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Abstract: Electric pulse treatment (EPT) effectively enhances material plasticity but typically 
compromises strength, and the combined mechanisms of pulsed current on dislocation evolution and grain 
rotation remain unclear. Here, HAl66-6-3-2 alloy was subjected to EPT, and the results revealed that the 
EPT sample achieved an increase in plasticity without compromising the strength, with an elongation rate 
enhancement of 69.89%. The changes in performance are mainly attributed to three aspects: grain 
refinement, slight decrease in dislocation density, and the formation of strong {632} <223> texture during 
the EPT. Unlike the untreated (UT) samples with entangled dislocations, under the coupling effect of Joule 
heating and non-thermal effect, the dislocations in EPT samples exhibited directionality, primarily 
composed of a series of parallel dislocation pairs. The formation of the strong {632} <223> texture 
primarily relied on grain boundary migration and grain rotation, with both Joule heating and non-thermal 
effect facilitating rapid grain boundary migration. At low-angle grain boundaries, the pulsed current 
facilitated grain rotation, transforming low-angle grain boundaries in the β phase into high-angle grain 
boundaries. The study demonstrates EPT can promote the movement of atoms and regulate the 
microstructure, which is of great significance for the subsequent control of alloy properties.

Keywords: electric pulse, parallel dislocations, grain refinement, grain rotation, grain boundary migration

1. Introduction

Electric pulse treatment (EPT), as a post-processing method, can significantly enhance the plasticity 
of materials and has attracted widespread attention due to its green and efficient characteristics[1, 2]. Many 
scholars have found that after electric pulse processing, the dislocation density of alloys decreases, which 
is conducive to improving the plasticity and fatigue performance of the alloy[3, 4]. The electroplasticity 
and thermal effects induced by pulsed current facilitate the motion of dislocations under an electric field by 
reducing the energy barrier for atomic diffusion[5-7], thereby eliminating dislocation tangles and 
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decreasing dislocation density. From a kinetic perspective, the non-thermal effects of pulsed current 
promote alterations in dislocation morphology[8-11], consequently accelerating the separation of 
dislocation tangles. Yan et al.[12] discovered that pulsed current facilitates dislocation motion and 
annihilation by reducing the activation energy, thereby decreasing the resistance to dislocation movement 
near pinning points. Xu et al.[13] found that in the process of electro-assisted stretching, the non-thermal 
effect of pulsed current is more likely to promote the movement of dislocations in copper metal.

To further clarify the specific mechanism of electric pulse, scholars have been dedicated to decoupling 
and analyzing the Joule heating and non-thermal effect in pulsed current. In recent years, Zhao et al.[14] 
made a simple distinction between Joule heating and electric pulses, demonstrating that compared to 
continuous currents, electric pulses can promote dislocation cross-slip, alter dislocation morphology, and 
form waves. Li et al.[15] confirmed through DFT (density functional theory) simulations and in-situ TEM 
(transmission electron microscopy) characterization that the electric field can reduce the sliding energy 
barrier to alter the sliding of charged dislocations. The mechanism of action of pulsed current primarily 
focuses on the study and discussion of dislocations. In fact, the effect of pulsed current on grain boundary 
migration, grain rotation, and grain orientation also significantly impacts the performance of alloys.

Pan et al.[16] found that EPT not only enhances [101]//ED texture but also promotes the migration of 
low-angle grain boundaries (LAGBs), thus achieving grain refinement. Kuang et al.[17] found that an 
anomalous texture was formed in magnesium alloys during the rolling process under the influence of 
electric pulses. Zhou et al.[18] discovered that compared to traditional heat annealing, pulsed current affects 
grain rotation, promotes grain boundary migration, and forms a strong {001}<010> texture. Rahman et 
al.[19] decoupled thermal effects from traditional electric pulse processes using in-situ EBSD (electron 
backscatter diffraction) technology at room temperature, observed that the grain rotation angle can reach 
up to 18° with changes in the direction of the pulsed current, and smaller grain sizes facilitate accelerated 
grain rotation. Waryoba et al.[20] decoupled Joule heating from pulsed current and found that non-thermal 
effect can promote grain rotation at LAGBs, proposing a grain rotation-induced grain growth mechanism. 
Currently, research on grain rotation and grain boundary migration under the influence of pulsed electric 
fields is limited, especially studies that discuss the combined effects of pulsed current on dislocation 
evolution and grain rotation are scarce.

Here, we conducted EPT and heat treatment (HT) on the HAl66-6-3-2 alloy, followed by tensile testing. 
Generally, pulsed current promotes dislocation glide to enhance plasticity often accompanied by a decrease 
in dislocation density. However, research results show that the strength of the specimens after EPT did not 
decrease, but plasticity significantly improved. It was found that under the action of pulsed current, the 
morphology and density of dislocations changed, forming a strong {632} <223> texture parallel to the 
current direction. The specimens were characterized using EBSD and TEM techniques, distinguishing the 
effects of pulsed current and heat effect on dislocation and grain orientation. In particular, the impact 
mechanisms of Joule heating and non-thermal effect on dislocations, grain boundary migration, and grain 
rotation were discussed. The understanding of the mechanisms of pulsed current on dislocation evolution 
and grain rotation is of significant importance for further control of alloy properties.
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2. Experimental Section

2.1 Fabrication of Tensile Specimens

The HAl66-6-3-2 alloy was cut into non-standard tensile specimens using wire electrical discharge 
machining, with the dimensions of the tensile section being 8 mm in length, 2 mm in width and 1 mm in 
thickness. The tensile specimens were subjected to EPT and HT, and the surface temperature of the samples 
was monitored in real-time using a thermocouple, which recorded the temperature every 10 ms. The number 
of repeatability tests of the tensile curve under each parameter is 5 times. The frequency of the pulse current 
is 50 Hz, and the waveform is a square wave with a pulse width of 10 ms. Each cycle lasts for 1 s and is 
composed of 8 positive square waves and 8 negative square waves, with an interval of 680 ms between 
cycles. The number of repeatability tests of the tensile curve under each parameter is 5 times. The current 
density is defined as the ratio of the current to the cross-sectional area of the sample, with the current value 
being directly read from the EPT equipment. Furthermore, the strain rate for the tensile test is set at 2 mm 
s-1. The technical parameters for each pulsed electric field and thermal treatment are shown in Table 1.

