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Abstract 

An external electric or magnetic field can transfer high-intensity energy directly to the electronic scale of materials, 
and change the spin, energy level arrangement and trajectory of electrons. These changes produce tremendous 
and profound impacts on the microstructure and mechanical properties of metal materials, which may be impos-
sible with traditional technologies. This paper reviews the effects of electric or magnetic field on the microstruc-
tures of solid metals including phase transformation, precipitation, recrystallization, dislocations and so on. Based 
on the existing research results, the mechanisms of these effects have been discussed. Additionally, some typical 
applications of electric and magnetic treatments on solid metals have been described and the challenges in this field 
have also been discussed.
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1 Introduction
Metal materials are widely used in aerospace, automo-
bile, ships, high-speed railways and other industries due 
to their excellent mechanical properties. The service 
performance and life of products usually depend on the 
properties of materials, thus always attracting exten-
sive attentions of material scientists [1, 2]. As the most 
popular method to improve the mechanical properties of 
metal materials, heat treatment, however, remain a series 
of drawbacks [3, 4], such as time and energy-consuming, 
oxidation of products, and large deformation. Therefore, 
it is of greatly practical significance to explore a stable, 
efficient and environment-friendly method to enhance 
the material properties.

In recent decades, many studies have shown that 
electromagnetic treatment can improve the mechani-
cal properties of metal materials. According to the form 
of external applied energy, electromagnetic treatment 
can be divided into electric field or current treatment 
(ET), magnetic field treatment (MT) and the combina-
tion treatment of electric and magnetic fields (ET&MT). 
These external fields can exert Coulomb force on a 
charged particle or Lorentz force on a moving charged 
particle to affect their migration or diffusion.

In 1963, Troitskii and Likhtman [5] reported that the 
elongation of Zinc single crystals was increased sig-
nificantly by loading current under uniaxial tension 
condition. Zagoruiko [6] discovered that alternating 
magnetic field can affect the plasticity of NaCl crystals 
in 1965. Subsequently, a considerable amount of efforts 
have been made to investigate the effect of electric and 
magnetic fields on the plasticity of metal materials [7–
11]. As is well known, the plasticity of nearly all metal 
materials in electric and magnetic fields is changed to 
some extent, which is so-called “electro-plasticity” or 
“magneto-plasticity” [12]. In addition, it was found 
that great progress in metal properties, in terms of 
the improvement in the residual stress [13–16], the 
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promotion of wear resistances [17–19], the extension 
of the fatigue life [20–22] and the modification of the 
resistivity [23–25], has also been obtained by an exter-
nal electric or magnetic treatment.

It is well known that the properties of metal mate-
rials are determined by their internal microstructures 
such as crystal structures, crystal defects, phase com-
position, grain sizes and morphology, etc. Therefore, 
the desired mechanical properties can be obtained 
via the exquisite design of material microstructures. 
Regrettably, the microstructures formed by the tradi-
tional processes are usually to achieve the strength-
ductility trade-off [26]. Nevertheless, a few recent 
efforts seem to confirm that this limitation can be con-
quered. Both nano-scale precipitates and high density 
dislocations, for instance, could improve the strength 
and ductility simultaneously [2, 27]. Relevant litera-
tures reported that the aforementioned extraordinary 
microstructures of metal materials, which may lead to 
excellent material properties, are also expected to be 
also obtained by ET or MT [28].

After decades of exploration by scientific research-
ers and engineers, the applications of ET and MT in 
industry have gradually sprung out in recent years. 
These phenomena mainly derived from the profound 
understanding of the effects of electric and magnetic 
fields on the solid metals. To grasp the latest research 
progress and development trend, we summarized and 
analyzed the effects of electric and magnetic fields 
on the microstructures of solid metal and its poten-
tial mechanism, and attempted to explore the internal 
relationship of these phenomena. In addition, some 
challenges hindering the development of theory and 
application of these processes are also discussed.

2  Effects of ET on Microstructures of Solid Metals
2.1  Effects of ET on Phase Evolution
2.1.1  Effects of ET on Solid Phase Transition
A current can induce phase transformations of metals 
and alloys. It generally has the characteristics of faster 
speed, lower temperature and finer product than heat 
treatment. Chu et  al. [29] has investigated the phase 
transformation of Ti-6Al-4V alloy under different ET pro-
cesses, and found that it only take 6 s to form the coarsen 
basket weave structure at the temperature of 806 °C. To 
complete the phase transformation by heat treatment, 
it has to take 15  min at high temperature of 980 ± 5  °C. 
Ma and his coworkers [30] have observed nanocrystalline 
γ-Fe in the cold-rolled commercial 22MnB5 boron steel 
resulting from ET. The steel consisting of the nano-grains 
of γ-Fe and the lath martensitic possesses excellent com-
prehensive mechanical properties. Xie et  al. [31] have 
studied solid phase transformation of Ti-55531 near-β 
titanium alloys induced by electroshock treatment. As 
shown in Figure 1, the α phase along the trigeminal grain 
boundaries, which was originally small in size, grew and 
distributed perpendicular to the grain boundary after ET.

Some materials scientists were devoted to making 
materials and alloys phase transformations by electric 
fields to combine with other energy fields. Combining 
ET and heat treatment, the low carbon steel with the 
ultrafine-grained microstructure was obtained by Zhou 
et  al. [32], and their strength has promoted to nearly 
double without decrease in ductility compared with that 
only treated by heat treatment. By the combination of ET 
and the compression deformation process, Zhao et  al. 
[33] studied the microstructure evolution of Ti-6Al-4V 
alloy and found an obvious dynamic spheroidization at 
the relatively low temperature. The study results of Li 
et al. [34] revealed that ET can increase the elongation of 

Figure 1 Microstructure of the trigeminal grain boundaries under different ET times: (a) 0 s, (b) 0.02 s, (c) 0.03 s [31]
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SUS304 stainless steel due to the decrease of dislocation 
density and dislocation pile-ups and enhance its strength 
as a result of the promotion of martensite transformation 
during ET tension.

2.1.2  Effects of ET on Nano Phase Solid Solution 
and Precipitation

There are different functions for solid solution to dif-
ferent alloys. For aluminum alloy, solid solution can 
improve the formability of material, and affect the sub-
sequent aging strengthening. As a key procedure to 
obtain excellent comprehensive mechanical properties, 
solid solution by ET was widely investigated to replace 
thermo solution in recent years. Zheng et  al. [35] also 
found that electropulsing solution treatment could 
refine the grain size of 6061 alloy, but higher supersat-
uration degree is detected by X-ray diffraction (XRD) 
analysis compared with thermo solution. Figure 2 shows 
that the sample treated conventional solution treat-
ment (CST) at 530  °C has more residual phases than 
that treated by ET at the same temperature. Similarly, 
Xu and his co-workers [36] have studied the solid solu-
tion treatment in 7075 Al alloy by ET. It was found that 
solid solution by ET could obtain finer grains, but the 
elongation of the alloy after ET solution is slightly lower 
in comparison with thermo solution resulting from the 
more undissolved second-phases. In addition, Wu et al. 
[37] have proposed a double electroshock treatment 
strategy, which can improve the elongation of Al–Zn–
Mg–Cu alloys after ET solution.

