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Abstract: Bimetallic lined pipe (BLP) has been increasingly used in offshore and subsea oil and gas
structures, but how to identify the invisible inner defects such as liner wall thinning and interface
debonding is a challenge for future development. A nondestructive testing (NDT) method based on
pulsed eddy current testing (PECT) has been proposed to face these difficulties. The inspection of the
BLP specimen (AISI1020 base tube and SS304 liner) is implemented from outside of the pipe by using
a transmitter–receiver-type PECT probe consisting of two induction coils. By simplifying the BLP
specimen to stratified conductive plates, the electromagnetic field interaction between the PECT probe
and specimen is analytically modeled, and the probe inspection signals due to liner wall thinning
and interface debonding are calculated. In order to highlight the weak response (in microvolts) from
the liner, the inspection signals are subtracted by the signal, which is calculated in the case of only
having a base tube, yielding differential PECT signals. The peak voltage of the differential signal is
selected to characterize the liner wall thinning and interface debonding due to its distinguishable and
linear variation. Experiment verification is also carried out on a double-walled specimen simulated
by a combination of a Q235 casing pipe and SS304 tubes of different sizes. The experimental results
basically agree with the analytical predictions. The peak value of the PECT signal has an ascending
and descending variation with the increase in the remaining liner wall thickness and debonding gap,
respectively, while the negative peak value shows opposite changes. The peak value exhibits a larger
sensitivity than the negative peak value. The proposed method shows potential promise in practical
applications for the evaluation of the inner defects in BLP lines.

Keywords: bimetallic composite pipes; pulsed eddy current; corrosion; liner wall thinning;
interface debonding

1. Introduction

The massive pipelines used in oil and gas (O&G) production and transportation are
exposed to some of the most aggressive industrial environments. As is often the case in the
subsea and offshore O&G industry, the inside is exposed to the corrosive ingredients of
hydrocarbons, while the outside is required to withstand mechanical loads and impacts [1,2].
In order to simultaneously solve the corrosion problem and provide the required strength
to maintain structural integrity, the use of a solid corrosion-resistant alloy (CRA) and
bimetallic composite pipes is in high demand [3–6]. Bimetallic composite pipes, including
a carbon steel (CS) base tube and an inner CRA layer, are considerably more economical
than equivalent solid CRA pipes [5,6].

A double-walled, bimetallic composite pipe typically consists of a thin internal CRA
pipe, with a typical thickness of 3 to 4 mm and a thick outer CS pipe. It can be manufactured
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through either mechanical or metallurgical bonding process, forming two main categories
of CRA pipes—mechanically lined pipes and hot-roll cladded pipes, respectively [6–8]. The
bimetallic lined pipe (BLP) is preferred in various applications because of its lower pro-
duction costs, high productive efficiency, and availability in all sizes. Generally, BLP pipes
provide excellent corrosion protection. However, due to manufacturing-related anomalies,
wrong handling during storage, transportation and installation, and unsuitable selection
of CRA material for the actual operational conditions, corrosion damage and geometric
deformations can occur at the outer layer, internal layer and also the interface [1,2,9,10].
Among these failures, liner wall thinning and interface debonding, which are invisible
and inaccessible from outside, are difficult to identify and, thus, pose great risk to the
operational safety of BLP lines. Hence, test and inspection measures are required to ensure
the structural integrity of BLP products. For the constructed BLP lines, an online inspection
tool utilizing nondestructive testing (NDT) technologies is preferred in practice considering
its high efficiency and cost effectiveness.

