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Abstract— Multilayer materials with metal-metal bonded
structure have been widely applied in aviation, aerospace and
nuclear industrial fields. The presence of inner defects such
as debonding, air gaps leads to significant degradation of the
load capacity and mechanical behaviors. Due to their complex
structure, debonding detection in metal-metal structure inher-
ently remains challenge. This paper proposes a feasibility study
of non-destructive inspection of debonding defect in lead-steel
sample by using inductive lock-in thermography (ILT). The
detectability validation is carried out based on experimental
studies. Theoretical analysis, excitation source and system design
as well as various influence parameters of ILT are discussed
and optimized. Fourier-transform based post-processing has been
investigated to analyze both magnitude and phase images for
defects identification. The obtained results have been promising
validated and it indicated the ability to improve the signal-to-
noise ratio. The comparative experiment using different meth-
ods (ILT, ECPT, and OLT) has been carried out. The results
have revealed that the ILT has advantages and could be served
as a strong candidate for practical adoption in debonding defect
inspection in metal-metal bonded sample.

Index Terms— Multi-layer metal-metal bonding structure,
non-destructive technique, inductive lock-in thermography,
detectability sensitivity.

I. INTRODUCTION
N ADHESIVE is defined as a polymeric substance
with viscoelastic behavior which can hold adherends
together by surface attachment to produce a joint with a high
shear strength. Adhesive bonding is a popular method of
joining metallic and non-metallic structures offering essential
advantages, such as higher joint stiffness and superior fatigue
performance. Those adhesive bonded structures including
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metal-metal, metal-plastic, metal-composite, composite-
composite, plastic-plastic, metal-ceramic, are being widely
applied in aviation, aerospace, rail vehicles and nuclear indus-
trial fields [1]. However, these bonded structures are prone to
defects including poor adhesion, less cohesive strength, voids,
disbonds and porosity during the manufacturing process and in
service phase which will lead to degradation of the materials
performance and reduction of life [2]. Thus, in order to guar-
antee the quality, bonded structure is required to be monitored
by effective non-destructive technique (NDT) such as X-ray,
infrared thermography and various ultrasound methods.

In [3] and [4], composite adhesive lap joints produced
from a bi-directional woven E-glass fibres and polypropylene
including the effects of layer orientation, lap joint length
and water immersion on the fatigue behavior were studied.
In [5]-[8], several NDT methods including induction thermog-
raphy, optical thermography, vibrothermography and ultra-
sound excited thermography were proposed to inspect and
evaluate various defects of the composite-composite structure
materials such as carbon-fibre-reinforced polymer (CFRP).

In addition, metal-nonmetal bonding structure has attracted
research attention. In [9] and [10], the behavior of
FRP-steel bonded interfaces was studied and the fatigue
behavior, bond and force transfer mechanisms were discussed.
In [11]-[14], the honeycomb sandwich material is investigated
which has a typical metal-nonmetal bonding structure. It usu-
ally consists of three main parts: two thin, stiff skin faces
with high density and a thick core material with low density.
Composite laminates or metallic materials such as aluminum
alloy or steel can be used as skin faces. In NDT, Ultrasonic
C-scan, X-rays, active thermograhphy are used to detect
various defects of the bonded material such as debonding,
water deposit, scratches, cracks, air holes, and damages of
core.

As discussed above, research on multi-layered nonmetal-
nonmetal and metal-nonmetal adhesive bonded structure has
already been studied and tends to be ripe. Nevertheless, those
of multi-layered metal-metal adhesive structure are rarely
investigated. Lead-steel bonded structure is generally applied
in the nuclear industry due to its special characteristics such as
anti-nuclear radiation, high strength and anti-fatigue. However,
defects such as debonds, porosity, air gaps, etc., appears during
manufacturing process and in-servers stage. These defects
will affect the integrity of the bonded structure and lead
to degradation performance. Thus, it is highly required to
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adopt suitable NDT technique to assurance the product quality.
Conventional detection method such as C-scan and X-ray are
limited due to a long time-consuming, unsafe, and require of
bulky instruments, which makes it unsuitable to be directly
applied to lead-steel bonded material. Ultrasonic testing (UT)
based on the propagation of ultrasonic waves in the object
has good detectability for inner defects. However, common
UT method is not convenient for detecting lead-steel sample
because that it requires couplant. Compared with the conven-
tional detection method, the active infrared thermography is a
potential technique which can be applied to detect and evaluate
defect of lead-steel bonded structure.

