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Abstract: At present, research on pressure hull safety is mainly focused on the constitutive model
of material properties and the evaluation model of structural parameters aiming at fatigue life
prediction. The damage identification and quantitative evaluation methods of pressure hulls have
not been studied. In this study, an eddy current thermal imaging method is introduced to detect
micro-cracks in a deep-sea spherical pressure hull. In the detection method, temperature is used as a
parameter to identify and quantify cracks. The temperature distribution around the cracks is studied
using theoretical analysis and finite element simulation. A theoretical model is established using
electromagnetic theory and heat transfer theory. Moreover, the temperature difference between the
cracked area and the non-cracked area can be obtained by solving the heat conduction equation. A
pulsed eddy current thermal imaging testing system is established, and a defective titanium alloy
specimen is tested. At the same time, the temperature around the cracks in the specimens is simulated.
The specimens have the same material and welding as a deep-sea spherical pressure hull. This paper
discusses the possibility of its use in a pressure hull, which will provide a reference for micro-crack
damage identification and quantitative evaluation of a deep-sea spherical pressure hull.

Keywords: deep-sea; manned submersible; micro crack; eddy current

1. Introduction

The pressure hull is a critical component of deep-sea manned submersibles and pro-
vides a safe environment for pilots and scientists [1]. Deep-sea pressure hulls are mostly
made of high-strength materials and built with large and thick welded components. For
example, the pressure hull of the “Jiaolong” manned submersible is welded with multiple
pieces of metal, as shown in Figure 1. With the improvement in manufacturing technology,
the production of spherical pressure hulls has achieved hemispheric welding in several sub-
mersibles, such as the “Deep Sea Warrior” manned submersible and the “Striver” manned
submersible. However, the welded parts at the access hatch and observation windows are
weak and threaten the safety of the pressure hull. Extreme working environments will
cause stress concentrations and micro-cracks in the strengthened positions of the pressure
hull. Therefore, the damage identification and quantitative evaluation of deep-sea spherical
pressure hulls are crucial.

The following aspects of health-monitoring methods of marine structures were studied.
(1) Health monitoring is based on the principle of strain detection. Lindemann et al. [2]
implemented a hull structure monitoring system based on the principle of strain detection.
Yang Huawei et al. [3] analyzed the force of a submersible pressure hull, determined the
sensor arrangement, designed a structural health monitoring and evaluation system for a
spherical pressure hull, and studied the creep effect on the monitoring system. (2) Health
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monitoring is based on the principle of acoustic signals. Angulo et al. [4] monitored the
initiation and propagation of fatigue cracks in mooring chains using the acoustic method
and designed a 72-day large-scale experiment to detect the damage to the mooring chains.
Guan et al. [5] monitored the health of submarine pipelines via acoustic waves, formed a
mobile mapping system using onboard sensors and underwater probes to extract a route,
and buried depth information from acoustic images to monitor the status of the pipelines.
Hu et al. [6] derived the Lamb wave equation according to the relevant theory and used
the reflection and transmission of the Lamb wave at the crack to study the location and
imaging of the crack damage in the welded steel plate. (3) Health monitoring is based
on the principle of optical signals. Matine and Drissi-Habti [7] used fiber-optic sensors
to analyze the damage to marine conductors used in floating marine renewable energy
equipment. Mieloszyk and Ostachowicz [8] monitored the damage to offshore wind turbine
support structures (tripods) based on grating sensors. (4) When the machine breaks down,
there is an abnormal sound, temperature, or vibration; the vibration can directly reflect
the operating conditions of the mechanical equipment. Health monitoring is based on the
principle of vibration signals. The vibration signals are analyzed and processed to obtain
the health of marine structures. The running state of the machine can be obtained via
vibration monitoring. Targeted maintenance is carried out at an early stage of equipment
failure [9–12].
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Figure 1. Schematic of the pressure hull and welding seam. (a) Schematic of “Jiaolong” pressure hull;
(b) welding seam.

However, the damage identification and quantitative evaluation methods of pressure
hulls have not been studied. Pulsed eddy current thermal imaging detection technology is
an active infrared thermal imaging method that uses high-frequency alternating current to
generate eddy currents on the surface of the specimen. According to Joule’s law, part of the
eddy current is converted into Joule heat—which propagates on the surface and inside the
specimen—and the temperature of the specimen surface changes. When defects exist in the
specimen, the eddy current is circumferential, and the Joule heat distribution is abnormal.
The temperature anomaly can be detected using an infrared thermal imager.

