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(54) Ultrasonic inspection method for diffusion bonded articles

(57) An ultrasonic inspection method for inspecting
a first article. The method comprises, in a first inspection
process:
measuring the distance between a first surface of the first
article and a nominal axis at three or more measurement
locations along the axis of the surface;
using the measured distances to produce a mathematical
model of the surface of the first article;
transmitting an ultrasonic wave from a first side of the
first article through the first surface of the first article at

a plurality of inspection locations along the axis of the
first surface, and receiving a transmitted waveform which
has passed through at least part of the first article;
using the model to normalise each transmitted waveform
at each inspection
location to the nominal axis; and

identifying a signature signal from the normalised trans-
mitted waveform at each inspection location.
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Description

Field of the Invention

[0001] The present invention relates to an ultrasonic inspection method, particularly though not exclusively to an
ultrasonic inspection method for detecting defects in diffusion bonded articles.

Background to the Invention

[0002] Non-Destructive Evaluation (NDE) methods are used to detect defects within articles without damaging the
articles themselves. In particular, several methods are known for inspecting bonds such as welds between joined com-
ponents. In such welds, defects may comprise unbonded regions or inclusions. One such method is ultrasonic inspection.
[0003] In ultrasonic inspection, an ultrasonic wave is produced by a transducer and transmitted through a medium to
the article to be inspected. In a single sided inspection, the transducer transmits an ultrasonic wave, which is then
reflected back to the transducer by deformities or discontinuities in the structure of the article. These reflected signals
can be used to indicate that a void is present within the bond, by for example comparing the amplitude of the transmitted
and reflected waves.
[0004] In articles comprising anisotropic materials however, such as diffusion bonded titanium alloy, the diffusion bond
interface can act as a weak reflector. This is because in anisotropic materials, the speed of sound in the material is
dependent on the direction of travel of the sound wave relative to the crystallographic orientation of the material. In some
materials, such as titanium alloy, the crystals often form macroscopic "colonies" of crystals having a similar orientation
up to several millimetres in size. Figure 1 shows a typical diffusion bond interface 12 in an article 10 comprising anisotropic
Ti-6Al-4V alloy. The different shadings represent crystals having different crystallographic orientations. The bond interface
12 will act as a weak planar reflector due to the different crystallographic orientations above and below the bond interface
12. An ultrasonic wave 14 will therefore be at least partly reflected by the bond interface 12.
[0005] Consequently, an amplitude based single sided ultrasonic inspection of the bond interface 12 will result in a
spurious indication of a bond defect. Figures 3a, 4a and 5a show amplitude based single sided ultrasonic inspections
of first, 10a, second 10b and third 10c articles. In general, lightly shaded parts of figures 3a - 5a represent high amplitude
return signals, which would generally be interpreted as defects. As can be seen, each of the inspected articles 10a, 10b,
10c would "fail" an amplitude based single sided ultrasonic inspection due to the perceived defects.
[0006] One method of overcoming this above problem is to use a two sided ultrasonic inspection method. Such a
method is described in "Ultrasonic Non-destructive Evaluation of Titanium Diffusion Bonds" by K Milne et al, J Nondestruct
Eval (2011) 30:225-236.
[0007] The method described in Milne et al comprises two single sided inspections performed from either side of the
