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The magnetomechanical behavior of single-crystal Galfenol alloy was found to be strongly dependent on the loading
paths. An energy-based anisotropic domain rotation model, assuming that the interaction between domains can be ignored
and the probability of the magnetic moment pointing along a particular direction is related to the free energy along this
direction, is used to simulate the magnetostriction versus magnetic field and stress curve and to track the magnetic domain
motion trail. The main reason for loading path dependent effect is the rotation/flipping of the magnetic domains under
different loading paths. The effect of loading and unloading paths on 90° magnetic domain motion was studied by choosing
different loading and unloading state and paths. The results show that prior loading magnetic field can make the 90°
magnetic domains flip to the directions of 45° domains because the magnetic field is the driving force to make the domains
rotate, and the final loading state and the loading path both have great influence on the motion of 90° magnetic domains.
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1. Introduction

Fe—Ga alloys are considered as promising materials
which can be widely used in actuators and sensors due to their
large saturated magnetostriction in low applied magnetic field
and good mechanical property. In previous study, most exper-
iments carried out to study the magnetomechanical behavior
of Galfenol were about measuring either magnetostriction un-
der constant pre-compressive stress or stress—strain behavior
under constant magnetic field.!'=>! However, when used as ac-
tuators and sensors, the Fe—Ga alloys always work under com-
plicated magnetic and stress loading condition, which is dif-
ferent from the experimental loading condition in laboratory.
So the study of magnetomechanical behavior of Galfenol alloy
under complex loading condition is necessary and meaningful.

A phenomenological magnetomechanical hysteresis
model which considered the influence of past loading history
by using some path-dependent differentials has been devel-
oped by Bergqvist. The calculation results were compared
with the experimental observation, including the strain and
magnetization curves at constant magnetic field or constant
stress.[*! Pei has studied the path-dependent deformation be-
haviors of Terfenol-D under two types of magnetomechanical
loadings and found that the stress and the magnetic field have
different influence on the domain distribution. He used the
domain switch process to explain this phenomenon, which is
a phenomenological analysis.>! In order to study the Galfenol
mechanical-magnetic coupling coefficients, Yoo conducted
two types of closed-loop cyclic loading on Galfenol samples
and measured the magnetostriction and magnetization as a
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function of magnetic field and compressive stress. He estab-
lished an experimental procedure to exam magnetomechanical
cycles and evaluated the energy balances. [®!

In this paper, Jiles—Thoekle model!”) was used to sim-
ulate the magnetomechanical behaviors of single crystalline
Galfenol under different loading paths. In order to explore
the reason of magnetomechanical behavior subject to load-
ing path, a series of loading paths were designed to calculate
the magnetostriction, the domain switch process, and the en-
ergy distribution. This work is beneficial to deeply understand
the effect of magnetic field and compressive stress on domain
switch process and to model the magnetomechanical behavior
under complicated magnetomechanical loading condition.

2. Model

Based on the Stoner—Wohlfarth assumption that the in-
teraction between domains can be neglected, B8] Jiles and
Thoekle!”! proposed a model that gave the free energy of a
material and tracked the location of local energy minima in the
orientation of magnetic domains under the action of chang-
ing magnetic field and applied stress. But the magnetostric-
tion versus magnetic field and stress curves simulated by this
model are broken lines. Armstrong!®! extended Jiles—Thoekle
model by assuming that the distribution of the magnetization
moment depends on the free energy, which can help get a
smooth and qualitatively accurate magnetostriction curves.

