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Abstract

An alternating current potential drop technique is presented that exploits anisotropic magnetostriction to monitor changes in
applied stress in steel. The background to the technique is provided together with an ad hoc approximation that describes the
sensitivity of the sensor to the underlying properties. A uniaxial loading experiment has been conducted on duplex and mild
steel specimens showing that changes in stress are measureable. Saturation and hysteresis afflict the measurement, which, in
addition to sensitivity to temperature and magnetisation, may undermine inversion. With the capabilities and limitations of
the proposed technique introduced, guidance on possible suitable applications are given, concluding that use for monitoring
the number and relative size of fatigue stress cycles may be a suitable and attractive opportunity.

Keywords Potential drop - DCPD - ACPD - Magnetic permeability - Structural health monitoring - Stress measurement -

Strain measurement

1 Introduction

Monitoring stress is potentially of great value to structural
integrity engineers. Static stresses may drive plastic defor-
mation, creep damage [12] or creep crack growth [28], while
dynamic stresses may lead to fatigue [6]. It is common to
infer stresses through measurement of elastic strain. By far
the most prevalent means of monitoring stresses is the bond-
able foil strain gauge [15], yet they are unsuitable for many
industrial applications where good adhesion to the surface is
not possible, or in harsh environments. Advances in the field
of in situ stress monitoring are therefore worthy of explo-
ration.

The strain dependence of magnetic permeability has been
exploited for stress measurements in the past; in this study
it will be assumed that stress may be inferred from elastic
strain according to Hooke’s Law. Brennan & Dover et al.
developed an alternating current field measurement (ACFM)
technique based on this principle [7, 14, 31]. A similar ACFM
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technique was also developed for the purpose of residual
stress measurement in rails [5]. In the prior studies, it is noted
that the permeability changes that arise from the application
of elastic strain are strongly anisotropic, and it is anisotropy
that will be utilised for inferring stress.

Potential drop measurements are a standard means of
monitoring the geometric changes associated with the
progress of damage in metallic engineering components, par-
ticularly crack growth [26] but also gross deformation such
as creep strain [10]. Potential drop techniques lend them-
selves to permanent monitoring in harsh environments due
to the simple and robust hardware required at component
level. Using potential drop measurements to also infer stress
is attractive as it may be obtained either as a by-product of an
existing potential drop measurement or as a dedicated sensor
for when strain gauges are infeasible.

Alternating current (AC) measurements are subject to the
skin effect. The current is electromagnetically constricted to
the surface of the component, resulting in an exponentially
decreasing current density with depth. In the simple homo-
geneous isotropic case, the skin-depth, 8, the depth at which
the current density is 1/e (~37%) of the surface density, for
the case of a half-space, is given by,

1
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where o is the electrical conduictivity, f is the alternat-
ing current frequency and p is the magnetic permeability
of the component. In non-magnetic materials the skin-effect
may be utilised to concentrate the current nearer the surface
for improved sensitivity to surface defects. In ferromagnetic
materials, the magnetic permeability is highly variable so
direct current (DC) or quasi-DC measurements are usually
used in preference to AC due to the enhanced stability. One
of the variables that the magnetic permeability is sensitive to
is elastic strain through the ‘inverse magnetostrictive effect’;
it is proposed in this paper that this sensitivity is exploited
so that information on applied stress is obtained from AC
potential drop measurements. The potential drop technique
proposed uses permanently attached electrodes which are
spot-welded to the component; this effectively uses the mate-
rial ‘as the sensor’, and negates spatial material variation that
may otherwise introduce unacceptable levels of uncertainty.

Unfortunately, the magnetic permeability in ferromag-
netic materials is also known to be sensitive to many other
variables, most notably temperature and magnetisation, as
well as microstructural material parameters. Specificity is
therefore potentially an issue that will need to be addressed
in assessing the viability of magnetic based stress measure-
ments.

In this paper the background to multi-frequency four-
point potential drop measurements will be given to introduce
the proposed technique; this will be followed by an ad hoc
approximation that will be rigorously validated by com-
putational simulation relating anisotropic permeability and
conductivity to potential drop impedance measurements. A
uniaxial loading experiment will be presented showing the
stress sensitivity of the technique, followed by a demonstra-
tion of the sensitivity to temperature and magnetisation in an
attempt to establish whether the technique is likely to have
sufficient selectivity for practical applications.

2 Multi-Frequency Four-Point Potential Drop
Measurements

Potential drop measurements require four electrodes that are
galvanically connected to the surface of the test component.
A known electrical current, I, is injected between two of
the electrodes while the resulting electrical potential drop,
AV, is measured across the remaining two electrodes. The
impedance, Z, can then be calculated,

AV .
Z:T=R+1X (2)

where R is the resistance and X is reactance by definition.
Figure 1a shows one possible configuration of the electrodes;
the electrodes form a square with current injecting electrodes
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Fig. 1 Illustration showing the square electrode configuration potential
drop measurement. a shows a three-dimensional illustration of a four
point potential drop measurement, b shows that two orthogonal poten-
tial drop measurements may be taken sequentially using the same four
electrodes

forming one side of the square and the potential sensing
electrodes forming the opposite side. This arrangement is
known to have superior sensitivity to anisotropic changes
in electrical conductivity than the more conventional ‘in-
line’ arrangement where the electrodes are all arranged along
a straight line [24]; the following section will show that
the square configuration of electrodes is also sensitive to
anisotropic changes in magnetic permeability. A further use-
ful feature of the square configuration of electrodes is that
two orthogonal measurements can be taken sequentially at
a given location using just four electrodes, as illustrated in
Fig. 1b. The enhanced directionality, combined with the abil-
ity to take orthogonal measurements permits the detection of
stress-dependent changes in anisotropic material properties,
including magnetic permeability, which will be central to this
study.

