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1. INTRODUCTION

The Swedish Fuel and Nuclear Waste Management Company (SKB) are likely to be faced
with the problem of approving an ultrasonic testing scheme for large copper vessels to be used
for nuclear waste disposal. The microstructure of the vessels is uncertain. They will, in all
probability, be single phase almost pure copper. The wall thickness will be of order 50
millimetres, they will be cylindrical, of diameter close to 1 metre and of length close to 5
metres, they will contain through-thickness electron beam welds in the circumferential
direction and they may also contain longitudinal welds.

Manufacturing technology for such vessels is not yet established but those known to be under
consideration could lead to a number of defects which may be critical to the performance of the
canister.

The stresses on the canister are likely to be very low and the fracture toughness of the material
will be very high, the implication of this is that a very large defect would be required to cause
catastrophic mechanical failure of the canister.

Sophisticated technology would not be required to detect such a defect and the canister would
be considered to have failed long before such a defect was present. The defects which may
need to be detected using instrumented methods are those which could grow under service
conditions to cause complete penetration of the vessel. These include surface breaking or
subsurface cracks or holes or manufacturing defects which may become exposed by corrosion
or which could grow in the service environment.

One method for detection of some of these defects is ultrasonic inspection. Radiography is
another possible method for detection of defects. However, ultrasonic methods are the only
ones which, at least in principal, can be used for sizing of defects. The reliability of ultrasonic
defect detection and defect sizing in copper is limited by the signal to noise ratios which may
be achieved and the signal attenuation which arises. The reliability of defect location is further
influenced by crystallographic anisotropy when grains having a preferred orientation are
present in the microstructure.
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Broadly speaking attenuation and noise present r~ore serious problems as grain size increases
and as the frequency of the ultrasound increases and it has been suggested that for a selected
frequency of 2 MHz the grain size should be less than 150 \xm. Whilst a frequency of 2 MHz
is readily achievable, and there is good evidence that this frequency is suitable for defect
detection in the canister when the microstructure is ideal, there is little or no prospect of
achieving the ideal microstructure by any of the proposed manufacturing routes. The problem
for SKI, in its assessment and approval role, is to quantify the effectiveness of ultrasonic defect
detection and location as a function of variations in microstructure.

The present programme is in three parts. The first part involves the preparation and
examination of a set of specimens with known microstructures. The second is a literature
review to determine the state of knowledge on ultrasonic testing of copper, the models which
are available to predict the effects of signal attenuation and structure noise and the modelling
processes which are available to aid defect location in complex copper microstructures. The
third is an attempt to correlate measurements made in part one with predictions arising from a
model or models selected in stage two.

The specimens which have been selected include a series having uniform equiaxed grain
structures with grain sizes varying in the range 50|j.m to 2mm, a specimen containing an
electron beam weld and a specimen containing coarse columnar grains. These will be
examined at a range of ultrasonic frequencies to determine the effects of grain size and
frequency on attenuation of ultrasound and on signal to noise ratio, the effect of grain
orientation on attenuation and signal to noise ratio in columnar grained material, and the effect
of the presence of an electron beam weld on these parameters.

The difficulties associated with the inspection of coarse grained materials have been known
from the early days of the use of ultrasound. These difficulties have, in many cases, been
tolerated and the limitations that have arisen have been accepted at face value. More recently
this situation has become unacceptable with need to inspect safety critical materials used in
nuclear power stations, and aerospace components. This has lead to a significant increase in the
resources devoted to understanding the nature of the interaction between ultrasound and
polycrystalline metals.

The majority of the effort has been directed towards stainless steels and titanium alloys.
However, copper has been used as an "ideal" material to test various models because it is single
phased and can be produced with a reasonably well controlled microstructure when moderate
thicknesses are required. Consequently there is a considerable body of literature that relates
either directly or closely to copper. Furthermore, the most up to date and successful work,
which is still continuing, has direct relevance to the problem of copper inspection.

This literature has been reviewed with special reference to copper. The mathematical models
which are available to describe the various interactions have been identified and examined.
Based on this examination recommendations are made for the next stage of this project. This is
to match the observed behaviour of the available samples to theoretical predictions, in order to
build confidence in procedures for predicting behaviour in other structures.

The remainder of this section deals with the factors which influence the interaction of
ultrasound and copper and the models which attempt to predict the resulting behaviour.
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2. ELASTICITY, STRUCTURE AND ULTRASOUND

2.1 Introduction

Ultrasound is a stress wave. As such it propagates through a medium by displacing "particles"
from a mean or equilibrium position according to the laws of elasticity. Therefore the
behaviour of ultrasound is intimately connected to the nature and structure of the material
through which it is propagating. This section describes the background to these interactions in
order to prepare for a discussion of the various schemes which have been proposed as models.

2.2 Single Crystals

Elastic constants Cyki relate stresses to strains in single crystals according to Hookes Law(1):

ki 2.2.1
kl

where s,y is the strain parallel to axis i of a point initially on the axis j , ando/, is the
corresponding stress. Both the sTess and strain tensors are symmetrical, with the result that the
general three-dimensional states can be described with six components for each of the stress
and strain rather than nine. This symmetry reduces the number of independent elastic
constants from 81 to 36. Considerations of elastic energy reduce this further, to 21, and crystal
symmetry can then bring further reductions.

Pure copper has a face centred cubic (FCC) structure and this only three independent elastic
constants (Cim, C1122 and C2323)-

The elastic constants comprise a fourth order tensor, of dimension 3x3x3x3. However, the
symmetry of the stress and strain tensors allows this to be reduced tc <. second order 6x6 tensor,

The three elastic constants for cubic crystals become ,Cn, C12,

where C\\ = C22 = C33, Cn = Cn = C32, C44 = C55 = C^ for cubic symmetry.