This technology has the advantages of causing no pollution and having no contact,
high resolution of the thermal imager, high detection efficiency, and visual imaging results.
However, because eddy current pulsed thermal imaging couples the eddy current field
with the thermal field, surface defects can directly affect the distribution of the eddy current
field, and at the same time, the thermal field distribution of the defect area is disturbed.
More features could be extracted for crack detection, and the detection effect would be
better. Moreover, eddy current heating can directly heat the inside of the workpiece within
the range of skin depth. On this basis, the thermal diffusion transmission depth is larger,
and deeper crack defects can be detected via thermal diffusion. Therefore, the influence of
the skin effect on depth detection in eddy current testing can be overcome.
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However, quantifying micro-cracks accurately is difficult. Defect detection and quanti-
tative recognition are affected by many aspects, such as the electrical properties, thermal
properties, surface properties of the specimen, and the lift-off height of the coil (the distance
between the coil and the specimen surface). So, it is difficult to accurately confirm the crack
size. At present, defect detection within the skin depth of conductive materials is relatively
accurate, whereas defect detection beyond the skin depth and in non-conductive materials
is difficult.

Xu et al. [13] recently proposed scanning eddy current thermography under AC-DC
composite magnetization to fulfill scanning detection and quantify the defect in bearing
rings. Dirahoui et al. [14] presented numerical and experimental investigations of the struc-
tural control of multilayer high-temperature superconducting (HTS) tapes. Ding et al. [15]
proposed a statistical approach for paint-coated S275 steel corrosion evaluation based on
ECPT. Lee et al. [16] performed defect detection on the subsurface of the STS304 metal spec-
imen by applying the line-scanning method to induction thermography. Liang et al. [17]
used eddy current pulsed thermography (ECPT) to detect rolling contact fatigue (RCF)
cracks in the rail. Tu et al. [18] proposed a method based on ECPT combined with fea-
ture extraction transform algorithms for transient thermal pattern separation and defect
detection in composite insulators with internal conductive defects. Liu et al. [19] used
ECPT in the characterization of RCF cracks in the rail by taking advantage of electromag-
netic thermal execution. Hernandez et al. [20] performed pulsed phase thermography
using electromagnetic coil excitation to capture thermal transient localized responses for
defect characterization. Zou et al. [21] proposed ECPT for the nondestructive evaluation of
carbon-fiber-reinforced polymer (CFRP) steel interface. Four CFRP steel specimens with
different shapes and sizes of interface defects were tested. Chen et al. [22] presented a
scanning induction thermography (SIT) system for the automatic detection of drill pipe
thread (DPT).

In addition, Ren et al. [23] used thermal variations to quantify the current amplitude
and reconstruct the current direction based on the passivity of the electric field. Xie et al. [24]
developed a local region-based strategy to identify these crack regions from the ECPT
inspection data using a supervised classification procedure. Zhang et al. [25] investigated
thermography data compression using several unsupervised learning (UL) algorithms to
compress different data types. Barakat et al. [26] used a low-power eddy current imaging
experimental device to detect, locate, and determine surface cracks in strip samples. And the
size of the cracks can be obtained from the temperature gradient of the image. Yi et al. [27]
found that the eddy current thermal imaging technology has significant lateral thermal
diffusion, which causes a large error in the quantitative evaluation of crack depth. Oswald-
Tranta et al. [28] reported that there must be a short heating pulse in non-ferromagnetic
material with high electrical and thermal conductivity; otherwise, the thermal signal will
decrease quickly. Souridi et al. [29] obtained reliable crack detection results using simple
digital image processing methods to replace computationally intensive and time-consuming
data processing techniques, and the cracks were detected and identified.

