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This paper presents a novel nondestructive testing system, magneto-
eddy-current sensor (MECS), to enable surface profiling of
dissimilar materials by combining magnetic sensing for ferromag-
netic materials and eddy-current sensing for nonferromagnetic
materials. The interactions between an electromagnetic field and
nonferromagnetic surface and between a magnetic field and ferro-
magnetic surface were measured by the MECS. The MECS consists
of a conic neodymium magnet and a copper coil wound around the
magnet. Aluminum and steel surfaces bonded together were pre-
pared to test nondestructive surface profiling of dissimilar materi-
als by the MECS. The interactions between an electromagnetic
field and aluminum surface were characterized by monitoring the
impedance of the coil, and the interactions between a magnetic
field and steel surface were characterized by using a force sensor
attached to the neodymium magnet. The magnetic and electromag-
netic effects were numerically analyzed by the finite element model.
The developed MECS showed the following performance: measure-
ment spot size 5 mm and 10 mm, dynamic measurement bandwidth
(eddy-current sensing 1 kHz and magnetic sensing 200 Hz), mea-
suring range 25 mm and 17 mm, polynomial fitting error 0.51%
and 0.50%, and resolution 0.655 um and 0.782 um for nonferro-
magnetic and ferromagnetic surface profiling, respectively. This
technique was also applied to surface profiling and inspection of
the rivet joining sheet materials. The results showed that the
MECS is capable of nondestructively monitoring and determining
the riveting quality in a fast, large-area, low-cost, convenient
manner. [DOIL: 10.1115/1.4053810]
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1 Introduction

Surface profile measurement and inspection technique is of
importance for quantifying the surface quality of the machined
parts. Surface profile error, including form error, waviness, and
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roughness, must be compensated to achieve the desired surface
quality of the parts. There are few surface profiling instruments
for noncontact or nondestructive, large-range, fast, low-cost appli-
cations. Atomic force microscopy, white light interferometry, con-
focal microscopy, etc. are typically used for high-precision parts
such as lenses, mirrors, and gratings [1-3], and the other parts
can be easily measured by coordinate measuring machines
(CMM), dial gauges, linear variable differential transformer
(LVDT), and so on [4-6]. However, those measuring methods are
not capable of surface profiling of the inner layer of the parts
such as dissimilar materials bonded with two different materials.
Necessarily, the destructive methods such as removing the outer
layer of the parts or slicing the parts are obliged to be adapted, or
nondestructive surface profiling methods including industrial
X-ray computed tomography (CT) scan [7,8], magnetic resonance
imaging [9], ultrasonic measurement [10], eddy-current sensing
[11-15], and capacitive sensing [16,17] are often used.

Dissimilar materials bonded along with two or more sheets of
materials such as aluminum alloys, steels, or even composites
have been widely used in aerospace, automotive, and shipbuilding
industries to make the structures lighter, stronger, and more cost-
effective [18-20]. Some defects that occur during the production
process can lead to subsequent quality problems and increase pro-
duction cost and risk. Typical defects during the production
process are wrinkles, missing bundles, misalignment, cracks, dela-
mination, impact damages, and so on [21]. Therefore, a few nonde-
structive methods mentioned earlier are used to inspect the defects
and to guarantee quality and reliability. Kim et al. [22] introduced a
nondestructive volumetric thickness profile measurement method
for transparent thin film by optical scanning. But this method is dif-
ficult to implement into the production process earlier. Stepinski
et al. introduced ultrasonic spectroscopy for layered structures
and self-piercing rivets (SPR) [23,24]. However, it limits to
provide information on the location of the defect. Johnson et al.
[25] reported X-ray CT scan and computer vision techniques to
visualize the geometrical quality features of the SPR joints. But
the inspection speed is slow for monitoring and there is a large
volume to be inspected. And those methods take a long time, are
expensive, and are only capable of small-area measurements.
Therefore, there are technological gaps in nondestructive surface
profile measuring methods capable of large-area in-line scanning
in a fast, reliable, low-cost manner.

In this study, a novel nondestructive surface profiling and inspec-
tion technique capable of dissimilar materials was proposed, and
the single unit sensor unit for both eddy-current sensing and
magnetic force measurement was developed and tested. The electro-
mechanical interactions between the measurement unit and ferro-
magnetic and nonferromagnetic target materials were measured
precisely. The measurement principles, sensor design, calibration,
and performance test results were discussed.

