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Major and minor magnetization versus stress loops under different bias magnetic fields from 0.8 kA/
m to 8.0kA/m in 0.8kA/m steps were measured in research grade, (100) oriented, textured
polycrystalline Feg; ¢Ga;g4. Both compressive and tensile stresses were applied from —63 MPa to
63 MPa for major loop analysis. Minor loops were generated by superimposing a 4.0 Hz, 2.8 MPa
amplitude sinusoidal stress on different dc compressive stresses ranging from —40.7MPa to
—5.6 MPa in 7.0 MPa increments. Bias magnetic fields were applied in two ways, constant field in
the sample obtained using a controller and constant current to the excitation coils. An energy-
averaged model and related optimization method are presented to compare the experiments with
simulations. The slope of magnetic flux density versus stress, i.e., the material’s sensitivity to stress,
is quantified from major and minor loop measurements. The peak sensitivity at constant field is about
75 T/GPa for constant-field major loops, whereas it is 41 T/GPa for constant-current major loops. The
sensitivity for minor loops is consistently lower than for major loops, whether at constant field or

constant current. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4772722]

. INTRODUCTION

Magnetostrictive materials deform when exposed to
magnetic fields and change their magnetization when
mechanically stressed. These behaviors can be used to design
actuators and sensors. Iron-gallium alloys (Galfenol), an
emerging class of magnetostrictive materials, exhibit moder-
ate magnetostriction (~350 x 107°) at low magnetic fields
(~8 kA/m) along with low magnetic hysteresis and high
tensile strength.' These unique properties make Galfenol bet-
ter suited in certain actuation and sensing applications than
piezoelectric materials and Terfenol-D. The sensing effect,
magnetization change in response to stress, is the enabling
principle for magnetoelastic sensors.”

Major loop magnetization compressive tests, consisting
of loading from zero load to —110MPa and subsequent
unloading, at magnetic fields ranging from 0 to 71.28 kA/m
(891 Oe) were performed on single-crystal 19% and 24% Ga
samples.”* An energy-based model was employed by Atula-
simha er al.>® to describe actuation and sensing behavior at
various bias fields for single-crystal Fe-Ga alloys. Major
magnetization versus stress loops under constant magnetic
field ranging from O to 71.2 kA/m were measured and mod-
eled on (100) oriented single-crystal Fe-Ga alloys subjected
to compressive stresses ranging from — 120 MPa to 0 MPa.”®
A magnetic hysteresis model for field and stress application
in Galfenol has been presented by Evans and Dapino.”™"!
Unlike prior energy-averaged models that rely on a large
number of moment orientations, this model considers only 6
fixed orientations which correspond with Galfenol’s easy
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crystallographic axes. An important benefit of the reduced
order is that the model runs 100 times faster than previous
energy-weighting models while also being accurate for mate-
rials with any magnetocrystalline anisotropy. Magnetic
moment switching occurs immediately once the energy dif-
ference between orientations exceeds a certain threshold.
Weetman and Akhras'? added a rate term taking the transi-
tion time into consideration, making the model rate-
dependent. The model is satisfactory at low bias fields but its
accuracy diminishes substantially for higher bias fields. It is
suggested that more than one fitting parameter is needed for
improved accuracy to be achieved at high bias fields.

A polycrystalline material is attractive for applications
due to its reduced cost relative to single-crystal material.
Major magnetization versus stress loops of production grade
polycrystalline Feg; ¢Gajg4 have been measured over the
range from —120MPa to 0 MPa and bias fields from O to
71.28kA/m (891 Oe)."* The experiments and energy-based
model simulation do not correlate well for the higher bias
magnetic fields tested. Even for compressive stresses as high
as 110 MPa, the high bias fields prevent the rotation into the
transverse direction. The effect of stress on magnetic suscep-
tibility and applications to force sensing in textured poly-
crystalline Feg; ¢Gajgq and Feqg91Gazgo have also been
investigated.'*'> The results show that the susceptibility
change of Feg;¢Gajgs at stresses ranging from —10 to
20 MPa is linear and larger than it is for Fes9 Gayg 9, indicat-
ing that Feg; ¢Ga g4 is preferable for force sensing in this
stress range. Measurements of the linear piezomagnetic coef-
ficients d3;, d33, and d;@ were made on Feg ¢Ga;g 4 textured
polycrystalline rods for energy harvesting applications.'®
Here, the bias field was not held constant because energy
harvesting devices typically do not require bias field control.

