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Abstract

The development of cost effective and reliable bonded structures ideally re-
quires an NDT method to detect the presence of poor quality, weak bonds
or kissing bonds. If these bonds are more compliant in tension than in com-
pression stress-strain nonlinearities provide a possible route to detection with
the use of nonlinear ultrasonic techniques. This paper focuses on the kissing
bond case and the resulting contact acoustic nonlinearity of the interface.
A kissing bond is created by compression loading of two aluminium blocks.
Non-collinear mixing of two shear waves producing a sum frequency longitu-
dinal wave is the method of stimulation of contact acoustic nonlinearity in
this research. The parametric space of the nonlinear mixing is measured in
terms of interaction angle of the input beams and the ratio of their frequen-
cies creating a ‘fingerprint’ of the sample’s bulk and interface properties in
the region where the beams overlap. The scattering fingerprint of a classically
nonlinear solid is modelled analytically and a kissing interface is modelled nu-
merically; these results are compared with experimentally measured values.
The experimental interface is tested with varied interfacial loading, resulting

in an increase in scattering amplitude as load is increased. Secondary peaks
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in the parameter space also appeared as loading increased, as well as other
changes in the fingerprint pattern.
Keywords: Ultrasonic, kissing bond, NDT, NDE, nonlinear, non-collinear,

CAN

1. Introduction

Kissing bonds, two surfaces in intimate contact but not bonded together,
can be difficult to detect with the non-destructive testing (NDT) techniques
that are standard in industry today (1; 2). For this reason, some structures
are over-engineered to allow for the safe failure of an adhesive joint; ‘chicken
rivets’ in aeronautical structures are an example of this. Kissing bonds are
hard to detect with conventional ultrasound techniques because the kissing
interface has a transmission coefficient very similar to the properly bonded
case. This is particularly true when the interface is under compressive load.
If enough acoustic stress can be applied to the interface the kissing bond will
open during the tensile part of the wave. This opening and closing of the
interface causes contact acoustic nonlinearity (CAN), clipping parts of the
waveforms and transferring energy into other harmonics (3; 4). The research
presented here aims to investigate this CAN behaviour in order to create a
method for reliable, spatially sensitive, detection of kissing bonds.

There are many possible ways to detect the acoustic nonlinearity of a
kissing bond. Measuring the change in transmission/reflection of the funda-
mental frequency is the simplest but it is insensitive due to the small changes
involved (4; 5). Detecting the harmonics produced is more sensitive (1) but

the harmonics often have other potential sources such as the amplifiers, trans-
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ducers, couplant or the bulk materials themselves (6; 7). To overcome these
problems a more advanced technique is required such as non-collinear mix-
ing, pioneered by Jones and Kobett, and Rollins (8; 9; 10) in the 1960s. In
non-collinear mixing two beams follow different paths that overlap in an area
of interest. In this overlap region nonlinearities can cause the two waves to
interact with each other producing a new one. The scattered beam travels
in a different direction from the input beams separating its signal from the
system harmonics present in the input beams that might otherwise obscure
it. This creates a method which is spatially selective and when combined
with filtration techniques makes it highly sensitive.

One of the conditions that must be met for bulk nonlinear mixing to occur
is that the geometry of the input beams’ interference pattern is such that
the spacing of the antinodes is the same as the wavelength corresponding to
the sum or difference of the input frequencies. The two key parameters that
control the geometry of the interference pattern are the angle at which the
two beams overlap (referred to as interaction angle) and the ratio of their
frequencies. The optimal conditions were defined as ‘resonant conditions’ in
(8).

Within the volume of interaction there are two main sources of nonlinear-
ity; the classical nonlinearity of the solids (11), corresponding to the intrinsic
bulk nonlinearity, which allows for the mixing of the two input beams as de-
scribed by (8; 9), and the CAN. CAN generates a signal from the kissing bond
in the non-collinear case by the combined acoustic forces of the two input
waves opening, closing, or unloading the interface enough to allow them to

slip when it would be in a different state if only a single wave were applied.
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This modulation generates harmonics in a similar way to the single beam
case. These perturbations effectively create an array of acoustic sources on
the interface which together produce plane waves. Another difference be-
tween bulk and CAN mixing is that the latter produces scattered beams in
both directions from the interface (12; 13). This can be thought of as being
caused by the reflection from the interface when the two overlapping waves
open it when it would be closed in the single beam case. This effect was not
exploited in the following research due to difficulties in positioning an ar-
ray between the input transducers but the results from transmission testing
should be informative of likely reflective behaviour which would be useful for
developing a one-sided NDT inspection tool.

Non-collinear mixing has been used to investigate the state of many differ-
ent materials including; physical ageing of thermoplastics (14), epoxy curing
(14), fatigue in aluminium (15), and oxidative aging of asphalt (16). Research
into the behaviour of kissing bonds with non-collinear ultrasonic mixing is
limited. Demcenko et al. conducted testing on PVC plates (17), and there
has been modelling conducted by Blanloeuil et al. (13), and Zhang et al.
(18). The modelling by Zhang et al. focuses on an infinite interface with
nonlinear stiffness terms in one case, and a thin region region of hyperelastic
solid in another case. These differ from the work presented here as their in-
terfaces never open but the results are similar in many ways. In Demcenko’s
work the interaction between shear and longitudinal beams overlapping at a
kissing bond at fixed angles is investigated. If the interface is defined as the
x-z plane then the input beams were tested with interaction planes of x-z and

y-z. When operating in the y-z plane the beams approached the interface
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from opposite sides. The study showed that the interface led to a reduction
in nonlinear wave signal in both interaction planes. In the work presented
here the input beams are in the y-z plane but both approach the interface
from the same side.

Current methods consider the response for single values of interaction
angle, ¢, and frequency ratio, a, usually selected to satisfy the resonance cri-
teria. The scattered wave amplitude however may be evaluated for a range of
these parameter values, producing a surface within the a-¢ parameter space.
There is more information about the material contained within the full pa-
rameter space than can be recovered from a single experimental operating
point. For classical nonlinearity, this parameter space has a characteristic
shape, governed by the resonant phasing-matching condition. It has previ-
ously been observed by Blanloeuil et al. (13) in a numerical study that pro-
duction of a sum-frequency wave from shear-shear mixing is also predicted
by a contact-acoustic nonlinearity.