2 Sensor Design and Implementation

To design and characterize the magnetic and eddy-current effects,
finite element analysis (FEA) was first conducted by using a
MaAxwELL software package. A magneto-eddy-current sensor
(MECS) consists of a conic neodymium (N48) magnet having a
top diameter of 12.7 mm, a bottom diameter of 1.2 mm, and a
height of 12.7 mm, and a copper wire of 0.3 mm was modeled
and was simulated to compare the case of the magnet with wound
copper coil and the case of the magnet without wound copper
coil. A rectangular steel plate (100 mm x 10 mm) as a measurement
target was employed to measure the attractive force between the
magnet and the target. For the simulations, the magnetic properties
of the N48 magnet, copper, and steel were used as input parameters
to perform the FEA. The magnet was set a north magnetic pole and
a south magnetic pole at the top and the bottom, respectively. In
order not to affect each other between the magnetic flux and
strength of magnet and the magnetic flux and strength of
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Fig. 1
copper coil

electromagnet, current 0.1 A was supplied to the copper wire. The
rectangular steel plate was fixed, and the attractive force of the
magnet was obtained between the tip of the magnet from the rectan-
gular steel at a gap distance of 0.2, 0.4, 0.6, 0.8, and 1.0 mm. The
complete FEA model was composed of 154,284 elements.
Figure 1 shows the resultant magnetic field strength B (gradient)
and magnetic flux ® (contour). The case of the magnet with
wound copper coil and the case of the magnet without wound
copper coil showed a similar resultant magnetic field strength and
magnetic flux according to the gap distances between the tip of a
conic magnet from the rectangular steel plate. Figure 1(b) shows
the resultant magnetic field distribution according to the magnet
and electromagnet effects, and Fig. 2 shows the force distribution
to the gap distance. The force distribution over 1 mm gap distance
showed less than 0.25% difference between with and without the
electromagnetic effect by the coil, and the electromagnetic effect
on the magnetic force against the steel plate was too small to con-
sider compared with the permanent magnet effect. This result
shows that crosstalk between the permanent magnet effect and elec-
tromagnetic effect is negligible, so the effects of magnet and eddy
current are independent.

The single unit MECS that measures the interactions between an
electromagnetic field and nonferromagnetic surface and between a
magnetic field and ferromagnetic surface was designed and
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Fig.2 The attractive force of the magnet without wound copper

coil and the magnet with wound copper coil according to the
target distance
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The distribution of the magnetic strength B and flux ®: (a) magnet without wound copper coil and (b) magnet with wound

fabricated to enable surface profiling of the respective surface of non-
ferromagnetic and ferromagnetic dissimilar material. The schematic
diagram of the MECS is shown in Fig. 3. The MECS consisted of a
conic neodymium magnet of g12.7 mm (grade N48), a three-axis
load cell as force sensor (FNZ-10N, Forsentek, Guangdong,
China), an amplifier (LC4A, Forsentek), a copper wire (28AWG),
a lock-in amplifier (SR833, SRS, USA), and a function generator
(33120A, Agilent, Santa Clara, CA). For scanning the ferromagnetic
surface of nonferromagnetic and ferromagnetic dissimilar material,
the force sensor with the conic neodymium magnet attached was
used to measure the interaction between the magnetic field and the
ferromagnetic surface. The conic neodymium magnet having a
sharp tip was selected to increase the resolution of the sensor. The
force sensor is based on an electrical circuit called Wheatstone
bridge. The circuit allows to measure very small changes in the resis-
tance, which occurs in the strain gauges placed in the arms of the
bridge (R;, Ry, R3, Ry in Fig. 3(b)). The attractive force that
deforms strain gauges in the force sensor will produce a change of
resistance. The resistance change on each strain gauge is magnified
by the imbalance produced in the bridge and thus obtains an output
signal proportional to the attractive force. And the copper wire was
wound 20 turns around the conic neodymium magnet and current
0.1 A was supplied for eddy-current sensing. The copper wire
formed an eddy current to scan the nonferromagnetic surface of non-
ferromagnetic and ferromagnetic dissimilar material to sense the
interaction of the electromagnetic field between the probe and
target surface. And the lock-in amplifier and the function generator
were employed for the amplitude modulation to increase the sensor
sensitivity of eddy current. The modulation signal has an amplitude
of 1 V and a frequency of 100 kHz sine waveform. The eddy-current
sensor has a series of inductor—resistor (LR) circuit based on the lossy
inductor model. Both inductance, coil, and resistance, R3, change
with distance from the target. As the target approaches the coil, the
inductance goes down and the resistance usually goes up. The
change in inductance provides an output signal for detecting the
target. As a result, the magneto of the conic neodymium magnet
and the eddy current of the copper wire can nondestructively and
simultaneously scan the surfaces of nonferromagnetic aluminum
and ferromagnetic steel. In the MECS, the force sensor is based on
strain gauges that the bandwidth is limited to 200 Hz. The eddy-
current sensor has a low-pass filter (LPF) with a cut of frequency
1000 Hz at the end of the circuit because high bandwidth causes
high sensor noise. Those bandwidths were determined based on
the speed of the scanning units. Typically, the surface profiling
probes have a low measurement bandwidth because a system does
not measure the moving targets but the stationary ones. Thus, the
dynamic measurement limit of the MECS depends on the bandwidth
of the force sensor and the eddy-current sensor. Therefore, the MECS
has a bandwidth of 200 Hz.
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3 Experiments

The scanning system was constructed to scan the samples as
shown in Fig. 4. A high-precision linear stage with 10 nm position-
ing control resolution was used to scan the sample. The MECS
probe was attached to a two-axis linear stage to control the z- and
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Load Cell Amp. &
|_Eddy Current Amp.

