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ABSTRACT

The detection of crack-like defects using ultrasound is a problem widely studied by the non-destructive evalu-
ation community. In this work, a technique of how to detect the presence of a crack-like defect and estimate its
orientation in an anisotropic material by means of two orthogonal shear waves is presented. A detailed study of
shear wave propagating and splitting at any incident angle, and its interaction with crack-like defects in
anisotropic materials, is also presented. In this paper it is shown that by the use of two orthogonal shear waves
with linear polarisation the authors could: 1) estimate the material level of anisotropy within approximately
0.5% of the measured value; 2) estimate the angular position of the principal shear directions of the material with
respect to the orthogonal shear wave sources within +5° accuracy; 3) excite a shear wave purely polarised along
one of the principal shear directions with two orthogonal shear waves placed at an arbitrary angular position; 4)
detect the presence of a crack-like defect in an anisotropic material based on the back-wall echoes of two
orthogonal shear waves, 5) estimate the orientation of a crack-like defect in an anisotropic material within ~ +
5° of the theoretical value. The simulation and experimental results obtained show that the technique presented
in this paper has potential to become an effective tool for crack-like defect detection and material characteri-

sation.

1. Introduction

Shear waves are important in Non-Destructive Evaluation (NDE) for
assessing material microstructure [1-3], detecting and sizing crack de-
fects [4-8], or even measuring residual stresses [9-11], due to their
higher sensitivity to these features compared to longitudinal waves. The
elastic anisotropy (i.e. direction-dependence) of materials, which is a
general phenomenon in metals and minerals alike, strongly affects the
propagation of shear waves [12] by causing the so-called wave splitting:
a shear wave with an arbitrary polarisation/shear direction would split
into two partial shear waves with polarisation along the two principal
shear directions (PSDs) of the material, and the partial waves then travel
into the material at different wave speeds [13].

Shear splitting greatly complicates the inspections in anisotropic
materials, since both time-domain signals and amplitude drops now
need to be carefully handled for defect detection and sizing [14-18].
Whereas in an isotropic material these factors only depend on the source
position and the defect, in an anisotropic material there is also a
dependence on the relative orientation with respect to the PSDs. These
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PSDs can be arbitrarily oriented with respect to surfaces of the compo-
nent that is being tested, which further complicates the detection
procedure.

In a previous study, the authors presented a method for simultaneous
crack detection and thickness measurement in a metallic material [16].
The proposed methodology utilised two orthogonal shear waves with
linear polarisation to inspect the material. The thickness of the material
was estimated by calculating the product of Time-of-Flight (ToF) of the
back-wall echoes and the shear wave speed in the material. The presence
of a crack-like defect was determined by comparing the amplitude of the
first back-wall echoes of the two orthogonal shear waves. The study
focused on the interaction of the two shear waves of different polar-
isation with a crack-like defect in an aluminium block. The previous
work relied on two assumptions: 1) the material that is being inspected is
isotropic 2) any signal amplitude difference is the result of the presence
of a defect. However, both assumptions are usually violated. Even
aluminium, which is normally considered an isotropic material, exhibits
weakly anisotropic behaviour [19]; and in anisotropic materials, the
wave splitting phenomenon introduces signal amplitude drops similar to
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those obtained when a defect is present.

The wave propagation physics to address these considerations are
presented in this paper. The study will explain how two orthogonal and
linearly polarised shear waves propagate in anisotropic materials and
how their signal amplitude is affected by the presence of a crack-like
defect. We will demonstrate a convenient and accurate way to identify
the PSDs of an anisotropic material, using an electro-magnetic acoustic
transducer (EMAT) with a pair of co-located and orthogonally aligned
coils known as the orthogonal co-located coils EMAT or OCLC-EMAT.
With the four time-domain signals obtained from the transducer, a
shear wave with pure polarisation (along one of the PSD) can be
generated, and indeed the shear waves excited with any arbitrary
polarisation can be reconstructed (we call it electrical steering). It will
then be shown that, with the PSDs known, we can not only detect the
presence of a crack-like defect in an anisotropic material, but also
accurately and reliably evaluate the orientation of the crack.

2. Background and context

The experiments in this paper were executed with the same setup as
described in Ref. [16]. In this setup, the OCLC-EMAT is used to excite
two orthogonal and linearly polarised shear waves, at the same location
in space. The transducer is composed of a magnetic circuit and two
butterfly coils, one on top of the other, at the same location. However,
one of the coils is rotated by 90° with respect to the other.

The main advantage of the OCLC-EMAT is the orientation of its
butterfly coils. Their orientations permit the induction of two orthog-
onal and independent eddy currents in the surface of a conductive ma-
terial. In combination with the bias magnetic field, the OCLC-EMAT can
simultaneously excite two linearly polarised surface loads in orthogonal
directions at the same spatial location via the Lorentz force [20].