© 2013 American Institute of Physics
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Different stress differentials between *25MPa and
*0.5MPa at 8.0kA/m (1000e) and one dc compressive
stress which was in the center of the active region were
tested. It was shown that the peak d;’g values are lower than
the d3; values: The largest d3; was 60 nm/A for a bias field
of 8.0kA/m and dc compressive stress of —33 MPa, while
dg; was 30nm/A at the same bias field and stress.

Stress or force sensors based on Galfenol are attractive
due to their contact-less signal collection, ruggedness, and
ease of integration facilitated by Galfenol’s structural prop-
erties. Such sensors must reliably operate for both minor and
major loop stress inputs. Characterization of minor magnet-
ization versus stress loops under different bias fields and dif-
ferent dc compressive stresses has been lacking. Major
magnetization versus stress loops in tension and low com-
pressive stresses that are suitable for sensors also must be
studied. In this work, major loop magnetization measure-
ments of research grade, (100) oriented, textured polycrys-
talline Feg; ¢Gajg4 were conducted in compression and
tension ranging from —63 MPa to 63 MPa at a frequency of
0.05 Hz and different bias fields. The focus on 18.4 at. %
alloys is motivated by the previous literature, in particular
the linear susceptibility demonstrated by Mahadevan ez al.'*
over the range from —10 to 20 MPa. Single-crystal Galfenol
alloys have maximum sensitivity when the bias magnetic
field is below 5kA/m;7 therefore, magnetic fields in this
work were applied from 0 to 8.0kA/m in 0.8 kA/m steps.
The magnetic field was applied in two ways: constant field in
the sample using a controller and constant current to the ex-
citation coils. Minor magnetization loops under different
bias fields were tested on the same material. The dc compres-
sive stresses were varied from —40.7 MPa to —5.6 MPa in
7.0 MPa steps while superimposing a 4 Hz, 2.8 MPa ampli-
tude sinusoidal stress. The Evans and Dapino energy-
averaged model’™'! was used to describe the experimental
data. The results show close agreement with an error of
1.18% for constant field and 1.38% for constant current.

Il. MAJOR AND MINOR LOOP MEASUREMENTS

The polycrystalline Feg; Ga;s 4 Galfenol sample used in
this study has a diameter of 6.35 mm (0.25 in.) and a length
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FIG. 1. Galfenol device employed for characterization of major and minor
magnetization loops.
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of 73.66 mm (2.9 in.). The sample was placed in the middle
of a transducer which consists of the Galfenol rod, laminated
steel sheets, excitation coils, and a pick-up coil (Fig. 1)."”
The cyclic stress was applied using a Test Resources R Se-
ries Controller load frame. The magnetic flux density was
measured using a Walker Scientific MF 5D fluxmeter and a
pick-up coil located midway along the length of the Galfenol
rod. The bias magnetic fields were measured using an Alle-
gro A1322L.UA-T Hall chip, and were applied in two ways:
using a dSpace 1104 system programmed for proportional-
integral (PI) control to keep the magnetic field in the sample
constant throughout the stress cycle and applying a constant
current to the excitation coils. The controller eliminates the
interaction between the sample and the magnetic circuit. A
Labview system was used to record the data. The magnetiza-
tion was calculated by subtracting the applied field from the
flux density measurements.

The major magnetization versus stress loop testing pro-
cedure included application of a bias field at zero load fol-
lowed by application of 0.05 Hz cyclic stresses. The biasing
procedure consisted of bringing the Galfenol sample to satu-
ration with a 1.0 A current to the coils and then decreasing
the current until the desired bias field was reached. Magnetic
biasing for the minor loop tests was performed in the same
manner. Subsequently, a dc compressive stress was applied
by the Test Resources machine at a constant rate of
1.05MPa/s. A 4.0Hz, 2.8 MPa amplitude sinusoidal stress
was then applied with the Test Resources machine in feed-
back load control mode. At a given bias field, the mechanical
loading was repeated for different dc compressive stresses
ranging from —40.7 MPa to —5.6 MPa in 7.0 MPa steps.

