenuation of compression waves
in weld metal to variations in the beam width caused by the beam skewing phenomenon. For beam
to grain angles between 30° and 60°, the gradient of Fig. 2 is such that fairly narrow beam widths
occur resulting in relatively high sensitivities. Whereas at beam to grain angles of 0° and 90° the
gradient is such that wide beam widths occur resulting in relatively low sensitivities.

Compression waves are less affected by the beam skewing phenomenon than are vertically
polarised (Sv) shear waves. However, horizontally polarised (Sh) shear waves are even less affected
than compression waves, but they are difficult to generate without special equipment. Choice of
wave mode for the inspection of austenitic welds is described in Section 4.1.

Kupperman and Reimann 1983(211 have visualised ultrasonic compression and shear wave
beams after they have passed through austenitic weld specimens and the distortions to the beam
shape caused by skewing have been observed. Most of the distortions could be explained by assuming
that the weld metal was transversely isotropic.

3.3 Theoretical models to explain the effect of anisotropy on ultrasonic
wave propagation

Silk 1981 (221developed a computerised ray tracing model for predicting the geometrical effects
of anisotropy on the propagation of an ultrasonic wave through a transverse section of an austenitic
weld. The weld preparation chosen was a symmetrical V which was divided up into twenty-five
regions and the orientation of the columnar grains in each could be varied to model a real weld.
Ultrasound beams are traced through the weld and it is assumed that Snell's Law is obeyed at the
boundaries between regions. At the boundary between plate and weld metal, an additional calcula-
tion is performed to compensate for the difference in physical properties. The model has been
extensively used for predicting time of flight data for ultrasonic beams which are diffracted or
scattered from flaws in austenitic welds, see Section 4.5.2 (b). The model does not provide amplitude

data.

Thomson and Farley 1983(231 have developed a theoretical model for predicting beam shapes
in weld metal. The model is based on diffraction theory and the active face of the transducer is
considered to be an infinite number of point sources which emit spherical waves (Huygen's
wavefronts). The far field beam shapes are obtained by summing the contributions that each point
source makes taking into account the phase difference due to different path lengths. For transversely
isotropic media, the wavefronts are generally elliptical. The model clearly demonstrates the effect
of phenomena such as beam skewing, and the beam shapes predicted by the model indicate that
very different probe characteristics are required for the inspection of austenitic welds compared

to those for ferritic welds.

Thomson and Farley claim that when the model has been fully developed it should be pos-
sible to predict the reflectivity of flaws and hence determine the best beam angles to examine
austenitic welds. Reflectivity behaviour in anisotropic materials is different to that in isotropic
materials, such as ferritic welds where the angle of incidence equals the angle of reflection. In
anisotropic materials the reflection behaviour is influenced by the direction of the wavefront normals
rather than the direction of energy flow, and the angle of incidence does not necessarily equal the
angle of reflection. Using their model, Thomson and Farley compare the reflectivity of a flaw in an
austenitic weld to compression waves generated by a 45° and a 60° probe. Although most of the
energy from both probes flows at 48 ° due to the skewing effect, the predicted direction of the
reflected beam was markedly different for the two probes. Ogilvy 1984(241 has calculated the reflec-
tion behaviour for a full range of beam angles and shown that in theory an appropriate choice of
transducer will permit pulse echo methods to be used for most flaw orientations. No experimental
work has yet been reported on the angular reflectivity of flaws in austenitic weld metal but, in theory,
beam skewing should not preclude the use of several nominal beam angles to allow for variations
in defect orientation. (In this context, the nominal beam angle of a probe is the beam angle observed

in isotropic (e.g. plate) materiaL)

ND-R-1201(R) 6



3.4 Scattering

In any material the amplitude A of an ultrasonic wave decreases exponentially according to
A = Ao exp (- ax) in its passage through a material, where x is distance, Ao is the amplitude at
xo' and a is the attenuation coefficient which has scattering and absorption components, Goebbels
1978. (25)The scattering (or absorption) of ultrasonic waves in solids is usually due to interactions
with grain boundaries, inclusions, precipitates, flaws, dislocations, vacancies and magnetic domains,
Green 1980, (261Shyne 1980.(27) Some interactions will be more important than others and for
austenitic materials grain boundary scattering will be very important. Scattering can lead to very
low signal to noise ratios when testing austenitic components and the steps which can be taken
to reduce the effect it has are discussed in Section 4.3.

3.4. 1 Scattering in equiaxed polycrystalline materials

In an ideal equiaxed polycrystalline material the grains will on average be round, but to fill
all the space they will have a variety of shapes, and also their diameters will vary over a wide range.
The grains will generally be misaligned so that at the boundary between two grains an ultrasonic
wave will be partially reflected (scattered), or it may even be mode converted due to the mismatch
in the acoustic impedances.

For polycrystalline materials which do not have a texture scattering can be qualitatively
explained by the following equations which Papadakis 1968(28)refers to as the Lifshits-Parkhamovskii
1950(29) and Merkulov 1956(30) theory.

for A>2nO a K1 f4 03 (1)

for A<:;;2nO a = K2 f2 0 ... (2)

where A wavelength

0 average grain diameter

f frequency

a attenuation coefficient

K1 and K2 are scattering coefficients which depend on the elastic constants of the material

The scattering described by Equation (1) is called volume (03), or Rayleigh scattering after Lord
Rayleigh 1894(31)who first investigated the subject, and that described by Equation (2) is called
stochastic or diffusive scattering. Papadakis 1965(32) has published Tables giving the scattering
coefficients for a large number of elements and the variation is substantial.

