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Influence of biaxial stress on magnetostriction - experiments and modeling
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Abstract

The paper deals with the influence of biaxial stress on the magnetic and magnetostriction behavior of a low carbon steel used for
structural pieces in the car industry. Material, specimen, measurement set-up and protocol are presented. Anhysteretic measure-
ments are performed, giving results in accordance with literature. A quadratic approximation of magnetostriction vs. induction
measurements allows the evaluation of a single magnetostriction parameter per mechanical state. Results are compared to the
outputs of a multiscale model, which indicate coherent tendencies but some significant amplitude differences.
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Introduction

In the last few years, a growing interest of the car industry
for the use of Advanced High Strength Steel (AHSS) prod-
ucts has been observed, especially considering the weight sav-
ing solutions they lead to. Their excellent mechanical behav-
ior comes from the very complex microstructure they exhibit,
achieved thanks to precise thermomechanical treatments. The
AHSS microstructure is highly sensitive to small variations in
the forming process, and it is the purpose of developments in
online non-destructive evaluation to detect these minor varia-
tions. Such monitoring is made on laminations usually sub-
jected to multiaxial mechanical stress (due to band tension or
bending on cylinders) and known to have a strong effect on the
magnetic behavior. Stresses can therefore modify the percep-
tion of the microstructure given by the sensors. Magnetome-
chanics must consequently be taken into account in the reverse
identification process and requires developing multiaxial exper-
iments and multiaxial magneto-mechanical models. Previous
works have addressed magnetic behavior change due to multi-
axial stress [1, 2, 3, 4]. In this study, some new results showing
the effect of a biaxial stress on the magnetostrictive behavior
are presented.

1. Protocol

The material considered in this study is a hot-rolled low car-
bon (0.08wt%C - 0.35wt%Mn) steel (thickness 3.7mm) pro-
vided by Tata Steel. The post hot-rolled state ensures an
isotropic global magnetic and mechanical behaviors in accor-
dance with a low crystallographic texture and fine equiaxis
grains structure as illustrated by Figure 1. The material is
mainly single-phased (b.c.c. ferrite) with very few perlite is-
lands (some dark areas in Figure 1a).
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Figure 1: Microstructure observed by electron back-scattered diffraction: (a)
Image Quality mapping ; (b) Inverse pole figure (OIM software)

The experimental protocol associated with biaxial experi-
ments has already been detailed in other publications for mag-
netic measurement [2]. A new procedure applies for magne-
tostriction measurement. Experiments are carried using a cross-
shaped specimen (Figure 2) designed to promote homogeneous
stress and magnetic field in the central area [5]. The local stress
tensor (071,0) is related to applied forces (F, F3) by an inter-
acting matrix following:
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Parameters «;; of this matrix have been numerically calculated
by finite element modeling (Figure 2b) using linear elastic-
ity and conventional stiffness (Young modulus 200GPa) and
Poisson ratio (0.3) for steel. Due to symmetry and isotropy
of the material, the following parameters have been obtained:
a11= a»=4.0 MPa/kN and aj,=a;;=-0.89 MPa/kN (values
have been experimentally verified). The mechanical calcula-
tion also demonstrates that compression can be applied without
risk of buckling. Stress concentrations are however observed
in some places. Considering the yield stress of the material
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Figure 2: Cross shaped specimen and finite element calculation representing
the von-mises equivalent stress (F| = F2=500N) - arrows (1,2) indicate the
specimen frame and directions of applied forces.
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Figure 3: Left: detail of the magnetic measurement set-up; right: positioning
inside biaxial machine, camera and light source for DIC.

(250MPa previously measured using uniaxial test), the central
mechanical loading amplitude cannot exceed 100MPa.

As illustrated in Figure 3 left, the magnetic field is gener-
ated thanks to a ferrimagnetic U-yoke placed on the upper sur-
face and wound with 100 turns. A needle-B is placed between
the arms of the yoke to measure the magnetic induction. Mag-
netic field is evaluated from the current in the primary wind-
ing using Ampere’s law and a correcting demagnetizing factor
(evaluated from finite element magnetostatic modeling of the
set-up). Considering the strong non-linearity which can exist
between the magnetic field and the current, we mainly focus on
the magnetic behavior at low field. Longitudinal (parallel to the
applied field) and transversal (perpendicular to applied field)
non-magnetoresistive gauges have been stuck in the middle of
the specimen between the needles to measure magnetostriction
(see reference [6] for more details). Figure 3 right gives a global
view of set-up, specimen, grips and hydraulic actuators. Cam-
era and light source are visible, enabling digital image correla-
tion (DIC) of lower sample surface to ensure the proper conduct
of mechanical test (see [7] for more details).