The previous work [16] assumed that the inspected aluminium block
was an isotropic material. However, the ToFs of the two orthogonal
shear waves showed that the waves travelled at different wave speeds.
The difference of wave velocity was reported to be 27m/ s for the
aluminium block that was used. The OCLC-EMAT was used to excite two
shear waves with orthogonal orientation on top of the aluminium block,
as shown in Fig. 1a and Fig. 1b.

The difference of wave speed is hardly noticeable on the first back-
wall echo. However, when the time-traces of several back-wall echoes
are plotted, the difference in speed becomes noticeable. To illustrate
this, Fig. 2a shows two newly acquired time-traces of 12 back-wall
echoes obtained at the same location, including a close up view of the
1%t and 7% pair of back-wall echoes excited with the OCLC-EMAT. These
two close up views show the difference in arrival time of the back-wall
echoes increasing as the time passes.

In the previously reported work, the authors used the relative signal
amplitude of the two back-wall echoes to deduce the presence of a crack
and to estimate its size. The existence of a signal amplitude difference
among the two back-wall echoes was assumed to be induced only by the
presence of the defect. However, the amplitude of the back-wall echoes
when two orthogonal shear waves interact with a crack-like defect de-
pends on the morphology of the defect and the relative angle between
the polarisation direction of the excitation sources and the PSDs of the
material [21]. When the relative angle between the PSDs and the
transducers is 0°, the interaction of the two orthogonal shear waves with
a crack-like defect behaves as if the material was isotropic and, therefore
the method proposed previously [16] can be used to detect and estimate
the defect. However, when the angle is different to 0°, the back-wall
signal amplitude depends not only on the morphology of the crack but
also on the orientation of the transducer with respect to the PSDs. The
effect of the angle between the excitation polarisation and the PSDs can
be seen by comparing the time-traces obtained when the polarisation
direction of excitation is changed with respect to the PSDs. Fig. 2a and b
illustrate the effect of having a source oriented at an angle of 0° and 60°,
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Fig. 1. Schematic of the orthogonal co-located coils EMAT positioning on the
aluminium block. a) Side view schematic of the OCLC EMAT on top of the
aluminium block. b) Top view schematic of the OCLC EMAT on top of the
aluminium block. ¢) Top view schematic of the OCLC EMAT 60° rotated on top
of the aluminium block. The 6 indicates the rotated angle of the EMAT’s coils
with respect of the principal shear directions. The blue and red arrows indicate
the shear polarisation of coil A and coil B, respectively. The 60° indicates the
alignment with the principal shear directions of the material. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

respectively (the second source orientation was selected arbitrarily).
Fig. 1c displays a schematic of the OCLC-EMAT coils rotated by 60° with
respect to the PSDs and Fig. 2b shows the time-traces obtained when the
OCLC-EMAT is rotated by 60°. The amplitudes of the echoes have
considerably changed, especially those of coil A. The experimental re-
sults shown in Fig. 2b were obtained at the same location as those in
Fig. 2a, only the transducer orientation was changed. During both tests
the shear waves were excited simultaneously.
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Fig. 2. Back-wall reflections measured with the coils at different OCLC-EMAT
orientation. The A-scans were obtained by placing the OCLC-EMAT coils at
6 =0 and 6 = 60° with respect to the principal shear directions. a) A-scans
excited and measured with the OCLC-EMAT coil at # = 0°. b) A-scans excited
and measured with the OCLC-EMAT coils at § = 60°.

These observations highlight that the transducer orientation relative
to the PSDs influences the back-wall echo amplitudes as much as the
presence of a crack. While the orientation of the PSDs can be determined
by carefully rotating a transducer on the surface to find the maximum
reflection amplitude, it is tedious to do this by hand consistently. In the
next sections, we will explore how the orientation of the probe relative
to the PSDs can be determined without needing to physically rotate the
transducer, how to use this information to electrically steer a shear
wave, how to detect the presence of a crack and how to characterise the
crack orientation in the material.

3. Transmission and measurement of orthogonal shear waves in
anisotropic materials

When a shear wave starts propagating in an anisotropic material, the
strain of the wave splits into two different strain components [12]. These
strain components travel with polarisation along the principal shear
directions of the material and are orthogonal and independent of each
other. Their displacement produces two different shear waves travelling
along the direction of propagation of the initial shear wave, as shown in
Fig. 3. Fig. 3 illustrates the wave splitting phenomenon of an excited

NDT and E International 121 (2021) 102440

Principal shear
direction

Wave -
generated i A
5 2 v
. Wave
CoilB l\ splitting
Anisotropic
CoilA material

Fig. 3. Wave splitting into two shear waves when travelling through an
anisotropic medium. The new shear waves will travel aligned with the principal
shear directions. The blue and red arrows indicate the direction of forcing that
coil A and B, respectively, will induce on the specimen. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

shear wave with arbitrary polarisation propagating in an anisotropic
material. The shear wave was assumed to be excited with the
OCLC-EMAT.