For materials in which 0 < 0 . 1 mm the predominant attenuation process for ultrasonic waves
is Rayleigh scattering, since the approximate frequencies at which A = 2 n 0 for compression and
shear waves is 10 MHz and 5 MHz respectively. For coarse grained materials, 0> 0.5 mm, the
predominant process is stochastic scattering.

In the situation where A« D the grain boundaries are treated like mirrors. This has been
investigated by Mason and McSkimin 1948(33)who found that scattering was independent of fre-
quency and inversely proportional to grain size, i.e. a = K3D-l.

Goebbels and Holler 1978(34)have reported a method for measuring the grain size of steel
by ultrasonic back scatter measurements using a single frequency transducer. Their explanation
of scattering is extremely clear.

3.4.2 Scattering in materials with preferred orientation or texture

The effect of preferred orientation is usually to reduce scatter. Papadakis 1965(35)has pro-
posed a semi-quantitative two-dimensional model for slightly anisotropic grains of hexagonal
symmetry, but the general theory for this case and also textured materials which are usually strongly
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anisotropic has not been developed yet. Where there is a tendency for high modulus directions to
align with low modulus directions, then scattering will be high. Conversely, if the high and low
modulus directions are separately well aligned, scattering will be low. In the ideal case where align-
ment is perfect no scattering will occur.

The columnar grains in austenitic welds can be up to 20 mm long, whereas their diameters
are typically 0.5 mm. Morse 1948(361investigated scattering from cylinders and found that the scat-
tering power for a single cylinder depended on Nf3, where A is the cross-sectional area and f the
frequency.

Papadakis(28)also points out that where 2 IT 0 < A < 2 IT L, where 0 is the average small dimen-
sion and L is the average long dimension of the grains, that scattering must obey different laws
for different directions. For compression wave beams in austenitic MMA welds, it is very easy to
demonstrate experimentally that scattering is higher when the waves are directed across the grains
than when they are directed along the grains. The reason for this is that the grains are well aligned
along their length, therefore, the boundary conditions from grain to grain are well matched in that
direction and scattering is relatively low. Whereas, in the direction at right angles to their length,
the grains are randomly orientated, hence large mismatches occur resulting in relatively high scat-
tering. This is generally the case for materials with preferred orientation. For shear waves propagating
at right angles to the long axes of the columnar grains, scattering is greatest when the direction
of polarisation is at right angles to the long axis of the grains.

The theoretical model developed by Silk(22)(Section 3.3) predicts that the degree of scattering
should be dependent on the beam to grain angle. Ermolov and Pilin 1976(37)claim to have calculated
the noise due to grain boundary scattering in anisotropic materials for the near and far fields of plane
ultrasonic transducers and also for the focal point of a focused transducer.

4. TESTING WELDS

This section describes some of the measures taken to improve the ultrasonic inspection of
austenitic welds.

4.1 Wave mode

Shear waves are the natural choice of wave mode for ultrasonically inspecting weldments,
since for beam angles in the range 40° to 60° no energy is lost by mode conversion upon reflection
at the half skip distance. Unfortunately the propagation of Sv shear waves in austenitic weld metal
is very complicated. Several authors have reported that the velocity can vary by a factor of 25%
depending on direction, e.g. Kupperman and Reimann 1978. <381Figure 2 shows that Sv waves may
be skewed by as much as 30°, which is approximately twice as much as for compression waves.
Thus the focusing/defocusing effects for Sv waves will be much greater than for compression waves
which makes them more difficult to use.

Shear waves are more strongly scattered in austenitic welds than are compression waves
and, furthermore, scattered compression waves are often mode converted into shear waves,
Papadakis.(28)Thus the signal to noise ratio of shear wave examinations are usually lower than those
of compression wave examinations at the same frequency, and this is not simply due to the smaller
wavelength of the former.

Juva and Lieto 1980(391reported that they preferred shear waves for the inspection of MMA
welds with thicknesses in the range 2 mm to 10 mm, while Edelmann 1981 (40)recommends that
special techniques should only be considered if conventional methods have been shown to be
unsuccessful. Ibrahim et al 1982 (411and Kapranos et al 1982 (42)state that shear waves can be ef-
fective for the detection of fatigue cracks in the HAZ of austenitic welds and they also comment
on the effect of stress and beam angle on crack detection. Kapranos 1984(43)comments further
on the effect of stress on the detection of cracks and concludes that it may be used to differentiate
between real and false indications.

ND-R-1201 (R) 8



Fusion face, or root flaws, may be detected in thick austenitic welds using shear waves, pro-
viding this does not involve long path lengths in weld metal. However for the volumetric examina-
tion of thick welds, several workers Trumpff et al 1980, (44)Sandberg 1980,1451Hudgell and Seed
1980146.47)and Gray et al 1980(48)have concluded that compression waves are to be preferred to
shear waves. Hudgell and Seed have demonstrated that even for compression waves the structure
of the weld has a dominant effect on ultrasonic propagation. Beam angles in weld metal are difficult
to estimate, since they skew towards the low attenuation paths at 480 to the grains, Hudgell and
Seed 1980. (46.47>Providing it is possible to exploit the low attenuation directions, reasonable sensi-
tivities can be achieved in 50 mm thick MMA welds. However, it was found impossible to construct
a meaningful distance amplitude correction (DAC) curve since small variations in the columnar struc-
ture of the weld produced large variations in the width of the ultrasonic beams. In situations where
it was impossible to exploit the low attenuation directions, the sensitivity of the ultrasonic examina-
tions was poor.

