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Abstract

In the nondestructive testing and evaluation area, magnetic major hysteresis loop measurement technology are
widely applied for ferromagnetic material evaluation. However the characterization ability of major hysteresis loop
measurement technology greatly varies as the evaluated target properties. To solve this limitation, magnetic minor
hysteresis loops, which reflect the responses of ferromagnetic material magnetization in a systematic way, is recom-
mend. Inspired by plenty of information carried by the minor loops, the sensitivity mapping technique was developed
to achieve the highest sensitivity of minor-loop parameters to the nondestructively evaluated targets. In this study,

for the first time, the sensitivity mapping technique is used to measure the tensile force in a steel strand and evaluate
the effective case depth in induction-hardened steel rods. The method and procedures for the sensitivity mapping
technique are given before experimental detection. The obtained experimental results indicate that the linear correla-
tion between the induced voltage (or the magnetic induction intensity) and the tensile force (or effective case depth)
exists at most of the locations in the cluster of minor loops. The obtained sensitivity maps can be used to optimize the
applied magnetic field (or excitation current) and the analyzed locations at the minor loops for achieving the highest
sensitivity. For the purpose of tensile force measurement, it is suggested that the strand should be firstly magnetized
to the near-saturation state and then restored to the remanent state. In this way, the highest sensitivity is obtained as
about 15.26 mV/kN. As for the induction-hardened steel rods, the highest sensitivity of magnetic induction intensity
to the effective case depth occurs under low magnetic field conditions and the absolute value of the highest sensi-
tivity is about 0.1110 T/mm. This indicates that if the highest sensitivity is required in the case depth evaluation, the
induction-hardened steel rods are only required to be weakly magnetized. The proposed sensitivity mapping tech-
nique shows the good performance in the high-sensitivity evaluation of tensile force and case depth in ferromagnetic
materials and its application scope can be extended to other nondestructive detection fields.
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1 Introduction

The measurement of the magnetic hysteresis curves is a
promising pathway to achieve the nondestructive evalu-
ation (NDE) of the properties of ferromagnetic materi-
als [1]. Due to the action of periodic magnetic field, the
magnetic domains interact with the micro-structures and
the magnetization response of the material can be well

*Correspondence: xiuchliu@bjut.edu.cn
Faculty of Materials and Manufacturing, Beijing University of Technology,
Beijing 100124, China

@ Springer Open

illustrated by the trajectory of the hysteresis loops [2].
Traditional feature parameters (such as coercive force
and saturation and residual magnetic induction intensity)
extracted from specific locations of the major loop are
important indicators for characterizing both the micro-
structural changes caused by heat treatment or plasticity
and the residual or working stress state of ferromagnetic
components [3, 4].

The traditional feature parameters are easily extracted
and can well reflect the magnetic property of ferromag-
netic materials. However, from the perspective of NDE,
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the sensitivity of the traditional feature parameters to the
target properties is not necessarily the highest. In addi-
tion, due to the diversity of target properties in NDE
applications, the universality of the frequently used major
loop measurement method is debatable [5]. To clarify the
two questions, the systematic measurement methods of
magnetic minor hysteresis loops are suggested for NDE
applications. Multiple candidate parameters are extracted
from the measured cluster of minor loops for the char-
acterization of target properties and the performances of
the extracted candidate parameters are discussed in the
space made of minor loops [6, 7].

Takahashi et al.[8, 9] and Kobayashi et al. [10, 11] pro-
posed the magnetic hysteresis scaling method with the
large families of minor loops and found several scal-
ing power laws between minor-loop parameters and
the properties of microstructures. More importantly,
the coefficients of the power laws were proportional to
mechanical properties including ductile-brittle transition
temperature, hardness and yield stress. Tomas et al. [12,
13] and Vértesy et al. [14] developed an innovative mag-
netic adaptive testing technique for evaluating the plastic
strain and ductile-brittle transition temperature, which
were sensitive indicators of material degradation. In the
magnetic adaptive testing technique, the cluster of minor
hysteresis loops is measured for each of the degraded
samples and then the differential-permeability-related
parameters are calculated at any point on any minor loop.
Consequently, the obtained sensitivity map can help to
reflect the material degradation in the most sensitive way.

