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The tensile tests of TC4 alloy are carried on electronic universal testing machine in the synchronous presence of
high pulsed magnetic field (HPMF) parallel to the axial direction. The effects of magnetic induction intensity (B = 0,
1 T,3T, and 5 T) on elongation (8) of TC4 alloy are investigated. At 3 T, the elongation arrives at a maximum value of
12.41%, which is enhanced by 23.98% in comparison with that of initial sample. The elongation curve shows that 3 T is
a critical point. With B increasing, the volume fraction of o phase is enhanced from 49.7% to 55.9%, which demonstrates
that the HPMF can induce the phase transformation from 8 phase to a phase. Furthermore, the magnetic field not only
promotes the orientation preference of crystal plane along the slipping direction, but also has the effect on increasing the
dislocation density. The dislocation density increases with the enhancement of magnetic induction intensity and the 3-T
parameter is ascertained as a turning point from increase to decrease tendency. When B is larger than 3 T, the dislocation
density decreases with the enhancement of B. The influence of magnetic field is analyzed on the basis of magneto-plasticity
effect. The high magnetic field will enhance the dislocation strain energy and promote the state conversion of radical pair
generated between the dislocation and obstacles from singlet into triplet state, in which is analyzed the phenomenon that the
dislocation density is at an utmost with B = 3 T. Finally, the inevitability of optimized 3-T parameter is further discussed

on a quantum scale.
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1. Introduction

Since the 1950s, as a kind of important structural ma-
terial, the titanium alloy has attracted the attention of scien-
tists. The titanium alloy exhibits a series of excellent proper-
ties such as low density, high specific strength, advanced cor-
rosion resistance, etc. Till now, they are widely utilized in the
aerospace and aviation industries, such as the structural beams
of aircraft, joints, hydraulic pipes, fasteners, fan blades, com-
pressor blades, wing structure, etc.!! TC4 alloy with o 4 8
structural characteristic and medium strength, together with
excellent formability and walkability, is the most popular, and
hence called “universal alloy”. Nowadays, the development of
TC4 alloy moves towards the higher performance and lower
cost. Nevertheless, there are several restrictive problems re-
stricting its further development, such as large deformation re-
sistance, poor plasticity, high ratio of yield strength and ulti-
mate strength.[?) Therefore, improving the plasticity and de-
forming capability has gradually become serious and urgent.

Over the past twenty years, more and more physical tech-
niques have been introduced into the fields of material fabrica-
tion and processing. The diverse physical approaches includ-
ing electric,®! electromagnetic,!*! ultrasound?®! microwave
techniques!®! have been utilized because of their special phe-
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nomena such as force, heat and quantum effects besides the
characteristic of free-pollution. They have provided some cre-
ative approaches to improving the microstructure and prop-
erties of materials.[”! Compared with the other approaches,
the high pulsed magnetic field (HPMF) technique exhibits the
characteristic of low cost and high efficiency. As a result,
HPMF is utilized in current experiment to process the solid
TC4 alloy so as to improve the mechanical properties, espe-
cially the elongation.

In previous research work, the TC4 alloy was exposed to
the high pulsed magnetic field with different values of B and
N (pulses number) then its main mechanical properties were
tested.!®] The experiments demonstrated that the magnetic
field can increase the strength and toughness of titanium alloy.
Based on magneto-plasticity effect, the current experiment is
conducted in the synchronous presence of HPMF and exter-
nal stress so as to test the coupled effects of them on the me-
chanical properties (especially the plasticity). The magnetic
field parameters were optimized and the action mechanism of
magnetic field was analyzed in detail. The present work aims
to explore an efficient approach to improving the plasticity of
titanium alloy with the double advantages of lower cost and
higher efficiency.
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2. Experiment

The target material is selected as the hot rolled TC4 tita-
nium alloy sheet (6.2%Al-4.1%V-2.3%Zr, wt%). Being dif-
ferent from the normal of tensile test without extra stress, the
sample was exposed synchronously to the tensile stress and
magnetic field generator and the sample should be ensured to
be parallel to the direction of magnetic induction lines.[”! The
testing machine is DNS10 electronic universal one with 10-
kN maximum loading force. In order to prevent the force of
HPMEF, the diamagnetic clamp was commly made of carbon
steel and the tailor-made calmp in the experiment was made
of non-magnetic stainless steel. The tensile sample was pre-
cisely cut into a given size by precise wire-cutting technology
according to Fig. 1. Before tensile test, the sample was initally
annealed at 120 °C for 2 h in YFX7 / 12Q-GCd heat treatment
furnace so as to relieve the machining stress.

