
Chin. Phys. B Vol. 25, No. 10 (2016) 106201

Tensile properties and microstructure of 2024 aluminum alloy
subjected to the high magnetic field and external stress∗
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In order to explore the dependence of plasticity of metallic material on a high magnetic field, the effects of the different
magnetic induction intensities (𝐻 = 0 T, 0.5 T, 1 T, 3 T, and 5 T) and pulses number (N = 0, 10, 20, 30, 40, and 50) on
tensile strength (σb) and elongation (δ ) of 2024 aluminum alloy are investigated in the synchronous presences of a high
magnetic field and external stress. The results show that the magnetic field exerts apparent and positive effects on the tensile
properties of the alloy. Especially under the optimized condition of 𝐻∗ = 1 T and N∗ = 30, the σb and δ are 410 MPa and
17% that are enhanced by 9.3% and 30.8% respectively in comparison to those of the untreated sample. The synchronous
increases of tensile properties are attributed to the magneto-plasticity effect on a quantum scale. That is, the magnetic
field will accelerate the state conversion of radical pair generated between the dislocation and obstacles from singlet to
the triplet state. The bonding energy between them is meanwhile lowered and the moving flexibility of dislocations will
be enhanced. At 𝐻∗ = 1 T and N∗ = 30, the dislocation density is enhanced by 1.28 times. The relevant minimum
grain size is 266.1 nm, which is reduced by 35.2%. The grain refining is attributed to the dislocation accumulation and
subsequent dynamic recrystallization. The (211) and (220) peak intensities are weakened. It is deduced that together with
the recrystallization, the fine grains will transfer towards the slip plane and contribute to the slipping deformation.
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1. Introduction
The aluminum content in the Earth’s crust accounts for

about 8.3% of the total amount of the Earth’s crust, which is
only next to the oxygen and silicon element. In 1808, alumina
was first electrolyzed into aluminum in the laboratory. When it
joins other elements, the aluminum alloy will be synthesized.
Nowadays various kinds of aluminum alloys are widely used
in different fields. In all the available products the 2xxx and
7xxx series aluminum alloys have received more attention due
to their excellent comprehensive performances.[1] Among the
structural parts in the commercial aircraft, the usage of them
has reached more than 80%. Besides this, these aluminum
alloys are also widely utilized in the fields such as vehicle
transport, weapons, electronic packaging, and so on.[2] The
aluminum alloy of 2024 was invented in 1939, which exhibits
high strength and good machinability, known as the duralu-
min. Till now, the 2024 aluminum alloy has been widely used
in the aircraft structure such as (skin, frame, rib beam, frame,
etc.), rivets, missile components, truck wheels, screw com-
ponents and a variety of other structures. The proportion of
utilized 2024 alloy is increased year by year in all aluminum
alloys.[3] At present, the research of 2024 aluminum alloy fo-
cuses on a higher performance and lower cost. On the basis of
a new design concept of aircraft, the demand for the structural

part not only concentrates on the high strength but also supe-
rior plasticity and toughness, which has become an important
task for materials scientists to meet the rigid requirement.

In recent years, with the technological development of
physical fields, the electromagnetic fields have gradually been
introduced into the material processing to improve the perfor-
mance of metallic material.[4] Wang et al.[5] reported that the
Lorenz force generated by a strong magnetic field can signifi-
cantly inhibit convection in the melt, which affects the solidifi-
cation behavior and microstructure remarkably. In 2012, Rao
et al.[6] studied electrical and mechanical properties of a Cu–
Cr–Zr alloy aged under an imposed DC current and static mag-
netic field, and the results indicated that the conductivity and
micro hardness of the sample are significantly improved by
the imposed electric-magnetic field. Katsuyuki et al.[7] stud-
ied the effect of plastic deformation on magnetic fields around
fatigue crack tips of carbon tool steel (JIS,SKS93), and they
found that the magnetic fields around the crack tip change dur-
ing the crack growth, and also that the decrease in magnetic
field depends on plastic deformation size. During the electro-
magnetic processing of materials, the fabricating conditions
of materials would be affected obviously by an electromag-
netic field, which covers the significant advantages, such as
no change of the original ingredients, no pollution, no contact
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with the sample, shortening the reaction time, enhancing the
reaction efficiency, fining the grain size, etc. Among all the
magnetic fields, the high pulsed electromagnetic field exhib-
ited the force, heat and other peculiar effects on a quantum
scale, which provides an innovative and potential way to im-
prove the microstructure and strength, plasticity and toughness
of metallic material.[8] Nevertheless, the available literature
has rarely reported the influence of high pulsed magnetic field
on the properties of solid aluminum alloy.