The hypothesis examined in this work is that CAN will produce a re-
sponse within the wave mixing parameter space that is characteristically
different from that produced by classical nonlinear terms and that, conse-
quently, analysis of the full parameter space allows the underlying nonlinear
mechanics to be identified in addition to the magnitude of nonlinearity. Fur-
ther, by evaluating elastic nonlinearity using the shape of this surface, the
measurements become much less sensitive to incident wave amplitude. This
offers the potential for more experimentally robust nonlinear measurements.
Herein the shape of the parameter-space response shall be referred to as the

‘fingerprint’ of the nonlinear interaction.
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This study first identifies, through numerical modelling, the expected
fingerprints for the shear-shear to longitudinal interaction for the cases of
classical and contact-acoustic nonlinearity. An experimental program is then
undertaken to acquire fingerprints for wave interactions within both bulk
material and at an interface. Good agreement is found between theoretical
and experimental fingerprints. The fingerprints of the classical and contact-
acoustic interactions are found to be characteristically different in shape,
supporting the hypothesis that the fingerprint is a useful tool for the detection

of kissing bonds and, more generally, the characterisation of nonlinearity.

2. Experimental Method

To investigate the parameter space efficiently a computer-controlled, mo-
torised rig was developed. The angle of each transducer is independently set,
their lateral separation can also be controlled, allowing a constant interac-
tion depth to be maintained with varying interaction angle. This is shown
schematically in Figure 1 (a). The sample was mounted below the trans-
ducers, with an ultrasonic phased array below it in contact with its bottom
surface. An array was used because as the frequency ratio is changed so is
the scattering angle of the produced beam. The scattering angle for bulk
mixing can be predicted by using the relevant equation from Table 1 of (8).
The 40 mm length of the array was enough to capture the signal of interest
in nearly all cases within the desired parameter space. The assembly was
placed in a water tank, submerging the input transducers, sample, and ar-
ray to minimise the coupling variation. The temperature of the water was

controlled with 0.1°C precision to maintain a constant speed of sound in wa-
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Figure 1: (a) General interaction geometry of non-collinear mixing, ¢ is the interaction
angle and 6 is the scattering angle. (b) Photograph of bolted aluminium sample used to
simulate a kissing bond. There is sealant around the loaded interface to prevent the ingress
of water. (c) Scale diagram of the experimental layout, showing simplified ultrasonic beam

paths and wave types. The test is conducted in immersion.
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ter, ensuring reliable refraction angles into the sample. The input pulses were
generated using Agilent 33250A arbitrary waveform generators and amplified
with Amplifier Research 75A250A /100A400 amplifiers. The input transduc-
ers were Olympus V551-SM’s which have an active diameter of 10 mm, a
peak frequency of 4.7 MHz, and a -6 dB bandwidth of 3.4 MHz. In the
testing one transducer was always used at 5 MHz, and the other was varied
between 3 MHz and 7.5 MHz. This results in the frequency ratio being cou-
pled with the average input frequency which could have an additional impact
on the measured fingerprints. In future work it might be better to avoid this
coupling by changing both the input frequencies in order to keep a constant
output. To detect the nonlinear signal an Imasonic 10 MHz linear array with
a -6 dB bandwidth of 9 MHz was used. This array had 128 elements at a
pitch of 0.3 mm, and was used in conjunction with a MicroPulseFMC array
controller. These wide bandwidth transducers allowed frequency ratios be-
tween 0.6 and 1.5 to be tested with enough sensitivity to detect scattering
even at the extremes.

Absolute interaction angle accuracy is approximately +2°. Most of this
error is systematic, the random error has a standard deviation of only 0.2°.
This means that very similar parameter spaces are sampled every time, giving
reliable comparison between fingerprints, but single points in the space may
have up to 2° error in absolute terms.

The samples discussed in this report were both 2024 T351 aluminium
blocks with outer dimensions of 120 x 80 x 60 mm. A solid block was used as
a reference and another block cut into two halves and compressively loaded

together with bolts to simulate a kissing bond. The reference block allows
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measurements of just the bulk nonlinear behaviour. The interface testing
was conducted with the contacting surfaces finely ground using P1000 grit
wet and dry paper (18 micron average particle size). Different results would
be expected with different surface finishes due to changes in the fraction of
the surfaces in contact and the range of angles at which they meet, although
this is not tested in this work. The torque on the bolts of the two-part block
was varied, using a torque wrench, altering the loading on the interface, see
Figure 1 (b). The use of bolts along the sides allows unobstructed ultrasonic
access to a large section of the block, this gives greater flexibility in the
measurements that can be made when compared to the conventional universal
testing machine method of loading. The main negative of the technique
was the random error in loading magnitude due to the unreliable frictional
behaviour of the nuts/bolts and the systematic error due to the difficulty
in directly measuring the applied load. Another limitation was the loading
range due to the 5 to 50 Nm torque range. Lower torques than this were very
inaccurate due to frictional effects, and larger torques would be hard to apply
manually. The interface sample was sealed with silicone to prevent water
ingress when immersed. FE modelling, in Abaqus, was conducted to verify
that the dimensions of the blocks and bolts should give an even interface
loading along the centre. This modelling predicted that a torque of 5 Nm
should produce a compressive load of 2 MPa in the region of inspection,
however due to the experimental samples not being perfectly flat there is
likely to be some error in this.

It should be noted that the approximation of a kissing bond by the com-

pressive loading of the two plates is not intended to produce an interface
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that is undetectable to conventional linear methods. The focus here is on
measuring the CAN mixing behaviour in a simplified scenario so that the
knowledge can then be applied to the detection of more realistic invisible
kissing bonds in later research.

