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A method and system Is disclosed for determining a property of an object by measuring ultrasonic attenuation. With the proposead
method, a measured ultrasonic Interaction signal of the object Is compared with a reference signal produced using the same
generation and detection setup, but using a reference part. The reference ultrasonic signal has low attenuation, and exhibits
equivalent diffraction properties as the object, with respect to a broadband ultrasonic pulse. The difference Is attributable to the
attenuation of the object. The attenuation as a function of frequency, the attenuation spectrum, Is fitted to a model to obtain a
parameter useful for identifying one of the many properties of an object that varies with ultrasonic attenuation.
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ABSTRACT

A method and system is disclosed for determining a property of an object by
measuring ultrasonic attenuation. With the proposed method, a measured ultrasonic
interaction signal of the object is compared with a reference signal produced using
the same generation and detection setup, but using a reference part. The reference
ultrasonic signal has low attenuation, and exhibits equivalent diffraction properties as
the object, with respect t0 a broadband uiltrasonic pulse. The difference is
attributable to the attenuation of the object. The attenuation as a function of
frequency, the attenuation spectrum, is fitted to a model to obtain a parameter useful
for identifying one of the many properties of an object that varies with ultrasonic

attenuation.
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METHOD AND SYSTEM FOR DETERMINING MATERIAL PROPERTIES USING
ULTRASONIC ATTENUATION

BACKGROUND OF THE INVENTION
Field of the invention

[01] The present invention relates in general to non-destructive ultrasonic
testing, and in particular to a method and system for determining material properties
of an object using ultrasonic attenuation.

Description of prior art

[02] Ultrasonic attenuation is a measure of the decay of ultrasonic strength
during propagation through a material, and can be used to assess properties of
materials. For example, the ultrasonic attenuation is directly related 10 grain size in a
polycrystalline solid, e.g. in most metals. The grain size has a strong impact on
impaortant mechanical properties of polycrystalline solids. Ultrasonic attenyation can
also be used to determine the concentration and size of padicles included in a
medium, in either a solid or quuid‘ state, or tor determining a porosity distribution in a
composite material. Another example is the combined use of ultrasonic attenuation
and velocity to characterize relaxation behavior and viscoelastic properties of
polymeric materials. The physical mechanisms that produce ultrasonic attenuation
include scattering and absorption, both of which can be used 1o characterize material
properties. These physical mechanisms (scattering and absorption) are frequéency
dependent, which is to say that at different frequencies, different attenuation rates
are observed. It is known to perform ultrasonic attenuation measurements using a
narrowband system (in which case measurement is typically reported at a center
frequency), or using a broadband system involving a frequency domain analysis.

[03] One common technigque used for attenuation measurement is known as
pulse-echo configuration (reflection mode), with ultrasound generated and detected
Dy a piezoelectric transducer coupled to the test object by a couplant or a solid or
liquid buffer (i.e. a coupling medium). Another technique is the through-transmission
configuration (or transmission mode), where two transducers that face each other on
opposite sides of the test object are used for sending and receiving the ultrasound.
The through-transmission configuration requires access to both sides of the material.
Also according to the through-transmission configuration, the transducer pair must be
pertectly matched or fully characterized and preferably aligned with the test object
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using a coupling medium on both sides. A third technique (known as pitch-catch
configuration) involves a pair of transducers separated from each other by a
distance, usually on the same side of the test object. The pitch-catch configuration
has been used for measuring ultrasonic attenuation of Rayleigh surface waves, Lamb
waves, as well as ultrasonic attenuation of bulk waves.

[04] These configurations for attenuation measurement can also be used with

non-contact ultrasonic generation and detection techniques, using electromagnetic
acoustic transducers (EMATS), air coupled transducers, or laser-ultrasonics. Laser-
ultrasonics use one laser with a short pulse for generation of ultrasonic waves. The
transter of energy from the laser to the ultrasonic waves can occur in the
thermoelastic regime, where thermal expansion on a surface due to the sudden laser
heating is responsible for generating an ultrasonic pulse, or in an ablation regime
whergin the laser energy removes a thin layer of the surface, and produces a plasma
which induces the ultrasonic waves.

[05] A second laser with longer pulse (or even a continuous wave) is typically
used for detection. The second laser illuminates a detection location on the surface
of the test object and a phase or frequency shift in the reflected light due to the arrival
of an attenuated ultrasonic pulse at the detection location is measured using an
optical interferometric system. Interierometric systems for ultrasonic detection known
in the ant include those based on time-delay interferometry, and systems based on
nonlinear optics for wavefront adaptation, as explained by Monchalin J.-P., in “Laser-
ultrasonics: from the laboratory to industry”, Review of Frogress in Quantitative
Nondestructive evaluation Vol. 28A, ed. by D.O. Thompson and D.E. Chimenti, AIP
Conf. Proc., New York, 2004, pp. 3-31. Generation and detection of ultrasound are
performed at a distance and eliminate the need for coupling liquid and the alignment
requirements of conventional ultrasonics.

[06] Using any of the above configurations, conventional methods of
measuring ultrasonic attenuation involve determining a decay of a detected ultrasonic
pulse (amplitude) for two propagation distances in the material, e.g. using two echo
~ signais that reverberate between faces of the test object. The attenuation is
calculated by comparing amplitudes of the two echoes at each frequency, as
explained by A. Vary in Nondestructive Testing Handbook, V. 7, 2™ Edition, pp. 383-
431 ASNT (1991).

[07] Unfortunately the calculated attenuation is affected by noise of both
echoes i1.e. uncertainties of both measurements reduce the accuracy of the

attenuation value. When the test object is thick and/or made of high attenuation
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material, the second echo has a poor signal-to-noise ratio (SNR). In such cases, the
two-echo attenuation method may not permit accurate measurement, and the SNR of
the first echo is not fully exploited. Given the limitations of the conventional two-echo
method, the use of a single echo approach to determine ultrasonic attenuation is
strongly desirable. However, the amplitude of an echo is also dependent on the
generation strength, coupling efficiency, detection efficiency, etc. In the conventional
two-echo method, the comparison with an echo inherently accounts for all of these

factors, providing a normalized reading.

