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Abstract: A common challenge in maintenance of critical structures is how to fast localize and
quantify geometries of surface-breaking cracks. Induction thermography (IT) is a potential
technique to detect this type of defects. However, for testing ferromagnetic structures, if a deep
defect exists in the wall structure, only its shallower part within the skin-depth layer affects the
early thermal response of IT, whereas its deeper part hardly has any influence on the early
response. To extend the detectable depth range of traditional IT for ferromagnetic materials, a
DC-biased magnetization based induction thermography (DCMIT) technique is introduced in this
paper. Based on the permeability distortion in the skin-depth layer, DCMIT can build a monotonic
relation between the thermal feature and the defect depth. Results show that when the coil
direction is parallel to the notch’s length direction, DCMIT can quantify the notch with a depth
up to 6.0 mm whereas traditional IT can hardly achieve this depth detection.
Keywords: Surface-breaking cracks; stress corrosion cracking; induction thermography; DCbiased magnetization; depth quantification

1. Introduction
Stress corrosion cracking (SCC) is a common hazard threatening the structural
integrity in many industries [1-5], e.g., oil, gas, nuclear power, automotive, marine, etc.
SCC is induced from the combined influences of corrosive working environments and
high tensile stresses. Failures caused by SCC can be unexpected and catastrophic. Thus,
detecting and evaluating SCC at the initiation stage is one of the most important issues to
protect critical components from impacts of SCC. Stress corrosion cracks commonly exist
in the outer and inner surfaces of wall structures which belong to one typical type of
surface-breaking cracks [6]. Nowadays, various nondestructive testing (NDT) techniques
with individual advantages have been developed to detect surface-breaking cracks, e.g.,
ultrasonic testing [7-11], X-ray tomography [12-13], current field perturbation techniques
(eddy current testing [14-16], alternating current potential drop [17], alternating current
field measurement [18-20]), magnetic flux leakage testing [21]. As a promising candidate,
induction thermography (IT), a.k.a. eddy current thermography and electromagnetic
thermography, is a multi-physics-based technique for fast crack detection and
quantification [22-24]. The working principle of IT is that a defect within the effective
skin depth diverts current paths, which results in an uneven current density and then
contributes to an abnormal thermal distribution.
Apart from evaluating various critical components [25-28], for detecting surfacebreaking cracks in metallic materials by using IT technique, many case studies have been
conducted in recent years. Oswald-Tranta et al. [29] investigate how to localize shallow
cracks in castings using gradients and second derivatives of phase images. They also
introduce an IT configuration with two Helmholtz coils perpendicularly arranged to
eliminate the crack orientation dependency on thermal responses. Additionally, they use
phase contrasts under a single pulse [30] or SNR-enhancing multiple pulses [31] to
quantify depths and angles of surface-breaking cracks. Wang et al. [32], by combining
optical flow and principal component analysis, extract thermal patterns to localize micro
cracks in driven key, which is a critical part of the aircraft braking system. Xu et al. [33]
reconstructe crack shapes in a polycrystalline diamond compact bit by utilizing principal

component analysis and image stitching. Wang et al. [34] investigate the effect of coating
layers on surface crack detection.
However, IT inevitably faces two major limitations. One problem is that during fast
testing in the early heating stage, the thin skin depth of the ferromagnetic material
contributes to a shallow and concentrated Ohmic heating layer [35]. If a deep defect exists,
only the shallower part has a strong link with Ohmic heating and the deeper part almost
has no influence on it. This situation limits IT’s capability of quantifying depth
information. Additionally, detectability of defects highly depends on the coil-defect
direction and the most challenging case is that the coil direction is parallel to the defect’s
length direction [29]. Focusing on these two limitations, this paper achieves defect
detection and depth quantification via the previously proposed DCMIT technique [36].
Different from previous work (detection of deep subsurface defects), this work tries to
build a monotonic relation between the enhanced thermal feature and the depth of the
surface-breaking defect, which relies on the nonlinear μ-H relation and the permeability
distortion in the skin-depth layer. The remaining sections are structured as: the
fundamentals of IT and DCMIT are introduced and compared in Section 2; the study
diagram of depth quantification using DCMIT is presented in Section 3; Section 4
experimentally studies the effect of DCMIT on defect detection. This section also
compares the performances of DCMIT and IT for depth quantification; the conclusion
and future work are given in Section 5.
2. Theoretical fundamentals
2.1. Fundamentals of IT
The thermal diffusion process with a time-invariant induction heating source can be
represented as [37]
 2T −  C p