A parameter derived from these elastic constants is the elastic anisotropy, u. This is defined as:

2.2.2
3M = ( C u + C22 + C33) - (C12 + C23 + C31) - 2(C44 + C55 + C«)

which for cubic crystals reduces to:

u = C11 — C12 — C44 2.2.3

An alternative definition in the literature, but not used in this report is:
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2.3 Polycrystalline Material

In a polycrystalline material the elastic constants, can be defined in the same way as for single
crystals but the values are taken in some predefined way as aggregates of the single crystal
values and the distribution of crystals in the material. The aggregate elastic constants of a
polycrystalline sample are found by averaging the stress-strain relationship within each
crystallite. An exact solution is generally difficult and certain simplifying assumptions are
made.

In the Voigt procedure (2) all crystallites are assumed to have the same strain and the resulting
stresses, as predicted by the anisotropic elasticity generalisation of Hookes Law, are averaged.
In the Reuss procedure t2) stress is assumed constant in all crystallites, and strain is averaged.
These are known to provide upper and lower bounds, respectively, for the elastic stiffnesses.
Other methods exist, for instance the Hill procedure, in which the shear modulus is taken to be
the average of the values obtained in the Voigt and Reuss averages.

The most commonly quoted procedure in the literature is the Voigt average which is defined
for cubic crystals as:

+ 8C44) 2.3.1

where the subscript Cn,o refers to the Voigt-average elastic constant for the material.

This is only appropriate for materials composed of randomly oriented crystallites. Such
materials will be macroscopically isotropic, ( irrespective of the elastic properties of the
individual crystallites), with Cu,o = C22,o = C^fi- However, this will not be the case for most
real materials. There will normally be some preferred orientations, which is known as
crystallographic texture, and calculation of elastic constants for such materials is much more
difficult.

Texture is normally described using Orientation Distribution Functions ,(ODFs), and measured
by X-ray or neutron scattering techniques(3>4). Some work has also been done to estimate these
functions using ultrasonic with reasonable correlation between all the methods (2). However,
none of the methods are very practicable for routine use.

A much more pragmatic approach that has been investigated is to estimate the elastic constant,
C/,-,0 , by measuring ultrasonic velocity,, along a given direction. The two are related(5) by the
equation:

Cn,o = p.v? 2.3.2
where p is the material density.

The most commonly used bulk constants are E the Youngs modulus, \x the shear modulus, K
the bulk modulus and v Poissons ratio. These constants are based on the assumption of elastic
isotropy, i.e. u = 0 , they are related to the relevant C;j, for example:

f| l\, C« = \x 2.3.3
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The velocity of ultrasound is more commonly expressed in terms of these bulk constants in
engineering applications. The two most commonly used velocities are those of the
Longitudinal (compression) and Transverse (shear) wave types, which are given by:

\ longitudinal ~

vtransverse- V P V . 2 ( 1 + V ) ,

2.4 Polycrystalline Materials and Ultrasound

The velocity of ultrasound is related to the elastic constants of the host material by the equation
(2.3.2) above. This equation is stated using material average values. However, it could
equally apply to any individual crystallite, after allowing for differences in crystal orientation.
For example the following relationship can be defined for cubic crystals'5'.

Cn = Cn(sin4e + cos46) + 2(Ci3 + 2C44)cos26 sin29 2.4.1

where 9 is the angle between the bulk and crystallite crystallographic axes. Thus two
neighbouring crystallites, identical except for orientation, will display different elastic
properties to an ultrasonic wave propagating in a given direction.. At the grain boundary
between them there will be a change in velocity. Associated with this change there will be a
partition of energy, some being transmitted through the boundary and some being reflected.
This is the origin of "grain noise" which will be discussed in considerable detail in later
sections.

Most of the models of ultrasound/structure interaction require a value of Cno as an input. It
can most readily be determined using equation (2.3.2).

One important model, the Rose model(6) which is discussed later, requires a parameter^
which for the 3-axis, for example, is defined as :

Q =< 5C2
3 >=< (C33 - C33o)> 2.4.2

Using a Voigt average, an equation equivalent to equation (2.4.1), (where the angled brackets

indicate material averages), for the value of C33 and averaging over the bulk material Rose
then obtains:

Q = ̂ ( 1 9 2 0 ? ! - 128CnCi3 +48C;3 - 256CnC33 + 32C13C33 +112C2
33 - :

+I92C13C44 + 64C33C44 + 192C^) 2.4.3

which for cubic crystals reduces to :

Q = ̂ ( C n - C12 - 2C44)2 = # " 2 2.4.4
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Where u is the elastic anisotropy.

This derivation assumes random grain orientation, (or no texture).

2.5 Effects of texture

Texture, or preferred orientation can affect ultrasound/ material interaction in two ways. An
aggregate bulk texture will lead to anisotropy in the velocity of sound as a function of
direction of propagation of with respect to the preferred orientation <2). This is used practically
as an indicator of texture and may be important for some types of models. In some cases it is
the dominant factor in dealing with an inspection design as there may be both deliberate and
accidental textures created in the material to give it the desired mechanical properties(2>7>8>9).

The second effect is from a localised grouping of grains with a preferred orientation(10). If this
is situated in a matrix of otherwise randomly oriented grains it can appear as a separate feature.
This can have serious consequences for false identifications of defects.

2.6 Single Crystal Data

Values of various parameters of copper single crystal are available from a number of sources.
Some values of elastic constants found in the literature are as follows:

C n C12 C ^ (GPa)

169 122 75.4 Hearmon(26)

168 121 75.7 Simmons and Wang (27)

These give rise to a typical values of derived parameters:

Anisotropy u =-103.8 GPa
Voigt Average C,, = 196.68 GPa Ultrasonic
Pulse Velocity:

Logitudinal waves v, = 4703 ms"1

Transverse waves v t = 2260 ms'1

3. MODELLING OF ULTRASOUND/COPPER INTERACTIONS

The principle objective of this project is to establish with confidence the limits of defect
detection and location within the canister material, as a function of its crystallographic
condition. This section deals with the models which are available for predicting what the
interaction between copper and ultrasound might be.