2.2 Characterization

The microstructure and chemical composition of the dog bone specimens were characterized by field-
emission scanning electron microscopy (FESEM, Hitachi S-4800) equipped with an EDX analyzer, TEM 
(FEI Talos F200s) with selected area electron diffraction (SAED), and high-resolution transmission 
electron microscopy (HRTEM). The phase structures of samples were examined by using Micro-zone X-
ray diffraction (XRD, Rigaku D/Max-2400) with Cu Kα radiation (λ=1.54 Å). The microstructure analysis 
was carried out by optical microscopy (OM) and EBSD and the observation area was located in the center 
of section of each sample. The step size of EBSD analysis was 0.32 μm. Fracture morphology was acquired 
from scanning electron microscopy (SEM, Phenom ProX).

Table 1. Technical parameters of pulsed electric field and thermal treatment

Sample

No.
Voltage (V)

Current density je 

(A mm-2)

Processing time

(s)

Temperature

(◦C)

UT / / / 29

EPT-0 0.9 173 300 112

EPT-1 1.0 190 300 156
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EPT-2 1.1 203 300 189

EPT-3 1.2 218 300 232

EPT-4 1.3 231 300 261

HT / / 300 232

3. Results and Discussion

3.1 The Influence of Pulsed Current on Alloy Properties 

As shown in Figure 1a-b, the untreated (UT) sample has a tensile strength of around 700 MPa and a 
total elongation of approximately 7.64%, indicating poor plasticity. During the EPT process, the plasticity 
of the alloy first increases and then decreases with the increase of current density, reaching the total 
elongation rate (12.98%) under the process condition EPT-3, with a significant increase of 69.89%. The 
decrease in total elongation rate under the EPT-4 treatment condition can be attributed to the high current 
density causing over-processing of the material. At elevated current densities, the Joule heating effect 
induces an excessively high temperature in the sample, leading to grain coarsening and a subsequent 
deterioration in material properties. Interestingly, under various EPT treatment conditions, the material's 
strength remains constant (approximately 707 MPa). Furthermore, in the HT experiment corresponding to 
EPT-3, the plasticity of the material is enhanced to some extent, with a total elongation of 9.39%, 
representing a 22.90% increase. However, there is a significant decrease in tensile strength (approximately 
580 MPa), with a decrease rate of 17%. This indicates that the mechanisms of EPT and HT are not the 
same, and the mechanism of EPT cannot be simply attributed to the Joule heating effect. In Figure 1c, the 
temperature gradually increases due to the growing Joule heating caused by the increasing current density. 
During the EPT process, the relationship between temperature and current density mostly follows the 
law[21, 22]:

∆𝑇 =
𝐽2

𝐶d(1)

here, 𝐽 represents the current density, 𝜌 is the electrical resistivity of the material, 𝛥𝑡 is the duration of the 
current application, and 𝐶 is the specific heat capacity of the material and d is material density. In Figure 
1d, the temperature shows an almost linear relationship with 𝐽2, which is consistent with the law of 
temperature rise caused by pulsed current. In electrical plasticity, the Joule heating effect plays an annealing 
role, enhancing the plasticity of the alloy, but at the cost of reduced strength[23]. Considering that EPT-3 
not only significantly improves plasticity but also maintains strength, to further clarify the influence 
mechanism of pulsed current, microstructural characterization was carried out on UT, EPT-3, and HT 
samples. (Subsequently mentioned EPT samples refer to the EPT-3 sample. All samples were characterized 



5

in the post-treatment stage, prior to the onset of stretching.)

Figure 1. a) Tensile curves and b) comparison of ultimate tensile strength and elongation of the material 
under different treatment methods. c) Surface temperature of the specimens subjected to EPT. d) The 
relationship between temperature and the square of current density.

3.2 The Influence of Pulse Current on Grain Size

In Figure 2a-c, there is no significant change in the precipitate phase of the EPT sample, while the 
black precipitate phase in the HT sample has noticeably grown. In Figures 2d-f, in addition to the matrix 
microstructure, there are two types of precipitates: white (Pb phase) and black (Fe phase). The Fe precipitate 
phase is a hard phase that can enhance the strength of the sample but reduce its plasticity. The dispersed Fe 
precipitates in the UT sample can strengthen the sample, achieving a strength of up to 700 MPa. There is 
no significant change in the size of the precipitates after EPT, whereas after HT, the Fe precipitates have 
grown noticeably, which can reduce both the strength and plasticity of the sample. Due to thermal effects, 
secondary precipitation occurs on the surface of high-temperature samples, resulting in an increase in the 
size of the precipitated phase and a change in morphology. Compared with HT sample, there was no 
significant change in the precipitates in EPT samples. The interaction between electrons and atoms plays a 
crucial role in the pulse current, as localized high temperatures and reduced nucleation barriers lead to the 
dissolution of unstable phases[24], and the electric field and stress reduce the activation energy of stable 
phase precipitation[25, 26]. Furthermore, the application of electric pulsing enhances the aging diffusion 
coefficient, increases the nucleation rate, and decreases the critical nucleation radius of the second phase, 
resulting in relatively smaller precipitated phases[27]. Therefore, during the EPT period, dissolution and 
precipitation can be significantly accelerated[28], so that the precipitated phase does not grow significantly. 
As depicted in Figure 2g-i, phase changes after EPT are not pronounced, while the content of the γ-phase 
significantly increases after HT, which is consistent with the conclusions drawn in Figures 2a-c. As shown 
in Figure 2j, compared to the UT sample, the α-phase grains in the EPT sample become smaller, while those 
in the HT sample enlarge. Similarly, in Figure 2l, the changes in the γ-phase grains in the EPT and HT 
samples are consistent with those of the α-phase grains. In contrast, as shown in Figure 2k, the β-phase 
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grains in the EPT and HT samples decrease in size compared to the UT sample. This indicates that for the 
α and γ-phases, a phase transformation of α→γ and grain coarsening occur during the HT process under the 
influence of heat[29]. Notably, In the EPT process, under the coupled effect of Joule heating and non-
thermal effect, grain refinement is achieved within each phase[30], which is beneficial for enhancing the 
plasticity and strength of the samples.