In this paper, the eddy current thermal imaging method is introduced to detect micro-
cracks in a deep-sea spherical pressure hull, which has the advantages of non-contact,
intuitive detection results, and so on. As a parameter to identify and quantify cracks, the
temperature distributions of the cracks are studied using theoretical analysis, experimental
tests, and finite element simulations. The paper also discussed the possibility of its use
in pressure hulls to provide a reference for the micro-crack damage identification and
quantitative evaluation of deep-sea spherical pressure hulls. The theoretical analysis
process and finite element analysis process are shown in Figure 2.
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2. Theoretical Analysis

When an alternating current passes through the excitation coil, an induced magnetic
field is generated due to the effect of electromagnetic induction. The intensity of the
magnetic induction is related to the magnitude of the excitation current, which can be
expressed as

∇×H = J +
∂D
∂t

(1)

∇× E = −∂B
∂t

(2)

∇ · B = 0 (3)

∇ ·D = ρ (4)

where J is the current density, D is the electric displacement vector, H is the magnetic field
intensity, E is the electric field intensity, B is the magnetic induction intensity, ρ is the charge
density, and t is the time.

In addition to Equations (1)–(4), the constitutive relationships are as follows: J = σE,
D = εE, and B = µH, where ε is the permittivity, µ is the permeability, and σ is the
electrical conductivity. In addition, a vector magnetic potential A that satisfies the Coulomb
specification is introduced as follows:

∇ · (∇×A) = 0 (5)

Using Equations (3) and (5), the following equations can be obtained:

B = ∇×A (6)

E = −∂A
∂t
−∇V (7)

where V is the scalar potential.
Equations (6)–(7) are substituted into the current law Equation (1), and the time-

varying equation of the eddy current excitation can be obtained as follows:

∇×
(

1
µ
∇×A

)
+ Je = Js (8)

Je = σ
∂A
∂t

(9)

where Js represents the current density passing through the coil and Je represents the
current density generated by electromagnetic induction. The finite element method is used
to solve the above equations, and the eddy current distribution inside the metal can be
obtained using the following equation:

Je(z) = Je(0) · e−z
√

πµσ f (10)

where z represents the depth of the specimen. It is observed that eddy current density
decreases with increasing depth. When an alternating current passes through the coil, an
eddy current at the same frequency as the excitation coil is generated inside the pressure
hull due to electromagnetic induction.
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It is also observed that the density of the eddy current decays rapidly from the
surface to the interior of the pressure hull. When the eddy current decays from the
surface of the metal to 1/e of the surface, the penetration depth at this time is called the
skin depth, which can be calculated as follows: δ = 1/

√
πµσ f , where f represents the

frequency of the excitation current. When the current I passes through the excitation
coil, the magnetic induction intensity B around the excitation coil satisfies the following
equation: B = µI/2πh, where h represents the distance from the excitation coil. As the
distance h increases, the magnetic induction around the excitation coil gradually decreases.
The metal is a closed loop, and the eddy current is converted into Joule heat inside the
metal. The thermal power Pw is proportional to the electric field strength E and the eddy
current density Je: Pw = 1

σ |σE|2 = 1
σ |Je|

2.
The Joule heat Q spreads inside the pressure hull as follows:

ρCp
∂T(z, t)

∂t
−∇(k∇T(z, t)) = Q (11)

where z is the distance from the surface of the pressure hull; T(z, t) is the temperature at
(location z, time t); Q is the heat source; k is the thermal conductivity; Cp is the specific heat
capacity of the metal. By solving the heat conduction equation, the temperature T(z, t) can
be expressed as

T(z, t) =
Q√

πρCpkt
exp

(
− z2

4αt

)
(12)

where α is the thermal diffusivity, which can be expressed as α = k/ρCp.
During the test, only the surface temperature of the pressure hull can be obtained. The

temperature on the surface of the pressure hull with no crack (z = 0) can be expressed as

Tn(0, t) =
Q√

πρCpkt
(13)

If there is a crack inside the test piece, the distance between the crack and the surface
is d, and the heat wave is reflected and propagated, then the surface temperature of the test
piece in the crack area can be expressed as

Td(0, t) =
Q√

πρCpkt

(
1 + 2 exp

(
−d2

αt

))
(14)

An infrared thermal imager is used to record the temperature variation on the surface
of the test piece, which is used to determine the crack parameter. The temperature difference
between the cracked area and the non-cracked area can be expressed as

∆T = Td(0, t)− Tn(0, t) =
2Q√

πρCpkt
exp

(
−d2

αt

)
(15)

