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Nonlinear ultrasonic imaging techniques in pulse-echo configuration have recently shown their potential to allow the effective
separation of nonlinear and linear features in a nonlinear image. In this study, two ultrasonic phased arrays are implemented to
produce an image of elastic nonlinearity through the parallel-sequential subtraction of the coherently scattered components in the
through-transmission acoustic field at the transmission or subharmonic frequency. In parallel mode, a physical focus at each pixel
is achieved by firing the transmitters with a predefined delay law. In sequential mode, each transmitter is fired in sequence and all
the receivers are employed to capture the data simultaneously. This full matrix captured data can be post-processed and focused
synthetically at the target area. The images of parallel focusing and sequential focusing are expected to be linearly identical and
hence any differences remained on the subtracted image can be related to the nonlinearities arising from the defects. Therefore,
the imaging metric here is defined as the difference between parallel and sequentially focused amplitudes obtained from forward
coherently scattered fields at each target point. Additionally, the negative influences due to the instrumentation nonlinearities are
investigated by studying the remaining relative phase and amplitude at undamaged pixels. A compensation method is im-
plemented to suppress these noises, significantly enhancing the selectivity of nonlinear scattering features. The proposed
techniques are then implemented to monitor fatigue crack growth in order to explore the capability of these methods as measures
of elastic nonlinearity induced by different sizes of small closed cracks. The promising results suggest that nonlinear imaging can
be used to monitor crack growth and improve the detectability at early stages.

pitch-catch coherent measurement, nonlinear imaging, fatigue crack monitoring, ultrasonic phased array, nonlinearities
decoupling
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1 Introduction

Nonlinear ultrasonic techniques using phased arrays have
recently emerged with the capability to image and quantify
fatigue cracks [1,2]. The physically opening and closed state
of microcrack gives rise to the nonlinear dynamics with os-
cillating breathing stiffness and friction damping [3,4]. This
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non-classical behavior of the microcrack leads to a measur-
able nonlinear response before the formation of the macro-
scopic cracks, to which the linear ultrasound is sensitive. The
so-called contact acoustic nonlinearity (CAN), known as
non-classical nonlinearity can be attributed to a hysteretic
behavior [5] or a clapping effect [6,7]. Previous studies in-
vestigated the feasibility of second harmonic generation and
frequency modulation methods to measure acoustic non-
linearity by using single-element transducers. Despite the
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ability to spatially identify fatigue cracks and quantitatively
measure their sizes at early stages [8—12], the complex ex-
perimental setups and the large measurement errors have
resulted in a clear gap between laboratory tests and en-
gineering practice [13-21].

Over recent years, nonlinear ultrasonic imaging techniques
in which a single array probe is employed have been de-
monstrated to deliver immense potential for visualizing
partially closed fatigue cracks. These techniques pre-
dominantly evaluate the subharmonic components or the
fundamental loss from the nonlinearly distorted waves in a
pulse-echo configuration. The first developed technique,
subharmonic imaging [22] analyzed subharmonics in the
measured waves backscattered from open and closed cracks
in metallic structure. However, this class of method ne-
cessitates suppression of the superposition between funda-
mental and subharmonic frequency components. Another
class of technique selects the fundamental components in
coherently backscattered field to quantify elastic nonlinearity
at or close to the target point [23,24]. The principle is that a
considerable portion of fundamental energy will transfer to
some other frequency components and the relative funda-
mental loss between different transmission modes (e.g.,
amplitude modulation and parallel-sequential field subtrac-
tion) can be measured, whereby the source of elastic non-
linearity is expected to be detected. However, such a
technique still necessitates further development to improve
the detectability of weak backscatterer as well as suppress
interference from linear features. The third class of method
measures uniformly distributed energy in the diffuse field
including total nonlinear information at each pixel location
[25,26]. Whist this technique is seen to provide the high
sensitivity to closed cracks by capturing more nonlinear in-
formation from the forward scattered waves in the diffuse
field, the requirement of measurable signals in the diffuse
field has limited its application.