There are a number of models which, to a greater or lesser extent, describe the interaction of
ultrasound and copper. The models can be grouped according to what they seek to achieve,
and within each category, how they approach the issue.
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The broadest division is between those models which treat the material as an ensemble of
discrete pieces of material, (grains), and then predict the behaviour of ultrasound, (Material
Models) and those which attempt to recreate the entire material and propagating ultrasound
inside the model, (computer), and calculate what the interactions will be. (Simulation Models).

Ultrasonic waves are mechanical waves that consist of oscillations or vibrations of the atomic
or molecular particles of a substance about their mean positions (1I). Longitudinal
(compression) and transverse (shear) waves are most commonly used in material inspection. In
the case of longitudinal waves the direction of motion of particles is in the direction of
propagation of the wavefront, whereas for transverse waves the direction of oscillation is at
right angles to it. Normally the velocity of transverse waves in a material is roughly half that of
longitudinal waves. Thus for a given frequency the wavelength of transverse waves is about
half that of longitudinal waves, (equation 4.2.1).

Other types of ultrasonic waves include surface waves (Rayleigh waves), and Lamb waves.
They have a lower velocity than compression waves and are far less commonly used than
longitudinal or transverse waves.

Only compression waves propagate through a liquid.

A characteristic of ultrasound is the process of mode conversion at boundaries. If a wavefront
is incident on a boundary between materials with different acoustic properties a partition of
energy occurs between transmitted and reflected waves, (refraction and reflection), and
between wave types. For instance a longitudinal wave incident at a non-normal angle will
produce a reflected longitudinal and transverse wave and a refracted longitudinal and
transverse wave. The directions of propagation of each wave is governed by Snells Law and
there are critical angles, total internal reflections and so on.

This process is utilised in ultrasonic inspection for defects because the direction of propagation
in the material can be controlled via the angle of incidence of a beam. Usually the incident
beam is longitudinal; practically it is much easier to generate longitudinal energy and it can be
conveyed to the material under inspection via a liquid, (usually water). Typically the angle of
incidence will be chosen so that the consequent refracted and mode converted beam is then
incident normally on the feature of interest in the material, usually a weld of some type.

The literature deals with the the two wave types in two main ways:

The Material Models have been developed pricipally to help understand the detectability of
defects in gas turbine materials. These are usually inspected using normal incidence
longitudinal beams in a water immersion arrangement. Consequently there is relatively little
reported work on the behaviour of transverse waves. However, the work that has been
reported (32) demonstrates that transverse waves can be treated in the same way as longitudinal
waves as the models require velocity of propagation and frequency as inputs without the need
to specify mode type.

The Simulation Models are designed to reproduce in a computer the behaviour that would be
observed in a real situation and consequently they do account ior mode conversions, and hence
transverse waves, as an inherent part of the computational process.
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Consequently in the following discussion of the various models no distinction will be made
between longitudinal and transverse wave modes.

The most important initial question concerns the relationship between grain size,
crystallographic structure and ultrasonic frequency; all leading to a prediction of the
detectability of a given defect size in any given situation. This can be approached via the
Material Models.

When the geometry of welds has to be considered for practical inspection of real structures the
Simulation Models will probably be required.

Sections 4 and 5 consider each type of model.

4. MATERIAL MODELS

4.1 Introduction

There are a number of parameters relevant to the detection of defects in the material using
ultrasound. These include ultrasonic pulse velocity, attenuation, electrical noise and grain
boundary noise. This section deals with the models available to examine their relationship with
copper.

4.2 Ultrasonic Pulse Velocity

The basic quantities used to describe ultrasonic waves are the frequency f, wavelength ,
velocity v ,wave number k , and angular frequency TO . These are connected by the following
relationships:

v=/K 4.2.1

w = 2nf 4.2.2

k=f = & 4.2.3

As the wave propagates, particles are displaced from their equilibrium position by an applied
force. These small strains produce corresponding internal stresses, according to Hooke's law,
which serve to return the particles to their equilibrium position.

These forces also cause the displacement to be passed on, and so the elastic wave propagates.
The speed of propagation is thus directly related to the restoring forces. This force is in turn
directly proportional to material stiffness, as described by the elastic constants, Cij, which were
discussed in section 2.

Monitoring of ultrasonic velocity has been suggested as a nondestructive evaluation technique,
especially for the detection of High Interstitial Defects (HIDS) in titanium. These defects are
stiffer than the surrounding matrix which results in a higher velocity and consequently locally
shorter transit times for an ultrasonic pulse. Although theoretically possible the practical
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demands of extreme accuracy in velocity measurement in the presence of material composition
variations, orientation and mode make the technique difficult to apply.

The anisotropy of copper leads to a variation of velocity as a function of crystallographic
direction; the range of values for velocity in a copper single crystal is a minimum of 4350ms"1

and a maximum of 4730ms1 depending on the direction of propagation with respect to the
crystallographic axes. A typical value reported in the literature is 4702 ms1 (10).

The variation of velocity as a function of direction in a polycrystalline material gives an
indication of preferred orientation, or texture, of the grains. If the grain structure is equiaxed
and randomly oriented the cumulative effect will average to the same value of velocity
irrespective of direction of propagation. If, however, there is texture the velocities in the
various directions will differ. There has been some work to correlate ultrasonic velocity with
texture (2> 28) but the process requires complex experimental procedures using Lamb wave
propagation. There does not appear to be a straightforward method of determining texture from
velocity measurement.

4.3 Attenuation

As an ultrasonic wave travels through a medium, some of it will be 'absorbed' by the material.
This can be thought of as due to internal friction, dissipating the wave energy as heat.
Absorption will gradually decrease the wave amplitude with distance through the material.
The attenuation due to absorption is generally characterised as proportional to frequency.

Of much more relevance to this project is the attenuation caused by scattering. When an
ultrasonic pulse encounters a grain boundary, flaw, or some other discontinuity, some of its
energy will be reflected and refracted away from the main direction of propagation. This
energy may or may not return to the transducer, but in any event is lost to the pulse v.iich
shows a corresponding reduction in amplitude. Scattering generally increases with frequency
to a power between 2 and 4.

For most practical ultrasonic inspection frequencies and materials the scattering contribution
will dominate the attenuation.