By differentiating the above equation, the time when the maximum temperature
difference occurs can be expressed as

tmax = 2d2/α (16)

The characteristic value is called the peak time, which characterizes the depth d of
the crack from the surface and the thermal diffusivity α of the material. In addition,
other characteristic values can be extracted to detect and evaluate cracks, or to measure
material properties.
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It should be noted that if the metal is a ferromagnetic material, the skin depth is
smaller than the thickness of the specimen, and the skin depth is so small that it can be
ignored. Therefore, the heat generation process can be simplified, as the heat is directly
formed on the surface of the specimen [30]. The one-dimensional analytical heat transfer
model with no damage can be expressed as

T(t) =
Q

ρCpL

[
1 + 2

∞

∑
n=1

(−1)n exp
(
−n2π2

L2 αt
)]

(17)

where Q is the surface heat of the specimen, ρ is the density, Cp is the specific heat capacity,
L is the thickness of the specimen, and α is the thermal diffusivity. And the one-dimensional
heat transfer model with a crack can be expressed as

Td(t) =
Qd

ρCpLd

[
1 + 2

∞

∑
n=1

(−1)n exp
(
−n2π2

Ld
2 αt

)]
(18)

where Ld is the depth of the crack and Qd is the Joule heat on the crack.

3. Experimental Equipment

The pulsed eddy current thermal imaging testing system is shown in Figure 3, which
consists of three parts: a computer image processing system, an infrared thermal imager,
and an induction heating system (induction heater, circulating water cooler, and excitation
coil). The tested specimen is heated using an induction heating system, and the surface
temperature of the specimen is recorded using an infrared thermal imager. The thermal
imager used in the experiment is a Fotric348L infrared thermal imager manufactured by
FOTRIC in the United States. The infrared pixel size is 640 × 480, 307,200 pixels, the
temperature range is −20 ◦C–650 ◦C, the temperature sensitivity is 0.03 ◦C, and the display
screen is a 5-inch touch screen with a 1280 × 720 resolution ratio. The induction heating
system is BS-05KW EASYHEAT induction heating equipment manufactured by Guangzhou
Huolong, Guangdong, China, which can generate high-frequency electromagnetic signals
with a frequency range of 150–400 KHz and a power of 3 KW in the excitation coil.
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The titanium alloy plate-tested specimen is shown in Figure 4. The material of the
specimen is the titanium alloy Ti-6Al-4V, and the thickness of the sample is 9 mm. There is
a defect on the edge of the sample. According to the experimental testing, the temperature
at the defect location is significantly higher than that of the other parts, which is detected by
the pulsed eddy current thermal imaging detection system, with a maximum temperature
of 403.8 K.
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4. Finite Element Analysis

To provide a better reference, a model with the same size, material, and weld as the
manned pressure hull of the Jiaolong submersible is used. The pressure hull dimensions are
shown in Figure 5a. The inner and outer diameters are 500 mm and 518 mm, respectively.
It is assumed that the equatorial center of the pressure hull is welded, and the weld is a
V-shaped weld, as shown in Figure 5b. The excess height is 2 mm (C), the groove angle
is 60◦ (α), and the groove depth is 9 mm (H). The material of the pressure hull is the
high-strength titanium alloy Ti-6Al-4V, and it is assumed that the welding material is the
same as that of the pressure hull.
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Figure 5. Schematic diagram of the simulated spherical pressure hull and welded structure (C is the
excess height, α is the groove angle, and H is the groove depth).