Angled compression waves can only be used to volumetrically examine a weld up to the first
half skip distance, since most of the energy of the incident beam is lost to a mode converted shear
wave upon reflection. For the same reason, compression waves are not as sensitive as shear waves
for the detection of surface breaking flaws. Edelmannl40)has investigated the amplitude of reflected
shear and compression waves from slots of various depths and found that for the former the reflected
signal rises monotonically until it saturates for a slot depth of approximately 4 mm at 2.25 MHz.
For compression waves, the amplitude of the reflected signal oscillates and it is always much smaller
than the reflected shear wave.

A disadvantage of angled compression wave probes is that they also generate a shear wave
beam component and the detection of flaws or geometric reflectors by this component can lead
to confusion T/R probes (see Section 4.2) are less affected by this problem than are single crystal
compression wave probes.

To examine an austenitic weld volumetrically using compression waves, it is necessary to
machine the surface of the weld so that the probe can be scanned across it. This is a consequence
of being restricted to the first half skip distance when using compression wave probes.

Horizontally polarised Sh shear waves are skewed less than compression waves, see Fig.
2, but they cannot be generated when using liquid couplants, therefore they are not a competitive
wave mode for routine inspection applications. However, with the development of electromagnetic
acoustic transducers (EMATs), they are of theoretical interest. Kupperman and Reimann(38)were
the first workers to realise the potential of Sh waves for the inspection of austenitic weld metal.
Their simple tests indicated that Sh waves are probably superior to compression waves for penetra-
tion and sensitivity to flaws in weld metal, furthermore they are less easily mode converted than
Sv waves. Therefore, Sh waves are potentially very attractive and the results of a more recent com-
parison of the signal to noise ratios for the various modes are given by Goebbels and Kapitza 1984. (49)

4.2 Transducers

There are two simple measures that can be taken to reduce the degree of scattering that
occurs during ultrasonic testing

(i) Use highly directional or focused transducers.
(ii) Use highly damped transducers.

Both measures reduce scatter by ensuring that the volume of weld metal insonified at anyone instant
in time is kept to a minimum. Kraus and Goebbels 1978(501state that the mean back scattering
amplitude of the pulse echo technique as a function of sound path length is proportional to the square
root of the pulse length. Ermolovl37i states that focusing produces the best results. Heinrich et al
1982(51)comes to a similar conclusion by recommending that it is important to make sure that the
ratio of the sound field diameter to the reflector diameter is as small as possible.

Ermolov adds a third step which is frequency selection to obtain the maximum signal-to-noise
ratio. Several authors have commented that austenitic weld metal behaves like a low pass filter,
e.g. Neumann et al 1980, (52)and this leads to the obvious deduction to use low test frequencies.
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Opperman and Crostack 1980(53)electrically drove ultrasonic probes with bursts of continuous waves
to investigate the amplitude of signals scattered by grain boundaries and reflected by flaws as a
function of frequency, and they concluded:

(i) For a given testing range in the material there was an optimum test frequency which
yielded the highest signal-to-noise ratio.

(ii) The spectral composition of an ultrasonic pulse was more important than the pulse length.

Neumann et al(521comment on the effect of probe bandwidth on signal-to-noise ratio. They suggest
that there is some advantage in seeking a compromise between broad and narrow band probes,
since the high frequency components of the former will be contributing to the scatter, while the
signal bearing flaw information may not contain any high frequency components. Whereas at the
other extreme, narrow band probes tend to generate false indications by interference at grain
boundaries. On the whole, probes with a short pulse length are generally favoured for the examina-
tion of coarse grained material.

The most important development in probe technology for highly attenuative materials was
the development of twin crystal probes with overlapping beams. These are known as SEor TR probes,
and have been developed mainly at Bundesanstalt Fur Material Prufung (BAM) Berlin and by Roentgen
Technische Dienst bv (RTD), Rotterdam. Neumann et al 1976(54) report theoretical work based on
the Kirchoff diffraction theory for the design of TR probes, and experimental measurements of beam
profiles are also reported. Neumann et al 1979(55)also described the development and performance
of TR probes.

TR probes are designed so that the transmitter and receiver lobes of the desired wave mode
overlap at a certain depth and, consequently, the sensitivity is a maximum at this depth. The individual
transmitter and receiver elements can be either side-by-side or one in front of the other. The average
TR probe may be used to examine a 15 mm, or possibly a 20 mm thick depth zone, such that three
probes would be required to examine a 50 mm thick weld. The published design information does
not appear to allow for beam skewing effects, but the occurrence of transverse isotropy in some
weld metal will reduce the perturbing effect of beam skewing when the probe elements are
side-by-side.

Ganglbauer et al 1979(56)and Frielinghaus et al 1979(57)have commented that for TR probes:

(i) The examination time is protracted since several probes are required for thick sections.

(ii) Each depth zone of a weld is only examined with one beam angle.

(iii) The correlation between signal amplitude and the size of reflectors is unsatisfactory.

Special probe designs are required to examine components with curved surfaces, and problems have
been encountered with the detection of transverse flaws. However TR probes are probably indispen-
sible for the examination of extremely difficult materials such as stainless steel castings, see Jurenka
1983(58)and Rose et al 1978, <59)but for the less difficult materials, single crystal probes are much
easier to use. Thomson and Farley(23)have discussed the significance of detailed differences in the
designs of commercially available probes.