In this work, the 2024 aluminum alloy is selected as the
research object. During the tensile test the high pulsed mag-
netic field is adopted to investigate its effect on the tensile
properties, especially on the plasticity. The aim is not only
to reveal the new effect of high magnetic field with differ-
ent processing parameters, but also to explore an efficient ap-
proach to improving the strength, plasticity and toughness of
conventional structural aluminum alloy. That is to say, on the
assumption that the magnetic field takes a positive effect, it
is expected to be introduced into the plastic deformation pro-
cesses of metallic materials by squeezing and rolling them to
enhance their productivities and mechanical properties.

2. Experimental procedures
2.1. Tensile experiment

The 2024 aluminum alloy subjected to squeezing, solu-
tion (510 ◦C ×40 min), aging treatment (120 ◦C ×24 h) was
selected as the objects, whose main components detected by
x-ray fluorescence spectrometer (XRF) are listed in Table 1.

Table 1. Major components of 2024 aluminum alloy (mass.%).

Element Al Cu Mg Mn Si Fe Zn Cr

Amount 94.97 3.04 0.553 0.515 0.381 0.275 0.162 0.0145

The magnetic field generator was mainly composed of
pulses generator, solenoid coil and fixed clamp, pulse num-
ber recorder and the test samples bearing platform. The mag-
netic pulse was achieved through the discharging switch of the
capacitor that was connected with the positive and negative
electrodes of the coil. When the switch was on, the gener-
ator released a large pulsed current to the working coil, and
then the pulsed magnetic field was produced in the chamber
surrounded by the coil. Meanwhile the sample placed in the
chamber would be subjected to the magnetic field treatment.

During the tensile test, the sample was exposed syn-
chronously to the tensile stress and magnetic field generator.
The main controlling parameters of the pulsed magnetic field
were magnetic induction intensity (𝐻) and pulse number (N).
Accordingly, the whole experiments were designed as two
parts: (i) one focused on the influences of magnetic induction
intensity on tensile property when the pulses number (N) was

fixed at 30 and at 𝐻 = 0 T, 0.5 T, 1 T, 3 T, 5 T. On the basis of
tested tensile properties, the suitable 𝐻∗ was optimized; (ii)
when 𝐻 =𝐻∗, the effects of pulse number were explored for
N = 10, 20, 30, 40, 50 so as to acquire the optimal parameter
of N∗. The total duration time of magnetic field was designed
to be 600 s, the controlled interval times were 60 s, 30 s, 20 s,
15 s, and 12 s which correspond to the relevant 10, 20, 30, 40,
50 pulses, respectively.

Figure 1 illustrated the sample position in the magnetic
field. In order to prevent the influence of strong force on the
clamp due to high magnetic field, the specially designed clamp
was different from the conventional ferromagnetic steel. They
were made of nonmagnetic stainless steel together with ex-
traordinary demand for the sample shape within the scope of
the national standard. The tensile test was performed at room
temperature. The 2024 aluminum alloy sample was fixed in
the middle of solenoid coil, the inner of which was Φ5 mm
and 50-mm height. The sample surface should be ensured to
be parallel to the direction of magnetic induction lines.

H

field coil

tensile sample

Fig. 1. Schematic diagram of sample position in the magnetic field.

The DWD-200 tensile machine was the main apparatus
to measure the tensile properties. During the tensile test, the
stretching rate was fixed at 1 mm/min. On this condition, it
would take about 750 s for the sample from the stretch begin-
ning to fracture.

The interval time ∆t between two adjacent pulses was
dependent on 𝐻 . That was to say, the higher the 𝐻 , the
longer the interval time would be. In fact, the interval time
was just the charging process of the capacitor. For example,
when 𝐻 = 1 T the average interval time is 60 s. Due to the
discharging time of magnetic pulses in the millisecond range,
the discharging time was often neglected when considering the
magnetic field treatment time.

The Thermo Fisher-XRF was utilized to detect the major
component of 2024 aluminum alloy. The X-350A type of x-
ray stress meter was used to obtain the values of full width at
half maximum (FWHM) so as to calculate the dislocation den-
sity. At this time the Ψ angle was 0◦ and the normal diffractive
crystal face was parallel to the normal sample surface. The
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metallography observation was performed on the DYJ-905 in-
verted metallography microscope to obtain the morphology,
size and distribution of precipitates in the alloy.

