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Concentrated stresses and residual ones are critical for the metal structures’ health, because they can cause microcracks that require
emergency maintenance or can result in potential accidents. Therefore, an accurate approach to the measurement of stresses is key
for ensuring the health of metal structures. The eddy current technique is an effective approach to detect the stress according to the
piezoresistive effect. However, it is limited to detect the surface stress due to the skin effect. In engineering, the stress distribution is
inhomogeneous; therefore, to predict the inhomogeneous stress distribution, this paper proposes a nondestructive approach which
combines the eddy current technique and finite element (FE) method. The experimental data achieved through the eddy current
technique determines the relationship between the applied force and the magnetic flux density, while numerical simulations
through the FE method bridge the relationship between the magnetic flux density and the stress distribution in different
directions. Therefore, we can predict the inhomogeneous stress nondestructively. As a case study, the applied stress in a three-
point-bending simply supported beam was evaluated, and the relative error is less than 8% in the whole beam. This approach
can be expected to predict the residual stress in metal structures, such as rail and vehicle structures, if the stress distribution

pattern is known.

1. Introduction

Stress concentration, or residual stress, is the main cause of
the micro cracks in metal components and structures (such
as oil/gas pipeline [1, 2], airfoil [3], steel bridge [4], hoisting
equipment [5], and polycrystalline solids [6]). Consequently,
the microcracks in such key components and subassemblies
can suddenly cause structure failure when operating under
alternating loads; this may lead to economic and environ-
mental losses, as well as human casualties [7, 8], if there is
no appropriate maintenance strategy. Therefore, the evalua-
tion approach to the stress distribution is essential to control
the early stage quality and to extend the lifetime by structural
health monitoring. However, it is typically difficult to mea-
sure or predict the residual stress [9].

Non-Destructive Testing (NDT) techniques play a vital
role in assuring safety and serviceability of a variety of key
infrastructure assets and facilities [10-24]. The commonly
applied techniques in stress or residual stress measurement
are X-ray diffraction, ultrasonic testing, magnetic memory
method (MMM), magnetic Barkhausen noise (MBN), and
eddy current testing (ECT) [11-19]. The X-ray diffraction
technique is suitable for the surface stress measurement [6];
however, it is not efficient for measuring the stress in depth.
In engineering, it is usually combined with other destructive
techniques to extend the measurement depth to overcome
this problem [11]. The ultrasonic technique has a higher
measurement depth than the X-ray diffraction technique;
however, it has high requirements on the material surface
and its measurement accuracy is low [12]. MMM utilizes
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the geomagnetic field and magnetostrictive effect to detect
the stress or residual stress; therefore, it is suitable for the
online and the real-time measurement, but its detection
signal is too weak to easily be interfered by the environment
noise, so the detection accuracy is not very high [13, 14].
Barkhausen noise can measure the surface and subsurface
stress but is limited to magnetic material, because the
Barkhausen effect only exists in the ferrite material [15, 16].
In addition to this, for the crack bridging stress, Greene
et al. adopted the Raman microprobe technique to measure
bridging stresses for fatigue samples. However, the calibra-
tion is necessary because the Raman shift can be affected by
changes in chemical composition [17]. The eddy current
technique has a low cost and low sensitivity to environmental
influence (e.g., moisture and dust) and is suitable for quanti-
tative surface/subsurface measurements (e.g., crack detection
[18-21], magnetic permeability and electrical conductivity
characterization [22], and displacement measurement [23])
for the conductive material. Due to the piezoresistive effect
of conductive material, the eddy current technique appears
to be more advantageous over other techniques for stress
evaluation in metal structures. Some investigations [24] indi-
cated that the eddy current response is sensitive to stress
changes in metals.

Therefore, more and more research works for stress
measurement are focused on the use of the eddy current
technique. In 2001, Ricken et al. employed a Giant Magneto
Resistive (GMR) sensor and an eddy current sensor to
characterize the axial stress of steel wire. The investigations
indicate that the magnetic flux density detected by the
GMR sensor is related to the applied load, while the resis-
tance and the inductance of the eddy current sensor are a
function of the mechanical stress [25]. However, the plastic-
ity [24, 25] and aging/heat treatment [26] also affect the
electrical conductivity of metals as well as applied stress.
Therefore, they have a combined influence on the eddy cur-
rent response. Morozov and Tian [27] deeply investigated
the eddy current response of samples of aluminum alloys
(AA-1050, AA-2024, AA-5083, and AA-7075) with different
levels of plastic deformation and different heat treatments.
The aluminum alloys subjected to elastic uniaxial loading
were monitored by the circular and directional eddy current
probes. The experimental results indicated that the stress
coeflicients are generally positive and depend on the anneal-
ing (heat treatment) condition as well as the level of prior
plastic work; the rectangular probe is much more sensitive
when oriented normally to the tensile stress. After that, they
continued to study the response of the eddy current on the
change of electrical conductivity due to the elastic and plastic
stress. They pointed out that the real part of the EC response
is sensitive mainly to elastic stress, while the imaginary part
of the EC response is sensitive mainly to plastic stress [28].
Zhou et al. [29] proposed a pulse electromagnetic method
(PEM) with a U-shaped sensor to detect the unidirectional
tension stress in ferromagnetic metals.

