
 

 

 Trans. Nonferrous Met. Soc. China 35(2025) 2598−2611 

 
Effect of electro-pulsing treatment on tensile properties and 

microstructure of SLM-produced TC4 alloy 
 

Zhen-shang HU1, Yi YANG1, Ming-xia WU1, Ling XUE1, Qiang LI1, Dong LU2,3, Yong-sheng LIU2,3 
 

1. School of Mechanical Engineering, Sichuan University, Chengdu 610065, China; 
2. Sichuan Advanced Metal Material Additive Manufacturing Engineering Technology Research Center, 

Chengdu Advanced Metal Materials Industry Technology Research Institute Co., Ltd., Chengdu 610300, China; 
3. State Key Laboratory of Vanadium and Titanium Resources Comprehensive Utilization, 

Pangang Group Research Institute Co., Ltd., Panzhihua 617000, China 
 

Received 27 December 2023; accepted 22 August 2024 
                                                                                                  

 
Abstract: The effect of electro-pulsing treatment (EPT) with different peak current densities (Jm) on tensile properties 
of selective laser melting (SLM)-produced TC4 alloy was investigated for significant improvement in the tensile 
properties of the alloy. When Jm is 30 A/mm2, the elongation is improved distinctly by 19.72% while the ultimate tensile 
strength remains nearly constant. The improved ductility is evidenced by deeper dimples on the fracture surface and 
cracks from the shear lip zone. Additionally, the improvement is reflected by widely distributed voids and prominent 
slip bands in the longitudinal section of the fracture. The fracture behavior is attributed to the increased high-angle grain 
boundaries fraction and the reduced dislocation density induced by the appropriate EPT. This microstructure leads to a 
decrease in texture intensity of the basal plane and an enhancement in crystalline slip capacity of the plane, 
consequently, the improved plastic deformation capacity of the alloy. 
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1 Introduction 
 

TC4 alloy is known for its good lightweight 
properties, biocompatibility, and corrosion 
resistance [1]. The allotropy of titanium and the 
variety of associated microstructures make it ideal 
for selective laser melting (SLM), one of the most 
frequently used additive manufacturing techniques 
[2]. SLM has been widely applied in medical 
implants and aeronautical parts. These applications 
require the corresponding components to have high 
ultimate tensile strength (UTS) and yield strength [3]. 

However, TC4 alloy is of poor thermal 
conductivity, and there is a wide temperature 
gradient between the top melting layers and the 

cooler bottom layers during SLM [4]. These 
properties result in an uneven microstructure in the 
alloy [4]. Additionally, the deposition direction has 
been proven to affect the anisotropic mechanical 
performance of the SLM-produced TC4 alloy 
(SLMed TC4) [5]. SUN et al [5] reported that the 
UTS of the SLMed TC4 sample oriented at 0° was 
inferior to those of samples with orientations at 45° 
and 90°. Despite various efforts including scanning 
strategy modification and post-processing, some 
conventional post-treatments such as annealing and 
hot isostatic pressing failed to prevent grain growth 
in the alloy, which reduced its strength, and these 
treatments were time-consuming [6−9]. Remedies 
that can avoid the shortcomings have not yet been 
thoroughly investigated. 
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Over the past two decades, electro-pulsing has 

attracted significant interest as an efficient and 
environmentally friendly treatment for modifying 
metals [10]. Numerous studies have focused on the 
mechanisms through which the current modifies the 
mechanical properties and microstructure of TC4 
alloy. ROSS et al [11] investigated the effects of 
electro-pulsing on the bulk deformation of TC4 
alloy under tensile and compressive loads. Their 
results indicated that electro-pulsing resulted     
in a pronounced ductility, with improvements far 
exceeding those achieved by resistive heating. GAO 
et al [12] discovered that short-term electro-pulsing 
treatment (EPT) enabled TC4 alloy to achieve 
superior dynamic ductility by transforming the 
bimodal microstructure into a typical lamellar 
microstructure. ZHAO et al [13] processed TC4 
alloy using electro-plastic compression and found 
that the microstructural evolution and increased 
plasticity during the process were dominantly 
attributed to the thermal and athermal effects     
of electro-pulsing. These effects promoted the 
dislocation motion, enhanced the nucleation rate of 
dynamic globalization, and induced the α→β phase 
transition. ZHAO et al [14] analyzed the influence 
of the electrical parameter duty cycle on the 
spring-back of TC4 alloy sheets during electrically 
assisted stretch U-bending tests, and found that    
a 30% duty cycle was optimal for reducing 
spring-back. GAO et al [15] realized the refinement 
and hardening of the microstructure of SLMed TC4 
alloy with the applied voltage approaching 7.5 kV. 