Attenuation is expressed in nepers, where nepers relates the ratio of the initial to the final
amplitude in the form:

Nepers = ln(^) Np 4.3.1

Attenuation is commonly quoted by practical workers in the field in decibels, where:

decibels = 20 log(^) dB 4.3.2

Both representations are normally related to a thickness of material and are quoted as Np/mm
or dB/mm. Since log x = 0.434 In x one unit can be converted to the other as follows:

numerical value in decibel = 8.68. numerical value in neper
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Thus for convenience trs numerical value in dB/mm is very close to the numerical value in
nepers /cm.

A variety of models for ultrasonic attenuation have been comprehensively reviewed by Stanke
and Kino (13). They categorise models according to the way in which elastic properties and
grain geometry are dealt with, and which region of the frequency spectrum they are expected to
be valid for. Note that the literature reports no successful experimental validations for any of
the attenuation models. The general categorisations they concluded were as follows:

Elastic properties are modelled either as:

(1) An isotropic fluid
(2) An isotropic dielectric
(3) Isotropic perfect crystals or
(4) Anisotropic perfect crystals.

Only those falling into the final category are of interest in this work.

Grain distributions have been modelled as:

a) A collection of individual particles. Each grain is treated as if it
were a single scatterer in an unperturbed isotropic homogeneous
medium.

b) A regular array of particles. This is a more integrated approach,
since it allows for the existence of other particles when the
scattering calculations are performed.

c) Modelling an actual microstructure of the medium in terms of the
geometric statistics of the grains. This is referred to as a stochastic
model. In addition to grain boundary shapes and structures,
crystallographic orientation relationships may be allowed for.

The three regions of the frequency spectrum are:

a)

b)

c)

A. » < d >
The Rayleigh region,

The intermediate region,

X«d>

aoc

aoc

u2f

u2f

<d6>/<d3>

<d>a

The geometric or diffusion region, a oc \l <d>

Where a is attenuation in the selected units (Nepers or Decibels). The brackets < > refer to
material averages. If the grain size in a specimen is uniform the expression for the Rayleigh
region can be simplified to <d3> as the two expressions are equivalent. However, where the
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grain size is not uniform the expression should not be simplified and the attenuation is greater
because the <66> term places greater emphasis on the larger grains.

The copper of interest in this work will have grain sizes in the range 50 to 2000|am. Using a
typical value of 4720ms for longitudinal ultrasonic velocity in copper, the wavelength of
2MHz ultrasound will be 2.36mm, and that of 5MHz ultrasound 0.944mm. Thus the
attenuation will be characterised by both the Rayleigh and Intermediate region according to
each situation.

Generally attenuation is a parameter that has to be taken into account for some other process
rather than as a useful parameter in its own right. Various attempts have been made to use
attenuation as an indicator of structure or grain size but the operational variables conspire to
prevent it from being a practically useful tool(R15>.

4.4 Noise

4.4.1 Background

The issue of ultrasonic noise is undoubtedly the most serious factor in any inspection involving
metal with a coarse grain, or anisotropic elastic, structure. Consequently it is of vital
importance in this project as the copper likely to be produced during the manufacture of the
canisters will be in both of these categories.

Compared with attenuation, modelling of ultrasonic noise has received very little attention until
relatively recently. It is usually observed as a succession of peaks between the front and back
face reflections in an A-scan. Its peaks can easily be confused with flaw signals. As a
transducer is moved around over a specimen these peaks are very mobile; rising and falling in
amplitude. It is this effect which gives rise to the description "grass" by workers in the field, as
the A-scan display looks rather like grass rippling in a breeze. In addition to "grass" this effect
is referred to by workers in the field as grain noise, grain boundary noise, structure noise,
backscattered noise and ultrasonic backscatter; they all describe the result of the same physical
process.

The criticality of any inspection is the largest flaw that can be missed rather than the smallest
that can be found. Ultrasonic backscatter, or any of the other terms used to describe this effect,
is the most significant contributor to the possibility of missing a defect. Furthermore it equally
leads to the possibility of a false identification of a defect. In either event the situation is
unacceptable in terms of safety and/or economics.

4.4.2 Sources of Noise

In any situation electrical noise must be considered. There are several sources of electrical
noise, for instance interference from equipment, fundamental noise from electrical amplifiers
and so on. These are usually random and/or asynchronous with respect to the ultrasonic
process under study and can be minimised with the use of good quality equipment or, if
necessary, removed by averaging over time . Consequently it is not considered further here.
Grain noise, or ultrasonic backscatter, is made up of reflections which occur at grain
boundaries. The grains on either side of the boundary will in general have different
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orientations, and because of their elastic anisotropy will also means different acoustic
impedances, which gives rise to partial reflection of ultrasound incident on the boundary. This
happens for each pair of grains within the area insonified by the beam and consequently a
complicated echo pattern is created.

Materials such as copper with a large elastic anisotropy will generally produce significant grain
noise as a result of this process.

4.4.3 Modelling Noise

The objective is to create a model that will predict backscatter noise for a given microstructure.
This will then lead to a prediction of the detectability of a given size of defect under those
conditions. This model has to be independent of any particular experimental setup because it is
very difficult to reproduce experimental conditions from one situation to another.

The programme in the United States known as the Quantitative Non Destructive Evaluation has
been largely concerned with the problem of ultrasonic noise. The work of this programme has
concentrated on titanium and stainless steel but copper has been used as a test or, "ideal"
material because it is single phased and the microstructure can be controlled for reasonable
thicknesses. Thus there are reports in the literature that refer directly to the copper problem and
to the more general case.

The measured noise in any experimental situation derives both from the backscatter processes
and the equipment used to measure it. Ideally the material's "noisiness" should be known
independently of the method of measuring it. Thus a process is required that accounts for the
measurement method and effectively removes its effects.

Foister at Rolls Royce in the UK describes the problem in an intuitively satisfying manner.