Ultrasonic testing (UT) can be used to inspect both the CRA layer and the CS base in
clad pipes but will encounter inapplicability in lined pipes because the ultrasonic waves
cannot negotiate the tiny gapped interface between the CS and the CRA [11]. Tian et al. [12]
employed ultrasonic longitudinal interface waves for interlaminar crack detection in a steel–
titanium pipe, in which the interface was tightly bonded through a mechanical process.
This method is feasible and effective for inspecting interlaminar cracks but requires a free
pipe spool without the outer layer to mount the surface wave transducers since, essentially,
it belongs to the guided wave technique. The magnetic flux leakage (MFL) method is
suited to the inspection of CS but does not work for the inspection of the CRA liner
because the CRA is non-ferromagnetic. Radiographic inspection can provide intuitive
images and profiles of the tested BLP but is restricted in field applications due to the risk
of radiation exposure and a slow process [13]. Eddy current testing (ECT) is sensitive to
all conductive metals but has limited penetration depth due to the skin effect and, thus,
only responds to the near surface when applied to BLP lines. Keuter [14] presented a
combined MFL/ECT pigging tool, which was capable of inspecting the CS and the CRA
simultaneously. Nevertheless, the outer-diameter defect of the CRA liner still cannot be
inspected. A likely solution to this challenge is using low-frequency ECT to obtain a larger
penetration depth. Unfortunately, low frequency also causes other practical problems
including low signal amplitude [15]. Compared with traditional ECT, pulsed eddy current
testing (PECT) with pulsed- or square-wave excitation is found to have better performance
in the inspection of deeply embedded defects, and its relevant applications have been
frequently reported, especially on layered conductive structures [16–20]. Lebrun et al. [16]
applied PECT to detect cracks in riveted aeronautical structures and found that small
cracks (1 mm of radial extent) buried 5 mm (0.2 in.) in depth were detected. Yang et al. [17]
developed a PECT-based giant magnetoresistive system for the automatic detection of small
cracks under fasteners in multilayered structures at a depth of up to 10 mm. Xu et al. [18,19]
employed PECT to detect corrosion in thermally insulated pipes without removing the
wrapped weatherproofing jacket and insulation material.

Another issue that needs to be considered in practical applications is to inspect the
O&G pipes from inside or outside. When the internal probe equipped with a pigging tool is
placed inside the pipe, it will likely become stuck because a piping system has valves, joints,
elbows, intake, and outlet structures, which are varied in inner diameter. Also, pressure
differentials and flow can be too low to push a pigging tool through the pipe [21]. In this
situation, an online NDT technique, which can continuously examine the pipeline from the
outside, becomes a preferable choice.

The BLP consists of two conductive layers and, thus, indicates the use of PECT for
inspecting defects embedded at every depth of the pipe wall. In this study, the PECT
technique is used as an online method for inspecting BLP lines from the outside. The
study specifically focused on the inspection of liner wall thinning and interface debonding.
Analytical modeling was conducted to predict the PECT signal and correlate signal features
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with the residual liner thickness and the debonding gap. Experimental verification was also
carried out to prove the modeling and validate the effectiveness of the presented method.

2. Analytical Modeling

Analytical modeling facilitates fast prediction of the inspection results ahead of ex-
periments and helps understand the underlying physical mechanism, but it often requires
simplifications or assumptions made on the geometry and boundary of the practical model.
For ECT configured with a surface probe above a pipe, the pipe wall can be considered
as a plate to simplify the problem, provided the pipe radius is far greater than the probe
coil size [18,22,23]. In this case, the BLP can be approximated by a three-layer plate, with
the interlayer representing the potential interface gap. A cylindrical coordinate system is
applied with its z-axis perpendicular to the layered plate and the origin at the top surface,
as shown in Figure 1. Taking the air into account, the media from bottom to top are the
inner air, the CRA liner, the debonding gap, the CS base, and the outside air, respectively.
Considering the low-frequency regime of ECT and to facilitate the modeling, the nonlinear
and inhomogeneous attributions of the electromagnetic properties of the CS are neglected.
Hence, all these media have constant magnetic permeabilities and electrical conductivities,
and the gap layer is considered to be of the same properties as the air region.
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Figure 1. A TR probe above a four-layer structure.

A coaxial transmitter–receiver (TR) probe is positioned above the plate and divides the
outside air into three sub-regions. The transmitter coil is driven by a periodic square-wave
current, which is equivalent to the summation of Fourier series in terms of harmonics. For
each harmonic component, the eddy current problem can be solved by using the classical
Dodd and Deeds models [24]. Due to the coaxial configuration, the total induced voltage
in the receiver coil contains not only the voltage change produced by the eddy currents
induced in the plate below but also the induced voltage caused by the drive current in the
transmitter coil. The latter part, usually called the null signal, is equal to the voltage in
the receiver coil when the conductive object is absent or far away from the probe. It has a
larger amplitude but does not carry the plate information. Hence, by subtracting the null
signal, the desired eddy-current-induced voltage in the receiver coil is obtained [18]

∆U(ω)

=
jπωNt Nrµ0 I(ω)

(r2t−r1t)(l2t−l1t)(r2r−r1r)(l2r−l1r)

×
∫ ∞

0 χ(αr1t, αr2t)χ(αr1r, αr2r)
(e−αl2t−e−αl1t)(e−αl2r−e−αl1r)

