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This work presents an identification method for multi-axial stresses in steel pipelines. The proposed electromagnetic non-destructive
technique evaluates the impedance variation of an eddy current (EC) sensor. The method applies to ferromagnetic materials, including
anisotropic ones. It is a model-based approach using a finite-element model (FEM) that incorporates the magneto-elastic behavior
of the material and simulates the variation of the EC sensor impedance with stress. Four parameters are needed to describe the
material behavior. Although the magnetic parameters used in the numerical model are identified from anhysteretic measurements,
the results of the identification method correlate with experiments performed on samples extracted along two orthogonal directions
of a pipeline.

Index Terms— Anisotropy, API-5L X52, coupled problem, eddy current (EC) non-destructive testing (NDT), magneto-elasticity,
multi-scale model, steel pipeline.

I. INTRODUCTION

EDDY current (EC) non-destructive testing (NDT) is
widely used to detect defects and inspect the integrity

of metallic structures [1]. It can also be used to evaluate in
real-time stress induced by mechanical loading, for example,
in pipelines. The technique exploits the change in electrical
or magnetic properties due to stress [2]. In the case of
ferromagnetic materials, the variation of electrical conductivity
due to stress [3] can be neglected compared to that of mag-
netic permeability [4]. The general principle of the proposed
technique is that the effect of stress on magnetic permeability
is reflected in the measured impedance signal from an EC
sensor. This technique was applied to isotropic ferromagnetic
material under uniaxial stress in [5] and similarly in [6] for
cylindrical bars. Another use of EC NDT for stress evaluation
in isotropic ferromagnetic materials is proposed in [7] based
on phase shift detection.

This article is dedicated to the application of an EC tech-
nique to detect internal stresses in anisotropic ferromagnetic
materials, such as the API-5L X52 low-carbon steel used in
gas pipelines. A magneto-elastic behavioral law for anisotropic
ferromagnetic material is detailed, along with its parameter
identification method. Then, its output, the magnetic prop-
erties, is implemented in a magneto-dynamic finite-element
model (FEM) of a U-shaped EC sensor. The impedance change
in the sensor is compared to experimental results.

II. MATERIAL MODEL

A simplified multi-scale model (SMSM) [8] is used to
describe the macroscopic anhysteretic magnetic behavior of
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ferromagnetic materials under stress. The material is described
as a collection of magnetic domains with orientation α (unit
vector). Each domain is characterized by its magnetization Mα

and magnetostriction strain tensor εμ
α

Mα = Ms α (1)

εμ
α = 3

2
λs

(
α ⊗ α − 1

3
I
)

(2)

where Ms and λs are the saturation magnetization and the
saturation magnetostriction constant of the material, respec-
tively. ⊗ is the tensor product and I is the second-order identity
tensor. The free energy Wα for a given orientation α is defined
as the sum of three energy terms: the magneto-static energy
W mag

α , the magneto-elastic energy W el
α , and the anisotropy

energy W an
α

Wα = W mag
α + W el

α + W an
α (3)

W mag
α = −μ0 H · Mα (4)

W el
α = −T : εμ

α (5)

W an
α = −J (β · α)2 (6)

where H is the applied magnetic field and T is the
applied stress. μ0 is the vacuum magnetic permeability
(μ0 = 4π 10−7 H·m−1). J is an anisotropy constant and β

is the anisotropy direction (unit vector).
An internal variable fα is introduced, representing the

volume fraction of a domain with orientation α:
fα = exp(−AsWα)∫

α
exp(−As Wα)

. (7)

Here, As is a material parameter given by As = 3χ0/(μ0 Ms
2),

where χ0 is the initial magnetic susceptibility of the
material under no applied stress. The macroscopic mag-
netization M is finally calculated by integration over
all the possible orientations α

M = Ms

∫
α

fα α dα. (8)
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Fig. 1. (a) Schematic of the cut-out samples and (b) experimental bench for
magneto-elastic characterization.

Fig. 2. Measured anhysteretic curves for API-5L X52 under uniaxial stress.

The anisotropic SMSM then relies on only four material
parameters: Ms , λs , J , and χ0.

A. Parameter Identification

In order to apply the SMSM to API-5L X52, ferromagnetic
steel used for gas pipelines, two samples labeled DL and DT
were extracted in the longitudinal (DL) and the transverse
(DT) directions of a pipe [Fig. 1(a)]. A magneto-elastic
characterization bench [Fig. 1(b)] is used to assess the material
behavior and identify the model parameters. The setup allows
for measuring the magnetization curve of samples subjected
to the magnetic field and uniaxial stress applied parallel to
the magnetic field. The results are shown in Fig. 2. From
the modeling point of view, due to the anisotropy of the
behavior, the initial magnetic susceptibility χ0 is an equivalent
scalar fit on measurements under no stress from the DL and
DT samples (plain symbols in Fig. 3). J is fit to ensure
that the initial values of the magnetic permeability (under no
applied stress) are correct for both directions. β is parallel to
DL (direction with the highest magnetic permeability). The
material parameters identified for API-5L X52 are given in
Table I.