2.2. Theoretical calculation

In order to make clear the magnetic properties of main
precipitates θ (Al2Cu) in the alloy, the Materials Studio soft-
ware (MS) was used to calculate the integrated spin density
of state (DOS). At first, a three-dimensional (3D) structure
model of the target phase was established on the basis of the
first principle method. As for the first principles calculation, it
was developed on the basis of the theory of quantum mechan-
ics from the perspective of electronic structure evolution.[9]

During the calculation, the density functional was the main
theory to calculate the DOS of electrons so as to describe the
system energy. In the present paper, the CASTEP software
package,[10] based on the density functional theory, the lattice
structure and the magnetic properties of Al2Cu were calcu-
lated and discussed in detail, providing some theoretical basis
to explain the effect of the magnetic field, which is called the
magneto plasticity effect.

3. Results and discussion
3.1. Tensile properties

In the process of magnetic field treatment, the 𝐻 is one of
the two important parameters to influence the tensile strength
and elongation of 2024 aluminum alloy. From the experimen-
tal results of tensile properties at different values of 𝐻 , with
30 pulses fixed, the average tensile strength (σb) of 0.5 T, 1 T,
3 T, 5 T samples is 411 MPa, which is increased by 9.6% com-
pared with the 375 MPa of an untreated sample. The elonga-
tion is 13.9% (δ ) on average, which is enhanced by 6.9% in
comparison to the 13.0(δ ) of an untreated sample.

Figure 2 demonstrates the tensile properties at different
values of 𝐻 (0.5 T, 1 T, 3 T, 5 T). It reveals that the tensile
strength will increase with 𝐻 enhancement. But it is not the
case with the elongation tendency. When 𝐻 increases from
0→ 0.5 T→ 1 T, the elongation increases gradually with 𝐻

augment; while 𝐻 increases from 1 T→ 3 T→ 5 T, the elon-
gation exhibits a downtrend. In the range of 𝐻 ≤ 1 T, the
tensile strength and elongation of the alloy are improved syn-
chronously in the presence of the magnetic field. Especially at
𝐻 = 1 T, the tensile strength and elongation are 410 MPa and
17.0% (δ ), and the amplifications are 9.3% and 30.8% respec-
tively in comparison to the untreated sample. Therefore, it is
regarded that 1 T is an optimized magnetic induction intensity
as marked by 𝐻∗.

In Fig. 3 the variation tendencies of tensile strength and
elongation with the number of pulses increasing are presented.
Based on the available information in Fig. 3, the effect of

pulse number on the mechanical property can be summarized
as follows. All the tensile strength (σb) of the magnetic field
(MF) treated is enhanced in comparison to that of the untreated
sample. The average σb is 411 MPa, which is increased by
9.5% compared with that of the untreated sample. The aver-
age elongation is 15.3% (δ ) whose increment is 17.7%. In
the whole processing, the magnetic field is beneficial to the
synchronous increase of mechanical properties of alloys. Es-
pecially at N = 30, the elongation arrives at the 17% (δ ), am-
plified by 30.8%. Meanwhile the relevant tensile strength is
410 MPa that is 9.3% higher than that of the untreated sample.
Hence, in order to maximize the effect of magnetic field the
number of pulses, 30, is a suitable parameter and marked as
N∗.
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Fig. 2. (color online) Effects of 𝐻 on the tensile strength and elongation
of 2024 aluminum alloy.
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Fig. 3. (color online) Effects of N on the tensile strength and elongation
of 2024 aluminum alloy.

3.2. Action mechanism of magnetic field

From the above results we can conclude that the mag-
netic field has a great effect on the plasticity of alloy. Finding
the main reason for activating the dislocation mobility and im-
proving the plasticity of materials should be the first key issue
to elucidate the experimental phenomenon.