α6 Γ(α)dα

(1)
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where χ(x1, x2) =
∫ x2

x1
xJ1(x)dx with J1(x) represent the first-order Bessel function of the

first kind, j =
√
−1, ω denotes the angular frequency, I(ω) is the amplitude of the drive

current for the component ω, µ0 is the permeability constant with a value of 4π× 10−7

H/m, N refers to the number of turns of wire in the probe coils, and the subscripts t and r
label the transmitter and receiver coil, respectively. Γ(α) is the reflection coefficient of the
four-layer medium under the probe, which can be expressed as [18,25]

Γ(α) =
V12(n, 1)
V22(n, 1)

∣∣∣∣
n=5

=
t11(n, n − 1)V12(n − 1, 1) + t12(n, n − 1)V22(n − 1, 1)
t21(n, n − 1)V12(n − 1, 1) + t22(n, n − 1)V22(n − 1, 1)

(2)

whereti,k(n, n − 1) =
[
1 + (−1)i+kβn−1µn/βnµn−1

]
e(−1)k βn−1(dn−2−dn−1), n = 3, 4, 5

Vi,2(2, 1) =
[
1 + (−1)i+2β1µ2/β2µ1

] (3)

with i and k are either 1 or 2, and βn =
√

α2 + jωµnσn.
Due to the infinite boundary, Equation (1) comes as a Fourier–Bessel integral-form

solution, which leaves a time-consuming task for subsequent integral computation. This
challenge can be addressed by using the truncated region eigenfunction expansion (TREE)
method [26]. Upon imposing a homogeneous Dirichlet condition for the magnetic field at
r0 = h, Equation (1) can be replaced by a series expansion, as follows:

∆U(ω)

=
j2πωµ0NtNr I(ω)

(r2t − r1t)(l2t − l1t)(r2r − r1r)(l2r − l1r)

×
∞
∑

i=1
χ(αir1t, αir2t)χ(αir1r, αir2r)

(
e−αi l2t − e−αi l1t

)(
e−αi l2r − e−αi l1r

)
[(αih)J0(αih)]

2α5
i

Γ(αi)

(4)

where αi is the i-th positive root of Bessel function J1(αih), viz.

J1(αih) = J1(xi) = 0; αi = xi/h (5)

As the specimen material involved in modeling is presumed to be linear, the PECT
system can be regarded as a linear system. According to the principle of superposition,
the PECT voltage can be obtained by adding up all the voltages under different harmonic
excitations, which forms a discrete voltage sequence in the frequency domain.

∆U[ωm] = {∆U(ω1), ∆U(ω2), . . . , ∆U(ωM)} (6)

where M is the number of truncated harmonic components and the base frequency ω1 = 2π f ,
with f representing the repetition frequency of the square-wave excitation.

Further, as the PECT signal is usually described in the time domain, by performing
the inverse discrete Fourier transform (IDFT), the time evolution voltage is yielded

∆U[ts] =
1
M

M

∑
m=1

ej 2π
N (s−1)(m−1)∆U[ωm], s = 1, 2, . . . , M (7)

The above formulae are implemented in MATLAB, where the DFT and IDFT are
computed using the built-in functions FFT and IFFT, respectively. It should be noted that
the omitted DC components, viz. when ω = 0, need to be added during the implementation
of FFT and IFFT. In addition, to smooth the Gibbs phenomenon caused by the truncation of
the frequency spectrum, it is recommended to multiply the I(ωm) by a decreasing factor
γm = sin c(mπ/M) [27].
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3. Signal Characteristics

In this section, the established analytical model is used as a simulation tool to predict
the inspection signal when the liner wall thinning or interface debonding occurs and,
further, to select the signal waveform parameters as the potential features for evaluating
and classifying the two types of failures. During simulations, the CS base and the CRA liner
are specified as low-carbon AISI 1020 and SS304, respectively, whose material properties
are given in Table 1. The AISI 1020 steel, which is commonly used in seamless pipes, shows
insignificant magnetic variations in electromagnetic testing and is, therefore, reasonably
considered, having a constant relative magnetic permeability [28]. The base plate is 10 mm
thick, while the liner has a full thickness of 4 mm. In different simulation groups, the liner
thickness and the interlayer gap are, respectively, altered to simulate the wall thinning and
the interface debonding.

Table 1. Electromagnetic properties of the specimen.

CS Base CRA Liner

Electrical conductivity σ (MS/m) 5 1.37
Relative magnetic permeability µr 350 1

The probe coil parameters are listed in Table 2. When using ECT for thickness mea-
surements, an appropriate excitation frequency must be selected, such that the standard
depth of penetration of the eddy currents covers the entire thickness of the specimen [29].
The depth at which eddy current density has decreased to 1/e of the surface density is
called the standard depth of penetration δ. It is defined as

δ =
1√
πµσ f

(8)

where f refers to the excitation frequency, which is equal to ω/2π.