Active infrared thermography utilizes an external excita-
tion source of energy to induce a temperature difference
between defective and non-defective areas in the speci-
men under examination. Due to different external excitation
source, active thermography can be divided into inductive
thermography, optical thermography and vibro-thermograph
among others [15]. The debonding of lead-steel bonded struc-
ture can be considered as inner defect of metal. Inductive
thermography (IT) system which combines two techniques:
Eddy Current (EC) and thermography [13] has the potential
with an increasing span of applications [14]. Comparing with
other thermography NDT&E systems, the heat of IT is not
limited to the sample surface, rather it can reach a certain
depth, which governed by the skin depth of eddy current. Eddy
current pulse thermography (ECPT) and inductive lock-in
thermography (ILT) are most commonly two types of inductive
thermography. Compare with ECPT, ILT has longer thermal
diffusion length whereas deeper defect can be inspected with
higher signal-to-noise ratios (SNRs) [16]. Thus, it has potential
to be a suitable candidate for inspecting debonding defects for
lead-steel sample.

ILT can be used for conductive material, which combines
the advantages of lock-in mode excitation and inductive
thermography. G.Riegert et.al. proposed the ILT method for
crack detection in metals, delamination damage assessment
of C/C-SiC and impact damage assessment of CFRP sam-
ples [17], [18]. Johannes Bohm et.al. used ILT method for
defects inspection of solder joints on SMD packages and
for electrics packages and modules [19], [20]. Previous work
has focused on the application of ILT technology whereas
the physics mechanism and the design of excitation source
are rarely investigated. This paper proposes the feasibility
study for debonding defect detection of lead-steel bonded
structure which utilizes eddy current lock-in thermography.
The contributions of the work lie in the development of
the physics mechanism that underlies the ILT system with
lead-steel structrure and the design of the excitation source
according to the inductive lock-in thermography. Due to the
performed Fourier analysis of the temperature image sequence,
the signal-to-noise ratio in the magnitude and phase images
is discussed. Experimental tests on real experiments and
comparative studies have been conducted to show the validity
of the proposed method.

The paper is organized as follows: Section II discusses
the physics model of ILT mechanism and Fourier analysis.
Section III describes the experimental setup. Sections IV and V
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Fig. 1. Inductive lock-in thermography diagram.

present the experiment results and discussion. Finally,
Section VI concludes the work.

II. METHODOLOGY
A. Derivation of Inductive Lock in Thermography

Fig. 1 shows the diagram of the inductive lock-in ther-
mography system. An induction coil is driven by amplitude-
modulated current and the induced current in the conductive
material generates time-varying heat sources. The heat will
diffuse in time until it reaches an equilibrium state in the
material. The distribution of temperature on the surface of
material is recorded by infrared (IR) camera and the sequence
of infrared images are transmitted to a computer for signal
process. Defects such as cracks, debonds, delamination results
in inhomogeneity inside the material which alters the eddy
current distribution and the heat diffusion.

The governing equation describing the EM field in ILT
system can be deduced from Maxwell’s equations, for time-
varying fields [21], namely

2
V x lv x A—}—a% +gﬂz2 — —ovA—ev (1)
u ot 0 ot

where A is the magnetic vector potential, V is the electric
scalar potential. ¢ is magnetic permeability, ¢ is the electrical
conductivity and ¢ is permittivity of the medium. As excitation
frequency of ILT is typically chosen from dozens to several
hundred kHz, whereas electric displacement vector D can
be ignored in the metallic material [22]. Thus, as regions
with homogeneous and uniform magnetic material properties,
(1) can be written as:

lVZA—a%:—J )
u ot
where J = —oVV is the given electric current density.
Eq.(2) is a second-order differential equation which can be
solved after setting the boundary conditions using the FEM
approach [23]. Thus, the value of magnetic vector potential
A can be obtained. Subsequently, the electric field intensity
vector E and the induced current density Je can be calculated
by the Eq.(3) and Eq.(4), namely