[08] Another difficuity with the conventional two-echo method is the need for
correction of diffraction effects of the ultrasonic pulse to obtain the intrinsic ultrasonic
attenuation that is attributabie to the test object. While simplified theoretical models
have been used to calculate a correction for diffraction for simple geometries of the
test object, the diffraction behavior in real situations can be more complex.

[09] The elimination of variations caused by the generation strength, coupling
efficiengy, detection efficiency, and diffraction to produce a fully normalized infrinsic
ultrasonic attenuation spectrum is the most challenging task for the use of a single
echo to determine material properties. For some embodiments of the pulse-echo
canfiguration, normalization may be performed using the ultrasonic pulse that is
reflected by the surface of the test object (i.e. an entrance echo) to characterize the
strength of the generated ultrasonic pulse, permitting the amplitude of the single echo
interaction signal to be used. For the through-transmission configuration,
normalization is often made by comparison with the pulse propagating through the
coupling medium in the absence of the test object. This configuration requires
access to both sides of the material, which may not be possible, or preferred, in
some industrial applicaticns. Furthermore, the use of an entrance echo, or sample
removed reading in the above cases does not remove the need for diffraction
correction to obtain the intrinsic material attenuation. A model is still required with
the precise knowledge of the characteristics of the system used.

[010] The use of a single echo in a laser-ultrasonic technique t0 measure a
material property in comparison with attenuation of a reference material is taught in
the U.S. Patent No. 6,684,701 to Dubois et al. Dubois et al. teach a method for
ultrasonic measuring of porosity of a sample composite material by accessing only
one side of the sample composite material. The method involves measuting a
sample ulirasonic signal from the sample composite material, normalizing the sample
ultrasonic signal relative to the surface displacement at generation on the sample

composite material, and isolating a sample back-wall echo from the sample
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ultrasonic signal. A sample frequency spectrum of the sampie back-wall echo is then
determined. Next, the method includes the steps of measuring a reference ultrasonic
signal from a reference composite material, normalizing the reference ultrasonic
signal relative to the surface displacement at generation on the reference composite
material, and isolating a reference back-wall echo from the sample ultrasonic signal.
A reference frequency spectrum of the reference back-wall echo is then determined.
The invention further includes deriving the ultrasonic attenuation of the sample
compaosite material as the ratio of the sample frequency spectrum to the reference
frequency spectrum over a predstermined frequency range. Comparing the derived
ultrasonic attenuation to predetermined attenuation standards permits the evaluation
the porosity of the sampled composite material.

[011) The method of Dubois et al. is limited to the pulse-echo configuration
described above. According to Dubois et al, it is necessary to compensate for
variance in the generation strength and detection efficiency, by comparing the
amplitude with a surface displacement at generation on the surface of the test object
to normalize each echo. This approach can only be applied to laser-generated
ultrasound in the thermoelastic regime. Further the method according to Dubois et
al. does not account for variations caused by penetration of light through the surface
of the test ¢bject. Unfortunately the surface displacement is not an accurate
measure of energy of the ultrasonic pulse, as it does not account for contributions
from penetrating light. For example, in carbon-epoxy composites, the light
penetration of the ulirasonic generating laser is dependent upon the thickness of a
superficial epoxy layer, which in practice, varles considerably and is difficuli to
determine. Alsa, normalization using surface displacement is not applicable for
lagser-generated ultrasound in the ablation regime where the generation laser

produces a plasma. While a strong signal may be detected at generation
(particularly when the pulse echo method is used), the strong signal, while including

a contribution of the surface displacement, is primarily caused by a refractive index
perturbation of plasma, which is highly variable, and cannot be relied upon to gage
the strength of the ultrasonic pulse.

[012] There therefore remains a need for a method and system for deriving an
ultrasonic attenuation measurement using a single echo that compensates for

diffraction,
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SUMMARY OF THE INVENTION

[013] According to the present invention there is provided a method and a

system for using ultrasonic attenuation 10 determine a material preperty of an object
from a single detected ultrasonic pulse propagated through the material.

[014] The invention can be applied to any ultrasonic lechnique (e.qg.
piezoelectric transducers, laser-ultrasonics and EMATS), for any type of wave (e.qg.
longitudinal, shear and surface waves) and any generation/detection configuration
(e.g. pulse écho, through-transmission, and pitch-catch). For a given technique,
wave mode and configuration, measurements are performed on the material being
investigated and also on a reference material. The reference material is used to
characterize the response of the whole system of measurement (bandwidth,
diffraction, etc.), except for the intrinsic attenuation of the test material and the
possible changes in signal strength.

[0135] Accordingly a method for using ultrasonic attenuation to determine a
material property of an object is provided. The method involves receiving an
interaction signat from an ultrasound detector. The interaction signal captures at
least one manifestation of a broadband ultrasonic pulse impinging on a detection
location of the object after the ulirasonic pulse has propagated in the object. In
propagation through the object, the ultrasonic pulse is attenuated by one or more
physical mechanisms. ,
[016] A portion of the interaction signal corresponding to the attenuated
ultrasonic pulse is transformed from the time domain to the frequency domain, to
obtain an amplitude spectrum. The portion may be determined by identifying a part
of the interaction signal that corresponds to a single manitestation of the broadband
ultrasonic pulse impinging on the detection location. When there are mulitiple echos
in the interaction signal, a strongest one may be selected. Determining the pottion of
the interaction signal may involve applying a window selection function for selecting
part of the interaction signal that corresponds to a single manifestation of the
broadband ultrasonic pulse impinging on the detection location. For example, ¢ross-
correlation of a standard profile of an ultrasonic pulse with the interaction signal may
be used to center the manifestation within the window. Prior knowledge of the test
object may be used to determine a coarse time window of the interaction signal to
narrow a search of the portion within the interaction signal.

[017] Once the amplitude spectrum is obtained, it is compared with a reference
amplitude spectrum to obtain an attenuation spectrum. The reference amplitude
spectrum produced in a similar manner as the amplitude spectrum using a reference
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piece. The reference piece has equivalent diffraction properties as the object with
respect to the broadband ultrasonic pulse, but the reference amplitude spectrum is
substantially free of attenuation, either because the reference piece has known
attenuation parameters which are used to correct for attenuation in the amplitude
spectrum of the reference piece, or because the reference piece is selected to
provide negligible attenuation. For example, the referénce piece may be selected to
have a shape that matches the test object, and to be made of a material having an
ultrasonic velocity matching that of the test object, but having substantially no
attenuation.