In addition to aluminum alloy, the dissolution of phases 
induced by a current was also found in other alloys. Jeong 

et al. [38] have researched the tensile deformation behav-
ior of extruded AZ91 Magnesium Alloy under pulse cur-
rent. By comparing the electric pulse drawing and the 
conventional heat treatment drawing under the same 
conditions, it is found that the current accelerates the 
dissolution of  Mg17Al12 phase in magnesium alloy. Tang 
and his coworkers [39] have discovered that the pulse 
current accelerate the dissolution of β phase in AZ61alloy 
at relatively low temperature.

High-density current could generally lead to solid solu-
tion, while low-density current is able to promote pre-
cipitation. Liu et al. [40] have found that the low-density 
pulse current can promote the growth of the precipitate 
θ’ phases in the supersaturation 2219 aluminum alloy. 
Wang et al. [41] treated 6061 aluminum alloy specimens 
after conventional solid solution treatment (550  °C, 1 h, 
water quenching) by electric pulse aging (current den-
sity 6.643 ×  107  A·m−2, 50  V, 6–10  h). It was found that 
electric pulse aging can promote stable precipitation of 
 Al5FeSi phase compared with traditional solid solution 
aging process.

The effect of direct current upon interfacial reactions 
in the Ni–Ti system was investigated by Garay et al. [42]. 
Isothermal diffusion couple experiments were conducted 
under varying current densities to de-couple Joule heat-
ing from intrinsic effects of the current flux. Current den-
sities of up to 2546 A·cm−2 were used in the temperature 
range of 625–850 °C. All of the intermetallic compounds 
(NiTi, Ni3Ti and NiTi2) present in the equilibrium phase 
diagram were identified in the product layer. In addition, 
β-Ti solid solutions formed in samples annealed above 
the α→β temperature, 765 °C. The growth of all product 

Figure 2 (a) XRD patterns of the ET and CST samples, (b) Magnification of the rectangular area in (a) [35]
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layers was found to be parabolic and the applied current 
was found to significantly increase the growth rate of the 
intermetallic layers. Using Wagner’s analysis the present 
results were compared to published results on current-
free diffusion couples. The intrinsic growth rate con-
stant of the NiTi2 intermetallic was found to be 43 times 
higher under the influence of 2546  A·cm−2 than that 
obtained without a current at 650 °C. The effective activa-
tion energy for the formation of all phases was found to 
decrease with increasing current density. The effect was 
strong for all phases but the decrease was most marked 
for Ni3Ti. In this case, the activation energy decreased 
from 292 kJ·mol−1 under the influence of a current den-
sity of 1527  A·cm−2 to 86  kJ·mol−1 when the current 
density was 2036  A·cm−2. The results are explained in 
terms of current induced changes in the growth mecha-
nism arising from changes in the concentration of point 
defects or their mobility.

2.1.3  Mechanism of Phase Evolution Induced by ET
When the current passes through the solid metal mate-
rials, the Joule heat which is considered to be the main 
cause of phase transition and precipitation during ET is 
produced in the materials. However, there are some the 
differences between Joule heat and conventional heat 
sources, which are mainly manifested in the following 
aspects.

Firstly, as a result of the different conductivity of 
nucleus and parent phase, the temperature field pro-
duced by current is unevenly distributed in micro scale 
[30]. As shown in Figure 3, when a new phase with high 

conductivity nucleates in the parent phase, its local cur-
rent density is much higher than the overall current den-
sity of the sample. The difference in temperature ΔT due 
to the uneven distribution of current density j(t) can be 
expressed as follows [43]:

where ρ represents the resistivity of the material, td rep-
resents the electrifying time, Cp and d represent the heat 
capacity density of the material is of the material. Large 
local overheating degree of the material, accordingly, 
promotes the rapid nucleation and growth of new phases 
in local region.

Secondly, when a high-frequency current treated the 
materials is loaded, the induced current, its distribu-
tion decreases gradually from the center of the material 
to the outer surface and its direction always counteracts 
the loading current, will be generated inside the material, 
so the current tends to accumulate on the surface of the 
material. This skin effect of electric current will lead to 
the phenomenon that the Joule heat on the surface of the 
material is higher than that at the center of the material 
[44]. Skin thickness δ can be calculated by the following 
formula:

where ρe and μ are the conductivity and permeability of 
materials, respectively, f denotes the loading frequency of 

(1)�T =
∫
td
0 ρj2(t)dt

cpd
,

(2)δ=

√

ρe

πµf
,

Figure 3 Qualitative numerical simulation result of the current density distribution when an electric current passing through (a) a α-Fe sphere 
of radius R and (b) that with a γ-Fe nucleus of radius r (r << R) at the center by Ansys, where the conductivity σα < σγ (the dashed arrows denote 
the current direction) [30]
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power. But up to now, little research has been reported 
on the effect of skin effect on materials phase transition.

Finally, comparing with the conventional heat treat-
ment, the ET has the characteristics of fast heating 
speed and short duration. The sharp rise and fall of 
temperature in a relatively short time result in the high 
nucleation rate and short the grain growth time in the 
materials. This method contributes to refine the grain 
size of materials and formed materials with excellent 
strength and toughness. Based on this rule, Zhou et al. 
[32] have proposed cyclic solid phase transformation 
mechanism to refine grain size of low carbon steel. As 
shown in Figure  4, a great quantity of nucleation and 
growth of γ phase arises at the grain boundary of α 
phase, and refined α phase is formed during subsequent 
cooling process.

In addition to the Joule heating effect, the current also 
causes the decrease of nucleation barrier [45, 46]. If a 
spherical nuclei with small volume is formed at the initial 
stage of nucleation, the reduction of nucleation barrier 
caused by its current can be expressed as [47]

where K1 is a constant related to the properties of mate-
rials, j and V denote the current density and the vol-
ume of the nucleation respectively. ζ can be written as 
ζ = (σ0 − σn)/(2σ0 + σn), where σ0 and σn are the conductiv-
ity of the matrix and nucleus. When the resistivity of the 
matrix is greater than that of the nucleus, ζ > 0, We > 0, the 
nucleation barrier increases, whereas the nucleation bar-
rier decreases. The decrease of nucleation barrier causes 
the increase of the driving force of phase transition and 
nucleation rate at the same temperature. The reasons of 
grain refinement caused by ET have explained by this 
rule in some papers [32, 48]. Meanwhile, it can also inter-
pret the change of phase transition temperature [47].

(3)We = K1j
2ζV ,

where Ir denotes the nucleation rate without current, K 
is the Boltzmann constant. According to Eqs. (1) and (3), 
We is independent of pulse duration, while ΔT is a func-
tion of pulse duration. If the pulse duration is long and 
the current density is low, ΔT is large and We is small, So 
the effect of EPT on nucleation rate is mainly reflected in 
Joule heat efficiency. Conversely, if the material is treated 
with high current density for a relatively short time, ET 
mainly reflects the change of nucleation barrier.

2.2  Effects of ET on Recovery and Recrystallization
Due to plastic deformation, larger internal stress emerges 
within the metal materials as a result of the distortion of 
lattice and the fragmentation of the grains. ET can facili-
tate the recovery and recrystallization of the metal in this 
state, and its effect is different from that of traditional 
heat treatment in some respects.