Figure 2. Low-magnification backscattered electron (BSE) images of a) UT sample, b) EPT sample, and 
c) HT sample. High-magnification BSE images of d) UT sample, e) EPT sample, and f) HT sample. d1-d4) 
Mapping images of Figure 2d. e1-e4) Mapping images of Figure 2e. f1-f4) Mapping images of Figure 2f. 
The phase distribution maps of g) UT sample, h) EPT sample, and i) HT sample (Blue represents α-phase, 
red represents β-phase, and green represents phase γ-phase). The grain size distribution of j) α-phase, k) β-
phase, and l) γ-phase.

Figure 3a-c correspond to the EDS elemental mappings of Figure 2a-c. It can be observed that the 
content of elements does not change significantly after EPT and HT. Notably, the content of the Fe element 
in the sample slightly increases after HT, which is related to the limited range of EDS and the uneven 
distribution of Fe precipitates along the longitudinal direction, with noticeable growth of surface Fe 
precipitates. Additionally, as shown in Figure 3d, the UT sample is primarily composed of the β-phase 
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(CuZn PDF#00-002-1231) and α-phase (Cu0.64Zn0.36 PDF#00-050-1333), with no significant phase changes 
observed in the EPT and HT samples. As is shown in Table 2, compared to the UT sample, the XRD peak 
widths at half maximum of the EPT and HT samples decrease[31], particularly for the HT sample, 
indicating a significant reduction in dislocation density due to dislocation annihilation under the influence 
of heat[32, 33].

Figure 3. The energy dispersive spectroscopy (EDS) spectra of a) UT sample, b) EPT sample, and c) HT 
sample. d) XRD patterns of the UT, EPT, and HT samples.

Table 2. The FWHM values of the corresponding alpha and beta phases in Figure 3d

β-phase

2θ/° 43.408 62.788 79.595 95.301UT

FWHM 0.536 0.831 0.688 0.680

2θ/° 43.507 63.154 79.751 95.537EPT

FWHM 0.250 0.333 0.261 0.453

2θ/° 43.437 63.180 79.801 95.511HT

FWHM 0.153 0.278 0.197 0.342

α-phase
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UT 2θ/° 43.359 49.235 72.422

FWHM 0.489 0.410 0.448

EPT 2θ/° 42.434 49.446 72.402

FWHM 0.216 0.335 0.384

HT 2θ/° 42.435 49.345 72.432

FWHM 0.187 0.321 0.383

3.3 The Effect of Pulsed Current on Texture

The distribution diagrams of grain boundaries and phase boundaries are shown in Figures 4a-c. The 
sample grains are mainly composed of numerous small grains and a few abnormal grains. The counted 
grain number is in the hundreds, which provides statistical significance for the analysis. As shown in Figure 
4d-f, the IPF Coloring diagrams illustrate significant changes in grain orientation after EPT and HT 
treatments. Furthermore, compared to the UT and HT samples, the sample treated with pulsed current 
exhibited a pronounced preferred orientation, increasing the anisotropy of the alloy. As depicted in Figure 
4g-i, in the UT sample, there the α-phase mainly exist <101> // TD (transverse direction) fiber textures, the 
β-phase are mainly <112> // ND (normal direction) fiber textures and <102> // TD fiber textures and the γ-
phase are mainly <100> // RD and <111> // RD fiber textures. The texture types and orientations of the 
samples after EPT and HT have changed, especially the EPT sample showing an overall increase in texture 
intensity, with the appearance of a <223> // RD (rolling direction) fiber texture, which is beneficial for the 
enhancement of strength and tensile plasticity in the EPT sample[34]. Compared to the UT sample, the 
fiber texture parallel to the RD direction increases after HT, such as <113> texture, indicates that the tensile 
plasticity of the sample after HT is improved. 



9

Figure 4. The distribution map of grain boundaries and phase boundaries of the a) UT, b) EPT, and c) HT 
samples (The red lines represent LAGBs, and the black lines represent HAGBs and phase boundaries). The 
Inverse Pole Figure (IPF) Coloring diagrams of the d) UT, e) EPT, and f) HT samples (the black lines 
represent HAGBs). IPF diagrams of the g) UT, h) EPT, and i) HT samples.

As depicted in Figure 5a-c, the α-phase of the UT sample predominantly exhibits {121} <1
_

31> texture, 
while the EPT sample's α-phase primarily displays {632} <223> texture, and the HT sample's α-phase 

mainly consists of {121} <1
_

3
_

1>, {301} <010>, and {123} <111>. Regarding the β-phase, the UT sample 
is characterized by {123} <111>, whereas the EPT and HT samples are distinguished by the presence of 

{632} <223> and {121} <1
_

3
_

1> planar textures, respectively. Additionally, in the γ-phase of the UT sample, 
the main textures are {123} <111> and {235} <502> plane textures, while in the samples after EPT and 
HT, the main textures are {632} <223> and {121} <131> plane textures, respectively. All samples also 
exhibit a pronounced γ-fiber texture (<010> // RD). The predominant texture types change after EPT and 
HT, indicating that grain rotation and orientation alterations occur under the influence of pulsed current[35] 
and heat[36]. Notably, contrary to previous studies suggesting that pulsed current reduces texture intensity 
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to enhance plasticity[37], the texture strength of each phase increases after EPT, primarily forming {632} 
<223> strong textures parallel to the RD, thereby enhancing the material's plasticity.

Figure 5. a-c) The pole figure (PF) of each material. d) The standard pole figures of {001}, {011}, and 
{111} crystal planes in a simple cubic structure.