This paper presents a novel form of fundamental and
subharmonic frequency component imaging technique in
which the forward scattered field is explored by im-
plementing the pitch-catch setup (i.e., through-transmission
measurements). This method is manifested to have sig-
nificant benefits over the approaches mentioned above. Two
phased array probes are placed on opposite sides of the
component, such that element firing and data capture are
realized independently in order to measure the forward
scattered nonlinear components of the parallel coherent field
and sequential coherent field, respectively. Pitch-catch non-
linear ultrasonic coherent imaging (hereinafter referred to as
p-NCI) methods are explored and developed by observing
the novel nonlinear phenomena in terms of phase change and
amplitude loss primarily at the fundamental or subharmonic
frequency. In addition, an approach of the pitch-catch in-
strumentation nonlinearities compensation is proposed to
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significantly improve the detectability of microcracks. Pro-
mising experimental results are demonstrated for the p-NCI
approach and used to quantitatively monitor fatigue crack
growth from 20000 fatigue cycles (corresponding to 350 um
long crack). In addition, the effective localization of the
crack tip as well as favorable detection sensitivity reliably
delivered by this approach facilitates the practical applica-
tions to structural health monitoring of critical engineering
components.

2 Principle of p-NCI

The fundamental concept of the p-NCI approach employs
two alternative imaging modes of an off-the-shelf phased
array system, known as parallel focusing and sequential fo-
cusing. In parallel focusing the firing of multiple elements
with relative delay is implemented and in sequential focusing
the separate firing of each element is employed. Their ima-
ging process is as follows. Firstly, a parallel image is pro-
duced by physically focusing at each pixel in sequence
through a transmitter and a receiver with the equivalent
fundamental or subharmonic centre frequency on reception.
Secondly, a sequential image is formed in a manner con-
ceptually similar to the total focusing method [27] for the
dual array configuration filtered at the fundamental band or
subharmonic. Synthetic focusing is then achieved through
post-processing of a sequentially captured full matrix. These
two focusing methods are expected to be linearly equivalent,
inferring that the subharmonic and superharmonic compo-
nents within the transmission band will be removed after
parallel-sequential subtraction. Harmonic generation is by
definition [16] an amplitude-dependent process, implying
harmonic and subharmonic scattering will be greater for the
parallel transmission case due to much larger fundamental
energy at the focal point. Consequently, through subtracting
these two images from each other, linear geometric features
should be removed and only nonlinear scatterers should re-
main. In this way, the p-NCI method in the subsequent study
predominantly examines the characteristics of forward
scattered nonlinear response from the microcracks by cap-
turing the parallel focused signals and sequentially trans-
mitted signals in the forward coherent wave field.

For the sequential focusing, we assume that g,,(f) is the
full matrix captured data for each pair of transmitting («) and
receiving (b) elements. Additionally, p,(s,?) is the time-do-

main signals received by element b in the parallel case. z (;r (s)

is the transmission delay for the a" element and 7}(s) is the

reception delay for the b"™ element to focus at a pixel loca-
tion, s(x,z). The Fourier transformed frequency-domain sig-
nals in parallel and sequential cases are denoted by P,(s,®)
and Q,,(w), respectively. Accordingly, the sequentially
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focused signals Q(s,w) can be obtained by correspondingly
applying transmission delay raT (s) and reception delay rbR(s),
which is expressed as

b=1| a=1

Ne( Ny . o
(s, ) = Z[Z Q@)™ “’]e“b ®. (1

Likewise, the parallel focused signals P(s,w) to which the
reception delay (SbR(s) in the post-processing is applied may
be written as

N

R .
P(s,0) = Y Pyls,w)e® ), 2)
b=1

Subsequently, the filtered parallel signals P (s, w) and fil-

tered sequential signals O (s, m) are obtained by a filter with
considerably narrow band, one third of the nominal center
frequency at reception, whereby the nonlinear signals gen-
erated from the defects can be selectively measured through
minimizing the influence of internally moved energy within
the post-processing band [24]. Next, the filtered time-domain
signals in the sequential and parallel focusing cases ¢(s,#) and
p(s,t) are calculated through an inverse Fourier transform.
Last, the focal time ¢, implies time of flight from reference
transmitter element to each pixel location and from the pixel
location to reference receiver element.