article at a plurality of inspection locations. The resulting reflected waveforms from each side are acquired using con-
ventional ultrasonic inspection equipment. They need not be acquired simultaneously, but each inspection location must
be known so that the corresponding pair of waveforms from each side from can be spatially related to the other at a
corresponding location. These waveforms are then transferred to a suitable computer where spectral (Fourier) analysis
is performed in order to establish the phases of the diffusion-bond signals within the waveforms performed from the first
side and the diffusion-bond signals within waveforms performed from the second side. The two diffusion-bond signal
phases acquired at each scan position are compared, and this comparison yields information about the quality of the
bond. In the method described by Milne, phase differences of 180° are taken to be ’natural’ differences that occur due
to the acoustic impedance mismatch of the grain colonies either side of the bond. However, phase differences tending
towards quadrature (90° or 270°) are indicative of a reduction in interfacial stiffness. A double-sided inspection can be
performed on the principle that the ’natural’ acoustic impedance mismatches are always asymmetric about the diffusion
bond plane: i.e. if the phase is x° for the signal taken from the first side, then the phase of the signal taken from the
second side will be x+180°. However, phase differences that result from unfavourable conditions at the diffusion bond
(such as defects, lack of bonding or inclusions etc.) are always symmetric about the diffusion bond plane: the phase
contribution from the unfavourable condition will be the same in the signals from both sides. We can therefore eliminate
the ’natural’ contribution, leaving only that which results from unfavourable conditions.
[0008] It should be noted that a captured waveform will contain several signals, one of which is the diffusion-bond
signal. Other signals could for example comprise material anisotropies or bulk material defects. When performing an
ultrasonic inspection, other signals can be considered to represent noise. It is therefore necessary to identify the diffusion
bond signal within each waveform from each inspection location, so that the spectral analysis can be performed on the
correct signal. One conventional method for identifying the diffusion bond signal from the captured waveform is known
as "gating". The amplitude of each waveform is monitored until a predetermined threshold amplitude is breached, usually
the echo from the top surface nearest the transducer, since this is often the largest signal in a waveform. Once the
predetermined threshold amplitude is breached a fixed delay (determined by the thickness of the first component 18 in
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the article 10) is added to the time of the breach. The waveform between this new point and the end of the predetermined
period of time has elapsed is taken to be the diffusion bond signal. The method is then repeated for the waveform taken
from the other side for each inspection location.
[0009] However, this method requires access to both sides of the article in order to obtain the waveforms, preferably
normal to the plane of the diffusion bond 12. In many cases this is not possible - for example, where the article to be
inspected comprises the compressor bladed ring (known in the art as a "bling") of a gas turbine engine, as shown in Fig
2. The two-sided inspection technique described above is also relatively inaccurate, since the above described method
results in an inaccurate identification of the spatial location of the waveforms (i.e. in relation to the plane of the bond),
and the depth of the diffusion bond signals within the respective waveforms. Consequently, some articles having insuf-
ficient bond strength will "pass" the prior two-sided inspection techniques, while some articles having sufficient bond
strength will "fail", i.e. the prior methods provide both "false positives" and "false negatives".