3.4 The Impact of Pulsed Current on Dislocations

In Figure 6a-c, comparing with Figure 4d-f, it can be observed that the dislocation density distribution 
is orientation-dependent, being concentrated within specific oriented grains. Compared to the UT and EPT 
samples, the dislocation density in the HT sample is significantly reduced, which is consistent with the 
results of the XRD peak width changes. The quantitative analysis of dislocations obtained from the KAM 
maps is depicted in Figures 6d-l. Compared to the UT sample, the dislocation density in the EPT sample is 
slightly reduced, while in the HT sample, the dislocation density is nearly halved. It is evident that the HT 
sample exhibits reduced strength and enhanced plasticity.
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Figure 6. The Kernel average misorientation (KAM) maps of a) UT sample, b) EPT sample, and c) 
HT sample. d-f) Dislocation density distributions for the α, β, and γ phases of the UT sample, respectively 
(Figure 6d-f dislocation data are taken from Figure 6a). g-i) Dislocation density distributions for the α, β, 
and γ phases of the EPT sample, respectively (Figure 6g-i dislocation data are taken from Figure 6b). j-l) 
Dislocation density distributions for the α, β, and γ phases of the HT sample, respectively (Figure 6j-
ldislocation data are taken from Figure 6c). 

As shown in Figure 7a-b, the red arrows indicate that dislocations in the UT sample primarily exist in 
the form of dislocation walls and dislocation tangles. Figure 7c shows that matrix microstructure in Figure 
7b is a single crystal CuZn (β-phase). As shown in Figure 7d, dislocations of EPT sample are primarily 
concentrated in the areas marked by the white dashed lines. In Figure 7e, parallel dislocations are observed, 
as indicated by red arrow-2, and red arrow-1 reveals some stacking fault. Similarly, some parallel 
dislocations can also be observed in Figure 7f, g. The inset in Figure 7f indicates that the grains on both 
sides of the grain boundary are β-phase. Figure 7h is the grain boundary area marked by the red arrow in 
Figure 7f, showing that the two sides of the grain boundary are the {110} planes of the β-phase. Figure 7i, 
enlarging the red box area of 7h, reveals that atoms of different orientations have formed {110} stacking 
fault structures. However, in Figure 7j, the dislocation density after HT is significantly reduced, and the 
precipitation of Fe is clearly observable. Figure 7k is the area indicated by the red line frame in Figure 7j, 
where stacking faults can be seen aggregated at the grain boundaries, and dislocations are dispersed 
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throughout the grain interior. Figure 7l is the area indicated by the red arrow in Figure 7j, showing the 
grains on both sides of the grain boundary to be differently oriented planes. The lattice spacing in regions 
1 and 2 is d = 0.22 nm corresponding to the α phase {111} planes. Compared to the UT sample, the EPT 
sample exhibited specifically oriented parallel dislocations, while the density of dislocations in the HT 
sample significantly decreased with dislocations predominantly manifesting as pinned dislocations. This 
observation suggests that the evolution mechanisms of dislocations under Joule heating and pulsed current 
is different.

Figure 7. Microstructural characterization of (a-c) UT sample, (d-i) EPT sample, (g-i) HT sample. a) Low-
magnification TEM image. b) High-magnification TEM image. c) SAED pattern corresponding to Figure 
7b. d) Low-magnification TEM image. e) Magnified image of the red dashed box in Figure 7d. f) Enlarged 
image of the area marked '1' in Figure 7d, with the inset showing the corresponding SAED pattern. g) Low-
magnification TEM image. h) HRTEM image of the area marked by the '2' arrow in Figure 7e. i) Enlarged 
image of the area enclosed by the red dashed line in Figure 7h. j) Low-magnification TEM image, with the 
inset showing the elemental mapping distribution of Fe. k) Magnified image of the red dashed box in Figure 
7j. l) HRTEM image of the area marked by the arrow in Figure 7k.
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Figure 8. Microstructural characterization of (a-f) HT sample, (g-h) EPT sample, (l) HT sample. a) 
Enlarged image of the red dashed box in Figure 7a. b) SAED pattern corresponding to Figure 8a. c) High-
resolution image of the region marked by the red arrow in Figure 8a. d) Enlarged image of the red dashed 
box in Figure 8d. e) Enlarged image of the red dashed box in Figure 7b. f) High-resolution image of the 
region marked by the red dashed box in Figure 8e, with the inset showing an enlarged the red dashed box. 
g) Enlarged image of the area marked by the '1' arrow in Figure 7e. h) HRTEM image enclosed by the red 
dashed line in Figure 8g, with the inset showing an enlarged view of the red dashed line box. i) e) Enlarged 
image of the area marked '1' in Figure 7j, with the inset showing the corresponding SAED image.

In Figure 8a-d, many defects aggregate at the grain boundaries and the grains on both sides of the grain 
boundary are β-phase in UT sample. Notably, in Figure 8b, some stacking fault structures of the {100} 
planes can be observed[38]. Figure 8c illustrates that the microstructures on either side of the grain 
boundary exhibit different orientations of the {100} planes. Figure 8d shows coherent distortions of 
stacking fault at the {100} crystal planes, which is consistent with the result in Figure 8b. Figure 8e is the 
part enclosed by the red line frame in Figure 7b, showing some dislocation tangles within the grain interior. 
As shown in Figure 8f, the lattice distortion at the dislocation entanglement sites is particularly pronounced. 
In Figure 8g, h. EPT sample exhibits some {111} stacking fault structures (SFs) of α-phase. In Figure 8i, 
there are some twin structures and dislocation tangles in HT sample. It is evident that the dislocation 
entanglements of UT sample are opened after EPT and HT, which is beneficial for enhancing the plasticity 
of the samples.
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Figure 9. Microstructural characterization of (a-e) EPT sample, (f-i) HT sample. a) SAED pattern of the 

area marked '2' in Figure 7d. b-e) Bright-field images taken under the [3
_

1
_

1] zone axis with different g-
vectors. f) Enlarged image of the area marked '2' in Figure 7j, with the inset showing the corresponding 

SAED image. g-i) Bright-field images taken under the [0
_

11] zone axis with different g-vectors. g, h) TEM 
images of EPT sample of different regions. l) TEM images of HT sample of different regions.