Ao =) +22 4 (v, — ) + 27
= c ’ ()
where x,, and x, are the x-axis position of reference trans-
mitter element and reference receiver element for the re-
ception delay law. Consequently, by interpolating the
corresponding amplitude at #, the sequentially focused am-
plitude intensity 4, at imaging pixel s can be expressed as

A,(s) = ‘q(s,tf)‘. 4)

Similarly, the parallel focused amplitude intensity 4, at the
imaging pixel s is given by

A,(s) = ‘p(s,tf)‘. (5)

Finally, a nonlinear image using metric x(s) can be pro-
duced by calculating the subtracted amplitudes between the
sequential and parallel focusing as follows:

k(s) = ‘q(s,tf)—p(s,tf)‘. (6)

The prior study [24] has found that the inevitable non-
linearities arising from the instrumentation and experimental
setup (e.g., electrical circuit, array elements and gel cou-
plant) can be significantly suppressed in a parallel-sequential
subtracted image by nonlinearities decoupling approach
using noise compensation factors. However, as a con-
sequence of the measured through-transmission field in this
study the reference points of linear features are defined as
those pixels within the clean area (i.e., undamaged region
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containing no linear scatterers). Accordingly, the noise
compensations factors of relative phase J,(w) and relative
amplitude d,(w) can be calculated by following the above
discussed signal processing steps, thereby computing the
corrected sequential amplitude intensity through removal of
unwanted nonlinearities, which is as follows:

O(s,w) = %em@ o

Therefore, an improved nonlinear metric ©(s) by using the
corrected time-domain amplitude in sequential case q(s, tf)

can be adjusted to

R(s) = ]q(s,tf)—p(s,tf)]. (8)

3 Experimental procedure

3.1 Experimental setup

The compact tension specimens were fabricated according to
the ASTM standard E647-05 and the fatigue test with the
equivalent loading conditions used in the previous experi-
ment [26] was conducted thereby relating linear and non-
linear metrics to the size of cracks. In addition, the
metallographic preparation was applied to the area around
the notch tip prior to the fatigue test. The microstructure in
the vicinity of the crack was then identified by a microscope
in order to determine the crack size periodically.

Notably, the crack closure is expected to be detectable by
the pitch-catch measurement because the complete wave
front passing through the crack interface can be collected by
another probe located on the opposite side. Additionally, it is
worth investigating the nonlinear phenomenon of forward
scattered field before the formation of macrocracks. For the
experimental setup, a 5 MHz array probe with 64 elements
and a pitch of 0.63 mm (manufactured by Imasonic) is im-
plemented as the transmitter in pitch-catch configuration.
The dual-sided detection necessitates an additional array
probe with centre frequency of 5 or 2.5 MHz for receiving
the forward scattered signals at fundamental or subharmonic
frequencies (see the details below).

For the fundamental measurement, another identical array
probe is used as the receiver for pitch-catch NCI fundamental
imaging. The schematic diagram in Figure 1(a) presents the
arrangement of the pitch-catch fundamental measurement.
Regarding the subharmonic measurement, the nonlinear
imaging was achieved by employing a 2.5 MHz array probe
with 64 elements and a pitch of 0.5 mm (manufactured by
Imasonic) at reception. The schematic diagram in Figure 1(b)
describes the layout of the pitch-catch subharmonic mea-
surement. Note that two clamps are employed to keep the
probes in good contact with specimens, and a baffle block is
used to ensure the consistent alignment of probes.
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(b)

Transmitter

Transmitter
(5 MHz) (5 MHz)

Receiver
(2.5 MHz)

Receiver
(5 MHz)

Figure 1 Experimental configuration of (a) pitch-catch fundamental
measurement and (b) pitch-catch subharmonic measurement.