Firstly, finer recrystallized grains can be obtained by 
ET. Xu et  al. [49] studied the recrystallization of 2024 
aluminum alloy after hot rolling by ET. It was found that 
the recrystallized grain could be refined obviously when 
the current density is 200 ×  106  A·m−2 and the duration 
is 240 ms. As shown in Figure 5, the average grain length 
after ET decreases from 277  μm to 11  μm compared 
with that under hot roll pressing. Similarly, Liu et al. [50] 
investigated the recrystallization of Mg-3Al-1Zn after hot 
rolling under pulsed current, and discovered that current 
accelerated recrystallization and refined the microstruc-
ture. Conrad et  al. [51, 52] researched the recrystalliza-
tion of cold-deformed metal materials such as copper 
and aluminum by ET. The results suggested that fine 
recrystallized grains could be formed when appropriate 
ET parameters (frequency and duration) were applied.

(4)I = Ir × exp

[

−
We

K(T +�T )

]

,

Figure 4 Schematic illustration for grain refinement and UFG microstructure formation: (a) Formation of γ-phase nuclei, (b) Formation of γ-phase 
grains by the growth of γ-phase nuclei, (c) Formation of α-phase nuclei, and (d) Formation of α-phase grains by the growth of α-phase nuclei [32]
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Secondly, ET can make recrystallization take place 
at lower temperature by comparison with traditional 
heat treatment. Compared the recrystallization behav-
ior of NiTi treated by heat treatment and ET, Zhu et al. 
[53] found that ET could reduce the recrystallization 
temperature by 200  °C. Similarly, Liu et  al. [54] found 
that when the pulse current frequency was 400  Hz, the 
recrystallization temperature of NiTi alloy was approxi-
mately 427  °C, while the recrystallization temperature 
during heat treatment was 550–600  °C. When Lin et al. 
[55] studied the tensile test of AZ31 magnesium alloy, the 
results indicated that the dynamic recrystallization tem-
perature of AZ31 alloy was 200 °C, and dynamic recrys-
tallization could occur at room temperature after loading 
150 Hz/50 V pulse current.

The main mechanisms for these differences are summa-
rized as follows. Some researchers [50, 56] proposed that 
the reasons of the increase of the nucleation rate and the 
reduction of recrystallization temperature is attributed 
to the change of nucleation barrier We due to the current 
shown in Eq. (3). Some [39, 56] suggested the athermal 
effect of current increase the flux of the diffusion atoms 
and accelerate the dislocations climbing.

where Dl and N denote the lattice diffusion coefficient 
and the density of atom respectively, Z* and e are an 
effective valence and the charge on an electron respec-
tively, jm and f are peak current density and frequency, 
respectively. It can be seen from Eq. (5) that increasing 
peak current jm and duration of current td can promote 
atomic diffusion and nucleation. In addition, Conrad 
et  al. [57] analyzed that ET could promote nucleation, 
refine grains and reduce recrystallization temperature 

(5)Ja =
2N · Dl · Z

∗ · e · ρ · jm · td

πKT
,

from the point of view of electron wind promoting dislo-
cation movement.

2.3  Effects of ET on the Dislocations Evolution
Although the underlying mechanism of the phenomena 
mentioned above cannot be completely attributed to the 
Joule heat effect, these phenomena are hardly observed 
in the materials if there is no high temperature in the 
process of ET. However, Dislocation evolution induced 
by the current seems to occur at the case of relatively low 
temperature rise. Kim et al. [7] discovered that when the 
pulse current flows through the aluminum alloy under 
uniaxial tension, the formability of the alloy could be 
considerably improved. By comparing the specimens 
with and without pulse current, it is found that the dis-
location density of the specimens with pulse current is 
greatly lower than that without pulse current. When X80 
pipeline steel was treated by high density current, Xiang 
et al. [58] found that the current can promote the extinc-
tion of dislocations and the dislocation arrangement 
tends to the direction of electron motion. Zhu et al. [59] 
also observed that the dislocations inside the grain are 
arranged in the similar orientations by the ET with a cer-
tain process condition.

Zhao et  al. [60] have investigated the dislocation evo-
lution of pre-deformed Ti–Al alloy specimens after ET. 
As shown in Figure  6, the method of dislocation move-
ment is mainly planar slip during deformation of Ti–Al 
alloy at room temperature, so the dislocations are aligned 
and relatively straight aft deformation in Figure 6(a) and 
(b). The researchers believe that the pulse current could 
cause the dislocation either depinning from the discrete 
obstacles or cross slip onto adjacent planes. It could be 
observed in Figure 6(c) and (d). That distribution is more 

Figure 5 Effective grain length distribution with different conditions: (a) HR, (b) HR+ET [49]
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homogeneous and a large number of jagged dislocations 
exist in the pulsed sample.

There is no unified perspective on the mechanism of 
dislocation motion caused by an electron current [8, 28]. 
As the first mechanism proposed to interpret the effect 
of electroplastic effect, the electron wind force refers 
to the drag force arising from electrons in directional 
motion on dislocations [58]. This interpretation has been 
unanimously recognized by scholars for more than 30 
years, but with more accurate theoretical calculation, it 
has been found that the electronic wind force is one to 
two orders of magnitude smaller than enough to drive 
dislocations [61]. Subsequently, Russian scientists pro-
posed the dislocations depinning model induced by cur-
rent magnetic effect [62] and hot dislocation model [63]. 
However, it seems that these standpoints have not been 
verified by experiments.

2.4  Effects of ET on Defects Healing
In order to improve the fatigue life of materials, the 
method of crack healing by ET has attracted increasing 
attention due to its advantages of time-saving, well heal-
ing effect and little influence on other parts of the matrix 
[64, 65]. Figure  6 is the scanning electron microscope 
(SEM) photographs of the fatigue cracks before and after 
ET [66]. By comparison with Figure  7(a) and (b), there 
are obvious bridging and healing phenomena of cracks 
after ET. Indeed, similar phenomena are discovered not 
only in steel, but also in aluminum alloy [67], titanium 
alloy [68] and copper alloy [69].

Joule heating effect is the main reason for crack healing 
caused by ET. Compared with other heat sources, Joule 
heating effect has its own characteristics. When a current 
field is applied to a specimen, the inhomogeneous electric 
density distribution is caused by the internal defects of 

Figure 6 Dislocation morphology images of pre-deformed Ti-Al alloy specimens: Bright-field Transmission Electron Microscope (TEM) image 
without ET (a) from [112̄ 3] zone axis and (b) from [0001] zone axis; (c) and (d) are images with ET and the imaging conditions are correspond 
to those of (a) and (b) (The two beam, weak beam dark-field images are inset in the corresponding bright-field images) [60]
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materials such as dislocations, heterogeneous phases and 
cracks. The current density j at the elliptical defect can be 
derived from Maxwell’s formula, which is expressed as fol-
lows [70] :

where j0 denotes the current density amplitude at the 
defect-free region, a and b represent the size of the 
long and short axes of the elliptical defect respectively, 
among a >> b. When electrons directionally moving pass 
through defective lattice lattices, the vibration frequency 
and energy of atoms increase and result in higher tem-
perature at the defective region. A research shows that 
the fastest-growing regions of the temperature are the 
middle section and the crack tip of the elliptical defects, 
and the maximum temperature can reach more than five 
times of that of the other parts in the material, and even 
make the material melt locally [70]. Therefore, compared 
with traditional heating methods, Joule heating effect has 
a “targeting effect” on defects at micro-scale.