[018] The attenuation spectrum is fit t0 a model of frequency dependent
attenuation to obtain an attenuation parameter. The attenuation parameter can then
be used to compute a material property of the object that depends on the attenuation.
The determination of a best fit of the attenuation spectrum may involve using a model
that accounts for frequency independent variations of signal strength between the
test material and the reference material. In particular, the model may account for
frequency independent variations of signal strength by using a derivative of the
attenuation spectrum to obtain an attenuation parameter.

[019] For example, determining the best fit may involve comparing the

measured attenuation spectrum to curves of the form: of f )=, +af ™ + bf " whera

¢y is an arbitrary amplitude offset that accounts for variations in signal strength, m
and n are frequency powers associated with respective underlying mechanisms of
the attenuation, and the parameters a and b are representative of contributions from
the mechanisms involved relating to material properties. The parameter a is zero if
there is only a single underlying mechanism for the attenuation. Fitting may involve
varying the attenuation parameters while keeping m and n fixed.

[020] The steps of receiving and transforming may be repeatedly applied to a
plurality of interaction signals from the object, and the method may further comprise
computing a mean of the plurality of signals, which serves as the attenuation

spectrum.

1021] The method may further involve validating the interaction signal and
amplitude spectrum using rejection criteria in both time and frequency domains.

[022] The method may further involve using a calibration curve to relate the
attenuation parameter to a property of the object. The material property may be, for
example, grain size in a polycrystalline solid, or porosity of a composite material.
(023] A system for measuring ultrasonic attenuation to determine a material
property of an object is also provided. The systemn involves an ultrasonic pulse
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generation and detection set up for launching a broadband ultrasonic pulse into the
abject, and detecting the pulse after propagation through the object, a receiver for
digitizing an interaction signal of the delected ultrasonic pulse; and a signal
processor. The signal processor is adapted to transform a part of the interaction
signal corresponding to a single manifestation of the detected pulse from the time
domain into the frequency domain to obtain an amplitude spectrum.

{024) The signat processor computes an attenuation spectrum by comparing
the amplitude spectrum with a reference amplitude spectrum. The reference
amplitude spectrum being derived from a reference piece having equivalent
diffraction properties as that of the object. The reference amplitude spectrum has
substantially no attenuation. The signal processor fits the attenuation spectrum to a
model to determine an attenuation parameter used for determining a property of the
object.

[025] The signal processor may further be adapted to compute a mean of a
plurality of interaction signals from the object at one or various locations to produce
the amplitude spectrum. The signal processor may further be adapted to perform a
time or frequency domain averaging process of the plurality of interaction signals to
produce the amplitude spectrum.

[026] The system may further include a controlled motion system for scanning
over a surface of the object. The signal processor may further use attenuation
parameters to create an image of the material property of the object.

[027] The ultrasonic pulse generation and detection set up may include a
generation laser for generating the broadband ultrasoni¢ pulse, and a detection laser
coupled 10 an optical detection system for detecting the manifestation of the
broadband ultrasonic pulse. The generation laser and detection laser may be

directed onto a same side of the test object.
BRIEF DESCRIPTION OF THE DRAWINGS

[028] A better appreciation of the present invention and advantages thereof is
provided having regard to the following description in conjunction with reference to
the accompanying drawings in which like reference numerals identify like features. In
the accompanying drawings:

[029] FIG. 1 is a schematic diagram of a system according to one embodiment
of the invention;

(030] FIG. 2a is a block diagram of a method for determining a material

propenty using ultrasonic attenuation;
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[031] FIG. 2b is a block diagram of a method for obtaining a reference
spectrum used in the method of FIG. 2a;
[032] FIG. 3a is an example of a time domain ultrasonic interaction signal

cbtained using a laser-ultrasonic system;
[033] FIG. 3b is an example of window of a laser-ultrasonic interaction signal

and corresponding amplitude spectrum;

(034} FIG. 4a is an ultrasonic interaction signal obtained from a single measure
at a detection location on an object;

(035] FIG. 4b is an averaged ultrasonic interaction signal taken from
measurements at twelve locations on the object;

[036] FIG. 5a is an example of object and reference amplitude spectra;

[037] FIG. 5b is an attenuation spectrum measured and fitted with a model;
[038] FIG. 6 shows an interaction signal obtained in a grain size measurement
application;

1039] FIG. 7a is an example of a calibration curve for a fitted attenuation
parameter 'b’;

[040] FIG. 7b is a graphical comparison between grain sizes measured on-line
by a laser uitrasonic system versus those obtained by metallography; '
[041] FIG. 8a is a C-scan image representing locations of porosity in a
composite sample; and

[042] FIG. 8b is an altenuation spectra in the porosity areas of the composite
sampie.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[043] The present invention provides a method and system for measuring
ultrasonic attenuation in a test object using a detected, attenuated broadband

ultrasonic pulse. The method permits a measurement to be based on the attenuated
broadband ultrasonic pulse without considering further echoes, surface

displacement, etc. In effect the single detected, attenuated broadband ultrasonic
pulse is effectively normalized by comparison with a reference broadband ultrasonic
pulse that compensates for diffraction and geometric parameters of the test object.
The reference broadband ultrasonic pulse i1s obtained in a reference sample having
equivalent diffraction properties as the test object, with respect to the broadband
ultrasonic pulse. The comparison with the reference may be made in the frequency
domain by dividing a detected spectrum with a reterence spectrum. Importantly the
reference spectrum has substantially no attenuation, either because the aftenuation
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through the reference sample is negligible, or because the attenuation in the
retference sample is fully characterized and therefore removed from the reference
spectrum.

[044] The proposed method is particularly efficient with a broadband ultrasonic
system having good response at low frequencies. Also, the method requires that the
attenuation to be measured varies with frequency, which is the case for most
mechanisms of ultrasonic interaction with materials.