The frequency dependence of potential drop measure-
ments in electromagnetically isotropic materials has been
previously reported [3, 11], while the frequency dependence
of potential drop measurements in anisotropic materials is
developed in this paper. Figure 2 shows the result of a Comsol
Comsol [9] finite element simulation intended to illustrate the
frequency dependence of current distribution in an isotropic
material. Current of increasing frequency is injected between
two points on the surface of a cuboid. The current distribu-
tions are shown illustrating the behaviour is split into two
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Fig. 2 Finite element simulation results obtained using finite element
simulations. a Current is injected between two points separated by
10 mm on the surface of a component with dimensions of 100 mm
x 100 mm x 20 mm, with relative magnetic permeability of 1 and con-
ductivity of 100%IACS. b—e Streamlines show the current path for a
range of frequencies

regimes, quasi-DC and AC. At high, AC, frequencies the
current penetration is limited by the skin effect according
to Eq. (1). As the frequency is decreased to quasi-DC fre-
quencies the skin depth will become large and the current
distribution will tend to the DC distribution where the pen-
etration is limited not by the skin effect but by geometry. In
the example of Fig. 2 the current is confined largely within a
depth of half the electrode separation.

Figure 3 shows the frequency dependence of a square
electrode configuration potential drop measurement. The fre-
quency at which the skin depth equals the current limiting
geometric dimension will be referred to as the transition fre-
quency. The transition frequency divides the AC and DC-like
behaviour with a transitional regime. At ‘quasi-DC’ frequen-
cies, below the transition frequency, the current penetration
will no longer be dictated by the skin effect and therefore
resistance measurements will only be sensitive to electrical
resistivity and the geometry changes associated with material
damage. Quasi-DC resistance measurements are therefore
effectively independent of frequency as shown in Fig. 3.
Above the transition frequency the current penetration is dic-
tated by the skin effect and therefore additionally becomes
sensitive to changes in stress-dependent magnetic permeabil-
ity; the electrical resistance and reactance are proportional to

100
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Fig. 3 Frequency response of impedance for a square electrode config-
uration potential drop measurement, as illustrated in Fig. 1. Resistance
and reactance are normalised by the DC resistance. Frequency is nor-
malised to the corner frequency which is approximately equal to the
transition frequency [11]. The analytical solution is based on that by
Bowler [2] and is presented in [11]

the square root of frequency as shown. It is proposed in this
study that quasi-DC measurements, holding information on
resistivity and geometry, may be combined with AC mea-
surements, holding information on magnetic permeability
in addition to resistivity and geometry to provide a stress-
dependent measurement.

It is believed that the key to monitoring stress-dependent
magnetic permeability changes is the anisotropy, i.e. stress-
induced directional changes in magnetic permeability. The
directional changes in magnetic permeability require a more
sophisticated description of the skin depth than the isotropic
description provided in Eq. (1); the directional changes in
permeability will influence the lateral spread of current in
addition to the depth.

To illustrate the influence of anisotropic permeability
changes on the current distribution of an AC potential drop
measurement a finite element study was completed. Two
point current source electrodes were modelled on a block of
material, as illustrated in Fig. 4. The magnetic permeability
was then anisotropically manipulated so that the magnetic
permeability aligned in the direction of the electrodes was
altered, followed by the magnetic permeability normal to
the electrode alignment. The current distribution through the
depth of the component along the bisector line between the
injection points (see Fig. 4a) and along the top surface of
the block normal to the electrode alignment (see Fig. 4d) is
presented; the current density is normalised to the maximum
current density at each permeability state.

Referring to the current distribution through the depth
of the component (Fig. 4a—c), increases in permeability in
either direction increases the current density at the surface,
but Fig. 4b shows that the current distribution is unaffected
by changes in magnetic permeability in the direction of elec-
trode alignment; the ‘effective’ skin depth (the point at which
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Fig. 4 Finite element simulations of the current density resulting from
anisotropic changes in magnetic permeability; the relative magnetic
permeability in all directions not indicated in the legend is 100. Two
point current source electrodes are separated by 10 mm on a 50 mm
thick block of material of conductivity 5.07 x 10° S/m (8.74%IACS).

the current density reduces to 1/e of the surface current den-
sity) is unchanged. Figure 4c shows that the skin depth is
inversely proportional to the square root of the magnetic per-
meability in the direction normal to the electrode alignment,
this is equivalent to the isotropic case of Eq. (1).