The split waves can have different amplitude and wave speed,
depending on the properties of the material [22] and the polarisation
direction of the incident shear wave. The material characteristics affect
the wave speed at which the two waves travel in the material. The
polarisation direction determines how the energy of the incident wave
splits across the two PSDs. To illustrate the effect of the polarisation
angle on a shear wave propagating in an anisotropic material, two
different pulse-echo tests were performed on the same area of an
aluminium block. The location used was the same as the one used for the
results of Fig. 2. The first pulse-echo test was carried out by using the
OCLC-EMAT coil B to generate a shear load at the surface of the
aluminium block. The surface load was polarised along the principal
shear direction 1 (9 = 0°, orientation shown in Fig. 1b). The second
pulse-echo test was performed by exciting one surface load with the
OCLC-EMAT coil B at an angle of 60° from principal shear direction 1
(0 = 607, orientation shown in Fig. 1c). The back-wall echoes of the two
pulse-echo tests were recorded using both coils of the OCLC-EMAT. The
results of the two pulse-echo tests are displayed in Fig. 4.

In Fig. 4a, it can be observed that the back-wall echoes of the incident
shear wave were recorded by coil B, only. The reason for this is that the
excited wave was polarised along the principal shear direction 1 of the
material. Therefore, its back-wall echoes were measured with the coil
aligned with this PSD. While in Fig. 4b it is observed that the back-wall
echoes of the generated shear wave were recorded with the two coils of
the OCLC-EMAT. This phenomenon can be explained by wave splitting
in an anisotropic material. The strain of the shear wave that coil B
generated was polarised 60° with respect to PSD 1, so when the wave
started to propagate in the material, the strain of the incident wave split
into two strain components; which are polarised along the principal
shear directions. When these two waves bounced back from the back-
wall to the OCLC-EMAT their strain components generate particle
displacement in the material that can be measured by both coils of the
EMAT.

3.1. Physics of shear waves propagation in anisotropic media

To understand how two orthogonal shear waves travel through an
anisotropic material, the phenomenon of the waves propagating in the
material is treated as strain vectors projecting onto two orthogonal
systems of coordinates. The two orthogonal systems of coordinates
indicate the PSDs of the material and the excitation source and/or wave
receivers. A shear wave can have one or two strain components
depending on its orientation with respect to the anisotropic material.
The projection of the strain vectors of the orthogonal shear sources onto
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Fig. 4. Back-wall reflections obtained by exciting solely Coil B of the OCLC-
EMAT. a) A-scans measured when the OCLC-EMAT is align with the principal
shear directions. b) A-scans measured when the OCLC-EMAT coils are 60°
rotated with respect to the principal shear directions.

the PSDs dictated how the strain of each source splits into the material.
Then the projection of the strain onto the axes of the measurement
system represents how the two orthogonal shear waves are recorded by
the receivers. Therefore, the polarisation directions and amplitudes of
the split partial waves obey the rules of vector addition/projection, and
can be treated by relatively simple vector operations, where the signal
detected by the coils are the projections of the partial waves along the
coil orientations.

Fig. 5 shows the phenomenon of one shear wave with linear polar-
isation generated by coil B of the OCLC-EMAT propagating into an
anisotropic material. The propagation of the shear wave and its back-
wall echoes are represented as vector quantities projected onto two
orthogonal systems, one represents the PSDs and the other the OCLC-
EMAT coils. The strain vectors represent the shear wave strain at its
maximum amplitude. Additionally, the labels Coil B and Coil A orien-
tation indicate the orientation of the force generated by the coils. 9 in-
dicates the angle between the two orthogonal systems. Fig. 5a presents
the strain generated by coil B on top of the anisotropic material as a
vector quantity. The strain vector is aligned with the force orientation
generated by coil B. Fig. 5b shows how the strain generated by coil B is
split onto the PSDs. These strains then travel as two independent shear
waves polarised along the PSDs into the material. Fig. 5c illustrates the
projections of the strain components of the returning shear waves onto
the orientation of the coils of the OCLC-EMAT at the surface of the
material. Fig. 5d shows the vector quantities of the strain components
that are measured by the coils of the OCLC-EMAT at the first back-wall
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echo of the excited shear wave in Fig. 5a. V indicates the wave speed of
each strain vector. The sub-indices 1 and 2 are used to indicate the ve-
locity of waves that travel with polarisations corresponding to each of
the PSDs.