However, in those reports, EPT was primarily 
regarded as a forming technology for the TC4 alloy. 
A high current density in the treatment would   
lead to substantial energy consumption for the 
electro-pulsing device. In addition, systematic 
studies employing pulse current with low density to 
enhance the tensile property of the SLMed TC4 
alloy have been scarce. Moreover, the specific 
tensile fracture behavior of the alloy has not been 
comprehensively studied. 

Hence, the purpose of the current study is to 
utilize electro-pulsing with a relatively low current 
density to improve the resistance to tensile fracture 
in the SLMed TC4 alloy, where the deposition 
direction is perpendicular to the tensile direction. To 
this end, the optimal treatment was selected based 
on the UTS and elongation tested from samples 
subjected to different pulse current densities. 

Furthermore, the microstructure of the TC4 sample 
after EPT was characterized. 
 
2 Experimental 
 

The raw material was composed of spherical 
TC4 powder with an average powder particle size 
of approximately 50 μm (Fig. 1). 
 

 
Fig. 1 Morphology of TC4 powder 
 

The chemical composition (in mass fraction) 
was as follows: 0.0027% H, 0.0084% N, 0.01% C, 
0.2068% O, 0.05% Fe, 4.43% V, and 5.86% Al, 
with the balance being Ti. The laser power was 
280 W, the laser beam scanning velocity was 
1200 mm/s, and the hatch distance was 0.14 mm. 
After the SLM process, the blanks were annealed  
at (800±14) °C for 2 h to relieve the warpage, 
followed by furnace cooling. According to 
ASTM B265—20a, they were processed into TC4 
tensile samples, as shown in Fig. 2(a). 

Figure 2(b) displays the diagram of the EPT. 
The sample was connected to two copper electrodes 
at both ends, which were connected to the 
generating device that produced a unidirectional 
square-form current. The waveform was specified 
by basic parameters, including the voltage (<10 V), 
pulse width (≤100 ms), and interval between pulses 
(1−999 ms). An AT−4204 multi-channel transducer 
was used to measure the temperature on the surface 
of the sample during electro-pulsing processing. 

UTS, elongation, and stress−strain curves of 
the material were measured at room temperature 
and a strain rate of 2 mm/min. Subsequently, 
morphologies on the fracture surface and 
metallographic structures on the longitudinal 
section of the fracture were characterized by 
scanning electron microscopy (Phenom ProX, 
15 kV, Secondary electron) for fracture behavior 
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analysis. Additionally, a microstructure analysis 
was conducted using optical microscopy and 
electron backscattered diffraction (EBSD) with a 
step size of 0.5 μm, focusing on the center of the 
section of each sample. To verify the evolution   
of the dislocation morphology in each sample, a 
transmission electron microscope (TEM, JEOL 
JEM F200, 200 kV, Bright field) analysis was 
performed. 

In this work, the samples were grouped based 
on the peak current density (Jm). They were divided 
into six groups, labeled UT, EPT-1, EPT-2, EPT-3, 
EPT-4, and EPT-5, with the corresponding Jm 
values of 0, 10, 20, 30, 40, and 50 A/mm2, 
respectively. The duration approached 4 s, with a 
pulse width of 100 ms, which was followed by   
air cooling. To ensure the reliability of the 
experimental results, four tensile samples were 
prepared for each group. 
 
3 Results and discussion 
 
3.1 Tensile properties 

Figure 3 presents the UTS, elongation, and 
engineering stress−strain response of each sample 
treated via different pulse current densities. 