According to the Faraday law of electromagnetic induc-
tion, the metallic sample placed in the solenoid coil electrified
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by alternate current will induce an electric current. The elec-
trified sample will be forced by the magnetic field, which is
called the Lorentz force. The magnetic pressure 𝑃 (in unit:
MPa) imposed on the sample can be calculated from

𝑃 =
𝐻2

2µ0
, (1)

where µ0 is the vacuum magnetic permeability of 4π ×
10−7 H/m,[11,12] when 𝐻∗ = 1 T, the calculated 𝑃 is only
3.98 MPa, which is far less than the yield strength of conven-
tional aluminum alloy. Hence, the Lorentz force generated by
magnetic field is not enough to produce an extensive plastic
deformation in aluminum alloy. On the other hand, for 2024
aluminum alloy, as a paramagnetic material, the magnetiza-
tion force induced by the magnetic field is not yet reasonable
for the extensive plastic deformation.

In view of the possible heat increase of the sample due to
the pulsed magnetic field, the surface temperature of the sam-
ple was measured through hand touch and radiant thermome-
ter. The test results show that after 30-pulse treatment, the
surface temperature of the sample reaches about 30 ◦C∼40 ◦C
on average, which is far away from the aging temperature and
exhibits little influence on the microstructure and property of
the sample. In fact, if the sample temperature increases to
some extent, the elongation may therefore be enhanced, and
the tensile strength will surely be lowered down. From Fig. 3
it can be seen that all the tensile strengths of MF treated sam-
ples increase compared with that of the untreated one. Hence,
the possible effect of temperature increment due to magnetic
field can be overlooked. From the characteristic of apparatus,
the phenomenon is attributed to a low consuming power of the
specially designed pulsed magnetic generator and a short du-
ration of Joule heat induction.

The only reason to account for the phenomenon is de-
duced as the magneto plasticity effect (MPE).[13,14] The plas-
ticity of 2024 aluminum crystals containing a large number of
precipitates (acting as obstacles to the moving dislocations) is
controlled by the pinning and depinning of dislocations from
obstacles. The start of a dislocation motion is controlled by
its freeing from obstacles. This becomes reasonable under the
action of a strong enough mechanical stress. When the tensile
test is performed under magnetic field, the influence of mag-
netic field on the dislocation, namely, the MPE should be taken
into consideration.

In the nonmagnetic materials, such as 2024 aluminum al-
loy, there are a number of paramagnetic substances includ-
ing dislocations and precipitates. The dislocations exhibit the
paramagnetic property because of there being lots of electrons
in them. In the 2024 aluminum alloy, the main precipitate
is θ (Al2Cu), whose paramagnetic property is calculated and

demonstrated in the subsequent part. The magnitude of θ

phase often acts as an obstacle for dislocation movement. For
the paramagnetic dislocation or precipitates, in the absence of
a magnetic field both the electron spin and the atomic intrinsic
magnetic moment are in the disordered state; while in the pres-
ence of a high magnetic field their behaviors will be influenced
apparently. During the tensile test under a magnetic field,
when the active dislocations move close to the paramagnetic
obstacles, the free electrons will be stimulated between the
paramagnetic dislocations and obstacles, which contributes to
form radical pairs just as shown in Fig. 4. In view of the dif-
ferences in the spin combination of electron pairs, the radical
pairs can be divided into four states, i.e., S, T0, T+, and T−,
which are shown in Figs. 5(e) and 5(f).
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Fig. 4. (color online) Schematic diagram for free electron stimulation be-
tween the dislocation and obstacle.
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Fig. 5. (color online) Schematics of dislocation movement in the presence
of a magnetic field. Panel (a) shows surmounting the previous obstacle and
moving forward; panel (b) displays the motions close to the obstacles, in
the cases of L > L∗ (e) and L < L∗ (f), with L being the distance between
dislocation and obstacles, and L∗ the critical one; panel (c) refers to the
stay at the obstacles; panel (d) indicates the surmounting the obstacles and
moving forward.

In the absence of a magnetic field, the radical pair is at
the S state. For S state, the spin directions of electrons pair
are opposite and the spin magnetic moments will be counter-
acted. On this condition, the energy required for dislocation
to surmount obstacles is high.[15] The dislocation mobility de-
creases, therefore, elongation will be confined. When the sam-
ple is exposed to MF the spins of electron pairs will be influ-
enced by the magnetic field and transform to the T0, T+ or

106201-4



Chin. Phys. B Vol. 25, No. 10 (2016) 106201

T− states. For the dislocations with T structural state the de-
manded energy will be lowered. Hence, it is easier for dislo-
cations to move and surmount obstacles. At a macro level, for
magnetic field treated 2024 aluminum alloy, it will induce a
greater increase of elongation.