Based on the strain vector representation of a shear wave propa-
gating through the anisotropic material shown in Fig. 5, the maximum
amplitude of the back-wall echoes measured by the OCLC-EMAT coils
can be described as:

Seoitoconis = A* [cos® (0) + sin® (0) * el*™] 6
ScoilBcoild = [sm(@) *cos(0)+ @
sin(0)*cos(0)*e]
Scoita—coits = A k[wn(ﬂ) “cos(0)+ @)
sin(0)*cos(0)*e]
Scoita—coita =A* [sin® (0) + cos® (0) * e("“’é’)} @

Where variables S.yip_cois @and Scous—coita T€Present the signal amplitude
of the back-wall echoes received by the OCLC-EMAT coils when coil B is
used to excite a shear load in an anisotropic material and its back-wall
echoes are measured by coil B and coil A, respectively. S.iia—cois and
Scoita—coila are the back-wall signals measured by coil B and coil A when
coil A is used to generate a shear load in an anisotropic material. A in-
dicates the maximum amplitude of the strain components that the
OCLC-EMAT coils excite on the surface of the anisotropic material. For
coil A and coil B, the strain components generated on top of the material
are assumed to be equal in magnitude. The difference in wave speed
among the two shear waves propagating along the PSDs is accounted for
by el@"; where w is the angular frequency of the shear waves, dt is the
time difference between arrivals of waves travelling along the two
different PSDs and i is v/—1.

3.2. Detection of the principal shear directions using two orthogonal and
co-located shear transducers

The splitting of shear loads into two orthogonal shear waves can be
used to determine the orientation of the principal shear components in
an anisotropic material. The angle between the two orthogonal systems,
defined as 6, can be estimated from equations (1)-(4). First subtract
equation (4) from equation (1):

C= ScollB—>role ScmlA—>collA (5)

C = A*[cos(20) — cos(20)*e'™]

then sum equation (2) and equation (3):

D = Scoupcoitn + Scoita—coits ®)
D = A*[5in(20) + sin(20)*e ™)

The angle can be estimated as:
tan(20) = D/C = max(D)/max(C)

tan”" (max(D) /max(C)) ™

0= 5

Where max indicates the maximum absolute value of the first back-wall
echo of the measured signals.

3.3. Exciting a shear wave polarised along one PSD and general electrical
steering

For conventional measurements, one normally needs to rotate the
transducer to find the PSDs, and then align the transducer with the PSDs
to excite a shear wave polarised along one of the PSDs. We have shown
that with the OCLC-EMAT we can find the PSDs simply from one set of
signals, and now we will demonstrate that this same set of signals can be
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The sub-indices 1 and 2 correspond to the wave speed of the different principal directions.

used to reconstruct a pure shear wave polarised along the PSDs without
needing to physically rotating the transducer. We call this electrical
steering (of the polarisation).

Two linearly polarised shear loads and co-located can be used to
generate a pure shear wave polarised along only one of the principal
directions in an anisotropic material. The two orthogonal shear loads
can be at any angle with respect to the PSDs. However, they must be
excited simultaneously and of the right relative amplitude to obtain a
shear wave that propagates with a pure strain component along on of the
PSDs. Once the two orthogonal and amplitude modulated shear loads
are excited on top of the material, their strain components split across
the two PSDs instantly. This generates two new strain components
aligned with the principal directions. However, due the opposite sign of
the split components along one principal direction, one of the resultant
strain components is cancelled. Fig. 6 illustrates the concept.

Fig. 6a shows the strain components of the two orthogonal shear
loads excited at the surface of the anisotropic material. Their amplitudes
are proportional to the generated shear waves. The two shear wave
strain components are oriented at an arbitrary angle 6. Fig. 6b shows the
strain components of the orthogonal shear loads splitting onto the PSDs
of the material. Fig. 6¢ displays the final result of the interaction of the
strain components. The resultant strain is aligned solely with one of the
two PSDs. The relationship of the resultant wave with respect to the
excitation signals can be written as simple vector summations:

Scomp—psp1 = CoilB *cos(6) — CoilA *sin(0)

Scomp—pspr = CoilB *sin(0) + CoilA *cos(6)

®

Where S.omp—psp1 and Scomp—psp2 are the pure shear waves travelling
along one of the PSDs. The sub-indices comb—PSD1 and comb—PSD2

identify on which PSD each wave is polarised. CoilB and CoilA repre-
sents the signals applied on the coils for the excitation. The cos(9), sin(6)
and the + and — signs are the amplitude modulation needed to obtain a
shear wave purely polarised along one of the PSDs.

The combination of the shear waves Scomp_psp1 and S.omp—psp2 can
replicate physical excitation along any arbitrary direction on the surface
of the material, hence electrical steering.

3.4. Crack detection using two orthogonal and co-located transducers

The presence of a defect can be detected using a two-step procedure:
first, the shear waves strain components are aligned with the PSDs of the
material. The reason for this is to isolate the interaction of the two shear
waves with a defect from the effects induced by the source/receiver
misalignment with the PSDs of the material. Then, in the second step,
the recorded back-wall echoes are analysed and the presence of a defect
in the anisotropic material is identified.