E— 0A 3)
T
Je =0E “)
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TABLE I
0 AND p;j, OF STEEL AND LEAD WITH DIFFERENT fj,q AND fiock

Skin depth § in| Thermal diffusion Thermal Electrical Specific | Density Relative thermal
mm length g, in mm conductivity | conductivity heat permeability diffusity
k o [ [od
fina | 475| 100 | 0.1 0.5 10 P p Hr ,
W/mK S/m . m?*/s
/foex | kHz | kHz | Hz Hz Hz / J/kg- K kg/m? /
Steel 0.1 0.07 6.5 2.9 0.6 46 1.0E-08 440 7900 500 132
Lead | 1.05 0.72 8.8 3.9 0.9 353 4.8E-08 129 11340 1 241
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where fi,4 is induction frequency (“excitation frequency”). T T I N T Rrae
The induced current density J. generates resistive heat vs
Q which is proportional to the square of its magnitude. Fig. 2. Profile of the excitation current.

According to inductive heat conduction equation [19], [24],
thermal diffusion length u,; can be expressed as:

[« k
:u h = =
' T - flock T - flock-PCp

where o is thermal diffusity (m?/s),k is the thermal conduc-
tivity (W/mK),p is the density (kg/m?), cp is specific heat
(J/kg - K), fiock is the lock-in frequency.

The probing depth of the defects depends on two factors:
eddy current penetration depth 6 and penetration depth of
the thermal wave p. Here p is defined as the depth of the
defects from the heat source. The value of p equals u,j, for
amplitude images, 1.5, to 2u;j, for phase images [25], [26].
For the metallic material, due to the higher induction frequency
fina, the eddy current penetration depth ¢ is small. In Table.I,
the penetration depth of the eddy current 6 of the steel
and lead is only 0.07 mm and 0.72 mm, respectively under
fina= 100kHz. Conversely, the penetration depth of the thermal
wave p of the steel and lead can reach more than 9.7 mm and
13.2 mm, respectively under lock-in frequency fi,cxr= 0.1 Hz.
Thus, p is a dominant factor for inspection of debonding defect
of the lead-steel sample.

Compare to ECPT and ILT system, they have same eddy
current penetration depth under the same excitation frequency.
However, they have different thermal wave penetration depth.
In ECPT, the thermal wave penetration depth z relates to
propagation time ¢, the relationship is described by Eq.(7) [27].
In order to detect deeper defects, propagation time ¢ should
be prolonged. This procedure increases possibility to damage
the sample due to strong excitation current (usually hundreds
amperes). In addition, propagation time including both the heat
time and cool time whereas it should be selected and optimized

(6)

manually to obtain better results. This brings subjective issues.
~+at (7

In ILT system, supposed that the properties of the material and
the depth range of the defect are known, it is easy to obtain the
suitable lock-in frequency by using (5) and (6). In addition,
current excitation in ILT system is adjusted smaller than that
of the ECPT system. This reduces the possibility of damage on
the sample as well as avoiding manually selection of heating
time in ECPT.

B. Fourier Analysis

The excitation current which drives the induction coil is
formed by combining a low frequency sinusoidal signal with a
high frequency signal through amplitude modulated mode. The
excitation current i,y can be expressed as (8) and its profile is
shown in Figure 2.

fex(t) = Iy sin (27rflockt) -sin (27tf,-ndt) )

where I, is the maximum of the amplitude, fj,ck and fi,q are
lock-in frequency and induction frequency, respectively.

Thus, the sample is heated periodically and the temperature
on the surface of the sample varies periodically as well.
Fig. 3 shows the diagram of temperature evolution of one
point on the surface during the heating. Due to the frequency
of temperature change is nearly equal to the lock-in frequency,
the interference such as non-uniform heating, environmental
reflections and surface emissivity variations can be suppressed
extensively by using mathematical tool between the temporal
and frequency domains - Fourier transform.
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Fig. 3. The diagram of temperature evolution of one point on the surface
during the heating.