Figure 5 illustrates the schematic of dislocation move-
ment in one period in the presences of magnetic field and ex-
ternal stress. Here, the parallelogram plane represents the slid-
ing and the shadow refers to the region that has slid.

The whole process can be divided into four main steps as
Figs. 5(a)–5(d).

Figure 5(a) (Step 1) shows the initial state of dislocation.
Under the condition of external stress, the dislocation is free
from the obstacles and moves forward along the sliding direc-
tion indicated by the black arrow. The demanded characteristic
time is 10−3 s–10−8 s. The accurate time is determined by the
distance (L) between the moving dislocation and obstacles.

Step 2 is the most complicated one in the whole process,
which is displayed by Figs. 5(b), 5(e), and 5(f). During this
period, the dislocation approaches to the next obstacle. The re-
lationship between the dislocation and obstacle is determined
by L, which is relevant to the radical pair state. When the L is
larger than L∗ (about 10−9 m) that is the critical length to dis-
tinguish the state of radical pair, the moving dislocation will
pass through the S, T resonance area where the electron spin
directions are random (Fig. 5(e)). In the presence of magnetic
field, when the L is smaller than L∗, the free electrons will
be stimulated between the dislocation and obstacle (Fig. 5(b))
and two of them will generate a new radical pair. The time re-
quired to form a radical pair is 10−14 s∼10−6 s. The transitory
time implies that the free electron stimulation and radical pair
formation can be completed in the instantaneous time. The
corresponding energy change EM during the transition from
the S to the T0 state of the free radical pair can be calculated
from

EM =
1
2

∆gµBH, (2)

where ∆g is the difference in g factor between radical pair
states.[16]

Under the ∆g mechanism,[17] the radical pair lifetime
(τRP) and the escape radical yield (Y ) are influenced by an
external magnetic field. The τRP and Y values from a triplet
precursor should decrease with increasing magnetic field (𝐻)
because the T0–S spin conversion rate increases with increas-
ing 𝐻 . Excluding the very weak magnetic field (hundreds
Oe, 1 Oe = 79.5775 A·m−1) the inter-combination transition
is caused mainly by the difference in Zeeman frequency be-
tween electronic states forming the radical pair. That is to
say, the radical pairs were impelled to transform from S state
to T0 by an external magnetic field.[18] Further the magnetic

field will influence the electron spin and induce the atomic
rearrangement, which directly results in the spin lattice relax-
ation. On this condition the radical pair will transit from T0

to T+, T− state (Fig. 5(f)).[19] The characteristic time for the
atomic arrangement is in a range of 10−12 s–10−8 s. In view of
the energy difference, the S state of the radical pair implies a
higher bonding energy between dislocation and obstacle when
compared with an arbitrary state T0, or T+, or T−. There-
fore, a high coverage of radical pairs at the T state will con-
tribute to the enhancement of plasticity of material, which can
be achieved in the presence of a magnetic field. The exper-
imental phenomenon is referred to as MPE. Apparently, the
analysis and discussion about MPE is on a quantum scale.

As shown in Fig. 5(c) (Step 3), the dislocation is hindered
and stays at the obstacles. Though the radical pair is at the T
sate with lower bonding energy, the necessary impulsive en-
ergy is still needed. The possible energy resource comes from
the stress or, sometimes, heat energy. The relevant character-
istic time of this period ranges from 10−5 s to ∞. The symbol
of “∞” means that if there is not enough energy to stimulate
the dislocation movement, the dislocation will stay at the ob-
stacles for long.

In Fig. 5(d), when the critical demanded energy is ab-
sorbed, the dislocation will de-pin from the obstacle and move
forward. The required time is 10−5 s–10−10 s. Till now, one
period of dislocation movement is terminated.

Comparing the characteristic times of the four steps, it
can be concluded that the Step 2 including the electron stim-
ulation and atomic arrangement can end up in the momentary
time, which meanwhile, demonstrates the high efficiency of
magnetic field treatment. Nevertheless, Step 3, the stagnating
and waiting of dislocations at obstacle location, is the most
time-consuming period. It is regularly the rate-limiting step
when performing the tensile test.

The previous research reveals that when the obstacles
exhibit the paramagnetic properties, the MPE will perform
efficiently.[5] In the following the electronic structure and the
weak magnetic characteristic of the θ (Al2Cu) phase are cal-
culated and discussed. The cell structure of θ (Al2Cu) be-
longs to a C16 square one with 12 atoms (eight Al and four
Cu atoms). The lattice constants are a = 0.6067 nm and
b = 0.4877 nm.[20]

Figure 6 shows the integrated density of spin states (in-
tegrated spin DOS) for θ that is calculated by the Materials
Studio software.