3.2 Sequential and parallel forward scattered fields

Example time traces in parallel and sequential cases (p(s,?)
and ¢(s,t)) focused at the crack tip in the same CT sample are
shown in Figures 2(a) and 3(a). The relative properties of the
fundamental and subharmonic wave fields in the frequency
domain are displayed in Figures 2(b) and (c) and 3(b) and (c),
respectively. It is clear that the parallel and sequential fields
focused at the crack tip present significant differences in both
phase and amplitude in contrast to those from linear points.
The reference linear points here for compensating the in-
strument nonlinearities are selected to possess an intensity of
A,(s) larger than 0.5. It is worth noting that example focused
signals illustrated in Figures 2(a) and 3(a) were used for the
frequency analysis.

Notably, the amplitude ratio between sequential and par-
allel focusing J, at the crack tip in the fundamental and
subharmonic measurements of p-NCI (as presented in Fig-
ures 2(b) and 3(b), respectively) increases by 0.2 and 0.1,
respectively compared with that of the pulse-echo mea-
surement results [24]. As a consequence, this delivers re-
markable contributions to the same nonlinear metric x(s) as
indicated in eq. (6). This observation (i.e., the amplitude of
the parallel field is higher than that of the sequential field) as
presented in Figures 2(b) and 3(b) shows consistent non-
linear phenomenon with the diffuse energy imaging results
[26] in which the remaining fundamental energy of the
parallel focusing at the crack tip is much less than that of the
sequential one.

On the other hand, the phase difference between the par-
allel and sequential focusing J, at the crack tip in pitch-catch
fundamental and subharmonic measurements at the crack tip
reduces by 0.11 and 0.07, respectively relative to that in
pulse-echo approach. As a consequence, the phase imaging
here is thought to be ineffective for measuring the non-
linearity. This difference in amplitude and phase between
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Figure 2 (Color online) Pitch-catch fundamental measurement at 30000
fatigue cycles, (a) time traces focused at the crack tip. The signal used for
the frequency analysis is indicated by a black rectangular box. (b) Am-
plitude ratio d, at crack tip and linear points, and (c) relative phase in
radians J, versus frequency at the crack tip and linear points. Note that
error bars are obtained by calculating standard deviations at selected da-
mage-free area.

backscattered and through-transmission fundamental com-
ponents induced by closed cracks might be attributed to the
nonlinear directivity function at the crack interface. Most
importantly, these differences seen in pitch-catch config-
urations can also be used to image the elastic nonlinearity.
The maximum 6, and J, over the post-processed frequency
band at crack tip produced by two p-NCI methods are
summarized in Table 1. In addition, it is worth noting their
relative change at linear point (clean area) between each
method is much smaller compared with that at the crack tip.

4 Imaging process

Figure 4(a) and (b) show the pitch-catch fundamental se-
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Figure 3 (Color online) Pitch-catch subharmonic measurement at 30000
fatigue cycles, (a) time traces focused at the crack tip. The signal used for
the frequency analysis is indicated by a black rectangular box. (b) Am-
plitude ratio J, at crack tip and linear points, and (c) relative phase in
radians J, versus frequency at the crack tip and linear points. Note that
error bars are obtained by calculating standard deviations at selected da-
mage-free area.