There are many modes of non-collinear mixing possible (8), investigated
in this work is the interaction of two shear waves producing a longitudinal
wave at the sum of the two incident frequencies. This mode was used mainly
due to the simplicity of producing exclusively shear waves over a wide range
of angles, and because it allows for the generation of mixing from both the
bulk nonlinearities and CAN which enables the bulk signal to be used as a
reference for the CAN signal amplitude. If the aim of the experiment were
to avoid the production of bulk scattering and only produce CAN scattering
a different interaction mode, such as the mixing of two longitudinal waves,
would be preferred. 20-cycle Hann-windowed pulses were used for both input
transducers. These long pulses create a narrow frequency bandwidth which
makes the experiment more sensitive to frequency ratio and improves the fil-
tering of the output signal because the energy is within a smaller frequency
window. The Hann window is used to reduce frequency sidebands. For each
combination of interaction angle and frequency ratio three measurements
were taken; signal with both transducers emitting, signal with just the left
transducer, and signal with just the right. The signals received from the
left and right were subtracted from the case where both were emitting si-
multaneously (Figure 2 shows examples of the time data at various points of
acquisition and processing). In plots a, b, and ¢ of Figure 2 the side lobes of

the input pulses dominate but after subtraction, shown in plot d, the scat-
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Figure 2: Time data captured by the array shown at various stages of processing. Array
element position is on the x-axis and time in seconds on the y-axis. Note the differing
colour scales. The data was collected for a frequency ratio of 0.8 and an interaction angle
of 120° in solid aluminium. (a) The raw signal received when the left transducer is fired at
w1 (5 MHz), (c) is the right at ws (4 MHz) and (b) is both at their respective frequencies.
The result of subtracting left and right from both is displayed in (d). (e) The subtracted
signal after filtration at the mixing frequency wy +ws (9 MHz). The envelope of the signal

is shown in (f).

Pulse inversion is a commonly used technique in nonlinear ultrasonics
(19; 20; 21) as it can be used to remove either the even or odd harmonics
from the signal. However, it is less useful in sum-frequency non-collinear
mixing since the signal of interest is at a similar frequency to the second

harmonic of the input beams when the frequency ratio is close to one. In
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non-collinear mixing the second harmonic component of the input beams’
side lobes is commonly the largest source of unwanted signal that remains
after processing in the way detailed in the previous paragraph. Conventional
pulse inversion is not able to remove these side lobes while enhancing the sum-
frequency scattered wave. There is a more advanced form of pulse inversion
where all combinations of inversions of the input pulse are applied, requiring
a total of four firings (22). This method was not used in the experimentation
presented here but it looks very promising for future work.

A window of the data in time and space was selected based upon the
predicted time of arrival and angle of scattering, as stated in (8). This window
removed most of the unwanted signal from the sidelobes of the input beams
that normally arrived later than the signal of interest. Focusing on reception
was then performed to enhance the measurement of the wave scattered by the
interface. To do so a delay is applied to each element’s response, depending
on the position of the element within the array and its location with respect
to the interaction volume. The remaining signal was then summed element-
wise to complete the focusing operation. Finally, the Hilbert transform was
used to acquire the envelope of the signal and the peak value of this was
recorded. This value is used as the metric of scattering and referred to in
later figures as ‘peak scattering amplitude’. By recording this scattering
value for the range of input parameters a ‘fingerprint’ can be made. These

steps are shown as a flowchart in Figure 3.
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Figure 3: The steps involved in the processing the three captured time signals into the
value used for one point in the fingerprint. The steps are described in detail in the main

text.

3. Modelling

A program of numerical modelling was undertaken in order to determine
the independent contribution of both the classical and contact acoustic non-
linearity on the wave mixing parameter space. The modelling is also useful
to inform which areas of the parameter space are likely to be of interest so
that the experiment can be designed to include these ranges.

Knowledge of the experimental geometry, apparatus, and processing tech-
niques is used in the production of models that more accurately relate to the
experimental measurements. Many factors such as transducer bandwidth,
mode conversion at the water-aluminium interface, and interaction volume
have significant impacts on the resulting fingerprints so are included in the

following results.

3.1. Classical nonlinear solid

The classical nonlinearities of the bulk material can be modelled by the
extension of 3rd order elastic energy equations derived in (8) and (9) to

off-resonance conditions. The equation for the particle displacements of the

13



2 scattered longitudinal wave at the sum frequency of the input waves is given

22 by (8) in Equation 1.

I.7
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dmeipo Jv g C 8
1

243 Where r is position vector of the observation point relative to the centre

24 of interaction, 7 is a unit vector in the direction of r, r’ is the position vector
25 of an interaction point relative to interaction volume centre (a figure of these
25 vectors is presented in (8)), ¢ is time, ¢; is the longitudinal velocity, po is the
27 material density, V' is the interaction volume, k; and ks are the input wave
us  vectors, w; and wy are the corresponding angular frequencies, and I is an

29 interaction parameter given by the following Equation 2.

I=- %(,u + %A) [ (AO . Bo)(kz . kz)kl + (AO . B())(kl . kl)k2
+ (Bo - k1) (Kz - ka2)Ao + (Ag - ko) (k1 - ki)Bo
+2(Ag - ka)(Ki - ka)Bo + 2(Bo - ki) (ki - ka)Ao |

1 1 1
— §(K + 3 + ZA + B) [ (Ao - Bo)(k: - ka)ka + (Ag - Bo)(ky - ko)ky
+ (Bo - k2)(ky - k2)Ao + (Ag - k1) (ky - k2)Bo |
1.1
+ (Ao - k2)(Bo - k1)ka + (Ag - k2)(Bo - ki)ky |
1
— é(B + 20) [(AO . k1)<B0 . k2)k2 + (AO . kl)(BO . k2)k1]
(2)
250 Where K and p are the compression and shear moduli respectively, A,

1 B, and C are the third order elastic constants, and Ay and Bg are the input

14



252

253

254

255

257

258

259

260

261

262

263

264

266

267

268

269

270

271

272

273

274

wave amplitude vectors that point in the direction of polarisation. From
these equations the interaction angle that produces maximal scattering for
a given frequency ratio was derived in (8) for each interaction case. For the
interaction of two shear waves producing a sum-frequency longitudinal wave

the ‘resonance’ equation is

(3)

where ¢ is the interaction angle, ¢ is the velocity ratio between transverse

v (£ 1)

and longitudinal waves ¢;/¢;, and a is the frequency ratio w; /ws. The resonant
conditions predicted by this equation are plotted on all fingerprints in this
report for reference. This is useful for predicting the parameters that produce
maximal mixing but to predict the mixing response over the full parameter
space Equations 2 and 1 were numerically solved. This can be done for an
arbitrary interaction volume but by simplification to a cylindrical volume
with a uniform intensity profile an analytic solution can be found, increasing
the speed of the model. These assumptions limit the accuracy but provide a
way to quickly estimate classical nonlinearity’s influence on the fingerprint.