In the first step, two co-located transducers that act as shear load
sources and as back-wall echo recorders are aligned with the PSDs of the
material. The alignment of the transducers can be achieved by esti-
mating the angular position of the transducers with respect to the PSDs
of the anisotropic material, see section 3.2, and then rotating the
transducers by the calculated angle so they are in the direction of the
principal directions. By doing this, the changes on the back-wall echoes
resulting from the sources/receivers misaligned with the PSDs is
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Fig. 6. Combining excitation on coil A and B to result in a pure strain aligned
with the principal shear direction 1. The bold arrows indicate the resulting
shear strain vector at each step. a) Strain generated by the OCLC-EMAT coils. b)
The strain generated by the OCLC-EMAT coils splitting into the two principal
shear directions. ¢) The resulting strain excited with both coils aligned with one
of the principal shear directions.

minimised.

The second step consists of using the co-located transducers, already
aligned in the first step, to perform a pulse-echo test in the anisotropic
material. The pulse-echo test is performed by using one of the trans-
ducers as the source and the two transducers as receivers. The active
transducer generates a time varying shear load along one of the principal
directions. Due to the shear load polarisation’s alignment with one of the
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PSDs, the particle displacement of the excited shear wave occurs along
the same principal direction. Therefore, no shear wave with displace-
ment polarised along the other PSD is generated. This implies that the
back-wall echoes of the generated shear wave are received only by the
shear load generating transducer. However, if a crack-like defect is
present, the particle displacement of the generated shear wave splits into
two particle displacements along the principal shear directions, once it
gets in contact with the defect. The two new particle displacements
generate two shear waves with polarisation direction along each PSDs.
The two new shear waves bounce back to the transducers from the back-
wall of the material. Therefore, when a crack-like defect is present, the
back-wall echoes of the generated shear wave can be measured with the
two orthogonal co-located transducers, as is shown in Fig. 7. This con-
tracts with when the crack-like defect is not present, where the back-
wall echoes of the excited shear wave is measured only by the same
transducer used to generate the wave.

Excited shear wave T 2 T;

Principal shear h .

direction 1 'V v ' '

1% Backwall

echo 5 E :

Principal shear \‘ A

direction 2 ; ;
(a)

Excited shear wave Tn Tvo Ty

Principal shear
direction 1

1% Back-wall

echo\
Principal shear h

directionZ’N v Py

(b)

Fig. 7. Shear wave splitting into two shear waves after interaction with a crack
in an anisotropic medium. The new shear wave will travel aligned with the
principal shear direction. a) Shear wave excited along principal shear direction
1 and back-wall reflections measured along the two principal directions. b)
Shear wave excited along principal shear direction 2 and back-wall reflections
measured along the two principal directions. T; and T, indicate the arrival time
at where a back-wall echo will arrive if it is travelling along the principal shear
direction 1 or 2, respectively. T;_» refers at the arrival time of the back-wall
echo received at the principal shear direction 2 after a wave travelling along
the principal shear direction 1 splits due to the presence of the crack.
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3.5. Estimating the crack orientation using orthogonal and co-located
shear transducers

To estimate the orientation of a crack-like defect in an anisotropic
material an analysis based on the signal amplitude of the first back-wall
echo of two orthogonal shear waves is proposed. The authors are pro-
posing to study the problem using the vector representation of the su-
perposition of two consecutive wave interactions: 1) the shear wave
interacting with a tilted crack in an isotropic material and, 2) the shear
wave splitting into two shear waves polarised along the PSDs. Decom-
posing this phenomenon into two consecutive shear wave interactions is
possible when using an incident shear wave with polarisation along one
of the PSDs only, and therefore the shear wave does not split due to the
material, but only splits due to the presence of the crack.

The effect of the first part of the superposition study on the shear
wave propagating can be explained as follows: in an isotropic medium,
the amplitude signal of the first back-wall reflection, which is received
after a shear wave interacted with a back-wall crack, depends on the
angle formed between the shear wave source and the orientation of the
crack in the material [16,23]. This relationship can be represented as the
amplitude of the first back-wall echo measured with the receiver parallel
and perpendicular to the crack [16] and it is shown in Fig. 8.

The consecutive second part of the superposition analysis can be
explained as continues: the amplitude of the first back-wall echo, after
mode conversion, of the incident shear wave is estimated as the pro-
jection of the amplitude of the back-wall reflection parallel and
perpendicular to the crack onto the principal shear directions of the
anisotropic material as is shown in Fig. 9. Fig. 9 illustrates the vector
representation of the superposition analysis of the shear wave inter-
acting with a crack in an anisotropic media. For illustration purposes,
the OCLC-EMAT is used as the shear load source and wave receiver. The
shear load is applied by coil B of the OCLC-EMAT and the first back-wall
echo is received with both coils. Fig. 9a shows the strain component of
the excited shear wave polarised along the PSD 1. Additionally, it rep-
resents the strain component of the excited shear wave propagating in
the material while it is unperturbed by the defect. Fig. 9b displays the
strain component of the excited shear wave once it gets in contact with
the crack. These strain components are estimated as the back-wall re-
flections measured normal to and along the tilted crack in an isotropic
material. Fig. 9c illustrates how the strain components generated after
the incident shear wave interacts with the crack splits into two shear
waves polarised along the two PSDs of the material. In Fig. 9d, the strain
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Fig. 8. Maximum amplitude of the 1% back-wall reflection measured parallel
and perpendicular to the crack versus the angle of the polarisation of the

incident shear wave. The results were obtained in the simulation described in
Ref. [16], where the material is isotropic.
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components of the first back-wall echo measured by the coils of the
OCLC-EMAT are shown.