quential and parallel images (4,(s) and 4,(s)) of the area near
the notch and the propagating cracks. Note that the absolute
amplitude in these linear metrics implies the capability to
propagate through the paths between transmitter and re-
ceiver. Although these two linearly equivalent images appear
to be indistinguishable, the subtracted image (see Figure 4(c))
is capable of selectively identifying the fatigue crack, which
is confirmed by the maximum value in the vicinity of the
crack tip. Furthermore, an improved nonlinear image with
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Figure 4 (Color online) Fundamental p-NCI at 30000 loading cycles, (a)
sequential image 4,(s) and (b) parallel image A4,(s) in arbitrary units, (c)
nonlinear image «(s) and (d) nonlinear image with instrument noise com-
pensation applied %(s). The experimental configuration is as illustrated in
Figure 1(a). The crack tip measured by micrography is denoted by a red
cross. The white lines indicate the geometries of the electro-discharge
machined notch.

the instrumentation compensation process is presented in
Figure 4(d), from which it can be observed that the noise
level in nonlinear metric reduces roughly from 0.06 to 0.01.
Such nonlinear features might be attributed to the principal
variation in amplitude, point spread function, and small
phase shift.

Likewise, the linear and nonlinear images from the sub-
harmonic measurement are displayed in Figure 5(a)—(d).
Their features can be related to those in Figure 4(a)—(d). As a
consequence of partial fundamental loss, the nonlinear sub-
harmonic responses indicated by nonlinear images in Figure
5(c) and (d) behave somewhat weaker than the nonlinear
fundamental responses measured by those in Figure 4(c) and
(d). This is also seen from the smaller J, and d, at the crack
tip observed in Figure 3(b) and (c). Therefore, the p-NCI of
fundamental waves is thought to deliver high selectivity to
elastic nonlinearity.

5 Monitoring fatigue crack growth

This study is conducted in order to explore the capability of

Table 1 A summary of amplitude ratio J, and relative phase in radians J, at crack tip and linear point (clean area) produced by two p-NCI methods

d4 at crack tip

J, at clean area

d, at crack tip d, at clean area

Pitch catch (fundamental measurement)

Pitch catch (subharmonic measurement)

1.13
1.03

1.02 0.05 0.02
1.00 0.09 0.04
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Figure 5 (Color online) Subharmonic p-NCI at 30000 loading cycles, (a)
sequential image 4,(s) and (b) parallel image 4,(s) in arbitrary units, (c)
nonlinear image x(s) and (d) nonlinear image with instrument noise com-
pensation applied %(s). The experimental configuration is as illustrated in
Figure 1(a). The crack tip measured by micrography is denoted by a red
cross. The white lines indicate the geometries of the electro-discharge
machined notch.

forward scattered field as a measure of elastic nonlinearity
induced by different sizes of fatigue cracks. In addition,
through this study the imaging results may confirm the de-
tection efficacy of each method. The experimental proce-
dures for fundamental p-NCI and subharmonic p-NCI are
used in this study. Their experimental configurations are il-
lustrated in Figure 1(a) and (b), respectively. The funda-
mental p-NCI is expected to detect the crack earlier than the

(a) (b) (c)
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pulse-echo method by capturing through-transmission sig-
nals distorted at crack closure. This is because this method
does not necessitate the formation of partially open cracks to
backscatter the nonlinearly distorted waves. In addition, the
subharmonic p-NCI is implemented on this crack monitor-
ing, in order to understand the change in nonlinear sub-
harmonic response with increasing crack size, although its
response corresponds to part of the fundamental loss.

5.1 Fundamental measurement

Figure 6(a)—(j) display linear images yielded by linear se-
quential imaging A,(s) (indicated in eq. (4)) from 10000
cycles to 100000 cycles. In contrast to the pulse-echo method
[24], the pitch-catch sequential image features are more
difficult to reveal the actual size of cracks throughout their
fatigue life. The change in linear images with increasing
cycles predominantly arises from the forward field scattered
by the growing cracks. It is seen that the amplitude of
through-transmission waves is decreasing with increasing
crack length.