The experimental procedure consists to: i) clamp the speci-
men in the multiaxial machine (Figure 3) and put the magnetic
set-up; ii) apply the mechanical loading (o, 0,) and equili-
brate the wheatstone bridges just after to avoid their saturation;
iii) demagnetize the material by applying a sinusoidal magnetic
field of decreasing amplitude up to zero; iv) perform low fre-
quency magnetic hysteresis (0.2Hz) and anhysteretic measure-
ments [8]. Results presented in this paper are limited to anhys-
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Figure 4: Influence of various stress states and amplitude on the anhysteretic
magnetostriction (deformation measured in the direction of applied field).
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Figure 5: Experiments: biaxial stress influence on (a) initial anhysteretic rel-
ative permeability y,; (b) magnetostriction sensitivity parameter a; for mag-
neostriction along applied field.

teretic behaviors carried out along the rolling direction of the
sheet (corresponding to axis 1 in Figure 2). 25 biaxial (o1,07%)
stress states have been tested, for stress level varying between
-100MPa and +100MPa. For an easier comment, the following
mechanical loading types are defined: Longitudinal tests cor-
respond to situations where o;#0 and 0,=0; Transversal tests
correspond to 01=0 and 0,#0; Equibiaxial tests mean o j=07>;
and Shear tests verify o;=-0,). Plotting a scalar value repre-
sentative of a magnetic quantity in the biaxial plane (o1,07) is
another efficient solution to appreciate the effect of mechanical
loading.

2. Experimental results

Figure 5a gives a map representation of biaxial stress influ-
ence on initial anhysteretic permeability recorded for the 25
loading states and interpolated, allowing for an easy visualiza-
tion of gradients and isovalues. Concerning Longitudinal tests,
it is observed that tension increases the permeability whereas
compression decreases it; an opposite effect is observed for
Transversal tests; the magnetic permeability looks insensitive
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to Equibiaxial loading in the range of experiments; a Shear
loading leads to the most significant changes: permeability in-
creases when stress in the direction of applied field (o) is pos-
itive, it decreases when negative.These results are roughly in
accordance with previous results reported in [3] for a DP steel
and in [8] for an iron-cobalt alloy. Figure 4 plots the anhys-
teretic longitudinal magnetostriction (along the magnetic field
direction) measured for the same stress situations as previously
defined. Curves exhibit a parabolic shape and stress state has
en effect on apparent amplitude of each curve. It must be re-
called that magnetostriction is artificially taken as 0 at B=0
(the initial magnetostriction is unknown). Figure 6 allows for
a comparison of reference longitudinal and transversal magne-
tostriction results obtained with a long strip and placed in a 1D
measurement bench (without mechanical loading) with mag-
netostriction measured with the biaxial set-up at zero applied
stress. Amplitudes are significantly lower in the present study,
which is mainly explained by a low induction level due to set-
up limitation. Concerning Longitudinal tests, we observe that
tension decreases the magnetostriction amplitude whereas com-
pression increases it. This result is in accordance with obser-
vations reported in literature [8, 9]. An opposite effect is ob-
served for Transversal tests. Amplitude variations are however
significantly lower. Although magnetic behavior looks insensi-
tive to Equibiaxial, magnetostriction variations joint the varia-
tions observed for Longitudinal loading with a smaller ampli-
tude. Shear loading leads to the most significant changes of the
magnetostriction behavior as for the magnetic behavior: mag-
netostriction amplitude decreases when stress component in the
direction of applied field (o) is positive; it decreases when neg-
ative. This is the first time to our knowledge that magnetostric-
tion measurements of Transversal, Equibiaxial and Shear situa-
tions are published. In order to adopt a level representation like
in Figure 5a, we wish to identify a scalar value representative
of each characteristic. Among the possibilities, we propose to
perform an approximation of each curve by an even polynomial
of degree 4 in B within induction range of +1T and to retain
the 2nd degree value (this polynomial form was originally in-
troduced by Jiles [10]). This gives:
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Figure 5b gives a map representation of biaxial stress influence
on o, parameter optimized for the 25 loading states and in-
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Figure 6: Comparison between magnetostriction measured by 1D frame and
2D set-up - without applied stress

terpolated, allowing for an easy visualization of gradients and
isovalues. It can be observed that isovalues slopes are close
to each other in the measurement range. They look different
from isovalues slopes for anhysteretic permeability, leading to
a higher influence of stress applied along the magnetization di-
rection. The interpretation usually proposed for magnetostric-
tion is based on the evolution of the magnetic domain structure
under stress [8, 9]. For iron and steels, uniaxial traction gen-
erally decreases the magnitude of magnetostriction. When a
perpendicular compression is superimposed, it looks relevant
that effect is accentuated. Uniaxial compression has an oppo-
site effect. The superposition of a perpendicular traction leads
to an increase of magnetostriction amplitude (and therefore of
parameter a ). It seems difficult, however, to push the interpre-
tation further. Some comparisons with outputs of a multiscale
model tested for several years is proposed in the following sec-
tion.