To aid analysis of the lateral current distribution
(Fig. 4d—f) a new term is introduced, the ‘skin width’, w,
which is analogous to the well-known ‘skin depth’, §, and is
defined as the lateral distance from the point halfway between
the two electrodes to the point where the current density is
1/e of the central current density. From the simulation results
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a and d illustration of the model geometry. b and ¢ Current distribution
through the depth of the component, with permeability changes parallel
and normal to electrode alignment respectively. e and f Current distri-
bution across the width of the component, with permeability changes
parallel and normal to electrode alignment respectively

shown in Fig. 4e and f it is evident that the skin width is
proportional to the fourth-root of the maffvnetic permeabil-
ity normal to electrode alignment (w Mz/ 4) and inversely
proportional to the fourth-root of the magnetic permeability
in the direction of electrode alignment (w o ,u;l/ 4). The
magnetic permeability normal to the surface plane (in the
x3 direction) has no effect on the current distribution; this
directionality is expected since the magnetic field is always
orthogonal to the current that produced it.

In order to calculate the impedance of an AC poten-
tial drop measurement the influence of both the skin width
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and depth would need to be combined. The following sec-
tion provides an ad hoc approximation for square electrode
configuration potential drop measurements of electromag-
netically anisotropic materials.

3 Ad Hoc Approximation of ACPD
Measurements in Magnetically
and Electrically Anisotropic Materials

Although exact solutions could be obtained following the for-
malism developed by Zhou and Dover [31], our goal here is to
produce only a simplistic ad hoc approximation that captures
the main features of the problem at hand. This approximation
then will be validated numerically by comparison to finite
element simulations.

3.1 Low-Frequency ACPD in Thin Plates
3.1.1 Isotropic Plates

First, let us consider a thin plate of thickness,r, made
of a material of homogeneous and isotropic magnetic
permeability,u, and electric conductivity, o. Alternating cur-
rent, I, is injected at the origin of a cylindrical coordinate
system (r, 0, z) on the bottom surface of the plate. The
inspection frequency, f, is low enough so that the electro-
magnetic skin depth § = 1/4/7 f o is much larger than the
plate thickness, 7, therefore quasi-static approximations can
be used. Under such conditions, the current density beyond
the immediate vicinity of the injection point is strictly radial
and inversely proportional to the radial coordinate r while it
is uniform in the z and 6 directions.

1
J(")Z% 3)

The radial electrical field is

E() = 2 @
r) =

2rrt
where we introduced the electric resistivity p = 1/o. The
resulting potential distribution is

r Ip [1 1

J )
V)= | E()dr= —— | —dr=—=Snr+Vy 5
(r) /(r)r Znt/rr 7o M7+ Vo %)
r

r

The transfer resistance can be determined by superposition
as follows

AV o
R=—=———/|Inry; —Inrip —Inr +Inryp] (6)

1 2t

where r;; denotes the distance from the i-th injection point
to the j-th sensing point (i, j =1, 2).

3.1.2 Anisotropic Plates

Tatarnikov [27] derived the electric potential distribution in
a thin anisotropic plate as

Vir)=—-1 '2'01;02 ln,/,ol)cl2 + p2x22 +V 7)
b4

where p; and p; denote the electric resistivities in the x; and
X7 principal in-plane directions. When a square-electrode PD
probe is aligned with the principal directions of the electric
anisotropy in the plate, the transfer resistances R; and R;
measured in the x; and x, directions are [21],

R, = Y122 ln(l + ﬂ) (82)
27t 02

and

R, = Y12 1n<1+ﬂ> (8b)
2t 01

respectively.In the absence of stress-induced electrical
anisotropy (p1 = p2 = p)

0
Rio = Ry = It In(2) ©)
Tt

Then, the normalized resistances can be obtained as follows

&
R _ VP, ln(l + pz) (10a)
Rio P In(2)
and

p_2
& _ A/ P12 ln(1+ pl) (10b)
R P In(2)

The ratio of the two orthogonal resistances is then,

p_]
ﬂ &_—ln(l+pz) (11)

Rio" Ry 1n<1 " &)
P

This exact theoretical prediction is illustrated using finite ele-
ment simulation as shown in Fig. 5; the agreement validates
the model. The finite element model is of a square electrode
configuration on an electrically anisotropic plate of thickness
2 mm and electrode separation 10 mm.
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Fig.5 Comparison of simulated results (red circles) and the approx-
imations of Eq. (10) and (11) (black lines and crosses) for a square
electrode configuration DC potential drop measurement in an electri-

3.2 High-Frequency ACPD in Thin Plates
3.2.1 Isotropic Plates

Next, let us assume that a high-frequency alternating current
1 is injected into a thick plate at a sufficiently high frequency
f sothat the electromagnetic skin depth is much smaller than
the plate thickness (§ <), therefore thin-skin approxima-
tions can be used. The r-6 plane of the cylindrical coordinate
system is chosen to coincide with the bottom surface of the
thick plate that effectively occupies the z > 0 half-space. The
distribution of the electric field in a conducting half-space due
to alternating current injected at the surface has been analyt-
ically solved by Bowler [1, 2]. Based on her exact analytical
solution of the electric current distribution, in the far-field of
the injection point the conduction current density is purely
radial

I

Jor,2)=(1—i ikz 12
(r,z) =( l)27'[}’56 (12)
where the complex wave number k is defined as

K= iwoog (13)

Here, k = (1 +1i)/8, where § is the previously defined elec-
tromagnetic skin depth and we continue to use the exp(—iwt)
convention for the time dependence of harmonic temporal
variation. Of course, at any distance r from the injection elec-
trode, the total integrated radial current is still equal to the
injected current that is assumed to be positive when flowing
into the half-space at the source

oo

2nr/ Jr()dz =1

0

(14)
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cally anisotropic thin plate. The conductivity in the x| direction was
varied by & 10% while the conductivity in the other directions was kept
constant (Color figure online)