At ground state the Fermi level is just the highest energy
state for electrons. So the total integrated spin density of state
of Al2Cu is below the ground state (Fig. 6(a)). When the in-
tegrated spin density of state from −∞ to the Fermi level, the
total integrated spin density of state can be acquired. As for
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the electronic spin momentum µ , it equals the product of to-
tal integrated spin density of state and 2µB (µB is the Bohr
magneton).[21] The calculated values of µ are listed in Table 2.

It demonstrates that the spin magnetic moment of Al2Cu does
not equal zero, so it is deduced as a paramagnetic property
preliminarily.
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Fig. 6. Integrated spin DOS of Al2Cu. (a) Total integrated spin DOS of Al2Cu; (b) integrated spin DOS of Al 3s, 3p; (c) integrated spin DOS of Cu 3s, 3p.

Table 2. Calculated values of magnetic moment (µ) of Al2Cu and relevant
atoms.

Magnetic moment µ (Al2Cu) µ (Al) µ (Cu)

Value −3.08×10−5 µB −2.28×10−6 µB 4.88×10−6 µB

Next the electron configuration of different covalent
bonds in Al2Cu should be analyzed in detail to further prove
its magnetic performance. As shown in Fig. 6, at the position
of Fermi level, the total spin direction of Al 3p (negative) is
opposite to that of Cu 3p (positive), while the total spin di-
rection of Al 3s orbit (negative) is identical to that of Cu 3s
(negative). The same spin direction means that there are elec-
trons with identical spin direction, namely, there exist unpaired
electrons. As said by the Pauli principle of incompatibility, the
minimum energy principle and the Hund rule, if there are un-
paired electrons in the molecular orbit, it can be inferred that
the molecule exhibits a paramagnetic property. Therefore, the
Al2Cu molecule is deduced as a paramagnetic phase.

Further, the calculated valence states of Al and Cu atoms
can be expressed by [Ne](3sf)

0.4707(3sc)
0.7648(3pc)

1.7648 and
[Ar](4sf)

1.0(4sc)
0.0(4pc)

2.2752(3dc)
2.2752(3dn)

5.4496 separately
where the subscripts “f ” , “c” and “n” denote the free, co-
valent, and nonbonding electrons separately.[22] For example,
the 3sf and 3sc are the free and covalent electron of 3s orbit.
The 3pc means the covalent electron of 3p orbit, and the 3dc

and 3dn are the covalent and nonbonding electrons of 3d orbit
respectively. The superscript indicates the relevant electron
number. In the Al2Cu molecular orbit due to the existence of
unpaired electrons, including free and nonbonding electrons
the paramagnetic properties of the Al2Cu phase can be con-
firmed.

3.3. Dislocation characteristic

The plasticity is connected closely with the dislo-
cation characteristics including its density, mobility and

distribution.[23] The Dunn formula shown in formula (3) re-
veals the relationship between dislocation density ρ and the
full width of half maximum (L) in the x-ray diffractomer
(XRD) pattern[24,25]

ρ =
L2

4.35×b2 , (3)

where b is the Burgers vector.[26] From formula (3) it can be
deduced that the dislocation density ρ is proportional to L2.

Figure 7 displays the relationship between L2 and 𝐻

(N∗ = 30). The variation tendency is similar to that of elonga-
tion (Fig. 2). The L values of the samples subjected to differ-
ent values of 𝐻 are 0.3320, 0.3562, 0.3762, 0.2794, 0.3556,
which correspond to the magnetic induction intensities 0 T,
0.5 T, 1 T, 3 T, and 5 T respectively. The values of relevant L2

are 0.1102, 0.1269, 0.1415, 0.0781, and 0.1265, correspond-
ing to 0 T, 0.5 T, 1 T, 3 T, and 5 T, respectively. The L2 at
𝐻∗ = 1 T is 1.28 times higher than that of the untreated sam-
ple.

Figure 8 shows the dependence of L2 on pulse number N
(𝐻∗ = 1 T). It can be ascertained that the tendency is similar
to that of elongation (Fig. 3). When N∗ = 30, the L2 is 1.28
times higher than that of the untreated sample.