[045] FIG. 1 shows an apparatus according to one embodiment when applying
the proposed ultrasonic attenuation method. In broad terms, the apparatus includes
a system for generating a broadband ultrasonic pulse in a test object 10, a system for
detecting the broadband uitrasonic pulse after transmission through a part of the test
object 10, and signal processor that are coupled to measure the attenuation of the
test object 10. The test object 10 under study can be of any geometrical shape, and
depending on the configuration used, only one side of the test object 10 needs to be
accessible.

[046] The illustrated system includes a generation laser 12 for generating a
broadband ultrasonic pulse, although it will be appreciated that in alternative
embodiments, other generation means can be used, including those identitied above.
In currently preferred embodiments, the generation laser 12 is a pulsed laser that
operates in either the ablation or thermoelastic regime for inducing an ultrascnic
pulse in the test object 10. Suitable wavelength and power densities of the pulsed
laser, and generation location on the surface of the test object 10 can be selected

according to the material and configuration to produce an ultrasonic pulse in the test
object 10 having desired properties.

[047] The system for detecting the broadband ultrasonic pulse may include a
detection laser 14, and an optical detection system 16. The detection laser 14 may
be a long pulse laser, or a continuous laser that directs a beam onto a detection

location on the surface of the test object 10. As noted above the detection location
and generation location are the same in the pulse-echo configuration, are opposed
surfaces in the through transmission canfiguration, and are separated by a distance
(usually on the same surface) according to the pitch-catch conhiguration. The

detection laser 14 may be a relatively high powered laser to compensate for a
relatively poor reflectivity of the test object 10 at the detection location, and still

provide adequate optical power for detection.
[048] In some embodimentis, it is preferable that the generation laser 12 and/or
the detection faser 14 and optical detection system 16 are movable with respect to
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the test object 10 to perform ultrasound measurements at a plurality of pairs of
generation and detection locations.  Muliiple measurements could be used
separately for detecting physical properties of the test object 10 at different iocations,
and/or can be combined for spatial averaging to produce a mean measure of the
physical property of the test object with higher accuracy. This can be done by
moving the test object 10, by moving the apparatus, or by moving optical devices, for
exampie.

[049] The detection laser 14 is coupled to the optical detection system 16,
which may be a time-delay interferometer, such as a stabilized confocal Fabry-Perot
interferometer, or may include non-linear optical components for wave front
adaptation, as introduced above. The optical detection system 16 outpuls an
electrical interaction signal to a signal capture and processor unit 18. For example,
the signal capture and processor unif 18 may include an analog to digital signal
converter {A/D) for digitizing the electrical interaction signal.

[050] The signal capture and processor 18 is adapted to transform the
interaction signal from the time domain to the frequency domain, for example by
application of the Discrete Fourier Transform to the interaction signal to produce an
amplitude spectrum of the detected ultrasonic pulse. Preferably-a Fast Fourner
Transform algorithm well known in the art is used. In preferred embodiments, only a
panrt of the interaction signal is transformed, the part being selected by a window
selection function that ensures that only the relevant ultrasonic echo is represented in
the amplitude spectrum, and that multiple reflections or echoes are not compounded.
[051] The signal capture and processor 18 is turther adapted to produce an
attenuation spectrum by comparing the amplitude spectrum of the test object 10 with
that of a reference object. The reference amplitude spectrum is produced in the
same manner as that of the test object 10. In some embodiments, the reference
object is of a same geometry as the test object 10, and has similar diffraction

properties, but the broadband ultrasonic pulse exhibits substantially no attenuation in
propagation through the reference object. Alternatively an equivalent reference

amplitude spectrum can be obtained using a reference object having different
geometry but with equivalent diffraction properiies. The low-attenuation reference
amplitude spectrum can also be produced with a reference object having a well
characterized attenuation by correcting the detected amplitude spectrum using
equations known in the science of ultrasonics.

[052] The signal capture and processor 18 also fits the attenuation spectrum to

a model. A best fit of the attenuation spectrum of the test object to a curve of the

10



CA 02511629 2005-07-06

model provides at least one attenuation parameter of the test object. One or more
attenuation parameter is then used to derive a physical property of the test object
that varies with ultrasonic attenuation. Preferably the signal capture and
processor 18 has access to a memory for storing the interaction signals, amplitude
spectra, attenuation spectrum, attenuation parameters, and the derived physical
property as well as program instructions for carrying out the processing thereof. At
least the derived physical property is subsequently output 19. One or more of the
stored information may be displayed graphically or numerically by a display unit or
other oufput device, for example. The signal capture and processor 18 may include a
general purpose compuier.

[053] FIG. 2a shows an embodiment of a method for measuring ultrasonic
attenuation. For clarity of explanation, FIGs. 3a,b, 4a,b and 5a,b are referred 1o In
description of associated steps. In step 100, an interaction signal representing an
attenuated broadband ultrasonic pulse is received, for example from an optical
detection system 16 shown in FIG. 1 via signal reception hardware. The interachion
signal is time varying amplitude signal, where the amplitude s related to the surface
movement due to the arrival of the ultrasonic waves at the detection location on the
surface of the test ohject.

[054] An example of an interaction signal detected using the apparatus of
FIG. 1 in the pitch-catch configuration is illustrated in FIG. 3a. The interaction signail
begins with a generation perturbation in which the optical detection system 16 is
bombarded with spurious reflected light from the generation laser, or the detection

light is strongly modulated by the plasma produced. The generation artifacis can be
exacerbated by the use of a common wavelength for both the generation and

detection lasers. Subsequently, the interaction signal shows first, second, and third

echoes of a broadband uiltrasonic pulse. In the illustrated interaction signal of
FiG. 3a, a pitch-catch configuration was used in a low attenuation material. Strong

diffraction effects in this configuration result in a first echo that is of lower amplitude
than the second and third echoes. Because of the strong initial diffraction in such

embodiments, a second echo of the ultrasonic pulse having a higher quality may be
used for attenuation measurements. It is also noted that shear waves are manifest

on the interaction signal. It is assumed for illustration that longitudinal waves are
used for the measurement, however it will be appreciated that other ultrasonic waves

could alternatively be used in other embodiments. [t will be noted that the method
can be applied to any mode of ultrasonic waves (longitudinal, shear, surface, etc.) in
any configuration (pulse echo, through-transmission, pitch-catch, etc.).