The radial electric field is

P .
ezkz

E(r,z)=01- i)IZn'rS

15)

The resulting potential distribution in the far field of the injec-
tion point on the surface of the specimen (z = 0) is

P
2nr

Vir)y=—-1-i)l 81nr+V0 (16)
The real part of the complex transfer impedance can be deter-

mined by superposition as follows

R=ref S04 -

7 —L[lnr“ —lnrlz—lnr21+lnr22]

2mwd
(I7)

The close analogy between Egs. (6) and (17) when the elec-
tromagnetic skin depth is substituted for the plate thickness
(t — &) has been previously exploited for deriving simple
approximations for high-frequency ACPD in thick isotropic
plates [11].

3.2.2 Anisotropic Plates
In this section we are going to further exploit the analogy

between Egs. (6) and (17) by extending the previous substi-
tution for isotropic materials

P p

- = - =Vrfpu (18)
t )

to anisotropic materials in the following similar form

L1

37 7 fp1i2 (19a)
and

02

57 T fp2101 (19b)
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Fig.6 Comparison of simulated results (red circles) and the approx- cally anisotropic thick plate. The permeability in the x| direction was

imations of Eq. (23) and (24) (black lines and crosses) for a square varied from 25 to 225 while the other components were kept at 100

electrode configuration AC potential drop measurement in a magneti- (Color figure online)

where we took into consideration that the magnetic field is  and

orthogonal to the current that generated it. Substitution of

Egs. (19a) and (19b) into Egs. of (8a) and (8b), respectively, ( L )

eld Ry  Jnrim2 In{1+/0
yields — = (23b)
Ry Ji @
R — Vo1 foai i 1+«/7Tf/01/n 202) _ . . .
1= o n NI (202 Finally, the normalized resistance ratio measured on the
anisotropic material can be obtained as

and

&

Rl Ry _ln(1+ /M) 9

Jrfpima/m 2t VIfp2i R B = T (24)
Ry = In( 1+ Y2020 20b)  Rio" Rao ln(l + /—)
27 VT fpipna 2

In the case of magnetic anisotropy only (p; = p; = p), the ~ These results have been validated using a finite element

above equations simplify to model of a square electrode configuration on a thick magnet-
ically anisotropic cuboid of thickness 50 mm and electrode

/7 fo i N separation 10 mm, the results are shown in Fig. 6.

Ry = ' 111(1 + m) (21a) This analysis illustrates that the potential drop measure-
ments are primarily sensitive to permeability changes normal
to the direction of current injection; the magnetic field is gen-

and . .
erated in the plane normal to the current flux and so will be
sensitive to the current field in that direction.

NSO N/O o
Ry = In( 1+ (21b) Although less relevant to the present study, it is worth
2w 12

pointing out that following the same logic as Egs. (21a, 21b,
22, 23a,23b, 24), an equivalent equation for cases of electri-

In the absence of stress-induced magnetic anisotropy (41 = cal anisotropy can be found [2],

M2 = W)
/_Tffpl/v ﬂ _ \4/ P1P2 11'1(1 * \/g) (252)
Rip = Ry = ~— = 1In(2) S RN In(2)

Then, the normalized resistances can be obtained as follows and

R _ NG ln(l +\/%) (23a) Ry _ Y102 ]n(l +\/%) (25b)
Rio N In(2) Rao P In(2)
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Fig.7 Comparison of simulated results (red circles) and the approximations of Eq. (25) and (26) (black lines and crosses) for a square electrode
configuration AC potential drop measurement in an electrically anisotropic thick plate

With the normalised resistance ratio being,

ln(l +\/5—f)

LR " 1Y (26)
Rio' Rao ~in(1+ /22)

Again, these results have been validated using a finite ele-
ment model of a square electrode configuration on a thick
magnetically anisotropic cuboid of thickness 50 mm and
electrode separation 10 mm, the results are shown in Fig. 7.
Unlike permeability, the potential drop measurements are pri-
marily sensitive to resistivity changes parallel to the direction
of current injection, the net direction of current flow.

The excellent fit between the simulated data and analytical
approximations on these figures proves the high accuracy
of the £ 1/4 power regression lines previously indicated on
Figs. 4e and f.

4 Influence of Elastic Strain on Directional
PD Measurements

In this section an experimental demonstration will be con-
ducted to show that AC resistance measurements may be used
as an indicative metric of applied stress. From the previous
work of Dover et al. [7, 8, 14, 30, 31] uniaxial loading is
expected to cause an anisotropic change in magnetic perme-
ability. In tension the permeability is expected to increase in
the direction parallel to loading at the expense of the remain-
ing two; in the case of uniaxial loading the elastic strain and
therefore change in permeability in the two directions nor-
mal to loading are expected to be equal. For small changes
in strain this may be assumed to be linear so that, assuming
loading is in the x; direction,

womr — Bepo(pr — 1) 0 0
n= 0 Hotr +oaepo(pr +1) 0

0 0 nomr — Bepo(ur — 1)

27)

@ Springer

where ¢ is the elastic strain in the loading direction and « and
B are constants relating the change in strain to permeability.
The assumption that the stress-dependent change in perme-
ability is linear is expected to be limited as the change in
permeability is expected to become increasingly saturated as
the number of magnetic domains available for reorientation
diminishes.