However, the pitch-catch nonlinear images ¥ (s) obtained
from eq. (8) in Figure 7(a)—(j) reveal the presence of mi-
crocracks and deliver high selectivity of nonlinear features
from 20000 fatigue cycles. The detectability is indicated by
nonlinear metric & (s) with a value (0.055) higher by a factor
of 3 compared with the peak value at the clean area seen at
present and earlier stage. Notably, the highest nonlinearity
(equal to 0.2205 in £ (s)) throughout its fatigue life is seen at
50000 cycles, which appears slightly earlier than that from
pulse-echo measurement [24]. Subsequently, the non-
linearities measured by #(s) decrease at an increasing rate
with the number of cycles since the crack interface becomes

(d) (e)

§2.5

12.0

0.5

0

Figure 6 (Color online) Linear sequential images 4,(s) in arbitrary units at (a) 10000 cycles, (b) 20000 cycles, (c) 30000 cycles, (d) 40000 cycles, (€) S0000
cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(a) displays the experimental configuration. The

crack tip measured by micrography is denoted by a red cross.
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increasingly open. It should be noted that the nonlinear re-
sponses observed in nonlinear images are principally at-
tributed to the difference in absolute amplitude between
sequential and parallel focusing, whilst the phase offset is the
dominant nonlinear effect for pulse-echo measurement [24].
Some evidence is provided by similar features seen in the
resulting images (as presented in Figure 8(a)—(j)) generated
through the subtraction of parallel absolute amplitude A4,,(s)
from sequential absolute amplitude 4,(s).

5.2 Subharmonic measurement

Figure 9(a)—(j) present similar linear features (as seen in

(a) (b) (c)
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Figure 6(a)-(j)) generated from sequential subharmonic
imaging A4,(s) (see eq. (4)) from 10000 to 100000 cycles. As
a consequence of the similar features, these linear results
might predominantly arise from the linear subharmonic
components within transmission bandwidth. Since the region
of closed cracks in these linear sequential images does not
exhibit any notably high magnitude, the nonlinear sub-
harmonic responses induced by the cracks are thought to be
negligible compared with the linear subharmonic compo-
nents, so that the nonlinearity of cracks cannot be determined
by the change in linear images.

However, the subtracted nonlinear images ©(s) obtained
using eq. (8) in Figures 10(a)—(j) reveal comparable non-

(d) (e)
10.18
10.16

10.14

0.12
0.10
0.08
0.06
_C 0.04
0.02

0

Figure 7 (Color online) Fundamental p-NCI nonlinear images in nonlinear amplitude metric %(s) at (a) 10000 cycles, (b) 20000 cycles, (c) 30000 cycles,
(d) 40000 cycles, (¢) 50000 cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(a) displays the
experimental configuration. The crack tip measured by micrography is denoted by a red cross.

(2) (b) (c)

(d) (e)

1 mm|

< —<®

0.10

0.05

Figure 8 (Color online) Fundamental p-NCI images obtained by subtracting the absolute values of 4,(s) from 4,(s) at (a) 10000 cycles, (b) 20000 cycles,
() 30000 cycles, (d) 40000 cycles, (e) 50000 cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(a)
displays the experimental configuration. The crack tip measured by micrography is denoted by a red cross.
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linear features (to those observed in Figure 7) around the
cracks and deliver high detectability of crack tip from 30000
cycles in the fatigue life. By comparing with the detectability
(earlier detection at 20000 cycles) of fundamental p-NCI, the
delay in detecting the crack is primarily due to a small por-
tion of nonlinear responses evaluated in subharmonic p-NCI.
Specifically, the earliest detection point at 30000 cycles is
confirmed by nonlinear metric £(s) with a value (0.043) of
the nonlinear metric #(s) higher by a factor of 4 relative to
the highest background level is seen at present and earlier
stage. Notably, the nonlinearities measured by #(s) increase

(@)
()

(b)
(9)

