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Abstract
This paper proposed an electromagnetic loading process with the high-speed impact. Al-4.2% Cu alloy bars were used to 
employ electromagnetic impact (EI) experiments. Deformation mechanism and microstructure evolution of EI samples were 
revealed by theoretical model and microstructure characterizations. The EI process had impact force (peak value 40 kN) and 
impact velocity (peak value 6.7 m/s) during a short time period (1.25 ms). Adiabatic shearing mechanism dominated the 
whole deformation process, causing that significant microstructure characteristic was adiabatic shear bands (ASBs). The 
theoretical analysis implied that the formation of ASBs was accounted for the radial velocity gradient. Most plastic deforma-
tions concentrated in ASBs, and approximately pure shear deformations resulted in adiabatic temperature rise of 0.33–0.42 
Tm inside ASBs. The width of ASBs was about 135 μm, in which original equiaxial grains were elongated into laminated 
sub-structures. TEM observations showed multi-slip systems were simultaneously actuated due to severe shear deformations. 
High dislocation density and dislocation tangles distributed with the ASBs. Adiabatic temperature rise and distorted energies 
drove sub-grains rotate into recrystallization grains (70–280 nm) with large angle grain boundaries. The needed maximum 
time (45 μs) for rotational dynamic recrystallization was far less than that of plastic deformation, indicating that rotational 
dynamic recrystallization mechanism contributed to the formation of recrystallization grains.

Keywords Electromagnetic loading · Al-4.2%Cu alloys · Adiabatic shearing · Recrystallization

1 Introduction

To achieve energy saving and emission reduction, light-
weight materials were more and more widely used in auto-
mobile and aerospace manufacturing fields. Aluminum and 
aluminum alloys were the ideal engineering materials due 
to low density, high specific strength and good thermal con-
ductivity [1]. Among aluminum alloys, Al–Cu alloys could 
obtain good mechanical properties by deformation-aging 
treatments, and were usually manufactured into load-bearing 

parts. These parts frequently understood impact loads (high 
strain rates) under its service conditions. Consequently, 
many studies have presently focused on deformation mecha-
nism and microstructure evolution under high strain rates.

Impact loading processes mainly included Split Hopkin-
son Bar technology [2], drop hammer [3] and electromag-
netic forming [4]. The proposed electromagnetic loading 
process in this work used pulsed magnetic forces to impact 
samples. This technology had some characteristics of high 
loading speed, great peak forces and easily-controlled defor-
mation [5, 6]. An important deformation mechanism under 
high strain rate loading was adiabatic shearing process. 
Adiabatic shear bands (ASBs) as significant microstructure 
characteristic were narrow bands, in which plastic deforma-
tions were highly concentrated. Adiabatic shear band was 
extensively investigated from three aspects: its formation 
mechanism and microstructure evolution within it. Investiga-
tions by Wright [7] showed that adiabatic shear band was a 
deformation localization phenomenon resulting from ther-
mal softening. Tresca [8] first observed localized heating due 
to non-uniform distribution of plastic deformations during 
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the forging experiment. Deformation localization inside 
ASBs inevitably led to notable temperature rise. Zener and 
Hollomon [9] proposed an adiabatic shear instability model 
based on a constitutive model which considered strain hard-
ening, strain rate hardening and thermal softening effects. 
Adiabatic shear instability occurred when thermal softening 
exceeded strain hardening and strain rate hardening. Bai [10] 
also proposed thermo-plastic instability model. The heats 
transferred from plastic works caused materials softening, 
which in turn promoted plastic deformations. More heats 
were generated again due to intensified plastic deformations. 
The formation of ASBs was accounted for the cyclic mutual 
promotion between plastic deformation and thermal soften-
ing. Thermal softening caused by adiabatic temperature rise 
was certified by many researchers. Ranc et al. [11] measured 
temperature rise during the ASB initiation and propagation 
stages of Ti-6Al-4V materials subjected to torsional load-
ing. Results showed that temperature rise was 100–300 °C 
for the ASB initiation stage, and the maximum temperature 
rise reached up to 1100 °C for the ASB propagation stage. 
Li et al. [12] reported that theoretical temperature rise of 
ultrafine-grained titanium was 900 K (0.46 Tm) at a shear 
strain 4.5. In addition, Simulations by Li et al. [13] dem-
onstrated that maximum adiabatic temperature rise could 
reach 400 K for nanostructured face-centered cubic alloys. 
Dynamic fracture of materials was rooted from the forma-
tion of ASBs [14]. Consequently, some catastrophic engi-
neering failures were avoided by investigating the forma-
tion mechanism of ASBs, and this failure mode could also 
be used to develop new technologies (such as high-speed 
machine cutting) [15]. Moreover, the ASB as a deformation 
mechanism could contribute to the formation of difficult-to-
deformation materials. It is quite helpful to examine residual 
microstructures within adiabatic shear bands to reveal pos-
sible evolution mechanisms. Therefore, many investigations 
were conducted on microstructure evolution with the ASBs. 
Most results [16–18] presented that grains in ASBs were 
refined into nanometer scale, and these ultrafine grains were 
generated by dynamic recrystallization mechanism. During 
conventional recrystallization process, heating temperature 
and holding time were two vital factors. The recrystallization 
grains generally underwent a nucleation and growth process. 
Distinguishing from traditional deformation processes, the 
localized deformations were completed within very short 
time. The deformation conditions with high strain rate were 
converted from isothermal process to adiabatic process. 
Consequently, dynamic recrystallization mechanisms under 
high strain rate should be different from that of traditional 