For a material with cubic structure under applied mag-
netic field and stress, the total magnetic free energy of a unit
volume of magnetization within a single crystal consists of
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magnetocrystalline anisotropy energy, static magnetic energy,
and magnetoelastic energy, reading

E, = Ex+Ey+Eg, (1)
Ex = K\ (oo + ol + o) )
Ey = _“OMSH(axﬁx+ayﬁy+azﬁz)7 3)

Es = —3Mi000 (0272 + 272 + o2y2)

— 341110 (00 iy + O 0% Y + 00 1Y), (4)

where a;, B;, and ¥; (i = x,y,z) are the direction cosine of
the magnetization, applied magnetic field, and applied stress,
respectively. In this calculation, the directions of the applied
magnetic field and stress are identical, both along [110] direc-
tion, so B; = ¥%. K is the magnetocrystalline anisotropy coef-
ficient which is an intrinsic parameter relating to the material
composition and processing method.!>'% H is the magnetic
field strength and o is the applied stress. Ajgp and A are
magnetostriction resulting from the rotation of a fully random
magnetization state into a fully oriented [100] or [111] direc-
tion, respectively.

Magnetocrystalline anisotropy energy Ej is a resistance
of domain rotation, preventing domains switching away from
the original easy axis direction. The static magnetic energy
Epy is adriving force to make the magnetization moment rotate
away from the original direction to the direction of magnetic
field. The magnetoelastic energy Es comes from the interac-
tion of applied stress and the stress resulting from magnetic
moments rotation. Both the magnetic field and applied stress
can greatly change the spatial distribution of free energy, af-
fecting the location of energy minima.

We assume that the FeGa single crystal is composed of a
large number of equivalent magnetization units, each of which
has a particular orientation of magnetization with a particu-
lar probability. According to the Armstrong assumption, ! for
any direction, the probability of the magnetization depends on
the total free energy corresponding to that direction, that is,

e*Et.i/w

P &)

where E; is the total free energy in ith direction and @ is the
energy distribution parameter which signifies the extent of im-
perfections in the crystal.[3! From Eq. (5), it can be seen that
the value of w has great influence on the change of fractions
of each domains.

The total magnetostriction in any crystallographic direc-
tion can be calculated by summing up the contribution of all
domains in each direction,

3 1
A= ZlPl |:21’100 (aiz,xﬁr%l,x + aiz,yﬁrigr + aiz.zﬁrgl,z - 3)

+ 3)vlll (ai,xai,yﬁm,xﬁm,y + ai,xai,zﬁm,xﬁm,z

+ 0y ai,zﬁm,yﬁm,z) ) (6)

where o; ; (j = x,y,z) are the direction cosines of the magne-
tization along the ith direction and the B, ; (j =x, y, z) are the
direction cosines of the measuring direction.

In this model, it is proposed that the sample used to cal-
culate is a single crystal of Feg,Ga;g alloy in rod shape, and
the directions of magnetic field, compressive stress, and mea-
surement are all along the [110] direction. In the calculation,
the parameters used in the model!>!!=13] are listed in Table 1.

Table 1. The parameters used in the model.
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3. Results and discussion
3.1. Loading process

For each loading state, two different loading sequences
of stress and magnetic field are employed, as shown in Fig. 1:
one is magnetic-and-stress sequence (O—A—B) and the other is
stress-and-magnetic field sequence (O-A’-B).
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Fig. 1. Two stress—magnetic field loading paths.

Setting up a series of final loading states, the magnetome-
chanical behavior under various compressive stress and mag-
netic field with two types of loading sequences is simulated.
Figures 2(a) and 2(b) are the results of loading sequences O—
A-B and O-A’-B, respectively. The results of Figs. 2(a) and
2(b) are put together to compare the difference as given in
Fig. 2(c). It can be clearly seen that the magnetostriction re-
sults under two loading sequences are not totally identical with
great distinct difference in a certain region of loading states,
which means that the magnetostriction is path dependent. By
comparing the difference in Fig. 2(c), the stress and magnetic
field can be divided into three regions, as shown in Fig. 2(d).
In regions 1 and 2, for both loading sequences their magne-
tostrictions have the same value, while in loading region 3 the
magnetostrictions have distinct difference.