lll. ENERGY-AVERAGED MODEL AND OPTIMIZATION

The free energy of a magnetostrictive material has terms
for magnetic anisotropy, magnetomechanical coupling, and
Zeeman (magnetic field) energy. Evans and Dapino® devel-
oped a coupled, energy-averaged constitutive model for
magnetostrictive materials by choosing orientations which
minimize an energy function locally defined in the vicinity
of each easy axis. The total free energy of each particle vari-
ant (denoted k) is’

1 ,
Gk = §Kk|mk — P -8k T — pMm* - H, (1)

where GX = 1K*|m* — ¢*|? is the anisotropy energy associ-
ated with rotating a Stoner-Wohlfarth (SW) particle away
from the easy direction ¢*. The term G’é = S§1 - T is the mag-
netomechanical coupling energy whereas G§ = poM,m* - H
is the Zeeman energy. For describing the anisotropy energy
of stress-annealing, which induces tetragonal anisotropy in
Galfenol, Chakrabarti and Dapino'® added a constant term

Kg as follows:
1 )
G' = Klm' — [ + K =S, - T — ppMm" - H. (2)

In matrix form, definition (2) can be expressed as'®
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Lo k kopk o, ] k
G :Em -Km* —m"*-B +5K+K0, 3)

where the magnetic stiffness matrix K and force vector B
are

K —3%0Ty —34nTs —311Ts
K= | -3.4uTs K-3kowl> -34uls |, &)
—3nTs =3.nuTs K —34i00T3

B = [*K + poMH,  cAK + poM,H,  AK + ugMHs |
(5)

The magnetic orientations m* of SW particles are calculated
from minimization of the free energy with constraint
m‘ - mf =1~ c* - mt = 1, which gives

1—c¢- (K)"-B* 6
k- (K) ek o ©

mt = (K)™' |Bf +

The anhysteretic values of the volume fractions are calcu-
lated using Boltzmann-type averaging”'®

¢ __ exp(=G/Q)

- 7 Y 7
Zk:l exp(—G*/Q) @

an

in which Q is a smoothing factor.'” The anhysteretic magnet-
ization M is the sum of the magnetization M;m* due to each
orientation, weighted by the volume fraction & of particles
in each orientation’

M= MSZ & mk. (®)
k=1

There are six parameters in this model: anisotropy
constants K and K, smoothing factor €2, magnetostriction
constants Ajgp and Aqy;, and saturation magnetization M;.
Because of the cubic symmetric crystal structure of Galfenol,
the anisotropy constants along the 6 orientations are the
same and equal to K. According to (3), an incremental value
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Ky is used to modify the anisotropy constants along the
directions [100] and [100] in which the stress and field are
applied. Chakrabarti and Dapino'® developed a two-step pa-
rameter estimation method from one-dimensional (1D)
measurements. First, the anhysteretic curves from hysteretic
measurements are obtained through a simple averaging
procedure. Next, a least squares optimization routine is
used to minimize the error between the family of modeled
curves and the anhysteretic curves obtained from measure-
ments. The optimized parameters from 1D measurements
can be used directly in three-dimensional (3D) finite element
analysis for Galfenol systems instead of performing 3D
measurements.

IV. RESULTS AND DISCUSSION
A. Major magnetization loops under constant field

Fig. 2(a) shows constant-field magnetization versus stress
measurements at different bias fields. The stress was cycled
from 63 MPa (tension) to —63 MPa (compression) and back to
63 MPa at a frequency of 0.05 Hz. The bias magnetic fields
range from 0.8kA/m to 8.0kA/m in 0.8kA/m steps. The
energy-averaged model presented in Sec. III was utilized to
describe the measurements as shown in Fig. 2(b). Since the
model is anhysteretic, an averaging technique'® was used to
extract anhysteretic curves from the measured data. There is
extremely close agreement between the model and experi-
ments, with an average error of 1.18%. For the optimization
process, the constant 4y, is ignored: the stress and magnetic
field are applied along the (100) direction and 74;;; does
not participate in the calculations. The optimizated parameters
are K =27.1kJ/m?, Ky = 0.021kJ/m?, uoM, = 1.3787T,
Q100 = 156.56 x 107°, and Q = 776.73 J/m3. The value for
u,M is lower than the typical saturation induction for
Galfenol with 18%-19% Ga. Generally, the magnetization
for polycrystalline Galfenol is a bit lower than that of
single-crystal Galfenol. Our measurements were Cross-
checked by plotting stress-magnetization data points on top
of field-magnetization curves. These measurements match
as shown in Fig. 3.
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FIG. 2. (a) Constant-field magnetization versus stress measurements for bias magnetic fields of 0.8, 1.6, 2.4, 3.2, 4.0, 4.8, 5.6, 6.4, 7.2, and 8.0kA/m. (b)