The signals recorded with the two coils, during the pulse-echo test
illustrated in Fig. 9, can be expressed as the transmission of a shear wave
from coil B and measured with coil B and coil A. The expression of the
two transmissions can be written as:

CoilB — CoilB = A *cos*(¢) + Ay *sin* () (C)]
CoilB — CoilA = A, *cos(¢)*sin(@) + Ax*sin(@p)*cos(p) 10)

Where CoilB—CoilB and CoilB—CoilA symbolise the shear wave trans-
mission from coil B and its reception with coil B and coil A, respectively.
¢ is the angle formed between the crack surface and the excitation
source. A; and Ay Are the signal amplitude of the back-wall echoes
obtained when the incident shear wave is oriented parallel and
perpendicular to the crack in an isotropic material (or align with one of
the principal shear directions in an anisotropic material). A; is the
maximum amplitude of the back-wall echoes when excited along the
crack with unit input and A; is the maximum amplitude of the back-wall
echoes when excited perpendicular to the defect with a unit input.

Similar to the pulse-echo test illustrated in Fig. 9, the second pulse-
echo test can be indicated as the transmission of a shear wave from
coil A to coil B and coil A. The transmission/reception of the shear wave
can be written as:

CoilA — CoilB = A *cos(p)*sin(@) + Ay*cos(p)*sin(¢p) an
CoilA = CoilA = A, *sin* () + Ay*cos* () 12)

Where CoilA—CoilB and CoilA—CoilA represent the signal measured
when a shear wave is transmitted from coil A and received with coil B
and coil A, respectively.

The orientation of the crack-like defect, illustrated in Fig. 9, can be
estimated from equations (9) and (12) as follows:

4 CoilA— CoilA
1 =4, / 4 CoilB—CoilB
1
CoilA—CoilA _
CoilbCoils — A2 / A

The steps followed in order to obtain equation (13) are shown in
appendix A. Equation (13) assumes that the amplitude of the strain
components applied at the principal directions are equal. In case, that
strain components are not equal, the amplitude signal of the back-wall
echoes, CoilA—CoilA, needs to be normalised with respect to coilB.

The normalisation can be carried out by multiplying CoilA—CoilA with

CoilB—CoilA
CoilA—CoilB*

Additionally, prior information of the values A; and A, are required
in order to calculate the crack orientation. For the work presented in this
paper, A; and A, were obtained from the experimental results shown in
paper [16].

Q= tan~ (13)

4. Experimental results

The results presented in this section were obtained from experiments
that mimic the theory presented in section 3.

The experimental setup used to perform the experiments was similar
to the one described in paper [16]; but with the difference that the
orientation of the notches machined, in the aluminium blocks, were
changed. The orientation (¢) of the inspected notches were 0°, 20°, 30°,
45, 60°, 70° and 90°. In total, 4 different samples were inspected. On
each one a single notch was machined. The notches were machined on
the back-wall of the blocks. The notch dimensions were 5mm by 0.3 mm
(depth, width) and they ran across the whole specimen (aluminium
block) as indicated in Fig. 10. The results obtained with notches oriented
at 60°, 70° and 90° were achieved on the same blocks as for notches
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Fig. 9. Vector representation of the shear wave interacting with the crack as the superposition of two wave interactions: the amplitude of the back-wall reflection in
an isotropic material and the shear wave splitting in an anisotropic material. The bold arrows indicate the resulting shear strain vector at each step. a) Strain
generated by coil B of the OCLC-EMAT. b) Strain components generated at the crack after the shear wave propagating along the principal shear direction 1 interacts
with the defect. ¢) Projection of the shear strain components generated at the crack onto the principal shear directions of the anisotropic material. d) The strain

measured by the coils of the OCLC-EMAT.
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Fig. 10. Schematic Top view of the test carried out to characterise the notch

orientation.

oriented at 30°, 20° and 0°, respectively; but with the OCLC-EMAT
rotated 90° with respect to the position used on the experiments for
30, 20° and 0°. Fig. 10 is a schematic top view of the experiments carried
out to estimate the notch orientation in an anisotropic material.