When Jm is lower than 30 A/mm2, the 
elongation continues increasing, while the UTS has 
no significant fluctuation. The variation of the UTS 
is less than 4%. When Jm increases to 30 A/mm2, 
the elongation reaches its maximum value, 
increasing by 19.72% compared with that of the UT 
tensile sample. However, as Jm exceeds 30 A/mm2, 
both the UTS and elongation decrease evidently. 
When Jm reaches 50 A/mm2, UTS and elongation  
of the sample are the lowest. Therefore, EPT-3 is 
the optimal treatment, as it noticeably realizes the 
toughness improvement of the material. 
 
3.2 Temperature evolution 

Temperature was used to analyze the structural 
evolution with the influence of electro-pulsing and 
compare the energies provided by different pulse 
current densities [16]. As shown in Fig. 4, an 
increase in the current density Jm promotes the 
temperature rise rate and the terminal temperature. 

It should be noted that the temperature of the 
EPT-5 sample increased nearly four times 
compared with that of the EPT-4 sample. The 
temperature rise is proportional to the square of 
current density [10]. Although the internal 
temperature is generally higher than the surface 

 

 
Fig. 2 Diagrams for machining of SLMed TC4 alloy (a) and experimental setup of EPT (b) (unit: mm) 
 

 
Fig. 3 Tensile properties of TC4 samples: (a) Variations for UTS and elongation; (b) Engineering stress−strain curves 
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Fig. 4 Temperature on surface of TC4 samples with 
different treatments 
 
temperature and cannot be measured directly by the 
transducer, it is estimated to follow a pattern similar 
to that reflected in Fig. 4 [17]. 

3.3 Fracture morphologies 
Due to the apparent differences in UTS and 

elongation among UT, EPT-3, EPT-4, and EPT-5 
samples presented in Fig. 3, the corresponding 
fractures of these tensile samples were selected to 
analyze fracture morphologies. Their morphologies in 
specific areas are presented in Fig. 5. 

The samples, except for EPT-5, consist of 
tearing ridges and massive dimples, which belong 
to a typical ductile fracture mode. The depths of 
dimples in the fibrous zones of these samples are 
barely distinguishable, but dimples in the shear lip 
zone of the EPT-3 sample appear to be deeper. 
Equally importantly, more cracks can be seen in this 
zone, intuitively reflecting that ductile deformation 
in the EPT-3 sample is more pronounced than that 
in the other samples. For the EPT-4 fracture sample, 
the number of tearing ridges in the shear lip zone 
increases. In Fig. 5(d), the ridges are seen to spread 

 

 
Fig. 5 Fracture surfaces for TC4 samples: (a) UT; (b) EPT-3; (c) EPT-4; (d) EPT-5 
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into another zone, which creates a stepped 
topography. Simultaneously, cleavage planes are 
included in the EPT-5 sample. These features 
indicate that brittle fracture occurred in the tensile 
sample, which accounts for its inferior tensile 
properties shown in Fig. 3. 
 
3.4 Microstructure evolution 

To understand the role of the pulse current in 
the tensile properties of the alloy, microstructure 
observation was carried out. The optical microscopy 
images of the selected samples are shown in Fig. 6. 

Samples from UT to EPT-4 contain profuse 
lath structures dominated by the α phase. In the 
sample processed at 30 A/mm2 (EPT-3), the lath 
structure expands slightly. Combined with the 
results in Fig. 3(a), this likely indicates that the 
magnitude of current density is moderate. As the 
current density continues to increase, the content of 
the coarse structure, presented in Fig. 6(c), exceeds 
a certain threshold, reducing the ductility of the 
alloy. At the highest current density (50 A/mm2), 
the microstructure is mainly characterized by α′ 
phase with a remarkable transition [17]. As 
illustrated in Figs. 3(a) and 6(d), the α′ phase is 
responsible for the poor tensile properties of the 

EPT-5 tensile sample. 
To further investigate the fracture behavior 

shown in Fig. 5, the longitudinal section of each 
tensile fracture was observed, and the results are 
presented in Fig. 7. 