By calculating the scattering amplitude over a range of interaction an-
gles and frequency ratios the fingerprint of the classical nonlinearity can be
produced, Figure 4. For this modelling a radius of 17.5 mm was used for the
interaction volume and the properties of the aluminium were; Young’s mod-
ulus £ = 73.1 GPa, Poisson coefficient v = 0.33, density p = 2780 kg.m3,
and Murnaghan coefficient m = —397 GPa. The other third order elastic
coefficients (TOECs) are not required since they cancel out for the interac-

tion of two horizontally polarised shear waves forming a longitudinal. It was
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found that the shape of the parametric response was insensitive to changes
of about a factor of two in m so although there is significant variation in the
literature values (23; 24) a similar fingerprint would be expected from most
aluminium samples. The model was run with the frequency of one of the
input beams fixed at 5 MHz.

Correction factors were applied to the result to account for experimental
factors not within the scope of the model to allow the results to be compared
with later experimental measurements more accurately. The bandwidth of
the input transducers and detection array was modelled as Gaussian with the
values stated in Section 2. Mode conversion at the water-aluminium interface
was accounted for with the equations stated in (25). Angular sensitivity of
the experimental array due to the pitch of its elements was calculated using
the directivity function, D, and applied based upon the predicted scattering

angle

D(6) = sinc (”“ S;“ 9) (4)

where 6 is the angle to the normal of the array, a the pitch, and A the
wavelength of the scattered wave.

It can be seen in Figure 4 that the strongest mixing response is predicted
at 118° and a frequency ratio of 1.06. This is approximately the same angle
as the resonance angle given by the equation stated in (9), 120°. There
are also two secondary lobes of nonlinear scattering that can be seen at
smaller interaction angles, peaking at around 100° and 85°. The reduction
in amplitude at frequency ratios far from 1 is due mainly to the bandwidth

of the transducers, and the cut off at angles smaller than 60° is caused by
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Figure 4: Analytic modelling of parametric space of mixing in solid aluminium. Adjusted
to include experimental factors. Arbitrary colour scale indicates scattering amplitude.

White line indicates the resonant conditions.

very little production of shear waves at the water /aluminium interface below
the first critical angle. These results predict that there are multiple features
in the fingerprint within the 60° to 140° that might interfere with the CAN

signals of interest presented in the following section.

3.2. CAN finite element model

The nonlinearity of the kissing interface is very different from the classical
bulk nonlinearity, as such it is not obvious based upon previously established
theory that the interface would cause two incident shear waves to interact
to produce a scattered longitudinal wave. The modelling conducted in this
section shows that a kissing interface can cause non-collinear mixing, as oth-
ers have done previously, and it explores the parametric sensitivity of the
mixing.

The behaviour of a contacting interface requires a model that can accu-

rately capture how the interface can be in one of three states, strongly closed
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Figure 5: FE modelling of parametric mixing response of aluminium-aluminium kissing
interface. Adjusted to include experimental factors. Arbitrary colour scale indicates scat-

tering amplitude.

(transferring transverse and normal stresses), slipping (transferring only nor-
mal stress), and open. This was achieved using a 2D plane strain FE model.
The model is similar to the one reported in (13), with differences in terms
of geometry and incident frequencies. The main characteristics of the FE
model are detailed below for completeness. This model does not include the
higher order elastic terms so classical bulk mixing should not occur.

The two contacting aluminium blocks were 120 x 30 mm and modelled
as homogeneous and isotropic solids, with Young’s modulus £ = 69 GPa,
Poisson coefficient v = 0.33 and density p = 2700 kg.m 3. Clamped bound-
ary conditions were imposed on both left and right faces of the blocks to
prevent any body motion, while input excitations were imposed on the top
face of the assembly and output displacements were recorded at the bottom
face. More precisely, two incident shear waves were generated from the top

face by imposing nodal displacement along the x-axis over 10 mm long seg-

18



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

ments, and appropriate time-delays were used to generate the waves with
the desired angle of incidence. Additionally, the spacing between the excita-
tion sources was always chosen to ensure intersection of the incident beams
at the contact interface. The angle between the incident beams was varied
from 50° to 110° in 5° steps. The left shear wave had a fixed frequency of
2 MHz, whereas the right shear wave had a frequency between 1.2 MHz and
3 MHz giving frequency ratios between 0.6 and 1.5 in increments of 0.1. A
centre frequency around 2 MHz was used in the FE model instead of the
5 MHz used experimentally to maintain reasonable computation time, since
high frequencies impose small element dimensions and thus larger computa-
tion time. Both incident shear waves were 8-cycle sinusoidal Hann-windowed
tone bursts regardless of the excitation frequency. Note that when varying
the frequency of the right source, the angle between the incident beams was
kept fixed. If CAN is activated, a longitudinal wave is expected to propagate
toward the bottom face. Displacements were recorded along the bottom face
and post-processed in the same way as experimental signals, as detailed in
Section 2. Measurements could also have been taken from the top surface
but the aim was to mimic the experimental method as closely as possible.
Previous work by Blanloeuil et al. showed this modelling technique predicts
a backwards propagating scattered wave (13).

Modelling of the contact interface between the two solids must account
for CAN. In the FE model, a unilateral contact law with Coulomb’s friction
was considered between the two solids, with a coefficient of friction p = 0.5.
Thus, three states can be observed simultaneously at different locations along

the interface: open interface, frictional sliding contact and closed interface.
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Moreover, a static compression stress op = —0.05 MPa was introduced in
the definition of the contact laws to account for external compression of the
system. The contact laws are defined in (13) and represent a simplified model
of the contact interface that captures the essential contribution of contact
dynamics to the scattering response as done previously in (13; 19; 26).