Table 2. Probe coil parameters.

Transmitter Coil Receiver Coil

Inner radius r1 (mm) 9.5 2.7
Outer radius r2 (mm) 19.5 5.4
Height l2 − l1 (mm) 35 6.3

Wire size (AWG) 20 40
No. of turns of wire 500 2000

In the present case, the eddy currents first penetrate the AISI 1020 base and then go
into the SS304 liner. Suppose the induced eddy current density at the surface of the CS base
is equal to J0; then, for current density below the surface

Jz = J0e−z/δ1 (9)

where δ1 = 1/
√

πµ4σ4 f with µ4 and σ4 refer to the permeability and the conductivity of
the CS base, respectively.

At the depth of the interface, Jz decays to J0e−d3/δ1 with d3 denoting the thickness of the
CS base. Ignoring the backward reflection of eddy currents at the interface, the eddy current
penetrated in the liner will have a density of J0e−d3/δ1 e−z/δ2 , where δ2 = 1/

√
πµ2σ2 f . Then,

to ensure a complete eddy current penetration, the current density at the bottom of the
liner should satisfy the following relation

J0e−d3/δ1 e−(d1−d2)/δ2 ≥ J0/e (10)
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where (d1 − d2) denotes the liner thickness, as shown in Figure 1. Substituting d3 = 0.01 m,
(d1 − d2) = 0.004 m and the properties listed in Table 1 yields f ≤ 2.11 Hz. Consequently,
the maximum repetition frequency of the drive square-wave current is determined to be
2 Hz.

The amplitude and duty ratios of the excitation current are set to 3 A and 0.5, respec-
tively, while the model parameters used for calculation are h = 40r2t and M = 200.

Since the carbon steel is ferromagnetic while the stainless steel is non-ferromagnetic,
the excitation magnetic field generated by the probe transmitter coil will be directed into
the carbon steel base, meaning the inner liner is almost shielded from the magnetic flux.
Thus, the outer carbon steel base tube has the dominant effect on the probe induction signal,
while the inner stainless-steel liner has little effect on the induction signal. In order to
highlight the signal from the liner, the base tube is used as the reference block, and the
signal acquired on the reference block is subtracted from the acquired absolute PECT signal.
Figure 2 shows the differential PECT signal. It can be seen that the signal has diverse
features, including peak voltage (PV), peak time (PT), rise time (RT), zero-crossing time
(ZCT), negative peak voltage (NPV), and negative peak time (NPT). Since the signal curve
is oddly symmetric, the first half ranging from 0 to 0.25 s is analyzed.
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3.1. Liner Wall Thinning

Figure 3 shows the differential signals when the liner wall thickness is 1.0, 1.5, 2.0,
2.5, and 3.0 mm, respectively. The corresponding amounts of wall thinning are 3.0, 2.5, 2.0,
1.5, and 1.0 mm, respectively. The voltage becomes larger as the liner thickness increases,
which reflects the fact that a thicker specimen produces a stronger reaction of eddy currents
to the excitation field.
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It is observed that the liner wall thickness has a monotonous relationship with the
signal features, including PV and NPV, but the time-related features, including RT, ZCT,
PT, and NPT, remain unchanged. Figure 4 plots the variation in the signal features with
the liner wall thickness. It is clear that the PV and NPV values vary linearly with the liner
wall thickness, which means that they can serve as features to characterize the liner wall
thinning. However, PV shows a larger change rate (i.e., the slope of the line) with the liner
wall thickness, which indicates a better sensitivity than NPV.
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3.2. Interface Debonding

The interface debonding can be simulated by setting an air gap between the base and
the liner. Figure 5 depicts the calculated differential signals when the interface gap varies
from 0.5 to 2.0 mm. In contrast to liner wall thinning, the debonding defect brings about a
smaller response on the probe signal. The larger the gap is, the smaller the signal voltage is.
Again, what can be perceptibly seen in terms of change is the amplitude-related features,
PV and NPV.