11
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[055] Accordingly there is a need for a mechanism for identifying the desired
part of the interaction signal to be analyzed. Applicant currently prefers using a
window selection function to identify a portion of the interaction signal that is
associated with a single manifestation (echo) of the desired ultrasonic pulse
(step 102). Herein the portion of the interaction signal that constitutes a singie

manifestation of the ultrasonic pulse is referred to as an echo, even If, in accordance
with the through-transmission configuration, the ultrasonic pulse is not bounced off of
any wall. It is preferable, if the thickness and ultrasonic velocity of the material are
roughly known, to narrow the search by pre-selecting a coarse time window of the
echo. Then, to help identification of the echo from adjacent noise and centering in a
narrow time window, a cross-correlation method involving comparison with a
standard profile of an ultrasonic pulse can be used. The amplitude of a peak of the
echo may be compared with a noise level determined in a conventional manner, to
determine whether the echo is usable. An interaction signal may be rejected if a

quality the echo is t00 low.

[056] The echo is then represented in the frequency domain by application

(step 104) of the Discrete Fourier Transform (DFT), deriving an amplitude spectrum.
For example, the Fast Fourier Transform (FFT) algorithm can be used. Rejection

criteria are used both in the time domain, to ensure that the echo is discernable over
a noise (as noted above), and in frequency domain, where similarity with an expected
spectrum shape (e.g. Gaussian) is used to determine whether to accept or reject an
amplitude spectrum. It will be apparent to those of sKill in the art that the interaction
signal is subjected to signal processing techniques to prevent aliasing and to
minimize spectral leakage, as is commonly practiced in the art. FIG. 3b
schematically illustrates a time-domain interaction signal, where an echo, indicated
as Echo A, is selected and centered within a time window, and the amplitude
spectrum is obtained. The pulse-echo configuration was used to produce this
interaction signal.

(057] In some embodiments, it will be preferable to calculate a mean of multiple
amplitude spectra measurements to provide a higher accuracy measurement, for
exampie if the amplitude spectrum of the echo of the ultrascnic pulse has a SNR
insufficient to provide an attenuation spectrum of a quality required to rehiably
determine materia! property of the test object. While the averaging may be
performed in the time domain using the interaction signal, it is currently preferred to
perform addition in the frequency domain. By averaging multiple spectra, a higher
guality amplitude spectrum may be produced. The accuracy of the window selection

12
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function is of greater importance when averaging multiple spectra, because the
window selection function ensures that the echoes are substantially synchronized.
That is, the window selection function temporally aligns the different echoes so that
precisely gated echoes are used to produce the amplitude spectra, minimizing errors
due 1o any superposition ofiset.

[058] For example, the window selection function has advantages if
compensation for thickness variation of the test object at different generation and
detection locations is required. It will be appreciated that a difference in thickness of
the test object at the detection and generation locations results in different time

between generation of the ultrasonic pulse, and manifestation of the pulse at the
detection location. If such thickness variation exists, each echo may not be

temporally aligned and the sum of digital signals would not produce an aggregate
digital signal of decent quality. The window selection function is one mechanism for
eliminating errors caused by temporal offset of the spectra.

[059] It will be appreciated that many different types of mean computations can
be applied. Applicant currently prefers frequency domain averaging using complex
spectra, i.e. including amplitude and phase information from the FFT output. The
smoothness of the resulling amplitude spectrum is indicative of the improvement. It
will be appreciated that averaging of measurements at various positions presents

some advantages in certain situations. For example, if coherent noise is present at a
phase offset that varies with the position of the detection location on the surface of

the test object, averaging at multiple detection locations will statistically improve the
SNR. One example of such coherent noise is coherent backscattered grain noise
present in the interaction signal of a polycrystalline material.

[060] Accordingly, optional steps 106-108 may be applied to perform the
averaging. In step 106 it is determined whether there is another amplitude spectrum
to be averaged. If another amplitude spectrum is to be averaged, the process

relfurns to step 100. The number of amplitude spectra needed to provide an
acceptable attenuation spectrum can be established empirically, and is subject to

accuracy requirements related to different applications. Once the last amplitude
spectrum is obtained, the amplitude spectra are averaged in step 108 and the

average amplitude spectrum is processed in step 110.

[061] FIGs. 4a,b schematically illustrate the effect of averaging for reducing
noise in the interaction signal. In FIG. 4a a single interaction signal is shown as

received, whereas twelve interaction signals are averaged in the time domain to
produce the mean interaction signal shown in FIG. 4b. The twelve signals are added
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in the time domain without windowing, and are temporally aligned with respect to
ultrasonic generation, which is adequate, for example, when taking a mean of
measurements at same generation and detection locations, or otherwise when the
thickness does not vary with each measurement. It will be appreciated by inspection
by those of skill in the art that FIG. 4b illustrates an improved SNR over that of
FIG. 4a.

1062] In step 110, the amplitude spectrum of the test object is compared with
that of a reference object. As explained above, the reference amplitude spectrum
may be produced by application of steps 100-108 to a reference object in lieu of the
test object, where the reference object has diffraction properties equivalent (in
relation to uitrascnics) to those of the test object, but has substantially no attenuation.
Accordingly the reference amplitude speéectrum can be derived using the method
described below with reference to FIG. 2b.

[063] More specifically, the attenuation of ultrasound waves in the {est object
as a function of frequency, (i.e. the attenuation spectrum), is computed as the ratio
between the spectrum of the reference object to that of the test object. Typically the
attenuation is a function of distance traveled by the wave, and accordingly the

attenuation spectrum may be divided by the distance through which the ultrasonic
pulse traveled in the test object. This distance may be predetermined, measured

mechanically, or may be computed by the travel time between generation and
detection, or the time between echoes, as will be appreciated by those of skill in the
art.