The FE model was obtained from the discretisation of this geometry and
the resolution was done using the 2D FE code Plast2 (27; 28). A compar-
ison between Plast2 and Abaqus for large deformation contact problems is
presented in (29). In Plast2, the solution is evaluated in the time domain
with contact algorithms formulated using the forward Lagrange multipliers
method (30) which enables the use of Lagrange multipliers in a time explicit
integration. More precisely, the contact equations are respectively satisfied
at time ¢ and t + At. To make this possible, the contact equations are solved
using a Gauss-Seidel iterative solver. The global method is thus semi-implicit
and the time step is subject to the Courant-Friedrichs-Lewy (CFL) stability
condition At < i, /¢, where a,,;, corresponds to the smallest element di-
mension and ¢ to the longitudinal wave velocity in the medium. The spatial
discretisation is essential in the FE method. In order to have an accurate so-
lution, the wavelength of the highest frequency component of interest should
be sufficiently discretised. As the frequency of the scattered longitudinal
wave is equal to the sum of incident frequency, its maximum value is thus
3.5 MHz and the corresponding wavelength is close to 1.7 mm. Therefore,
a regular mesh was constructed with 0.1 mm square elements, thus ensur-
ing a sufficient discretisation of the wavelength for both the incident shear

waves and the scattered longitudinal wave. The mesh was made only of fully
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integrated quadrangle elements of type (), (31). To satisfy the CFL sta-
bility condition for the current mesh dimensions, the time step was set to
At = 3 ns.

The model consisted of 720000 elements, 723002 nodes (each node has
two degrees of freedom) and took about 11 hours to solve for each parametric
point on an average desktop PC. Since 130 different points in the parameter
space were investigated over 1000 hours of computation time was required to
generate the fingerprint. The code does not currently make use of parallel or
GPU computing so it might be possible to reduce the time requirements by
these methods in the future. Since the model used for this work is presented
in other publications further details will not be shown or discussed here. The
following is about the resulting fingerprint produced when the time signals
from an array of points below the crack are processed in the same way as
defined in the experimental methods section.

FE simulations were run for different values of interaction angle and fre-
quency ratio in order to obtain the fingerprint of the nonlinear response re-
sulting from the non-collinear wave mixing, Figure 5. The FE predicts a peak
in nonlinear mixing at approximately 78°. The optimum frequency ratio of
the model was 1.0 but after applying the experimental centre frequency cor-
rection it was shifted to around 0.95. The mixing response is much broader
in terms of interaction angle than the classical bulk mixing. This was ex-
pected since the resonance conditions do not apply to a 2D CAN source. The
response pattern is thought to be due to the magnitude of normal stress ex-
erted at the interface which peaks at an incident angle of 45° (90° interaction

angle). The observed peak, however, is at a smaller interaction angle than
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this, possibly due to the beam sources having a shorter propagation length
at smaller angles, reducing beam spread and thus increasing the amplitude
of the input waves.

It can be seen that the two fingerprints (Figures 4 and 5) are easily dis-
tinguishable due to their angular responses however since they both produce
signals across a wide range of interaction angles there is likely to be some
interference between the two sources. If the classical mixing is much stronger
than that of the CAN then detecting the presence of an interface could be
difficult. It is unknown from the modelling how the two mixing sources will
interfere with each other, it may be possible to subtract the bulk mixing from
an experimental fingerprint to leave only the interface signature if the two
act constructively. Experimental testing is required to see if this is necessary
and possible. The overlap of these fingerprints in the interaction angle di-
mension also suggests that a measurement made at a single interaction point
might produce a signal that is caused by the complex combination of the
bulk and interface nonlinearity and that only measuring at multiple points
in the parameter space could provide certainty. This modelling indicates that
fingerprints over the range 70° to 130° be captured to include the primary
features associated with each type of mixing. In order to avoid the interfer-
ence between these two signals the detector could be positioned on the same
side as the input transducers allowing detection of only the reflected CAN
signal. This was not done in this case due to limitations in the available

equipment and experimental geometry.
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2 4. Experimental results
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Figure 6: Experimentally measured parametric space of solid aluminium sample at a depth
of 18 mm. Colour scale indicates scattered amplitude (as defined at the end of Section 2)

normalised to peak of Figure 8. White line indicates the resonant conditions.
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Figure 7: Experimentally measured parametric space of solid aluminium sample at a depth
of 30 mm, the middle of the block. Colour scale indicates scattered amplitude normalised

to peak of Figure 8. White line indicates the resonant conditions.

426 The modelling demonstrated the possibility of bulk mixing happening
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at smaller interaction angles than its resonance condition. This could po-
tentially obscure interface mixing measurements so testing of solid material
must be done first to understand its influence on later interface fingerprints.
Figure 6 shows the nonlinear response of aluminium 2024 T351, with the
interaction volume’s centre at 18 mm below the surface of the 60 mm thick
block. In this most simple case the fingerprint has only one peak, at the
angle predicted by the classical equations (8; 10). Fingerprints have been
taken at various input power levels and depths (10 mm to 30 mm) into the
material, despite these changes the fingerprint remains largely unchanged in
shape. The intensity of the pattern is proportional to the product of the
input beams’ amplitudes, as expected. Figure 7 shows the fingerprint of the
solid aluminium at a depth of 30 mm (the centre of the sample). The finger-
print is quite similar to that taken at 18 mm, again showing only one peak in
response approximately at the resonant condition. There are some slight dif-
ferences between measurements at 18 mm and 30 mm however. The decrease
in intensity at angles greater than 125° at 30 mm deep is due to a geometric
limitation that reduces the fraction of the beams able to propagate into the
sample. This is caused by the larger input beam separations required for
deeper interactions. Another notable difference between the two fingerprints
is their overall amplitude; at 18 mm deep the scattering response is nearly
twice that at 30 mm. This is mainly due to beam divergence as they prop-
agate through the sample, reducing beam amplitude but increasing volume
of interaction. The scattering amplitude is proportional to the interaction
volume and the square of the input amplitude. The combination of these

two factors results in scattering amplitude being proportional to the inverse
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of beam radius at the interaction point.