Due to the increase of local temperature, there are two 
main positive effects on cracks healing. On the one hand, 
the atomic diffusion coefficient D can be expressed as fol-
lows [57]:

where D0 denotes a constant, Q denotes the diffusion 
activation energy and R denotes the ideal gas constant. 
According to the above formula, the atomic diffusion 
ability of defective region increases with the increase of 
temperature. On the other hand, the temperature dif-
ference between the matrix and the defect leads to the 
relative expansive compressive stress and the thermal 
compressive stress Δσ caused by the thermal expansion 
lagging behind the temperature [64]:

(6)j = j0 × f (a, b),

(7)D = D0 exp(−
Q

RT
),

(8)�σ(t) = Eα ·�Tmax[�(t)− l(t)],

where E is the modulus of elasticity and α is the ther-
mal expansion coefficient of the material. Θ(t) − l(t) is 
a function used to react the synchronization of tem-
perature rise and expansion. When the reaction tem-
perature rises slowly, Θ(t) − l(t) = 0, there is no thermal 
compressive stress. While the temperature rises rapidly, 
Θ(t) − l(t) ≠ 0 the thermal compressive stress is produced, 
and its value increases with the increase of heating rate. 
Joule heat can almost maximize the thermal compressive 
stress Δσmax = EαΔTmax. The molten liquid metals around 
the cracks are forced by the compressive stress into the 
cracks, and then intense atomic diffusion causes rapid 
fusion of materials. When the pulse current is stopped, 
the cracks in the material are healed.

3  Effects of MT on Microstructures of Solid Metals
3.1  Effects of MT on the Phase Transformation 

and Precipitation
According to the basic theories, there are some the dif-
ferences on the magnetic properties among the different 
precipitation phases or the same precipitation phases at 
different temperatures. For instance, ferrite is paramag-
netic above Curie temperature and ferromagnetic below 
Curie temperature. Additionally, the magnetic field could 
also affect the nucleation and growth of new phase dur-
ing phase transformation process by changing the atomic 
diffusion coefficient. In recent years, some scholars have 
studied heat treatment in strong magnetic field. The rel-
evant experiments have indicated that the effect of strong 
magnetic field on phase transformation process is mainly 
reflected in the change of the transformation tempera-
ture, the morphology, texture and mass fraction of phase 
transformation products.

3.1.1  Effects of MT on the Transformation Temperature
A large number of studies have shown that the magnetic 
field has a significant effect on the phase transition tem-
perature [71–74]. The decomposition temperature of 

Figure 7 SEM photographs of the fatigue cracks in specimen: (a) before and (b) after the application of the ET [66]
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austenite (Ar1, Tp and Ar3) increases with the increase of 
magnetic field intensity [75]. The martensite transforma-
tion temperature of the alloy steel (mass fraction 0.3% C, 
3% Ni and 0.6% Cr) quenched in 16 kG magnetic field 
moves about 5 °C in comparison to without magnetic 
field [76]. When ferrite transforms to austenite, the tem-
perature of Ac1 and Ac3 increases with the increase of 
applied magnetic field intensity, but the temperature of 
Acm is hardly affected by applied magnetic field [77].

Liu et  al. [78] reported the adiabatic temperature 
change ΔTad = − 3.6 to − 6.2 K under a moderate field of 
2T for Heusler-type Ni–Mn–In–(Co) magnetic shape-
memory alloys. Reversible martensitic transformations 
induced by magnetic field in NiCoMnIn meta-mag-
netic shape memory alloys under constant and varying 
mechanical loads were studied by Bruno et al. [79]. They 
Measurements revealed that these meta-magnetic shape 
memory alloys were capable of generating entropy 
changes of 14  J·kg−1·K−1 or 22  J·kg−1·K−1, and corre-
sponding magnetocaloric cooling with reversible shape 
changes as high as 5.6% under only 1.3 T or 3 T applied 
magnetic fields, respectively. And they demonstrate that 
this alloy is suitable as an active component in near room 
temperature devices, such as magnetocaloric regenera-
tors, and that the field levels generated by permanent 
magnets can be sufficient to completely transform the 
alloy between its martensitic and austenitic states if the 
loading sequence developed.

The effect of magnetic field on phase transition temper-
ature can be attributed to the change of Gibbs chemical 
free energy in parent phase and new phase by magnetic 
field [80–82]. This change is caused by the energy of both 
the magnetostatic effect and forced volume magneto-
striction effects. When the material is non-Invar alloys, 
the forced volume magnetostriction effects is less signifi-
cant and can be ignored. Compared with phase transition 
without magnetic field, the variation of phase transition 

temperature ΔT with magnetic field strength H can be 
written as [81]

where Δs is the change of entropy and ΔM is the change 
of magnetization. If the relationship between the change 
of entropy and magnetization and magnetic field inten-
sity H can be measured, the variation of phase transition 
temperature ΔT can be calculated. The variation of mag-
netization can be roughly calculated by molecular field 
theory, however the results obtained by Faraday method 
are more accurate when the material temperature is near 
Curie point [75, 83].

3.1.2  Effects of MT on the Morphology and Volume Fraction 
of Phase

The magnetic field also has a great influence on the com-
position and morphology of the phase transformation 
products. by comparison experiment, it is found that 
Fe-0.4C alloy is equiaxed ferrite without magnetic field 
during the transformation of isothermal ferrite, but the 
grains grow along the direction of magnetic field and 
the grains are elongated with 10  T magnetic field, and 
the degree of elongation increases with the increase of 
magnetic field strength [84]. Shimotomai et al. [85] dis-
covered that the austenite grains of Fe–C alloy in the 
pre-eutectoid ferrite matrix aligned as chain or columns 
shape along the direction of magnetic field during the 
transformation from ferrite to austenite. As shown in 
Figure 8, Zhang et al. [86] found that the morphology of 
carbides in structural steels tempered at 650  °C for 1  h 
is lamellar in the absence of magnetic field, while it is 
mainly granular in 14 T magnetic field.

Similarly, the magnetic field also obviously affects the 
volume fraction of the product. Table 1 summarizes the 
effect of magnetic field on the volume fraction of phase 

(9)�T = −
1

�s

∫ H

0

�MdH ,

Figure 8 SEM micrographs of carbides obtained by tempering at 650 °C for 1 h (a) without field, (b) with a 14 T magnetic field (field direction 
vertical, SEM secondary electron images) [86]
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change products of different materials. From this table, 
it can be seen that the magnetic field has a significant 
effect on the phase transformation composition of fer-
romagnetic and non-ferromagnetic materials. Therefore, 
through adjusting the magnetic field intensity, heat treat-
ment can effectively control the volume fraction of the 
product, thus regulating the properties of the material.

The effect of magnetic field on the morphology of 
the new phases can be accounted for the anisotropy 
of atomic magnetic moment and grain magnetization 
energy, etc. [96–99]. However, existing explanations for 
the variations of the mass fraction of the formed phase in 
magnetic field are roughly summarized as follows.