mechanisms. Hines et al. [19] proposed a model based on a 
“bicrystal” approach using crystal plasticity theory to pre-
dict sub-grain misorientation evolution. It was considered 
that the recrystallized grains within ASBs were formed by 
mechanical rotation of sub-grains. Furthermore, rotational 
dynamic recrystallization mechanism, which was widely 
approved, was proposed by Meyers et al. [20, 21]. Under the 
driving of adiabatic temperature rise and distortion energies 
stored by high dislocation densities, the sub-grain bounda-
ries were rotated by 30°. The small angle grain boundaries 
were evolved into large angle grain boundaries, resulting 
in equiaxial recrystallization grains. Based on the estab-
lished model, it was found that formations of recrystalliza-
tion grains in ASBs of copper [22], titanium alloys [23, 24] 
and aluminum alloys [25] accorded with this mechanism. 
The needed time of sub-grain rotations was far less than 
deformation time by theoretical calculations. Most studies 
mentioned above were employed using the Split Hopkinson 
Bar (SHB) technology. In this work, the proposed electro-
magnetic impact (EI) loading process could give rise to a 
high strain rate. The loading characteristic of EI process was 
different from that of SHB technology.

The aim of this article is to explore the formation mecha-
nism of ASBs and microstructure evolution under elec-
tromagnetic loading. ASBs of Al-4.2%Cu alloy bars were 
prepared by electromagnetic impact (EI) experiments. First, 
the loading characteristic of the EI process was established 
though loading tests. Second, the formation mechanism of 
ASBs was revealed by a theoretical model. Finally, micro-
structure evolution within ASBs was revealed by scanning 
electron microscope (SEM) and transmission electron 
microscope (TEM) characterizations.

2  Materials and methods

2.1  Materials

In this work, the as-received specimens were Al-4.2%Cu 
alloy bars with the diameter of 6 mm and height of 9 mm. 
The materials were in the quench aging state and its uniform 
grain size was around 50 µm. In addition, its compressive 
yield strength and hardness are 243 MPa. Due to relatively 
high strength and good plasticity, Al-4.2%Cu alloys were 
widely used in the aerospace manufacturing field. The main 
chemical compositions of materials were similar to 2024 
aluminum alloys, as shown in Table 1 [5].