The classical modelling predicted that there would be a primary mixing
peak at 118° ranging from 110° to 130°, this matches the experimental data
very well, Figure 6. It also predicted the existence of smaller peaks in mixing
at angles of 100° and 85°, Figure 4, with the 100° peak having a quarter
of the magnitude of the main mixing region. It does not look like these
secondary peaks are present in the experimental fingerprint. There is some
signal visible between 95° and 106° experimentally but it is much smaller
than predicted and is likely due to poor filtration of input beam side lobes at
frequency ratios close to 1. Otherwise the model and experiments agree well
showing a main mixing region between 110° and 130° and similar behaviour

in terms of frequency ratio.
4.2. Kissing interface
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Figure 8: Experimentally measured parametric response of aluminium kissing interface
sample at a depth of 30 mm, the middle of the block. Bolt torque at 40 Nm. Colour scale
indicates arbitrary scattered amplitude, standardised with Figures 6 and 7. White line

indicates the resonant conditions.
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Now that a benchmark for solid aluminium mixing has been obtained the
interface sample can be studied for comparison. Figure 8 shows a fingerprint
of the compression loaded interface sample, with the volume of interaction
centred on the interface. The reduction in signal seen at 125° and greater
is due to the geometric limitation mentioned previously in Section 4.1. A
peak in mixing behaviour is observed at around 75° and a frequency ratio
of 0.9 in this case. There is a much smaller peak at around 100°, and a
very slight peak at frequency ratios around 0.85 at 120°. Figures 6, 7, and
8 were normalised to the maximum scattering amplitude of the three which
occurred in the interface case. The maximum scattering amplitude from the
interface was an order of magnitude larger than that from the solid sample
at the same depth.

FE modelling predicted a peak at 78° compared with the observed 75°.
The experiment has an absolute error of £2° and the modelling only had
a resolution of 5° so these values are within error bounds. The optimum
frequency ratio of the model was 1.0 but after applying the experimental
centre frequency correction it was shifted to around 0.95. This compares with
the experimental peak frequency ratio of 0.90, again showing good agreement.
The peak at 120° is expected as it was predicted by the classical nonlinear
model and observed in the solid sample, Figures 4 and 6. The peak at 100°
was predicted by the classical model but not seen in the solid experimental
measurement, thus it is unlikely that this peak is due to bulk nonlinear
mixing. The CAN FE model did not predict any significant secondary peaks
when run at 5° interaction angle steps. This parameter space was quite

coarsely sampled and might miss narrow peaks so more detailed modelling
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was conducted at a frequency ratio of 1.0 with smaller 2.5° interaction angle
steps. Again, no peaks other than the main one at 78° were observed in this
data. Later in this section fingerprints are captured at different interface
loadings, some exhibit no secondary peaking so perhaps the model would also
produce secondary peaks given particular interface conditions. A possible

explanation for the bands is suggested later in the paper.
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Figure 9: (a) Scattering amplitudes from aluminium compression loaded rough interface
sample at a frequency ratio of 0.9 with bolt torques ranging from 10 to 40 Nm. The
first loading cycle is labeled ‘a’, and the second ‘b’. The peak scattering amplitude is an
arbitrary unit relative to the maximum scattering observed in Figure 8. (b) This plot

contains the same data as (a) except it has been peak normalised for each loading point.
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The most useful trends in the fingerprints appear to occur in the inter-
action angle dimension therefore further testing was conducted at a single
frequency ratio, 0.9. This was selected as it was near the peak response
points of both solid and interface samples and far enough away from 1.0 that
it had reduced noise from the frequency filtering.

Values for the peak scattering amplitude are presented in two ways in the
following sections. In part a of the figures the values have been normalised by
the peak value obtained in the kissing interface fingerprint, Figure 8. In part
b the data is normalised by the peak scattering of each parametric sweep.
The former is to allow for absolute amplitude trends to be compared and the
latter for comparison of fingerprint shapes.

Figure 9 (a) shows the scattering response of the interface region at a
frequency ratio of 0.9 with bolts torqued between 10 Nm and 40 Nm. This
range was used because very little signal was observable with the torque below
10 Nm, and 40 Nm was as much as could be applied to the sample with the
torque wrench. Since it is very difficult to know accurately the interface
pressure with this experimental method bolt torque will be referred to as
the controlled variable. The two are predicted to be directly proportional,
ignoring microscopic contact changes. The sample was preloaded to 40 Nm
before the two full loading cycles, ‘a’ and ‘b’, were tested. For the cycles
the bolts were torqued to 10 Nm initially then increased in steps of 10 Nm
up to 40 Nm. As the loading was increased the amount of mixing increased.
When 10 Nm was applied the main CAN related peak is seen at around 76°,
this shifted approximately 2° towards smaller interaction angles as the load

increased. This plot also shows that there was an overall trend of increased
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scattering with each loading cycle. This can be explained by the fact that the
interface was never fully unloaded during these cycles, each bolt was unloaded
from 40 Nm and re-tightened to 10 Nm in turn, keeping the faces in constant
contact. This method was intended to stop the faces moving relative to each
other between each cycle, keeping the same parts of the interface in contact.
Due to this it is expected that the surface asperities will gradually deform
to match each other with each cycle, increasing the contact between the two
faces and thus the transmission.

Despite the many differences in the parameter space at various loads it
is notable how similar the trends are when peak normalised, as shown in
Figure 9 (b). The shape produced is very different from the solid sample
response demonstrating the potential of this technique to identify the pres-
ence of kissing bonds at a range of loads. There are also many subtle trends
visible in this normalised data; firstly, as torque is increased from 10 Nm
to 30 Nm the 100° feature becomes more pronounced, but it is unchanged
when further increased to 40 Nm. Secondly, there is a notable lack of change
in the relative amplitudes of scattering seen at 76° and 120°. It might be
expected that these areas should respond differently to increased interface
load if the former is due to CAN and the latter classical bulk nonlinearities.
If it is assumed that half the interaction volume is above the interface and
half below an equation for the expected bulk signal as a fraction of the solid
sample’s can be formed. The signal produced above the interface is reduced
by a factor of T,, the transmission coefficient at the output frequency, and
the signal created below the interface would be reduced by 77 due to the

reduction of both input beams by the interface, thus
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S; =05 x (T? +T,) x S; (5)

where S; is the predicted classical signal amplitude from the interface
sample, and Sy is the signal from a solid sample. As loading is increased
both the transmission coefficients would be expected to increase resulting
in a monotonic relationship between loading and S;. There is not a direct
relationship predicted between transmission coefficient and CAN mixing am-
plitude so it would be likely to scale differently. The assumption that the
signal seen at 120° is due to bulk nonlinearities is likely to be false though,
as can be seen upon further analysis of Figures 7 and 8. In Figure 8 the
scattering amplitude of the interface sample is 0.17 arbitrary units at 120°
and frequency ratio of 0.9. This compares with 0.11 in the solid block in
Figure 7 at the same frequency ratio and angle. Therefore, even if the inter-
face were perfectly transmissive (which it is not) the scattering due to bulk
nonlinearities could only account for 64% of the overall scattering produced.
Therefore the interface must be responsible for a significant amount of the
scattering observed at 120°.