The subsequent influence of permeability on AC potential
drop measurements can then be inferred from Eqgs. (23) and
(24). An exact inversion between AC potential drop measure-
ments and stress, via magnetic permeability would therefore
at least require the parameters « and B which will certainly
be material specific and may also be dependent on many dif-
ferent variables, as will be explored in the following section.
It will also be required that the saturating effect be minimal.

To illustrate the stress dependence of AC potential drop
measurements through magnetic permeability two experi-
ments were conducted; a ferritic S275 structural steel and a
less permeable F51 duplex steel. Bars of material 20 mm x
50 mm x 750 mm were prepared with a square configuration
of electrodes with 5 mm electrode separation; the electrodes
were formed by 1.5 mm diameter stainless steel studs spot
welded onto the component, as shown in Fig. 8a. For the
remainder of the paper the notation will be used that ‘parallel’
measurements are those where the injection and sensing elec-
trodes are aligned in the long axis of the component while in
‘normal’ measurements the injection and sensing electrodes
are aligned in the short axis of the component, as shown
in Fig. 8b. Prior to testing, the components were demagne-
tised by passing them through a Magnaflux L10 coil [22]
with 13A mains frequency current. The applied load was
increased from 0 to 100 MPa in 20 MPa steps, then from
100 MPa down to — 100 MPa and back up to 0. The cycling
was repeated 10 times.

Impedance measurements were taken using a lock-
in amplifier based system. A typical set of impedance-
frequency measurements are shown in Fig. 9 for both
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Fig. 8 a Photograph showing the square arrangement of electrodes, for
scale the electrode separation is 5 mm. b Illustration showing the ‘par-
allel’ and ‘normal’ notation used in this section

materials and a range of stresses. The frequency response
closely reflects that predicted by theory in Fig. 3. The fer-
ritic steel has a much higher magnetic permeability than
the duplex steel so that the transition between DC and AC
behaviour occurs at a much lower frequency. Changes in the
elastic strain alters the magnetic permeability and therefore
the skin effect. The DC-asymptote of the resistance is not
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Fig.9 Example frequency responses of square configuration 5 mm
electrode separation potential drop measurements. Resistance and Reac-
tance normalised to the 1 Hz resistance. Top row: measurements normal
to loading direction. Bottom row: measurements parallel to loading

affected by the skin effect and therefore is independent of
the applied stress. Because of the inevitable magnetic cou-
pling between the injection and sensing loops, PD probes
exhibit a small inherent mutual inductance that results in a
measured reactance that is linearly proportional to frequency
but still much smaller than the corresponding resistance in
the quasi-DC range. The AC behaviour is dictated by the skin
effect and therefore is sensitive to applied stress. It is clear
that the perpendicular measurements are much more respon-
sive to the applied load; from Egs. (23a, 23b) this is consistent
with a greater change in permeability in the loading direc-
tion, which is expected due to the larger strain. To reduce the
number of measurements, only 1 and 1510 Hz measurements
were collected for the duplex steel and 1 and 120 Hz for the
ferritic steel for the remaining experiments. We have used
the term quasi-DC throughout although it is implied by the
1 Hz frequency as we feel it is insightful (a 1 Hz frequency
in many cases is not quasi-DC). Only the resistance will be
displayed for brevity; the same stress dependence can clearly
be derived from the reactance at all frequencies although it is
worth noting that at low frequencies reactance is small and
therefore more difficult to measure.

(b)

10 T

Resistance

Increasing
Stress

Reactance
—_
4

Reactance

Normalised Resistance and

0.1 += t t

1 10 100
Frequency [Hz]

Resistance

Reactance

Normalised Resistance and
Reactance
o

0.1 } }
10
Frequency [Hz]
direction. Left column: duplex steel. Right column: ferritic steel. Loads

of -100 MPa (blue), 0 MPa (green) and 100 MPa (yellow) shown (Color
figure online)

@ Springer



60 Page100f17

Journal of Nondestructive Evaluation (2018) 37:60

Fig. 10 a Applied stress, b (a)
Feritscope reading as equivalent = 150
ferrite content percentage, ¢ AC & 100 +X x5 Ry = = R = = R R =
potential drop resistance SR A ARAABRABEAARAAR
measurements against time for S 0 X XX XX XX XX XX XX XX XX XX XX
the duplex steel test component. 7] Xoo XX XX XX XX XX XX XX xx XX X
. . s .
In this case the AC frequency is g -50 % oxx xx X% xx xx X xx xx xx
1510 Hz 2 -100 X X X X X X X X X X
<
-150 - t t t t t t t |
0 10 20 30 40 50 60 70 80
b Time [hours]
(b)
X X X X X X X x X X
L
ghasts XX M T S %
- X X X X X X X X X X
=< 5 X Xw X% Xy X% X' X% X% Xx Xy
55 Q x%X x X X X X X X X X
1 X X X X X X X X X x X
e A2 X% X R OX X 50X 3ox X X % X % Xy x
<5 = xxxxxxxxxxxxxxxxxféx
58 45138 XX X xX X %x X xX xx x
=g S XX )X X XX XX %X XX XX xX
RS b3 R b3 R b3 P » »* PSS
St 4l T x x x X x X x x x
© 40.5 + + + + + + + i
0 10 20 30 40 50 60 70 80
( ) Time [hours]
C
115 1
1.1
X X X X X
X X X X X X X X ));( X
1.05 225 X% XX XX %% X XX x X X X
X XX Xx XX XX XX Xx XX XX XX XX