Energy-averaged model results and averaged (anhysteretic) measurements.
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FIG. 3. Anhysteretic averages for magnetization versus field curves (red
lines) and magnetization versus stress data points (dots).

In Fig. 2(a), the magnetization in the burst region varies
steeply as a function of stress for the various bias magnetic
fields. The bias field was applied along the length of the sam-
ple, and it causes the domains to align along the (100) direc-
tion. Compressive stress causes the domains to rotate
perpendicular to the direction of the applied stress and mag-
netic field. It is seen in Fig. 2(a) that when the bias field is
low, it is not sufficient to align all domains along (100). This
means that an increasing bias field causes increasing magnet-
ization under the same stress and displacement of the burst
region where volume fraction changes occur. When the bias
field is higher than 2.4 kA/m, the tensile stress has little or no
effect on the magnetization because all the domains have
aligned along the (100) direction and the material is satu-
rated. For a bias field of 8.0kA/m, there is full moment
alignment along (100) and the magnetization does not
change under tension. However, tensile stresses affect the
magnetization considerably when bias fields are lower than
2.4kA/m. When tension is applied at 0.8 kA/m, for instance,
the magnetization changes from 380 kA/m to 980 kA/m.

In Fig. 2(a), there are two saturation regions: (1) mag-
netic field induced saturation when magnetic fields are high

J. Appl. Phys. 113, 024508 (2013)

and stresses are low, and (2) stress induced saturation when
magnetic fields are low and stresses are high. In the former
case, the magnetic field energy dominates the total free
energy, which causes alignment of domains along the (100)
direction to balance magnetic energy and mechanical energy.

In the latter case, however, magnetomechanical cou-
pling energy dominates the total free energy, which causes
domains to rotate into directions perpendicular to (100). The
field induced magnetization reaches a maximum value which
corresponds to the situation in which all the domains are
aligned along (100). Hysteresis is significant in the burst
region which is explained by Evans and Dapino’ as the Zee-
man energy is generally larger than the magnetomechanical
coupling energy.

The sensitivity (slope of magnetic flux density versus
stress) versus stress at constant field shown in Fig. 4(a) was
calculated from data in which the stress was decreased from
tension to compression. The calculation method is a moving
average scheme to reduce the large error that can arise if nu-
merical differentiation is performed on experimental data.®
A window of 130 points was chosen and a straight line was
fitted to all 92 000 data points. As seen in the plot, the sensi-
tivity for each applied magnetic field is stress-dependent.
The peak sensitivity moves progressively toward increasing
compression as the bias field is increased. The point at which
the peak occurs is when the applied compressive stress bal-
ances the anisotropy energy and the magnetic field energy;
small changes in stress around this point would result in
large changes in magnetization which is most desired for
sensors.”® The maximum sensitivity is about 75.5 T/GPa,
and occurs at low bias field and low compressive stress,
1.6 kA/m and —3.6 MPa, respectively.

When the stress increases from compression to tension,
the sensitivity shows a different curve from that when stress is
decreased from tension to compression. For clarity, this is
illustrated in Fig. 4(b) by plotting curves at 1.6, 4.0, and
8.0kA/m. The solid lines indicate a decreasing stress from
60MPa to —60MPa, while the dashed lines indicate an
increasing stress from —60 MPa to 60 MPa. There is a reversal
of maxima between the solid and dashed lines: at 1.6 kA/m,

80 T T T T T

70

60

50

40

30

Sensitivity, T/GPa

20

Inreasing Field
N \

80 : : — : :

o o ~
=] =] o

Sensitivity, T/GPa
w B
o o

-60 -40 -20 0 20 40 60
Stress, MPa

(a)

Stress, MPa

(b)

FIG. 4. (a) Sensitivity versus stress for constant field measurements (stress is decreased from 60 MPa to —60 MPa). (b) Sensitivity versus stress for bias fields
of 1.6, 4.0, and 8.0 kA/m (solid lines indicate decreasing stress from 60 MPa to —60 MPa, dashed lines indicate increasing stress from —60 MPa to 60 MPa).
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the dashed line curve exhibits a higher peak sensitivity than
the solid line. The opposite is true for 4.0 and 8.0 kA/m. This
reversal and the associated hysteresis are due to the magneto-
mechanical nonlinearity and hysteresis of Galfenol.