The magnetic field generator was mainly composed of
TSK-H2060 magnetizing apparatus and solenoid coil. The
voltage and the electric current were adjustable at 0 kV-2 kV
and 0 A-20 A separately. By changing the voltage value, the
different values of magnetic induction intensity (B) of mag-
netic field could be obtained. The generator worked through
the switch of capacitor charging and discharging, which di-
rectly connected with the magnetic coils. When the switch was
on, the magnetic coils received the pulsed current and gener-
ated a high magnetic field.

The sample was cut at 10 mm far from the fracture surface
to observe the microstructure and the grain orientation, which
was perpendicular to the direction of magnetic induction line
The X-350A x-ray stress analyzer was used to measure the pa-
rameter of full width of half maxmium (FWHM) of the frac-
tured specimen in order to calculate the dislocation density.
The sample should be grinded, polished, etched to satisfy the
metallographic desirement. The sample was etched by 5-ml
HF + 10-ml HNO3 + 85-ml H,O corrosive liquid for about 10 s
then cleaned by alcohol and dried so as to observe the struc-
ture morphology by XJG-05 microscope and then measure the
volume fraction of ¢ phase by M438-110624 Metallographic
analysis software. Each sample was measured at 10 positions
along a straight line with a separation distance of Imm and the
measurement error should be less than 1%.

In the presence of high pulsed magnetic field, the conver-
sion of electron spin direction has a significant effect on the
property of titanium alloy. In the following deduction, on the
basis of density functional theory.!!%!!] the Materials Studio
software (MS) was used to calculate the integrated density of
states (DOS) of « titanium crystal so as to obtain the spin po-
larization direction of the atoms, and then analyze the effect of

magnetic field on the elastic modulus.
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Fig. 1. Schematic diagram of tensile specimen (in unit mm).

3. Results and discussion
3.1. Tensile properties

Figure 2 shows the tensile properties of TC4 with differ-
ent values of B (0, 1 T, 3 T and 5 T). Figure 2(a) shows the
tensile stress—strain curve with different B values.
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Fig. 2. (color online) Effects of B value on the tensile property of TC4
titanium alloy (N = 30), showing (a) stress—strain curve versus B and
(b) elongation versus B.

Figure 2(b) shows the dependence of elongation (§) on B
when the number of pulses is fixed at 30. The average elon-
gation of 1 T, 3 T, 5 T samples is 11.03% (&), which is en-
hanced by 10.18% compared with the 10.01% (6) of initial
sample. The maximum value of d is 12.41% when B=3 T
(marked as B*), which is enhanced by 23.98% in comparison
to the 10.01% (&) of untreated sample. The curve tendency
reveals that 3 T is a critical value. When B is less than 3 T
the elongation increases gradually with B augment (0 — 1 T
and 1 T—3 T); while B is larger than 3 T the elongation ex-
hibits downtrend (3 T—5 T). It highlights that the elongation
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of TC4 alloy is improved synchronously in the presence of the
magnetic field.

Figure 3 shows the dependence of elastic modulus (E) on
values of B (0, 1 T, 3 T, and 5 T) when N = 30. The rele-
vant Evalues are 108 GPa, 105 GPa, 104 GPa, and 107 GPa.
The values of elastic modulus (E) of all the magnetic field
(MF) treated samples decrease by 2.5% in comparison with
that of the untreated sample. At B =3 T, the E of TC4 tita-
nium alloy arrives at a minimum value which is lowered by
3.7% compared with that of the untreated sample. The data
reveal that the magnetic field can reduce the elastic modulus.
As is well know, the elastic modulus implies the atomic space
on a micro scale. In common sense, a smaller elastic modulus

corresponds to a reduced atomic distance.
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Fig. 3. Elastic moduli of TC4 titanium alloy with different magnetic
induction intensities (B=0, 1 T,3 T, and 5 T).
The effects of external stress and magnetic field on TC4

alloy change not only the microstructure, but also the lattice
constant, which causes the distortion, resulting in the change

of atomic bond and strength, which makes the elastic recovery
of the crystal material decrease

As for the magnetic properties of TC4 Titanium alloy, it
is paramagnetic. On a quantum scale, the magnetic properties
of material are determined by the comprehensive influences of
nuclear magnetic moment, magnetic moment of the electron
orbits and electron spin.