As a powerful tool for nondestructive evaluation of
the properties of ferromagnetic materials, the sensitivity
mapping technique (SMT) can be applied in many other
NDE fields. Inspired by the previous reports [12-14],
in this study the sensitivity mapping technique is first
explored for tensile force measurement in a pre-stressed
seven-wire steel strand and case depth evaluation in
induction-hardened carbon steel rod. It is worth noting
that the manifestation form of the measured signals car-
rying the minor loop information determines the pattern
of the sensitivity map. To the authors’ knowledge, the
manifestation form of measured B-H minor loops have
not yet been employed for SMT. In this work, the feasi-
bility of B-H minor loops integrated with SMT will be
investigated for high-sensitivity characterization of case
depth in induction-hardened carbon steel rod.

Though the SMT can be customized to specific appli-
cations, the magnetization conditions corresponding
to the highest sensitivity was found to be target proper-
ties-dependent by comparing the conclusions obtained
from the two investigated cases in this study. The pre-
sented work shows that the linear correlation between
the minor-loop parameters (induced voltage or magnetic
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induction intensity) and the target properties (tensile
force or case depth) exists at most locations along the
minor loops. The strength of the applied magnetic field
should be as high as possible to allow the strand to reach
its near-saturation state. Then the highest sensitivity of
induced voltage to the variation of tensile force can be
achieved at the minor loop location, where the rate of
change in the magnetic induction intensity is the high-
est. However, it is suggested that the highest sensitivity
can be obtained within the weakly magnetized samples
and that the minor-loop location corresponding to the
highest sensitivity has the maximum magnetic induction
intensity.

The rest of the paper is organized as follows. In Sec-
tion 2, the procedures for the derivation of sensitivity
map are introduced. The sample preparation and the
experimental set-up for measuring minor loops in a ten-
sioned steel strand and induction-hardened steel rods are
described in Section 3. In Section 4, the characters of the
obtained sensitivity map are analyzed and the quantita-
tive characterization results of target properties with the
minor-loop parameters are discussed in detail. Finally,
the conclusions are drawn in Section 5.

2 Sensitivity Mapping Technique

The cluster of the minor loops demonstrates the magneti-
zation responses of the tested samples which are subjected
to an alternating magnetic field with the progressively
increasing strength [15, 16]. For the cylindrical samples
in this study, the solenoid coils-based sensor is employed
to measure the minor hysteresis loops. Amplitude-mod-
ulated sinusoidal current Iz(¢) shown in Figure 1a is fed
into the primary coil to provide an alternating magnetic
field H(z). The induced voltage U, () in the secondary coil
can be converted into magnetic induction intensity B(z).
The measured results can be displayed in the form of B-H
chart to obtain the cluster of minor hysteresis loops (Fig-
ure 1b), or in the form of U,—I chart to form the quad-
rilateral trajectories (Figure 1c). The results in Figure 1b
and Figure 1c can be used to represent the magnetiza-
tion process of materials even though they are in differ-
ent expression forms. For the convenience of description,
both results in Figure 1b and Figure 1c are referred to as
measurement results of minor loops in this study.

Due to the symmetry of the signal trajectories, the
measured minor loops can be analyzed in a half-space
of the applied magnetic field or the current. More pre-
cisely, only the ascending (or descending) branches of
all the measured minor loops or the quadrilateral tra-
jectories will be intercepted from the results for the
following matrixing operations. Here, a single ascend-
ing branch of a minor loop in U,—I; chart is taken as
an example to illustrate the procedure of sensitivity
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Figure 1 Formation process of the sensitivity map: a When the tested material is placed inside a primary coil fed with an amplitude-modulated
sinusoidal current, b Magnetization responses of the material can be characterized by the cluster of minor hysteresis loopsor, ¢ Trajectories of the
induced voltage varying with excitation current. d Diagram of the interpolated minor loops, and e Map representing the matrix of induced voltage

mapping techniques. The measurement of minor loops
is conducted on each specimen and then the relation-
ship between the feature parameter (the induced voltage
amplitude) and the value of target property (7) is investi-
gated with the results shown in Figure 1d.