Edelmann and Hornung 1982(60)have successfully tested a creeping wave probe for the detec-
tion of surface breaking flaws in transition welds as a substitute for dye penetrants. Creeping waves,
which are also known as head waves, are 90° compression waves, and the development and
characteristics of probes to produce this wave mode are described by Ermolov et al 1978. (61)A
creeping wave is used as the reference for timing diffracted or scattered compression waves in the
diffraction technique after Silk, (20)see Section 4.5.2 (b). Failure to detect the creeping wave may
indicate the presence of a flaw near the surface. On clad ferritic material, the observed creeping
wave travels just below the cladding as the attenuation/scatter is lower than in the cladding.

Multimode probes have recently been applied to the inspection of austenitic welds for the
detection of surface breaking flaws at the half skip distance. The principle of the multimode probe
is that a shallow angle shear wave is generated in the base metal adjacent to an austenitic weld
and this mode converts to a large angle compression wave at the half skip distance, and it is this
wave which is used to detect cracks in the austenitic weld. Gruber et al 1984(621have reported
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the application of multi mode probes for the detection of intergranular stress corrosion cracking in
PWR primary circuit piping, and for other applications where compression and shear wave com-
ponents interact to provide improved defect detection compared to single mode probes.

Elsley and Fortunko 1981, (63) Fortunko and Moulder 1982 (64) point out that Sh waves can
be transmitted through weld metal parent plate interfaces without significant reflectors or mode
conversions occurring, and therefore the number of unwanted ultrasonic indications is kept to a
minimum. They report the performance of a low frequency (440 KHz) pitch catch and transmission
EMAT system which has a pulse length of 40 microseconds. This has been used to detect lack of
penetration and cracks in the girth welds of 12.7 mm thick Type 304 stainless steel pipe. The resolu-
tion of the system was obviously poor, but the signal-to-noise ratio appeared to be adequate for
the detection of large flaws. As referred to earlier, Goebbels and Kapitza(49)refer to further data
on this topic.

4.3 Signal processing

Grain boundary scattering can produce large spurious signals and these can severely reduce
the signal-to-noise of ultrasonic examinations. During an ultrasonic examination scattering is observed
as the summation of all the reflections from grain boundaries in the ultrasonic beam which arrive
at the receiver at anyone instant in time. Constructive and destructive interference will occur between
flaw and scatter signals, and without taking special steps it is impossible to tell one from the other,
since they are coherent. To improve the signal-to-noise ratio it is essential to render them incoherent.

4.3.1 Signal averaging

Kraus and Goebbels(50)suggested that flaw and noise 'signals could be rendered incoherent by:

(i) Spatial signal averaging.
(ii) Frequency signal averaging.
(iii) Directional signal averaging.

In all three cases small changes in probe position, frequency and angle of incidence lead to stronger
changes in the grain noise than the reflections from flaws, to a first approximation. Substantial
improvements in signal-to-noise ratio can be achieved at the expense of the additional time required
to carry out an examination, and also the additional equipment required to average A scans and
move the ultrasonic probes, etc.

Ermolov and Pilin(37)describe spatial averaging very precisely. 'The amplitude of flaw echo
signals is determined by the direction of the probe and the flaw itself, it will vary according to the
motion of the probe and, in the process of accumulation (averaging), it will manifest itself as a regular
(highly correlated) signal. Structural noise signals exhibit arbitrary, random values (insignificantly
correlated) during the movement of the probe. Therefore, in accordance with the probability theory
where there is a flaw signal, the accumulated signal is greater than that arising where only struc-
tural noise is present.'

Murali et al 1981 (65)describe a practical application where spatial averaging was used to reduce
the grain noise from ultrasonic examinations of butt welds in Type 304 stainless steel pipes. A box
car integrator was used to perform the averaging.

Newhouse et al 1980(66)reported that instead of shifting the centre frequency of the trans-
mitted pulse of a broad band probe, as described by Kraus and Goebbels, (50)it is possible to apply
split spectrum processing to achieve the same objective. The spectrum of the received signal was
split into bands and then inverse Fourier transformed and normalised. An algorithm was then applied
which performed an averaging function and this resulted in a large improvement in the signal-to-
noise ratio.

Day 1979(67) reports a directional signal averaging technique applied to a transition weld
between Alloy 800 and Type 316 stainless steel, by combining the results of weld scans carried
out with different beam angles. An improvement of 8 dB was achieved in the signal-to-noise ratio
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for the detection of spark eroded notches using 0.5 MHz and 1 MHz immersion probes to generate
shear waves in the 25 mm thick welds. Oay calculated that the probability of a noise signal exceeding
the amplitude of the signal detected from a 10% notch was typically 10-3 per scan of the weld,
therefore false calls were expected.

Kraus and GoebbelslSO} have investigated the instrumentation problems involved in averag-
ing large numbers of A scans. For example, they have compared the advantages and disadvantages
of averaging rectified and unrectified A scans and that of digital and analogue equipment.

4.3.2 Pattern recognition

Pattern recognition is an important part of the science of signal processing. The objective
is to take as many clues as possible from a data set and find out which of them relates to the quantity
required. One pattern recognition procedure that has been widely discussed in the present context
is Adaptive Learning Networks (ALN) which is a trade name of Adaptronics Inc.