The existing literatures illustrate that the eddy current
technique is an effective nondestructive technique for
measuring stress. The stress distribution is generally inhomo-
geneous under the complex load in manufacturing and in
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service. However, only limited literatures considered the
inhomogeneous stress. Nagy et al. [30-32] proposed the
residual stress assessment for nickel-based superalloys after
the shot-peened processing by the eddy current technique.
While their investigation also discovered that the relation-
ship between the electrical conductivity profile and the
sought residual stress profile is very sensitive to the sample’s
state of precipitation hardening [33] and thermoplastic effect
[34]. Furthermore, the eddy current can detect the surface
stress due to the skin effect. Therefore, the prediction accu-
racy for the inhomogeneous stress should be improved
further by combining other methods. Ahn et al. [35] combine
the X-ray diffraction and FEM together to the prediction of
welding residual stresses in fibre laser-welded AA2024-T3,
while Zhu et al. [36] proposed an approach to determine
the residual stress in metal by combining slot milling method
and finite element approach, and the determination result by
the proposed method is verified by the X-ray diffraction.
However, the slot milling method is a destructive method
while X-ray diffraction is expensive and is harmful for the
operator’s health.

Therefore, a prediction approach is proposed by combi-
nation the eddy current technique and finite element method
(FEM) to evaluate the inhomogeneous distribution stress in
metals accurately and nondestructively. The paper is struc-
tured as follows: the fundamental theories for the stress
evaluation by the eddy current technique are presented in
Section 2; the inhomogeneous stress distribution evaluation
approach based on the eddy current technique and FE
numerical simulation is proposed in Section 3; a case study,
i.e., measurement of stress distribution in a simply supported
beam with a three-point-bending deformation, is shown in
Section 4. Section 5 draws conclusions and makes recom-
mendations for future work.

2. Fundamental Theory

2.1. Piezoresistive Effect. The geometry and resistivity of
metals change when mechanical loads are applied and,
consequently, cause the change of the metal’s resistance.
The change of material’s resistivity due to applied loads is
called the piezoresistive effect. Considering the cuboid metal
as an example, its resistance can be expressed as

r= Pl (1)

where p is the resistivity of the metal (Qm), [ is the length of
the cuboid (mm), w is the width of the cuboid (mm), and th
is the thickness of the cuboid (mm).

According to the piezoresistive effect, if the metal is
stretched in length, p, [, w, and th are all changed. The change
of the resistance of cuboid metal due to the changes of p, I, w,
and th can be expressed as

dR dl dp dw dth
— =+ L -, (2)
R I p w th

Assuming that the strain along the length is &, which
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equals to dl/l, the strain in width and thickness can be
expressed as

dw
— =-vg,
w

3
dth e ®)
th

where v is the Poisson’s ratio of the metal.
Therefore, Equation (2) can be simplified to

C%R:(l+2v)~s+—, (4)

where (1 + 2v).¢ is the change in resistance due to the change
of the geometry of the cuboid and dp/p is the change in resis-
tance due to the piezoresistive effect.

Therefore, the resistance change in metals stems from
the change of their geometry and the change of the resis-
tivity resulting from the applied mechanical stress. For
some metals, such as platinum alloy, the resistance change
due to piezoresistivity is much larger than that due to
geometry change.

2.2. Operation Principle of Eddy Current Method for Stress
Measurement. The operation principle of the eddy current
testing instrument is shown in Figure 1. An alternating
current I in the driving coil creates an alternating magnetic
field H,, which is the primary magnetic field and induces
current I, in the sample. The eddy currents simultaneously
generate a secondary magnetic field H,, which resists the
variation of the primary magnetic field and changes the
resultant magnetic field H.