Unavoidable noise causes minor differences among the
repeatedly measured applied current. Therefore, it is dif-
ficult to achieve the uniform amplitude sampling of the
applied current during the tests [17]. To provide the com-
mon coordinate of current I for the analysis of minor
loops, continuous uniform interpolation operation of the
measured applied current is performed in MATLAB soft-
ware. The amplitude of each cycle of the excitation current
is represented by a one-dimensional matrix of M elements.
Therefore, the current of N cycles can be illustrated by a
two-dimensional matrix of NxM elements as follows:

where I;"(i=1,2,...,N; j=12,...,M) is the peak
amplitude of each cycle of the current (referred to as
minor peak current). The induced voltage of U/, is sub-
jected to similar interpolation operation to obtain a two-

dimensional matrix of (U lf/’. . The matrix of I acts as
xM

a datum map and at each pixel (or element of Igp ) the
correlation between L[Lf]’. and the target property (T) is
evaluated by simple linear curve fitting tool,

L[g = aijT + b,], (2)
where a; and b;; are the matrix of the slope and inter-
cept of the fitting straight lines, respectively. It should be
noted that the approximately linear dependency of L[i‘/"
on the property of T is not adequate for the entire space
of I.. The coefficient of determination, R? is employed
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to evaluate the linear curve fitting result obtained at
each pixel in the map. If the sum of squares due to error
(SSE) and the total sum of squares (SST) of the fitting are
known, the coefficient of determination can be expressed
as R?>=1—SSE/SST. The value of R? indicates the good-
ness of fit of the linear equation and ranges from zero to
one. The greater the value of R? the higher the goodness
of fit. Only the dataset corresponding to the pixels with a
value of R? higher than the threshold value is selected for
linear curve fitting. The obtained matrix of slope a; can
be expressed in the form of an inverted isosceles trian-
gular map, as shown in Figure 1e. The slope of well fitted
straight line can be treated as the sensitivity of dependent
variable to the independent variable. Therefore, the map
shown in Figure le is adequate for analyzing the sensi-
tivity of the minor loop parameters to the target NDE
property.

The final result of the sensitivity map highly depends
on the excitation current, the selected datum map, the
analyzed minor-loop parameter and the target property
for characterization. For instance, the maximum peak
amplitude and the cycle number of the excitation current
determine the material magnetization region and the
vertical resolution of the datum map, respectively. The
results of measured tangential magnetic field can also be
applied to form a new datum map, thus leading to coor-
dinate scaling of the final sensitivity map. In addition,
the selection of the minor-loop parameters to be ana-
lyzed, such as the induced voltage, the magnetic induc-
tion intensity and the permeability, causes scaling in the
sensitivity values. Moreover, even if the procedures of
the experiment and the formation of sensitivity map are
fixed, the high-sensitivity region in the map varies with
the target property. The above flexibilities in the forma-
tion of sensitivity map enable the sensitivity mapping
technique (SMT) to be a powerful tool for the nonde-
structive evaluation of target property. In the subsequent
experiments in Section 3, the SMT illustrated in Figure 1
is alternatively applied to characterize the tensile force in
a seven-wire steel strand and the case depth in induction-
hardened carbon steel rods.

3 Experiments

3.1 Tensile Force Measurements in Steel Strands

The magnetization responses of a seven-wire steel strand,
which is commonly used in pre-stressed structures, are
measured on the experimental set-up shown in Figure 2.
Six galvanized high-carbon steel wires are twisted around
a central steel rod to form a strand with a nominal diam-
eter of about 17.8 mm. A custom-developed stretching
system is employed to apply tensile force to the strand.
As shown in Figure 2, a hydraulic cylinder is used to
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Figure 2 Experimental set-up for measuring the magnetization
responses of a seven-wire steel strand under the action of different
tensile forces

apply an axial load on the tested strand, whose both ends
are anchored onto the stretching system, and a load cell is
attached to the support frame to record the value of the
applied tensile force [18].

The sensor for measuring the minor hysteresis loops
of the strand deploys a primary coil and a secondary
coil. The primary coil is made by winding four layers of
enameled copper wires with a diameter of 0.25 mm onto
a plastic bobbin. The primary coil has a length of 80 mm
and its total number of coil turns is about 1280. The
dimension of the secondary coil is about 15 mm in length
and 19 mm in inner diameter. The total number of coil
turns of the secondary coil is about N, =444.

A linear amplitude-modulated sinusoidal current with
a frequency of 2 Hz is generated by an Agilent 33250a
function generator. The current signal has twenty cycles
and is fed into the primary coil after being amplified by
a KEPCO BOP-400L power supplier to yield a maximum
peak-to-peak amplitude of 4.0 A. A resistor with a resist-
ance of 1 Q is connected to the primary coil in series to
acquire the voltage of Uy(¢) for excitation current sam-
pling. The signal of Uy(t) and the voltage induced in the
secondary coil U (¢) are synchronously acquired by a
Tektronix 4490b digital oscilloscope with a sampling rate
of 500 S/s.