Figure 6 plots the variation in signal features against the debonding gap. The time-
related features are again invariable when the debonding gap increases. The change in
peak voltage is more evident than that of the negative peak voltage, but the amount is
generally small. When the debonding gap increases from 0.5 to 2.0 mm, the decrease in
peak voltage is less than 0.5 microvolts, which is a very weak variation and challenges the
subsequent signal processing, including conditioning and data acquisition. The reason can
also be attributed to the magnetic shunt by the carbon steel, rendering the response due to
debonding hardly able to reach the probe placed outside.
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4. Experimental Verification

Figure 7 shows photographs of the PECT platform and specimen. The platform
mainly consists of three sections: signal generation, probe–specimen interaction, and data
acquisition. A square-wave voltage signal with preset parameters is output by a signal
generator card (PXIe-6368, National Instruments, Austin, TX, USA), then converted to a
current signal and amplified by a custom-made power amplifier. The transmitter coil of
the probe carries the amplified square-wave current and interacts with the specimen in
the form of eddy currents. The secondary magnetic field generated by eddy currents is
sensed by the receiver coil. This receiving voltage signal is preprocessed by a customized
signal conditioner and then interfaced to a data acquisition card (DAC, PXIe-4497, National
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Instruments, Austin, TX, USA). The system is embedded with a software, which provides
flexible functions, including real-time display, data storage for off-line analysis, and feature
extraction. The probe has the same coil parameters as used in the simulation.
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The double-walled specimen is simulated by a combination of a Q235 carbon steel
(equivalent to AISI1015) pipe (DN219 mm, thickness 10 mm, length 2 m) and SS304 tubes
of different sizes. In the scenario of liner wall thinning, the inner SS304 tube has an outer
diameter equal to the inner diameter of the carbon steel pipe and a varied wall thickness,
while in the scenario of debonding, the inner SS304 tubes are of the same wall thickness,
but the outer diameter is varied. For the latter case, the SS304 tube and Q235 carbon steel
pipe are co-axially placed by padding nonconducting tapes into the gap between them.

During the experiment, the PECT signal can be easily disturbed by various factors,
including probe vibration, tilting, and surrounding electromagnetic interference, which
can contaminate the accuracy of the extraction of peak values. In order to increase the
signal-to-noise ratio, the raw signals were averaged over 20 pulse cycles. However, the
probe vibration is synchronized with the PECT pulses as it is generated by the pulses
themselves. Each time the PECT probe emits a pulse, the probe vibrates due to the reaction
force caused by the magnetostriction of the carbon steel base tube. Hence, it cannot be
eliminated with averaging over multiple pulses [30]. In this context, the probe coils were
fitted with a nylon case, and the probe case was pressed tightly on the base tube during the
inspection. This allowed us to dampen the probe vibrations, effectively lowering the noise
on the PECT signal.

Figure 8 shows a screenshot of the oscilloscope (MDO3012, Tektronix, Tokyo, Japan)
monitoring the excitation current and the induced voltage in the PECT probe. Note that
the displayed signals are raw signals with rough noises. The excitation current (marked
in red color) is measured by a 0.25 ohms sampling resistor connected in series with the
transmitter coil. It is observed that the current waveform is trailed to last about 2 ms at the
edges due to the coil inductance. The receiver coil generates a voltage pulse (marked in
blue) at the edge of the excitation current. It appears to be a typical ferromagnetic PECT
signal, in which the response from the stainless-steel liner is too weak to be manifested.

As mentioned above, the responses caused by the liner wall thinning or debonding are
very weak, commonly in microvolts. To unveil this rather weak signal, two techniques are
applied. First, the signal from the base pipe (carbon steel) is acquired at the very beginning
and used as the reference signal, and the subsequent signal from the bimetallic lined pipe
is subtracted by the reference signal to generate a liner-only response signal. The second
means is to utilize a customized signal conditioner with a gain of about 1000 and low-pass
filtering of 1 kHz cut-off frequency to amplify the signal to the range of the DAC and
further suppress the noise.
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Figure 8. Screenshot of the oscilloscope graphing the excitation current and induced voltage signals.

Figure 9 shows the experimental signals acquired from the cases of liner wall thinning
and interface debonding. The characteristic of the signal waveform basically agrees with
that made by analytical modeling: PV and NPV are revealed as the most noticeable
features, and the signal variation is apparent with the liner wall thickness but subtle with
the debonding gap. It is also noticed that the ratio of the positive peak to the negative
peak is different from that in Figures 3 and 5. The discrepancy might be attributed to the
remanence effect of the carbon steel base tube. For the duration of the excitation pulse, the
base tube will be magnetized; when the current switches off, the residual magnetic field
in the base tube will introduce an extra magnetic flux in the probe coil, thus causing an
offset to the voltage signal induced in the probe coil. In the simulation, the materials are
considered to be linear, and, thus, the remanence effect is not included in the probe signal.
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Figure 9. Experimental PECT signals for different amounts of (a) liner wall thickness and
(b) debonding gap.