In the paper by Blanloeuil et al. (13) the FE modelling predicted that
the maximal mixing response occurs when the interface load is 0.25 that of
the peak combined acoustic loading. The experimental acoustic loading was
estimated by using a laser vibrometer. A measurement was taken with one
of the input beams at normal incidence on a 30 mm thick aluminium sample.
The surface deflection due to the longitudinal wave that propagated through
the sample was converted into an acoustic stress. Using mode conversion

calculations an estimate was made of the combined acoustic stress of two
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shear waves in the aluminium that would be created when an interaction
angle of about 80° is used. The resulting value was 0.1 MPa, but due to
the many approximations involved this is probably only accurate to an order
of magnitude. Using this value of acoustic stress gives an expected peak
response at 0.025 MPa interface loading which corresponds to bolts torqued
to 0.05 Nm. This is much smaller than the experimentally tested range of
10 - 40 Nm in which the mixing was observed increasing with load. The
laser vibrometer measurement and torque to interface pressure estimations
were quite rough but a disagreement of at least three orders of magnitude
suggest that there is likely another source of difference between the model
and experimental measurements. One possible difference is the smoothness
of the interface with the modelling being perfectly flat and having completely
evenly distributed loading.

4.2.1. Repeatability

To demonstrate the repeatability of the method a plot of measurements
taken at 40 Nm torque is shown in Figure 10. It contains a parametric sweep
taken after the plates were first loaded to 40 Nm (the pretest measurement),
another taken after the load was released and then reapplied on each bolt in
turn (a), and two after a second load cycle (b). The sample was removed from
the immersion tank and replaced between the two ‘b’ tests. It can be seen
in Figure 10 (a) that the pretest measurement had amplitudes 25% smaller
than the cycles that followed, and that there was about a 10% variation
in amplitudes of cycles a and b. The variation in amplitude with cycle
number is expected as surface asperities are altered by each successive cycle,

although most of the deformation occurs during the first (4). Initially the
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Figure 10: Scattering amplitudes at a frequency ratio of 0.9 for the rough interface sample.

(a) The measurements at 40 Nm torque are shown from the pretest cycle, cycle ‘a’, and

two cycle ‘b’ tests. The peak scattering amplitude is an arbitrary unit relative to the

maximum scattering observed in Figure 8. (b) This plot contains the same data as (a)

except it has been peak normalised for each loading point.
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surfaces only contact where they are locally raised. Due to the small area
in contact this area is under high load and unable to be overcome by the
acoustic stress. The remaining troughs are not in contact so transmit no
signal. The combination of these factors leads to small CAN signals when
the plates are first brought together but cause the signal to increase as the
surfaces conform to each other. This process is expected to be more dominant
in a roughly ground interface case than for a polished interface because the
asperities of the polished interface should be much smaller and form a better
match initially.

The normalised data in Figure 10 (b) displays very good agreement be-
tween the measurements, only the pretest response significantly differed from
the others, having a smaller 120° to main peak ratio. Some difference would
be expected due to the changing interface condition discussed above. This
data gives an indication of the repeatability of the measurement, showing
that peak normalisation results in consistent parametric trends when the
sample is unaltered. Measurements taken consecutively without the removal
of the sample were conducted, these showed even smaller variation than seen
above, leading to the conclusion that positioning of the sample is the primary
cause of the slight variation observed in ‘40Nm b’ trends in Figure 10 (b).

The impact of positioning is explored in the following section.

4.8. Position sensitivity

There is almost certainly some variation in the average surface height of
the blocks between points a few millimeters apart due to the limitations of
the production method used, therefore it is expected that some macroscopic

regions of the interface will be under greater average load than others despite
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Figure 11: Scattering amplitudes at 0.9 frequency ratio of rough aluminium interface
loaded by bolts at 40 Nm. Tests were conducted with the sample in four different positions,
with 0 mm displacement being the same position as used for previous interface tests. The
legend indicates the order in which the measurements were taken. The peak scattering
amplitude is an arbitrary unit relative to the maximum scattering observed in Figure 8.
(b) This plot contains the same data as (a) except it has been peak normalised for each

position point.
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efforts to design a geometry that minimises loading variability. Due to this it
might be expected that testing a different region of the interface could yield
a fingerprint that resembles another taken at a different torque setting. To
investigate this the interface sample had scattering measurements taken at
various points along the central axis of the sample, specifically at 0, 2, 4, and
5 mm from the centre. In Figure 11 (a) the unadjusted arbitrary amplitudes
can be seen. The bolt torque was 40 Nm for this testing. The reduction in
signal observed at above 120° for increasing displacements is related to the
input beam clipping issue mentioned previously.

At all measurement points the parametric response peaked at around
74+£2°, clearly identifying the presence of a kissing bond. There is some vari-
ation between measurements taken at nominally the same position, but when
peak normalised the four different positions show clearly distinct trends. This
demonstrates that the method was sensitive to position changes on the or-
der of 1 mm. Therefore some of the error between measurements at the
same intended position is likely due to positioning inaccuracies which were
approximately £0.5 mm.

The largest difference between measurement points in Figure 11 (a) was
the drop in amplitude when displacing from the central position. Moving only
2 mm caused a 25% drop in signal. The diameter of the interaction area on
the interface at the -3dB limits is estimated to be 21 mm by beam divergence
calculations (-3dB was selected rather than -6dB due to the scattering being
a product of the square of the input amplitude). In the 2 mm translation
roughly 12% of the initial surface area moved outside of the new overlap

area. It is possible that a highly CAN active area of the interface was moved

35



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

outside the interaction region and that the new area was not very active, but
the disproportionately large change of 25% means this is unlikely. Another
possible explanation is proposed at the end of this section.