Magnto-eddy
_Current Sensor

Fig. 4 MECS-based scanning system
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x-axis feed. The specimen was placed on the linear stage for scan-
ning the specimens along the y-axis, and the motor controller was
connected to the linear stage to control the position of the linear
stage. The surface profiles of dissimilar materials were measured
by the MECS. To confirm the perfonnance of the MECS, the
steel-flat plate (permeability u 2.5 x 10~ H/m, electric conductivity
6 10.1 x 10* S/m), aluminum plate (u 1.26x 10™® H/m, ¢ 36.9 x
10*°S/m), and copper film (u 126x10™°H/m, o 58.7x
10*° S/m) were prepared and these samples sizes were a width of
30 mm, a length of 50 mm, and a height of 2 mm. The standard pen-
etration depth & at which the eddy-current density decreases in mag-
nitude of 1/e was calculated according to the target materials by
using the following equation [23]:

1
o= 1

i ()]
where f is the frequency. At f 100 kHz, the standard penetration
depth was found approximately 1 um, 211 ym, and 259 um for
steel, copper, and aluminum, respectively. The magnetic sensing
part was calibrated with the steel plate, and the eddy-current
sensing part was calibrated with the copper surface. The steel-flat
plate of 2 mm thickness with the copper film of 30 um thickness
attached to the surface was fabricated as the specimen, and the
MECS was calibrated by moving the linear stage along the z-axis.
As shown in Fig. 5(a), the results showed that the MECS has poly-
nomial fitting errors of 0.51% (magneto) and 0.50% (eddy-current)
in the measuring range of 25 mm (magneto) and 17 mm
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Fig. 5 MECS performance: (a) calibration curves and (b) noise level (1 kHz LPF was applied)

(eddy-current), respectively. Also, the noise level was estimated at a
scanning distance of 1 ym and a bandwidth of 10 kHz while the
target sample was not in motion, root-mean-square values approx-
imately 0.655 ym (magneto) and 0.782 um (eddy-current) for ferro-
magnetic and nonferromagnetic surfaces, respectively, as shown
in Fig. 5(b). These values could be considered as an axial resolution
of the MECS.

4 Results

The two-dimensional (2D) scanning experiments were performed
to obtain three-dimensional (3D) surface profiles of the target for
performance verification of the MECS. For ferromagnetic surface
profiling (magneto) using the MECS, one target sample was pre-
pared by adding the steel washers (outer diameter of 20 mm, the
inner diameter of 10 mm, and height of 2 mm) to the aluminum
plate (width of 100 mm, length of 50 mm, and height of 2 mm).
And the other target sample with 2 mm step height was prepared
for nonferromagnetic surface profiling (eddy-current). The profiles
of target samples were obtained by scanning the target samples
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ey —— Magne
I
= s Reference =
5 4 (Vernier Caliper) Target Sample (Steel)
=]
@
9
= 2 mm
E (Al)
]
(=]
g
»
s Target
N Sample
(Steel)
O 1 1 " 1
0 80 100

Y-axis Displacement [mm]

along the y-axis under scanning conditions: scanning speed
1 mm/s and scanning distance 100 um (Fig. 6(a)) and 10 mm
(Fig. 6(b)). Figure 6(a) shows that the magnetic sensor measures
the steel washers’ rim thickness (5 mm). Also, Fig. 6(b) shows
that the eddy-current sensor measures a stepwise target with a
20 mm interval and a 2 mm height. As shown in Fig. 6, the obtained
profiles of target samples were compared with those measured by
Vernier caliper (500-196-30, Mitutoyo, Japan) and a commercial
eddy-current sensor (U25 & ECA101, Lion precision, USA).
These results showed that the profiles of target samples were suc-
cessfully measured. The profiles of the target sample obtained by
the MECS showed similar results to the profiles of target samples
by the Vernier caliper and commercial eddy-current sensor over
the full range. In Fig. 6(a), the result of ferromagnetic surface pro-
filing (magneto) of the MECS showed the double lobes of the
washer under the aluminum plate. This means that the MECS can
perform nondestructive testing of samples composed of ferromag-
netic and nonferromagnetic materials. In Fig. 6(b), the result of
the nonferromagnetic surface profiling (eddy-current) of the
MECS showed higher similarities than the result of the commercial
eddy-current sensor. From the sensor noise results (Fig. 5(b)), the
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Fig.6 2D scanning experiments using the MECS: (a) ferromagnetic surface profiling (magneto) and (b) nonferromagnetic surface

profiling (eddy-current)
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axial resolution of the MECS is approximately 0.655 um for the fer-
romagnetic surface measurement and 0.782 um for the nonferro-
magnetic surface measurement. From the surface scanning results
(Fig. 6), the lateral resolution of the MECS is approximately
5 mm for the ferromagnetic surface measurement and 20 mm for
the nonferromagnetic surface measurement.