The process of applying ALN to an NOT problem follows a fairly standard course. As many
representative specimens as possible are procured and these are divided into two sets. One set is
used to 'train' the system, while the other is used to check it. Large amounts of data are then gathered
from the training specimens and signal processing functions are applied to the data in order to
establish whether anyone, or combination of these functions will provide a confident means of
achieving an objective. For example, an objective might be to identify the ultrasonic signals which
originate from intergranular stress corrosion cracks (IGSCC) near butt welds in stainless steel pipes,
as opposed to those that originate from geometrical features associated with the welds, see Mucciardi
1980. (68) This process is called feature selection. .

The final stage is to generate classifiers or networks. All the features which have proved useful
are fed into the classifiers where they are combined to produce a decision. The specimens set aside
for testing are used during this stage to prove the performance of the system on data which it has
not processed previously. Some examples of the application of ALN or pattern recognition are given
below.

Rose et al 1980(69) applied ALN to the detection of IGSCC in thick wall stainless steel pipes.
A high success rate was claimed even though the figures showing the performance of the selected
features indicate that they were rather poor for decision making purposes.

Jusino et al 1983(70
) experimented with ALN by applying it to the ultrasonic waveforms

detected from fatigue cracks in 57 mm thick butt welds in centrifugally cast stainless steel pipe.
The objective of the exercise was to characterise the waveforms for thirty-five signal processing
features (or parameters) which appear to have been chosen at random. No general conclusions are
reported on the merits of ALN for sorting crack signals from spurious indications, although some
vague probability data is reported for the detection of cracks.

As part of the work in support of the American fast breeder reactor programme Mech 1983, (71)

describes the signal processing methods tested for the examination of 10 mm thick pipework. Electro
discharge machined notches with depths of 6% to 55% of the wall thickness were studied and
an ALN was found to give better results than the alternative discrimination methods tested.

Shankar et al 1978(72) and Mucciardi1681 claimed that an unambiguous discrimination between
IGSCC and geometrical reflectors had been achieved in sample welded sections of Type 304 stainless
steel piping using non-linear signal processing techniques via the ALN methodology. However, even
in 1984, an NRC sponsored round robin reported major problems in the detection of tight cracks
in cast austenitic materials, Taylor 1984. (73) Mechanical fatigue cracks could be fairly readily detected
using current field ultrasonic NOT techniques which did not include signal processing, but thermal
cracks could not.

Formal pattern recognition methods have become popular with the development of powerful
digital computers with large storage capacities. Unfortunately in NOT applications, there has been
a tendency to apply signal processing to data obtained from complex tests without due regard as
to whether it is appropriate or not. In particular it must be recognised that frequency dependent
attenuation in materials must lead to variations in the spectral content of a pulse as a function of
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range. The possible significance of these must be considered when testing for the ratio of energy
at various frequencies if a varying range is involved, and a major problem with all semi-empirical
methods in any application is the assessment of the confidence which can be placed in the results.
From the papers reviewed above, one must conclude that some early claims for reliabilities in this
field were over optimistic.

4.4 Welding parameters and inspectability

The design of a welded joint, the welding process and the welding procedure all have an effect
on the ultrasonic inspectability of austenitic welds. All too often austenitic welds have to be examined
on plant that was fabricated a decade ago with welds which were not designed to be inspected.
Edelmann(4o.60)discusses the problem of tackling 'unknown' welds under less than ideal conditions
and he stresses the importance of fabricating a reference block containing a weld which is as near
as possible identical to that to be examined. This requires a detailed welding procedure in order to
achieve the correct grain alignment. Using the reference block, artificial reflectors are introduced
and an examination procedure is developed by trying conventional techniques to begin with and
progressing to special ones should they prove inadequate.

As yet very little progress has been made to specify the factors which influence the inspec-
tability of austenitic welds, but Section 4.4.1 describes how the Central Electricity Generating Board
tackled the problem for one particular weld which had to be ultrasonically tested to satisfy regulatory
requirements and Section 4.4.2 discusses the effect of the welding process.

4.4. 1 Weld design

Tomlinson et al 1978, (13) 1980(74)describe how the design and the welding procedure of an
austenitic fillet weld between two concentric tubes in an AGR superheater were changed to make
the weld much easier to examine ultrasonically. The weld was made by the MMA welding technique
and the objective of the changes was to produce a columnar structure with the long axis of the
grains at 45° to the axis of the tubes. The weld was built up so that its cross-section was rectangular
(rather than triangular as is usually the case for fillet welds) so that it could be examined with a
0° longitudinal wave probe from two faces, and the low attenuation paths at 48 ° to the columnar
grains could be exploited. The specification for inspecting this weld is described by Wagg and Whittle
1978. (75)

This lateral approach to the problem of inspecting austenitic welds can be applied to any joint
at the design stage, but the benefits which can be derived depend on the extent to which useful
changes can be made and the additional costs incurred. Also, the effect of changes to established
welding procedure on mechanical properties and compatibility must also be carefully assessed.

4.4.2 The welding process

The welding process, in as far as it influences the columnar structure of a weld, see Section
2, will also influence its ultrasonic inspectability. Early studies of the interaction were reported by
Peterson et al(9")and then by Macecek 1978(76)who claimed there was evidence pointing to a solid
state transformation in 18-8 weld metal such as AISI 304/308 while this subject has been discuss-
ed in detail by Thomson and Farley. (23) Most of the important points raised are summarised below.

(a) MMA welds
The physical properties of MMA welds have been investigated fairly extensively by many
authors including Baikie et ai, (9)Tomlinson et ai, (13) Kupperman and Reimann 1980,177)
and Juva and Lenkkeri. (17) Therefore the characteristics of this material are well known.