Imaging using different spots of EPT sample from Figure 9a is shown in Figures 9b-e. A comparison 

shows that dislocation 1 is an edge dislocation with Burgers vector b = ±1/2[11
_

1], dislocation 2 is a mixed 
dislocation with b = ±1/2[11

_

1], and dislocations 3 and 4 are mixed dislocations with b = ±1/2[1
_

11]. In 
Figure 9f-i, clear dislocation tangles can also be observed in HT sample. A comparison reveals that 
dislocation 1 is a mixed dislocation with Burgers vector b = ±1/2[110], and dislocation 2 is a helical 
dislocation with b = ±1/2[110]. The dislocations after EPT are mainly edge dislocations and mixed 
dislocations, while the dislocations after HT are primarily screw dislocations and mixed dislocations. 
Notably, the dislocation entanglements are nearly completely resolved after EPT, whereas some 
entanglements remain after HT, which is consistent with previously observed phenomena. In Figures 9j-l, 
the changes in dislocation configurations after EPT and HT are different. In comparison to the UT samples, 
which exhibit dislocation tangling, the EPT samples mainly show parallel dislocations, while the HT 
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samples predominantly feature partially tangled dislocations and dislocation loops. Compared to the 
changes in dislocation types, the variations in dislocation configurations are of greater significance, as they 
facilitate a deeper understanding of dislocation evolution under pulsed electric current.

In summary, the HT sample shows dislocation annihilation under the influence of heat, with a 
significant reduction in dislocation density. In addition, the twin structure of α-phase is also conducive to 
the improvement of the plasticity of the sample. In contrast, the entanglement dislocation of the EPT sample 
is opened and exhibited parallel edge dislocations and mixed dislocations. During EPT process, the 
movement of dislocations is promoted under synergistic effects of thermal and non-thermal, resulting in 
parallel dislocations[39] and SFs[40, 41].

4. Discussion

4.1 Evolution of Dislocations under Pulsed Current

Research indicates that pulsed current significantly enhances dislocation mobility, thereby facilitating 
the unlocking of tangled dislocations[42]. The widely accepted view among scholars is as follows: 1) The 
Joule heating effect can promote atomic and dislocation motion, thereby facilitating the activation of slip 
systems[43]; 2) The "local hotspots" formed by distortion scattering[44] also contribute to the unlocking of 
tangled dislocations[45]; 3) Under high-density currents (10^5-6 A mm-2), the Electron wind effect can 
facilitate dislocation rearrangement and slip, leading to the unlocking of tangled dislocations[46] and 
inducing the regeneration of partial dislocations[47, 48]. However, based on the current density at the level 
of 10^2 A mm-2 in this study, the effects of the electron wind alone can be neglected. Similarly, the magnetic 
effects can also be neglected[49, 50].

Regarding the evolution of dislocations under pulsed current, Li et al.[51] established a dislocation 
model based on thermal and non-thermal effects from a kinetic perspective. They proposed that during the 
pulsed current treatment process, the thermal effect primarily promotes the thermally activated motion of 
dislocations, while the non-thermal effect weakens the interaction between dislocations and defects, 
accelerating dislocation velocity and even altering the dislocation slip mechanism. Lian et al.[52] suggested 
that the coupling of thermal and non-thermal effects of pulsed current promotes the formation of specifically 
oriented parallel dislocations around precipitated phases. Zhou et al.[53] validated through in-situ TEM 
techniques that at a current density of 26.5 A mm-2, the Electron wind effect facilitates the thermally 
activated unlocking of screw dislocations, resulting in the formation of linear dislocations.

In general, when the slip direction is [𝑢𝑣𝑤], the shear stress 𝜏 and Burgers vector 𝑏 are as follows:

𝜏 ∝ 𝐺 ∙ 𝑏 = 𝐺 ∙
𝑎

𝑛(𝑢2 + 𝑣2 + 𝑤2)
1
2

(2)

in the equation, 𝐺 represents the shear modulus, 𝑎 represents the lattice constant, and 𝑛 represents the type 
of dislocation (which can be perfect dislocations or partial dislocations, with 𝑛 being greater for partial 
dislocations than perfect dislocations). From equation (2), it can be observed that the shear stress 𝜏 is 
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inversely proportional to 𝑛, indicating that under the same conditions, the critical resolved shear stress of 
partial dislocations is lower than that of perfect dislocations. 

Figure 10. The TEM images of a) UT sample, b) EPT sample, and c) HT sample. The high-resolution 
images of d) UT sample (The illustration is the corresponding SAED image), e) EPT sample (The 
illustration is the corresponding SAED image), and f) HT sample (The illustration is the corresponding 
SAED image), g) Schematic diagram of dislocation evolution.

As shown in Figure 10a, dislocations in the UT sample predominantly exist in the form of dislocation 
tangles. 'Bow-shaped' dislocations and 'linear' dislocations can be observed at the position marked by 1. 
From the SAED in Figure 10d, e, spots with obvious fault characteristics can be observed. In Figure 10d, 
the UT sample contains dislocation loops, with one end of the loop consisting of Shockley dislocations 

1/6[
_

211] and 1/6[211]. In Figure 10b, e, after EPT, dislocations mainly exist as parallel dislocation pairs 
and the parallel dislocations are primarily Shockley dislocations 1/6[211]. In contrast, Figure 10c, f depicts 

the dislocation in HT sample, which is mainly composed of dislocation loops of 1/2[01
_

1]. As illustrated in 
Figure 10g, under pulsed current, the coupled effect of Joule heating and non-thermal effect accelerates the 
movement of dislocations, which annihilate while also proliferating through the Frank-Read source 
mechanism. During the pulsed current process, Frank-Read sources first form dislocation loops, and under 
the action of the non-thermal effect, dislocations at both ends of the loops annihilate, with the splitting at 
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the ends of the loops forming parallel dislocation. The dislocation annihilation is marked by red dashed 
lines in Figure 10b, c. Under the influence of heat, dislocation loops encountering moving dislocation lines 
undergo interaction when the loop plane is perpendicular to the glide plane of the dislocation line, causing 
the dislocation loop to flip. The flipped dislocation loop makes contact with the dislocation line and 
annihilates at the intersection[54]. Li et al.[55] used molecular dynamics (MD) and in situ TEM 
observations to demonstrate that the encounter between the dislocation loop plane and the dislocation line 
can cause dislocation annihilation. As shown by the green loop in Figure 10c, another annihilation 
mechanism exists under the influence of heat, where metastable larger dislocation loops expand and 
annihilate in the free direction, forming concentric pinned dislocation loops[56].