The magnetic moment of the nucleus is smaller than the
electron magnetic moment, the electron orbital magnetic mo-
ment and magnetic moment of the electron spin in the opposite
direction. By the virtual simulation, the atomic spin polariza-
tions of & and B titanium crystals are studied. On the basis
of the calculated integrated DOS the spin polarization direc-
tion of the atom can be determined. Due to the periodic ar-
rangement of atoms, part of them are selected to represent the
atomic configuration. Figure 4 shows an ideal array of titanic

atoms.
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Fig. 4. Atomic arrangement and numbering in defect-free ¢ titanium crys-
tal: (a) the front view; and (b) the right view.

Figure 5 shows the integrated densities of spin states of
Nos. 1-16 atoms in Fig. 4.
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Fig. 5. Integrated DOSs of spin states of Nos. 1-16 atoms in defect-free « titanium crystal.

046201-3




Chin. Phys. B Vol. 26, No. 4 (2017) 046201

As can be seen from Fig. 5, the integrated densities of
spin states of Nos. 1-16 below Fermi level (E < 0 eV) are al-
most zero. Under the condition of ground state (7' = 0 K),
the highest energy level of extra-nuclear atomic arrangement
is the Fermi level, so the spin magnetic moments of these
atoms are almost zero. On the contrary, the spin magnetic mo-
ments above the Fermi level change dramatically. In the case
of non-ground state (T > 0 K), the electrons will absorb heat
energy and be excited to a new level higher than the Fermi
level (E > 0 eV). Hence, the electrons with original paired
state tend to become a single electron. When exposed to a
high magnetic field, in comparison with the paired electrons,
these single electrons are much prone to be spin polarized.

Due to the use of material condition for the non-state
ground state, it is also important to study the electronic struc-
tures above the Fermi level. Based on the spin-polarized inte-
grated DOSs of Nos. 1-16 atoms in a range of 0 eV=2 eV, it can
be found that the directions of spin polarization for any two
adjacent atomic layers are opposite. Specifically, for Nos. 1-4
atoms and Nos. 9-12, the spin polarization directions are all
positive; while those of Nos. 5-8 and Nos. 13—16 are all nega-
tive. For all the sixteen atoms, the integrations are preceded to
2 eV. Based on the calculated results in Fig. 5, the spin direc-
tion is confirmed and gathered to analyze the direction of spin
polarization as shown by Fig. 6.
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Fig. 6. Schematic diagram of spin polarization directions in defect-free a
titanium crystal at non-ground state.

As can be seen from Fig. 6, in the ground state of « tita-
nium ideal crystal, the spin polarizations of vertically adjacent
two layers of atoms are in the opposite directions Under mag-
netic field condition, this phenomenon will lead to a repulsive
force between adjacent atoms in the upper and lower layers,
reducing the attractiveness of atomic layer.

During the tensile test under magnetic field, there are
amounts of paramagnetic substances including dislocations
and precipitates. They have the paramagnetic properties. Dis-
location core region surrounding atoms under the condition of
magnetic field shows stronger repulsion. TC4 titanium alloy is
typical of o and B phase titanium alloy, including the elastic
modulus of the lowest B titanium alloy, which is closer to the

elastic modulus of human skeleton.!'?] Under magnetic field
condition, the spins of adjacent atomic layers are in the op-
posite directions, showing the performance of repulsion. The
inter-atomic forces of ¢ titanium crystal can reduce the elas-
tic modulus of the material. The effect of magnetic field of
B titanium crystal is the same as that of ¢ titanium crystal.
Therefore that stretching under pulsed magnetic field reduces
the elastic modulus TC4 titanium alloy improves the biome-
chanical compatibility of metal materials, which is of great
significance for developing the medical metal materials.