MMA welds are characterised by a high degree of grain alignment which gives rise to
tolerable attenuation levels for longitudinal wave beams if they can skew towards the
low attenuation directions. The most difficult MMA weld to examine, using angled
longitudinal waves, is the horizontal vertical weld due to the angle of its grains, see Fig. 1.
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(b) MIG welds

Wagg 1980(78)examined a 50 mm thick MIG transition weld and found the attenuation
was too high at O. 55 dB/mm to reliably detect 3 mm diameter side drilled hole (SOH)
in the lower third of the weld. Beam skewing was observed which made the location
of flaws difficult.

Tomlinson et all131commented that the grain structure of such a weld was quite dif-
ferent to that for a MMA weld and this was attributed to the high heat input and the
deep penetration of the arc.

Much more information is required on MIG welds since it is a welding process which
is becoming more popular.

(c) SA welds
The columnar structure of SA welds can vary considerably depending on the heat input
used and very little is known about their ultrasonic properties. Therefore weld metal pro-
duced by this process also requires investigation.

(d) TIG welds
Wagg 1980(78) reports favourably on the ultrasonic inspectability tests he carried out
on two 50 mm thick transition welds. In the middle of the weld the attenuation was
0.09 dB/mm in one weld and 0.2 dB/mm in the other, and they were judged to be more
inspectable than MIG welds.
The TIG welding process may be used for narrow gap welding and Hudgell and Seed(4

7)

have investigated the inspectability of a narrow gap TIG weld and also an electron beam
weld in 50 mm thick Type 316 plate. They concluded that narrow gap welds were much
easier to examine ultrasonically than welds made by the common fusion processes simply
because the volume of weld metal in the former was a mere fraction of that in the latter.
2 MHz shear waves would reliably penetrate the welds but the signal-to-noise ratio was
lower than that .for compression wave inspections. The effects of beam skewing were
not observed since the path lengths in weld metal were too short.

Thomson and Farleyl231also concluded that narrow gap welds were attractive for
austenitic components and that plant designers should be aware of all the factors which
influence inspectability.

4.5 Flaw location and evaluation

4.5. 1 Flaw location

Flaw location in austenitic weld metal is complicated by the anisotropy of the material. Singh
1983(79) reported errors as large as 12 mm in the location of flaws using shear waves in 33 mm
thick extruded stainless steel pipe. The beam angle changed from 45° at the o.d. surface to 19°
at the i.d. Singh recommends that shear wave probes should be used for flaw detection, while com-
pression wave probes should be used for flaw location since they are less affected by anisotropy.

Padaki et al 19841801reported very large errors using longitudinal waves for the location of
artificial reflectors in austenitic welds. They concluded that the errors were due to skewing and
the only way to avoid this problem was to design welds so that they were as narrow as possible
(previous section).

Yoneyama et al 19791811carried out shear wave transmission measurements on austenitic
welds and concluded that the columnar grains appeared to channel the waves into the root of the
weld, so that the beam angle decreased as described by Singh. Beam skewing will bend shear wave
beams towards the 0° direction, see Fig. 2. Silk(221has commented on channelling by saying that
there is no theoretical evidence that this will occur in weld metal like it does in some fibrous materials,
since the acoustic impedance mismatch is not large between parallel dendrites and he also indicates
that the tendency will be least for compression waves.
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Gray et al(48)have reported errors in the location of side drilled holes (SOH) in 50 mm thick
downhand MMA welds when using longitudinal waves. These errors were thought to be due to
beam skewing and they were overcome by locating reflectors by a triangulation technique using
two range values rather than one range value and a beam angle as shown in Fig. 3. The most unreliable
component in the location of flaws in austenitic welds is the beam angle. Range values were found
to be accurate and very close to the values measured in isotropic test blocks made from the same
material despite the fact that compression wave velocities in austenitic weld metal can vary by 5%
above to 10% below the isotropic value. The probable explanation is that beams tend to skew
towards the high velocity directions in weld metal, therefore the longer beam path lengths for skewed
beams are offset by the higher velocity value.

Holmes and Beasley, (61Tomlinson et al(13)have reported bifurcation of ultrasonic beams in
austenitic welds which complicates flaw location.

4.5.2 Flaw evaluation

(a) Amplitude and probe movement techniques

Amplitude and probe movement techniques for determining flaw sizes are deleteriously
affected by anisotropy. Hudgell and Seed(46.471concluded that it was impossible to con-
struct a practical DAC curve for a compression wave inspection of 50 mm thick MMA
austenitic welds. However, a practical DAC curve could be constructed for narrow gap
welds with the same thickness. Neumann(SSIet al has not reported any problems con-
cerning the construction of DAC curves for the examination of austenitic welds when
using T/R probes, however, Frielinghaus et al(S7)have made some adverse comments.
Tomlinson et al(13)comment that probe movem.ent techniques for sizing flaws are not
practical due to fluctuations in beam width. These fluctuations occur even when the
beams are propagating along low attenuation paths. An obscuration technique was
developed to size flaws in the Hartlepool and Heysham AGR Superheater closure welds.

Bell et al 1982 (821reported the results of destructive tests carried out on fourteen
deliberately defective down hand MMA welds in 50 mm thick Type 316 plate to
investigate the performance of ultrasonics and X radiography for detecting and sizing
fabrication flaws. The specimens were all machined smooth and they were examined
under laboratory conditions. The important conclusions were that no major flaws were
missed, but several minor flaws were overlooked. Flaw sizes in the range 2 mm to 5 mm
separate those flaws which cannot easily be detected from those that can. Bell also
came to the same conclusion as Tomlinson that the dB drop method of sizing flaws in
austenitic welds was impractical.