As is shown in Fig. 10, the notches were machined on the left side of
the aluminium block, leaving the right side of the block as the test zone
used to characterise the orientation of the principal shear directions of

the material.

Fig. 11 shows the estimated orientation of the PSDs of the material as
the OCLC-EMAT is rotating on top of the aluminium block. 6 is the
existing angle formed by the OCLC-EMAT coils with the principal
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Fig. 11. Estimated orientation of principal shear directions of an anisotropic
material (aluminium) with respect to the OCLC-EMAT coils.
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directions. The red line indicates the angle form by the physical position
of the OCLC-EMAT coils and the PSDs, the blue dots are the estimated
angle formed by the OCLC-EMAT coils with the principal shear di-
rections and the black dashed line are the 5° upper and lower error band.
Fourteen pulse-echo tests were performed in total.

Fig. 12 displays the results obtained when two orthogonal shear
loads were used to excite a single shear wave polarised along one of the
principal shear directions. The pulse-echo tests were carried out on an
area where the notches were not present. Fig. 12a shows a comparison of
two different pulse-echo tests, when the OCLC-EMAT was physically at
equal to 0° and 30°. To excite one shear wave polarised along the first
principal direction, when 6 is 30, the signal amplitude of the shear loads
were modulated according to equation (8). The back-wall echoes of the
excited shear wave are recorded using the two coils of the OCLC-EMAT.
The time-traces plotted in Fig. 12a are the sum of the signal measured
with both coils during a single pulse-echo test. Fig. 12b shows the
calculated ToF of the back-wall echoes obtained when the shear wave is
excited along the principal shear directions. The shear wave was excited
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Fig. 12. Experimental results of shear waves oriented along the principal shear
directions. The shear waves were excited using two orthogonal shear loads. The
results were obtained with different OCLC-EMAT angular positions. a) A-scans
of excited shear wave travelling aligned with the principal shear direction 1. b)
Wave speed estimation of the excited shear waves travelling along the principal
shear directions of the anisotropic material.
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using two orthogonal shear loads. The tractions were excited at different
angles with respect to the PSDs. The different angles were obtained by
rotating the OCLC-EMAT on top of the aluminium block. The black line
indicates the wave speed measured when the shear surface tractions
were polarised along the principal shear directions 1 and 2. The blue
circles are the measured wave velocity of the shear wave polarised along
the PSD 1 at different 6. The red dots are the calculated wave speed of
the shear wave polarised along PSD 2 for different ¢ angles and the
dashed black line are the 0.5% upper and lower error band of the wave
speed. Sixteen pulse-echo tests were performed in total.

In Fig. 13, the time-traces obtained after one pulse-echo test are
shown to indicate the presence of a notch. The signals displayed are the
result of a shear wave interacting with a notch present in an anisotropic
material. The defect was oriented 20° with respect to the principal shear
direction 1 of the material. The pulse-echo test was carried out with the
OCLC-EMAT coils aligned with the PSDs. The shear wave was excited
with coil B of the OCLC-EMAT and its back-wall echoes were recorded
with both coils. As mentioned in section 3.4, when the defect is not
present in the area where the pulse-echo test is carried out, the received
back-wall echoes are only measured with one coil, as shown in Fig. 4a
while, when the defect is present, the back-wall echoes received after the
interaction of the shear wave with the notch are recorded with both coils
of the OCLC-EMAT, as is shown in Fig. 13. One pulse-echo test was
performed to obtain the results shown in Fig. 13.

Fig. 14 displays the results obtained after the inspection of an
anisotropic material with notches machined at different angles. The
results were obtained by using an OCLC-EMAT on top of the area where
the notch was present. The transducer’s coils were placed with orien-
tation along the principal shear directions of the material. The inspec-
tion of each crack-like defect was carried out by mimicking the steps
described in section 3.5. Fig. 10 shows the schematic top view of the
inspection. The OCLC-EMAT is placed on top of the aluminium block
and aligned with the PSDs on an area where the defect is present. Fig. 14
summarises the estimated notch angles. The results were obtained by
performing pulse-echo tests in the inspected material. The red line in the
plot indicates the orientation on which the notches were machined with
respect to first principal shear direction, while the blue dots are the
estimated notch orientation and the dashed black line are the 5° upper
and lower error band of the estimation. Fourteen pulse-echo tests were
performed in total, two for each estimated notch orientation.
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Fig. 13. Experimental results of notch detection based on back-wall reflection.
The notch was oriented 20° away from the first principal direction of the ma-
terial. The results obtained, in contrast to the signals shown in Fig. 4a, display
an amplitude and shape change among the recorded signals. The back-wall
echoes are received with both coils of the OCLC-EMAT.
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Fig. 14. Experimental characterisation of the notch orientation. The notch
estimated orientation was measured with respect to the first principal
shear direction.