[064] For example, to compute the attenuation spectrum in decibel units the
following equation can be used:

20, (Aref(f)
a(f)= r ]ng[ ACF) ) (1)

where fis the frequency, o is the obtained attenuation spectrum, d is the distance
traveled by the ultrasonic pulse, Aref(f} is the amplitude spectrum of the signal

obtained in the reference material having low (negligible) attenuation, and A(f) is the
amplitude spectrum of the test material. It will be noted that the attenuation spectrum
« is a relative attenuation measurement with respect 10 the reference material. An
absolute attenuation spectrum is not required to assess material properties, when the
attenuation spectrum is fitted to a model as described belaw. If the reference material
presents some kKnown attenuation, such attenuation is simply removed from Aref in

Eq. (1).
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[065] FIG. Ba illustrates a typical exampte of an amplitude spectrum 20 for a
test object, and a reference amplitude spectrum 21. H will be noted that the
reference ampilitude spectrum 21 is of greater amplitude than the amplitude
spectrum 20. While this happens whenever the same conditions are applied for both
the test object and the reference object, it will be appreciated that it Is not necessary
within the context of the invention. If the sensitivity of the ultrasound detector, or the
strength of the ultrasound generator is different, the system of the present invention
can use a modet that compensates for an arbitrary amplitude offset. The attenuation
spectrum is then, in step 112 fitted t0 a model of attenuation. Because the

attenuation spectrum is a relative measure rather than an absolute attenuation
measurement, the attenuation spectrum does not account for amplitude variations
that are independent of trequency. The fit is therefore preferably performed with a
model that accounts for possible variations in pulse strength at generation, and
detection sensitivity, between the test material and the reterence (i.e. an amplitude
offsat).

[066] Many physical mechanisms that are responsible for attenuation can be
modeled by a power law dependence on frequency. If one such mechanism is
present, the measured attenuation ¢can be fitted to the tollowing mode!:

o f)=0g +5f " (2)
where n is a frequency power, g is a parameter that accounts for variations in signal
strength independent of irequency, and b represenis a physical altenuation
mechanism relating to a material property. It will be appreciated that for any two
parameters oy, b of the model defines a curve. A measure of fit of the attenuation
spectrum to a curve is compared for different curves. The curve for which the

measure of fit is optimal is determined to be the best tit of the attenuation spectrum to
the model, in a manner well known in the art. As a result of the fitting, the attenuation

parameters ap and b are determined.

[067]) The parameter ¢pis not needed for determining a physical property of the
test object, and unless contributions to this ofiset can be identified, a, does not
correspond to any relevant parameter of the system. Accordingly, the attenuation
vaiue offset of the attenuation spectrum may be ignored. The maodel defined above

permits identification of the frequency-varying attenuation without requiring correction
for variances in signal strength. For robustness, the parameter n is preferably kept

fixed during the fitting procedure, with a value ranging between 0 to 4. For example,
if the predominant mechanism involved is scattering in the Rayleigh regime, the
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value of n is 4, corresponding to an attenuation that depends on the fourth power of
the frequency. '

[068] If two physical mechanisms contribute to attenuation, such as scattering
and absorption, the measured attenuation can be fitted to the following function:

o fl=o, +af " +bf" (3)
where m and 7 are the frequency powers, respectively for absarption and scattering.
Similarly, the parameters a and b are factors of the two mechanisms involved relating
to material properties. According 1o well accepted models of absorption and
scattering, m is between about 0.2 to about 1.5 and n is between about 1.5 to about
4. Again, for robusiness, m and n are preferably kept fixed during fitting, and should

not be too close. If both frequency powers rn and m are close, EqQ. (2) must be used,
with n being an effective frequency power for both mechanisms involved, in which

case contributions from each mechanism cannot be identified. It will be appreciated
that only one or more of the parameters may be needed for computing the physical
property of the test object.

[069] Also with the above function, the parameter o, that accounts for
variations in signal strength could be simply estimaled by inspection and kept fixed
- while applying the fitting procedure.

[070] FIG. 5b illustrates an attenuation spectrum measured 25 and fitted to a
"model 26. The measured attenuation spectrum 25 is a relative attenuation
measurement with respect 1o the reference attenuation spectrum. It will be
appreciated that a curve 26 conforming with the model that best fits the attenuation
measurement 25 is one of many curves of the model. The fit with curve 26 provides
both the offset measure, and a parameter that allows assessment of at least one
material properties of the test object.

[071] In some applications, a material property that varies with a first derivative
of the attenuation spectrum is required. This removes the constant factor o, that
relates to variations in signal strength between the test material and the reference.

The derivative of attenuation spectrum can be obtained numerically using methods

well known in the an.
[072] FIG. 2b shows an embodiment of the method for producing a reference
amplitude spectrum. In step 120, an interaction signal is acquired that represents the

ultrasonic pulse after transmission through a path in a reference object. The
reference object has fully characterized attenuation properties (preferably negligible
attenuation) and the path in the reference object has equivalent diffraction properties
as the path through the test object used in FIG. 2a. The reference amplitude

16



CA 02511629 2005-07-06

spectrum is used to correct for the response of the whole system (bandwidth,
diffraction, etc.). By appropriate selection of the reference material, the diffraction
effect can be made nearly identical in both signals and is consequently automatically
removed by comparison with (division by) Aref. To have equivalent diffraction
behavior, the reference material may be chosen to have the same geometry and
ultrasonic velocities, or a combination of those parameters to provide equivalent
diffraction conditions, as will be understood by those skilled in the art. The reterence

amplitude spectrum preferably uses exactly the same generation and detection

procedure as applied to the test object.

[073] In step 122, a procedure is applied, as described above, to identify a time
window (i.e. a portion of the interaction signal corresponding to a desired echo or like
manifestation of the broadband ultrasonic pulse). Subsequently the interaction signal
within the time window is transformed into the frequency domain (step 124) to
produce the reference amplitude spectrum. If the reference object exhibits negligible
ultrasonic attenuation, the reference ampiitude spectrum is computed by applying the
DFT or FFT to the signal. Otherwise the characterized attenuation is used to correct
the produced amplitude spectrum to construct the non-attenuated reference
amplitude spectrum, in a manner that is familiar to those skilled in the art and science
of ultrasonics. It will be appreciated that an extent of the attenuation correction may
be reduced by using lower attenuation reference materials.

[074] In @ manner similar to that described above for the test object, the
spectrum of the reference object may be averaged by muitiple measurements taken

at one or more locations.