Table 1  Chemical compositions 
of the as-received materials 
(wt. %)

Fe Si Mn Cu Mg Zn Ti Al

0.20 0.25 0.30–0.50 3.90–4.50 0.15–0.30 0.10 0.15 Balance
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2.2  The schematic of electromagnetic impact 
and inspection methods

The schematic diagram of electromagnetic impact process 
and inspection methods were shown in Fig. 1. The elec-
tromagnetic impact process mainly included two parts: 
magnetic pulse generator and impact setup. In this work, 
the magnetic pulse generator was a 48.8 kJ electromagnetic 
forming machine (EFM) at the Hunan University [5]. The 
working principle of the machine could be considered as an 
energy storage process. The electrical energies were store 
in capacitor bank by a charging part. The capacitor bank 
was charged by adjusting the charging parameters and preset 
electrical energies. When the charging process completed, 
the store energies were discharged by closing the discharge 
switch. At the moment, the discharge process could be 
described as a typical RLC oscillation circuit including the 
system resistance R, the flat spiral coil inductance L and the 
capacitance C. A changing current with the high amplitude 
run though the coil during the discharge process. The chang-
ing electrical field would lead to a rapidly changing electro-
magnetic field around it. Meanwhile, an eddy current was 
induced in diver plate (the copper sheet with high electrical 
conductivity) which was exposed to the varying magnetic 
field. And then the other magnetic field was induced by the 
eddy current. The repulsive forces between the two fields 
would push the driver plate and punch to impact the speci-
men. The deformation of EI specimens could be controlled 
by adjusting the preset discharge energies. To investigate 

microstructure evolution during the EI process, EI experi-
ments under the varying discharge energies were conducted 
in this work.

The deformations of electromagnetic impact specimens 
generally completed within some milliseconds, leading to 
a high strain rate and impact velocity. Consequently, the 
inspection platform was established to reveal deformation 
behaviors of specimens. A high-speed camera with 20,000 
frames per second was used to obtain the impact velocity 
and loading displacement of the punch.

2.3  Microstructure observation methods

The deformed specimens were cut to use for microstructure 
observations. The EI specimens were split along its axis and 
mechanically polished. The OM chemical etchant was a Kel-
ler solution of 2.5 ml  HNO3, 1.5 ml HCL, 1 ml HF and 95 ml 
 H2O. After chemical etching, the corrosion products on the 
OM (optical microscope) specimens were washed up with 
a solution of 40%  HNO3 and 60%  H2O. All metallographic 
observations were performed by an Olympus microscope. 
After electrolytic polishing with the solution of 200 ml 
 C2H5OH and  HClO4, SEM (scanning electron microscope) 
observations were carried out with a Quanta 200FEG scan-
ning electron microscope. To analyze more detailed micro-
structure evolution, specimens for TEM (transmission elec-
tron microscopy) observations were selected on the positions 
of ASBs. The TEM specimens were mechanically polished 
to a thickness of 80 μm. After this operations, an etching 
solution of 30% nitric acid and 70% ethyl alcohol were used 
to thin them by a twin-jet electro-polishing device. All TEM 
observations were performed using a TecnaiF2F30 transmis-
sion electron microscope.

3  Results and discussion

3.1  Microstructure distribution under impact 
velocities

The obtained velocity results from high-speed camera are 
shown in Fig. 2. It could be seen that impact velocity curves 
had two peaks on the whole. The maximum impact veloci-
ties were 4.7 m/s and 6.7 m/s for the discharge energies of 
4.0 kJ and 5.0 kJ, respectively. In addition, the deforma-
tion resistance and microstructure evolution resulted in the 
real-time fluctuation of velocities. This also meant that the 
deformation resistance and work hardening degree were very 
significant during the electromagnetic impact process. The 
impact loading completed at 0.9 ms and the braking time of 
the punch continued until 1.25 ms. The inertia effect drove 
to the latency process of braking time.

Charging part

Capacitor bank

Discharging switch

Flat spiral coil

Driver plate

Punch

Specimen

Base plate

Magnetic pulse generator

Fig. 1  The schematic diagram of electromagnetic impact process
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Figure 3 showed the microstructure distribution on the 
longitudinal section of samples after 5 kJ electromagnetic 
impact. It could be seen that the deformed sample presented 
the characteristics of symmetrically drum-like shape. There 
are two parabola-shaped shear deformation areas in the diag-
onal of sample. Using the shear deformation microstructures 