Total noise measured levels depend on the experimental conditions as well as the
material properties, i.e

Noise = fh( probe, geometry, microstructure, density, velocity, texture,
porosity)

This is made up of a parameter known as the Backscatter Coefficient, r), which
represents the "material" contribution, and contributions from the experimental
arrangement:

r| = fh( microstructure, density, velocity, texture, porosity,..)

The total noise can then be modelled as follows:

Total Noise = fh(, probe, rig, geometry,..)

The task then is to model the material from a completely mathematical viewpoint to obtain the
backscatter coefficient with only material properties as inputs, for instance grain size, and then
to use a different model to calculate the backscatter coefficient using experimental, measured
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data as the input. The correlation of the two models then represents a test of the validity of the
models. This can be represented as follows, (with acknowledgements to Foister):

Ultrasonic measurement e.g. noise levels, probe type

Measurement Model

u
BACKSCATTER COEFFICIENT

ft
Scattering Model

n
Material Measurements e.g. grain size, elastic constants

The literature reports only two models that deal adequately with this problem. Both have
emerged from the Quantitative NDE programme being carried out at the Center for
Nondestructive Evaluation at Iowa State University, Ames, Iowa, (CNDE). The model which
describes the material in terms of its microstructure is the "Rose" model, developed by
Professor James Rose at the CNDE, whilst the model dealing with the experimental approach is
the Independent Scatterer Model for Broad Band inspections (ISMBB) developed by
Professors Margetan and Thompson also at the CNDE. The two models are described in the
following sections.
4.4.4 Experimental Measurement of Ultrasonic Grain Noise Level

The magnitude of the maximum peak signal in the backscatter noise of an A-scan is of greatest
practical significance in masking a defect or causing a "false call". However, this is not the
most convenient parameter to quantify the level of noise. A more practical approach is to use a
statistical measure of noise level, the root mean square noise, (rms).

Root mean square noise is calculated by summing the squares of the peak amplitudes of all
signals occurring between the front and back surface reflections of a specimen, and then
dividing to get the mean and square rooting to arrive at the rms. Thus a single number
describes the "noisiness" of a complete A-scan.

This is intuitively worrying when it is known that it is the single greatest peak that is the most
important in a practical case, but it has been shown <17) that there is an extremely good
correlation between the rms value and peak amplitude in the practical case. Consequently the
rms is the parameter normally measured.

The value of this parameter is inevitably influenced by the measuring system used to produce
it. Therefore, it is not simply a function of the material itself. Furthermore, in order to compare
any set of results with any other set great care would be required to ensure uniformity of the
test setup. This is extremely difficult to achieve in the real world of practical ultrasonics.

The solution to this problem is to define a parameter called the Backscatter Coefficient. This
is a measure of the material's noisiness and is independent of the measuring system used
to produce it.

skilf
15



What is needed then is a model that accounts for the influence of the measuring system when
calculating a value of the Backscatter Coefficient from a given set of experimental data, (in the
form of an rms value of noise level).

The only model that has been developed in this role is the ISMBB from the CNDE. This was
developed by Margetan and Thompson (17) from an earlier model, the Thompson Gray
Measurement Model(18)

This model takes into account the beam profile and interference effects, which are functions of
the transducer type, frequency and the experimental arrangement.

The ISMBB uses a simple Gaussian beam profile and incorporates a diffraction correction
based on Bessel functions. The derivation of the model is contained in a report(10) issued by
the CNDE.

The main results are presented here as follows:

CS<*.**"•*.)' 4.4.4.1

and Frc^) are frequency components of the backscattered noise from the material
and a reference reflector respectively.

The model accounts for the beam profile by the term G{z) where b is the probe radius and F is
the focal length:

and a diffraction correction for the probe is given by the term:

4.4.4.3

Subscripts Oandl refer to water and to metal, F is the frequency. The exponential term in the
integral accounts for attenuation in the material where is the attenuation coefficient and is the
axial distance from the probe, and are the densities and velocities of sound respectively.

This is the Measurement Model. By recording A-scans from the material and a reference
reflector and entering parameters associated with the probe and the material, the backscatter
coefficient, independent of the experimental arrangement, can be calculated.

Foister at Rolls Royce in the UK has developed this model further for practical studies using
titanium. This is discussed further in section 4.4.8.
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4.4.5 Theoretical Prediction of Ultrasonic Grain Noise Level
The previous section discussed the calculation of Backscatter Coefficient via a measurement
route. This section presents a model which predicts Backscatter Coefficient using only
information about the material and an assumption of ultrasonic frequency.

The only explicit calculable model in the literature for the Backscatter Coefficient due to grain
scattering has been proposed by Rose at the CNDE(6).

Rose has used a single scattering approximation, (only the first interaction between the sound
beam and a grain boundary is considered), and an assumption of uniform grain size. Full
details of the Rose derivation are contained in reference (6). The main results are presented
here:

The Backscatter Coefficient is given by:

where r\(k) is the Backscatter Coefficient, k is the wavenumber, a is the grain size and
where:

Q=^ and C11o = (llC1 1+4C1 2 + 8C44)/15 4.4.5.2

where u is the elastic anisotropy and Q are the elastic constants.

This formulation is known as the single phase Rose Model.

This is the Scattering Model. It gives a prediction of the Backscatter Coefficient which is
derived only from material characteristics and an assumed ultrasonic frequency.

This model has been further developed by Foister at Rolls Royce in the UK to make it a
thoroughly practical tool. This is discussed further in section 4.4.8.

4.4.6 Monte Carlo Methods

The ISMBB model discussed in the previous section is capable of predicting only selected
average characteristics of the backscattered noise, namely rms levels in the A-scan. The Monte
Carlo Method (MCM) provides a way of simulating the manner in which noise voltages are
distributed about the rms value. The method predicts simulated time domain noise signals and
hence can be used to determine both average and peak noise signals.

A volume which will be insonified by the ultrasonic beam is defined by the model and then a
random number generator picks points in the spatial region which serve as grain centres. Each
grain is then assigned a size based on the proximity of its nearest neighbour. A further random
number generator then assigns a crystallographic orientation to each grain. The scattering
contribution is then calculated for each grain and the total backscattered signal is obtained by
summation.
This process is equivalent to a single transducer position over a specimen.
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A considerable number of assumptions and further refinements are needed in practice to
establish a realistic simulation but it appears from the literature that this can be done
successfully.