B. Minor magnetization loops under constant field

Fig. 5(a) shows minor magnetization loops obtained
from a 4.0 Hz, 2.8 MPa amplitude sinusoidal stress superim-
posed on dc compressive stresses ranging from —40.7 MPa
to —5.6 MPa at 7.0 MPa intervals and bias magnetic fields
ranging from 1.6kA/m to 8.0kA/m in 0.8 kA/m steps. The
bias magnetic fields were applied in constant field mode.
Distinct magnetization regions are observed depending on
stress and field values. For example, when the dc compres-
sive stress is —5.6 MPa, a bias field of 1.6 kA/m produces the
largest magnetization range. When the dc compressive stress
is —26.6 MPa, magnetization changes the most at a bias
magnetic field of 5.6 kA/m. Overlaying major magnetization
versus stress loops from Fig. 2(a) with minor loops from
Fig. 5(a) for 1.6, 4.0, and 8.0 kA/m magnetic fields provides
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a comparison of magnetization responses as shown in
Fig. 5(b). The effect of the minor loop cyclic stress is to set-
tle the magnetomechanical state of the sample without going
to stress extremes of the major stress loop. In Fig. 5(b),
the minor loops fall within the major loops. A feature of
Fig. 5(b) is that the average slope of the minor magnetization
loops is consistently flatter than their enclosing major mag-
netization loop.

It is emphasized that the minor loop tests were con-
ducted at 4.0Hz for consistency with similar work on
Terfenol-D presented in the literature.”” Our measurements
show that testing at 0.04 Hz or 4 Hz does not change the dif-
ference in slope between the minor and the major loops. At
a prestress of —14 MPa and field of 1.6 kA/m, for example,
the difference between 0.04 Hz and 4 Hz measurements is
2.92kA/m/MPa which is equivalent to 3.66 T/GPa. In
contrast, the sensitivity difference between minor and
major loops is about 22 T/GPa (Fig. 5(c)). The flatter slope
is thus attributed to the intrinsic differences between minor
and major loops, which is consistent with Terfenol-D
measurements.>"
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FIG. 5. (a) Minor magnetization loops with a 4.0 Hz, 2.8 MPa cyclic stress superimposed on different dc compressive stresses ranging from —40.7 MPa to
—5.6 MPa in 7.0 MPa steps and bias fields ranging from 1.6 kA/m to 8.0 kA/m at 0.8 kA/m intervals. (b) Major and minor magnetization loops for bias fields
1.6, 4.0, and 8.0kA/m. (c) Sensitivity from major and minor magnetization loops for bias fields of 1.6, 4.0, and 8.0 kA/m (solid lines show sensitivity from

major loops; circle markers denote sensitivity from minor loops).
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Sensitivity versus stress curves calculated from major
and minor magnetization loops at bias fields of 1.6, 4.0, and
8.0kA/m are shown in Fig. 5(c). Sensitivity from major
loops is indicated with solid lines, whereas the circle markers
show sensitivity calculations from minor loops. The latter
was obtained through a least squares regression fit on each
minor loop in Fig. 5(a). In Fig. 5(c), the sensitivity from
minor loops is consistently lower than from major loops.
For example, when the magnetic field is 4.0 kA/m, the sensi-
tivity is about 67 T/GPa from the major loop while it is about
62 T/GPa from the minor loop at the same applied stress
(—20 MPa).