It is worth noting that the measured signals of Ug(t)
and U, (t) are related with the sizes and winding of both
primary and secondary coils [19, 20]. For the tested cylin-
drical samples with a given diameter, one can design
the configuration of the coil sensor according to actual
needs. Though change of coil may shift the shape of the
measured voltage signals, the effectiveness of the pro-
posed sensitivity mapping technique remains. The wave-
forms of the signals of U(¢) and U, () obtained from a
free strand (tensile force F=0 kN) is plotted in Figure 3a.
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Figure 3 Induced voltage signal in the secondary coil when the applied tensile force is about: a 0 kN, b 39.2 kN and ¢ 78.4 kN.

The maximum peak-to-peak amplitude of the induced
voltage U, is around 18.55 V. The tensile force of the
strand successively increases from 0 kN to 98.0 kN with
a step of 19.6 kN, whereas the value of U ; demonstrates
the monotonously decreasing behavior, as confirmed
from the results obtained at the tensile force of F=39.2
kN (Figure 3b) and F=78.4 kN (Figure 3c).

3.2 Case Depth in Medium Steel Rod

Medium carbon steel (0.48% of C, 0.18% of Si, 0.56% of
Mn, 0.052% of Cr, 0.013% of Cu, and Fe) is selected as
raw materials for heat treatment. Five steel rod samples
were prepared and then four of the five samples were
respectively heated to 840 °C for 1800 s, 1500 s, 1300 s,
and 700 s in a high-frequency induction coil to achieve
different case depths, followed by cooling in water. The
oxide skin on the sample surface was removed and all the

five samples had the same diameter of 22.5 mm and the
same length of 200 mm. Before each experimental test,
sample demagnetization was conducted with a commer-
cial demagnetization device. After the demagnetization
process, the surface magnetic field strength of the steel
rods was measured with a Gauss meter to make sure that
the surface magnetic field strength was lower than 1 Gs.
The sensor for measuring the minor loops of the steel
rod sample is shown in Figure 4a. Primary and second-
ary coils are embedded into the pure iron shell. The inner
diameter and the length of the primary coil are about
44 mm and 100 mm, respectively. The secondary coil has
an inner diameter of 26.5 mm and a length of 20 mm.
The total number of the coil turns in the primary coil and
secondary coil is about 814 and 444, respectively. Two
U-shaped pure iron yokes were mounted onto the surface
of the steel rods to minimize the flux leakage magnetic

Coils are embedded inside the shell

a
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Figure 4 a Picture of the sensor for measuring the minor hysteresis loops of induction-hardened steel rods and b micro-hardness test results
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field during the sample magnetization process. A Hall
sensor (UGN3503U, Honeywell) was placed near the sec-
ondary coil to measure the tangential magnetic field in
the rod surface.

Micro-hardness tests were performed on the well pre-
pared samples that were cut from the middle length of
the steel rods to determine the case depth in the sam-
ples after the measurement of minor loops. The detailed
procedure of micro-hardness tests and the curve fitting
operation applied to the measured data of Vickers hard-
ness in the depth direction shown in Figure 4b with a
complementary error function can be found in a recent
report [21]. In accordance with the ISO 2639 Interna-
tional Standard, the corresponding depth at the Vickers
hardness of 550 HV is treated as the effective case depth,
d.g The estimated values of d g in the four quenched
samples are about 0.45 mm, 0.78 mm, 1.05 mm, and 1.63
mm, respectively.

Similar measurement devices shown in Figure 2 are
employed to measure the minor loops of induction-hard-
ened steel rod samples. An amplitude-modulated twenty-
cycle sinusoidal current with a frequency of 2 Hz is fed
into the primary coil to yield the magnetic field for sam-
ple magnetization. To obtain good measurement results
of minor loops, the sinusoidal excitation current with a
certain peak-to-peak amplitude lasts for two cycles so
that a total of ten minor loops can be measured during
the magnetization period. The typical tangential mag-
netic field H(t), measured by the Hall sensor, and the volt-
age signal induced in the secondary coil U,(¢) are plotted
in Figure 5a and Figure 5b, respectively.
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The magnetic induction intensity B(f) can be estimated
as,

B(t) =

T
o () dt + Mo(l - Am)H(t),

0 NcAs As (3)

where p, is the permeability of air, N, is the coil turns
of the secondary coil; A, and A,, represent the cross-
sectional area of the tested rod and the secondary coil,
respectively.