Normalised AC Resistance

X X2 X X X X
095 1 ))((x >)<(x >)<<x >)<(x >)<(x ))((x ))((x >)<(x ))((x >)<(>< X xNormal
’ XXX X XX X XX XX XXX
¥ P’ X X X P PS X X X
09 + X X X X X x x X X X
0.85 t t t t t t t !
0 10 20 30 40 50 60 70 80

A Fischer FMP30 Feritscope [13] probe was also fixed
to the component in order to obtain an independent,
albeit, essentially non-directional metric of permeability.
The instrument equates permeability to ferrite content and
therefore displays readings as percentage equivalent ferrite
content (%EFC). Magnetic permeability and %EFC may
be approximately converted using the empirical data pre-
sented by Yin et al. [29]; following this approach, as a rough
estimate, the duplex steel and mild steel have a relative mag-
netic permeability of approximately 40 and 200 respectively.
Figure 10 shows how both the Feritscope reading and AC
resistance change over a number of stress cycles for the
duplex steel. Again, it is clear that the measurements made
in the normal direction are much more affected by the stress
cycles. It is additionally clear that the parallel measurements
appear to saturate at large tensile strains. Comparing the
potential drop measurements and the non-directional Fer-
itscope measurements is informative; when the component is
in tension the permeability in the loading direction increases
more than it decreases in the normal direction, this is reflected
by a larger change in the normal potential drop measurement
than the parallel reading and also a net decrease in the Fer-
itscope reading.

@ Springer
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The same data, plus additionally the quasi-DC resistance
measurements, are displayed as measurement against applied
stress in Fig. 11. The permeability and therefore stress depen-
dence of both the Feritscope and the AC resistance readings
is very clear and can be measured with good accuracy over
this range. This figure shows the repeatability of the mea-
surements over subsequent cycles, but also shows hysteresis
that afflicts many magnetic based techniques; as the mag-
netic domains become ordered by the imposition of strain
they remain ordered until the strain is reversed. The hys-
teresis provides a major obstacle in inverting readings to
strain, unless measurements are made continuously so that
the hysteresis is tracked. It is worth of noting that there is no
difference between the initial and subsequent cycles, i.e., the
weak stress-induced magnetisation follows a stable “minor
loop” without irreversible change of the magnetic domains
in the sample under test.

It is important to note that the observed changes in resis-
tance are not a consequence of the geometric influence of
electrode separation [10] or piezoresistivity as evident by the
negligible changes in quasi-DC resistance shown in Fig. 11b.

The ferritic steel was then tested in the same way.
The Feritscope and AC resistance measurements are shown
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in Fig. 12b, c¢ respectively. Clearly, the Feritscope mea-
surements are less reproducible from cycle to cycle. It is
hypothesised that this is due to the nonlinear measurement
characteristics of the instrument; it is at the upper limit of
the instrument design range where the sensitivity to changes
in magnetic permeability decreases. Again, as anticipated,
the normal AC potential drop measurements are much more
affected by the applied load than the parallel; in this case both
directions show signs of saturation.

Figure 13 shows the Feritscope and potential drop mea-
surements against applied stress. In the ferritic mild steel
material with much higher permeability the Feritscope read-
ings have a much weaker correlation with applied stress.
The AC resistance readings however have a very clear and
repeatable stress dependence. The hysteresis is again present,
though this time the distinct behaviour of the initial cycle
is also evident. For completeness, the DC resistance mea-

X Parallel X Normal

surements are included to demonstrate that the observed AC
response is not a consequence of gross geometry change or
piezoresistivity.

5 Specificity: Influence of Temperature
and Magnetisation

The potential drop technique is evidently sensitive to applied
stress and the changes are clearly measureable. The primary
issue in whether magnetic permeability can be exploited
for practical engineering applications is selectivity: whether
additional variables also influence readings, undermining a
possible stress inversion.

The proposed potential drop technique relies on the depen-
dence of the skin effect on stress-dependent permeability.
From Eq. (1) it is evident that both electrical resistivity
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and magnetic permeability determine the skin effect and so
changes in either could be problematic. In principle, assum-
ing there is no gross change is geometry then resistivity may
be monitored using the permeability independent quasi-DC
resistance and therefore compensated against; we will there-
fore focus primarily on permeability.

As noted in the introduction, numerous intrinsic param-
eters influence the magnetic permeability: alloy content,
microstructural state and cold work form part of a non-
exhaustive list that may cause long term ‘drift’ in permeabil-
ity. Two parameters that are known to influence magnetic
permeability are temperature and external magnetising field
[17]. In order to explore this limitation further the tem-
perature and magnetisation of the test component will be
manipulated while measurements are taken. The duplex
material will be used for this study due to the superior Fer-
itscope measurements.

5.1 Temperature

The same duplex material bar used in the stress experiments
was demagnetised and placed in an environmental chamber,
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together with the Feritscope probe and the potential drop
electrodes, all other measurement equipment remained out-
side of the chamber. The temperature was cycled between 10
and 50 °C 3 times with a period of 40 h.