C. Major magnetization loops under constant current

Practical devices such as force sensors or energy har-
vesters will typically lack active magnetic field control. In
constant-current mode, the magnetic field does not exactly
track the current due to the nonlinear relationship between
circuit reluctance and field, and between field and current.
The magnetization in either field or current control is differ-
ent as a result.”®'” Major and minor magnetization versus
stress loops were measured to quantify this difference.
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Magnetization as a function of stress under different
constant currents is shown in Fig. 6(a). The measured rela-
tionship between magnetic field and stress at various con-
stant currents is shown in Fig. 6(b); for a given constant
current, the magnetic field does vary as stresses are applied.
One feature of the Evans and Dapino energy-averaged model
is that it quantifies input-output system relations, i.e., it can
take currents (or voltages) as input rather than magnetic
fields. Fig. 6(c) shows both experimental measurements and
energy-averaged model calculations. The model error is
small overall (1.38%). However, at low constant current
(98 mA and 204mA) and low tensile stresses, the model
exhibits overshoot-type behavior that is only partially pres-
ent in the data (refer to the 204 mA curve). The overshoot is
due to the opposite effects of tension application: on the one
hand, increasing tension increases magnetization; on the
other hand, increasing tension decreases magnetization
through a decrease in the magnetic field. These effects are
not observed when the field is taken as model input. At
high bias currents, the alloy is almost saturated which means
that the magnetic energy is dominant, and stress-induced
magnetic field variations result in small changes in magnet-
ization; therefore, no magnetization overshoot is present.
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FIG. 6. (a) Magnetization versus stress for different constant currents: 98, 204, 288, 338, 384, 426, 464, 508, 550, and 596 mA. (b) Magnetic field versus stress
for the same bias currents. (c¢) Calculated and measured anhysteretic magnetization under constant-current biasing.
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FIG. 7. (a) Sensitivity versus stress for constant current measurements (stresses decreased from 60 MPa to —60 MPa). (b) Sensitivity versus stress for constant
field and constant current at comparable bias magnetic fields of 1.6, 4.0, and 8.0 kA/m. The solid lines indicate decreasing stress from 60 MPa to —60 MPa

while the dashed lines indicate increasing stress from —60 MPa to 60 MPa.

The model parameters used in Fig. 6(c) are the same as
for constant field: K = 27.1kJ/m?, Ko = 0.021kJ/m?, pu,M;
=1.3787T, Li00 = 156.56 x 107, and Q = 776.73J /m°.

Comparison of constant field and constant current major
loops, Figs. 2(a) and 6(a), respectively, shows that the latter
has a flatter slope in the burst or high sensitivity region. In
current control mode, increased compression leads to a mag-
netic field increase over that achieved at constant field (Fig.
6(b)), thus leading to greater magnetization at the same
stress. At —40 MPa, for instance, the magnetization at field-
controlled 7.2 kA/m is about 300 kA/m, whereas at the same
stress, the magnetization is close to 550kA/m at current-
controlled 596 mA. These are comparable conditions as the
field created by 596 mA is 7.5kA/m at zero load (see Fig.
6(b)).

Saturation occurs at about the same stress point in either
case so long as the field is higher than 0.8 kA/m or the cur-
rent is higher than 288 mA. A bias field of 0.8 kA/m is not
sufficient to align the domains along the field direction; a
tensile stress helps to achieve partial alignment and a mag-
netization change from 380kA/m to 980 kA/m in Fig. 2(a).
However, the magnetization changes from 420kA/m to
570kA/m in Fig. 6(a) when tensile stress is applied under
constant current. Hysteresis in this case is more significant
than it is in the data for constant field.

The sensitivity versus stress at constant current in Fig.
7(a) was calculated from data in which the stress was
decreased from tension to compression using the same method
as in Fig. 4(a). The sensitivity at constant current is lower
than at constant field. For example, the maximum sensitivity
is about 41 T/GPa for 384 mA (nominal bias field of about
4.0kA/m), while it is 71 T/GPa for the same constant field of
4.0kA/m. At constant current, the magnetomotive force and
consequently the magnetic field through the sample increases
as Galfenol’s permeability goes down on application of com-
pressive stresses. This increase in magnetic field decreases the
drop in magnetization leading to lower sensitivity.