In addition, the 3D scanning experiments were also conducted by
scanning the target samples. The 3D scanning experiments were
performed under the scanning conditions: scanning speed 1 mm/s
and scanning distance 100 um (Fig. 7(a)) and 10 mm (Fig. 7(b)).
As the result, the 3D surface profiles of the target samples were
reconstructed as seen in Fig. 7. Although the resolution of the
MECS is lower than that of the commercial 3D scanning system,
it is very attractive for industrial applications because it enables
nondestructive testing.

In addition to the validation testing of the MECS, commercially
available SPR was scanned by the MECS for nondestructive
defect inspection. The SPR is formed by a cold mechanical
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joining process that drives a rivet piercing through the materials.
During the SPR process, the spreading of the rivet skirt is guided
by a suitable die, and the punched slug from the top sheet or the
top and middle sheets is embedded into the rivet cavity. Therefore,
the SPR can fasten a variety of dissimilar materials, including steel,
aluminum, polymer, carbon fiber reinforced polymer (CFRP), and
so on [19,20,26-28]. The SPR may incur various defects including
lack of interlock, asymmetry of rivet foot, buckling of the rivet,
and so on. The defects affect the quality of joining part, which is
critical to overall safety and cost. But there is a lack of a suitable
nondestructive testing method for assessing the quality of the
SPR [29].

Therefore, this study applies SPR surface profiling to detect the
defect of the SPR. The specimens were prepared by the SPR
process using an aluminum plate, the CFRP plate, and a steel
rivet. The height of the aluminum plate and the CFRP plate was
2.00 mm and 1.80 mm, respectively. And the steel rivet of C-type
and the FM-die were used to join the aluminum plate and the

MECS

-—— Magneto
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Z-axis Displacement [0.5 mm/div]|
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Fig.8 SPR scanning results by using the MECS: (a) normal specimen and (b) abnormal specimen of the SPR. In general, the rivet
in a normal SPR process is placed axis symmetric along the centerline and has a uniform gap thickness between the interlocking

area and the aluminum top surface.
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CFRP plate. To produce the specimens, the SPR system (GEN 2,
Bolhoft, Troy, MI) was employed at a punching force of 50 kN,
and then, the produced specimens were classified into normal spec-
imens without penetrated crack and abnormal specimens with pen-
etrated crack. The penetrated crack is one of the factors that
diagnose the quality of the SPR [27]. And due to the penetrated
crack, the bottom thickness is a factor for diagnosing the normal
and abnormal specimens. Each specimen was measured by the
scanning system under scanning conditions: a scanning speed of
1 mm/s. As shown in Fig. 8, the profiles of the aluminum plate
(eddy-current) and steel rivet (magneto) of the SPR were obtained
by the MECS, and the information of bottom thickness could be
estimated using the profiles. In the abnormal SPR sample, the
rivet was not placed axis symmetric along the centerline, and the
gap distance between the rivet interlocking area and the aluminum
top surface is not uniform. Although the rivet profile was not fully
measured, the interlocking distance, rivet placement, and gap thick-
ness were successfully measured by the MECS. Those results
showed the potential to distinguish between normal and abnormal
conditions of the SPR specimen and to detect the defect of the
SPR specimen available for nondestructive SPR quality
assessments.

5 Conclusion

In this study, the single unit MECS consisted of the magnetic
sensor and eddy-current sensor was developed and was successfully
implemented for nondestructive surface profiling and inspection
of dissimilar materials. FEA results showed that crosstalk
between the permanent magnet effect and the electromagnetic
effect was negligibly small, which indicates that the two effects
are independent. The signal processing technique is applied to
improve the signal-to-noise of measurement systems. As a result,
combining the magnetic sensor with the electromagnetic sensor in
a single unit was effective to nondestructively measure both ferro-
magnetic and nonferromagnetic surface information and to inspect
their defect modes. The scanning system for the MECS was con-
structed, and the scanning system was tested by precisely scanning
several target samples. The MECS results were validated by using
commercial measuring instruments. In addition, the MECS scanned
the surface profile of the SPR samples. The results showed the
MECS nondestructively measured the surface profiles of the SPR
samples in a convenient, low-cost, fast, reliable manner, and
showed the potential for nondestructive quality inspection of the
SPR specimen as an alternative quality inspection system.
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