The annihilation dislocation reactions are shown as follows:

1
6 211 +

1
6 211 →0 (3)

4.2 Evolution of Texture under Pulsed Current

As shown in Figure 11a-c, compared to the UT sample, both EPT and HT result in preferred 
orientations of different textures. In Figure 11d-f, the α-phase of the UT sample is primarily composed of 

two textures, {121} <1
_

31> and <110>//RD, with area percentages of 32.5% and 27.7%, respectively. The 
[110] crystallographic direction is a high-density direction in the α-phase (FCC) crystal structure, 
characterized by lower surface energy, and typically possesses higher plasticity, being more prone to plastic 
deformation[57]. After EPT, the α-phase is mainly composed of two textures, {632} <223> and <110>//RD, 
with area percentages of 63.8% and 15.7%, respectively. The pulsed current reduced the proportion of 
<110>//RD, primarily because the direction of the pulsed current is aligned with the RD, preferentially 
acting on grains with the [110] orientation, causing grain rotation and leading to more plastic deformation. 

The α-phase after HT is mainly composed of textures <110>//RD, S ({123} <63
_

4>), {121} <1
_

31>, and 
{130} <010>, with area percentages of 20.7%, 17.3%, 16.3%, and 12.5%, respectively. During the HT 

process, the proportion of {121} <1
_

31> decreases, while the proportions of S ({123} <63
_

4>) and {130} 
<010> increase. It is noteworthy that in the EPT sample, the texture {632} <223> in the α-phase overlays 

the S ({123} <63
_

4>) texture, and it can be inferred that the evolution path of the texture in the EPT α phase 
is from {121} <1

_

31> and <110>//RD to {123} <63
_

4>, and then to {632} <223>.

In Figure 11g-i, the β-phase of the UT sample is primarily composed of three textures, {123} <111>, 
<110>//RD, and {235} <502>, with area percentages of 31.1%, 32.5%, and 27.7%, respectively. After EPT, 

the β-phase is mainly composed of two textures, {632} <223> and {010} <2
_

10>, with area percentages of 
51.6% and 29.1%, respectively. After HT, the β-phase is primarily composed of two textures, <110>//RD 

and {121} <1
_

31>, with area percentages of 47.8% and 35.3%, respectively. Comparing with the UT sample, 
it can be observed that during the HT process, the {123} <111> texture transforms into the {123} <1

_

31> 
texture. The proportion of the <110>//RD texture type increases after HT. For the BCC phase, the <110> 
direction may have a higher atomic diffusion rate, thus being more likely to form and grow during the heat 

treatment process. It is noteworthy that in the EPT sample, the β-phase {0
_

12} <142> overlays the 
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<110>//RD texture. Therefore, it can be inferred that the evolution path of the texture in the β-phase is 

{123} <111> → {123}<63
_

4> → {632} <223>, and <110>//RD → {010} <2
_

10>.

Figure 11. Texture distribution maps of a) UT sample, b) EPT sample, and c) HT sample. The α-phase 
texture distribution of d) UT sample, e) EPT sample, and f) HT sample. The β-phase texture distribution of 
g) UT sample, h) EPT sample, and i) HT sample. The γ-phase texture distribution of j) UT sample, k) EPT 
sample, and l) HT sample.

In Figure 11j-l, the γ-phase of the UT sample is primarily composed of four textures: {123} <111>, 
<110>//RD, {235} <502>, and Cube ({001} <100>), with area percentages of 21.1%, 18.2%, 12.1%, and 
12%, respectively. After EPT, the β-phase is mainly composed of two textures: {632} <223> and 
<110>//RD, with area percentages of 35.6% and 21.1%, respectively. After HT, the γ-phase is primarily 

composed of two textures: <110>//RD and {121} <1
_

31>, with area percentages of 30.6% and 25.4%, 
respectively. Comparing the UT and EPT samples, it can be observed that during the HT process, the 

Copper texture ({112} <111>) and Cube ({100} <100>) transform into <110>//RD and {123} <1
_

31> 
textures. It should be noted that after EPT and HT, the original Cube cubic texture disappears, which may 
be due to precipitation of the γ-phase. Therefore, it can be inferred that the evolution path of the texture in 

the γ-phase during the EPT process is {123} <111> → {123} <63
_

4> → {632} <223>.

Under the influence of pulsed current, grain-oriented rotation occurred, resulting in the formation of a 
specific {632} <223> texture. Similarly, Li et al.[58] also found that under the action of electric pulses, 
CuCrZr alloy preferentially forms the {112} <011> and {112} <110> texture, and the grain is also refined 
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with the change of texture orientation. Furthermore, Zhao et al.[59] also found that pulsed current can 
reduce dislocation density and promote grain rotation Guan et al.[60], and the severity of grain rotation 
increases with the increase of peak current density. It is evident that the formation of the {632} <223> 
texture is dependent on the pulsed current.

Figure 12. The Grain Reference Orientation Deviation (GROD) axis diagrams of a) UT sample, b) EPT 
sample, and c) HT sample. The GROD angle distributions of UT, EPT, and HT samples for d) α-phase, e) 
β-phase, and f) γ-phase. Local Misorientation distributions of UT, EPT, and HT samples for g) α-phase, h) 
β-phase, and i) γ-phase. Misorientation distributions of UT, EPT, and HT samples for j) α-phase, k) β-
phase, and l) γ-phase.