3.2. Microstructure

Figure 7 shows the metallurgical microstructures of TC4
alloy at the tensile fracture subjected to different pulsed mag-
netic fields. The light area corresponds to & phase, while the
dark one corresponds to 8 phase. Figures 7(a)-7(d) corre-
spond to the microstructures of the sample at B=0T, 1 T,
3 T, and 5 T, showing that with the gradual enhancement of
magnetic induction intensity, the volume fractions of o phase
in TC4 alloy are 49.7%, 53.5%, 55.9%, and 50.5% respec-
tively. It can be seen that the amount of ¢ phase is increased
with the B enhancement. Figure 8 shows the volume fraction
of o phase in TC4 titanium alloy varying with magnetic in-
duction intensity increasing. The curve tendency shows that
the 3 T is a critical value. The volume fraction of o phase
in TC4 alloy shows the trend of increasing first and then re-
ducing with the enhancement of magnetic induction intensity
(0—3 T and 3 T—5 T). Therefore, it can be deduced that the
high pulsed magnetic field acts as an incentive to promote the
phase transformation from 8 phase to & phase. At B=3 T, the
volume fraction of o phase is increased by 12.5% over that of
OT sample. This phenomenon indicates that the magnetic field
induced P matrix generates strip secondary o phase. Since

Fig. 7. Microstructures of TC4 titanium alloy with different B values: (a)
B=0T,(b))B=1T,(c)B=3T,and(d)B=5T.
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these secondary phases are independent, unrelated organiza-
tion, the slip resistance is reduced and the shaping titanium
alloy is improved.
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Fig. 8. Volume fraction of & phase varying with B increasing.

3.3. Texture

Figure 9 illustrates the XRD patterns of samples with dif-
ferent values of B (N = 30), showing that o« and 8 phases
are still the main components in the TC4 titanium alloy,
but the heights and the widths of the diffraction peaks are
changed significantly. Because of the diffraction peak inten-
sity, the 20 values of 35°-36°, 40°—41°, and 63°-64° are
mainly taken into consideration, which are corresponding to
the (100), (101), and (110) crystal plane respectively. In the
cases of 0 T/3 T, the three-peak intensities are 96.58/162.68,
243.10/366.46, and 137.31/314.03 respectively. Thus, the
three-peak intensities of titanium alloys are much higher than
that of the initial sample when B =3 T.
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Fig. 9. (color online) XRD patterns of samples subjected to different
values of B.

Particles in titanium alloys have the magnetic anisotropic
property, and whose magnetic anisotropic energy is bigger
than the thermal energy. When the alloy is exposed to the ten-
sile stress and magnetic field synchronously, the particle with
different crystal paralleling to the axial magnetic field has the
magnetic anisotropy and different magnetization energy. The

steering axis will rotate and parallel to the stretching direction
because of different magnetization energies, which results in
the deformation texture. Due to the influence of the texture mi-
crostructure, the mechanical property of the material demon-
strates a strong anisotropy. Therefore, the elongation of the al-
loy is seriously affected. Figure 10 illustrates the orientations
of crystal grains without and with the high pulsed magnetic
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Fig. 10. Orientations of crystal grains without and with HPMF.

3.4. Dislocation characteristic

According to Dunn formula,[!3-14]
L2
T 138w 12 1
P i35xp M

where is the dislocation density; L is the full width at half
maximum (FWHM) in XRD test; b is the Burgers vector. It
can be obviously deduced that is proportional to L?>. There-
fore, the dislocation density in the sample can be character-
ized by the FWHM value. The L values of samples are 0.3528,
0.3728, 0.3975, and 0.3528 and the relevant values of L? are
0.1245, 0.1390, 0.1580, and 0.1521 respectively, which are
corresponding to the magnetic induction intensities 0 T, 1 T,
3 T, and 5 T respectively. When B = 3 T, the dislocation den-
sity reaches a maximum value, which is 26.91 times higher
than that of O-T sample. Figure 11 shows the dependence
of L? on B. With B increasing, the dislocation density in-
creases rapidly first (0—1 T—3 T) and then decreases slowly
(3 T—5T). It is similar to the elongation variation indicated

in Fig. 2.
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Fig. 11. Dependence of L? on B.
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The main incentive to induce the dislocation multiplica-
tion is the principle issue to explain the effect of magnetic
field. As analyzed by previous literature,[!! the reasons do not
lie in the Lorentz or the magnetizing forces. In this work, the
effect of the magnetic field on the dislocation multiplication
will be analyzed from the angle of the dislocation strain en-
ergy and the magneto-plasticity effect.