Summary of the Invention

[0010] According to a first aspect of the present invention, there is provided a method of inspecting a first article, the
method comprising, in a first inspection process:

determining the distance between a first surface of the first article and a nominal axis of a transducer arrangement
at three or more measurement locations along the nominal axis;
using the determined distances to produce a mathematical model of the first surface of the first article;
using the transducer arrangement to transmit a first ultrasonic wave from a first side of the first article through the
first surface of the first article at a plurality of inspection locations along the nominal axis, and receiving a first
transmitted waveform which has passed through the first surface;
using the model to normalise each first transmitted waveform at each inspection location to the nominal axis; and
identifying a first signature signal from the first normalised transmitted waveform at each inspection location.

[0011] Advantageously, the invention provides a method of inspecting an article, for example an article comprising an
ultrasonically anisotropic material, which only requires access to one side of the article, and is more accurate than
previous methods. The invention relies on the discovery that variations in the geometry of the first surface of the article
(i.e. variations in the distance between the article and the nominal axis of the transducer arrangement at points along
the nominal axis) introduces errors when comparing transmitted waveforms from different inspection locations along the
nominal axis to identify the signature signal, which in turn introduces errors when identifying defects in the article. By
normalising each transmitted ultrasonic waveform from each inspection location to the nominal axis using a model
derived from measurements of the surface of the article, a more accurate assessment of the transmitted waveforms can
be made, and therefore a more accurate identification of the signature signals can be made.
[0012] The first article may include a bond surface disposed on a generally opposite side to the first surface. The first
signature signal may comprise a back reflection signal originating from the bond surface. The method may comprise a
bonding step subsequent to the first inspection process comprising bonding the bond surface of the first article to a
second article having a first surface and a bond surface by a bonding process, such that a bond interface region is
provided at the respective bond surfaces of the first and second articles. The bonding step may comprise a solid state
bonding process, such as a diffusion bonding process.
[0013] The method may comprise a second inspection process subsequent to the bonding step, the second inspection
process comprising:

using the transducer arrangement to transmit a second ultrasonic wave through the first surface of the first article
at a plurality of inspection locations along the first surface of the first article, and receiving a second transmitted
waveform from the bond interface region;
using the model to normalise each second transmitted waveform at each inspection location to the nominal axis;
identifying a second signature signal from the second normalised transmitted waveform at each inspection location;
and
comparing the first signature signal to the second signature signal to characterise the bond interface region.