During the phase transition, the change of 
the free energy ΔGmag can be expressed as 
�Gmag = −

∫

H

0 �MdH . In one case, both ferromagnetic 
and non-ferromagnetic materials are transformed into 
each other during the phase transformation process, 
due to the great difference for the magnetic susceptibil-
ity of ferromagnetic and non-ferromagnetic materials, 
the influence of magnetic field on the free energy before 
and after phase transformation is great. Thus, the nuclea-
tion barrier and the growth rate of the new phase in the 
phase transition process are altered, and then the mass 
fraction of the formed phase is altered [100]. In another 
case, for non-ferromagnetic materials, the driving force 
ΔGmag of magnetic field on phase transition is small. 
However, the magnetic field perhaps promotes the diffu-
sion coefficients of specific elements, enhances the phase 
transitions and increases the volume fraction of specific 
phases.

3.2  Effects of MT on the Texture Formation of Solid Metals
Due to the diversity of grain characteristics in differ-
ence directions, when all the lattices tend to align uni-
formly, the material exhibit anisotropy macroscopically. 
The anisotropic functional material plays an important 
role in practical application. When the permeability of 

crystals is anisotropic along the axis, both ferromag-
netic and non-ferromagnetic materials can form tex-
ture in a sufficiently strong magnetic field [101]. For 
ferromagnetic and paramagnetic materials, the crystal 
axis of the maximum susceptibility tends to be parallel 
to the direction of magnetic field, while for diamagnetic 
materials, the direction with the maximum absolute 
susceptibility tends to be perpendicular to the direction 
of magnetic field.

As a result of anisotropy of permeability, the mag-
netic alignment is generally obtained in non-cubic 
structure. c-axis of tetragonal MnBi crystals is parallel 
to the applied magnetic field direction by rotation of 
MnBi particle [102]. When hexagonal Bi-5masss% Sn 
alloy was placed into a 12  T magnetic field, the peak 
value correspond to a, b-plane in X-ray diffraction 
spectra increases obviously [103]. However, the inten-
sity of c-axes of Zn crystals toward <0 0 2> direction 
increases with the increase of magnetic field intensity 
in eutectic BiZn structure [104].

Feng et  al. [105] reported the formation of sin-
gle crystals with rigorously controlled texture over 
macroscopic areas (> 1   cm2) in a soft mesophase of a 
columnar discotic liquid crystal, they use two modes 
of directed self-assembly, physical confinement and 
magnetic fields, to achieve control of the orientations 
of the columnar axes and the hexagonal lattice along 
orthogonal directions, their research shows that the 
field control of the lattice orientation emerges in a low-
temperature phase of tilted discogens that breaks the 
field degeneracy around the columnar axis present in 
non-tilted states.

The main reasons of magnetic texture are sum-
marized as follows. Firstly, from the thermodynamic 
point of view, because of the anisotropy of suscepti-
bility of crystal orientations, when the magnetization 
energy difference is greater than the thermal energy, it 

Table 1 Summary of reported strong magnetic field effects on morphology and amount of produced phase

Materials Magnetic flux 
density (T)

Produced phase Differences of volume fraction Refs.

TC4 titanium alloy 4 α phase Increase by 20% [87]

Cu–72 wt% Ag alloy 12 Lamellar Cu Decrease by 1.4% [88]

Ni42Co8Mn39Sn11 alloy 12 Martensitic Increase by 0.45% [89]

Fe-1.1%C alloy 12 Secondary cementite Increase from 0.62% to 1.54% [90]

Al–4.8%Cu alloy 11.5 θ phase Decrease from 6.8% to5.2% [91]

Fe-0.5C3.6Ni1.5Cr alloy 10 Bainitic Increase from 8% to 97% [92]

7085 aluminum alloy 12 T and S phase Significantly decreases [93]

Fe-0.44C0.23Si1.2Mn alloy 10 Ferrite Increase by 10% [94]

Alnico alloys 10 Ferromagnetic particles Significantly increases [95]
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provides conditions for the formation of magnetic tex-
ture. This relationship can be written as [103, 104]:

where V is the particle volume, k and μ0 denote Boltz-
mann’s constant and the vacuum permeability respec-
tively. T is the absolute temperature and ΔU is the change 
value of magnetic field energy. N is the demagnetization 
coefficient. χc and χa,b are the susceptibility along the 
c axis and a,b axis respectively, and B is the magnetic 
induction intensity. In the case of paramagnetic mate-
rials, when χc > χa,b, the grain nucleation and growth 
tend to be parallel to the direction of magnetic field on 
the c-axis. When χc < χa,b, the c-axis of the grain tend to 
be perpendicular to the direction of the magnetic field. 
These phenomena, such as Aluminum plates (0    0    l) 
aligned in the direction of magnetic field [106], and the 
easy magnetization axis of  Al3Ni crystal oriented paral-
lel to the imposed magnetic field sand the primary phase 
 Al3Ni aligned perpendicular to the magnetic fields [107], 
are well explained.

Secondly, from the magnetic moment point of view, 
when the direction of magnetization of anisotropic mag-
netic grains is disagree with that of magnetic field, the 
magnetic moment K can be expressed as follows [108]:

where Δχ is an anomaly of magnetic susceptibility, α is 
the angle between the direction of magnetic field and 
the direction of maximum magnetization axis. Assum-
ing that χc > χa,b, as shown in Figure  9, when the c-axis 
is not parallel to the direction of the magnetic field, the 

(10)
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2µ0
B2V sin 2α,

magnetic moment acting on the grain causes the grain to 
rotate. Until the c-axis is parallel to the direction of the 
magnetic field, the magnetic moment K is zero, and it will 
remain stable.

In addition, the magnetic field drives the grain bound-
aries of magnetic susceptibility anisotropic materials 
[109]. This driving force can also lead to preferred ori-
entation growth of grains. This theory has been used to 
interpret the effect of the strong magnetic field on the 
texture evolution in titanium alloys and the annealing 
texture in cold rolled pure zirconium [110, 111]. Finally, 
Zhang et al. [99], from the perspective the dipolar inter-
action of the magnetic moments, has well explained the 
texture formation in the medium plain carbon steel dur-
ing the diffusional decomposition of austenite.

3.3  Effects of MT on Dislocations Evolution
The aforementioned effects of magnetic field on micro-
structure of materials generally occur during heat 
treatment of metal materials. Nevertheless, at room tem-
perature, magnetic field can also alter the microstructure 
of metal materials, which is mainly reflected in disloca-
tion changes.

In 1965, Zagoruiko [6] proposed that high magnetic 
field can affect the activity of dislocation electrons, pro-
mote the movement of dislocations and enhance the 
plasticity of materials. As shown in Figure  10 [112], by 
comparing dislocation pit before and after MT, the dis-
location motion can be obviously observed in situ. Sub-
sequently, Russian scholars have made great efforts on 
the micro-nature of magnetic field promoting dislocation 
movement in alkali halide crystals (NaCl, LiF, CsI, KCl) 
by the method of continuous etching [113–115].