B. Definition of the Anhysteretic Permeability Tensor

Once the material parameters are known, the SMSM
allows computing the constitutive response of the material
B(T, H) = μ0(M(T) + H) under any magneto-mechanical
loading. The corresponding magnetic permeability can be
deduced using (9). Assuming the magnetic permeability tensor
to be diagonal, the anhysteretic magnetic permeability can be
defined in the form of (10), where μxx , μyy, and μzz are

TABLE I

SMSM MATERIAL PARAMETERS FOR API-5L X52

Fig. 3. Low-field anhysteretic magnetic permeability of API-5L X52 along
DL and DT under uniaxial stress, applied along the magnetization direction.
The plain symbols indicate the measurement data used for the identification
of material parameters.

obtained by applying the magnetic field along the directions
x, y, and z, respectively,

μr (T) = (M + H) · H
H · H

(9)

μ(T) = diag(μxx
(
T), μyy(T), μzz(T)

)
. (10)

An experimental anhysteretic magnetic permeability is
deduced using the B(H) anhysteretic curves at low field
(±10 A·m−1) from Fig. 2. A comparison between experimen-
tal and modeling results is shown in Fig. 3 for the relative
permeability μr . Plain symbols have been used to show the
data used for the identification of material parameters, while
continuous lines show model prediction. It is visible that the
SMSM allows a satisfying description of both initial and
stress-induced anisotropies.

III. MAGNETO-DYNAMIC NUMERICAL MODEL

Assuming that the effect of stress on the magnetic per-
meability at the low field is analogous to its effect on the
anhysteretic permeability and that the linear approximation
is valid, a linear elasto-magneto-dynamic FEM is defined
using the permeability tensor μ(T) under stress computed
with the SMSM. The magnetic vector potential formulation is
used to solve the magneto-dynamic equation in the frequency
domain (11), and the Dirichlet boundary condition is applied
on the external surface of the study domain. The coils of the
EC sensor are defined as homogenized multi-turn coils

∇ × (μ−1 × A + σ jωA) = Je (11)

where A is the magnetic potential vector and Je is the
excitation current. A coil geometry analysis is used to compute
the current flow of the coil and then an iterative solver is used
to solve (11).
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Fig. 4. Sensor configuration on the DL sample.

Fig. 5. Geometry of the magneto-dynamic FEM.

A. Model Geometry

The geometry of the EC sensor consists of a U-shaped
magnetic core with overall dimensions 4 × 2 × 3 mm3. Two
identical square coils with Nc turns, and a cross section
of 1 × 0.45 mm are mounted in series at the ends of the
magnetic core as shown in Fig. 4. The material geometry is
represented by a cylinder with a radius rg and a height hg

(Fig. 5). The material thickness hg is reduced to being six
times the skin depth δ because the joule losses, from EC,
remain unchanged for more significant hg

δ = 1√
σμ0μrπ f

(12)

where f is the frequency, and σ and μr are the electrical
conductivity and the relative magnetic permeability of the
material, respectively. The shape of the EC sensor makes it
sensitive not only to changes in magnetic properties due to
stress, but also to the initial anisotropy. The angle θ defines the
sensor orientation with respect to the anisotropy direction β.
In the case of DL samples shown below, β coincides with the
direction of the uniaxial stress (see Fig. 4). When the sensor
direction is parallel to β, the angle θ is then zero.

B. Mesh Strategy

The FEM model is built to generate 2-D maps of the
impedance variation for bi-axial stress up to ±200 MPa
in the sample plane. As shown in Fig. 3, the anisotropic
magnetic permeability exhibits high variations in a stress range
from 0 to 160 MPa. At an operating frequency of 500 kHz,
the skin depth δ under these stress levels varies from δmin =
3.1 μm to δmax = 12.6 μm. Adapting the mesh to the value of
δ adds significant numerical noise to the computed impedance
values. Hence, a constant mesh, supporting the full range of
δ variations, is adopted.