For each pixel (i, j) in the thermal image, the temporal
evolution of temperature 7 (x) is extracted from the images
sequence (where x is the index in the images sequence). Thus,
Discrete Fourier transform is computed according to the well-
known formula [27].

j2rfx
N

N-1
1
1%ﬁ=—§3ﬂﬂ%pP ]=&U}Hm0)@)
N
x=0
where Re (f) and I'm (f) are the real and imaginary compo-
nents of F (f), respectively. N is the number of thermogram
sequence. Finally, the magnitude and phase at specified fre-
quency for all pixels can be extracted to obtain magnitude
image and phase image by using Eq.(10).

IF ()] = J1m? (f) +Re? (f)
Im (/)
Re (/)

The range of frequency spans from O to 1/Ax with the
increment Af = 1/NAx,where Ax is the time interval
between images, and 1/Ax is the sampling rate. In order to
obtain the magnitude and phase image at lock-in frequency
or some interest frequency, sample rate of the infrared (IR)
camera 1/Ax and the number of thermogram sequence N
should be set. For example, if the sample rate is set 12.5Hz,
N= 1024 and fjock = 0.1Hz , then the index of magnitude
and phase imagek ~ 8 can be obtained by using (11)

k= flock -N
T T1/Ax

It should be noted that at least one lock-in period is required
to guarantee the accuracy of post signal process.

@ (f) = arctan (10)

(1)

C. Excitation Source Design of ILT

In Fig.1, the ILT system mainly includes excitation source,
coil, IR camera, data process. The performance of the exci-
tation source have great influence on the effect of defects
inspection. In this study, the designed excitation source was
introduced which adopts linear amplifiers to achieve high
quality power signal. Compare to adopt the switching circuit as
the power amplifier, this can eliminate the effect of switching
noise on output power signal. The block diagram of the
designed excitation source is shown in Fig. 4.
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Communication interface panel and configuration are inter-
preted as frequency tuning, control and phase modula-
tion. These are loaded into the two DDS synthesizer
AD9851 respectively by using the programmable MCU. A low
frequency sinusoidal signal u(t) = Aj - sin 27 fiockt) and a
high frequency sinusoidal signal u»(¢) = Az -sin (27 finqt) are
generated as output of the two AD9851 and the inputs of the
multiplier AD835, where A; and A, denote the amplitude.
The output of the multiplier AD835 is uy1(t) =uy(t)-uz(t)
which is processed as filtering and gain adjusted through
signal conditioning circuit to meet the impedance matching,
input voltage range and bandwidth requirements of linear
power amplifier. Thus, the output of the excitation source is
uo(t) = ki - k2 - up1(t) where k; and kj is the gain of signal
conditioning circuit and linear power amplifier, respectively.
Due to the load of the excitation source is a RLC series
resonant circuit, the maximum current through L can be
expressed as Eq.(12) when the resonance occurs.

. U, (t A1-Ax-ki-ko
Lomax (t) = OR() = R ‘Uol (t)

= - sin (27Tflockt) -sin (27rfindt)

where R is the resistance of the RLC series resonant circuit,
inductor L is the excitation coil, ipmqyx(t) is the excitation
current. Thus, adjusting the value of the output voltage u, or R
can vary the excitation current. Here, linear power amplifier is
composed of two classes AB operational amplifier PAO4 which
are parallel connected to enlarge the maximum output current
to 40A.

12)

III. EXPERIMENT SETUP

The experimental setup is shown in Fig. 5. The excitation
source consists of AC-DC unit, signal generator and linear
power amplifier who has a maximum power of 400W and
40A output current. The maximum excitation frequency is
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250 kHz and can be adjusted according to the RLC resonant
frequency. The range of the lock-in frequency is 0.01-99 Hz
with a resolution of 2.328x10™* Hz which can be set by
RS232 interface or touch screen. A spiral coil is constructed
to stimulate eddy current. The coil is made of 6.35 mm high
conductivity hollow copper tube which has a outer diameter
76 mm and 13 coil turns. The inductance of the coil is 4.7uH
tested at 100 kHz. Water cooling of coil is implemented
to counteract direct heating of the coil. The IR camera,
FLIR A655sc has an uncooled micro-bolometer with a high
resolution 640x 480 array and its spectral range is 7.5-14um.
This camera has a sensitivity of 30m K and a maximum frame
rate of 200Hz. In this study, the frame rate is set as 12.5 Hz.