For metal materials with high dislocation density, the 
method of continuous etching is almost useless. a plenty 

Figure 9 Schematic diagram of magnetic moment on anisotropic grains: (a) The magnetic field is not parallel to the c-axis, (b) The magnetic field 
is parallel to the c-axis
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of scholars have studied the dislocation distribution by 
TEM before and after MT. Many scholars from Tsinghua 
University have studied the changes of dislocation distri-
bution of commercial high strength steel after MT [15, 
116]. The experiment results indicate that dislocations 
absent from MT are mainly distributed at grain bounda-
ries and the junction of triple grain boundaries, while the 
distribution of dislocations is more homogenous after 
MT and the dislocations cells disappeared.

Meanwhile, the variation of dislocation density after 
MT in metal materials has been quantitatively studied by 
X-ray diffraction spectroscopy. The research of Li et  al. 
[71] shows that dislocation of TC4 titanium alloy den-
sity is 4.8 times as high as that without magnetic field, 
when it is stretched in 3 T magnetic field. Ma et al. [117] 

indicated that the dislocation density of high speed steel 
increases by 24% after MT. Chen et  al. [118] proposed 
that the dislocation density at the weld can be increased 
by about 237.09% after MT. Song et al. [119] investigated 
the dislocations distribution in the heat affected zone of 
laser welded plates by TEM. As shown in Figure 11, the 
dislocation density increases significantly after MT.

The mechanism of magnetic field driving dislocation 
motion in metal materials is summarized as follows. 
Some researchers hold that the magnetic field produces 
shear stress on the dislocation, which can be expressed as 
follows [120]:

where Ms and μ0 denote the saturation magnetization 
and the permeability of vacuum respectively, H denotes 
the magnetic field intensity, and θ denotes the angle 
between the direction of magnetization and the magnetic 
field. This stress is greater than the P–N forces acting on 
dislocations and the elastic strain forces bending disloca-
tions, therefor the dislocations can be driven by magnetic 
fields [117]. Some considered that the magnetic field 
which transforms the spin state of the radical pairs from 
the ground singlet (S) state to the excited triplet (T) state, 
prompt the dislocation depinning from the paramagnetic 
barrier, and then internal stress and thermal potential 
energy in material advance the dislocation motion [12, 
121–124]. While others argued that when there is inter-
nal stress in the material, the dislocation in the local 
region can be facilitated by the interaction of internal 
stress and magnetostriction during MT [125].

(12)τ = −µ0MsH cos θ ,
Figure 10 Dislocation motion diagram before and after MT [112] 
(1, 2, 3, …, 9 dislocation pit before MT; 1’, 2’, 3’, …, 9’ dislocation pit 
after MT)

Figure 11 Dislocation distribution of DP600 steel in heat affected zone of laser tailor welded blanks (a) absent from MT, (b) with MT [119]



Page 13 of 21Song et al. Chinese Journal of Mechanical Engineering          (2023) 36:139  

3.4  Other Phenomena Related to MT
Atomic diffusion plays a crucial role in numerous kinetic 
processes in alloys, e.g., homogenization, creep and cor-
rosion. Over the past decade, it has been confirmed that 
applying external magnetic field can affect the atomic dif-
fusion rates of the alloying elements, e.g., Ni–Cr [126], 
Mg–Gd [127] and Fe–Al [128]. Nevertheless, the mech-
anisms of the change in diffusivity in magnetic field are 
still not fully clear.

An intermediate frequency magnetic field (IFMF) 
was imposed upon Gd–Mg diffusion couples that were 
annealed at 773  K [127]. It was found that the average 
thickness of diffusion layer under the magnetic field was 
much wider than that without the magnetic field, indicat-
ing that the atomic diffusion ability was enhanced. The 
magnetic field was then applied to the solution treatment 
of Mg–16.66Gd–0.088Zr (wt%) alloy. Compared with the 
samples without magnetic field, the area fraction of the 
eutectic phase (Mg 5 Gd phase) was evidently lower at 
each time point when the IFMF was imposed during the 
solution treatment, i.e., the solution treatment process 
was accelerated by the magnetic field.

A novel welding method was proposed by Chen [128] 
to realize the connection between the stainless steel 301 
and the aluminum alloy with a steady magnetic field 
perpendicular to the welding direction. The mechani-
cal properties were thoroughly investigated to discuss 
the function of the magnetic field in the laser welding 
of the steel/Al. They experimental results indicated that 
the thermoelectric magnetic force (TEMF) induced by 
the interaction between thermoelectric and the magnetic 
field played decisive roles in the suppression of element 
diffusion during the welding. The reaction area between 
steel/Al decreased due to the diffusion of the Al atoms 

was suppressed, the suppression of diffusion of C and the 
decrement of Gibbs energy of Fe, led to an increasing of 
nucleation rate and decreasing of growth rate.

The MT enhances the atomic diffusion ability may 
be explained as the ambipolar diffusion. Metals can be 
treated as solid plasma that consists of free electrons and 
constrained positive ions, the atomic diffusion can be 
treated as an am-bipolar diffusion process [127]. The dif-
fusion coefficient can be expressed as follows:

where D is the am-bipolar diffusion coefficient, Di and 
μe are the diffusion coefficient and the mobility of posi-
tive ions (electrons). According to Maxwell’s equations, 
the alternating magnetic field is always accompanied by 
alternating electric field and this electric field can accel-
erate the mobility of electrons, and then the accelerated 
electrons can pull the positive ions to achieve a new 
higher equilibrium diffusion rate. Therefore, metal atoms 
get higher diffusion ability in magnetic field.

4  Effects of Combined ET and MT 
on Microstructures of Solid Metals

As yet there are few studies on combined treatment 
of current and magnetic field on properties and micro-
structure of materials [129]. However, this method has 
significant effects on material properties, and its effects 
are not simply the superposition of ET and MT. Pinchook 
and Shavrei’s [130, 131] research on Bismuth Crystals 
shows that the simultaneous treatment of the current 
pulses and magnetic field (STCM) leads to a substantial 
decrease in the density of twinning dislocations piled up 
at the boundaries of wedge twins and an increase along 

(13)D =
µeDi + µiDe

µe + µi
,

Figure 12 TEM photograph of Aging of Cu-Cr-Zr alloy at 450 °C (a) without magnetic field, (b) with 10 T magnetic field (T = 3 h, I = 100 A·cm−2) [132]
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the twin–matrix boundary. Rao et  al. [132] studied the 
aging of cold-deformed Cu–Cr–Zr alloy by current and 
magnetic field treatment. As shown in Figure  12, the 
material aging at 450 °C only with ET appear obvious dis-
location aggregation, while the material aging at 450  °C 
with ET and MT hardly occur dislocation aggregation 
and a large number of Nano precipitation are dispersed 
in the matrix. Cai et al. [129] hold that when the mate-
rial are simultaneously processed by the current and 
magnetic field, magnetic field may provide conditions for 
dislocations depinning and pulsed current may provide 
conduction electrons to drive dislocations moving fur-
ther and faster.