Figure 14 shows the Feritscope, DC and AC potential drop
measurements against temperature. The DC measurements
show the temperature dependence of electrical resistivity;
the resistivity changes are extremely repeatable and isotropic
as anticipated. The non-directional Feritscope measurements
show a strong albeit not particularly repeatable correlation
with temperature. The AC potential drop measurements,
sensitive to both directional electrical resistivity and perme-
ability changes are seen to be strongly influenced; this is
anticipated due to the dual sensitivity to both resistivity and
permeability, both of which are exceptionally temperature
sensitive [4, 23]. The changes are very repeatable, although
not perfectly isotropic; this must be a consequence of direc-
tional changes in permeability with temperature, perhaps due
to the long slender geometry. While the influence shown over
this modest temperature range are reasonably linear, we must
be mindful that this is not the case over a wider temperature
range, particularly approaching the Curie temperature where
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we expect strong and non-monotonic changes in permeabil-
ity [4].

The magnitude of the changes in AC resistance due to the
40 °C change is similar to that resulting from a 100 MPa
imposed stress. Whether the temperature sensitivity will be
problematic will depend on the anticipated range of applied
stress and the temperature for that particular situation, but
clearly the influence of temperature must be carefully con-
sidered. It is likely that the temperature dependence may be
compensated by a variety of strategies; the simplest is using
a direct temperature measurement, or indeed the resistiv-
ity dependent DC resistance measurement, and using simple
regression. As the temperature dependence of magnetic per-
meability is apparently anisotropic, each direction will need
to be compensated for individually and the compensation
parameters may need to be regularly revised. Likewise, if the
loading was known a priori to be uniaxial, then it may be
possible to separate the influence of isotropic changes from

the strongly anisotropic influence of stress, though again the
effectiveness will be limited by the apparently anisotropic
temperature dependence.

5.2 Magnetisation

The general arrangement of the magnetisation experiment
is shown in Fig. 15. The duplex test specimen was placed
inside a ~3000-turn Magnaflux L10 coil powered with up
to &+ 3A direct current in order to impose a magnetic field. The
Feritscope and potential drop electrodes remained unchanged
in the centre of the component, in the vicinity of the coil. A
Hirst GMO08 Gaussmeter [16] was taped to a fixed position
approximately in the centre of the end of the component in
order to get an indication of the magnetisation; note that this
provides a quantitative measure of the magnetisation of the
component as opposed to that created by the coil.
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Figure 16 shows the Feritscope and the DC and AC poten-
tial drop measurements against magnetic flux density at the
end of the bar. It should be noted that the magnetisation
obtained in this experiment is orders of magnitude larger
than what might be expected from the geomagnetic field in
order to produce clearly measureable trends, for context the
Earth’s magnetic field is of the order of 30 nT. From the
Feritscope and AC potential drop measurements the greater
the magnetic field the lower the permeability; this may be
explained as the magnetic field orders the magnetic domains
reducing the magnetic domains available for reversible reori-
entation by the AC magnetic field of the injected current.
The behaviour is similar regardless of the polarity of the
magnetisation as the same saturating effect occurs in both
directions. Again, the directional AC potential drop measure-
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ments reveal that the permeability change is much greater
in the direction of magnetisation, therefore influencing the
normal measurement much more. It may be concluded that
below <500 T, the range of practical interest, the influence
on the AC measurements is < 1%, again, the significance of
this depends on the anticipated stress range.

As an aside, it is interesting to observe the magnetisation
dependence of the quasi-DC measurements. The behaviour is
quite different from all the other measurements: there is negli-
gible change in the direction normal to the magnetisation and
an approximately linear relationship in the parallel direction.
This relatively weak (<« 1%), although clearly measurable
effect, is anisotropic magnetoresistance [4, 25].
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The ability of the proposed potential drop technique to mon-
itor stress-dependent, anisotropic, changes in magnetic per-
meability has been demonstrated; large, directional changes
in impedance result from the imposition of stress. The two
orthogonal impedance measurements are sensitive to the two
components of the magnetic permeability tensor tangential
to the surface. These two magnetic permeability compo-
nents are determined by the three orthogonal elastic strain
components, and therefore inversion to find strain is pos-
sible only if Poisson’s ratio is a priori known. For elastic
solids Poisson’s ratio is one of the more stable material
properties that can be usually estimated within & 0.02 or bet-
ter than=£ 10%. Compared to intrinsic uncertainties of the
magnetic properties, that is effectively a known constant.
As an example, in the present paper a uniaxial stress is
imposed, and so the three strains are related by Poisson’s
ratio only (if uniaxial stress o is imposed in the x| direc-
tion & = €3 = —véq), then an inversion similar to Eq. (27)
may be used. In the more general case of biaxial tangential
stress (o1, 02) the three strains are again related by Poisson’s

modified version of Eq. (27), but inversion is still possible.
Nonetheless, the potential drop technique provides a very
clear indication of imposed stress, which may for example
be of use in measuring relative size and number of stress
cycles for fatigue analysis.

Magnetic hysteresis is a significant impediment in the
interpretation of isolated permeability measurements as solu-
tions will not be unique. In previous studies hysteresis was
suppressed by demagnetisation [7], though this is not an
approach that is suitable for practical engineering situations.
Continuous measurements, where practical, would enable the
tracking of hysteresis and therefore may permit interpreta-
tion.