From Fig. 2(a), it can be seen that after applying magnetic
field the material has magnetostrictive elongation. With the in-
crease of magnetic field, the magnetostriction enlarges until it
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reaches to a saturated value. Then the deformation changes
when compressive stress is loaded. As Fig. 2(b) shows, when
the compressive stress is applied, the alloy has magnetostric-
tive shortening due to the domain motion to the directions per-
pendicular to the stress. As the stress increases, the shortening
amount changes until the domain motion reaches the saturated
state, which is consistent with the previous study. Under the

larger pre-stress, the greater magnetic field is needed to make
the alloy magnetostrictive elongation and reach magnetostric-
tive saturation.

When both the magnetic field and stress are small, as the
right part of region 1 in Fig. 2(d) shows, the free energy sur-
face distortion caused by them is not too serious and the do-
main motion trail is mainly affected by the magnetocrystalline
anisotropy energy,'*! so both loading sequences can get the
same results with gradual reversible rotation of magnetic do-
main. When the compressive stress is large but the magnetic
field is small, as the left part of region 1 in Fig. 2(d) shows, the
modeled results under both loading paths also are identical be-
cause of the dominant effect of stress.['* When the magnetic

ctostriction /ppm

Magn

Magnemstr‘\ction /ppm

field is large enough as region 2 in Fig. 2(d), to make all the
magnetic domains rotate to the magnetic field direction, both
the two loading sequences can get the same result.
However, when both the magnetic field and compressive
stress are large in region 3 of Fig. 2(d), the two loading se-
quences have different magnetostriction results. If the mag-
netic field is loaded firstly, when the magnetic field is larger
than 16 kA/m, the magnetostriction of Galfenol at every stress
is nearly saturated even after loading big compressive stress as
shown in Fig. 2(a). But if the compressive stress is loaded prior
to magnetic field, the magnetostriction behavior has some dis-
tinct difference. This is resulting from the competition of the
magnetocrystalline anisotropy energy and magnetoelastic en-
ergy. For the loading sequence O—A-B, the firstly loading of
magnetic field can make all the domains rotate to saturated
state and keep in this state even after loading compressive
stress. But for O—A’-B, after loading large compressive stress,
almost all domains rotate to the directions perpendicular to the
stress direction, and the domains are hard to rotate to magnetic
field direction in the following magnetic field loading.
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Fig. 2. The magnetostriction at different stress and magnetic fields under the two types of loading paths: (a) O—A-B and (b) O-A’-B.
(c) Comparison of the two cases of panels (a) and (b). (d) The loading area division according to panel (c).

In order to compare the influence of loading path on

the magnetomechanical behavior and find the reason for this
path-dependent effect, a final loading state (H = 20 kA/m,
o = 120 MPa) was chosen, which is in the region 3 of Fig. 2(d)
having obviously different magnetostrictive behavior. From
Fig. 2, it can be seen that at this final loading state, the magne-

tostriction of loading sequence O—A-B is about 70 ppm, while
the other loading path O—A’-B is 7 ppm.

At the same time, the domain motion trails were tracked
under the loading process, and the modeled domain motion
trails in the six directions are given in Fig. 3. For the loading
sequence O—A-B, with the loading direction of [110], when
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the magnetic was given and increased, the magnetic domains
gradually rotated away from their original axes. When the
magnetic increased to a certain value, the 90° domains along
[001] and [00-1] directions and the two 45° domains nearly
[0-10] and [-100] directions jumped/flipped to the [100] and
[010] directions respectively, which directions are close to the
loading direction [110]. These domain flippings correspond
to different magnetic field thresholds. Even after loading the
compressive stress, all these magnetic domains were still along
these two directions [100] and [010]. Compared with the do-
main rotation paths of O—A-B, the most obvious difference
case in loading path O—A’-B is that during the whole loading
process, no 90° domain was found jumping to the direction
of 45° domains. It can be concluded that the path dependent
effect is caused by the rotation/flipping of 90° domains.