Surprisingly few authors have chosen to report results or comment on the problems of
sizing flaws in austenitic welds. Edelmann(40)recommends that every opportunity should
be taken to remove samples after locating flaws in order to collect data on the inspec-
tability of austenitic welds.

(b) Diffraction techniques

Silk 1984(83) claims that time domain techniques based on the ultrasonic diffraction of
compression waves can be used to locate and size flaws in thick section ferritic welds
and refers to a fatigue crack in an austenitic weld. Compression waves are preferred
since they are less prone to scatter. The approach favoured by Silk is based on transmis-
sion using two probes, which again reduces the effect of scatter. Diffraction techniques
have an advantage over specular reflection for flaw detection, in that the amplitude of
diffracted signals varies less with beam angle than specular reflected signals, but the
former are usually much smaller than the latter. The diffraction technique has been studied
theoretically by Ogilvy and Temple 1983. (84)

Silk(83)also describes a very sensitive method for recording diffraction signals. The rf
A scan is digitised and recorded on a B scan display with a grey scale. Positive going
peaks are shown as black, and negative going peaks as white, or vice versa. (An example
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is shown in Fig. 4.) With this type of display the relative phase of the diffracted signals
can be determined. The two diffracted signals detected from the extremities of a buried
planar flaw will be 1800 out of phase, whereas the diffracted signals detected from
two slag lines will have the same phase. Thus in theory, innocuous flaws can be
distinguished from potentially dangerous ones. However, it should be pointed out that
not all planar flaws behave in this way and the relatively low diffracted signal levels
make noise signals more significant.

The theoretical model developed by Silk (22)(see Section 3.3) to check the relationship
between crack depth and the time delay of diffracted signals in transversely isotropic
materials predicted that the relationship was little different to that for isotropic materials.
Experimental work has subsequently supported this prediction.

Silk(20)has reported the results of applying the technique to a 39 mm thick austenitic
weld containing a fatigue crack which propagated into a fabrication flaw. Both flaws
were sized to an accuracy of ::t 0.4 mm which is similar to the figures reported by
Charlesworth et al 1978(85) for fine grain ferritic steels. Thus the technique is capable
of high accuracy.

Some of the specimens described by Bell(82)were examined with the diffraction technique
by Silk, and Fig. 4 shows the results obtained from one of these specimens containing
a lack of sidewall fusion flaw. The diffracted signals from this can be seen in the lower
left hand corner of Fig. 4. The depth scale has been linearised and each division represents
5 mm, whereas for the axial scale each division represents 20 mm. Sectioning revealed
that the through thickness depth of the intended flaw was 3 mm, which was also the
resolution of the ultrasonic system, yet the diffraction technique measured this precisely.
However, a number of very small indications were detected by the diffraction technique
which have not been revealed by sectioning. The first 10 mm of the specimen (from
the top) was not examined as a probe spacing of 100 mm was selected which did not
cover the near surface region.

The signal-to-noise ratio in Fig. 4 is low considering that the weld was made in the
downhand position and therefore the compression wave beams should have followed
low attenuation paths through the weld. Furthermore, the noise appears to be banded
which suggests that it might be associated with weld beads. If this could be establish-
ed it might provide a basis for a non-destructive technique to determine the weld struc-
ture as suggested by Bell et al. (82)

Dau and Behravesh 1983(86) report favourably on crack tip diffraction for sizing cracks
in BWR pipework, while a few authors have reported the successful sizing of surface
breaking and buried flaws associated with the stainless steel corrosion resistant clad-
ding on PWR pressure vessels using diffraction techniques. Saitoh et al 1980(87) reports
using dye penetrants to detect flaws and a 45 ° compression wave probe to measure
their depth by the detection of the crack tip signal, but the authors do not explain how
they recognise this. Rogerson et al 1984(88) and Charlesworth and Hawker 1984(89)
describes the results of an investigation to test the ability of ultrasonic techniques to
detect, size and characterise flaws in the first 30 mm of a ferritic PWR plate clad with
7 to 8 mm of stainless steel cladding. All the intended flaws were detected using com-
pression wave 0° and 70° T/R probes. The dimensions of the flaws in the through
thickness direction were measured by the diffraction technique using a pair of compres-
sion wave probes and the mean accuracy achieved for approximately twenty vertical
flaws was + O. 6 mm. Charlesworth and Temple 1982(90) give a theoretical analysis
of the application of the diffraction technique for sizing flaws in materials with anisotropic
cladding.

Thus diffraction techniques have been successfully applied to austenitic cladding, and
to austenitic weld metal, but relatively little has been published on the application of
the technique.
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5. DISCUSSION

5.1 General comments

Austenitic welds and castings usually have a strongly textured columnar grain structure and
the special difficulties experienced in ultrasonic testing are due to their anisotropic properties which
cause beam skewing and scattering of ultrasonic waves. Beam skewing does not Occur in isotropic
material such as ferritic weld metal, but scattering occurs in all polycrystalline materials, however
it is far less severe in ferritic welds than it is in austenitic welds. For these reasons, austenitic welds
will always be more difficult to examine than ferritic welds, but substantial improvements have been
made in the inspection techniques employed for both types of welds in the last ten years. Thus
there is reason to believe that careful choice of materials, geometrical factors and welding procedure
at the design stage can permit a good sensitivity to be achieved for flaw detection, while very limited
published data suggest that the time-of-flight diffraction technique can provide a good sizing capability
in appropriate applications.