A challenge for the 3-D FEM is to obtain acceptable
accuracy with minimum computational load (memory and
time). The final problem contains 380 000 degrees of free-
dom using quadratic tetrahedral and prismatic edge elements.
Nevertheless, refining the mesh in zones with high-energy
gradients is recommended. In a magneto-dynamic problem,

Fig. 6. Size evolution of prismatic elements in the normal direction of the
sample.

these zones are located around the coil and in the skin depth
of the material. In this study, the used physical parameters give
a small skin depth compared to the geometrical dimensions.
To address this geometry constraint, prismatic elements are
chosen to mesh this zone [9] as well as the air gap between
the sensor and the material. These elements are efficient for
field calculation in boundary layers. The sweep parameters of
the prismatic layers (Fig. 6) are the thickness of the first layer
U1, the growth rate S f , and the number of layers Nl . These
parameters are chosen to have two layers in δmin and a total of
12 layers in hg (6 δmax). In order to avoid changing the mesh
when changing the sensor position, it was chosen to keep the
full meshed constant and to rotate the material property μ(T)

under the sensor, using a rotation matrix R, around the normal
direction

μ(T, θ) = R(θ) · μ(T) · R(θ)t . (13)

C. Model Calibration

The electrical conductivity σ of the material is used
as an adjustment parameter to approximate the frequency
for maximum impedance variation obtained experimentally
from the sensor placed on a sample. The lift-off (Lo, the
distance between the EC sensor and the material surface)
is another adjustment parameter set so as to approximate
the value of the measured impedance under no applied
stress. The first step of the model calibration is to use
the electrical conductivity σ (5.38 106 S·m−1) measured
by a four-point probes method for a static excitation.
The model frequency for a maximum impedance variation
( fFEM) is different from the experimental frequency ( fmax =
500 kHz). However, when the material electrical conductivity
is raised to 7σ , the model frequency is fFEM ≈ fmax. Then
Lo is adjusted to fit the computed impedance module to
measurements.

IV. RESULTS

Using the parameters in Table II, a computation for
θ = 0 and f = 500 kHz gives an impedance module of
3730 
 for 3820 
 in the experiment. The magnetic field
loops are mainly channeled in the magnetic yoke and the air
domain surrounding the EC sensor.
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Fig. 7. Magnetic flux density distribution B(mT) for two sensor orientations.

TABLE II

FEM PARAMETERS FOR API-5L X52

Fig. 8. Impedance change of the EC sensor at 500 kHz. (a) Impedance varia-
tion for different sensor orientations of an unstressed material. (b) Impedance
variation for different uniaxial stresses along θ = 0.

A. Initial Anisotropy Evaluation

For multiple sensor orientations, the magnetic density flux
distribution changes. The EC area increases when the sensor
is normal to the anisotropy direction (Fig. 7). Thanks to the
sensor geometry, the anisotropy effect is detected. Fig. 8(a)
shows a satisfactory agreement for the angular variation
�Z(θ) between the modeling and experimental results for
different sensor orientations under no applied stress

�Z(θ) = |Z(θ) − Z0◦ |
X0◦

. (14)

Z0◦ and X0◦ are the impedance and the reactance, respectively,
of the sensor placed at θ = 0 on the unstressed material. Z(θ)
is the impedance for an angle θ .

B. Stress-Induced Anisotropy Evaluation

To evaluate the stress effect on the impedance signal,
a similar measurement output �Zθ (%) is used

�Zθ (T) = |Zθ (T) − Z0◦ |
X0◦

. (15)

Zθ (T) is the impedance of the sensor with material under stress
T and for an orientation θ . The model predicts the correct
trends for the evolution of the EC sensor impedance under
uniaxial stress (Fig. 8). However, the magnitude difference
between the model and the experiment, on the strip samples,

can be partially explained by experimental uncertainties on the
setup, for instance, the lift-off [10] or on the orientation of
the sensor. Moreover, the magnetization state of the specimen
was not taken into account in the model but it was present
in the experiment. This method presents a good sensitivity to
stress when the three orientations of the sensor are combined
[Fig. 8(b)].

V. CONCLUSION

A combination of a simplified multi-scale model for
magneto-elastic behavior with a magneto-dynamic finite-
element simulation has been implemented. It allows for pre-
dicting the variations of the impedance of an EC sensor
placed on an anisotropic ferromagnetic material subjected to
mechanical stress. The strength of the approach is that it allows
the implementation of both initial and stress-induced magnetic
anisotropies using reasonable computational resources.

The model can be used to predict the EC sensor impedance
for materials under bi-axial stress, such as in pipelines. Fur-
thermore, 2-D impedance maps of the EC sensor for different
orientations can be generated and used to solve an inverse
problem for stress identification. The final goal of this study is
to perform such an approach on pipelines subjected to internal
pressure in order to estimate the levels of internal stress.
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