Margetan et al(10) carried out a Monte Carlo method analysis of a copper block and compared
the result with experiments using the ISMBB model and the Rose model and obtained
excellent correlation between all three techniques. They point out that the agreement is
particularly impressive because the predicted absolute noise signals are 70 dB below the input
reference signal, and no adjustable parameters are involved in the calculation.

Margetan et al conclude that the Monte Carlo Method can be used directly to predict typical
noise signals and their characteristics but more importantly it can be used to test simpler more
approximate models like the ISMBB which are more likely to be used in the practical case.

4.4.7 Reported Results

There are two sets of results well documented in the literature. The first derives from the
QNDE programme and the second is from Foister at Rolls Royce. The Foister results are
discussed in the next section.

The QNDE results from Margetan et al(10) are of particular interest because they made use of a
copper block as an "ideal" single phase material to prove the techniques. They used the Rose
scattering model and ISMBB measurement model to compare theoretical and experimental
determinations of the backscatter coefficient. Furthermore they used the Monte Carlo Method
to carry out a further check of the techniques.

The copper sample they used had an average grain radius of 112 microns and they performed
the experiments using a 5 MHz transducer. They found agreement between the theoretical
estimate of Backscatter Coefficient and the measured value to be within a factor of two. They
comment that "these results are gratifying given that a) no adjustable parameters are involved
in either determination, b) grain boundary assignments are somewhat subjective and c)
measured noise levels in the specimen were some 60 dB below the reference echo".

They conclude that the ultrasonic backscatter coefficient, which indicates the severity of the
grain boundary noise, can be predicted from first principles using only the elastic constants and
grain size for copper.

This naturally has a significant effect on our recommendations for further work in this study.

4.4.8 Further Developments

Foister has taken the Rose model for scattering and ISMBB measurement model, as used by
Margetan et al in the previous section, and simplified them to make them particularly suitable
for experimental investigations. The degradation and errors incurred by these simplifications
have been examined by Chivers and Anson (25) and they show that errors of the order of only
1% are introduced. They conclude that the simplifications are justified.
The principle simplification is the assumption of a Gaussian beam shape for the ultrasonic
transducer and Chivers and Anson recommend that all measurements are taken in the far field
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of the transducer as this brings considerable simplification of the computations with little error
incurred.

A further simplification relates to the frequency of the ultrasonic pulse. The literature relating
to the backscatter coefficient generally refers to a frequency-specific value for the backscatter
coefficient. Foister has used the Rose and ISMBB models with broad band transducers but
with the simplifying assumption of single frequency ultrasound, (taken as the centre frequency
of the probe). This greatly simplifies the processes of both theoretical and experimental
determination. Foister has examined the errors that result from this simplification and
concludes they are no greater than ten percent, (or ldB in experimental situations). This
represents another important factor in the practicality of modelling ultrasonic processes.

Foister has undertaken a series of experimental studies (16) that examine the correlation between
various aspects of each model, and the assumptions that each makes, using titanium as the
material under study. This is a two phase and complex material; much more so than copper.

An important result that emerged during the work was the excellent correlation between the
rms value of the noise peaks from an A-scan and the maximum noise peak. It appears that the
rms does satisfactorily represent the noisiness of the material, albeit without correction for the
experimental setup.

Foister has found reasonable agreement between predictions of the shape of the backscatter
coefficient/frequency/grain size relationship for titanium derived from the purely theoretical
model, (Rose), and the "instrumentation accounted for" experimental value given by the
ISMBB. However, in this case a scaling factor was required to bring the data into agreement in
magnitude.

5. SIMULATION MODELS

5.1 Introduction

Simulation models can be thought of broadly as those in which the complete description of the
material and the ultrasonic wave or pulse are described in a computer. The model is then
dynamic in the sense that it is given a set of rules that describe the interaction of ultrasound and
the material and set running.

Ultrasonic inspection initially appears suited to this type of model; the basic physics is well
understood and all the inputs are measurable. However, the drawback is that the models in
general need very specific information about any particular situation, which is hard to obtain,
(for instance the exact crystallography of several hundred thousand grains in a real sample of
material), or they make radical assumptions and fall back on statistics, for instance through the
use of random numbers to create a large number of grain descriptions.

This presents two extremes which are applicable in some cases but not in others. In the case of
welds in austenitic stainless steel, for instance, it is often the case that an accurate description
can be given for each grain associated with the weld. In this case these models work well.
IT. the case of polycrystalline material with many small grains the techniques involving pure
statistics have been shown to give reasonable agreement with experiment.
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The various types of model that have been developed are described in the following sections.
Their applicability to the inspection of the copper canisters is discussed in section 6.

5.2 Ray Tracing Models

Ray Tracing Models plot the path of an ultrasonic pulse through the geometry of structure, for
instance a weldment, and predict '/here energy will appear for any position around the
geometry with, and without the preset e of a defect in the structure.

In their simplest form Ray Tracing Models treat the ultrasonic pulse like a light beam which
travels in straight lines and is reflected and/or refracted at interfaces. Its refraction and
reflection at interfaces are calculated using Snell's law. Unlike light stress elastic waves can be
mode converted at interfaces and these can be included in the model. A beam profile can be
built up by superimposing several rays. Values can be inserted for the attenuation and velocity
of the insonified material.

Ray Tracing Models treat the material under inspection in homogeneous blocks; each block
possibly having a different microstructure and orientation.

Such models can track a pulse through several internal reflections, predicting the resulting A
scan in terms of reflection arrival times and approximate peak heights. They neglect effects
due to wave scattering at grain boundaries and therefore they predict the maximum possible
peak heights and make no allowance for the backscatter noise which is a function of the
individual grains rather than "blocks" of material.