The diameter of the coil is 8 mm, and the length of the coil is 100 mm. The excitation
source parameters are set as follows: 255 KHz frequency, 300 A current amplitude, 1 coil
turn, 300 ms heating time, 400 ms cooling time, and 700 ms calculation time. The lift-off
height of the coil is 1 mm. It is assumed that the crack is a regular small rectangular shape,
and the parameters of the crack are set as follows: length is 5 mm, width is 0.5 mm, and
depth is 1.5 mm. The third type of boundary condition is the surface heat transfer coefficient
h between the object on the boundary and the surrounding medium, and the temperature
Tf of the surrounding medium is selected. In this study, the surface heat transfer coefficient
h is set to 5 W/(m2·K), and the temperature Tf is set to 293.15 K.
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The dynamic distribution of the temperature near the crack on the weld surface is
shown in Figure 6 (temperature unit: K). The temperature under the coil is the highest,
the temperature gradually decreases along the periphery, and the eddy current is along
the direction of the weld. In the heating and cooling process, the thermal diffusion rate
along the length direction of the weld is greater than the thermal diffusion rate in the
width direction.
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Feature points are selected to analyze the cracks in the pressure hull. Four points
on the surface of the weld are selected as the characteristic points: feature point 1 is at
the crack end; feature points 2–4 are at the non-crack area. The dynamic temperature
variations during the heating and cooling process are shown in Figure 7. It is shown that
the temperature at both ends of the crack is higher than the temperature at the side of the
crack, and the optimal observation time is 200~300 ms, indicating that the appropriate
observation time is around the end of heating.
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In addition to surface cracks, embedded cracks are generated under the metal surface.
Most of the embedded cracks are generated during the manufacturing process. The tem-
perature distribution is 300 ms at the end of the heating. The temperature distributions of
the surface crack of the pressure shell at the end of heating with and without welding are
shown in Figures 8 and 9, respectively.
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The 3D temperature distributions of the welds under different crack conditions are
compared, as shown in Figure 10. The temperature caused by the surface crack is higher
than that caused by the embedded crack. According to Ohm’s law, the eddy current flows in
the direction with the smallest impedance, the cracks are filled with air, and the impedance
of air is infinite. When the crack is parallel to the direction of the weld seam, the resistivity
at the crack is much larger than the metal, the eddy current flows along the direction of
the minimum impedance, and the eddy current continues to flow around the crack and
converges at the tip of the crack. Therefore, the eddy current density at the end of the crack
increases significantly.
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During the detection process, the feature points or feature lines of abnormally high-
temperature areas are selected for detection and verification, and the thermal image infor-
mation is processed and extracted to detect the micro-cracks.

5. The Effect of Different Crack Parameters
5.1. The Effect of Crack Length

Different finite element models were constructed with the same crack width
(w = 0.5 mm) and crack depth (d = 1.5 mm), and different crack lengths (L = 0 mm, 2.5 mm,
5 mm, and 7.5 mm). The temperature distributions for different crack lengths are shown in
Figure 11.
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As shown in Figure 11, the temperature distributions at both ends of the crack are
higher than those in the rest of the region; the distance between the highest temperature
peaks is the length of the crack.

The high-temperature region above 440 K is smaller than the length of the crack. For
example, the maximum temperature is 501 K, 490 K, and 438.6 K when the crack length is
2.5 mm, 5 mm, and 7.5 mm, respectively, at the heating time of 0.3 s, as shown in Figure 11.
Because the coil is perpendicular to the crack, the temperature of the plate without cracks
is the lowest. With the same crack length, the temperature increases with the heating
time. The temperature variation rates caused by different crack lengths are the same at the
beginning of heating. When the heating time exceeds 0.1 s, the temperature variation rate
increases as the crack length increases.

5.2. The Effect of Crack Depth

Different finite element models were constructed with the same crack width
(w = 0.5 mm) and crack length (L = 5 mm), and different crack depths (d = 0 mm, 1 mm,
1.5 mm, and 2 mm). The temperature distributions for different crack depths are shown in
Figure 12.
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As shown in Figure 12, the high-temperature region greater than 440 K increases as
the crack depth increases. For the same crack depth, the maximum temperature increases
with the heating time. And the temperature at the crack tip increases as the crack depth
increases; for example, the maximum temperature is 457 K, 490 K, and 510 K when the
crack depth is 1 mm, 1.5 mm, and 2 mm, respectively, at the heating time of 0.3 s, as shown
in Figure 12. This is because the deeper the depth, the greater the density of eddy currents
gathered at the crack tip, and the higher the temperature.