5  Applications of Electromagnetic Processing
5.1  Electromagnetic Force Forming
Electromagnetic force forming (EMFF) is a technology 
whereby large electromagnetic forces are imparted to 
a conductive metal sheet. By using a large electric cur-
rent moves through a conductive coil to produces tran-
sient magnetic field which will induce eddy currents in a 
nearby metal sheet. The mutually repulsive electromag-
netic pressure resulted between the stationary coil and 
the metal sheet can deform or accelerate metal sheet. 
Some studies have shown that electromagnetic force 
forming is a high-speed forming technology. It can be 
applied to some light metal sheet forming which is dif-
ficult formed to control springback effectively.

Lai et  al. [133] developed a dual-coil system for deep 
drawing of the metal sheet with large drawing ratio, the 
EMFF system is shown in Figure  13. In addition to the 
conventional driving coil that generates the axial Lor-
entz force on the workpiece, a radial inward force in the 
flange region is generated by a second coil that is ener-
gized by an individual power supply. The axial force from 

coil 1 (conventional coil system) pushes the material from 
above into the cavity in axial direction. The radial push-
ing force generated on the flange by coil 2 to enhance the 
material flow of the flange the draw-in of the flange. The 
effectiveness of the novel system is validated by a series of 
experiments for deep drawing a cup of AA1060-H24 with 
drawing ratio of 3.25, the maximum forming depth with-
out failure is greatly increased from 8.44 mm to 20.28 
mm. It is demonstrated that with the dual-coil system the 
material flow of the flange can be significantly enhanced.

Cao et al. [134] discussed a novel strengthening method 
for mechanical linking holes based on the electromag-
netic rivet (EMR) technique. The schematic of the EMR 
progress is shown in Figure 14. The riveting force of EMR 
is based on Lorentz force, which is converted by electro-
magnetic energy. During the EMR progress, a DC power 
source is used to charge the system capacitance firstly, a 
magnetic field around the master coil is established by 
the discharge from the system capacitance, and then a 
current in the slave coil is induced by this magnetic field, 
setting up a magnetic field around the slave coil. Finally, 
the interaction of the magnetic fields around the slave 
coil and the master coil generates a dynamic Lorentz’s 
load. The dynamic load acts on the rivet in the form of 
stress wave through the driving head, leads to a finished 
rivet configuration with a high-speed loading rate.

With advantages over conventional riveting techniques, 
the EMR technique has been applied in the aerospace 
industry as an advanced joining tool. Typically, EMR 
exhibits obvious advantages in composite structure rivet-
ing, titanium riveting and large-size aluminum riveting 
and interference fit bolt installation.

5.2  Electromagnetic Assisted Forming
According to the research on the influence of electro-
magnetic energy field on the microstructure of metal, 

Figure 13 Schematic diagram of the dual-coil EMFF system [133] Figure 14 Schematic of the EMR progress [134]
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the properties of metal will change temporarily or per-
manently under the action of electric field or magnetic 
field. Some studies have shown that electromagnetic pro-
cessing technology can enhance the formability of metal 
in the deformation process and reduce springback after 
deformation, and it has the effect of reducing the internal 
stress and micro-cracks of materials. Combined with the 
common metal forming technology, some electromag-
netic assisted forming methods with great application 
potential have been produced.

Shang et  al. [135] proposed an approach called elec-
tromagnetic assisted stamping (EMAS) to improve the 
formability of sheet metal, which is based on the idea of 
directly delivering the deformation where it is required 
and directly controlling of strain distribution of stamped 
parts. By EMAS an AA2219-O sheet with diameter and 
thickness of 101.6 mm and 0.83 mm respectively was 
drawn into the shape of a cup with depth of 34.5 mm, 
while the cup depth obtained by conventional deep draw-
ing without failure was only 10.4 mm. According to the 
research result, EMFS is expected to become an impor-
tant technique for the fabrication of lightweight struc-
tures with alloys which have high strength/weight ratio, 
but poor formability at room temperature.

Jones et al. [136] also reported that the forge ability of 
Mg AZ31B-O, which is traditionally hard to forge, was 
significantly increased as the continuous electric cur-
rent increased. The ability to form a final geometry was 
achievable in the EA forging process which can’t be 
achievable at room temperature, and the overall required 
forces of forging decreased at higher current densities. 
Under the lower current densities also obtained a similar 
forge ability enhancement at a particularly slower platen 
speed. Zhu et  al. [137] made Ni47Ti44Nb9 successfully 
rolled by electroplastic rolling at relatively low tempera-
ture compared to the traditional hot rolling. The result 
shows the deformability of Ni47Ti44Nb9 is improved by 
electropulse with the maximum thickness reduction of 
24% in a single pass. And the Vickers hardness test shows 
electropulse can reduce the work hardening. In addition, 
electroplastic rolling can improve the surface quality of 
this metal due to the short heat treatment time and low 
heat treatment temperature.

Electrically assisted wire drawing process has been 
proved to be a feasible technique which enhances the 
material formability compared to the conventional wire 
drawing process. The electroplastic effects resulting from 
different electropulses configurations on a wire drawing 
process are investigated experimentally and numerically 
by Egea et al. [138] Electropulses are induced into 308L 
stainless steel while it is simultaneously wire drawn. A 
current density of 185 A·mm−2, a frequency range from 
140 to 355 Hz and a pulse duration range from 100 to 250 

μs are combined to electrically assist the wire drawing 
process. The results show that the wire drawing forces 
were reduced when the wire drawing process was elec-
trically assisted, the formability of the material increases 
up to 11.9%, while the relative energy efficiency of the 
process improves up to 7.6% when the specimens are 
assisted in  situ by electropulses. Moreover, the micro-
structure and phase determination analysis denoted that 
the electropulses induce a dynamic recrystallization pro-
cess, a detwinning process and also an attenuation of α 
martensite.

Electrically assisted stretch U-bending tests have been 
conducted by Zhao et  al. [139] to analyze the influence 
of electrical parameter duty cycle on the springback of 
Ti6Al4V sheets. It is found the introduction of electric 
pulses can effectively relieve springback effect of TC4 and 
provide an alternative method to traditional hot forming 
process in realizing precise manufacturing of TC4. The 
experiment proved that electric pulses with 75  A·mm−2 
(effective current density Jeff is 41.1 A·mm−2) can reduce 
springback of TC4 by more than 50% in 30s compared to 
that obtained in room temperature.

The effect of electropulsing was observed during turn-
ing of steel S235 and aluminum 6060 by Hameed et  al. 
[140]. The machinability indices such as chip compres-
sion ratio ξ, shear plane angle φ and specific cutting 
energy (SCE) are investigated by using different cut-
ting parameters such as cutting speed, cutting feed and 
depth of cut during electrically-assisted turning process. 
It is found that the electrically-assisted turning pro-
cess improves the machinability of steel S235, whereas 
the machinability of aluminum 6060 gets worse. Finally, 
due to electropluses (EPs), the chip compression ratio ξ 
increases during the turning of aluminum 6060 and the 
SCE decreases during the turning of steel S235 with the 
increase of the cutting speed.