Figure 11 (b) also contains some interesting trends. The width of the main
peak is much larger at 4 mm displacement and it has a rounded peak. The
peak response interaction angle varies by about 4° between the tests and the
smaller peak at 100° does not exist other than at 0 mm. Some of these trends
are similar to those observed as load was varied in Figure 9, such as peak
shifting, but others are quite different, e.g. the large peak width changes.
This implies that the shape of the response must be related to more than just
average interface loading within the interaction area, indicating that there
are other factor(s) causing the variation despite the surfaces being uniformly
rough.

The combination of the rapidly changing amplitudes and shapes of the
parametric trend therefore probably have a more complex cause than has
been discussed above. One explanation is that the overlapping input shear
waves constructively produce lines of positive and negative tensile stress on
the interface with regions of destructive interference in between. It is these
lines where the waves cancel each other that create transmission at the inter-
face when otherwise it might be open due to the tensile forces of the individual
beams, thus these lines are the sources of the non-collinearly mixed signal.
The lines have a spacing of approximately 1 mm (dependent on interaction
angle and frequency ratio) and are at fixed places on the interface when the
frequency ratio is one. At other ratios these sampling lines sweep across the

interface during the pulse, sweeping faster the further the ratio is away from
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one. For the case of a 0.9 ratio, as used in this study, the sampling lines will
shift back to the starting pattern over the course of 10 cycles of the refer-
ence input beam (at 5 MHz in this research). Therefore, the experiment’s
sensitivity is biased towards the lines of the interface that are sampled when
the input pulses are near their maxima due to the peak scattering amplitude
being used as the measurement metric. Movement of the sample or change in
the interaction angle causes the position of the sampling lines to be altered

resulting in the complex parametric-space response that was observed.

5. Conclusions

The non-collinear interaction of two shear waves in a dry, aluminium,
compression loaded interface has been studied over a wide range of inter-
action angles and frequency ratios in the sum-frequency shear-shear mixing
regime at around 5 MHz, forming ‘fingerprints’ of the interface. This sam-
ple is intended to simulate an acoustically simple case of a kissing bond to
allow the fundamentals of a non-collinear approach to detecting more real-
istic kissing bonds to be developed. The kissing interface sample displayed
nonlinear scattering fingerprints very different from reference solid sample,
producing signal at interaction angles between 60° and 120°. At all points in
the loading range investigated a characteristic shape was produced, peaking
at around 75°. This fingerprint was similar to that predicted by Blanloeuil’s
FE modelling (13) except for the secondary peaks in the 100° to 120° region
in some cases. These peaks were most prominent at higher compressive loads
and their cause is unclear. Frequency ratio was not studied in detail in this

work as the initial fingerprints had few apparent features in this dimension.
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It has been shown that mixing behaviour away from the peak condi-
tions may contain useful information about the interface; e.g. the trends
at around the 100° region relating to the interface loading. The interaction
angle of peak mixing may be another indicator of interface loading. In this
study the peak amplitude correlated well with the interface loading but this
trend is not expected to continue at higher contact pressures/lower acoustic
pressures, as the interface becomes too highly loaded to be separated by the
acoustic waves. There is potential benefit to measuring multiple fingerprint
features related to the same interface/material parameter as it would im-
prove the robustness of the method. When different regions of the interface
were probed the parameter space changed in ways that did not match with
the changes observed due to varied loading. Therefore, further testing of
different samples and parts of their interfaces is required to understand the
general parametric behaviour of kissing interfaces. It is hypothesised that
the position sensitivity is partly due to the non-collinear method only sam-
pling the regions of the interface where the component of stress normal to
the interface of the input beams cancel, forming an array of sampling lines.
Further testing of a smoother interface in terms of position sensitivity would
be of interest in relation to this phenomenon as it would be expected to have
properties that vary less spatially. It would also be of interest to test kissing
interfaces at higher mechanical compressive loading to investigate the point
at which the loading becomes too great for the acoustic waves to separate
the surfaces.

The secondary peaks in the interface fingerprints were not predicted by

the FE modelling or observed in the solid sample. The precise nature of
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their source is not known but could be linked to the sampling lines theory
mentioned in the previous paragraph. It might be that particular interac-
tion angles sampled the interface at more active regions creating the peaks
in response, in a similar way to how the peaks changed when the sample
was moved. At low loads the interface had a smoother parametric response.
Combining this fact with the sampling theory suggests that the interface has
a more uniform contact profile at low loads. Another possible explanation
relating to the load based behaviour is that at low loads the interfaces meet
more unevenly and the increased deviation in contact angle from the macro-
scopic surface normal causes a smoothing of the response due to a wider
distribution of interaction angles experienced at the microscopic level. This
concept alone does not explain the existence of secondary peaks at higher
loads however so perhaps it is a combination of effects. These behaviours in-
dicate that the system is highly complex, probably requiring more advanced
models and further experimentation to fully understand the impact of kissing
bond parameters on their fingerprints.

In the future use of focusing on input beams would allow interaction re-
gions with far fewer overlapping wavefronts to be made. This would probe
the interface in greater detail and might confirm if the position sensitivity
trends observed with larger interaction areas were a result of interface prop-
erties varying on a wavelength scale. If using unfocused beams sweeping the
interaction nodes along the interface, perhaps by altering the phase of the
beams, and summing the responses together might be a route to measuring
a more averaged scattering value for the interaction area. Alternatively fre-

quency ratio ratios further from one with longer pulses could achieve a similar
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level of sampling coverage. This could be useful if a faster measurement is
required than scanning a focus across the whole area and would also ensure
that no parts of the interface are unsampled.

In this work there was only one interface at a known depth, in this case a
non-collinear c-scan could have been conducted by moving the input trans-
ducers and array along the sample. If the defect is at an unknown depth the
technique could be easily extended to 3D by sweeping the depth of the inter-
action volume. The fingerprint at each location might then be analysed to
identify the properties of the sample within the interaction volume, allowing

3D positional detection of kissing bonds.
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