The geometric parameters of coil, such as the number of
turns N, the inner radius r,, the outer radius r,, and the
height h_, are key factors to the primary magnetic field H;
the lift-off [, sample’s electrical conductivity o, and sam-
ple’s relative magnetic permeability y, affect the secondary
magnetic field H,; the excitation current I and the excitation
angular frequency w have influence on the primary magnetic
field H, as well as on the secondary magnetic field H,.

Therefore, H is dependent on factors such as the lift-off,
excitation frequency, sample electrical conductivity, sample
relative magnetic permeability, and probe coil geometry.
The Z-component of magnetic flux density B, is commonly
used as a detection signal due to its detectability and strength.
Therefore, B, can be expressed as Equation (5)

Bz NBZ(N’ I rl’rZ’l’ hc’ Oele> MT’w)' (5)

According to Equations (4) and (5), the applied mechan-
ical stress can cause the change of electrical conductivity of
the sample due to geometry change and piezoresistivity
effect. Consequently, the change of sample’s electrical
conductivity can induce the change of resultant magnetic flux
density. Therefore, the eddy current technique can theoreti-
cally reflect the applied stress in metals.

h rno|n
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F1GURE 1: The operation principle of the eddy current technique.
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FIGURE 2: Schematic graph for the approach to measuring of
inhomogeneous stress.
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FIGURE 3: Three-point-bending simply supported beam.

The actual size of the sample is much larger than the dis-
tribution range of the magnetic field in the eddy current
method, so the stress detected by the eddy current technique
can reflect the piezoresistivity effect accurately in metals.

3. Hybrid Approach for Inhomogeneous
Distribution Stress

Ricken et al. [25] investigated the relationship of between the
resistance and inductance of the coil of the eddy current sen-
sor and the stress, and the results indicated that the impedance
of the coil is linear changing with the stress. Therefore, the
linear relationship between the eddy current detection signal
S and the applied force F is assumed as Equation (6), which
can be symbolically presented as the dotted line in Figure 2.
In Figure 2, % represents symbolically the data from the
experiment by the eddy current technique. The coefficient
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F1GURE 5: The probe (a) the structural diagram of probe, (b) the real probe, and (c) the location of the probe in the experiment.

of determination of the dotted line with the experiment data
is denoted as R,.

S=KF +a, (6)
where S is the detection signal of the eddy current technique,
F is the applied force, and K and a are the slope and the inter-
cept of the linear relationship between S and F, respectively,
which can be determined by experiment.

According to the mechanics of material, when the force
F is applied on the conductive sample, the generated inter-
nal force can be calculated as G (F), and the stress distribu-
tion on the cross-section of the conductive sample can be
generalized as

G(F)-C(x,9,2)
Poeom(w, I th)

geom

(7)

UStY ('x’ y’ Z) =

where C (x, y,z) are the coordinates of the detection point
in x-axis, in y-axis, and in z-axis; P w, I, th) is constant
when the geometry of the sample is determined; w, th is
width and height of the sample cross-section, and [ is the
length of the sample.

Gong et al. [37] found that the change of resistivity of the
conductive sample is linear with the change of strain of the
sample. According to the constitutive relationship of stress
and strain, the electrical conductivity in the cross-section
O (X, 9, 2) can be assumed as

geom (

(8)

where o, is the electrical conductivity of the sample without

Gele(x’y’ Z) =0y + h- Oy 'Gstr(x’y’ Z),

TaBLE 1: The influence of the applied force on the signal from the
hall sensor.

Applied force (N)  Voltage from the hall sensor (mV) B, (Gs)
40 4080.828 70.58
80 4085.593 71.59
120 4090.988 72.74
160 4093.198 73.22
200 4096.094 73.83
240 4102.996 75.31

stress and h is a conversion coefficient between the stress and
electrical conductivity of the sample.

As shown in Figure 2, the range of coefficient h is h,
<h<h, where h; is the upper limit and h, is the lower
limit. The coefficient h, can be obtained according to the
following steps:

Step 1. n=1.
Step 2. h=n x hy, where h, is a tiny positive value.

Step 3. Set the conductivity distribution in the numerical
model according to Equation (8).

Step 4. Obtain the relationship of F ~ S, and calculate its coef-
ficient of determination R..

Step 5. If |[R, — Ry| < A (A is a tiny positive value), we denote
the h, = h; if no, set n as n + 1, and turn to Step 2.
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In order to get the upper limit h;, we can represent
h=nxh, in step 2 as h=hy + nx hy, as well as represent
hy,=h in step 5 as h; =h. Therefore, the range of coeffi-
cient h can be determined as h, <h < h;.