as the boundary, the whole section could be divided into 
two kind areas: the restricted deformation area (upper and 
lower triangular area) and free deformation area (left and 
right sector area). The shear area had so severe deformations 
that the original equiaxed grain morphology was no longer 
visible. The grains were completely elongated into fibrous 
microstructures (known as shear bands). It could be seen in 
Fig. 2 that the electromagnetic impact ended within 1.25 ms. 
During the so short deformation process, the heat gener-
ated by plastic work was difficult to be lost the surrounding 
environment. Therefore, the impact process could be con-
sidered as adiabatic state and the formed shear bands could 
be also called as adiabatic shear bands (ASBs). Under the 
restriction punch and base plate, only grains near the ASBs 
were plastically deformed in the restricted deformation zone. 
And the original equiaxed grain morphology was basically 
retained in other positions. No plastic deformations almost 
occurred. Microstructures in the free deformation zone could 
freely flow along the radial direction of cylindrical sample. 
It could be seen that the microstructures radiated outwards 
in the form of an arc layer by layer, presenting a streamlined 
shape. The microstructure deformations were more severe in 
the positions closer the center. The central position had poor 
plastic flow and was compressed by the upper and lower 
restricted deformation areas. Consequently, the position had 
the most severe deformations.

3.2  The formation mechanism of adiabatic shear 
bands

According to microstructure distribution characteristic and 
sample size, some quantitative analysis could be obtained, 
as shown in Fig. 4. The metals in restricted deformation area 
had very small plastic deformations due to the friction resist-
ance of punch and base plate. Consequently, this parts could 
be regarded as a rigid zone and locations of them were only 
migrated during electromagnetic impact. Because some met-
als were involved into the adiabatic shear bands, the width 
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  Discharge energy 4.0 kJ: Sample 1
Discharge energy 4.0 kJ: Sample 2
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Fig. 2  Impact velocities under varying discharge energies

Fig. 3  Microstructure distribution for the discharge energy of 5.0 kJ: 
two adiabatic shear bands (two parabola-shaped shear deformation 
areas), the restricted deformation area (upper and lower triangular 
area) and free deformation area (left and right sector area)

Fig. 4  Microstructure evo-
lution of samples during 
electromagnetic impact: the 
deformed picture was equally 
mapped according to Fig. 3, and 
microstructures in the restricted 
deformation area were fully 
inherited from the original 
undeformed samples
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(values from 6.00 to 5.85 mm) of surfaces contacting tools 
slightly was decreased. Moreover, the top of the triangle 
areas was in the three-dimensional compressive stress state. 
This part was compressed into the arc shape (as shown in 
Fig. 3).In the free deformation area, the metals were com-
pressed under the upper and lower restricted deformation 
areas. The free surfaces could simultaneously flow along the 
radial direction of samples. The midpoint of sample height 
had shear resistance from restricted deformation areas. The 
velocity of plastic flow was maximum, causing that the sec-
tor areas were formed.

The drum-like shape of free deformation area caused by 
velocity gradient from the surface layer to inner layer of 
cylindrical bars. Thus, it could inevitably lead to an increase 
in shear strain rate and internal deformation work. It could 
be seen in Fig. 3 that the deformation streamlines were con-
sidered as concentric arcs in the free deformation area. The 
deformation degree decreased layer by layer from inside to 
outside part of samples. The shape of the deformed sam-
ple was axisymmetric. Consequently, the plane deforma-
tion model could be selected with the Cartesian coordinate 
system in this paper. Figure 5 showed evolution model in 
varying deformation areas during electromagnetic impact. 
Consequently, it could be considered that velocity compo-
nent vx (along x coordinate axis) changed in the form of a 
linear function along x coordinate axis. The velocity com-
ponent varied in the form of arc curve along y coordinate 
axis. According to the size data in Fig. 4, the arc curve could 
be simplified as an exponential function. Consequently, the 
velocity component could be assumed as Eq. (1), where a 
and b were undetermined coefficients. The parameters v and 
h were the impact velocity and the height (9 mm) of original 
samples, respectively.

(1)vx = av
2x

h
e−2by∕h

The volume of sample remained a constant during the 
deformation process, so strain rates could be obtained by:

Integrating the Eq. (2), the velocity component vy (along 
y coordinate axis) could be obtained.