In the surrounding areas of dislocations, the crystal will
distort to some extent and store a large amount of energy that
is called the dislocation strain energy. Assuming that the crys-
tal is a uniform continuous medium without internal clearance,
the dislocation strain energy E,, can be expressed as!!>!
:Gibzlnr—l(l—w:osze), )

47'[(] — V) 1o

where G is the Lame constant, v is the Poisson ratio, r; and

En

ro are the inner and outer radius of the dislocation lines, 0 de-
notes the angle between Burgers vector b and dislocation line.
Only in the presence of stress, will the Ey,, be proportional to
the b2 and r;. When only stress exists, the dislocation of strain
energy is proportional to the 5*> and r;. While in the pres-
ence of magnetic field, the dislocation core containing param-
agnetic centers will be magnetized, resulting in the generation
of magnetic stress. The relevant dislocation strain energy Ey

can be further expressed as!!®!

_ bHohoro

En= (m=D-2v)Cu-DinZ, ()

8(1—v) 0
where Hj represents the magnetic intensity of the external
magnetic field, #y means the magnetic intensity due to the
magnetic magnetization of dislocations, and u is the displace-
ment vector.

In the case that the external stress and magnetic field exist
spontaneously, the integrated dislocation strain energy E can
be expressed as

E=E,+Eqg
b [bG )
-7 |Za- 0
20—v) | 7 I veos o)
Hohory

+

(u—UU—2WQu—Uln%- @)

It can be deduced that the dislocation strain energy will
be increased in the presence of magnetic field. However, the
increased energy will not be consumed in the form of heat
within the crystal.[!7] It results in two changes: on one hand, it
strengthens the interactions among the existed dislocations; on
the other hand, it promotes the de-pinning process of disloca-
tions from pinning center, which is attributed to the enhance-
ment of dislocation.

It is further analyzed that the magneto-plasticity that is
the effect of high magnetic field can be explained qualitatively

and quantitatively. The kernel lies in the fact that the increase

of elongation and plasticity are closely linked with the dislo-
cation structural state.
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Fig. 12. (color online) Schematic diagram for free electron stimulation be-
tween the dislocation and obstacles.

In the nonmagnetic materials, such as TC4 titanium alloy,
there are amounts of paramagnetic substances including dislo-
cations and precipitates. The dislocations exhibit the param-
agnetic property because of the lots of electrons in them. In
TC4 alloy, the main precipitates are of @ and  phases that
are composed of Al and Ti intermetallic compounds, which
are typical paramagnetic phases that often act as obstacles for
dislocation movement. For the paramagnetic dislocation or
precipitates in the absence of magnetic field, both the electron
spin and the atomic intrinsic magnetic moment are in the disor-
dered state; while in the presence of high magnetic field, their
behavior will be influenced apparently. During the tensile test
under magnetic field, when the active dislocations move close
to the paramagnetic obstacles, the free electrons will be stimu-
lated between paramagnetic dislocations and obstacles, which
contributes to the formation of radical pairs just as shown in
Fig. 12. In view of the differences in the spin combination of
electron pairs, the radical pairs are divided into four states, i.e.,
S, Ty, T4, and T_,8] which are shown in Fig. 13.

In the absence of magnetic field, the radical pair is at
S state. For the S state, the spin directions of electron pair
are opposite. The spin magnetic moment will be counter-
acted. On this condition, the demanded energy for disloca-
tion to surmount obstacle is high.!'’! The dislocation mobility
and, therefore, elongation will be confined. When the sam-
ple is exposed to PHME, the electron pairs spin will be influ-
enced by the magnetic field and then turn into the Tg, T+ or
T_ states. For the dislocations with T structural state, the de-
manded energy will be lowered. Hence, it is easier for disloca-
tions to move and surmount obstacle, which is just the essence
of magneto-plasticity effect. The theory explains the plastic-
ity enhancement of alloy subjected to both the PHMF and the
tensile stress.