[0014] By inspecting the first article prior to the bonding step, and subsequently inspecting the bond interface region,
the bonded article can be inspected from only one side. This allows inspection of the article where access to the other
side is not available, and increases accuracy of the inspection even where access to the other side would be available.
The normalisation of the transmitted waveforms to the same nominal axis allows the waveforms from the inspection
locations to be compared, such that a comparison of the signature signals from each inspection can be made.
[0015] Alternatively, the first article may comprise a bonded article having a second surface disposed generally opposite
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the first surface, and a bond interface region within the first article between the first and second surfaces.
[0016] Where the first article comprises a bonded article having a second surface, the method may comprise a second
inspection process subsequent to the first inspection process, the second inspection process comprising:

using the transducer arrangement to transmit a second ultrasonic wave through the second surface of the first article
at a plurality of inspection locations along the second surface of the first article, and receiving a second transmitted
waveform from the bond interface region;
using the model to normalise each second transmitted waveform at each inspection location to the nominal axis;
identifying a second signature signal from the second normalised transmitted waveform at each inspection location;
and
comparing the first signature signal to the second signature signal to characterise the bond interface region.

[0017] The model of the surface of the first or second article may comprise a polynomial equation, and may comprise
a second order polynomial equation. Where the polynomial equation comprises a second order polynomial equation,
the equation may be of the form: 

[0018] Where x represents the distance along the nominal axis, y represents the distance between the first surface
of the article and the nominal axis at location x, and a, b and c are constants.
[0019] The values of a, b and c may be determined by a curve fitting algorithm which determines the values from the
measured distances at each of the plurality of measurement locations.
[0020] The distance between the first surface of the article and the nominal axis may be determined by transmitting
an ultrasonic wave to the first surface and detecting a reflected ultrasonic wave, and may be determined by comparing
a reflected wave from a first measurement location to a reflected wave from a second measurement location.
[0021] The measurement locations and / or the inspection locations may be located at predetermined positions on a
1 dimensional or 2 dimensional array corresponding to the first surface of the first article.
[0022] The step of identifying one or both of the first and second signature signals from the first and second normalised
transmitted waveforms may comprise comparing the respective normalised transmitted waveforms from a plurality of
inspection locations within the array, and identifying the location of a common signal in the plurality of waveforms. The
common signal may be identified by averaging the waveforms from the plurality of inspection locations and identifying
a region or point of the waveform which has an energy greater than a threshold value or is at a maximum.
[0023] Since the waveforms from different locations are normalised to the nominal axis, the signature signal can be
expected to be located at the same depth (i.e. at the same region of the waveform) at each normalised inspection
location, i.e. at the same temporal location in each waveform. On the other hand, the depth (and so time within the
waveform) of the noise would be expected to have a random distribution within the waveform. Consequently, by averaging
the normalised waveforms at different locations, the noise will be cancelled, and the signal will be substantially unaltered,
and can therefore be identified from the noise.
[0024] The step of identifying one or both of the first and second signature signals from the normalised transmitted
waveforms may further comprise defining an extraction function comprising a time region of the respective waveforms
centered on the location of the common signal. The extraction function may have an extent approximately equal to or
less than the ’packet’ or pulse duration of the transmitted ultrasonic wave. The first and second signature signals may
comprise the portion of the respective waveforms located within the extraction function.
[0025] By using an extraction function having an extent less than the packet or pulse duration of the ultrasonic wave,
the analysis of the signal can be performed only on the part of the normalised transmitted waveforms having the most
energy, thereby resulting in greater accuracy of the location of the bond region.
[0026] The method may further comprise determining a phase spectrum of each signature signal at each inspection
location. The step of determining a phase spectrum of each signature signal at each inspection location may comprise
performing a Fourier analysis on the respective signature signal, such as a fast Fourier transform, to define a transformed
signal having real and imaginary components. The method may further comprise determining the phase between the
real and imaginary components of the transformed signal to provide the phase spectrum of each signature signal.
[0027] The method may further comprise determining a true phase angle Φ of each phase spectrum. The true phase
angle Φ may be determined by identifying a linear region of the phase spectrum of the respective signature signal around
a transducer centre frequency, and extrapolating this to the zero-frequency axis, as described in Instanes, G., A., Toppe,
M., Nagy, P. (2009) Constant Group Velocity Ultrasonic Guided Wave Inspection for Corrosion and Erosion Monitoring
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in Pipes. Review of Progress in Quantitative Nondestructive Evaluation, 28, 1386-1393, incorporated herein by reference.
[0028] The method may further comprise identifying an extraction point within the signature signal having a minimum
phase derivative, i.e. the location at which the derivative of the true phase Φ of the respective signature signal with
respect to frequency is a minimum. By identifying the portion of the signal having a minimum phase derivative within the
phase spectrum, a unique frequency-selected portion of the signal can be identified for each inspection location. The
phase of the signal from the bond region or the back portion of the article can thereby be computed more accurately
compared to prior methods. For example, it is thought that the signal phase can be obtained with at least a factor of
three less error, or possibly up to an order of magnitude less error compared to the method disclosed in Milne et al. The
normalisation of the waveform permits sufficient accuracy to allow an extraction function shorter than the ’packet’ or
pulse duration to be used, and in turn allows (via phase derivative minimisation) properties within the bond signal to be
identified to a significantly greater accuracy , thereby increasing the accuracy of the inspection substantially.
[0029] The method may comprise storing the true phase angle of the first signature signal at the extraction point in a
reference array, and storing the true phase angle of the respective second signature signal at the extraction point in a
diffusion bond array. The step of comparing the first and second signature signals may comprise subtracting the diffusion
bond array from the reference array to provide a subtracted array.
[0030] The true phases stored in the subtracted array may be used to determine an interfacial stiffness of the bond
interface region. By determining the interfacial stiffnesses of the bond interface region subsequent to the bonding step,
the quality of the bond can be determined, since, in general, it has been found that bond interface regions having a
relatively high interfacial stiffness indicate a good quality bond, free of bond defects.
[0031] The interfacial stiffness of each inspection location in the bond interface region may be determined according
to the following equation: 