The need for these models arose out of the difficulties of inspecting welds in austenitic stainless
steels in which large grains are present in the region of welds; the critical areas that have to be
inspected. Ogilvy at Harwell Laboratories in the UK has developed one model (9'30> 31> that
gives three dimensional predictions of beam distortion, bending and skewing of an ultrasonic
beam as a function of crystallographic structure and physical geometry for anisotropic and
inhomogeneous materials. This model in now available commercially and is known as
RAYTRAIM which is an acronym of RAY TRacing in Anisotropic and Inhomogeneous
Materials.

RAYTRAIM runs on a variety of computer platforms including PC. It allows the user to
describe the structure of the material within the volume to be modelled and the parameters of
the ultrasonic probe to be used. There is also a facility to describe a defect within the modelled
volume. The program deals with both longitudinal, normal incidence and longitudinal oblique
incidence ultrasonic beams. The significance of this is that most weld inspection is performed
using transverse, or shear, waves that have been generated through mode conversion of a
non-normal incidence longitudinal wave at the transducer/specimen boundary. The program
accommodates all the subsequent wave modes as they propagate through the modelled
specimen geometry.

The program has been critically reviewed by Eriksson,(29), for its effectiveness, accuracy and
user friendliness. He concludes that the model describes, qualitatively, the propagation of
ultrasonic waves in anisotropic and inhomogeneous materials. He goes on to quote the
program's manual, however, which states that care must be taken in interpretation when
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comparing the model results with a real situation in which there are normally several
uncontrolled factors.

Other ray tracing models are under development. (20> 21> 22). which all treat the material as a
continuum described by macroscopic parameters. It would in principle be possible to input to
any of these models the actual grain structure involved. However, there are three principle
reasons why this is not practicable. Firstly, some way has to be found to establish precisely
what the microstructure is, ( the welds in the austenitic steel situation are predictable and
consistent enough for success to be achieved by assuming a large part of this requirement).
Eriksson,(29), questions "how much there is to gain irom days of work modelling the structure
of one specimen, [from a macro photo], exactly when one can expect the structure to be
different in another cut of the weld".

Secondly the computation time becomes enormous and specific to that assembly of grains, and
thirdly the validity of the approach reduces as the grain size and wavelength become
comparable because no account is taken of diffraction effects.

It may be the case that as the geometry of the welds in the copper canisters becomes defined
the use of such models becomes both justifiable and useful. The grain structure in the vicinity
of a weld in copper could be said to have some structural similarity to those of welds in
stainless steel and such an approach could have some value. However, our recommendation is
that the use of this technique is not yet appropriate because the higher priority is to establish the
noise regime, (which is a function of scattering at grain boundaries), and the consequent
detectability of a given defects in a given microstructure.

53 Finite Difference Models

Finite Difference Models have been developed as an attempt to understand and predict the
propagation of elastic waves through inhomogeneous , anisotropic media. In particular the
work has been motivated by the need to understand the propagation of elastic waves in
complex grain structures of austenitic steels, and further, to understand the how best to inspect
them for cracks.

In many ultrasonic inspections the material being inspected is isotropic and homogeneous
except for any defects. Ultrasonic propagation is then rectilinear with simple laws of reflection
and refraction at interfaces. However, most solid materials are anisotropic to some extent and
if the grains are large enough then this anisotropy will be apparent when elastic waves
propagate.

Austenitic steels in particular can have grains which can be several centimetres long. A result
of this for example is that the direction of energy flow is not necessarily at right angles to the
wavefront. This is a phenomenon known as beam skewing and has caused enormous
difficulties in the inspection of thick-walled vessels and pipes in, for instance, in nuclear
installations. Finite difference models have been developed to attempt to predict the behaviour
of ultrasound in such circumstances to improve the integrity of inspection of safety-critical
structures.
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The finite difference model will deal with any combination of wavelength and gTain size.
However, as stated above if the grains are much smaller or larger than the ultrasonic
wavelength or the material has properties which change only slowly with distance it is simpler
to use ray tracing to examine propagation, reflection and scattering behaviour.

In many practical cases the wavelength and any inhomogeneities are comparable in size and
the finite difference model is then called for. The Temple model (7), developed at Harwell
Laboratory in the UK, is probably the best developed although others are emerging from the
QNDE programme in the United States(20>2u22).

Temple's model starts of with a wave equation which describes the displacement of a point in a
material as a function of its elastic constants and an initial displacement. The complete elastic
tensor is used so that all possible forms of behaviour will be pred'cted. An array of points is
created in the computer and the displacement of each one is calculated as a function of the
elastic constants relating to each point and the displacement caused by its neighbours. The
overall displacement of this array of points as a function of time is then calculated and this
gives rise to the display of the dynamic behaviour of the grid which represents the complete
picture of wave propagation. It is possible therefore that each point could have different
properties and thus the material would be absolutely inhomogeneous. However, this is not the
practical case and the model normally has regions of similar material separated from regions of
differently oriented material, or defects.

The number of calculations required for any significant number of points, or nodes, is huge,
the Temple model typically creates arrays of nodes some 250 by 250 by 250 in extent. This
would typically cover about 25 wavelengths in a practical situation. The computation required

for this size of array dictates the use of a Cray supercomputer which will typically take many
minutes to complete a run.

Work is proceeding to reduce the calculation burden and of course the advances in computing
power will reduce the time taken. However, it remains the case that unless there are very
special circumstances in which the crystallography can be defined the model will only cater for
small volumes of material at any one time because of the enormity of the calculation as the
array size increases. Furthermore any results from such an exercise will need to be treated with
great care because strictly they will only apply to that exact crystallographic structure, (which
must be defined grain by grain), in terms of elastic constants and crystallographic orientation.
Thus whilst there may eventually be a case for the examination of the columnar grains by the
finite difference method it is unlikely that the benefits will justify the expense in the practical
case.

Our proposal is to monitor developments in respect of efficiency of algorithms and processing
power in respect of welds in copper. However, the need for extensive crystallography and then
the unique nature of each calculation will continue to limit the cost benefit of this type of
model.