Due to the symmetry of deformed sample, vy was zero 
when the y coordinate equaled to zero. Substituting this 
condition to Eq. (3), the velocity component vy could be 
described as:

The velocity at positions contacting to the rigid restricted 
deformation area was v. the vy = − v when the y coordinate 
was h/2. So,

According to measured data of arc curve, the fitting 
curve could be obtained using an exponential function, as 
depicted in Fig. 6. It could be seen that the fitting curve 
agreed well with the measured results. Consequently, the 
undetermined coefficients a and b were calculated as 0.66 
and 0.77, respectively. The velocity component vx could also 
be obtained during the electromagnetic loading, as shown in 
Fig. 7. It could be seen that the velocity was increased from 
inner to outside part of samples. And it was also increased 
from two sides to middle position of the height of sample. 

(2)
�̇�z = 0

�̇�x =
𝜕vx

𝜕x
=

2av

h
e−2by∕h = −�̇�y =

𝜕vy

𝜕y

(3)vy = −
2av

h ∫ e−2by∕hdy =
a

b
v∫ e−2by∕h + f (x)

(4)vy =
a

b
v
(
e−2by∕h − 1

)

vy
||
|y=h∕2

=
a

b
v(e−b − 1) = v

a =
b

e−b − 1

Fig. 5  Evolution model in 
varying deformation areas 
during electromagnetic impact: 
the upper and lower restricted 
deformation areas was consid-
ered as rigid parts; the rigid 
parts impacted and compressed 
the central part into sectors
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This distribution law directly caused the drum-like shape of 
deformed sample. Previous tests on impact velocity showed 
the maximum value reached up to 6.7 m/s, giving rise to a 
velocity component vx of 3.0 m/s. This velocity was very 
great relative to so small radius (3 mm) of sample and short 
loading time (1.25 ms).

The velocity component vx on the adiabatic shear band 
was shown in Fig. 8. It could be seen that the velocity 
component vx had a linear variation trend. And the veloc-
ity gradually increased from inner to outside samples. The 
included angle was 34° between the direction of veloc-
ity component vx and shear direction. Consequently, the 
velocity component vt along the shear direction could be 
calculated with vxcos34° and had identical changing law 
with that of velocity component vx. Due to the materials 
continuity rule, the velocity component vy along y coordi-
nate axis was same at contact locations between restricted 
deformation area and free deformation area. The metals 

at the contact locations simultaneously moved downward 
under the effect of velocity component vy, which did not 
cause shear deformations. However, the metals in the 
restricted deformation area had very small plastic defor-
mations, resulting in almost no plastic flow along the x 
coordinate axis. The velocity component vx and vt were 
basically zero in the restricted deformation area. Thus, the 
velocity gradient inevitably caused shear deformations at 
contact locations between the restricted deformation area 
and free deformation area. Moreover, the velocity gradi-
ent values gradually decreased from outside to inner part 
of samples. The shear deformations initiated at diagonal 
points and gradually expanded into the center of original 
samples, and encountered around the central position. 
Figure 9 showed that microstructure distributions for the 
discharge energies of 3.0 kJ and 4.0 kJ. Previous analy-
sis presented that samples with high discharge energies 
had great plastic deformations. Therefore, adiabatic shear 
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Fig. 7  The calculated results of 
velocity component vx/v: the 1/4 
calculated part was selected due 
to axial symmetry structure
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velocity (vt) accorded with linear distribution law
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bands started at diagonal points of samples under the dis-
charge energy of 3.0 kJ. And the ASBs gradually extended 
into the center of samples as deformations increased. This 
microstructure evolution trend corresponded with that of 
shearing velocity gradient.

3.3  Microstructure evolution in adiabatic shear 
bands

SEM microstructure morphologies in different deformation 
areas were shown in Fig. 10. It could be seen that micro-
structures in restricted deformation area still kept equiaxial 
grain morphology. In the free deformation area, grains 
were elongated along the radial direction of drum-like 

Fig. 9  Microstructure distribu-
tions for varying discharge 
energies: a microstructures of 
the ASB initiation stage under 
the discharge of 3.0 kJ; b micro-
structures of the ASB propaga-
tion stage under the discharge 
of 4.0 kJ