In the fibrous zones of the fracture samples 
(Figs. 7(a2), (b2), and (c2)), the distributions and 
widths of α lath structures are similar. In the shear 
lip zone, however, the morphology of the EPT-3 
sample differs from that of the other samples. As 
depicted in Figs. 7(b1) and (b3), there are notable 
lath structure twisting and widely distributed voids 
between slip bands in this zone. This morphology 
manifests an enhanced plastic deformation that is 
correlated with the deeper dimples presented in 
Fig. 5(b) [18]. As given in Figs. 7(d2) and (d3), the 
voids and deformed α′ structures are similar to 
those of the EPT-3 sample in Figs. 7(b2) and (b1), 
respectively. The martensitic laths can disrupt the 
trade-off between tensile strength and ductility in 
the titanium alloy [19]. However, it is speculated 
that this structure, longer than that reported by YAO 
et al [19], accelerated the fracture progression of the 
EPT-5 sample. Furthermore, the α′ structures 
displayed in Figs. 7(d1−d3) are coarser than the α 
structures in other fracture samples. This potentially  

 

 
Fig. 6 Optical micrographs of TC4 samples: (a) UT; (b) EPT-3; (c) EPT-4; (d) EPT-5 
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Fig. 7 Fracture morphologies on longitudinal sections of TC4 samples: (a1−a3) UT; (b1−b3) EPT-3; (c1−c3) EPT-4; 
(d1−d3) EPT-5 
 
explains the inferior resistance to tensile 
deformation of the EPT-5 sample [20]. By 
comparing these deformation behaviors, it is further 
demonstrated that the EPT-3 sample exhibits 
excellent ductility. 

To further investigate the effect of electro- 
pulsing on the alloy, samples (UT, EPT-3 and EPT-5) 
were selected for characterization of EBSD and 
TEM. 

The change in tensile property induced by 
electro-pulsing generally originates from grain 
boundaries (GBs) and grain size, where GBs were 
characterized by misorientation angles. The grain 

morphologies of TC4 samples, along with the 
corresponding statistical results, are shown in 
Fig. 8. 

It can be seen from Fig. 8(a) that the UT 
sample contains a plethora of low-angle grain 
boundaries (<15°, LAGBs). This phenomenon 
arises from the rapid remelting and solidification  
in the process of SLM, preventing complete 
recrystallization in a material [21]. Despite 
annealing the material in this study, the LAGBs in 
the alloy are not fully diminished. Conversely, there 
are fewer LAGBs in the EPT-3 sample. Figure 8(d) 
shows that the fraction of high-angle grain boundaries 
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Fig. 8 Grain morphologies of TC4 samples of UT (a), EPT-3 (b), and EPT-5 (c), corresponding statistic results of GB 
angle (d), and average grain size and fraction of globular grains (e) 
 
(>15°, HAGBs) in the EPT-3 sample approaches 
90%, which is 27.74% higher than that in the UT 
sample. However, the HAGBs fraction in the EPT-5 
sample is the lowest among these samples. As 
illustrated in Fig. 8(e), the average grain size of the 
EPT-3 sample is 13.79% larger than that of the UT 
sample. In comparison, the average grain size of the 
EPT-5 sample is the highest among the samples, 
implying that noticeable grain growth occurred.   
It is generally accepted that a grain with an aspect 
ratio of less than 2.5 satisfies the requirement of 
globularization [22]. As shown in Fig. 8(e), the 
EPT-3 sample has the highest fraction of globular 
grains. Although the fraction for the EPT-5 sample 
falls between those of the other samples, the highly 
coarse grains can degrade the GB strength and 
accelerate the tensile fracture [23]. As a result, the 
specific grain morphology and distribution of GBs 
in the EPT-3 sample facilitated greater plastic 
deformation accommodation and hindered crack 
propagation [24,25]. 

It has been revealed that electro-pulsing can 
enhance external energy, overcoming an energy 
barrier and inducing GB migration [26−28]. This 
requires sufficient conduction time and current 
density [26−28]. The pulse width in this work is 

millisecond-grade, which is higher than that in the 
previous studies [15]. Accordingly, the conduction 
time of each sample is estimated to be adequate. 
Besides, an electro-pulsing with high current 
density is responsible for the grain refinement in a 
metal [29]. Compared with the high current density 
from SONG et al [29], the current densities of 
EPT-3, 4, and 5 are far from adequate to refine   
the grains in the TC4 alloy. As the current density 
increases, the GB migration will induce more 
evident grain growth, namely, the expansion of  
the α structure (Figs. 6(c) and 7(c1−c3)). At the 
maximum current density, however, the grain 
growth will evolve into an evident phase transition 
(Figs. 6(d) and 7(d1−d3)). 