T
= −q
t

(1)

where, λ, ρ, Cp are the thermal conductivity, density, and thermal capacity, respectively.
 2T means the divergence of the thermal gradient. And q denotes the heating power per
unit volume, which includes hysteresis losses (proportional to frequency f ), classical eddy
current losses (proportional to f 2 ), and excess losses (proportional to f 3/2 ) considering
ferromagnetic materials [38].
For the frequency about 280 kHz used in this study, the classical losses become the
dominant heating source. It is considered with the following relation [39]
 f coil
2
q I coil
(2)

where, Icoil and fcoil are the RMS value and the frequency of the AC current through the
coil, respectively. μ denotes the permeability and σ is the electrical conductivity.
Eq. (2) shows that under a constant excitation frequency any μ- or σ-distortion caused
by defects will affect the eddy current/Ohmic heating power and further result in
abnormal thermal distributions. Fig. 1(a) schematically gives the μ distribution in a
defective specimen without DC-biased magnetization (DCM). It shows that without any
DCM, the μ distribution doesn’t change, which is shown in dark blue. Then, if AC
excitation is introduced, i.e. IT is used, the effective μ distribution can only vary within a
narrow working range, which is denoted as ‘μ-IT’ in Fig. 1(c). The heating power (q) is
mainly dominated by the σ-distortion and two tips (A and B) of the notch generate much
stronger Ohmic heating. Based on this phenomenon, the relevant thermal features can be

used to quantify different defect lengths/depths. However, if a surface-breaking defect
has a deep depth, IT cannot easily quantify its depth. It is because that most of the induced
eddy current distributes within the skin-depth layer. If a deep defect exists, only the
shallower part within the skin-depth layer affects the eddy current distribution and the
deeper part almost has no influence on it. This leads to the nonlinear relation between the
thermal feature and the defect depth [40]. It is especially true for ferromagnetic materials
because of their high electrical conductivity and permeability.
2.2. Fundamentals of DCMIT
In the aforementioned section, it is challenging for IT to quantify the depth of a deep
defect. Here, a permeability-distortion-based method, i.e. DCMIT, is introduced to
address this issue. The B-H relation is [41]
B = 0  r H =  H
(3)
⃑ and H
⃑⃑ are the magnetic induction and the magnetic field. μ0 and μr are the
where, B
magnetic constant and relative permeability.
For ferromagnetic materials, the B-H or μ-H relation is highly hysteretic. Typical BH and μ-H curves of the AISI 1045 carbon steel is shown in Fig. 1(c). From this curve,
when H is strong (under DC-biased magnetization), μ has a nonlinear and inverse relation
with H. If a defect exists, it will affect its surrounding magnetic flux and distort the μ
distribution, as shown in Fig. 1(b). The μ distributions of all the four vicinities (A, B, C,
and D) around the defect are distorted. In the two tips (A and B), the permeability (in dark
blue) is lower than the sound/background permeability (in light blue). Instead, in the other
two vicinities (C and D) along the length direction, the permeability (in orange) is higher
than the background permeability. Based on Eq. (2), it is obvious that the heating powers
in C and D are higher than those in the two tips. Note that in this work DC-biased
magnetization plays a leading role in affecting the permeability compared with AC
induction. Thus, we assume that the effective μ distributions result from DC
magnetization, as shown by ‘μ-DCMIT’ in Fig. 1(c), without much considering the minor
AC hysteresis loop [42].
From the above descriptions, the heating power distributions/patterns of IT and
DCMIT are different. For IT, most of the heating powers exist at the two tips of the notch,
whereas DCMIT locates the heating powers along the edges of the notch. This difference
occurs because of different permeability working ranges. IT works in an initial and
narrow permeability range (‘μ-IT’ in Fig. 1(c)) whereas DCMIT can work in a much
wider permeability range (‘μ-DCMIT’). The main advantage of DCMIT is utilizing the
permeability distortion in the skin-depth layer. And even if a defect has a very deep depth,
this permeability distortion still has a strong link to the depth. Then, the corresponding
abnormal thermal distributions can be achieved in the early heating stage. The detailed
and quantitative results will be discussed in Section 4.2.