The trajectories of the B(f) varying with H(z) are the
minor hysteresis loops, as shown in Figure 5c. The val-
ues of the apparent parameters of measured minor loops,
such as coercive force and residual magnetic induction
intensity, are not consistent with the intrinsic values of
the tested materials because the sensor configuration
and its operational parameters used in this study are not
the same to those used for measuring the intrinsic minor
hysteresis loops. Nevertheless, from the perspective of
NDE applications, the results in Figure 5c¢ are valid for
case depth characterization. With the successive increase
in case depth, a downward trend in the apparent residual
magnetic induction intensity can be observed from the
results in Figure 5c, whereas the apparent coercive force
slightly increases.

4 Results and Discussion

To construct the sensitivity map for tensile force meas-
urements in steel strand, the original signals shown in
Figure 3 are smoothed according to moving average
method with the span of 11 and then redrawn in the
U,—I; chart (Figure 6). For the cluster of minor loops

obtained from the rods with different case depths
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Figure 6 Trajectories of the induced voltage varying with the applied current when the tensile force is about a 0 kN, b 39.2 kN and ¢ 78.4 kN

obtained under a certain tensile force, the ascending
branches are extracted and the map of induced voltage
is derived according to the datum map construction pro-
cedures, as illustrated in Section 2. Uniform interpola-
tion is required to the measured waveform of current I,
in the process of datum matrix construction. The num-
ber of uniform interpolation points determines the col-
umn number of the datum matrix. The basic guide lines
for the selection of column number is that the interpo-
lated waveform should be consistent with the original
waveform as much as possible. In this study, a total of
100 data points are acquired per magnetization cycle and
the number of elements per column in the datum matrix
of applied current I, is increased to 400 by applying the
uniform interpolation operation in the current amplitude
range of £2.39 A. Therefore, the size of the datum matrix
is 20 x 400.

When the tensile force applied to the strand is 0 kN, the
U, map is shown in Figure 7a. To highlight the tensile-
force-induced variation in the U/, map, the matrix of U,
corresponding to free strand case is subtracted from the
U, matrix obtained under the tensile force of 39.2 kN
and 78.4 kN and corresponding AU, maps are respec-
tively shown in Figure 7b and Figure 7c.

Linear curve fitting operation is applied to the data of
tensile force and the induced voltage at each element in
the datum matrix and the map of the coefficient of deter-
mination R? is plotted in Figure 7d. The color bar indi-
cates the value of R% In the majority of the R*> map, the
value of R? is higher than 0.8, indicating the good lin-
ear dependency of U, on the tensile force. However, the
value of R? is lower than 0.5 when it comes to the narrow

regions with an applied current between —0.25 A and
0.50 A or the regions near the two sides of the triangu-
lar map. The R?> map can help to rapidly distinguish the
regions of interest, in which the measured data can be
well fitted with the predetermined equations. In this
study, the regions or the pixels in the datum map with a
corresponding value of R? less than 0.8 are abandoned in
the subsequent construction of sensitivity map.

As for the results obtained from the induction-hard-
ened steel rods, the maps are derived based on a datum
matrix of applied magnetic field Hy. The matrix of H,
has a size of 10 x 400 and the magnetic field strength of
all the elements varies in the range of +27.47 kA/m. The
ascending branches of the cluster of minor hysteresis
loops are used to form the matrix of magnetic induction
intensity B. Figure 8a shows the color map of B matrix,
which is quite different from the results in Figure 7a. The
difference is mainly caused by the selection of minor-
loop parameters in the derivation of maps. When the
ascending branches of minor loops are drawn in the form
of U,—I, the loops always have the positive U, and the
maximum values of U, appear in the region near the mid-
dle line of the isosceles triangular map (see Figure 7a).
When it comes to the form in B-H chart, the value of B
in the ascending branches of minor loops demonstrates
the zero-crossing behavior and the peak values of B are
always obtained at the boundaries of the map.