Fig. 10  SEM microstructure 
morphologies in the different 
deformation areas: a whole 
microstructure morphologies, 
b restricted deformation area, 
c free deformation area, d adi-
abatic shear band



 Archives of Civil and Mechanical Engineering (2021) 21:23

1 3

23 Page 8 of 13

sample. Some grains were distorted and refined into sub-
grains. The laminated microstructures were formed inside 
adiabatic shear bands, and the width of ASBs was about 
135 µm. Consequently, the deformation process within the 
ASBs could be approximately considered as a pure shear 
deformation, as shown in Fig. 11. The ASBs were formed 
by the relative movement between the quiescent restricted 
deformation area and radial flowing free deformation area. 
The plastic flow velocity vt along the shear direction could 
be calculated in the Fig. 8. The shear deformation values 
γ could be demonstrated the following Eq. (5), where the 
line AB in Fig. 11 was presented as the width (135 μm) of 
ASBs. For pure shear deformation, the effective strain εf 
could be described as Eq. (7).

The whole deformation process completed within 
1.25 ms, causing that plastic deformation heat could not 
be quickly lost in the surrounding. The plastic deforma-
tion heat was converted by the plastic work. Consequently, 
the adiabatic temperature rise ∆T could be approximately 
calculated with the following Eq. (8).

(5)tan � =
BC

AB

(6)BC = vtt = vxt cos 34
◦

(7)�f =
1
√
3
�

where β is the coefficient (0.9 in general) of heat con-
version, εf is the final effective strain. ρ is material density 
(2660 kg/m3 for aluminum alloy), and σ is the stress (MPa). 
The specific heat capacity c of aluminum alloy are 2660 kg/
m3 and 880 J/(kg °C). The stress–strain relationship under 
high-speed impact could be characterized using the John-
son–Cook constitutive model (Eq. (9)) [26].

where � is plastic strain, �̇� is strain rate (/s) and �̇�0 is 0.01/s 
(the reference strain rate). A is yield strength (MPa). B is 
the hardening coefficient (MPa), C is the strain rate, n is the 
sensitivity coefficient of hardening coefficient and m is the 
coefficient of thermal softening. T is the temperature during 
impact deformations (°C), Tm is the melting point of mate-
rials (660 ℃) and Troom is surrounding temperature (20 ℃). 
These parameters (A, B, C, m and n) for 2A10 aluminum 
alloys obtained by Zhang et al. [27] are 243.0, 618.8, 0.01, 
1.6 and 0.2, respectively.

By substituting Eqs. (9) to (8), the following equation 
[28] can be obtained:

The parameter m was in between integer 1 and 2, the 
Eq. (11) could be simplified by extremum method. m = 1 
and m = 2 corresponded to the upper and lower boundaries 
of temperature rise, respectively. Consequently, the integral 
Eq. (11) could be simplified as:

For the upper boundary m = 1,

For the lower boundary m = 2,

By solving Eqs. (12) and (13), the relationship of temper-
ature rise (T) and effective strain (εf) was obtained, as shown 
in Fig. 12a. According to the radial velocity distribution law 
in Fig. 7, the maximum radial velocity vx was 045 times big-
ger that the impact velocity (as shown in Fig. 2b). Using the 
Eqs. (5)–(7), the effective strain of ASBs could be obtained, 
as depicted in Fig. 12b. The final effective strain was about 

(8)ΔT =
�

�c ∫
�f

0

�d�

(9)𝜎 = (A + B𝜀n)

(

1 + Cln
�̇�

�̇�0

)
[
1 − (T∗)

m
]

(10)T∗ =
T − Troom

Tm − Troom

(11)∫
T∗

T∗
0

dT∗

1 − (T∗)m
=

0.9
(
1 + C ln

�̇�

�̇�0

)

𝜌c ∫
𝜀f

0

(A + B𝜀n)d𝜀

(12)T = 20 + 640
[
1 − exp

(
−0.14�f − 0.31�1.2

f

)]

(13)T = 660 −
1280

1 + exp
(
0.33�f + 0.69�1.2

f

)

Fig. 11  The deformation model within adiabatic shear band: the side 
of restricted deformation area was seen as rigid part and was equiv-
alent to being stationary, the plastic flow velocity component (vt) 
existed in the side of free deformation area; the shear deformations 
within ASBs were regarded as pure shear process and ASB width 
could be measured in Fig. 10a
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0.845 after the electromagnetic impact deformation. Con-
sequently, it could be calculated that temperature rise was 
around 218–275 °C (0.33–0.42Tm) within ASBs. The ther-
mal softening effect (rooted from temperature rise) could 
also facilitate shear deformations inside ASBs. This mutual 
promoted effect between shear deformations and thermal 
softening would aggravate the deformation localization, and 
then resulting in the formation of adiabatic shear bands.