6. DISCUSSION
The objective of this work is to obtain some samples of copper with known microstructures,
identify some appropriate models and then to use those models in conjunction with the samples
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to start to build confidence for later stages of the canister design. The review indicates that not
only have some models been created, but they have been tested using copper and they are
available for use in this project.

There are a number of model types. The first type addresses the question of basic detectability
of a given defect situated in a given microstructure. This is generally limited by noise from
some source and the models specifically set out to model the noise. They can also be extended
to consider the response of the defect and so enable a prediction of the all-important signal to
noise ratio for the defect.

Models of this type have been developed which address the problem both from a purely
theoretical point of view and from the results of experiments. The common link between the
two models is the statement of noise severity which they produce. It is possible to set up an
experiment, measure the noise levels from that experiment and then effectively remove the
influence of the experimental arrangement thus providing a parameter which relates to the
intrinsic property of the material. Similarly a completely different model can be used which
requires no experimental ultrasonic input data, and which also produces a prediction of the
intrinsic noise level of the material. The correlation between the two approaches then provides
a validation of them both.

This approach has been used for copper and reported in the literature. This has encouraging
implications for this present project as all the experimental and computational techniques
required are available for use.

Copper has large elastic anisotropy. In the thicknesses required for the canister it is almost
certain that the microstructure will not be constant throughout the material. The grain size will
vary as a function of depth, and certainly in the region of welds, and there is likely to be some
texture. These will have to be dealt with but it is clear from the literature that once there is any
move away from uniform grain size and no texture the situation immediately becomes much
more complex. In this project we will assess the extent of both grain size variation and texture
through metallography and ultrasonic velocity measurement, (as a function of direction),
respectively. However, the complete treatment of these real-world situations is not yet
available.

This problem has been known for many years and could not be ignored in some applications
such as the inspection in welds in nuclear power plants. Consequently other model types have
been developed which do not assume exact details of the microstructure, or indeed noise levels,
but concentrate on the macroscopic behaviour of ultrasound in an inhomogeneous, anisotropic
material. In these models the physical, macroscopic description of the specimen is
incorporated into the model, for instance the arrangement of a weld, and often the weld
material forming the weld between the pieces of parent material.
These models, such as ray tracing and finite difference models, have been successful in
predicting many factors associated with the subsequent real inspection. In particular they help
to explain the non-intuitively obvious effects that inhomogeneity can produce, such as, for
instance, the direction of energy flow being different to the that of the wavefront. This
information is vital when a defect has to be assessed accurately for location, size and
orientation in a huge piece of material, many centimetres thick, so that decisions can be made
concerning acceptability, repair, fatigue and so on in a safety-critical component.
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These models may well become important for the copper canisters when the final weld
geometry is being discussed. They could be used at that stage to assess the influence of the
design on the detectability of a given defect within the weld. Assumptions will be required
about the crystallography of the material in the vicinity of the weld but at least to a first order
this should be possible.

In conclusion the literature has provided considerable evidence of progress towards modelling
of many aspects of the interaction of ultrasound and polycrystalline copper. There are models
which relate to the fundamental behaviour of the process and others which can aid design for
fabrication of complete structures. The task now is to formulate the most effective route
forward for the material and application of the containment canisters.

7. RECOMMENDATIONS

The objective of the current project is the measurement of the velocity and attenuation of
ultrasound, as a function of frequency and grain size, in the specimens of copper prepared in
the first part of the programme. The ultimate objective is the ability to predict the detectability
of defects in the presence of the structural noise that will be present. The Literature Review
has shown that there is excellent potential to make progress on all these issues by using one
model as a theoretical predictor, the Rose model, and a further model as an experimental
validation, the ISMBB.

Furthermore the work of Foister at Rolls Royce has extended the practicability of these models
to a point where results can be obtained with existing equipment, and in conditions where the
experimental variables have been examined in other studies. Thus the potential for a
successful outcome is raised considerably.

In the proposal for this project it was stated that experimental work would be carried out at
Matec in the United States. However, as the Literature Review has progressed we have
gradually revised our position and now consider another option to be more appropriate.

Wh'lst there is no doubt that Matec remain the leaders in their field of velocity and attenuation
measurement it is now clear that satisfactory measurements may be made in England at the
premises of Rolls Royce in Bristol. Modelling, and experimental verification, has progressed
to a stage where the whole process can be incorporated in a series of recordings of A-scans,
which contain all the available information form any ultrasonic situation, including velocity,
attenuation and the backscatter coefficient.

We have examined ray tracing and finite difference models in the review and we recognise
that they may well become important when the final design of the canister is in progress.
However, we do not feel that their use is appropriate at this stage, and that we should
concentrate efforts on establishing the relationships between crystallography and ultrasonic
frequency.

For completeness the work will include measurements using both longitudinal and transverse
wave modes in preparation for future work that may involve non-normal incidence, (transverse
wave), weld inspection techniques, (and appropriate modelling).
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We now recommend that the project should proceed as follows:

a) Use the specimens which have now been prepared as described in the project
proposal.

b) Use single crystal values of the elastic constants for copper from the literature to
calculate the various parameters required for the Rose model.

c) Use these to generate the theoretical relationship between backscatter
coefficient and grain size using the Foister-modified Rose model. The
Scattering Model.

d) Carry out a data collection exercise using the Rolls Royce equipment which is
currently set up to carry out these experiments, but for titanium in their case.
This would include a range of frequencies and the complete spectrum of grain
sizes available.

e) Analyse the experimental setup to establish the parameters needed for the
ISMBB model to remove experimental influences. The Measurement Model.

f) Analyse the A-scans from d) to generate rms noise figures for each specimen.

g) Calculate the backscatter coefficients as a function of grain size and frequency.

h) Compare the theoretically and experimentally determined values of backscatter
coefficient.

i) Compare the maximum noise peak to rms value as a function of grain size and
frequency.

j) Make preliminary estimates of the signal to noise ratio for a given defect in a
given experimental circumstance. This will define the "window" of grain size,
frequency and material thickness for which any testing is possible through
reference to the backwall echo. This will be for the longitudinal wave case
only.
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