where κ denotes the interfacial stiffness, ω denotes the centre frequency of the transmitted ultrasonic wave, η denotes
the relative acoustic impedance mismatch (Z2-Z1)/(Z2+Z1), and Φ denotes the true phase stored in the subtracted array.

Brief Description of the Drawing

[0032]

Figure 1 shows a cross sectional view through an article comprising an anisotropic material;

Figure 2 shows a perspective view of a diffusion bonded bladed disc for a gas turbine engine;

Figures 3a, 4a and 5c show results from prior two sided inspections of the article of

Figure 1;

Figures 3b, 4b and 5c show results from an inspection according to the method of the present invention;

Figure 6 shows a diagrammatic representation of a two sided inspection method;

Figures 7a and 7b show a diagrammatic representation of a first step and a second step respectively of a single
sided inspection method;

Figure 8a shows an ultrasonic scan through a cross section of an article first article;

Figure 8b shows an a normalised ultrasonic scan through a cross section of an article;

Figures 9a and 9b show ultrasonic waveform energy in ungated and normalised conditions respectively; and

Figures 10a and 10b show an ultrasonic waveform with an extraction function shorter than the ’packet’ or pulse
duration and a conventional extraction function respectively.
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Detailed Description

[0033] Fig. 2 shows an article 10 in the form of a compressor bling for a gas turbine engine. The bling comprises a
plurality of blades 18 joined to a ring 19 by a solid-state bonding process such as linear friction welding at a bond interface
region 12. Linear friction welding is a known solid state method, in which articles such as a blade 18 and ring 19 are
displaced relatively to one another, thereby generating heat, such that the materials at the interface between the articles
diffuse into one another. Another suitable method of solid state bonding comprises diffusion welding, in which high
pressure and temperatures are applied to the articles to be bonded such that the atoms of the articles diffuse into one
another. Still further solid state bonding techniques are also known to the skilled person, such as electromagnetic pulse
welding.
[0034] Both the blade 18 and the ring 19 of the article 10 comprise an anisotropic metallic material such as Ti-6Al-4V
alloy. In the example shown in Fig. 1, the bling 10 may further comprise a metal matrix composite component 11, which
is bonded to the ring 19 by a further solid-state bonding process.
[0035] Fig. 1 shows the bond interface region 12 in more detail. As can be seen, in this case, the article 10 is formed
of a plurality of crystals. The darkness of each crystal represents the crystallographic orientation of the respective crystal.
Due to the change in crystallographic orientation at the bond interface, traditional amplitude based inspections of the
article 10 will result in large amplitude readings at the bond interface region 12, regardless of whether the bond interface
region comprises defects, or is substantially free of defects.
[0036] Referring to Figs. 7a and 7b, in a first embodiment, the article 10 is inspected to characterise the quality (i.e.
the presence or absence of bond defects) of the bond interface region 12 according to the following method.
[0037] In a first step, prior to bonding of the components (such as component 18) of the article 10, one of the components
of the article 10 (e.g. the blade 18 or the disk 19) is immersed into a liquid bath, such as a water bath 20.
[0038] An ultrasonic transducer 22 is placed in the water bath 20 adjacent or in contact with a first surface 24 of the
component 18 at a first measurement location MA1,1 along the first surface 24. A first ultrasonic wave WA1,1 is transmitted
into the component 18 in a direction generally normal to the first surface 24, toward a generally opposite second surface
26. The first ultrasonic wave WA1,1 has a frequency suitable for ultrasonic inspection of the material of the component.
In one example, the ultrasonic wave has a centre frequency of approximately 10 MHz where the component comprises
titanium alloy. Relatively broadband transducers are preferable, which produce a range of frequencies such as 2 to 30
MHz. The component 18 and transducer 22 are arranged within the water bath 20 such that the second surface 26
corresponds to the bonding region 12 when the components 18, 19 are bonded.
[0039] Part of the wave WA1,1 is reflected by the first surface 24. The reflected wave from the first surface 24 is
recorded by in computer memory (not shown) electrically connected to the transducer 22.
[0040] Once the reflected ultrasonic wave WA1,1 has been recorded, the transducer is moved along a nominal axis
X of the transducer arrangement to a second measurement location MA2,1 as shown in Fig. 7a. A second ultrasonic
wave WA2,1 is then transmitted through the component 18, and is reflected off the first surface 24 at the second
measurement location MA2,1. The reflected waveform is recorded in memory. A third ultrasonic wave WA3,1 is then
transmitted through the component 18 at a third measurement location MA3,1. Further waves WAx,1 may also be taken
at further measurement locations MAx,1 along the surface 24 of the component 18.
[0041] Further ultrasonic waves WAx,y may be transmitted through the component 18 at measurement locations
MAx,y at distances along a nominal axis Y normal to the nominal axis X and substantially parallel to the first surface 24,
as shown in Fig. 7a. The data from the reflected ultrasonic waves WAx,y, are stored in a reflected wave array in computer
memory.
[0042] The reflected waves WAx,y from the first surface 24 at each measurement location MAx,y are used to determine
the distance of the first surface 24 from the nominal axes X,Y normal to the nominal axes X,Y at each measurement
location MAx,y. This is achieved by comparing the reflected waves from the first surface 24 at each measurement location
MAx,y, and using a cross-correlation algorithm to find the depth within the waveform at which a first surface reflection
signal SA1 from the reflected waveform from each location MAx,y is received by the transducer 22. The distance of the
first surface 24 at each measurement location MAx,y can thereby be calculated from this time, by dividing the known
speed of the waves in the component 18 by the time at each location MAx,y.
[0043] The distances are then used to form a model of the first surface 24 for the X and Y axes. For example, for a
curved surface in the axis X, the model could comprise a quadratic equation in the form: 