Figure 10 depicts the extracted PVs and NPVs of the signals against the liner wall
thickness and debonding gap. Bear in mind that the original experimental signals are
rather weak (as predicted by the simulation) and, thus, are amplified 1000-times by the
signal conditioner. For this reason, the amplified voltages are in the range of mV rather
than 10−3 mV obtained from the simulation. Considering this condition, the monotonous
variations and variation trends are in good accordance with the modeling results, with an
exception for the NPV values acquired at debonding gaps of 1.0 and 1.5 mm. The reason
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for this exception could probably be related to the small change in the signal itself. In
general, the PV value shows a more significant and measurable change for the two cases,
thus validating the effectiveness of using the positive peak value of the PECT signals to
evaluate the liner wall thinning and interface debonding in BLPs.
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5. Conclusions

This work briefly studied the use of the pulsed eddy current testing (PECT) technique
in evaluating the inner defects of bimetallic lined pipes (BLPs) from outside the pipe. The
two commonly occurring defects in BLPs, liner wall thinning and interface debonding,
were successfully inspected. The layered pipe was simplified as a stratified conductive
plate, and analytical PECT signals were used to predict the signal behaviors. It was found
that the differential signal exhibited diverse signal features: the peak value, negative peak
value, rise time, peak time, time to zero-crossing, and time to negative peak. The peak
value was employed to characterize the defects because it showed a linear and relatively
larger variation with the remaining liner thickness and debonding gap. Experiments were
also performed to verify the analytical modeling, given that the double-walled specimen
was simulated by assembling a Q235 carbon steel pipe as the casing and SS304 tube as the
insert. The peak value of the PECT signal shows linear increasing and decreasing changes
with the increase in the remaining liner wall thickness and debonding gap, respectively,
while the negative peak value shows opposite changes. The peak value is superior to the
negative peak value due to its larger sensitivity. The presented work demonstrates that
PECT is a potential NDT method for practical applications in the evaluation of inner defects
in BLP lines.

In contrast with existing NDT strategies [11–15], the proposed technique has advan-
tages as follows. Since the inspection is implemented from the outside of the pipe, the
work conditions in the pipe have little effect on the signal responses of the external probe.
Secondly, the probe can be quickly and easily placed onto the interrogated pipes without
spraying a couplant and surface preparation. Thirdly, the deep penetration of pulsed eddy
currents means that the technique is capable of simultaneously evaluating the defects in
the base tube, interface, and liner.

The current work demonstrated the feasibility of using peak values of the PECT
differential signal to detect the liner wall thinning and interface debonding, but, as inferred
from Figure 10, it is still impossible to separate the detected deviation by using signs and
the variation amount of the signal in the thinning of the liner as well as changes in the
intertube gap. Meanwhile, the concurrent case of liner thinning and interface debonding
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should also be explored. With the ultimate goal of defect classification and quantitative
evaluation, more comprehensive and multi-tier studies need to be carried out.

For the other type of bimetallic composite pipes, namely hot-rolled clad pipes, their
interfaces are metallurgically bonded and, therefore, less likely to introduce debonding
defects. Whether the PECT signal exhibits similar variation in the amplitude- and time-
related features when inspecting the liner wall thinning will be examined in the near
future.

Author Contributions: Conceptualization, B.L.; data curation, Z.L. (Zhiping Li) and Z.L. (Zan Luo);
formal analysis, Z.L. (Zan Luo); funding acquisition, B.L. and Z.X.; investigation, W.C., X.Z. and
Z.L. (Zhiping Li); methodology, B.L. and Z.X.; software, X.Z.; supervision, B.L.; validation, X.Z.;
writing—original draft, W.C.; writing—review and editing, B.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the Natural Science Foundation of Hunan Province, grant
nos. 2022JJ30569 and 2020JJ6032, and Doctoral Scientific Research Fund of Nanchang Hangkong
University, grant No. EA202308250.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
first author.

Conflicts of Interest: Authors Weifan Chen, Xiaofeng Zhou and Zan Luo were employed by the
company Xiangtan Iron and Steel Co., Ltd. of Hunan Valin. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References
1. Iannuzzi, M.; Barnoush, A.; Johnsen, R. Materials and corrosion trends in offshore and subsea oil and gas production. NPJ Mater.