Another significant feature is that the peak sensitivity first
increases with increasing current and then decreases. Fig. 7(b)

shows the sensitivity for comparable bias fields (1.6, 4.0, and
8.0kA/m) under constant current and constant field, and also
shows the sensitivity when stresses are both increasing and
decreasing for constant current. The field controlled sensitiv-
ity is significantly higher, though the peaks are sharper indi-
cating lower stress bandwidth. Under the same bias magnetic
field, the sensitivity peak occurs at almost the same stress lev-
els for constant current and constant field. The point at which
the peak occurs is when the applied compressive stress balan-
ces the anisotropy energy and magnetic field energy. Hystere-
sis is observed in Fig. 7(b) when stress is increasing and
decreasing, more so than at constant field (shown in Fig.
4(b)). The reason is that the permeability varies at constant
current. From the viewpoint of energy loss, the constant field
measurement shows less energy loss because the feedback
control of field compensates parts of the loss.

D. Minor magnetization loops under constant current

Minor magnetization loops with a 4.0 Hz, 2.8 MPa am-
plitude sinusoid stress superimposed on different dc com-
pressive stresses ranging from —40.7 MPa to —5.6 MPa in
7.0 MPa steps and different constant currents of 204, 288,
338, 384, 426, 464, 508, 550, and 596 mA are shown in Fig.
8(a). Overlaying the major magnetization versus stress loops
of Fig. 6(a) with minor loops from Fig. 8(a) for the 1.6, 4.0,
and 8.0kA/m bias magnetic fields provides a comparison of
magnetization responses as shown in Fig. 8(b). The minor
loops fall within major magnetization loops. The average
slope of the minor loops is consistently flatter than their
enclosing major loop.

The sensitivity as a function of stress from both major
and minor magnetization loops for constant current is shown
in Fig. 8(c), where solid lines represent sensitivity from
major loops and the circle markers are the sensitivity from
minor loops. These discrete points were calculated from a
least squares regression fit on each minor loop in Fig. 8(a).
As before, the sensitivity from minor loops is lower than that
from major loops.
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FIG. 8. (a) Minor magnetization loops under a 4.0 Hz, 2.8 MPa cyclic stress superimposed on different dc compressive stresses ranging from —40.7 MPa to
—5.6 MPa in 7.0 MPa steps and constant current of 204, 288, 338, 384, 426, 464, 508, 550, and 596 mA. (b) Major and minor magnetization loops for bias
fields of 1.6, 4.0, and 8.0kA/m. (c) Sensitivity from major and minor magnetization loops for bias fields of 1.6, 4.0, and 8.0kA/m (solid lines are sensitivity

from major loops, circle markers are sensitivity from minor loops).

V. CONCLUDING REMARKS

In this work, major magnetization and stress loops with
different bias magnetic fields from 0.8 kA/m to 8.0kA/m in
0.8 kA/m steps were measured in research-grade, (100) ori-
ented, textured polycrystalline Feg; ¢Gajg4. Compressive
and tensile stresses were applied from —63 MPa to 63 MPa,
whereas bias magnetic fields were applied with both a con-
stant current and a constant field. The results show that both
in constant current and in constant field, when the bias field
is larger than 2.4 kA/m, application of tensile stress does not
significantly alter the magnetization because at those fields
the domains have aligned along the (100) direction. When
the bias field is 0.8 kA/m or 1.6 kA/m, however, the magnet-
ization changes considerably with tensile stress. The amount
of hysteresis is reduced in the constant field measurements.
The Evans and Dapino energy-averaged model was imple-
mented and compared against experimental measurements
both under constant field and constant current. The results
show that there is close agreement with an error of 1.18% for
constant field results and 1.38% for constant current results.

Minor loops were generated by superimposing a 4.0 Hz,
2.8 MPa amplitude sinusoidal stress on different dc com-
pressive stresses ranging from —40.7MPa to —5.6 MPa in
7.0 MPa steps. The slope of magnetic flux density versus
stress, that is, the sensitivity for stress was calculated. The
sensitivity from major loops was calculated from data in
which the stress was decreasing from tension to compression.
The peak sensitivity moves progressively towards increasing
compressive stress as the bias field increases. Results show
that the peak sensitivity in constant field is greater than that
under constant current; the sensitivity in constant current is
flatter than that at constant field. The sensitivity from minor
loops was plotted with discrete plots calculated from a least
squares regression fit on each minor loop. The sensitivity for
minor loops is consistently lower than for major loops,
whether at constant field or constant current.
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