In Figure 12a-c, there is a partial but distinct preferential orientation of [001], [110], and [111] in the 
UT sample, while HT sample exhibits a pronounced preferential orientation of [110]. Compared to UT and 
HT samples, the absence of a pronounced texture orientation after EPT is attributed to the formation of 
atypical {632} <223> texture under pulsed current. In Figure 12d-f, compared to the UT sample, both HT 
and EPT samples show a decrease in GROD angle, mainly due to the increased proportion of texture 
components, which is consistent with Figure 11, especially Figure 11e, h, where the proportion of {632} 
<223> texture exceeds 50%. Furthermore, the texture intensity of the grains is enhanced after EPT (Figure 
4, 5), which also contributes to the reduction in GROD angle. In Figure 12g-i, compared to the UT sample, 
both HT and EPT samples exhibit a decrease in local misorientation. For the EPT sample, the EPT process 
causes the grain orientation to tend to be uniform, resulting in a decrease in local misorientation. For the 
HT sample, in addition to the concentration of texture orientation, the decrease in local misorientation is 
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also attributed to the engulfment of surrounding subgrains or defects during grain growth[61], leading to a 
significant reduction in dislocation density (Figure 6j-l). In Figure 13j-l, an increase in misorientation can 
be observed after EPT and HT in the α and β-phases, while in the γ-phase, misorientation decreases after 
EPT but increases after HT. Due to grain growth, the grain size increases after HT, and grain growth occurs, 
leading to an increase in misorientation (Figure 2j). Similarly, misorientation increases in the γ-phase after 
HT. Although the overall grain size decreases after EPT and HT (Figure 2k), there are local overheating 
areas that cause some grains to grow[62], thereby increasing the misorientation between grains, which is 
consistent with the observations in Figure 2g-i. The grain size of the γ phase decreases after EPT, and there 
are no abnormally grown areas (Figure 2l), leading to a decrease in misorientation with the reduction of 
grain size. The grain size of the α phase decreases after EPT, and there is no obvious abnormal growth. 
However, it can be observed that the α phase has a directional aggregation in distribution, and after EPT, 
the grain boundaries migrate towards the [223] direction (Figures 2g, h), resulting in an increase in the 
orientation difference between grains, thereby increasing misorientation. In summary, the migration of 
grain boundaries leads to grain refinement.

4.3 Pulsed Current Promotes Grain Boundary Migration and Grain Rotation

Based on the Arrhenius theory[63] of thermally activated processes. it is assumed that grain boundary 
migration is a thermally activated process, where atoms or molecules need to overcome a certain energy 
barrier 𝑄 to migrate. The Arrhenius formula for the grain boundary migration rate is shown as follows[64]:

𝑀 = 𝑀0𝑒𝑥𝑝 ― 𝑄
𝑘𝑇

(4) the equation, 𝑀 represents the grain boundary migration rate, the pre-exponential 

factor 𝑀0 contains information related to the atomic vibration frequency and the net atomic flux during 
each activation event, 𝑘 is the Boltzmann constant, and 𝑇 is the absolute temperature. Compared to the UT 
sample, the temperature 𝑇 increases after HT and EPT, especially in EPT where the atoms at the grain 
boundaries have a higher 𝑇, which is conducive to grain migration. Under pulsed current, compared to the 
UT and HT samples, the non-thermal effect can promote atomic migration, particularly near the grain 
boundaries. The non-thermal effect can increase the net atomic flux, thereby increasing 𝑀0, and further 
accelerating the migration of grain boundaries.

The modified expression for the grain boundary migration rate is as follows:

𝑀 = 𝑀՛
0𝑒𝑥𝑝 ― 𝑄՛

𝑘𝑇՛
(5)here, 𝑀ꞌ

0 is the modified pre-exponential factor, which takes into account the effects 

of Joule heating and the non-thermal effect, 𝑄՛ is the modified activation energy, which may be reduced 
due to higher temperatures, and 𝑇՛ is the modified temperature, considering the temperature increase caused 
by Joule heating. 
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Figure 13. Grain boundary distribution maps of a) UT sample, b) EPT sample, and c) HT sample (black 
lines indicate low-angle grain boundaries, red lines indicate high-angle grain boundaries). Coincidence site 
lattice (CSL) grain boundary distributions for the UT, EPT, and HT samples in the d) α-phase, e) γ-phase, 
and f) β-phase.

In Figure 13a-c, compared to the UT sample, the proportion of high-angle grain boundaries (HAGBs) 
increases in the EPT and HT samples, indicating that grain boundary migration occurred during the EPT 
and HT processes, achieving a transition from LAGBs to HAGBs. The increased proportion of HAGBs 
also helps to promote an increase in orientation differences between grains. In Figure 13d-f, compared to 
the UT samples, the samples after EPT exhibit an increase in the proportion of high-energy grain boundaries, 
consistent with the conclusion of an increase in the proportion of HAGBs. However, the proportion of 
special grain boundaries in the γ phase after EPT decreases overall, indicating that the increased HAGBs 
after EPT are mainly the α and grain β boundaries. On the other hand, in the HT sample, the proportion of 
the special grain boundaries shifts towards high-energy grain boundaries in the β and γ phases. Especially 
in the β-phase, the proportion of high-energy grain boundaries greatly increases, indicating that the 
increased HAGBs are mainly β-phase grain boundaries, which is consistent with the result of a significant 
increase in misorientation in Figure 12k. It is worth noting that in the α-phase, the proportion of Σ3 does 
not change much after HT, indicating that some deformed twin boundaries in the UT sample have 
transformed into annealed twin boundaries.

A grain rotation rate model based on Fick's law, which derives the dependence of grain rotation rate 
on grain size under high pressure and temperature by adjusting the vacancy flux. The specific expression 
is as follows[65]:

𝑑𝜃
𝑑𝑡

= 8𝛿 Ω𝑃
𝑓(𝐿𝑛)

𝐷0𝑒𝑥𝑝 ― 𝑞
𝑘𝑇

(6) the equation, 𝑑𝜃 𝑑𝑡 represents the grain rotation rate, 𝛿 is the diffusion width 
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of the boundary, 𝛺 is the atomic volume, 𝑞 is the activation energy, 𝑓 is a function of the grain size 𝐿, 𝑛 is 
a constant (ranging between 1 and 6), 𝐷0 is the diffusion constant, 𝑇 and 𝑃 are the temperature and pressure. 
Grain rotation occurs at the grain boundary, and the rotation rate can be expressed as[66, 67]:

𝑑𝜃𝑖𝑗

𝑑𝑡
= 8𝛺𝛿𝑖𝑃

𝐿2
𝑖𝑗

𝐷0𝑒𝑥𝑝 ― 𝑞
𝑘𝑇

(7)here, 𝜃𝑖𝑗 is the grain boundary misorientation between grain i and j, and 𝐿2
𝑖𝑗 

is the length of the grain boundary segment. 𝛿𝑖 is grain boundary thickness.