Degrad. 2017, 1, 2. [CrossRef]
2. Aurélien, P.; Tomasz, T.; Michael, M.; Noel, O.D.; Kamran, N. Prediction of Liner Wrinkling During High Strain Bending of

Mechanically Lined Pipe. In Proceedings of the OMAE 2019 38th International Conference on Ocean, Offshore and Arctic
Engineering, Glasgow, UK, 9–14 June 2019.

3. Zeng, D.; Deng, K.; Lin, Y.; Shi, T.; Shi, D.; Zhou, L. Theoretical and experimental study of the thermal strength of anticorrosive
lined steel pipes. Pet. Sci. 2014, 11, 417–423. [CrossRef]

4. Chen, Z.; Ikeda, K.; Murakami, T.; Takeda, T.; Xie, J. Fabrication of composite pipes by multi-billet extrusion technique. J. Mater.
Process. Technol. 2003, 137, 10–16. [CrossRef]

5. Kane, R.D.; Wilheim, S.M.; Yoshida, T.; Matsui, S.; Iwase, T. Analysis of bimetallic pipe for sour service. SPE Prod. Eng. 1991, 6,
291–296. [CrossRef]

6. Wang, X.; Li, P.; Wang, R. Study on hydro-forming technology of manufacturing bimetallic CRA-lined pipe. Int. J. Mach. Tools
Manuf. 2005, 45, 373–378. [CrossRef]

7. Murakami, Y.; Kashimura, H.; Fukuda, S. Quality assurance system for mechanically bonded bimetallic pipe. In Proceedings of
the Second International Offshore and Polar Engineering Conference, San Francisco, CA, USA, 14–19 June 1992; p. ISOPE-I-92-121.

8. Kalaki, A.; Eskandarzade, M.; Barghani, S.; Mohammadpour, M. Experimental and numerical evaluation of influencing parameters
on the manufacturing of lined pipes. Int. J. Press. Vessel. Pip. 2019, 169, 71–76. [CrossRef]

9. Brust, F.W.; Scott, P.M. Weld residual stresses and primary water stress corrosion cracking in bimetal nuclear pipe welds. In
Proceedings of the ASME 2007 Pressure Vessels and Piping Conference, San Antonio, TX, USA, 22–26 July 2007; pp. 883–897.

10. Zhao, T.; Hu, Z. Numerical analysis of detaching and wrinkling of mechanically lined pipe during its spooling-on stage to the
reel. Theor. Appl. Mech. Lett. 2015, 5, 205–209. [CrossRef]

11. Herbert, W.; Gerhard, K. Introduction to ultrasonic in-line inspection of CRA pipelines. In Proceedings of the PPSA Seminar,
Aberdeen, Germany, 6 November 2016; pp. 1–11.

12. Tian, F.; Li, B.; Zhou, W. Ultrasonic Interface Wave for Interlaminar Crack Detection in Steel–Titanium Composite Pipe. J. Press.
Vessel Technol. 2019, 141, 041401. [CrossRef]

13. Zhang, S.; Ma, Q.; Xu, C.; Li, L.; Wang, M.; Zhang, Z.; Wang, S.; Li, L. Root cause analysis of liner collapse and crack of bi-metal
composite pipe used for gas transmission. Eng. Fail. Anal. 2022, 132, 105942. [CrossRef]

14. Keuter, J. In-Line Inspection of Pipes Using Corrosion Resistant Alloys (CRA). In Proceedings of the PPSA Seminar, Aberdeen,
Germany, 19 November 2014; pp. 1–21.

https://doi.org/10.1038/s41529-017-0003-4
https://doi.org/10.1007/s12182-014-0356-z
https://doi.org/10.1016/S0924-0136(02)01052-X
https://doi.org/10.2118/20837-PA
https://doi.org/10.1016/j.ijmachtools.2004.09.015
https://doi.org/10.1016/j.ijpvp.2018.11.014
https://doi.org/10.1016/j.taml.2015.08.004
https://doi.org/10.1115/1.4043372
https://doi.org/10.1016/j.engfailanal.2021.105942


Materials 2024, 17, 2652 13 of 13

15. Tajima, N.; Yusa, N.; Hashizume, H. Application of low-frequency eddy current testing to the inspection of a double-walled tank
in a reprocessing plant. Nondestruct. Test. Eval. 2018, 33, 189–197. [CrossRef]

16. Lebrun, B.; Yves, J.; Jean-Claude, B. Pulsed eddy current signal analysis: Application to the experimental detection and
characterization of deep flaws in highly conductive materials. NDTE Int. 1997, 30, 163–170. [CrossRef]