It has been reported that drifting electrons can 
transfer energy to atoms through direct collision, 
creating a heat source that makes for atom diffusion 
[28,30]. During particle movement, the relationship 
between the GB migration and current density Jm 
can be expressed as [28,30]   

*
m p

t a
B B

2π= + =
(1 ) ( ) π ( )

NDZ erJ fGbDQ Q Q
v k T t k T t

τ
+

−  
   (1) 

 
Qm=C0Qa                                                  (2)  
Qm=va/Ωa                                                  (3) 
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vEPT=vt+va                                                 (4)  
where Q is the total atomic flux contributed by  
EPT; Qt and Qa are the atomic diffusion fluxes due 
to thermal and athermal effects, respectively; G is 
the shear modulus; b is the magnitude of Burgers 
vector; D refers to the lattice diffusion coefficient; v 
is the Poisson’s ratio; kB is the Boltzmann constant; 
T(t) refers to the temperature during electro-pulsing 
processing; N is the atom density; Z 

* is the effective 
valence; e is the charge on an electron; r is the 
electrical resistivity; f and τp denote the frequency 
and pulse width of electro-pulsing, respectively; Qm 
represents the atomic diffusion flux across GBs; C0 
is the migration coefficient; Ωa is the atom volume; 
vEPT is the GB velocity during EPT; vt and va are the 
GB migration velocity attributed to thermal and 
athermal effects, respectively. 

Equations (1) to (4) indicate that electro- 
pulsing can enhance Qa and va. In terms of thermal 
effect, D plays a crucial role in activating atomic 
motion, as it is primarily influenced by the 
temperature and exponentially increases with the 
rise of T(t) [31]. Furthermore, the relationship 
between vt, Qt, and T(t) indicates that the heat 
provided by the pulse current also promotes vt 
[28,32]. With a moderate processing time, the 
average aspect ratio of the grains decreases to a 
certain degree, which can consume LAGBs and 

facilitate the structure in the EPT-3 sample [33]. 
Dislocations have been verified to respond   

to electro-pulsing [34]. Without visible plastic 
deformation in these selected samples, geo- 
metrically necessary dislocations (GNDs) generally 
evolve consistently with total dislocations [35]. 
Therefore, the GND density was employed to 
quantify the defect evolution, as presented in Fig. 9. 

As can be seen from Fig. 9(a), there is a large 
number of dislocations in the UT sample, which 
stem from the inherent characteristics of SLM [4]. 
The repetitive heating and cooling in the manufacturing 
process gave rise to internal stresses, causing 
dislocations to accumulate and intertwine [36]. 
Figures 9(b) and (c) display an obvious reduction in 
the GND density compared with the UT sample. As 
shown in Fig. 9(d), the average GND density of 
EPT-3 sample is lower than that of the other 
samples. Moreover, the standard deviation of  
GND density in the EPT-3 sample is the lowest, 
manifesting a more homogeneous distribution of 
dislocations. 

TEM bright field images showing dislocation 
morphologies of the TC4 samples are presented in 
Fig. 10. There are numerous dislocation tangles  
and zigzag dislocations in the UT sample. On the 
contrary, there are uniformly distributed dislocations 
without evident pile-ups in the EPT-3 sample. The  

 

 
Fig. 9 GND maps of TC4 samples of UT (a), EPT-3 (b), and EPT-5 (c) with their statistic results (d) 
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Fig. 10 TEM bright field images of TC4 samples: (a) UT; (b) EPT-3; (c) EPT-5 (SAED patterns inserted in (a) and (c) 
indicate the existence of α and α′ phases, respectively) 
 
dislocation pile-ups in the EPT-5 sample, however, 
are severer than those in the EPT-3 sample. Notably, 
the difference in the dislocation morphologies 
between these samples is consistent with that in the 
GND density. 