As shown in Figure 2, if we know the detection signal is S
, we can get the point A and point B. Point A is the intersec-
tion point of S, and the line / = h, while Point B is the inter-
section point of S; and line h = h,. Therefore, we can get the
applied forces for point A and point B, and we denote the
applied force for point A is F, and denote that for point B
is F,. After that, we obtained the applied force F,, as the aver-
age value of F, and F,. Finally, we can get the stress distribu-
tion according to Equation (7).

As illustrated above, in Step 3, we input the conductivity
distribution in the numerical model according to Equation
(8) and can get the detection signals under different applied
loads. Then, in Step 4 we can obtain the relationship of F ~
S and calculate the coefficient of determination R; between
the F ~ S and experimental data from the eddy current tech-
nique. Therefore, the electromagnetic data from the eddy
current technique and the mechanical model by numerical
simulation are combined.

4. Case Study

In the case study, the continuous and inhomogeneous stress
distribution in a simply supported beam for three-point-
bending deformation is considered. The beam material is
aluminum alloy 7075 and its size is 250 mm x 35mm X 6
mm. The sketch of three-point-bending experiment is
shown in Figure 3.

4.1. Experimental Investigation on Relationship of F ~ B,

4.1.1. Experimental Setup. The experimental setup (shown in
Figure 4) includes the power supply for the eddy current
probe, the signal generator, the signal conditioning circuit,
aluminum alloy 7075, signal acquisition system, and material
test machine (SANS CM75105). The probe consists of the

FiGUrE 7: The FE model.

excitation coil and the hall sensor SS495A. The Hall sensor
SS495A is a linear magnetic sensor, which can reflect B, by
the output voltage signal linearly. The structural diagram of
the probe and the real probe is shown in Figure 5. In the
experiment, the probe is located below the applied force, as
shown in Figure 5(c), and a 10V voltage signal of 5kHz is
input the probe as the excitation signal. The impedance of
the coil can increasing and then decreasing with the excita-
tion frequency in range of 10 Hz~10 MHz [36], while when
the excitation frequency is too low, the skin depth is deep;
the stress we detect is a resultant stress in the range of skin
depth instead of the surface stress; therefore, 0.5 kHz is select
as the excitation frequency.

To ensure the elastic deformation in the experiment, the
maximal stress of the sample is required to be below the
admissible stress. The admissible stress of aluminum alloy
7075 is 200 MPa [38]. Therefore, the maximal force from
the material test machine applied on the sample was calcu-
lated as 280 N. Therefore, in the experiment, the load from
the material test machine varies in the range from ON to
240N, with steps of 40 N.
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TaBLE 2: The geometrical and electrical parameters in the FE model.

Coil Value Sample Value Air Value

Inner radius (mm) 35 Height (mm) 6 Height (mm) 100

Outer radius (mm) 7.5 Width (mm) 35 Width (mm) 100

Height (mm) 2 Length (mm) 250 Length (mm) 250

Electrical conductivity (MS/m) 55.85 Electrical conductivity (MS/m) Equation (11) Lift-off (mm) 0.5

4.1.2. Analysis of Experimental Results. Table 1 lists the volt-
age signal from the Hall sensor for the different applied
forces. The hall sensor SS495 in the experiment is a type of
linear hall sensor. The output voltage is linearly changed with
the magnetic flux density in the range of -640 Gs ~ +640 Gs.
Therefore, the magnetic flux density can be calculated for
different applied forces.

As can be seen in Table 1, the voltage signal and B, are
increasing with the applied force. The potential reason is that,
with the increasing applied force, the stress in the beam is
linearly increasing, thereafter the resistivity of the sample is
increasing and the conductivity decreases. The decreasing
conductivity can result in the increasing resultant magnetic
flux density, according to the principle of the eddy current
technique shown in Figure 1. The stronger the B,, the stron-
ger the voltage signal from hall sensor.

The relationship of F ~ B, is shown in Figure 6 (black full
line). The expression of B, ~ F is fitted as Equation (9)

B, =0.022F +69.79, (9)

where the coefficient of determination R, is 0.98.

4.2. Determination of Conductivity Distribution in the Cross-
Section of the Beam. For the three-point-bending simply sup-
ported beam shown in Figure 3, the stress at the point (x, z)
can be expressed as

1
ast,(x,z)—EF-z—z—IzF-x-z, (10)
where [ is the length of the beam and I, is the inertia moment.

According to Equation (9), the electrical conductivity dis-
tribution in the three-point-bending simply supported beam
can be expressed as

! 1
Oge=0g+h-0y-04.=0 (1 + Eth— thxz), (11)

z z

where h is the conversion coefficient about the stress and
electrical conductivity of sample, which is determined by
the numerical simulation in Section 4.3.