For each location of the datum matrix of Hg, Eq. (2)
is used to fit the data of B and tensile force F. The map
representing the R? matrix is shown in Figure 8b. Inter-
estingly, along each column of the matrix, the value of R?
reaches a minimum value (less than 0.7) when the minor
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peak strength H'? (referred as the peak amplitude of each
cycle of the applied magnetic field) is around 10 kA/m. A
narrow region near the middle line of the isosceles trian-
gular map has the small value of R? (around 0.1), indicat-
ing that the linear correlation is not suitable to illustrate
the relationship between the magnetic induction inten-
sity and the effective case depth. Only the pixels with a
value of R* larger than 0.8 are concerned since the linear
dependency of the magnetic induction intensity on the
effective case depth is expected.

The final results of the sensitivity map for the two stud-
ied cases are shown in Figure 9. Sensitivity nulling opera-
tion is applied to the pixels with a corresponding R* lower
than 0.8. A positive sensitivity indicates that the value of
the selected minor-loop parameters demonstrates the
approximately linear growth trend with the increase
in the value of target properties. For the regions with
negative sensitivity, the increase in tensile force (or case
depth) will result in the linear decrease in the induced
voltage (or magnetic induction intensity). Inside the tri-
angle area of the sensitivity map, the sensitivity value of
the pixels with a corresponding R? lower than 0.8 is set
to be null. The pixels with a null sensitivity are shown as
white pixels in the map.

In Figure 9a, the pixels with the high sensitivity are
mainly concentrated in the region around the zero-cur-
rent line, indicating that the material is in its remanence
point at each cycle of minor loop. In the near-saturation
magnetization region, the sensitivity is relatively lower
than that obtained around the remanence point. When
the amplitude of the excitation current is fixed, the sensi-
tivity depends on the excitation cycle (with a minor peak
current I**) or the magnetization degree of the material.
The highest absolute value of the sensitivity is achieved
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when the excitation current is around 0.22 A at the last
excitation cycle (with the highest F).

Under the condition of the applied current correspond-
ing to the highest sensitivity, it is found that the induced
voltage in the secondary coil reaches its maxima. As
emphasized by Faraday law of electromagnetic induction,
the induced voltage is proportional to the change rate of
magnetic induction intensity over time, dB/d¢. Uniform
interpolation of the applied magnetic field leads to a
constant rate of change of H(t). Finally, the induced volt-
age becomes proportional to the calculated differential
permeability of the material according to the following
derivation,

(4)

dH
— X Uq-

U
0 dt

ST

According to Eq. (4), the highest sensitivity indicates
that the strand is magnetized to have the maximum dif-
ferential permeability. Therefore, if the differential per-
meability calculated from the minor hysteresis loop is
selected as the feature parameter for tensile force char-
acterization, the highest sensitivity is expected to appear
around the previously identified pixel (with the high-
est sensitivity) in the map in Figure 9a. To quantitatively
analyze the applied-current-dependent sensitivity of U,
to the tensile force of strand, the results of the slopes of
the fitted lines (referred to as the sensitivity), which are
obtained at the pixels with the current amplitudes of
—0.35 A and 0.22 A, are plotted in Figure 10a.

For the two investigated applied current cases, the
upward trend in the absolute value of sensitivity can be
concluded. Compared to the case of I;=—0.35 A, the
performance of the induced voltage, which is corre-
sponding to the case of [;=0.22 A, for characterizing the
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Figure 10 a Slope and R-square of the fitted lines for different columns in the matrix, and b Dependency of the induced voltage on the tensile
force corresponding to different locations in the matrix

tensile force is much better due to the higher value of R?
and absolute sensitivity in the majority of the range of I*~.
When the applied current is [;=—0.35 A, the fitted line
possessing the highest value of R* or absolute sensitivity
together with the measured data is recalled and plotted
in Figure 10b. The results obtained under the condition
of [;=0.22 A and I*’=2.16 A are also plotted in Fig-
ure 10b for comparison. For the pixel with [,=—0.35 A
and "’ =1.20 A, the sensitivity of U, to the tensile force
is around 4.71 mV/kN, which can be enlarged by more
than three times to a value of 15.26 mV/kN when the
applied current of the pixel comes to [;=0.22 A and

IFP=2.16 A. Therefore, sinusoidal current with as large
peak-to-peak amplitude as possible is recommended as
the excitation signal in the experiment. Consequently,
the maximum strength of the applied magnetic field is
strong enough to allow the strand to approach the satura-
tion magnetization state. In this way, the high sensitivity
of induced voltage to the tensile force can be achieved in
the region where the change rate of magnetic induction
intensity over time reaches its maxima.