Exemplary Applications

[073] There are numerous applications of the proposed method and system.
[076] A first example is the determination of grain size of steel on a production
line, using faser-uitrasonic attenuation measurement. Very often, austenitic grain size

associated with austenite decomposition during cooling is the most important
metallurgical parameter tor determining the mechanical properties of steels. In order
to correctly apply controlled thermo-mechanical processing of a steel piece, the
austenitic grain size of the steel piece must first be determined. The ability tO

determine the austenitic grain size in the production line is therefore highly sought

after technology.
[077] The method described above was used {0 quantitatively determine

austenitic grain sizes from ultrasonic attenuation for a wide range of grain sizes (20
to 300 um) and for relatively thick maternials (up to 30 mm} in seamless steel tubes.

17



CA 02511629 2005-07-06

The system consisted of a Q-Switched Neodymium:Yttrium Aluminum Garnet
(Nd:YAGQG) laser for generation of the ultrasonic pulse and a long pulse Nd:YAG laser
for detection in a pitch-catch configuration. The detection light modulated by the
ultrasonic pulse incident in the detection location is demodulated by a Fabry-Perot
interferometer,

{078] For calibration, steel samples of different grades were heated in a
Gleeble thermomechanical simulator in the range of 900°C to 1250°C and held for
about 10 minutes to saturate grain growth. Throughout the whole thermal cycle,
laser ultrasconic measurements were performed. After quenching for an appropriate
time (according to the steel grade) the former austenitic grains were revealed by
etching and quantitatively characterized by image analysis. Measurement was also
nerformed on a reference sample of steel having a same geometry and ultrasonic
velocity, and having low attenuation to obtain the reference amplitude spectrum.
[079] FIG. 6 illustrates a interaction signal corresponding to a detected
ultrasonic pulse on a production line implementation for grain size determination.
The configuration of the generation and detection equipment was the pitch-catch
configuration described above.

[080] FIG. 7a is a graph of an example of a calibration curve for interpreting
mean grain size with results of the ultrasonic attenuaticn parameter b, where b is
obtained by fitting the attenuation spectrum to a model. The grain size is obtained
using standard metallographic techniques.

[081] There were many barriers to accurate on-line measurements for
applications in industrial environments using real products. As the tube surfaces
reflected poorly the detection laser light, SNR was a significant problem. To improve
the attenuation spectrum quality, amplitude spectra were computed by averaging
ultrasonic interaction signals obtained at many positions along the tube, and so the
grain size was evaluated over a segment of the tube or over the whole tube. The
frequency dgomain averaging procedure described above using complex spectra was
found to be adeguate.

[082] FIG. 7b shows the comparison between austenitic grain size measured
on-line by the laser-ultrasonic system and interpreted using the calibration curve of

FIG. 7a, and that obtained by metallography on the same tubes after proper
quenching. Due to the production line conditions, the ultrasonic measurements were

expected to be less accurate that those performed in controlled laboratory conditions.
Accuracy of the grain size measurements using metallography was reduced because
of difficulties inherent in applying, in the production environment, the proper cooling
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procedure that aliows the ‘decoration’ of former austenitic grain sizes. With
estimated metallographic grain size accuracy between 0.5 and 1 ASTM, a statistical
analysis shows that the laser-ultrasonic grain sizes determined on-line had at least
the same accuracy as those obtained from metaliography.

[083] A second exemplary application of the proposed method and system is Iin
the area of composite material testing. A test sample of carbon fiber reinforced
plastic (CFFIP) was prepared having a planar, rectangular surface with dimensions of
100 mm x 120 mm, and a thickness of 6.3 mm. A thin layer ot paint was applied to
the surface of the composite to obtain good ultrasonic generation in the thermoelastic
regime. '
[084] The generation and detection set up used to verity the application
included a muitimode CQO. laser to generate bulk ultrascnic waves. A
Neodymium:Yittrium Aluminum Garnet (Nd:YAG) laser coupled to a Fabry-Perot
interferometer for phase demodulation was used for ultrasonic detection. The laser
spot size for generation was about 6.5 mm and that for detection was about 5 mm.
The generation and detection spots were nearly superimposed, in accordance with
the pulse-echo configuration. The frequency sensitivity range of the system was 1-
10 MHz. Laser-ultrasonic measurements werg performed to locate porosity areas
inside the test object. A two-dimensional scan was performed on the surface by
sweeping across the surface in parallel lines. Each measurement location was
separated from that of neighbouring measurement focations by 1.47 mm.

[085] FIG. 8a is a greyscale C-scan image of the amplitude of the backwall
echo. Circular spots S$1-53 are clearly observed with sizes of about 18 mm,
identified as the locations of the pores in the test sample.

[086] Figy. 8b illustrates the attenuation spectra within the porosity areas S$1,
52, and S3 identified in Fig. 8a. The reference spectrum used to obtain these
attenuation spectra is taken from a backwall echo at a location where the materiat is
known to be sound. It will be appreciated by those of skill in the art that uitrasonic
attenuation is negligible in CFRFP material at locations where no porosity or other
defect is evident. In a composite material, the attenuation spectrum is expected to
show a nearly linear behavior for a certain frequency range, in this case from 1 to 8
MHz. As is well known in the material sciences, the pore/volume fraction P, varies
directly with the first derivative (i.e. the slope) of the attenuation spectrum within its

linear region, where the attenuation is principally caused by a scattering effect.

Accordingly:
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P, =c dcgff ) (4)

where ¢ is a proportionality constant specific to the material and the pore geometry.

[087] It will be noted that the use of this model to determine porosity content
abviates correction for variation in signal strength, as a constant factor independent
of frequency is eliminated by taking the derivative. Assuming that the value of ¢ for
this sample is 7.5 vol% mm MHz/dB, the estimated porasity contents in the areas S1,
82 and 83 are found to be 1.0, 0.8 and 1.5 % respectively. These estimates are
consistent with the nominal values assaciated with the preparation of the test sampie.