(a)
(b)
(c)
Fig. 1. Schematic μ distributions without and with DCM. (a) Without DCM. (b) With DCM.
(c) Typical B-H and μ-H curves of AISI 1045 carbon steel [43]. Note that μ denotes the
relative permeability.

3. Study diagram
Fig. 2 shows the study diagram for defect depth quantification using DCMIT. It starts
with building DCMIT configuration by setting the excitation parameters, choosing the
coil type, and configuring the DC-biased magnetizer. Later, thermal video preprocessing
is conducted by cropping the region of interest (ROI) and the background subtraction.
Two specific studies are then investigated: the effect of DCMIT on defect detection and
the thermal peak (Tp) used for depth quantification. Further, two criteria, i.e. the
coefficient of determination (R2) and the norm of residuals (‖e‖), are used to compare
and evaluate the performance of Tp for the defect depth quantification.

Fig. 2. Proposed study diagram of this work.

4. Experimental studies
According to the study diagram in Fig. 2, the following sections discuss the detailed
experimental studies.
4.1. DCMIT configuration and specimens
Fig. 3 shows the DCMIT configuration used for experiments. Three main units
constitute the whole configuration, i.e. an induction heating module with a rectangle coil,
an infrared camera, and a DC-biased magnetizer (including a DC power supply, a
magnetizing coil, and a U-shape yoke). The specific units and parameters used in this
study are the same as them used in [36], e.g., types of the heating module and the infrared
camera, the induction frequency (285 kHz), intensity (380 A) and duration (50 ms), the
frame rate (200 Hz) and resolution of the infrared camera (640×120 pixels), etc.

(a)
(b)
Fig. 3. DCMIT configuration. (a) Schematic DCMIT configuration. (b) Full view of DCMIT
configuration.

For simulating simplified stress corrosion cracks, six plates made of AISI 1045 carbon
steel were milled with artificial notches in the middle, as shown in Fig. 4. All plates have
the same dimension of (160 ×100 ×7) mm3. The notches have the same length and width
of 30.0 mm and 4.0 mm, respectively. But the depths (d) vary from 1.0 to 6.0 mm with a
1.0 mm interval. To increase the surface emissivity to around 0.9 [44], all the plates were
covered with the matt black paint. A 5.0 mm lift-off distance between the coil and the
specimens is controlled by two glass blocks having the same 5.0 mm thickness, as shown
in Fig. 3(b).

(a)
(b)
Fig. 4. Specimens used in experiments. (a) Partial section view the specimen. (b) Photo of the
specimens (blackened).

4.2. Effect of DCMIT on defect detection
In prior work, the optimal direction of the DC-biased magnetization having the
strongest correlation to the thermal response is found when the DC magnetization
direction is in line with the AC magnetization direction of the coil [36], as shown in Fig.
3. Thus, this direction is used for investigating the effect of DCMIT on defect detection.
For simplification, in the following sections the direction and the current value of DCbiased magnetization are denoted by MDC and IDC, respectively.
Figs. 5(a)-(c) show the thermal distributions of the notch vicinities under six different
IDC. The depths of these surface notches are 1.0, 4.0 and 6.0 mm, respectively. Comparing
the subfigures in Fig. 5(a), (b) or (c), if IDC is zero (equal to traditional IT), both the left
and right tips of the notch have higher thermal responses than those of the top and bottom
sides. When IDC increases, the above founding changes to the opposite situation, i.e. the
top and bottom sides have higher thermal responses. This change is more obvious for a
deep notch with the IDC increasing from 0 to 20 A, as shown in Fig. 5(c). All these results
are in line with the fundamentals discussed in Section 2.2.
Further, Figs. 5(d)-(f) show the line plots (l1) across the middle of each notch. All the
line plots show clear ‘M’ shape profiles. The two peaks (TPU and TPD) of the ‘M’ profile
represent the maximum thermal responses of both top and bottom sides of the notch. In
Fig. 5(d), for the notch with 1.0 mm depth, both TPU and TPD decrease with IDC increasing.
However, in Fig. 5(e) for the notch with the 4.0 mm depth, TPU and TPD increase initially,
then reach their maximum values (around 4.2 ℃), and decrease afterwards when the IDC
increases from 4 to 20 A. In Fig. 5(f) for the notch with the 6.0 mm depth, TPU and TPD
monotonically increase with IDC, and TPU and TPD reach the maximum values (around
4.7 ℃) when IDC is 20 A. It is noteworthy that the relations between TPU (or TPD) and IDC
present different trends. These trends mainly result from varied patterns of the
permeability distortion by different notch depths. The line plots from experimental data
show the surface thermal distributions but cannot directly present the permeability
distributions. In the following, a 3D numerical model based on finite element method is
built to directly show the permeability distortion and investigate the relation between the
permeability distortion and TPU (or TPD).