The relationships between L2 and 𝐻 , N have similar ten-
dencies to those between the elongation and 𝐻 , N. The reg-
ularity is totally different from the conventional phenomenon
as work hardening, namely, the more amounts of plastic defor-
mation and dislocation density, the less elongation and plas-
ticity. On the basis of previous analysis, we can know that
in the presence of a magnetic field, the dislocation mobility
has been enhanced due to the magnetic plasticity effect. Un-
der the condition of 𝐻∗ = 1 T and N∗ = 30, the effect of a
high magnetic field arrives at an utmost state. Meanwhile, the
dislocation mobility and flexibility turn better, which are bene-
ficial to the dislocation proliferation and density increment.[27]
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At the optimized magnetic field parameter, the proliferous dis-
location will not be tangled and accumulated. Therefore, the
work hardening will not take any effect.
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Fig. 7. Dependence of L2 on the 𝐻 when N∗ = 30.
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Fig. 8. Dependence of L2 on N when 𝐻∗ = 1 T.

However, when the dislocation density increases to a cer-
tain amount (𝐻∗ = 1 T in Fig. 7 and N∗ = 30 in Fig. 8), large
numbers of dislocations may accumulate at the grain boundary
and destroy the moving flexibility of dislocations, accompa-
nied by the decrease of plasticity. It often induces the dynamic
recrystallization with the tensile test processing together with
the grain refinement and preferred orientation, which will be
explained later. This will consume the dislocation amount and
result in the decrease of dislocation density.

3.4. Grain size

The grain sizes of the sample acquired by the XRD test
are illustrated in Table 3.

Table 3. Grain sizes of samples subjected to different values of 𝐻
and N.

𝐻/T N d/nm

0 0 410.6
0.5 30 279.8 (↓31.9%)

1 (𝐻∗) 30 (N∗) 266.1 (↓35.2%)
3 30 444.0
5 30 273.8 (↓33.3%)
1 10 295.4 (↓28.1%)
1 20 333.8 (↓18.7%)

1 (𝐻∗) 30 (N∗) 266.1 (↓35.2%)
1 40 318.2 (↓22.5%)
1 50 309.8 (↓24.5%)

It can be seen that the grain size (d in nm) is influenced by
the magnetic field parameter. Especially under the condition
of 𝐻∗ = 1 T and N∗ = 30, the grain size acquires a minimum
value of 266.1 nm, which is reduced by 35.2% compared with
that of the untreated sample (410.6 nm).

It can be seen that the high pulsed magnetic field has
a strong effect on grain refinement. The fine grains exhibit
the fine grain strengthening and contribute to enhancing the
strength and the plasticity of material synchronously. It is an-
alyzed that the grain refinement is closely related to the evolu-
tion of dislocation density.

As shown in Figs. 7 and 8, under the condition of 𝐻∗ =

1 T and N∗ = 30, the dislocation density arrives at an utmost.
Some of them will accumulate and pile up at the grain bound-
ary. The subsequent dynamic recrystallization will contribute
to the grain refining that can be illustrated in Fig. 9. In the
synchronous presence of a high magnetic field and external
stress, the moving flexibility of dislocations will be enhanced
(Fig. 9(a)). When more and more dislocations accumulate at
the grain boundary, the stress concentration will take place at
the tip of the leading dislocation (Fig. 9(b)). On this condi-
tion, the dislocations with opposite sign will counteract each
other and form a dislocation network with low energy. The
sub-grain boundary will be generated subsequently. With the
dislocation moving further, the sub-grain boundary will con-
nect with the surrounding grain boundary or sub-grain bound-
ary, the result of which is the formation of fine sub-grains
(Fig. 9(c)).[28]

MF

v

(a) (b) (c)

Fig. 9. Schematic diagram of dynamic recrystallization in the tensile pro-
cess. (a) Dislocation accumulation at the grain boundary; (b) formation of
fine sub-grains; (c) the enlarged fine grains.

3.5. Texture

Figure 10 shows the XRD patterns of samples with dif-
ferent values of 𝐻 (N∗ = 30). As for the 𝐻∗ = 1 T sample,
when compared with the 𝐻 = 0 T one, the peak intensities of
(211) and (220) are weakened and (411) strengthened. It high-
lights that the magnetic field has changed the texture of alloy
towards the direction of plasticity improvement. At 𝐻 = 3 T
and 𝐻 = 5 T, the crystal orientations do not change appar-
ently at (211) and (220) except for a little increment of the
(411) peak. It is concluded that when 𝐻 is larger than 1 T, the
effect of magnetic field on the texture will become weak.
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Fig. 10. (color online) Dependences of XRD pattern on the 𝐻 when
N∗ = 30.
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Fig. 11. (color online) Dependences of XRD diagram on the N when
𝐻∗ = 1 T.