[088] Of course, numerous other applications of the method above can be
considered without departing from the spirit and scope of the invention. [n addition to
the above embodiment with laser-ultrasonics, the proposed method can be applied
using a different ultrasonic technique, such as with piezoelectric transducers or
EMATs, for any type of waves (longitudinal, shear, surface, etc.) and any
configuration (pulse echo, through-transmission, pitch-catch, etc.). For a given
technique, wave mode and configuration, the test should be applied to the test
material and to a reference material t0 produce a low attenuation reference

spectrum.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A method for using a measurement of ultrasonic attenuation to determine a
material property of an object, the method comprising:

(a) recewving an interaction signal from an ultrasound detector, at a detection
location on the object in response to a broadband ultrasonic pulse impinging
on the detection location, the ultrasonic pulseé having been attenuated In
travel through the object,

(b) transforming a portion of the interaction signal corresponding to the
attenuated pulse from the time domain to the frequency domain, to obtain an
amplitude spectrum;

{c) comparing the amplitude spectrum with a reference amplitude spectrum to
obtain an attenuation spectrum, the reference amplitude spectrum produced
by applying (a) and (b) or their equivalent to a reference piece having
equivalent diffraction properties as the object with respect to the propagating
broadband ultrasonic pulse, the relerence amplitude spectrum being
substantially free of attenuation; |

(d) determining a best fit of the altenuation spectrum to a model of frequency
dependent attenuation to obtain an attenuation parameter; andg

(e) using the attenuation parameter t0 compute a material property of the object
that depends on the attenuation.

2. A method as claimed in claim 1 wherein the application of (a) and (b) or their
equivalent to a reference piece comprises selecting the reference piece having
Known attenuation parameters, and using the known attenuation parameters to
correct for attenuation in the amplifude spectrum of the reference piece.

3. A method as claimed in claim 1 wherein the application of (a) and (b) or their
equivalent to a reference plece comprises selecting the reference piece having

substantially no attenuation.
4. A method as claimed in claim 2 wherein selecting the reference piece comprises

selecting a reference piece having a shape that matches the test object, and
being made of a material having an ultrasonic velocity matching that of the test
object.

5. A method as claimed in claim 1 further comprising determining the portion of the
interaction sighal by identifying a part of the interaction signal that corresponds to
a single manifestation of the broadband ultrasonic pulse impinging on the
detection logation.
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A method as claimed in claim 4 wherein determining the portion further comprises
applying a window selection function for selecting part of the interaction signal
that corresponds to a single manifestation of the broadband ultrasonic pulse

impinging on the detection location.

A method as claimed in claim 5 wherein applying the window selection function
further comprises using the cross-correlation of a standard profile of an ultrasonic
nulse with the interaction signal to center the manifestation within the window.

A method as claimed in claim 4 wherein determining the portion comprises using
prior knowledge of the test object to determine a coarse time window of the
interaction signal including a single echo of the pulse to narrow a search of the
portion within the interaction signal.

A method as claimed in claim 1 wherein receiving and transforming are
repeatedly applied to a plurality of interaction signals from the object, and the
method further comprises computing an mean of the plurality of signals.

A method according to claim 8 further comprising validating each of the echoes
and amplitude spectra using rejection criteria in both time and frequency
domains.

A method according to claim 1 wherein determining a best fit of the attenuation
spectrum comprises identifying a best fit to a model that accounts for frequency
independent variations of signal strength between the test material and the
reterence material.

A method accerding to ciaim 11 wherein identifying the best fit comprises
comparing measures of fit of the attenuation spectrum to curves of the form:

of f)=0, +af " +bf"
where o, is an arbitrary amplitude offset that accounts for variations in signal
strength, m and n are frequency powers associated with respective underlying

mechanisms of the attenuation, and the paramelers a and b are representative of

contributions by the mechanisms involved relating to material properties.
A method according to claim 12 wherein the parameter a is zero.
A method according to claim 12 wherein fitting the attenuation spectrum

comprises varying the attenuation parameters while keeping m and n fixed.
A method according to claim 11 wherein determining a best fit of the attenuation

spectrum to a model uses the derivative of the attenuation spectrum to obtain an

attenuation parameter.
A method according to claim 1 further comprising using a calibration curve to

relate the attenuation parameter to a property of the object.

22



17.

CA 02511629 2005-07-06

A method according to claim 1 wherein the material property is grain size in a

polycrystalline solid.

18. A method according to claim 1 wherein the material property is porosity of a

composite material.

19. An article comprising:

a computer readable modulated carrier signal; and
means encoded on the carrier signal for effecting program instructions for

performing a method according to claim 1.

20. An article comprising a computer readable memory encoding program

21,

instructions for performing a method according to claim 1.
A system for measuring ultrasonic attenuation to determine material properties of

an object, comprising:

(a) an ultrasonic pulse generation and detection set up for launching an
broadband ultrasonic pulse into the object, and detecting the pulse after
propagation through the object;

(b) a receiver for digitizing an interaction signal of the detected ultrasonic pulse;

and
(c) a signal processor for:

i transforming a part of the interaction signal corresponding to a single
manifestation of the detected pulse from the lime domain into the
frequency domain to obtain an amplitude spectrum;

i computing an attenuation spectrum by comparing the amplitude spectrum
with a reference amplifude spectrum, the reference amplitude spectrum
being derived from a reference piece having equivalent diffraction
properties as that of the object, the reference amplitude spectrum having
known attenuation; and

i fitting the attenuation spectrum to a model to determine an attenuation

parameter used for determining a propenty of the object.

22. A system according to claim 21 wherein the signal processor is further adapted to

23.

24.

compute a mean of a plurality of interaction signals from the object at one or

vatious locations to produce the amplitude spectrum.
A system according to claim 22 wherein the signal processor is further adapied to
perform a time or frequency domain averaging process of the plurality of

interaction signals to produce the amplitude spectrum.
A system according to claim 21 wherein the ultrasonic pulse generation and
detection set up comprises a generation laser for generating the broadband
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ultrasonic pulse, and a detection laser coupled to an optical detection system for
detecting the manifestation of the broadband ultrasonic pulse.
25. A system according to claim 24, wherein the generation laser and

detection laser are directed onto a same side of the test object.

26. A system according to claim 21 further ¢comprising a controlled motion
system for scanning over a surface of the object to obtain attenuation
spectra corresponding to attenuation along different paths through the

object.
27. A system according to claim 26 wherein the attenuation spectra are used

to create an image of the material propenty of the object.
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