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 5. Surface thermal distributions of the notches with three depths and the line (l1) profiles
under six IDC values. (a), (b), and (c) give the thermal distributions around the notch vicinity
after a 50 ms heating pulse under six different IDC, respectively. l1 is vertical to the notch’s
length and goes across the middle of each notch. (d), (e), and (f) show the line profiles of
thermal responses along l1 under six different IDC, respectively.

Fig. 6 shows the FEM model used and the simulation results. COMSOL Multiphysics
with the magnetic field interface is used. As mentioned in Section 2.2, DC-biased
magnetization has the major contribution to μ distributions in the specimen. Therefore,
this FEM model is simplified without considering the induction heating and the heat
diffusion process, as shown in Fig. 6(a). After meshing, this model consists of 1,060,958
elements with a 0.71 averaging quality. All the geometric and material parameters are the
same as the experimental studies’. Here, a surface notch with a 4.0 mm depth is shown
as an example. A cross-section plane vertical to the length direction of the notch is
selected to further investigate the magnetic flux density and the permeability distribution.
After computing, Fig. 6(b) shows the norm of magnetic flux density (top view) under
10 A IDC when d is 1, 4, and 6 mm, respectively. It shows that the magnetic flux density
values at the slot tips are higher, whereas they are lower along the slot length direction.
Since we are more interested in the permeability changing, based on the constitutive
relation of B-H, Fig. 6(c) gives the permeability distribution. Conversely, it clearly shows
that the permeability values along the notch’s length direction are much higher than that
of sound areas, whereas they are much lower around the tips. Figs. 6(d) and (e) further
show the cross-section view of B and μ distributions, respectively. In Fig. 6(e), the
permeability values through the notch depth are distorted and much higher than that of
other areas. To investigate the near-surface permeability distortion, a line (l2) within the skindepth layer and parallel to the top surface is plotted.
Fig. 6(f) shows the relative permeability (μr) values along l2 of different notch depths.
To better describe the permeability change, two horizontal distances (Z0 and Z1) are given
in this figure. Z0 shows notch width or the air gap distance (4.0 mm) and Z1 gives a 3.0
mm distance away from both sides of the notch. By comparing Fig. 6(f) with Figs. 5(d)(f), the μr profiles along l2 are similar to the thermal profiles along l1 but a difference exists

in the middle part. In the μr profile, the values change very sharp and all the values in Z0
come to one, whereas the values of thermal profile decrease from two peaks to the middle
trough is relatively gentle. The reason resulting in this difference is that the heat
propagation process exists in the experimental studies and it diffuses the heat distribution.
Still, the heat diffusion has a limited influence on the link between the permeability
distortion and the thermal peaks (TPU and TPD) since the heating pulse is just 50 ms.
Additionally, Fig. 6(f) indicates that μr in Z1 increases with the notch depth. An example
is shown by comparing the shaded area under the curve of 1mm with the area of 2 mm.
Thus, a monotonic relation between the μr and notch depth can be obtained by using a
larger IDC. In the next section, the detailed relations between the thermal peak and the
notch depth under different IDC are experimentally compared and the optimal relation is
found to quantify the notch depth.