5.3. The Effect of Crack Width

Finite element models were constructed with the same crack depth (d = 1.5 mm) and
crack length (L = 5 mm), and different crack widths (w = 0 mm, 0.25 mm, 0.5 mm, and
1 mm). The temperature distributions for different crack widths are shown in Figure 10.
The high-temperature region greater than 440 K increases as the crack width increases. For
the same crack width, the maximum temperature increases with an increase in the heating
time. This is because more eddy currents gather at the crack tip as the width increases, so
the temperature increases with the crack width. For example, the maximum temperature is
480 K, 490 K, and 542 K when the crack width is 0.25 mm, 0.5 mm, and 1.0 mm, respectively,
at the heating time of 0.3 s, as shown in Figure 13. The relationship between the crack size
and maximum temperature is shown in Table 1.
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Table 1. The relationship between crack size and maximum temperature.

Crack sizes/mm

Width 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0.25 0.5 1

Depth 1.5 1.5 1.5 1.5 0 1 1.5 2 1.5 1.5 1.5 1.5
Length 0 2.5 5 7.5 5 5 5 5 5 5 5 5

Temperature/k 440 501 490 438.6 440 457 490 510 440 480 490 542
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5.4. The Effect of Crack Angle and Coil Lift-Off Height

Cracks are caused by a variety of reasons, such as stress, restraint force, rigidity,
chemical composition, weld reserved gap, weld bead, base metal cleaning, etc. [15]. The
parameters of the crack are 5 mm long, 0.5 mm wide, and 1.5 mm deep. The direction of the
weld crack has a certain randomness, and the direction of the crack is parallel to the weld
or at a certain angle with the weld. Finite element analysis models with different crack
directions are established, and the angles between the cracks and the weld are set to 0◦,
30◦, 45◦, and 60◦. The simulation results are as follows: Figure 14 shows the temperature
distributions of the pressure hull surface with different crack directions after single-turn
coil heating with the same excitation source. It is observed that the abnormal temperature
rise is mainly concentrated at the short edges of the crack. And when the crack is not
perpendicular to the coil, the “temperature noise” around the crack is large, and the crack
size is difficult to obtain.

As shown in Figure 14, cracks in different directions can be detected in the titanium
alloy material. And the maximum temperature decreases as the angle between the crack
and the weld increases; for example, the maximum temperature is 490 K, 485 K, 480 K,
and 466 K when the angle is 0◦, 30◦, 45◦, and 60◦ at the heating time of 0.3 s, as shown in
Figure 14b. The temperature distribution variation under different lift-off heights is shown
in Figure 14. According to Ampere’s theorem, the magnetic field strength of a coil is related
to the current, the distance from the coil, the number of coil turns, and other factors. The
eddy current and the distribution of the surface temperature are affected by the variation
in lift-off height. The weld surface temperature decreases as the lift-off height increases;
for example, the maximum temperature is 490 K, 433 K, 391 K, and 366 K when the lift-off
height is 1 mm, 2 mm, 3 mm, and 4 mm at the heating time of 0.3 s, as shown in Figure 14c.
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6. Conclusions

In this paper, the eddy current thermal imaging method is introduced to detect micro-
cracks in deep-sea spherical pressure hulls. According to the theoretical analysis, when an
alternating current passes through the coil, an eddy current at the same frequency as the
excitation coil is generated inside the pressure hull due to electromagnetic induction. And
the thermal power is proportional to the electric field strength and eddy current density.
According to Fourier’s law of heat conduction, the obtained temperature is a function of
location, time, excitation source parameters, thermal conductivity, and specific heat capacity
of the metal. According to the experimental testing, the temperature at the defect location
is significantly higher than that of the other parts, with a maximum temperature of 403.8 K
for a 9 mm titanium alloy sample. According to the finite element analysis, the temperature
under the coil is the highest, the temperature gradually decreases along the periphery, and
the eddy current is along the direction of the weld. In the heating and cooling process, the
thermal diffusion rate along the length direction of the weld is greater than the thermal
diffusion rate in the width direction. And the appropriate observation time is around the
end of the heating. The temperature distributions at both ends of the crack are higher than
those of the rest of the region; the distance between the highest temperature peaks is the
length of the crack. The deeper the depth, the greater the density of eddy currents gathered
at the crack tip, and the higher the temperature. More eddy currents gather at the crack tip
as the width increases, so the temperature increases with the crack width. And, when the
crack is not perpendicular to the coil, the “temperature noise” around the crack is large,
and the crack size is difficult to obtain. The maximum temperature decreases as the angle
between the crack and the weld increases.
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