[0044] Where x represents the distance of the transducer 22 along the nominal axis X, y represents the distance
between the first surface 24 of the component 18 and the nominal axis X at distance x, and a, b and c are constants
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derived from the measured distances at the locations MAx,y. The constants a, b and c may be derived by a curve fitting
algorithm. An equivalent function is used for the Y axis. For components having more complex surface shapes, a different
model may be used to describe the first surface 24.
[0045] Part of the ultrasonic waves WAx,y transmitted by the transducer 22 at each measurement location MAx,y
penetrates the first surface 24 of the component 18, is transmitted therethrough, and reaches the second surface 26.
At least a part of the transmitted wave WAx,y is then reflected due to the difference in acoustic impedance between the
component 18 and the water in the water bath 20. The reflected transmitted wave WAx,y then travels through the
component 18 again, exits the first surface 24, and is detected by the transducer 22. The reflected transmitted wave
therefore contains a first signature signal in the form of a second surface reflection signal SA2. The reflected wave WAx,y
is recorded by the computer in the same array as the previous data, such that a continuous waveform WAx,y is recorded
for each measurement location, which includes both the reflected first surface signal SA1 and a reflected second surface
signal SA2, as well as further signals within the waveform WA, which can be regarded as "noise". Further ultrasonic
waves WAx,y may be transmitted at inspection locations between the measurement locations, and the transmitted
waveform stored in the same array (WAx,y, f(t)). However, at this stage, it is difficult to accurately identify the location
of the second surface signal SA2 from within the waveform WA, since the signal SA2 is relatively weak compared to the
other signals, i.e. the "signal to noise ratio" of SA2 is relatively low.
[0046] In order to identify the second surface signal SA2, the waveform for each location WAx,y in the array is then
normalised to the nominal axes X,Y. The waveform is normalised by inputting the distance along the nominal axes for
each location in the array, and applying the model to produce a normalised waveform WAf(x,y). Figs. 8a and 8b respec-
tively show the waveform before and after the normalisation. In other words, the data in the array is shifted by the distance
between the surface and the nominal axis for each location in the array as determined by the model, such that the signal
SA2 will be located at the same depth within the normalised waveform at each inspection location.
[0047] The second signal SA2 is then identified from within the normalised waveform. Since the waveforms are nor-
malised, the second signal SA2 should be located at approximately the same depth for each inspection location. The
signal SA2 location can therefore be determined by spatially averaging the normalised waveforms, i.e. by averaging the
normalised waveforms from each inspection location. The spatial averaging results in a common signal, i.e. a distinct
peak within the normalised, averaged waveform, as shown in Fig. 9b, whereas the noise is minimised, since the noise
is randomly distributed between the different inspection locations. The approximate location of the signal SA2 can then
be determined visually by a user, or can be determined automatically, by identifying a region of the waveform having
energy greater than a predetermined threshold value, or by identifying the region of the waveform having the greatest
energy at the depth the signal SA2 is expected to arrive at. Figs. 9a and 9b compare the spatial averaging of a non-
normalised transmitted waveform, and a normalised transmitted waveform respectively. As will be appreciated, the
normalisation of the waveform results in both a more precise identification of the location of the signal SA2, and also
results in a higher peak, i.e. a greater energy, which ensures a greater signal to noise ratio, and therefore more accurate
characterisation of any bond defects.
[0048] Once the approximate location of the second surface signal SA2 within the normalised waveform WAf(x,y) at
each inspection location (i.e. the depth of the surface signal SA2 from the first surface 24 normal to the axes X, Y) is
determined as above, the signal SA2 can be analysed to determine a signature phase Φ1 of the signal SA2.
[0049] In order to determine the signature phase Φ1 of the signal SA2, an extraction function is defined, as shown in
Fig. 10a. The extraction function comprises a time region of the normalised waveform WAf(x,y) for each inspection
location centered on the location within the waveform WAf(x,y) containing the second surface signal SA2 as identified
in the previous step.
[0050] The extraction function defines the region of the waveform (also known as a "window") that is analysed to
determine the properties of the signal SA2 to thereby characterise the second surface 26 of the component 18. Referring
to Fig. 10a, the extraction function has a width less than the duration of the ’packet’ or pulse of the transmitted ultrasonic
wave, i.e. in the present invention the window has a duration equal to one cycle of the interrogating ultrasound (for a 10
MHz wave, 1 cycle =1/10 MHz = 0.1 ms), and is centered on the location of the common signal. The part of the waveform
located within the extraction function is taken to be the first signature signal SA2. In comparison, Fig. 10b shows a typical
extraction function for a prior inspection method. As can be seen, the prior extraction function has a greater "width", i.e.
a greater portion of the waveform is examined to characterise the second surface 26 of the component. Since the location
of the first signature signal SA2 can be identified more accurately in the method described herein, the extraction function
can be narrower, and it has been found that by having an extraction function width less than the duration of the packet
of the transmitted ultrasonic wave, the first signature signal SA2 can be analysed with a high degree of accuracy.
[0051] Once the extraction function has been defined, a Fourier transform is applied to the waveform within the window,
which provides magnitude H(ω) and phase ϕ(ω) spectra for each inspection location MAx,y.
[0052] The magnitude H(ω) can be determined according to the following equation: 
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[0053] Where t and ω denote time and angular frequency of the transducer wave respectively. The phase spectra for
each inspection location can be determined according to the following equation: 