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 6. 3D model for FEM simulation and calculation results. (a) 3D model with a notch (left). A
cross-section plane vertical to the notch’s length direction is also plotted (right). (b) Top view of
magnetic flux density norm distributions when IDC is 10 A and the notch depth is 1.0, 4.0 and
6.0 mm, respectively. l2 has a length of 20 mm and its vertical distance to the top surface is 10
μm. (c) Top view of permeability distributions. (d) and (e) are the cross-section view of
magnetic flux density norm and permeability distributions, respectively. (f) further shows the
value of μr along l2 when the notch depth changes from 1.0 to 6.0 mm.

4.3. DCMIT for defect depth quantification
Fig. 7 shows the capabilities of traditional IT and DCMIT for quantifying the notches
with different depths. By comparing Fig. 7(a) with (c), IT (IDC is zero) can only show the
tips of the notches but hardly show any thermal difference with the depth changing. In
contrast, DCMIT can easily present different thermal responses with the depth increasing.

The line plots in Figs.7 (d)-(f) further illustrate the above results. Fig. 7(d) shows that the
thermal responses are almost the same with the depth changing. This means that in this
study IT cannot be properly used for depth quantification. Additionally, comparing Fig.
7(e) with (f), the enhanced thermal difference with varying depths can be achieved by
increasing IDC.

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 7. Results comparison of IT and DCMIT. (a), (b), and (c) give the thermal distributions
around the notch vicinity after a 50 ms heating pulse by using IT (without IDC) and DCMIT
(2A and 20A IDC), respectively. The depth of each surface-breaking notch ranges from 1.0 to
6.0 mm. (d), (e), and (f) show the line profiles of thermal responses along l1 by using IT and
DCMIT, respectively.

Fig. 8 shows the detailed comparative results when using IT and DCMIT to quantify
the notch depth. Here, the peak value TP (the average of TPU and TPD) is used as the thermal
feature. In Fig. 8(a), when IDC is zero, TP values are overlapped with notch depth changing
from 1.0 to 6.0 mm. It means that the peak value from IT cannot be used to build a
monotonic relation with notch depth when the coil direction is parallel to the notch’s
length direction. With IDC increasing, the differences between TP values of varied depths
increase. This clearly shows that TP from DCMIT (by using a larger IDC) can build a
monotonic relation with notch depth. This figure also shows that TP of 1.0 and 2.0 mm
notch depths have a decreasing trend with IDC increasing. TP of 3.0, 4.0, and 5.0 mm notch
depths first increase and then decrease with IDC increasing. And TP of 6.0 mm notch depth
has an increasing trend with IDC. The three different trends are in line with the results
from Figs. 5(d)-(f). Additionally, Fig. 8(b) shows the quadratic fitting plots between TP
and the notch depth under different IDC values. Table 1 gives the assessing parameters,
i.e. coefficient of determination (R2) and norm of all the residuals ( e ), of each fitting
plot in Fig. 8(b). It shows that with IDC increasing, the R2 increases and e decreases.
When IDC is 20 A, R2 and e reach to 99.7 % and 0.37 which present the best quadratic
fitting relation between TP and the notch depth.

(a)
(b)
Fig. 8. Relations between TP and IDC and notch depth. (a) TP vs. IDC. (b) TP vs. notch depth
with quadratic fitting lines.

Table 1. Coefficient of determination and norm of all the residuals of fitting curves under
different IDC.
IDC(A)
R2 (%)
e

0
57.5
0.34

2
97.6
0.60

4
99.4
0.42

6
99.4
0.47

8
99.4
0.46

10
99.6
0.40

12
99.6
0.38

14
99.3
0.55

16
99.6
0.42

18
99.6
0.39

20
99.7
0.37

5. Conclusion
The DCMIT technique has been introduced for defect depth quantification by using
an enhanced thermal feature (TP). Results have shown that the TP from traditional IT can
hardly be used to quantify the notch depth. The enhanced TP from DCMIT can be used to
quantify the notch depth up to 6.0 mm. Additionally, a larger IDC contributes to a better
quadratic fitting relation between TP and notch depth. In this work, the best quadratic
relation (with R2 and e of 99.7% and 0.37) is achieved when IDC is 20 A.
Future work will focus on using area- or pattern-based features to quantify surfacebreaking cracks with different geometric parameters. Furthermore, comparison studies
with other NDT techniques, e.g., ultrasonic testing, eddy current testing, magnetic flux
leakage testing, will also be investigated.
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