5. Discussion

The work presented in this paper establishes a simple method of
characterising the level of anisotropy and the principal shear directions
of a material. The characterisation of the level of anisotropy and the
orientation of the principal shear directions are achieved by measuring a
shear wave splitting in the material. These serve the purpose of crack-
like defect detection in this paper, but they may have a broader appli-
cations in the field of material characterisation (e.g. to inspect the ho-
mogeneity of larger samples, monitor the level of strains in a material,
measuring residual stresses, etc).

In the presented work, the crack-like defect detection and the eval-
uation of its orientation in anisotropic media relies on the prior
knowledge of the principal shear directions, which is obtained by
characterising the material on a neighbouring region without defects.
However, real applications may encounter situations more complicated
than what we have assumed here. For instance, the access to defect-free
areas might be restricted, or whether an area has a defect or not could be
unknown beforehand. In addition, the orientation of the PSDs may vary
from one area to another due to factors such as grain micro-structural
variations, localised inclusions in the material, or residual or ther-
mally induced stresses, etc. We will aim to address these difficulties in
future work by building up on the findings presented here. For example,
we will explore the combination of two pairs of OCLC coils aligned with
45° equal gaps and study the differences between the signals from the
pairs. We believe a system like this could be able to 1) characterise the
PSDs of the shear waves, 2) determine whether a crack-like defect is
present, 3) obtain the orientation of the crack if indeed present, all at the
same time, which is an exciting and useful prospect to pursue.

The compensation of the received signals proposed in section 3.5,
used to estimate the orientation of the defect, assumes that the ampli-
tude difference in the back-wall echoes is the result of the coils not being
at the same lift-off with respect to the material. The compensation also
assumes that the signals in equations (2) and (3) are equal. However, if
the signals expressed in equations (2) and (3) are not equal due to the
material anisotropy, the compensation method presented can be used to

Appendix A. Calculating the orientation angle of a crack-like defect
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compensated this variation. In this case, the amplitude difference of the
shear surface tractions needs to be eliminated before starting the in-
spection. In addition, in our theories and experiments, we have used
bare metals without painting, so the reflection coefficients remain uni-
form; for real-world applications involving surface painting or other
surface treatments that may affect the reflection amplitudes, more
comprehensive investigations will be needed.

6. Conclusion

A methodology to detect and characterise the orientation of crack-
like defects in anisotropic materials was presented. The proposed
method utilises two orthogonal and co-located shear waves with linear
polarisation to inspect the anisotropic material. With the use of two
shear waves it was possible to establish the level of anisotropy of a
material, the orientation of the principal shear directions of the material,
to detect the presence of a crack-like defect and to estimate the defect
orientation with respect to the principal directions. The results obtained
show the efficacy of the proposed method on an aluminium block. The
orientation of the principal shear directions could experimentally be
determined within ~ =+ 5° error and the level of anisotropy of the ma-
terial to ~ 0.5%. Moreover, the notches orientation could be estimated
experimentally within ~ +5°.

To understand the interaction of the two orthogonal shear waves in
the anisotropic material and with a crack-like defect, a study of the two
waves propagating in the material was presented. The study was based
on vector analysis of the strain components of the two shear waves
travelling through the anisotropic material. The representation of the
strain components of the shear waves as vector quantities allowed the
estimation of the anisotropic material characteristics, as well as the
estimation of the orientation of crack-like defects.

Finally, the results obtained in this work showed agreement with the
theory proposed. The detection methodology of crack-like defects with
two orthogonal and co-located shear waves was extended to anisotropic
materials. Additionally, the concept of estimating the defect orientation
with respect to the principal axes of the material was added to the
methodology.
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The orientation angle of a crack-like defect was defined as the angle form between the crack-like defect and one of principal shear directions of the
anisotropic material. It is illustrated as ¢ in Fig. 9 and in Fig. 10. The mathematical formula used in this paper to estimate the orientation angle is
equation (13). In this appendix, it is summarised the mathematical steps used to obtain the equation mentioned before. Equation (13) was obtained by
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following the next steps:

CoilA—CoilA A *cos’ (@) + Ay *sin’ ()
CoilB—CoilB ™ [A;*sin’(¢) + Ay *cos*(¢)

CoilA—CoilA [cos* (@) + Az /Ay *sin* ()
CoilB—CoilB ~ sin*(p) + A2 /A *cos*(p)]
CoilA—~CoilA _ [1 + Ay /A *1an* (9)]
CoilB—CoilB ~ [tan*(p) + A>/A,]
CoilA—CoilA
CoilB—CoilB ~

[tan® (¢) + A2 /A, ]
1 +A2/A1*tan2((p)

LA /A L CoilA—CoilA
_A, [Apiem o

tan* () = CoilB—CoilB
?) = " CoilA~CoilA_ )
CoilB—CoilB 2/ "
CoilA—CoilA
1-A /A —————
- i / ' CoilB—CoilB
¢= CoilA—CoilA
T~ ap - aDp AZ Al
CoilB—CoilB
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