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INTRODUCTION
The use of ultrasonic techniques for the characterization of microstructural features has attracted much attention in recent years.
Although the measurement of ultrasonic parameters has been used for
determining material properties for many years, but with the advent of
modern signal processing techniques it is possible to extract significantly more information from ultrasonic signals. This has lead to
numerous studies being carried out on the effect of microstructures on the
propagation of ultrasonic waves and their application to monitoring
properties of industrial significance. Examples include the determination
of grain size, degree of porosity, amount of second phase particles and
measurement of texture and residual stresses. Simultaneously the
theoretical models describing the interaction of an ultrasonic wave with
these features have been refined.
One of the approaches we have adopted at Harwell is that of studying
the broad band ultrasonic attenuation characteristics of materials. This
work was originally prompted by the results published by Vary [1] which
related an ultrasonic attenuation parameter with the fracture toughness of
steels. This would be a significant contribution to the application of
fracture mechanics to structural integrity analysis if such a general
correlation could be verified. However our work differed in approach in
that we attempted to relate the ultrasonic measurements to the materials
microstructure and mechanical properties from a fundamental rather than
empirical point of view. It should be noted that this approach requires a
close collaboration between the ultrasonics specialist, both experimental
and theoretical, and the metallurgist or materials scientist. In this
paper a review of the experimental and theoretical work carried out at
Harwell will be given which and how i t relates to the work of others.
Some recent results on materials of technological importance will also be
presented.
BACKGROUND

The many possible interactions by which an ultrasonic wave loses
energy as i t propagates through a material have been discussed in detail
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many times [for example see Refs 2 and 3]. The mechanisms for the loss of
energy may be broadly catagorized as those due to absorption processes and
those due to scattering processes. Hence the attenuation may be written
as
a(f)

= aa

(f)+ as (f)

(1)

where aa (f) is the absorption contribution and as (f) the scattering
contribution to the total attenuation, f is the frequency as in general
these coefficients are frequency dependent. Examples of abso~ion
processes are dislocation damping, magnetic domain damping and
thermoelastic interactions. scattering can occur from features such as
grain boundaries, voids, inclusions, second phase particles and micro and
macro cracks. These are considered to be the principle mechanisms
operating in the MHz range of frequencies, say 1-100 MHz, where most
ultrasonic work is carried out. At very high or low frequencies or very
low temperatures other interactions occur, such as phonon-electron
scattering, but they may be ignored in most practical applications.
In much of the early work using ultrasonic attenuation measurements
for grain size determination the absorption contribution was also ignored
and the data interpretted in terms of scattering from the grains only.
Whereas the theory for scattering of ultrasonic waves in po1ycrysta1s has
received a great deal of detailed investigation, the theory for the
absorption processes has been somewhat neglected. This is probably due to
the lack of experimental data in the MHz frequency range compared to the
extensive work carried out at lower frequencies (internal friction
measurements). However, if absorption processes make a significant
contribution in the frequency range of interest then it becomes vital that
the effects of absorption and scattering can be separated if ultrasonic
attenuation measurements are to be used for materials characterization.
PROCEDURE AND RESULTS

The measurement procedure adopted was that described by Papadakis (3)
in which a broad band buffered ultrasonic transducer is used to generate
and receive the ultrasonic pulses. Two backwall echoes and also the
buffer-specimen interface echo are collected and analysed. Corrections
are made for both diffraction losses and the frequency dependent
reflection coefficient of the interface layer. The present analysis
system is based on a Panametrics PR5052 pulser-receiver using 20, 50 and
100 MHz transducers and a Tektronix WP1310 signal processing system with a
ROM based Past Fourier Transform. A complete attenuation spectra
measurement at a single point on a specimen can be recorded, analysed and
displayed in about 2 minutes.
The importance of relating the ultrasonic measurements with the
metallurgical state of the sample was noted above and for these reasons
much of our early work was carried out on specially prepared samples of
Pe-e alloys. The results of this work have been reported previously
[4,5,6,7]. The primary metallurgical variables investigated were grain
size and carbon content [4,5,6] with later work investigating the
morphological states of these alloys (7]. Figure 1 illustrates the effect
of varying the amount of carbon in the Fe-e ~lloy while the grain size
remains constant. The results on the grain size experiments could be
interpreted in terms of the accepted concepts of Rayleig~, Stochastic and
Diffusion scattering provided that the grain size distribution was taken
into account (8]. These results may be summarized as follows:
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Figure 1 - The Frequency Dependence of the Ultrasonic Attenuation
in the Fe-e Alloys
Scattering from the grains may be interpreted in terms of the
1.
accepted scattering regimes provided the grain size distribution is
taken into account. Even if all the grains meet the Rayleigh
scattering criteria (k>>d, where k is the ultrasonic wavelength and d
is the (maximum) grain size) it is the largest grains that dominate
the attenuation characteristics. The grain size factor in the
Rayleigh scattering term is <06>/<03> where <> is the average.
Increasing the carbon content of these alloys decreases the
2.
ultrasonic attenuation (Figure 1) if the grain size remains constant.
It was proposed that this affect was related to the absorption
process via the dislocation damping and dislocation pinning.
There was no unique relationship between the ultrasonic
3.
attenuation measurements and the mechanical properties of the
material. In particular an increase in grain size causes an increase
in ultrasonic attenuation and makes the material more brittle whereas
an increase in carbon content causes a decrease in ultrasonic
attenuation but also makes the material more brittle.
From these results it is apparent that even in a relatively simple
metallurgical system careful analysis of the ultrasonic measurements is
required to relate them to the microstructural feature of interest. More
recent work carried out on pure aluminium [9) has demonstrated the role of
dislocations in ultrasonic absorption and in this particular material,
because of the weak grain scattering, it completely dominates the
ultrasonic attenuation characteristics. Figure 2 illustrates the results
of a strain-anneal experiment carried out on SN purity aluminium. The
data are presented in the form to be described in the next section but the
essential features are obvious.
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Figure 2 - Attenuation Spectra in Pure Aluminium