4.3. Determination of Coefficient h by Finite Element Method

4.3.1. Numerical Modelling by Finite Element Method.
According to the symmetry in geometry and boundary con-
ditions, a 1/4 structural model was adopted by COMSOL
Multiphysics, one of the typical commercial softwares for
FEM. The model was constructed according to the mesh
strategy and boundary conditions investigated in [39] and

shown in Figure 7. The parameters in the finite element
(FE) model are listed in Table 2.

4.3.2. The Coefficient h. Considering the electrical conductiv-
ity distribution from Equation (11) in the FE model, the rela-
tionship curve between the applied force and the magnetic
flux density in z-component for the different h; coeflicients
can be obtained. If A =0.01, it will result in h; =1/300 and
h, =1/350. The relationship curve between the applied force
and the B, for h=h, and h = h, is shown in Figure 6.

4.4. Applied Stress Evaluation for the Three-Point-Bending
Simply Supported Beam. In three-point-bending deforma-
tion, if B, detected by the eddy current probe shown in
Figure 5 is 72 Gauss, the applied force can then be inversely
calculated as F; =97.3N when h = h; and F, = 113.3 N when
h = h,, as shown in Figure 6. Therefore, the measured applied
force can be expressed as F,, as Equation (12)

F1+ F2
m= =105.3N. (12)

Furthermore, according to Figure 6, the calibration
applied force F. is 100.3 N when B, = 72 Gauss. After obtain-
ing the applied force, the stress at any point P (x, y, z) in the
structure can be evaluated according to Equation (10).

When the magnetic flux density B, detected by the hall
sensor is 72 Gauss, the continuous stress distribution is calcu-
lated with Equation (10) according to the measured applied
force F, =1053N in Equation (12) and shown in
Figure 8(a). Figure 8(b) shows the stress distribution under
the calibration applied force F,=100.3N calculated by
FEM. Figure 8(c) shows the absolute error of the continuous
stress distribution in Figures 8(a) and 8(b).

As can be seen from Figure 8, besides the locations of the
applied force and the supports, the absolute error in the
whole simply supported beam is lower than 4 N/mm?2 and
the relative error is lower than 8%. However, the absolute
error at the locations of the applied force and the supports
is obvious because the stress concentration effect is taken into
account in FEM, while it is not considered in the proposed
method. The potential reason for the relative error of 8% in
the proposed approach is the stress distribution in experi-
ment has little difference with Equation (7), because the
sample is not strictly the continuous, homogeneous, and
isotropous solid.

The case study indicated that the proposed method can
predict the inhomogeneous stress distribution in the simply
supported beam of the metal structures by FEM according
to the surface stress detected by the eddy current sensor.
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5. Conclusions

This paper presented a hybrid approach combining the eddy
current technique and FE method, which uses the piezoresis-
tive effect, to predict the stress distribution in early stage
damages in metal structures. The surface stress can be
obtained through the eddy current technique, while the
FEM method can describe the relationship between surface
stress and in-depth stress, so that the inhomogeneous stress
can be predicted. The main conclusions are drawn below.

(1) The results of the experiment indicate that the detec-
tion signal of the eddy current technique linearly

changes with the applied force on the metal struc-
tures for the bending deformation, which is consis-
tent with the conclusion in [28, 36]

(2) A new hybrid approach to determine the coeflicient h
between the stress and the electrical conductivity is
proposed. The coefficient h bridges the gap between
the magnetic flux density detected through the eddy
current technique and the inhomogeneously distrib-
uted stress, which is key for inhomogeneous stress
evaluation. It also provides an approach to approxi-
mate the piezoresistive coefficient of unknown mate-
rial without damage



(3) The case study shows that the proposed approach can
readily measure the inhomogeneous stress distribu-
tion in bending deformation with high accuracy,
which provides an example for the application of the
proposed approach for inhomogeneous stress mea-
surement under other conditions. Such as if the distri-
bution pattern of the residual stress is known under
certain conditions, this approach can be further
extended to evaluate residual stress under specific
working conditions for key structures, such as high-
speed rail, oil/gas pipelines, airfoils, and rail and road
vehicle structures

This proposed approach provides a feasible approach to
predict the inhomogeneous stress or even for residual stress.
However, the influence of the sample surface, material
electromagnetic features, and the excitation frequency on
the evaluation accuracy and the sensitivity still need to be
further investigated.
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