Sci China Tech Sci

(c)
(h)
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to its highest value (equal to 0.1387) at 80000 cycles, which
appears much later than those from fundamental p-NCI
measurements. Subsequently, the nonlinearities indicated by
#(s) also decrease at an increasing rate with increasing crack
size. Again, the nonlinear responses seen in nonlinear am-

plitude images #(s) primarily arise from the difference in
absolute amplitude between sequential and parallel focusing
(see Figure 3(b)). Likewise, a solid proof is given by similar
features seen in the resulting images (see Figure 11(a)-(j))
generated through the subtraction of parallel absolute am-
plitude 4,(s) from sequential absolute amplitude 4 (s).

(d)
[0) j

11.4

0.8

0.6

0.4

0.2

0

Figure 9  (Color online) Linear sequential images 4,(s) in arbitrary units at (a) 10000 cycles, (b) 20000 cycles, (c) 30000 cycles, (d) 40000 cycles, (€) S0000
cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(b) displays the experimental configuration. The

crack tip measured by micrography is denoted by a red cross.

(c)
1 mm 1 mm nm nm
10.12
0.08
(h) j

(i)
. 1 mm 0.06
g JHH
“ G 0.02
0

Figure 10 (Color online) Subharmonic p-NCI nonlinear images in nonlinear amplitude metric z(s) at (a) 10000 cycles, (b) 20000 cycles, (c) 30000 cycles,
(d) 40000 cycles, (e) 50000 cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(b) displays the
experimental configuration. The crack tip measured by micrography is denoted by a red cross.
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(i) ()
0.04

0.02

Figure 11 (Color online) Subharmonic p-NCI images obtained by subtracting the absolute values of 4,(s) from 4,(s) at (a) 10000 cycles, (b) 20000 cycles,
(c) 30000 cycles, (d) 40000 cycles, (¢) 50000 cycles, (f) 60000 cycles, (g) 70000 cycles, (h) 80000 cycles, (i) 90000 cycles and (j) 100000 cycles. Figure 1(b)
displays the experimental configuration. The crack tip measured by micrography is denoted by a red cross.

6 Conclusions

A pair of pitch-catch nonlinear ultrasonic coherent imaging
techniques (termed as fundamental p-NCI and subharmonic
p-NCI) is proposed to selectively detect and size the mi-
crocracks based on the measurable differences between
parallel and sequentially focused amplitudes obtained from
forward coherently scattered fields. Their ability to quantify
the microcracks has been demonstrated by monitoring fati-
gue crack growth in compact tension specimens from a crack
length of from 20000 fatigue cycles (corresponding to
350 um long crack). The sizing of the microcrack was rea-
lizable through tracking the maximum nonlinear metric with
an accuracy significantly better than 1 mm. In addition, it
was manifested that an improved suppression of linear fea-
tures by applying effective compensation for instrument
nonlinearities offered the capability to preferably decouple
the nonlinear defect from other geometries (i.e., linear fea-
tures) particularly in their early fatigue life. Additionally, it is
worth noting that both fundamental p-NCI and subharmonic
p-NClI are principally dependent on the difference in absolute
amplitude between forward scattered fields in parallel and
sequential focusing cases. Further, the experimental results
suggest that the subharmonic p-NCI approach is less sensi-
tive to the small fatigue cracks in comparison to the funda-
mental one. This is thought to arise from the amplitudes of
the superharmonic components unevaluated by the sub-
harmonic method. The measurement error is found to be
within 10% for 5 repeat measurements at different loading
cycles. Last but not least, in contrast to pulse-echo coherent
field imaging and diffuse field imaging, the proposed p-NCI
technique is employed for applications with double-sided
access, which is particularly useful for evaluating the non-

linear source containing no reflectors in through-transmis-
sion mode. As both techniques show good performance in
detection efficacy for fatigue cracks in the early stages of
development, these show a promising prospect for structural
health monitoring of, for example, pressure equipment and
turbines.
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