The three-dimensional free energy surface change pro-
cess of the two loading paths is shown in Fig. 4, which presents
the anisotropy of free energy under each loading state. The
energy is proportional to the radius at each direction. The
crystallographic directions are represented on the diagrams for
reference. The loading states are selected from the two load-
ing sequence as the round spots of Fig. 1 show. Obviously,
the distortion of the free energy surface caused by the applied
stress and magnetic field are different. It can be seen that the
evolution of energy minima highly depends on the loading se-
quences, which means that the loading sequence can affect the
domain motion trail.
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Fig. 3. The domain rotation paths in response to the two loading paths
(a) O—~A-B and (b) O-A’-B.
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Fig. 4. The energy surface change at different magnetic field and stress under the two loading paths sequentially.
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In order to study the factors affecting path dependent ef-
fect, three more different final loading states were selected,
which were A (H =21 kA/m, 6 = 60 MPa), B (H =25 kA/m,
o = 60 MPa), and C (H = 25 kA/m, o = 73 MPa). It
was assumed that the loading paths before H = 20 kA/m,
o = 50 MPa were the same, and then there are three paths
selected toward to each final loading state. The three loading
conditions with three different paths are illustrated in Fig. 5,
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Fig. 5. Three loading paths towards to three different loading states.

At the loading state H = 20 kA/m, ¢ = 50 MPa, all paths
have the same magnetic domain configuration. But after this
loading state, the magnetic domain configuration strongly de-
pends on each loading path. Simulating the domain distribu-
tion under the loading magnetic fields and stresses, the 90°
domain rotation/jump trail in these nine paths can be modeled.
Table 2 shows the cases of whether the 90° magnetic domain
flipped during each loading path. Compared the calculated re-
sults of the nine paths in Table 2, it can be found that the load-
ing path and the value of magnetic field and stress have great
influence on the motion of 90° domains. Before the magnetic
field and stress increased to 20 kA/m and 50 MPa respectively,
the 90° domains rotated gradually. During the three paths (1,
2, 3) to A loading state, no 90° domain flipping happens. But
if the loading state is B, for the three loading paths (1, 2/,
37), the 90° magnetic domains can flip to the directions of 45°
domains. When it is C loading state, only the loading path
1" made the 90° magnetic domains flipping, which is because

as the compressive stress increased the domain flipping resis-
tance resulting from magnetoelastic energy increased. While
for the other loading paths 2" and 3”, the increased stress are
too big to make the 90° domains flip. From the analysis above,
it can be concluded that the loading paths, include loading se-
quence and magnitude of loading, have great effect on the do-
main motion trail.

Table 2. The results of 90° domain flipping along three types of loading
sequences.

Loading states
A (21 kA/m, 60 MPa)
B (25 kA/m, 60 MPa)
C (25 kA/m, 73 MPa)

Flipping of 90° domain
1,2,3NO
1',2',3" YES
1” YES, 2", 3" NO

The sensing and actuating behaviors of the FeGa alloy
corresponding to the two loading sequences in Fig. 1 are also
considered. For single crystal FeGa sample with 18 at.% Ga,
its Young’s module in the [110] direction is expected to be
150 GPa.!"3! Considering the elastic deformation of Fig. 2(a),
the stress—strain deformation curves under different magnetic
field can be simulated, as shown in Fig. 6(a). When the mag-
netic field is zero, during the first period of loading, the stress—
strain curves is not linear because of the contribution of mag-
netostriction caused by stress. After all the domain rotation
caused by stress reaches to saturated state, the strain deforma-
tion is only elastic deformation which is linear. In the case
of applying a magnetic field, at the beginning of loading com-
pressive stress, the deformation presents linear curves until the
stress increases to threshold value, marked by in Fig. 6. The
magnetoelastic energy can overcome the resistance of static
energy to make the domain rotate, and the deformation is
composed of magnetostriction and elastic deformation. As
the magnetic field increases, the larger compressive stress is
needed to make the domain rotate. When the domain rotation
caused by stress is saturated, the strain deformation is elastic
deformation. The bigger magnetic field applied is, the greater
the compressive stress value (marked by [J in Fig. 6) is needed
to make deformation back to linear. This simulation agrees
well with the results of the sensing characteristics of 18.4 at.%

11 which means that our

Ga at different bias magnetic fields,
simulation model and results are reliable.