The morphologies from Fig. 10 are conducive 
to different mechanical properties of the tensile 
samples. During the tensile deformation of the 
EPT-3 sample, it could be estimated that a 
continuous plastic flow was coordinated by 
dislocation with adequate space, helping to improve 
the elongation of the material [37]. It is noted that 
there is no evident decrease in tensile strength of 
the EPT-3 sample. This is owing to the dislocations 
with lower density and the slightly coarse α lath 
structures in the sample. However, for the EPT-5 

sample, dislocation pile-ups near the GBs of the α′ 
laths can be observed in Fig. 10(c), potentially 
weakening the GB strength and resulting in the 
inferior tensile strength [38]. Moreover, as 
calculated from Fig. 9(d), the GND density of the 
EPT-5 sample is 14% higher than that of the EPT-3 
sample. This suggests that the heterogeneous and 
irregular dislocations can impair the ductility of the 
alloy [39,40]. 

It is proven that electro-pulsing can enhance 
the mobility of dislocations [41,42]. Furthermore, 
the current can generate additional energy near 
dislocations, reducing the threshold for dislocation 
motion and altering their density [15,26]. As new 
dislocations continuously form, they interact with 
the existing ones [43]. What’s more, owing to the 
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current pulse width of this processing, some drifting 
electrons can be generated. With sufficient electrons 
and accumulated energy provided by available 
dislocations, dislocation annihilation can be activated, 
resulting in regularly distributed dislocations [40,44]. 

In addition to these factors discussed 
previously, the electron wind force should be 
considered to be responsible for dislocation motion 
[42]. In terms of the current density magnitude of 
EPT-3, indeed, the force is far from adequate, 
limiting its capacity to evacuate dislocation tangles 
and reduce the dislocation density [42]. Therefore, 
both drifting electrons and the additional energy can 
contribute to the dislocation evolution in the EPT-3 
sample. By comparison, it can be estimated that the 
force produced by EPT-5 has been considerably 
increased [42]. However, EPT-5 can induce the 
highest temperature in the alloy (Fig. 4). This 

indicates that the thermal stress generated from  
the treatment is dominant, which can produce 
dislocations [38,44,45]. Furthermore, with the 
dislocation motion activated by the electropulsing 
[15], some dislocations migrate to the GBs of the α′ 
laths, inducing the dislocation pile-ups as shown in 
Fig. 10(c). Thus, the thermal stress and dislocation 
motion account for the increase in dislocation 
density in the EPT-5 sample. 

As can be characterized from the EBSD, the α 
phase constitutes 99.9% of the TC4 alloy. To 
discover the difference in α phase texture between 
the samples, pole figure (PF) and inverse pole 
figure (IPF) were applied in this characterization. 
The results are given in Fig. 11. 

For the maximum intensity of each crystal 
plane texture (Figs. 11(a−c)), the intensity of {0001} 
basal texture is higher than that of other crystal plane 

 

 
Fig. 11 PFs of α phase in TC4 samples of UT (a), EPT-3 (b), and EPT-5 (c) with corresponding IPFs in Z0 direction (d) 
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groups. It is noted that the intensity of {0001} basal 
texture for the EPT-5 sample is the highest among 
the samples. This result signifies the improved 
anisotropy of the sample [46], but its plastic 
deformation capacity is generally restricted [47]. 

As shown in Fig. 11(d), the maximum texture 
intensity of each sample congregates in the [0001] 
corner. The [0001] orientation is parallel to the Z0 
direction, which corresponds to the direction of the 
tensile load. In particular, the intensity of the EPT-3 
sample is lower than that of the other samples. This 
is because the fraction of basal planes perpendicular 
to the load is the smallest, which can delay fracture 
initiation during the load [46]. It is known that 
grains with basal planes are considered to be “hard 
grains” that resist dislocation slip during tensile 
deformation [48]. Therefore, based on the texture 
difference, EPT-3 is conducive to the better plastic 
deformation capacity of the alloy. 