Perhaps the most optimistic view expressed recently is that of Mech,UlI 'that the existing
technology is sound and only difficult engineering problems exist' for the high temperature ultrasonic
inspection of the pipework of the Fast Flux Test Reactor.

The dependence of inspectability on detailed design and the welding procedure make it par-
ticularly difficult to codify the inspection procedures for austenitic welds or even to specify criteria
by which their overall effectiveness may be satisfactorily tested. These factors are aggravated by
the ultrasonic behaviour of some cast components which have to be joined and it is also found that
the inspection reliability is particularly sensitive to equipment variations. These are all contributory
factors to the unsatisfactory situation reported by Becker 1980, (91) Doctor et al 19821921 and Taylorl731

for the effectiveness of ultrasonic examinations of Water Reactor pipework for the occurrence of
IGSCC when such examinations were undertaken using the minimum requirements of Division 1
of Section XI of the ASME Boiler and Pressure Vessel Code.

It must also be recognised that in addition to the special difficulties discussed in the review,
austenitic weld inspection is also subject to the normal problems of ultrasonic inspection associated
with access, surface finish and flaw characteristics. In view of the lower capabilities of ultrasonic
techniques for austenitic welds by comparison with ferritic welds, it is probably necessary to ac-
cept a smaller factor of safety between the smallest flaw that can be reliably detected and the largest
flaw that is tolerable on safety or economic grounds.

5.2 Some areas where further work is required

5.2.1 Weld properties

There is a need to know more about the bulk properties of weld metal produced by different
welding processes, and the effect of wide variations in composition should also be assessed. The
objective of such an exercise might be to grade welding processes in terms of ultrasonic inspec-
tability, and the following properties should be measured:

(i) Degree of anisotropy (velocity measurements).

(ii) Attenuation due to grain boundary scattering as a function of frequency.

Attenuation due to scattering is difficult to measure precisely due to skewing, but comparative
measurements are possible. Very little work has been done on scattering in textured materials, pro-
bably because it is a difficult subject to tackle experimentally and theoretically.

5.2.2 Modelling

Much more needs to be known about how to examine austenitic welds and the most promis-
ing approach appears to be theoretical modelling along the lines described by Thomson and Farley(23)

and by Ogilvy. (24) If their models can provide accurate information on the reflectivity of flaws
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in austenitic welds and the most suitable probes to detect them they would be very valuable tools.
In particular models are essential to extrapolate from available experimental data to other situations.

5.2.3 Flaw detection and sizing

Methodical exercises are required to check the capabilities of ultrasonic techniques to detect
and size flaws. The technique which appears to have the most potential for accurate sizing is the
time-of-flight crack tip diffraction technique and a great deal of work needs to be done to explore
the potential and limitations of this on all types of austenitic welds. Up to the present, published
results of large scale studies of inspection reliability have been largely confined to the examination
of LWR pipework for IGSCC.

5.2.4 EMATS

The wave mode which is least affected by the properties of transversely isotropic materials
is Sh shear waves, and the potential advantage of being able to apply this wave mode on a routine
basis to the inspection of austenitic welds is large. However, the only practical transducer which
can be used to generate Sh waves is the EMAT, and these are very inefficient compared to piezo
electric devices, but they are worth developing particularly for the inspection of poorly characterised
welds in old plant.

5.3 Changes in welding practice

The area where the largest impact can be made on the difficulty of ultrasonically examining
austenitic welds in new plant is in welding technology. If plant designers and fabricators were to
develop and use narrow gap welding techniques on all austenitic components that may have to be
inspected in-service, then the problem of examining them ultrasonically would eventually disappear.

Narrow gap welds have other attractions apart from being easy to inspect. For example, they
have a higher toughness than welds made by the MMA process since they contain fewer inclusions,
and they are obviously more economical in terms of consumables than conventional welds.

The ideal technique for examining narrow gap welds is the time-of-flight diffraction technique,
since it would be practical to detect and size flaws with the one technique.

6. CONCLUSIONS

1. Austenitic welds and castings have a strongly textured columnar grain structure.

2. The symmetry of some austenitic weld metal has been found to be transversely isotropic.

3. The difficulties experienced in ultrasonic examination of welds and castings are due to their
bulk anisotropic properties and also the large dimensions of their grains.

4. Anisotropy causes large variations in ultrasonic attenuation due to a beam skewing
phenomenon and the magnitude of this depends on the elastic constants of the material, the
wave mode and also the beam to grain angle.

5. Anisotropy and the large grain size causes scattering of ultrasonic waves and the magnitude
of this is probably a complex function of many variables such as the dimensions of the grains,
test frequency, beam to grain angle, wave mode, and the elastic constants of the material.

6. Further data is required on the properties of weld metal made by the different welding pro-
cesses to supplement existing data on MMA weld metal.

7. The development of EMATs should be encouraged.

8. Theoretical modelling should be pursued so that a better understanding is obtained of the
reflectivity behaviour of flaws in austentic weld metal, and the most suitable probes for detec-
ting flaws.
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9. More experimental data is required on the detection and sizing of flaws in austenitic weld metal.

10. Plant designers and fabricators should be encouraged to consider narrow gap welding
techniques for austenitic components.

11 . The general sensitivity of routine ultrasonic inspections undertaken on austenitic welds is lower
than for ferritic welds but careful component design and fabrication, together with appropriate
ultrasonic procedures, can yield considerable improvements.
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