A lead-steel sample which is made of lead and steel bonded
by industrial EP adhesive is prepared as shown in Fig. 6. The
sample includes three layer: lead layer, adhesive layer and steel
layer shown as (a). The thickness of lead layer, adhesive layer
and steel layer is 1.0mm, 0.1 mm and 5.0mm, respectively.
In order to simulate the debonding defects, several holes with
different diameters are made in the steel layer as the artificial
defects shown as (c). The defects as marked with A, B, C,
D, E, F, G are located in the steel layer with diameter 7 mm,
8 mm, 9 mm, 10 mm, 12 mm and 14 mm, respectively.

IV. RESULTS AND ANALYSIS
A. Sensitivity of Detectability

The debonding defect of the lead-steel structure is an
insulation defect, which obstructs the heat transfer that leads to
a hot area on the surface of the sample. Detectability sensitivity
is defined as temperature contrast between the defect area and
the non-defective area. This can be expressed as follows:

Tsen = Tdef — Thon (13)

where Ty, is the temperature contrast, T4.r denotes the mean
temperature of the defect area, and T,,, denotes the mean
temperature of the non-defective area. Fig.7 is a top view
which shows the relative location of defective area and sound
area. The lift-off distance between the spiral coil and sample
is 1 mm. In order to identify the defect, two regions of the ILT
magnitude images were selected. These are the defective area
S: and the sound area Sy, S; is selected from the actual defect
area as shown in the shaded shape and S, is selected near the
defect area. The defective area S and the sound S»> have the
same radius r = 1 mm and the same distance d = 2 mm to
coil.
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Fig. 7. The relative location of defective area and sound area.

D =14mm

D=12mm D =10mm

Fig. 8. Amplitude images with diameter of defects.

TABLE 1I
Tsen WITH DIAMETER OF DEFECTS

D/mm 14 12 10 9 8 7

Amplitudeof | 1.05 | 0.82 | 071 | 0.64 | 045 | 043
Tac(®) /°C

Teen/°C 061 | 042 | 028 | 022 | 015 | 0.12

In Fig.3, the surface temperature Ty, (f) consists of dc
temporal component Tgc(#) and ac oscillation components
Tac(2).

Tsur (t) = Tuc (t) + Tac (t) (14)
T;4.(t) can be obtained by polynomial fitting of variable time ¢
based on Least-square method and ac oscillation components
T,c(t) is thermal wave signal that can be obtained by sub-
tracting dc temporal component Ty (¢) [28]. Fig. 8 shows ILT
amplitude images of detected defects with different size in
lead-steel sample at lock-in frequency of 0.08 Hz. It can be
seen that the maximum amplitude of ac oscillation component
of the temperature is from 0.43° to 1.05° and detectability
sensitivity T, is from 0.12° to 0.61° as shown in Table II.
As expected, larger defects leads to higher temperature con-
trast. It indicates that the lager of the defect size, greater
obstacle to the heat transfer is. The detectability sensitivity
changes almost linearly with the defect diameter as shown
in Fig.9.
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B. Detectability of Amplitude and Phase Image Under
Different Lock-in Frequency