3. Multiscale modeling

The multiscale model (MSM) allows for a reversible de-
scription of the magneto-elastic behavior of magnetic materials
[11, 12]. Scales involved are the family domain scale «, the
grain (crystal) scale g and the representative volume element
RVE (polycrystal) scale composed of a large number of grains.
The Gibbs free energy density is written at the domain scale
where magnetization M,, and magnetostriction strain &, can be
considered as homogeneous. They are defined as follows:

M, = M, 7Z~ek 3)
3 Dio(¥i -3 Ay Aiyys
&, = 3 uvy2  dio(s - 3 Any2ys 4)
Ainyys Ayays A3 - 1)

M; is the saturation magnetization and 7y, are the direction
cosines of magnetization vector (e is the canonical basis of
cubic symmetry). In the framework of linear magnetoelasticity
&, is the stress independent isovolume magnetostriction tensor
where Aj00 and A;;; are two so-called cubic magnetostriction
constants. Considering on the other hand stress o~ and magnetic
field H as homogeneous over the RVE, the Gibbs free energy
density at the magnetic domain scale writes:

s(H,0) = Ki(y{y; + 1373 + v3vD) —woHM, — o : &, (5)

Mo 1s the vacuum magnetic permeability and K| the first mag-
netocrystalline constant. The Gibbs free energy density de-
fines 6 minima for K; > 0, that correspond to iron alloys easy
magnetic axes. A minimization of g, with respect to direction
cosines of domain families @ model the magnetization rotation,
and magnetic domains volume fraction f, is calculated using a
Boltzmann function referring to an at equilibrium process:

exp(—Ay8a)
21‘6:1 exp( — Ayg;)

with Ay = 3X0/(;10Mf) where y is the initial stress-free sus-
ceptibility. Averaging operations (equation (7)) allows for the

fo = s Yo =min(g,(y,H,0)) (6)
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Figure 7: Modeling results: biaxial stress influence on (a) initial anhysteretic
relative permeability; (b) magnetostriction sensitivity parameter .

calculation of average magnetization and magnetostriction. N,
indicates the number of grains g involved in the process:

6 6
M= SO M = SO R @)
8 ¢ a=l 8 ¢ a=l

An orientation data file made of 250 grains representative of
IPF plotted in Figure 1 has been used for the modeling and
table 1 gathers the parameters used (all are well-known phys-
ical constants of iron [11]; only yq is estimated from exper-
imental magnetization at zero applied stress). Magnetization
and magnetostriction have been model using the same mag-
netic field and stress field ranges as for experiments. Initial
anhysteretic permeability and magnetostriction sensitivity pa-
rameter @) have been evaluated following the same rules as
for experiments. Figure 7 shows a map representation of bi-

Table 1: Parameters used for multiscale modeling
M, (A/m) [ Ky (kI.m™) [ Aigo; At (ppm) | xo
1.71 x10° 48 21;-21 1200

axial stress influence on (a) initial anhysteretic permeability;
(b) magnetostriction sensitivity parameter a; calculated from
the MSM. The main trends are reproduced by the model for
oy > 0. For o < 0, the slope of the modeled permeabil-
ity isovalues seems more pronounced. The model defines an
area where the magnetostriction parameter @, is maximum (for
a compression of about -70MPa). This maximum is observed
in experiments too but shifted by 0,=+50MPa approximately.
Figure 8 shows the evolution of the magnetostriction parameter
a, obtained for magnetostriction deformation perpendicular to
the magnetic field. Model and experimental amplitudes are sig-
nificantly different but tendencies are in accordance especially
regarding the occurrence of an area with minimum amplitude,
consistent with the 50MPa shift along o, observed for longitu-
dinal magnetostriction. Thus, although, variations of the exper-
imental quantities are in agreement with the MSM, amplitudes
and reference position in the stress plane are different: these
differences can traduce a modeling that involves too many sim-
plifications. An unbalanced distribution of domains inherited
from forming process as can be seen in other materials [4] can
be incriminated too.
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Figure 8: Influence of stress on transversal magnetostriction sensitivity param-
eter @, - comparison between experiment and modeling

Conclusion

In this paper, longitudinal and transversal magnetostriction
measurements obtained under biaxial stress of a low carbon
steel were presented. They are completed by initial anhysteretic
permeability measurements. The experimental results are glob-
ally in agreement with the results of a multiscale model. Dis-
crepancies may have a modeling or experimental origin: in-
deed MSM involves several steps of simplification including
an assumption of initial balance of magnetic domains distribu-
tion. Residual stresses effect from forming process or occur-
ring during experiments is another possible explanation. For
future experiments, the intention is to improve the experimental
conditions by increasing the induction level to enhance magne-
tostriction amplitude (using for example a second yoke) and by
implementing a local magnetic field measurement.
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