17. Yang, G.; Tamburrino, A.; Udpa, L.; Udpa, S.; Zeng, Z.; Deng, Y.; Que, P. Pulsed eddy-current based giant magnetoresistive
system for the inspection of aircraft structures. IEEE Trans. Magn. 2009, 46, 910–917. [CrossRef]

18. Xu, Z.; Wu, X.; Li, J.; Kang, Y. Assessment of wall thinning in insulated ferromagnetic pipes using the time-to-peak of differential
pulsed eddy-current testing signals. NDT E Int. 2012, 51, 24–29. [CrossRef]

19. Xu, Z.; Zhu, C.; Jin, J.; Song, K. Reduction of Pulsed Eddy Current Probe Footprint Using Sequentially Excited Multiple Coils. J.
Nondestruct. Eval. 2024, 43, 47. [CrossRef]

20. Zhang, Q.; Li, X.; Tian, G. Analysis of lift-off effect on transmitter-receiver probe in eddy current testing. In Proceedings of the
24th International Workshop on Electromagnetic Nondestructive Evaluation (ENDE2019), Chengdu, China, 11–14 September
2020; pp. 27–35.

21. Teitsma, A.; Takach, S.; Maupin, J.; Fox, J.; Shuttleworth, P.; Seger, P. Small diameter remote field eddy current inspection for
unpiggable pipelines. J. Pressure Vessel Technol. 2005, 127, 269–273. [CrossRef]

22. Takagi, T.; Hashimoto, M.; Fukutomi, H.; Kurokawa, M.; Miya, K.; Tsuboi, H.; Tanaka, M.; Tani, J.; Serizawa, T.; Harada, Y.; et al.
Benchmark models of eddy current testing for steam generator tube: Experiment and numerical analysis. Int. J. Appl. Electromagn.
Mater. 1994, 5, 149–162.

23. Chen, D.; Shao, K.R.; Lavers, J.D. Very fast numerical analysis of benchmark models of eddy-current testing for steam generator
tube. IEEE Trans. Magn. 2002, 38, 2355–2357. [CrossRef]

24. Dodd, C.V.; Deeds, W.E. Analytical solutions to eddy current probe coil problems. J. Appl. Phys. 1968, 39, 2829–2838. [CrossRef]
25. Cheng, C.C. General analysis of probe coils near stratified conductors. Int. J. Nondestruct. Test. 1971, 3, 109–130.
26. Theodoulidis, T.; Kriezis, E. Series expansions in eddy current nondestructive evaluation models. J. Mater. Process. Technol. 2005,

161, 343–347. [CrossRef]
27. Gibbs Phenomenon. Available online: http://www.sosmath.com/fourier/fourier3/gibbs.html (accessed on 3 April 2024).
28. ASTM E376-17; Standard Practice for Measuring Coating Thickness by Magnetic-Field or Eddy Current (Electromagnetic) Testing

Methods. ASTM International: West Conshohocken, PA, USA, 2017.
29. Thickness Measurements of Thin Material. Available online: https://www.nde-ed.org/NDETechniques/EddyCurrent/

Applications/thicknessmeasurements.xhtml (accessed on 3 April 2024).
30. Dalpé, C.; Demers-Carpentier, V.; Rochette, M. Pulsed Eddy Currents: Overcoming Adverse Effects of Galvanized Steel Weather

Jacket. In Proceedings of the Les Journées Cofrend, Strasbourg, France, 30 June–1 July 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/10589759.2017.1376057
https://doi.org/10.1016/S0963-8695(96)00072-2
https://doi.org/10.1109/TMAG.2009.2032330
https://doi.org/10.1016/j.ndteint.2012.07.004
https://doi.org/10.1007/s10921-024-01072-x
https://doi.org/10.1115/1.1991878
https://doi.org/10.1109/TMAG.2002.803572
https://doi.org/10.1063/1.1656680
https://doi.org/10.1016/j.jmatprotec.2004.07.048
http://www.sosmath.com/fourier/fourier3/gibbs.html
https://www.nde-ed.org/NDETechniques/EddyCurrent/Applications/thicknessmeasurements.xhtml
https://www.nde-ed.org/NDETechniques/EddyCurrent/Applications/thicknessmeasurements.xhtml

	Introduction 
	Analytical Modeling 
	Signal Characteristics 
	Liner Wall Thinning 
	Interface Debonding 

	Experimental Verification 
	Conclusions 
	References