Fig.10 shows the magnitude and phase images under differ-
ent lock-in frequency where induction frequency is 47.5 kHz.
For (a) to (j), the right panel is magnitude image and the left
one is the phase image. It can be seen that the choice of lock-in
frequency has a direct effect on the results of defect detection.
The lock-in frequency should not be set too small. This can
be shown in Fig.10 (a) while the defect could not be detected
obviously in both magnitude and phase image under fjocx =
0.024Hz. With the lock in frequency increases, the defect
can be detected in the magnitude image as fj,cx = 0.049Hz,
this is shown in Fig.10 (b). As the lock frequency continues
to increase, defect information is becoming progressively
conspicuous in the phase image yet the magnitude information
is becoming blurrer and less visible. These are shown from
Fig.10 (c) to (i). However, the lock-in frequency should not be
chosen too high as detectable sensitivity becomes poor when
induction frequency fijock = 1.04Hz as shown in Fig.10(j).
The skin depth of lead and steel is 1.05 mm and 0.1 mm,
respectively under fi,q = 47.5 kHz. Thus, for the lead part,
the induction thermography leads to volume heating and for
the steel part it receives as surface heating. Since the defect is
located near the spiral coil, the heat mechanism contains both
transversely and longitudinally transmission.

C. Comparison of ILT and ECPT

As discussed in the methodology session, ECPT records the
temperature distribution of heating and cooling phases and
adopts transient processing method to extract the maximum
value, peak time and other characteristics methods to detect
the defects of the material. To generate enough Joule heat
within a short heating time, the excitation current is usually
set large. Contrary with ECPT, in ILT system, the heating time
usually includes several lock-in period that makes it require
smaller excitation current because of the total energy required
has been averaged in the longer heating time. If the excitation
current is too small, the change of the temperature will linearly
increase slower that leads to false alarm of detection. However,
if the excitation current is too large, the strong electromagnetic
field or thermal field can deteriorate the properties of the
sample or make even more damage on the sample. As shown in
Fig.11, the sample was damaged when an excitation current
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(1) W)

Fig. 10. Magnitude and phase images with lock-in frequency. (a) 0.024Hz.
(b) 0.049Hz. (c) 0.058Hz. (d) 0.104Hz. (e) 0.208Hz. (f) 0.312Hz. (g) 0.416Hz.
(h) 0.520Hz. (i) 0.728Hz. (j) 1.04Hz.

reaches 200A and maintains 500ms by using ECPT. It was
directly damaged and the lead layer was burned by the strong
electromagnetic and thermal field. Thus, in this study ILT is
more suitable than ECPT.

D. Comparison of ILT and Optical Lock-in Thermography

Emissivity is a surface property of the investigated mate-
rial which represents the ability to emit energy. It has a
decisive impact on the interpretation of the thermal images.
A surface with a low emissivity condition acts as a mirror
that often makes the failed detection. Generally, using high
emittance black paints on the investigated surface can solve
this problem. However, it is not allowed in many situations.
A sample without paints and with uneven emissivity is shown
as Figure.12 (a). The test is investigated by using ILT and
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Fig. 12. Magnitude images and temperature evolution in ILT and OLT:
(a) unpainted sample; (b) OLT result; (c) sound area in ILT; (d) defect area
in ILT; (e) temperature evolution in ILT; and (f) the temperature evolution
in OLT.

optical lock-in Thermography (OLT) techniques, respectively
where two parallel 1kW halogen lamps is used in OLT. It can
be seen that the defects cannot be detected in OLT and thermal
image is blurred as shown in Figure.12 (b). The temperature
evolution of one point on thermal image of the OLT is
shown in Figure.12 (f). It is deteriorated heavily which only
retains distorted lock-in characteristics. Conversely, as shown
in Figure.12 (c), (d) and (e), the defect could be still detected
despite of impaction of the low and uneven emissivity.

V. CONCLUSION AND FUTURE

The ILT technology has been proposed for the debonding
defects detection of the lead-steel bonded material. Theoretical
analysis of inductive lock-in thermography and the design
of excitation source are introduced. The experiments have
been conducted to demonstrate the feasibility detectability by
using ILT. Experiments indicate that the detectability sensitiv-
ity of the defect changes almost linearly with the increase of
the defect diameter and the selection of lock-in frequency has
a direct effect on the detection performance. For the specific
sample, the lock-in frequency should be selected empirically.
In addition, the comparison and discussion of ILT with ECPT
as well as OLT technique have been specified. Future work will
investigates the optimization of the coil, detection of various
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geometry of multi-layers samples, advanced signal processing
algorithms and quantitative analysis.
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