Figure 11 displays the XRD patterns at different N values
(𝐻∗ = 1 T). At N = 10, 20, 30, 40, the XRD configuration has
changed significantly in comparison with those of the N = 0
and N = 50 sample. Namely, the intensities of (211) and (220)
peaks are weakened while the (411) and (004) peaks strength-
ened obviously. The phenomenon demonstrates that in the
relevant magnetic field duration corresponding to the 10–40
pulse treatment, the crystal texture will be influenced appar-
ently; while at N = 50, the effect of magnetic field tends to be
at a statured state. That is to say, the texture of the N = 50
sample is similar to that of the N = 0 sample. The result is
identical to the variation tendency in Fig. 8.

Table 4 lists the peak intensities of (211) and (220) crys-
tal plane at different magnetic parameters. It can be seen that
under the condition of 𝐻∗ = 1 T and N∗ = 30, the peak in-
tensities of (211) and (220) crystal planes are lower than those
values under other magnetic parameters. It can be deduced that
when the textures of (211) and (220) crystal planes are weak-
ened, the elongation or plasticity will be much increased. The
weakened texture contributes to the slipping of basal faces,
and then the enhancing of plasticity.

Table 4. Peak intensities of (211) and (220) crystal plane with different
values of 𝐻 and N.

𝐻/T N (211) plane (220) plane

0 0 715 73
0.5 30 (N∗) 4417 55

1 (𝐻∗) 30 (N∗) 183 35
3 30 (N∗) 284 59
5 30 (N∗) 504 49

1 (𝐻∗) 10 268 50
1 (𝐻∗) 20 246 52
1 (𝐻∗) 30 (N∗) 183 35
1 (𝐻∗) 40 324 50
1 (𝐻∗) 50 1585 34

The orientation effect of the magnetic field should be re-
sponsible for the texture weakening. As shown in Fig. 9, dur-
ing the grain refinement, the orientation of newborn fine grains
will rotate about the magnetic field. It is deduced that in the al-
loy with magnetic anisotropy characteristic, the magnetic sus-
ceptibility along the glide planes is higher than those in other
planes. Therefore, when the tensile sample is exposed to the
magnetic field, the texture along the non-glide plane, such as
(211) and (200) will be weakened while that along the glide
plane will be strengthened. Figure 12 illustrates the XRD pat-
tern and the orientation schematics of crystal grains without
and with MF.
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Fig. 12. (color online) XRD pattern and the orientations of crystal grains without and with magnetic field (MF). (a) XRD without MF; (b) the preferred
orientation of (211) cardinal plane; (c) XRD with 𝐻∗ = 1 T MF; (d) crystal axis rotation in 1 T tensile sample.
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4. Conclusions
The high magnetic field has an apparent effect on the ten-

sile properties of 2024 alloy in the presences of both magnetic
field and external stress. At 𝐻∗ = 1 T and N∗ = 30, the ten-
sile strength and elongation are increased synchronously by
9.3% and 30.8% in comparison to the untreated sample, re-
spectively. The action mechanism of the magnetic field does
not lie in the Lorentz force, nor magnetization force nor tem-
perature, but the MPE. The magnetic field will accelerate the
state conversion of a radical pair generated between the dis-
location and precipitates (obstacles) from singlet to the triplet
state, and the bonding energy between dislocation and obstacle
will be lowered down. The moving flexibility of dislocations
will be enhanced. On the basis of first principle, the mag-
netic property of main precipitate θ (Al2Cu) is ascertained as
paramagnetic, which is beneficial to the MPE exertion. At
𝐻∗ = 1 T and N∗ = 30, when compared with that in the un-
treated sample, the dislocation density is enhanced by 1.28
times. The relevant minimum grain size is 266.1 nm, which
is reduced by 35.2%. The grain refining is attributed to the
dislocation accumulation and subsequent dynamic recrystal-
lization. From the XRD pattern it can be seen that the (211)
and (220) peak intensities are weakened. It is deduced that to-
gether with the recrystallization, the fined grains will transfer
towards the slip plane and contribute to the slipping deforma-
tion.
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