5.3  Electromagnetic Shock Treatment Processing
Recently, a novel electromagnetic shock treatment (EST) 
process has been proposed by the authors’ group. Its 
characteristics are limited current density energy, low-
frequency and instantaneous pulse shock [141]. It has 
been verified that this method can significantly improve 
the properties of metals under the condition of very 
limited temperature rise and is suitable for various met-
als, such as steel [142], aluminum alloys [37] and tita-
nium alloys [31, 143]. Song et  al. [142] found that the 
residual stresses of cold rolled M50 steel be considerably 
decreased in the direction of transverse and rolling direc-
tion. By comparison, they also found the strength of the 
material remains almost unchanged, but the elongation 
increased significantly.
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Compared the mechanical properties of Al–Zn–Mg–
Cu alloys treated by different methods, Wu et al. [37] dis-
covered that the strength and elongation of the material 
treated by double electroshock treatment (D-EST) are 
better than those by heat solid solution treatment (SST). 
As shown in Figure 15, it could be found that the amount 
of the long rod-shape dispersions in the alloy after D-EST 
is significantly less than that after SST. These shape dis-
persions are harmful to the plasticity of the material. 
The reason for this phenomenon can be attributed to the 
non-uniform distribution of current in the micro region 
due to the difference of resistivity between aluminum 
matrix and dispersion. In addition, the authors have also 
found that the micro-hardness of Ti-6.6Al-3.4Mo alloys 
can be improved by 13.4% after EST [141].

6  Challenges in ET and MT
6.1  Multi Fields and Multi Scale Modeling
In term of theoretical research, it is obvious that the 
mechanism of electric and magnetic treatment is less 
mature relative to that of heat treatment. The influence 
of electromagnetic field on the motion of charged parti-
cles is clear according to Maxwell’s electromagnetic field 
theory. In principle, based on the theory of atoms diffu-
sion and dislocations motion by thermally activated, the 
theories of electromagnetic field on solid metals is able 
to established only by taking account of the electro-
magnetic force, i.e., Coulomb force and Lorentz force. 
However, the process is very complicated due to the non-
uniform distribution of current and magnetic induction 
B in the micro-size of the metals. These non-uniform 
distributions are mainly derived from the difference of 
electrical conductivity and magnetic susceptibility at the 

microstructure. A great challenge comes from the quan-
titative measurement of the physical properties of the 
microstructure.

The mechanisms of some familiar phenomena have 
been controversial so far. For instance, the electronic 
wind force has been regarded as the mechanism of elec-
troplastic for a long term only exists in theoretical analy-
sis. while the superconducting condition, no Joule heat 
generation, is reached, the electroplastic phenomenon is 
absent, but electron wind force still exists theoretically 
at this case [144]; Furthermore, based on electromag-
netic treatment experiment of aluminum single crys-
tals, Alshits and his coworkers [145] suggested that “the 
nature of the ‘‘electron–plastic’’ effect is unlikely to have 
any relation to the electron drag of dislocations”. For sus-
pending these controversies, some models and simula-
tions based on the molecular dynamics or first principles 
are the promising approaches to reveal the mechanism of 
electromagnetic treatment. However, how to incorporate 
the external fields, spatially unbound operators, in den-
sity functional theory or hybrid functionals is still a chal-
lenge in the current [28].

6.2  In Situ Characterization of Microstructures 
under the Action of Multi Fields

It is indispensable for studying the evolution mechanism 
of microstructure of solid metals during electromag-
netic treatment to introduce advanced characterization 
technologies, such as in-situ electron microscopy and 
synchrotron X-ray. The results obtained from in-
situ characterization are in general more convincing 
than those from the comparison of with and without 
electromagnetic treatment. However, the existing 

Figure 15 Bright field TEM images of the Al–Zn–Mg–Cu alloys at different states (a) SST, (b) D-EST (The red arrows point to the long rod-shape 
dispersion phases in (a) and SEDP of disperdions was inserted in (b)) [37]
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in-situ characterization is mostly used for thermal load-
ing, stress loading and current loading [146–148]. A great 
challenge, the interference of external field on electron 
beam, should be overcome for strong magnetic field in-
situ loading.

In recent years, a large number of researchers studied 
the microstructure evolutions by the characterization 
at the same position of the specimens before and after 
electromagnetic treatment. This approximate “in-situ” 
observation reflects the evolution law of microstructure 
of materials under the action of electromagnetic field to 
a certain extent. For instance, Cai et al. [149, 150] stud-
ied the dislocations evolution by comparing the Kernel 
Average Misorientation maps at the same position after 
pulsed magnetic field treatment. As shown in Figure 16, 
it could found that the dislocation density of Ti-6Al-
4V alloy increases greatly after MT. Wang et  al. [151] 
observed the voids healing of the M50 steel after elec-
tropulsing treatment by quasi in-situ scanning electron 
microscope. Alshits et  al. [145] studied quantitatively 
the motion of dislocations in Al single crystal before 
and after magnetic field treatment by selective chemical 
etching.

6.3  Development of High Efficient Nondestructive 
Evaluation Methods

As is known to all, the products or specimens have to 
be destroyed for carrying out the performance tests or 
microscopic characterization mentioned above to evalu-
ate effect of electromagnetic field on the materials. Obvi-
ously, it is very unfavorable for the development of a 
new ET or MT technology or monitoring the stability of 
products in the production process. Therefore, the devel-
opments of high efficient nondestructive testing technol-
ogies are helpful to promote the industrialization of ET 
or MT.

The common nondestructive testing methods such as 
ultrasonic testing, eddy current testing and laser test-
ing seem to be incapable for evaluating micro nano size 
defects and phase transformations. Some studies have 
shown that the electrical conductivity of the material is 
closely related to the microstructure and properties of 
the material [152, 153]. Although it has been reported 
that electromagnetic field treatment can change the elec-
trical conductivity of materials [154], there has been no 
quantitative relationship between electrical resistance 
and mechanical properties of materials. The underlying 
mechanism of this relationship is also unclear.

7  Conclusions
Based on the above analysis and discuss, it can be found 
that electronic and magnetic field can exert considerable 
effects on microstructure of solid metal. The conclusions 
are summarized as follows:

(1) Compared with the traditional heat treatment, ET 
not only has the Joule heating effect with the char-
acteristics of fast heating and targeting effect, but 
also has electromigration effect, skin effect, etc. 
As a result, it can promote phase transformation 
speed, change transformation temperature, acceler-
ate recrystallization and heal micro-defects of solid 
metal.

(2) Magnetic field at room temperature can accelerate 
dislocation depinning resulting from the change the 
spin state of electrons in the magnetic field. In adda-
tion, in the process of heat treatment in the strong 
magnetic field, the magnetic energy could affect the 
phase transition temperature, the morphology and 
volume fraction of phase transition and the forma-
tion of texture.

Figure 16 The Kernel Average Misorientation maps of the Ti-6Al-4V specimen (a) before MT, (b) after MT [149]
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(3) The reports of the combination of electronic field 
and magnetic field treatment are relatively rare so 
far. Some literatures have shown that its effect is 
not simply the superposition of separate field treat-
ment, and more desirable results may be achieved 
due to a wider range of energy density regulation, 
better adaptability of materials and structures, and 
so on.

(4) In view of the importance and complexity of the 
research on the effect of electromagnetic field on 
microstructure of solid metals, the multidiscipli-
nary joint analyses mainly including materials sci-
ence, electromagnetism and computational science, 
and the multi-scale characterizations represented 
by in-situ testing are the technical challenges and 
research interests in this field.
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