Figure 6(b) is the simulated magnetostriction—magnetic
field curves under different pre-stresses chose from the results
of Fig. 2(b). It can be seen that if preloading was 12 MPa,
which was not enough to make all the magnetic domain turn
to 90° domain, later added magnetic field cannot gain largest
saturation magnetostriction value. When the preloading stress
was large enough, such as 30 MPa or bigger, the saturated
magnetostriction can reach up to the maximum value. It is
worth noting that as the pre-stress increases, both the criti-
cal magnetic fields for magnetostrictive elongation and mag-
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netostrictive saturation increase. The overall trend and char-
acteristic of Fig. 6(b) are in accordance with the experimental
results of Fe—Ga in Refs. [16] and [17]. Our calculation results
are partly consistent with the experimental results of single-
crystal FegyGa;g in Ref. [17] which gives the A-H curves at
0, 30, 60, and 80 MPa compressive stresses. Compared with
the strain under zero stress, the saturated magnetostrictions un-
der the other three stresses increase by about 130 ppm and the
saturated magnetic field increased to 6.4 kA/m, 13 kA/m, and
16 kA/m, respectively, which agree well with our simulated re-
sult. It should be noted that because the parameters chosen in
our calculation may not be very suitable for the material used
in literature, the saturation magnetostriction we get does not
fit the experiments well. As Yan mentioned,'8! some param-
eters used in calculation should be got from actual material to
get more accurate simulation result because of the properties
inconsistency of magnetostictive material. This let us know
that in the future simulation we should choose more suitable
parameters based on actual material.
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Fig. 6. (a) The simulated stress—strain curves at different pre-magnetic
field and (b) the magnetic field-magnetostriction curves at different pre-
stresses.

3.2. Unloading process

In a real application, the unloading process is inevitable
and must be considered. The effect of unloading path on mag-
netic domain motion has been studied by adding different un-
loading paths after loading to form a cycle loading loop, as
shown in Fig. 7. Four loading sequences have been consid-
ered, which are O—A-B—-A’-0, O-A’-B-A-0O, O—A-B-A-O,
and O-A’-B-A'-0.
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Fig. 7. Four loading and unloading sequences.

The final loading state B is chosen as H = 20 kA/m and
o = 120 MPa, then unloading to zero along the four sequences
in Fig. 7. Tracking down the magnetic domain motion trails
during unloading process, the results are illustrated in Fig. 8.
For the loops O-A-B-A’-O and O-A-B-A-O which have
the same loading sequence O-A-B, during the loading pro-
cess the two 45° magnetic domains along [-100] and [0-10]
directions and the 90° magnetic domains flip to the other two
45° magnetic domains directions as shown in Fig. 3(a). But
in the unloading processes B—A’-O and B-A-0O, all these do-
mains gradually rotate to the [100] and [010] directions with
no magnetic domains flipping. Although the two loading paths
have different unloading sequences, they have similar domain
motion trails. It can be inferred that the flipping of 90° mag-
netic domains is irreversible because they cannot flip back to
be 90° domains again along the two unloading paths.