[0054] Where sp denotes the phase slowness and z denotes the propagation distance through the component 18.
[0055] The "true phase" angle Φ is then calculated from each phase spectrum for each inspection location. The true
phase angle Φ is determined by identifying a linear region of the phase spectrum of the respective signature signal
around a transducer centre frequency, and extrapolating this to the zero-frequency axis, as described in Instanes, G.,
A., Toppe, M., Nagy, P. (2009) "Constant Group Velocity Ultrasonic Guided Wave Inspection for Corrosion and Erosion
Monitoring in Pipes" published in Review of Progress in Quantitative Nondestructive Evaluation, 28, 1386-1393, incor-
porated herein by reference.
[0056] An extraction point within the signal SA2 is then calculated by determining a location of the signal (i.e. a depth)
having a minimum true phase angle derivative, i.e. the location at which the derivative of the true phase Φ of the respective
signature signal with respect to frequency is a minimum. This has been found to be the location within the signature
signal SA2 at which the energy of the signature signal SA2 is greatest, and the signal to noise ratio should therefore
also be greatest. This greatly increases the accuracy of the determination of the signature phase of the first signature
signal SA2. The phase of the signal SA2 at the location having a minimum phase derivative represents the signature
phase Φ1 of the second surface 26.
[0057] Once the signature phase Φ1 of the second surface 26 of the first component 18 has been identified, the first
component 18 is then bonded to the second component 19 by a bonding process which bonds the second surface 26
of the first component 18 to a first surface 28 of the second component 19 to form the article 10, as shown in Fig. 7b.
In one example, the bonding process comprises a diffusion bonding process, such as a hot isostatic pressing (HIP)
operation. Other types of bonding processes and in particular solid-state bonding processes can be employed. Once
the article 10 is formed, the second surface 26 of the second component 19 and the first surface 24 of the first component
18 form a bond interface region 12. The bond interface region 12 may comprise defects, which can be detected by the
method of the present invention.
[0058] Once the first and second components 18, 19 are bonded to form the article 10, a second ultrasonic wave WB
is transmitted from the transducer 20 from the first surface 24 of the first article 18 through the bond interface region 12
using the same frequency as the first wave WA. A portion of the ultrasonic wave WB is reflected by the first surface 24.
A further portion of the ultrasonic wave WB is transmitted through the first surface 24 and passes through the bond
region 12, where it is in turn partially reflected back towards the transducer by the bond interface region 12 as shown
in Fig. 7b.
[0059] The transducer 22 is again scanned along the X and Y axes, and records the reflected transmitted waveform
WBx,y from a plurality of inspection locations forming a second array. The wave WB is again normalised using the
mathematical model of the first surface 24 of the first component 18 to produce a normalised reflected wave WB. The
normalised reflected wave WB is thereby aligned to the normalised transmitted wave WA for each inspection location,
since both waves WA, WB are normalised to the same nominal axes X, Y. The wave WB comprises a surface reflection
signal SB1 from the first surface 24 of the first component 18, and a second signature signal in the form of a bond signal
SB2 from the bond interface region 12.
[0060] The bond signal SB2 is then identified from within the normalised waveform WB. The location of the bond signal
SB2 is again determined by spatially averaging the normalised waveforms W2 for each inspection location, and deter-
mining the location of the waveform having a greater value than a predetermined amplitude threshold value or by seeking
the maximum energy point away from that of the first surface reflection SB1.
[0061] A signature phase Φ2 of the signal SB2 is then identified in a similar manner to that used to determine the
signature phase Φ1 of the signal SA2. The signature phased Φ2 for each inspection position is stored in a second
signature phase array.
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[0062] The signature phases Φ1 and Φ2 for each corresponding position in the arrays are then subtracted from one
another for each inspection location to generate a subtracted phase Φ3. The subtract phase Φ3 for each inspection
location is stored in an array, and can be used to determine the interfacial stiffness κ of the bond region 12. The normalised
phase Φ3 is used to estimate the interfacial stiffness κ using the following equation: 

[0063] Where ω represents the frequency of the ultrasonic waves W1 and W2, Z is the acoustic impedance of the
bonded media, and η is the relative acoustic impedance mismatch of the material of the article 10.
[0064] The interfacial stiffness κ for each inspection location is then stored in an interfacial stiffness array. The quality
of the bond region 12 can be assessed using the data stored in the interfacial stiffness array. In general, a lower interfacial
stiffness indicates a lower quality bond at the bond interface region 12, while a higher interfacial stiffness indicates a
relatively high quality bond. Figs. 4a, and 4b show interfacial stiffness maps of a first and second articles 10a, 10b
obtained using the above described method, which diagrammatically represent the data stored within the interfacial
stiffness array obtained for each article. A darker colour represents a higher interfacial stiffness. As can be clearly seen,
the interfacial stiffness of articles 10a and 10c are considerably lower than the interfacial stiffness of article 10b. It can
therefore be deduced that the quality of the bond of articles 10a and 10c are much lower than that of either of article
10b. Crucially, this is not apparent from conventional ultrasonic inspections (see images Figs. 3a, 4a and 5a). The quality
of the bonds of articles 10a and 10b have been corroborated experimentally, and have been found to have been consistent
with the results from interfacial stiffness tests conducted according to the described method.
[0065] The invention therefore provides an ultrasonic inspection method that can identify defects in articles more
accurately than prior methods. Furthermore, in some embodiments, the method can be used where access is only
available from one side of the article. However, the invention is also applicable to two-sided inspections, which results
in a more accurate assessment of the bond.
[0066] While the invention has been described in conjunction with the exemplary embodiments described above, many
equivalent modifications and variations will be apparent to those skilled in the art when given this disclosure. For example,
the first and second ultrasonic waves may be transmitted through the component after the component is bonded, from
opposite sides. Accordingly, the exemplary embodiments of the invention set forth above are considered to be illustrative
and not limiting. Various changes to the described embodiments may be made without departing from the spirit and
scope of the invention.