To delve deeper into the influence of the 
microstructure on the ductility, slip systems of 
samples subjected to different treatments have been 
evaluated. According to the results obtained from 
the EBSD, Schmid factor (SF) was utilized to 
assess the capacity of crystalline slip, and the 
relation is given by [49]   

2
pl cyε σ M ′∝ ⋅                            (5) 

 
where εpl is the normal strain after an elastic stage, 
σcy is the calculated yield strength, and M′ is the SF. 

In general, an intergranular slip system in TC4 
alloy is mainly composed of basal and prismatic 
slips [50]. Due to the anisotropy of the SLMed TC4 
alloy, the basal slip takes precedence over the 
prismatic slip [51,52]. The SF distributions on both 
planes are exhibited in Fig. 12. 

Figures 12(g) and (h) display the SF values of 
the slip system. For the basal slip, the EPT-5 sample 

 

 
Fig. 12 Distribution maps of SF for TC4 samples of UT (a, d), EPT-3 (b, e), and EPT-5 (c, f) with corresponding statistical 
results (g, h) 
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has the lowest values of average SF and relative 
frequency of ΣSF(0.4−0.5). By comparison, for the 
prismatic slip, these values of the EPT-3 sample are 
notably higher than those of the other samples. 
Considering the differences in the grain size and 
dislocation distribution of both samples, these   
SF results suggest that the enhanced dislocation 
mobility with the optimal treatment promoted   
the excellent slip capacity of the planes [53]. 
Meanwhile, the distinctions in σcy between the 
tensile samples (UT and EPT-3) are less than 2%, 
which can be neglected. Therefore, the εpl increases 
with the proper application of electro-pulsing, 
which can promote crystalline slip and retard  
cracks originating from tensile stress [33]. With  
this increase, the ductility of the material can be 
considerably enhanced. 
 
4 Conclusions 
 

(1) According to the dependence of the tensile 
properties of the SLMed TC4 alloy on peak current 
density from electro-pulsing treatment (EPT), it is 
found that EPT-3 (30 A/mm2) is the optimal 
treatment. This treatment allows the elongation of 
the alloy to become the highest. 

(2) Based on the tensile fracture behaviors of 
all samples, features including deeper dimples, 
widely distributed voids, and more prominent slip 
bands suggest the excellent ductility of the EPT-3 
sample. 

(3) Grains and dislocations play an important 
role in the microstructural evolution during the 
optimal electro-pulsing (EPT-3). On the one hand, 
the HAGBs fraction is notably enhanced. Although 
the grain size increases, the increase is mild and is 
hardly detrimental to the tensile strength. On the 
other hand, the dislocations with lower density and 
higher distribution uniformity form. This noticeable 
evolution of the grains and dislocations can  
weaken the intensity of the {0001} basal texture. 
Particularly, the capacity of prismatic slip is 
improved, which can effectively delay tensile 
fracture. As a result, the interplay between these 
microstructural features elucidates the mechanism 
of ductility improvement. 
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胡臻尚 1，杨 屹 1，吴明霞 1，薛 令 1，李 强 1，卢 东 2,3，刘永胜 2,3 

 
1. 四川大学 机械工程学院，成都 610065； 

2. 成都市先进金属材料工业技术研究院有限公司 四川省先进金属材料增材制造工程技术研究中心，成都 610300； 

3. 钒钛资源综合利用国家重点实验室(攀钢集团有限公司)，攀枝花 617000 

 
摘  要：研究了具有不同峰值电流密度(Jm)的脉冲电流处理(EPT)对选择性激光熔化法(SLM)制备的 TC4 合金拉伸

性能的影响，以实现该材料拉伸性能的显著改善。当 Jm 为 30 A/mm2 时，伸长率显著提高了 19.72%，抗拉强度基

本不变。这种良好的延展性在于断口表面具有较深的韧窝以及剪切唇区出现的裂纹。同时，该性能的改善体现在

断口剖面出现了分布较广的孔洞和明显的滑移带。断裂行为的这些变化归因于良好的 EPT 工艺提高了大角度晶 

界含量，降低了位错密度。这种显微组织引起基面织构强度减弱，增强了对应滑移面的滑移能力，从而有利于提

高材料的塑性形变能力。 
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 (Edited by Wei-ping CHEN) 