During the deformation process the increase in dislocation content
causes a significant increase in the level of attenuation (with a related
increase in hardness). A subsequent low temperature anneal returns the
attenuation to almost its initial value. The exact mechanism for the
recovery process is not clear but may be due to the activation of point
defects causing pinning of the dislocations. These results may be of
relevance to ultrasonic monitoring of early fatigue damage although
unpublished work at Harwell has shown the effect to be very small in
aluminium alloys. This is consistent with the processes involving the use
of alloying elements to strengthen aluminium.
The results described above have concentrated on grain scattering and
absorption related to dislocations but other effects were also observed.
In particular in the very low carbon Pe-e alloys a significant amount of
absorption due to magnetic damping was ob~erved but not quantified.
Direct measurements of ultrasonic absorption in steels [10) have shown
that both dislocation and magnetic damping can be present. The magnetic
contribution may be removed by applying a large magnetic field to the
specimen. Similarly results of attenuation measurements on multi-phase
materials can be complex to analyse. The following section describes the
theoretical models we have developed for the analysis of ultrasonic
attenuation data.
THEORETICAL ANALYSIS

There are two approaches to the theoretical analysis of ultrasonic
attenuation characteristics. one which enables ultrasonic data to be
interpreted in terms of the material variables of interest and the other
which allows the ultrasonic characteristics to be predicted if the
microstructural variables are known. These may not be mutually exclusive and examples of both approaches are presented here.
1478