Under pulsed current, Joule heating and the non-thermal effect accelerate atomic motion, thereby 
increasing 𝐷0. The non-thermal effect also increases 𝑃, and furthermore, the grain refinement caused by 
the pulsed current reduces 𝐿2

𝑖𝑗. Compared to the HT sample, the EPT sample exhibits a higher grain rotation 
speed.

Figure 14. Diagram of grain rotation under pulsed current.

Regarding the effect of pulse current on grain rotation, in recent years, Waryoba et al.[68], through 
MD (Molecular Dynamics) simulation, found that pulsed current can promote the rotation of grain volume, 
achieving a grain growth mechanism. Zhang et al.[69] also discovered that the non-thermal effect of pulsed 
current facilitates the motion of dislocations at the grain boundaries, resulting in grain boundary slip and 
ultimately leading to grain rotation. As shown in Figure 14, during the EPT process, the coupling effect of 
Joule heating and the non-thermal effect causes changes in grain orientation, and the grain volume also 

rotates as the grain boundaries migrate. Grains oriented along [1
_

31] and [111] rotate to the [223] orientation.

4.4 The Relationship between Texture and Plasticity under Pulsed Current

Since the tensile direction of the samples is the RD direction, the discussion of the Schmidt factor is 
based on the RD direction. As shown in Figure 15a-c, compared to the UT and HT samples, overall, The 
EPT sample contains a large number of readily deformable grains due to the elimination of grain that 
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difficult to slide, exhibiting favorable plastic behavior. The distribution and proportion of different slip 
systems on individual grains are shown in Figure 15d-f. In the α-phase, the UT sample mainly exhibits 

{121} <1
_

31> and {112} <1
_

10> slip, the EPT mainly shows {632} <223> slip, while the HT sample 
primarily has {235} <502> and {121} <1

_

31> slip systems. In the β phase, UT, EPT, and HT samples exhibit 
multiple closely spaced slip systems. In the γ-phase, the UT sample mainly shows {123} <11

_

1> and {112} 
<1

_

10> slip, the EPT mainly exhibits {010} <2
_

10> slip, and the HT mainly activates {121} <1
_

31>, {111} 
<1

_

10>, and {112} <1
_

10> slip systems. Compared to Figure 11a-c, the slip systems initiated in the α-phase 
are mainly texture-controlled slip systems, which are conducive to increased plasticity. However, the β 
phase, similar to the γ phase, the initiation of grain slip occurs in slip systems different from those dominated 
by texture, which is not only related to the different orientations of the grains but also related to the internal 
defects of the grains, especially the β-phase of the EPT, where grains with {632} <223> texture have many 

grain boundaries and second phases inside, and their activated slip systems tend to be {0
_

12} <142>. The 
comparison of the Schmidt factor in the same slip system on different grains for different phases is shown 
in Figure 15g-i. In the α, β, and γ-phases, the Schmidt factor values for the texture-controlled slip systems 
are the highest for the UT, EPT, and HT samples, which are conducive to plastic deformation of the samples. 
However, for the EPT sample, the proportion of {632} <223> texture is much higher than others, and in 
different grains, the Schmidt factor of the {632} <223> slip system is relatively high, indicating a certain 
degree of plastic coordination between grains. This coordination helps to transfer stress between grains, 
reduce stress concentration at grain boundaries, and thereby enhance the overall plasticity of the material.

Figure 15. Schmidt factor diagrams of a) UT sample, b) EPT sample, and c) HT sample. Distribution maps 
of activated slip systems on individual grains for d) UT sample, e) EPT sample, and f) HT sample. Overall 
Schmidt factor distributions of the UT, EPT, and HT samples for g) α-phase, h) β-phase, and i) γ-phase.

5. Conclusions
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Here, the tensile tests of HAl66-6-3-2 alloys at UT, EPT and HT were compared. Compared to the UT 
sample, it was observed that under a pulsed current density of 218 A mm-2, the tensile elongation was 
increased by 69.89% without reducing the strength. The evolution of dislocations and textures in UT, EPT, 
and HT samples was studied, revealing the mechanisms of texture formation and grain refinement induced 
by grain boundary migration and grain rotation.

(1) Compared to the UT sample, the dislocation density in the EPT sample is slightly reduced, while 
the dislocation density in the HT sample is significantly decreased. During the EPT process, the non-
thermal effect promotes the multiplication of dislocations and the entanglement dislocation of the EPT 
sample is opened and exhibited parallel dislocations. Under the influence of heat, dislocation loops not only 
annihilate by interacting with dislocation lines but also undergo self-annihilation through repeated 
expansion in the direction of freedom.

(2) Under pulsed current, a strong {632} <223> texture is formed, and among different grains, the 
Schmidt factor of the {632} <223> slip system is relatively high, indicating a certain degree of plastic 
coordination between grains. This is conducive to stress transfer between grains, reduction of stress 
concentration at grain boundaries, and thereby enhances the overall plasticity of the material.

(3) By comparing with the UT sample, the pathway for the formation of the {632} <223> texture 

parallel to the current direction in the EPT sample is established: in the α-phase: {121} <1
_

31> → {123} 
<63

_

4> → {632} <223>. In the β and γ-phases: {123} <111> → {123} <63
_

4> → {632} <223>.

(4) The formation of the strong {632} <223> texture primarily depends on grain boundary migration 
and grain rotation, with both Joule heating and the non-thermal effect contributing to the accelerated 
movement of grain boundaries. At LAGBs, the synergistic effects of thermal and non-thermal of pulsed 
current facilitates the motion grain boundary slip and grain rotation, transforming LAGBs into HAGBs in 
the β-phase.

(5) The migration of grain boundaries in the EPT sample also promotes grain refinement, while the 
HT sample engulfs a large number of dislocations during the grain boundary migration process. Compared 
to the UT sample, both the EPT and HT samples exhibit increased tensile elongation, but the strength of 
the EPT sample does not decrease.
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Highlights

 Electric pulses sample achieved 69.89% higher elongation without strength loss

 Electric pulses promote the formation of strong texture parallel to current direction

 Non-thermal effect promotes the evolution of dislocations to form parallel pairs

 Texture changes are attributed to grain boundary migration and grain rotation