Through the TEM microstructure observations, micro-
structure evolution within the ASBs could be obtained, as 
shown in Fig. 13. SEM microstructure observations within 
ASBs showed laminated morphologies. It could be seen 
that some laminated microstructures (Fig. 13b) distributed 
along the same direction. The most laminated microstruc-
tures (Fig. 13a) intersected with each other. The included 
angle was about 60° between the cross laminates. The 
included angle of slip planes was just 60° for face-centered 
cubic alloys (Al-4.2%Cu aluminum alloys in this work). 
This indicated that multi-slip systems were simultaneously 
actuated due to severe shear deformations. The cross slips 
occurred among slip planes with different directions. In 
addition, the width of laminated microstructures was non-
uniform. The minimum and maximum widths were about 
1 μm and 2.3 μm, respectively. The laminated microstruc-
tures included high-density dislocations (Fig. 13c) due to 
significant shear deformations inside ASBs. The increase 
in dislocation density was responsible for serious disloca-
tion tangles. Consequently, dislocation pattern was mainly 
reflected by dislocation tangles (Fig. 13d). The distortion 
energies increased significantly and were stored in adiabatic 
shear bands.

Remarkable distortion energies could provide further 
evolution of microstructures with driving forces. Many 
equiaxial grains were found in the ASBs, as shown in 

Fig. 14. The size of these grains was inhomogeneous and 
was about 70–280 nm. The electromagnetic impact defor-
mation was completed within 1.25 ms, and the maximum 
temperature rise reached up to 275 °C during short pro-
cess. After this, the temperature rise quickly dispersed 
and restored to room temperature due to no temperature 
prevention. Therefore, the formation mechanism of equi-
axial grains was different from the conventional recrystal-
lization (temperature rise and holding time). Meyers et al. 
[20, 21] proposed a rotational dynamic recrystallization 
model (Fig. 15) for adiabatic shearing processes. At the 
initial shearing deformation, high-density dislocations 
uniformly distributed in the deformed grains. With the 
continuous deformation, the cumulative misorientation 
also dramatically increased to associate with dislocation 
arrangement. High-density dislocations were saturated 
interacted and tangled with each other, resulting in the for-
mation of sub-grains. Original equiaxial grains were elon-
gated into strip sub-grains along the shearing direction. 
The strip sub-grains were further sheared and refined, and 
refined sub-grains still distributed along shearing direc-
tion. Finally, sub-grains were rotated under the driving 
effect of adiabatic temperature rise and distortion ener-
gies. Sub-grains were rotated by 30°, causing that small 
angle grain-boundaries could be transformed into large 
angle grain-boundaries. So the rotated sub-grains were 
evolved into observed recrystallization grains. 

The rotational recrystallization mechanism was established 
from the perspective of dislocation movements. Kinetic equa-
tions for sub-grain rotations were described as:

(14)t =
L1Tkf (�)

4��Db0 exp(−Qb∕RT)
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Fig. 12  The temperature rise and effective strain within adiabatic shear band: a the relationship between temperature rise and effective strain was 
for the upper and lower boundaries; b shear effective strain–time changing curve
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where t was the needed time for the formation of recrys-
tallization grains, T was heating temperature, L1 was equi-
axial grain size, θ was misorientation of sub-grains, η was 
grain boundary energy, δ was grain-boundary thickness, Db0 
was the grain-boundary diffusion coefficient, Qb was activa-
tion energy for grain boundary diffusion and was 0.4–0.6 
times greater than activation energy (Q) for grain growth. 
R was molar gas constant (8.314 J/mol K) and k was Boltz-
mann’s constant (1.38 × 10–23 J/K).