Magnetic field provides part of the energy for the dis-
location to multiply and move, which leads to the increase
of dislocation density, but the dislocation does not continue
to increase with the magnetic induction intensity increasing.
The dislocation pile-up effect suppresses the Frank—Read dis-
location source and dislocations of multiplication.?” This ex-
plains the trend that the dislocation density first increases and

then decreases with the magnetic induction density increasing.
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Fig. 13. (color online) Four states of radical pairs.

The density of radical pairs, D is determined by the den-
sity matrix
.0D
i—
ot

where the | | and i mean the matrix and its vector unit, ¢ is the

1 .D
:z|HavD|_177 (5)

movement time of dislocation # is the Planck constant And
H, is the Hamiltonian function. For radical pair, the relevant
energy variation Ey from S to T state can be expressed as!?!]

where Ag means the g factor difference for radical pair state,
which is often adopted to be 1073.12%]

There are totally four kinds of irrelevant radical pair states
between dislocation and obstacles, so the initial condition of
density matrix can be assumed as follows:

Ds(0) = D1of0) = Dr. (0) =Dr_(0)= 3. (D

The dislocation will move when being driven by the un-
ordered field of internal stress. The time function can ran-
domly distributed when it passes through the S, T resonance
region. According to the Possion time distribution, in the pres-
ence of H magnetic field, the average amount at S state, that is

Ds(H), can be expressed as

1 o0
D)=+ [“Dsexp (fo>dr, ®)

where ¢ is the average time for radical pair to pass through S,
T resonance region. It is analyzed that Dg(H) is the Laplace

transition of Ds(f) whose expression in liner style is

T T H?
1 <1+t1> <Ht2)+m
Ds(H) = - 0 0 m

T4 T T to \ H’
I+—=)(1+= I+— | =
<+f0)(+f0)+<+2Tl H2

where T and 75 represent the spin relaxation times along lon-

9

gitudinal and tangential direction. As for the spin lattice relax-
ation in metallic material, the 77 and 7, are often adopted to be
2.4 x 1077 5.131 Furtherly, the critical magnetic field intensity
H,, is calculated from

h
H,

=, (10)
Agup/T1 - 1o

when 1 =6.63 x 10734 J.s, Ag =~ 1073, ug = 9.27 x 10724 J/T,
and T} = T5 ~ 2.4 x 1079 s are substituted into Eq. (10), the Hp,
is calculated to be 2.4 x 10® A/m corresponding to B* =3 T ac-
cording to the relationship of B = uH (u is the magnetic sus-
ceptibility of TC4 alloy, whose magnitude is 1.26 x 10° H/m).
The 3 T, a a critical value, has been ascertained through the-
oretical approach, which matches with the experimental phe-

nomenon.

4. Conclusions

When TC4 alloy is investigated in the case that a high
magnetic field and external stress exist synchronously, it is
found that B parameter can influence the elongation of alloy
positively and apparently. At a specific parameter of B=3 T
(N = 30), the elongation is increased by 23.98% individually
compared with that of the initial sample. When the magnetic
induction intensity is modified as B=0T, 1 T,3 T,and 5 T
with constant 30 pulses, the volume fractions of ¢ phase in the
alloy are 49.7%, 53.5%, 55.9%, and 50.5%, respectively. The
magnetic field can promote the phase transformation from f
to o phase. Meanwhile, the dislocation density is increased.
When B is less than 3 T, the dislocation density increases with
B increasing (0—1 T and 1 T—3 T); while B is larger than
3 T, the dislocation density lowers down with B increasing
(3 T—5 T). Besides, the B* = 3 T is the critical point when
the B takes effect individually. The magneto-plasticity effect
accounts for the experimental results, whose essence lies in the
fact that the high magnetic field can influence the spin state of
free electron, so the state of radical pair changes from S to T.
The transition is beneficial to improving the dislocation struc-

ture state and increasing the dislocation mobility.
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