The data of three rows with the minor peak strength of
H™=55 kA/m, H'""=16.5 kA/m and H'"=27.5 kA/m
in the sensitivity matrix are plotted in Figure 11. In the
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investigated range of H, the linear dependency of the
sensitivity on the magnetic field strength H can be con-
cluded. The sign of the sensitivity changes from positive
to negative when the value of H is around zero, which
corresponds to the remanent magnetization state. Hence,
unlike the case for tensile force measurement (Figure 9a),
the sensitivity near the remanent magnetization region
is extremely low. The asymmetric distribution of the
absolute values of sensitivity in the negative and posi-
tive spaces of H can be observed under the weak mag-
netization state (H''=5.5 kA/m). When the value of
H™ increases to 16.5 kA/m and 27.5 kA/m, the lines of
sensitivity becomes nearly symmetric about the origin in
Figure 11a.

In the space of positive H, with the increase in the value
of H'?, the absolute value of sensitivity decreases, indi-
cating that the material is getting closer to the saturation
magnetization. The highest absolute value of the sen-
sitivity is obtained at Point A, as marked in Figure 11a.
Therefore, in the weak magnetization state, the magnetic
induction intensity of the material is more sensitive to
the variation of case depth than that in near-saturation
regions. The measured data of B and d4 corresponding to
the marked Points A, B and C are plotted in Figure 11b.
At Point A, the absolute value of sensitivity is about
0.1110 T/mm, which is higher than that obtained at Point
B (§=0.03729 T/mm) and Point C (§=0.04510 T/mm).

Although the straight line well fits the data measured
under the condition corresponding to Points B and C,
the increment of B caused by the increase in the effec-
tive case depth from 0.78 mm to 1.05 mm is small, thus
resulting in the poor sensitivity of the sensor in this
particular range of d 4. In contrast, at Point A, the per-
formance of the parameter of B on characterizing the
effective case depth is much better than that obtained at
Points B and C. Based on the conclusions obtained from
the results in Figure 11, it is inferred that weak magneti-
zation is required for conducting high sensitivity meas-
urement of case depth in induction-hardened steel rods
with the minor-loop measurement technique. Therefore,
according to the sensitivity map in Figure 9, the maxi-
mum strength of the applied field can be lowered to the
proper range whilst the sensor possesses high sensitivity.

5 Conclusions

Magnetic minor hysteresis loop measurement and sen-
sitivity mapping technique are applied in the meas-
urements of tensile force in steel strand and effective
case depth in induction-hardened steel rods for the
first time. To achieve high-sensitivity and nondestruc-
tive measurement of target properties (tensile force
and case depth), the excitation current and the ana-
lyzed locations in the minor loops are optimized based

Page 11 of 12

on the sensitivity map. In most of the locations in the
minor loops, the amplitude of the induced voltage (or
the magnetic induction intensity) demonstrates the
approximately linear dependency on the tensile force
(or effective case depth). However, in the sensitivity
map, the location of the pixel with the highest sensi-
tivity differs between the two studied cases. Since the
location of the pixel reflects the magnetization state of
the tested materials, the sensitivity map can act as an
effective tool for the optimization of excitation mag-
netic field or excitation current in the primary coil.

In the case of tensile force measurement, along each
minor loop, the locations with the high sensitivity
are around the zero-current line in the map and the
zero-current line corresponds to the remanent state
of the strand during each minor loop cycle. When the
induced voltage is analyzed around the zero-current
line, its sensitivity to the tensile force can be enhanced
by increasing the peak-to-peak amplitude of sinusoidal
excitation current. Therefore, the higher extent of mag-
netization of the material indicates the higher sensitiv-
ity of the sensor. When the applied current is around
I;=0.22 A and I*’=2.16 A, the highest value of sensi-
tivity is obtained as about 15.26 mV/kN.

When the target property is changed from tensile
force to effective case depth, the locations of the pix-
els corresponding to the highest sensitivity also shift.
Under the action of the magnetic field with maximum
peak-to-peak strength, the magnetic induction inten-
sity along the measured minor loop does not demon-
strate the highest sensitivity in the sensitivity map. In
contrast, the highest sensitivity occurs under the con-
dition of the low magnetic strength and the absolute
value of sensitivity is about 0.1110 T/mm. Therefore,
the induction-hardened steel rods do not need to be
magnetized to the near-saturation state if the highest
sensitivity of magnetic induction intensity to effective
case depth is required.
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