Claims

1. An ultrasonic inspection method for inspecting a first article, the method comprising, in a first inspection process:

determining the distance between a first surface of the first article and a nominal axis of a transducer arrangement
at three or more measurement locations along the axis of the surface;
using the determined distances to produce a mathematical model of the surface of the first article;
using the transducer arrangement to transmit a first ultrasonic wave from a first side of the first article through
the first surface of the first article at a plurality of inspection locations along the nominal axis, and receiving a
first transmitted waveform which has passed through the first surface;
using the model to normalise each first transmitted waveform at each inspection location to the nominal axis; and
identifying the location of a first signature signal from the first normalised transmitted waveform at each inspection
location.

2. A method according to claim 1, wherein the first article comprises a bond surface disposed on a generally opposite
side to the first surface, and wherein the first signature signal comprises a back reflection signal originating from
the bond surface.

3. A method according to claim 2, wherein the method comprises a bonding step subsequent to the first inspection
process, the bonding step comprising bonding the bond surface of the first article to a second article having a first
surface and a bond surface by a bonding process, such that a bond is provided at the respective bond surfaces of
the first and second articles.
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4. A method according to claim 3, wherein the method comprises a second inspection process subsequent to the
bonding step, the second inspection process comprising:

using the transducer arrangement to transmit an second ultrasonic wave through the first surface of the first
article at each of the inspection locations along the first surface of the first article, and receiving a second
transmitted waveform which has passed through the bond surface of the first article; using the model to normalise
each second transmitted waveform at each inspection location to the nominal axis;
identifying the location of a second signature signal from the second normalised transmitted waveform at each
inspection location; and
comparing the first signature signal to the second signature signal to characterise the bond interface region.

5. A method according to claim 4, wherein the comparison of the first signal to the second signal comprises determining
an interfacial stiffness of the respective bond surfaces.

6. A method according to any of the preceding claims, wherein the model of the surface of the first or second article
comprises a polynomial equation of the form y=ax2+ bx+c, where x represents the distance along the nominal axis,
y represents the distance between the first surface of the article and the nominal axis at location x, and a, b and c
are constants.

7. A method according to any of the preceding claims, wherein the distance between the surface of the article and the
nominal axis is determined by transmitting an ultrasonic wave through the first surface and detecting a reflected
ultrasonic wave from the first surface.

8. A method according to any of the preceding claims, wherein the measurement locations and / or the inspection
locations are located at predetermined positions on a 1 dimensional or 2 dimensional array corresponding to the
first surface of the first article.

9. A method according to claim 8, wherein the step of identifying one or both of the first and second signature signals
from the respective normalised transmitted waveforms comprises comparing the normalised transmitted waveform
from a plurality of inspection locations within the array, and identifying the location of a common signal in the
waveforms.

10. A method according to claim 9, wherein the location of the common signal is identified by averaging the waveforms
from a plurality of inspection locations and identifying a region or point of the signal in which the waveform has an
energy greater than a threshold value or is at a maximum.

11. A method according to claim 10, wherein the step of identifying a signature signal from the normalised transmitted
waveforms comprises defining an extraction function comprising a region of the respective waveform centred on
the location of the common signal.

12. A method according to claim 11, wherein the extraction function has an extent approximately equal to or less than
the cycle duration of the transmitted ultrasonic wave.

13. A method according to any of the preceding claims, wherein the method further comprises determining a phase
spectrum of the respective signature signals, which may comprise performing a Fourier analysis on the signal to
provide a transformed signal, and determining a phase between real and imaginary components of the transformed
signal, and may comprise determining a true phase angle Φ of each phase spectrum.

14. A method according to claim 13, wherein the method comprises identifying an extraction point within the signature
signal having a minimum phase derivative, and storing the true phase angle of the first signature signal at the
extraction point in a reference array, and storing the true phase angle of the respective second signature signal at
the extraction point in a diffusion bond array.

15. A method according to claim 14 when dependent on claim 4, wherein the step of comparing the first and second
signature signals comprises subtracting the diffusion bond array from the reference array to provide a subtracted
array, and determining an interfacial stiffness for each inspection location from the subtracted array.
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