Ultrasonic Attenuation Spectral Analysis
Reynolds and Smith [11] have developed a method for analysing
attenuation data based on the accepted treatments of grain scattering
valid in the Rayleigh, stochastic and Diffusion regions. The method
allows for the effects of grain size distributions as well as a
contribution from the absorption processes. The basic principles of this
analysis are shown in Figure 3. At low frequencies, the scattering is
proportional to the fourth power of the frequency,· at higher frequencies
it varies as the square of the frequency and at the highest frequencies it
becomes independent of frequency. The frequencies at which each type of
scattering becomes dominant depends upon the wavelength to grain size
ratio but in the general case of a grain size distribution there can be
all three types of scattering occurring at an individual frequency.
However there will be some frequency at which all the grains will scatter
in a Rayleigh fourth power mode. To account for the absorption processes
Reynolds and Smith used the basis of the Granato and Luke vibrating string
model of dislocation damping [see Ref 12 for a detailed description].
This theory predicts that away from the resonance condition the absorption
is preportional to the square of the frequency. The advantages of
analysing the data in the form given in Figure 3, viz a;f 2 vs f 2 , are
therefore apparent. The absorption term becomes a constant term over the
whole frequency range and the Rayleigh region a linear portion whose slope
is proportional to the <D6>/<D3> moments of the grain size distribution.
In the case of a narrow distribution <D6>/<D3> becomes the mean grain
volume.
Other attempts have been made to account for absorption losses using
a function linear in frequency. In particular in the use of backscattered
signals for grain size determination [13] a linear function combined with
the Rayleigh function is used. In [14] the concept of an 'effective grain
size• is introduced for steels but would also apply to other complex
microstructures. This recognizes the fact that the dominant features of
the microstructure may not be the same optically as they are
ultrasonically. Figure 4 illustrates this for measurements on steels with
a martensitic structure. Here it can be seen that the scattering is in
the Rayleigh region and that the slope of the A508 type steel is
approximately twice that of the A533B steel. This would appear to
correlate with the prior austenite grain size of these materials rather
than the lathe or lathe packet size. Vary [15] has used a correlation
technique to determine the dominant scattering features in a complex
titanium alloy. In such complex microstructures it should be possible, if
all the elastic constants and orientations are known, to predict the
strongest scatters. The extreme example would be voids in a polycrystal
where the void would scatter strongly because of the large elastic
mismatch but may or may not be the dominant scatterer depending on the
volume ratio between them and the grains [16] .
.Scattering Models
The ability to predict the influence of a particular microstructural
feature on the total attenuation due to scattering enables quite complex
situations to be analysed. A number of models have been applied and
developed at Harwell to aid the understanding of scattering in complex
materials. one model (8), mentioned above, uses a simple hard sphere
scattering theory to look at the influence of grain size distributions.
Most importantly it should be noted that there is no unique solution to
the interpretation of an ultrasonic attenuation-frequency curve in terms
of grain size. The best that can be achieved is to obtain most probable
fils of the data using multi-variable curve fitting techniques. such
techniques have been applied recently to the problem of determining
texture pole figures from ultrasonic velocity measurements (17).
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Figure 4 - Attenuation Spectra of A508 and A533B Steels
More complex work has concentrated on a detailed analysis of the
scattering occurring in porous, polycrystalline and two phase materials.
For discrete scatterers in a homogenous matrix, the theory of Ying and
Truell [18] describes the attenuation of longitudinal waves. An examples
of the application of this theory is to the experimental data of Kinra et
al [19] for a system of lead inclusions in an epoxy matrix. We have
applied the theory to grain scattering but it has some restr:i,ctions when
compared to the simple hard sphered model in dealing with grain size
distrihutjons. More detailed models have recently been proposed
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elsewhere[20,21). A further problem that has been recently evaluated is
that of scattering by a second phase formed by segregation at a grain
boundary [22]. This model has been applied to a we-co system for which
experimental data was also available. Significant discrepancies were
found between the theory and experiment which have initially been ascribed
to the incomplete knowledge of the single crystal elastic constants of the
two phase materials [23).
Applications to Engineering Materials
With the background described above available the application of
ultrasonic attenuation spectral analysis to a number of materials of
practical interest has been carried out [24]. These include steels,
nickel alloys, titanium alloys, cemented carbides and cast irons. In each
case significant information can be obtained on some aspects of the
structure of the material. For example Figure 5 illustrates measurements
made on a sample of Inco 718 Ni-Cr-Fe Alloy forging which can show a
phenomena of large grain size variations near the surface. It can be seen
that the attenuation spectral analysis clearly indicates a change from
Rayleigh (positive slope} to Diffusion (negative slope} scattering over
the frequency range of the measurements. such a change of slope would be
a particularly easy parameter to measure on-line.
The technique has also recently been applied to non-metallic systems,
plastics and fibre reinforced plastics (25) and it is proposed to use the
same technique for the characterization of engineering ceramics.
CONCLUSIONS
The importance of an understanding of the scattering and absorption
processes occurring in polycrystalline materials has been discussed when
using ultrasonics for materials characterization problems. The work
carried out at the National NDT Centre, Harwell to develop this
understanding has been described along with the techniques used for data
analysis and theoretical modelling. The rapid measurement of ultrasonic
attenuation over a wide range of frequencies offers a promising approach
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Figure 5 - Attenuation Spectra of a Nickel Alloy Forging
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to a number of problems of materials evaluation. The general behaviour of
polycrystalline metals follow a clearly indentifiable pattern. It is
evident that dislocations play a far larger part in the attenuation of
ultrasound in metals than has usually been assumed. However there are
significant limitations to the properties that may be determined. Hence
it is i.mportant when applying such techniques to materials
characterization that the problem must be clearly defined in terms of
metallurgical microstructure and how it relates to the ultrasonic
measurement.
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DISCUSSION
Dr. W. Sachse, Cornell: On the attenuation curves that you showed for
aluminum as a function of deformation and annealing, how much time
was there between the deformation and when you made the measurements? Because the aluminum is known to have terrible time-dependence effects.
Dr. Smith: That one was done as quickly as we could. We deformed it,
took it to the measuring system and measured it straightaway.
If I may expand on that a little, there is a potential, I think,
for a new measurement system here, because if you want to know the
activation energies for the recovery process we can monitor the
attenuation as a function of time and temperature.
We have done two experiments, one where we deformed the aluminum
and determined the annealing temperature required to return the
attenuation to its original level. We also measured the recovery
rate at room temperature and by equating those measurements to the
time-temperature constant for the process we determined the activation energy. It was about an order of magnitude one but it shows
the potential.
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