The accuracy of the proposed magnetic stress monitoring
technique using directional potential drop measurements is
limited by the highly uncertain relationship between elastic
stress and magnetic permeability, which depends on a num-
ber of material parameters as well as on magnetic history.
This is an inherent limitation of all magnetic stress measure-
ments in ferromagnetic materials and can be controlled only
by adopting empirical calibration procedures. Despite the
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resistance measurement repeatability of typically better than
0.1% during static conditions, we can observe an approxi-
mately &= 10% variation in AC resistance that corresponds to
about = 10 MPa or £ 10% stress uncertainty (see for example
the = 100 MPa applied stress measurement of Fig. 11).

Frequently, lack of specificity undermines magnetic mea-
surements. In this study the influence of temperature and
magnetisation were investigated. The strong temperature
dependence of both resistivity and permeability has been
shown to cause large changes in both DC and AC resis-
tance. Whether the effect of temperature dependence can
be neglected depends on the anticipated stress range and
temperature range. In this investigation, 40 °C tempera-
ture change has a similar magnitude effect as 100 MPa
applied stress, which is expected to be approximately half
the yield strength. It is possible that in very temperature sta-
ble situations (e.g. biomedical or sub-sea) and where stresses
are large then the influence of temperature will be accept-
ably small, but otherwise some attempt should be made to
compensate. Importantly, the influence of uniaxial stress is
directional, while temperature is much more (though not
perfectly) isotropic. This difference enables a possibility in
separating the two effects, though the slight anisotropy in
the temperature dependence provides a challenge in reliable
temperature compensation. The influence of temperature on
the stress sensitivity has not been explored in this study. As
an extreme example, approaching the Curie temperature the
ordering effect of elastic strain would have to compete against
the disordering effect of temperature, which is likely to lower
the strain sensitivity. Whether this is significant over a modest
temperature range should be investigated in future research.

Magnetisation may also pose a problem, particularly
in long slender components that may be susceptible to
spontaneous macroscopic magnetisation. It is important to
emphasise the magnetic field used in this study is many orders
of magnitude larger than would be encountered in a typical
engineering situation; provided there is nothing of note to
drive the magnetisation, it is unlikely to be significantly prob-
lematic. The effect of magnetisation on the stress sensitivity
should be explored in future.

Various ‘intrinsic’ material parameters will also influence
the magnetic permeability. It is possible that microstructural
evolution will additionally influence the magnetic permeabil-
ity, again adding complexity to a possible inversion. Such
changes are likely to be long-term, monotonic, and approx-
imately isotropic and may therefore be separable from the
influence of at least dynamic loading. It has been suggested
in previous literature that it may be possible to use magnetic
properties to monitor the microstructural state of engineer-
ing components [18-20]. This study has shown that various
parameters including stress state, temperature and magneti-
sation cause significant changes in magnetic permeability
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and are likely to dominate the subtle influence of microstruc-
tural evolution.

It is important to remember that the information on the
permeability-dependent skin effect may be obtained as a
by-product of an existing potential drop measurement. Poten-
tial drop measurements are usually deployed for monitoring
geometry changes associated with a particular damage mode
such as crack size or strain. In ferromagnetic materials DC
or quasi-DC is used to suppress the influence of the skin
effect, it is proposed that the same hardware may be used
to additionally take an AC measurement which may reveal
additional useful information on stress state. Itis also possible
to extract the same information from the quasi-DC reactance
without taking any additional measurements, albeit the quasi-
DC reactance will be small and difficult to measure reliably
because of inevitable inductive cross-talk between the inject-
ing and sensing pair of cables. A suitable use might therefore
be the monitoring of the number and relative size of fatigue
stress cycles where the potential drop sensor may also be
used to monitor crack size.

7 Conclusions

A potential drop technique has been presented that is capa-
ble of measuring the anisotropic changes in permeability
resulting from the inverse magnetostrictive effect. An ad
hoc approximation has been developed which captures the
main features of the sensitivity of the technique to anisotopic
changes in resistivity and magnetic permeability.

The sensitivity to applied stress has been demonstrated
experimentally in uniaxial loading. The behaviour is broadly
consistent with what is anticipated from the ad hoc descrip-
tion, yet there are complicating features of magnetism that are
not included in the simplified analysis, which limit the ability
to accurately invert measurements; saturation and hysteresis
are evident in measurements which will need to be accounted
for.

Selectivity is frequently an issue in magnetic measure-
ments, it has been shown that aside from the influence of
elastic strain, temperature and magnetisation also influence
permeability and therefore may undermine a stress inversion.
Additionally, long-term material evolution may also influ-
ence measurements.

With the above in mind, applications where stress monitor-
ing using the proposed potential drop technique is appropriate
must be carefully selected. Particularly suitable applications
are those where:

e The monitored component is ferromagnetic

e The temperature is relatively stable or compensated
against, and there are no exceptionally strong static mag-
netic fields present
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o The stresses of interest are non-stationary, so that they may
be separated from spurious long-term ‘drift’ in permeabil-
ity

e The multiaxiality of the stress state is known or is at least
repeatable

e The situation is not suitable for conventional strain gauges

It is proposed that a broad opportunity where potential
drop stress measurements may be suitable is monitoring the
number and relative size of fatigue cycles. This may be par-
ticularly attractive as the stress information may be obtained
as a by-product of an existing potential drop measurement
for crack sizing.
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