For the other two loops O—A’-B—A-O and O-A’-B-A’—
O having the same loading sequence O—-A’-B, only the two
45° magnetic domains along [-100] and [0-10] directions flip
to other two 45° domains directions with gradual rotation of
90° domains during the loading process O—A’-B as illustrated
in Fig. 3(b). But in the following unloading sequences B—A—
O and B-A'-0, these two unloading sequences show different
domain motion trails. For O—A’-B—A-O, during the unload-
ing process, the two 90° domains can flip to the 45° magnetic
domains directions, while for O—A’-B—A’-O the 90° domains
just gradually rotate back along their motion trails of loading
process. It is worth noting that three sequences of the four, O—
A-B-A'-0, O-A-B-A-0, and O-A’-B—A-0, have the same
domain configuration when the stress and magnetic field were
removed at last, and that for the four loading loops their do-
main distributions after unloading are different from their orig-
inal domain distributions before loading. The domain motion
trails of the four sequences in Fig. 8 indicate that the loading
history and the unloading sequence have great effect on the
domain motion. During the piezomagnetic and magnetoelas-
tic processes, the motion of magnetic domains has hysteresis
and transition effects (i.e., domain flipping mentioned in this
paper), and the hysteresis effect of magnetization is always
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induced by the irreversible transitions of domain motion!!’!

which involves the energy loss. In this simulation, it is found
that the motion of magnetic domains being reversible or irre-
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(c) OABAO [001]

oo \\—40101
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versible is dependent on the loading and unloading sequence,
which means that the hysteresis behavior is related to the load-

ing method.
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Fig. 8. The domain rotation paths under the four unloading sequences.

There are more unloading paths based on the loading pro-
cess in Fig. 9 designed to study the effect of unloading paths
on domains motion. Figure 9 shows the eight unloading paths
with different magnetic field and stress offloading from two fi-
nal loading states. From the previous calculation, it has been
known that at the final loading point A (20 kA/m, 50 MPa)
the directions of 90° magnetic domains are still close to their
original directions with no flipping, while at the point of B
(25 kA/m, 60 MPa) the 90° magnetic domains have flipped to
the 45° domain directions. All the eight unloading paths are
simulated to get their magnetic domains distribution, which
are shown in Table 4. Compared the results of the four un-
loading paths after loading state A (20 kA/m, 50 MPa), it can
been seen that along the two unloading paths 1 and 2, 90° do-
mains flipping can happen, while for the other two unloading
paths all the domains only can rotate gradually, which means
that the unloading paths have great influence on the domains
movement. For the loading state of B (25 kA/m, 60 MPa) at
which the 90° domains have flipped to the directions of 45°
domains, the 90° magnetic domains cannot flip along all the
four unloading paths. What is more, many more unloading
magnetic field and stress groups have been modeled for this
loading state, but they all do not have 90° magnetic domains

flipping. That is to say, for the loading point B (25 kA/m,
60 MPa), there will be no 90° magnetic domains flipping to
happen no matter what the unloading magnetic field and stress

are.
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Fig. 9. Unloading paths from two points.

Table 3. The results of domain movement after unloading with different
magnetic fields and stresses.

Final loading state  Unloading path Domain movement
1 and 2
3 and 4

B (25 kA/m, 60 MPa) all

A (20 kA/m, 50 MPa) have 90° magnetic domains flipping
’ have no magnetic domains flipping

have no magnetic domains flipping
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4. Conclusion

The magnetostrictive behavior of Galfenol is loading path
dependent. It has been found that in certain loading state, dif-
ferent loading paths have the same magnetostrictive behavior,
while in some loading state they lead to distinct different be-
havior.

The energy surface change process and the domain mo-
tion trail both illustrate the reason of path dependent effect. It
is found that the path-dependent effect results from the com-
petitive effect of magnetoelastic energy and static magnetic
energy on domain motion.

The motion patterns (rotation/flipping) of 90° magnetic
domain are different along different loading path, leading to
different domain configurations at the same final applied field.
The domain distribution, loading path, and unloading path all
have great effect on the domain motion, especially on the flip-
ping of 90 * magnetic domains.

An extended model based on Jiles—Thoekle model and
Armstrong assumption is used to simulate the stress—strain
curves and magnetostriction curves under two extreme load-
ing sequences, and the simulation results agree well with the
experimental observations in literatures. However, the realistic
loading conditions are much more complex. This model may
then be used as a tool to predict the magnetostrictive behavior
under realistic loading condition.
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