For aluminum alloys, grain boundary energy η was 0.35 J/
m2 and activation energy Qb was 86.4 kJ/mol (0.6 Q) [29]. 
The δDb0 was 9.9 × 10–14  m3/s for aluminum alloys [25]. Adi-
abatic temperature rise (0.33–0.42 Tm) and recrystallization 
grain size (70–280 nm) were calculated in previous analysis. 
Substituting these parameters into Eqs. (14) and (15), the 
relationship between the rotated angle and recrystallization 

(15)

f (�) =
3 tan(�) − 2 cos(�)

3 − 6 sin(�)
+

2

3
−

4

√
3

9
ln

2 +
√
3

2 −
√
3

+
4

√
3

9
ln

tan(�∕2) − 2 −
√
3

tan(�∕2) − 2 +
√
3

time could be obtained, as demonstrated in Fig. 16. It could 
be seen in Fig. 16a that generating recrystallization grains 
with the size of 175 nm (average size) needed much shorter 
time under higher adiabatic temperature rise. Figure 16b 
showed that smaller recrystallization grains were generated 
much sooner. The maximum time completing rotational 
recrystallization was about 45 μs, which was far less than 
lasting time of the whole electromagnetic impact deforma-
tion. Consequently, sub-grains had sufficient rotation time 
to form recrystallization grain.

4  Conclusion

This paper mainly investigated the formation of adiabatic 
shear bands and microstructure evolution of Al-4.2%Cu 
alloy bar by electromagnetic loading. The theoretical model 
was proposed to reveal the formation of ASBs and obtain 
adiabatic temperature rise. The SEM and TEM microstruc-
ture observations were employed to characterize microstruc-
ture evolution inside ASBs. The conclusions drawn from the 
results could be summarized as follows:

Fig. 13  TEM microstructure 
morphologies within the 
adiabatic shear bands: a the 
included angel was 60° for two 
cross slips(two slip systems 
for face-center cubic materi-
als); b unidirectional shear slip 
band; c unidirectional shear slip 
band and dislocation pattern; d 
dislocation tangles among the 
high-density dislocations
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Fig. 14  Dynamic recrystalliza-
tion grains (blue arrows) within 
the adiabatic shear bands: a 
equiaxial grain morphologies in 
observed position 1, b equiaxial 
grain morphologies in observed 
position 2, c statistics data of 
grain size of observed equiaxial 
grains in Fig. 14a and b
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Fig. 15  Dynamic recrystal-
lization model by rotations 
of sub-grains: dislocations 
in grains presented uniform 
distribution during initial stage 
of shear deformations; the 
original grains with equiaxial 
shape were elongated into lami-
nated sub-grains; the distorted 
sub-grains were rotated; the 
equiaxial dynamic recrystalliza-
tion grains were generated
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1. The peak values of impact velocity reached up to 6.7 m/s 
during the electromagnetic loading process, respectively. 
This gave rise to a high strain rate and loading stress 
within a short deformation time (1.25 ms).

2. The theoretical model indicated that the radial veloc-
ity gradient contributed to the formation of ASBs. 
The velocity gradient was generated between the rigid 
restricted deformation area and free deformation area. In 
addition, the shearing velocity component (vt) decreased 
from diagonal points to center of samples, showing that 
the ASBs gradually extended into the center of samples 
as deformations increased.

3. The severe deformations were concentrated within the 
adiabatic shear bands. Pure shear deformations resulted 
in adiabatic temperature rise of 0.33–0.42 Tm inside 
ASBs. The width of ASBs was about 135 μm, where 
original equiaxial grains were significantly elongated 
into laminated sub-structures.

4. TEM microstructures demonstrated multi-slip systems 
(included angle 60°) were simultaneously actuated 
inside ASBs because of severe pure shear deformations. 
Adiabatic temperature rise and distorted energies from 
dislocation tangles drove sub-grains rotate into recrystal-
lization grains (70–280 nm).

5. The needed maximum time (45  μs) for rotational 
dynamic recrystallization was far less than that of elec-
tromagnetic impact deformation, implying that rota-
tional dynamic recrystallization mechanism contributed 
to the formation of recrystallization grains.
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