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Abstract
Despite the fact that titanium alloy micro-gear has superior performance and can withstand special conditions, it is difficult 
to machine due to its poor plasticity and high strength. We proposed an eco-friendly, efficient, and sustainable electric field 
assisted micro-plastic forming technology (micro-EFAPFT) for forming titanium alloy microparts. Ti-6Al-4 V alloy bars 
were extruded into micro-gears using an electrothermal coupling field and Joule heating in a graphite mold. The micro-gear 
has high precision, good surface quality, and a simple process. The whole process takes only 380 s. The findings demonstrate 
that the best gear forming degree, fewer microstructure defects, and hardness reaching 330.1 HV—4.4% higher than that of 
the raw material—occur when the pressure holding period is 120 s. During the plastic deformation process, phase transfor-
mation and recrystallization occur, increasing the fraction of α phase from 96.6–99.68% and increasing the grain orientation 
difference. The tooth tip has finer grains but longer dislocation lines. In conclusion, the electric field accelerates dislocation 
motion, reduces dislocation density, and increases material plasticity, allowing the Ti6Al4V micro-gear to be formed in a 
single step. The experimental results validate the feasibility of this technology for producing titanium alloy micro-gear and 
can be used to guide the production of different materials and shapes of microparts.
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1  Introduction

Over the past decade, the trend toward compact, integrated 
and miniaturization of products such as micro-aerial vehicles 
(MAV), micro-robots, sensor and actuators has continued. 
This trend calls for miniaturization of components from 
mesoscopic to microscale [1, 2]. Micromachining technol-
ogy has developed greatly, making it possible to design and 
develop ever smaller and more complex miniaturized prod-
ucts [3–6]. However, because of the slow and ordinal nature 
of the procedure, it is not suitable for mass production, such 
technique results in a high cost, and it is heavily depend-
ent on technologies and machining tools [7–10]. Therefore, 
many researchers have put forward the micro-plastic forming 
technology, which has the advantages of high productivity, 
low material loss, good mechanical properties and small tol-
erance, as a kind of micro-manufacturing technology with 
great development prospects [11–14].

To explore micro components as the micro-aerial vehicles 
(MAV) or micro-robots, one of the critical factors is the micro-
parts manufacturing. In micro aircraft, it is necessary to trans-
fer power precisely and change the direction of motion, which 
puts forward higher requirements on the dimensional accuracy 

 *	 Kunlan Huang 
	 huangkunlan@scu.edu.cn

	 Bo Zeng 
	 zengb1995@163.com

	 Xiangzhong Yan 
	 30950809@qq.com

	 Zhiqiang Xie 
	 929364134@qq.com

	 Jian Liu 
	 liujian@scu.edu.cn

	 Jie Wang 
	 wangjie@scu.edu.cn

	 Yi Yang 
	 yangyi@scu.edu.cn

1	 School of Mechanical Engineering, Sichuan University, 
Chengdu 610065, Sichuan, People’s Republic of China

2	 Yibin Industrial Technology Research Institute 
of Sichuan University, Yibin 644005, Sichuan, 
People’s Republic of China

3	 AECC AERO Science and Technology Co., Ltd, 
Chengdu 610503, Sichuan, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40684-023-00536-1&domain=pdf
https://orcid.org/0009-0000-4183-2100


108	 International Journal of Precision Engineering and Manufacturing-Green Technology (2024) 11:107–122

1 3

and mechanical properties of micro-gears [15, 16]. Titanium 
alloy is widely utilized in the aircraft and navigation indus-
tries, as well as medical devices, due to its good mechanical 
qualities, outstanding corrosion resistance, and biocompatibil-
ity [17–19]. However, the deformation resistance of titanium 
alloy is high and usually a serious spring-back is present at 
the room temperature, which brings a challenge to the precise 
large deformation process of cylinder or the variable curvature 
part of the titanium alloy [20, 21]. Nowadays, the drawbacks 
of the micro-plastic forming technology are associated with 
(i) material types (limited to copper, Aluminum and magne-
sium, etc. with low strength, good plasticity and low melting 
temperature.) [22–25] and (ii) component geometries which 
are limited to 2D (Micro tensile, micro compression, micro 
bending and micro channel, etc.) [26–28] and 2.5D (micro cup 
and microtubule, etc.).

For purpose of obtaining the desired mechanical properties 
by controlling the microstructure, titanium alloys are usually 
deformed at relatively low temperatures (0.65~0.75 Tm) [29]. 
However, with the decrease of deformation temperature, the 
thermal working property of titanium alloy deceases sharply. 
Therefore, the high temperature formability of titanium alloy 
has been studied by prior researchers. The deformation is 
mainly controlled by recrystallization of α phase and grain 
boundary slip at low temperature (750–850 °C) and low strain 
rate (0.001-0.1s-1). When the temperature is higher (> 900 °C) 
or high strain rate (1–10 s− 1), β phase dynamic recovery was 
the step to control the rate [30–32].

So far, many processes have been developed that use 
external electric field to assist the plastic forming process 
of Titanium alloy. Over the past decade, Taekyung Lee 
et al. have reported the advantages of electrically-assisted 
forming, including the reduction of bending force in large 
and miniature sheet metal [33]. After pulse electric current 
treatment and annealing treatment, Zhiyong Zhao discovered 

that the elongation of Ti6Al4V alloy samples dramatically 
increased by 66.5% and 20.8%, respectively [34]. Pulse cur-
rent can significantly improve the plasticity of deformed 
Ti6Al4V alloy, but the strength is still relatively high [35]. 
Existing studies have proved the feasibility of electric field 
assisted plastic forming of titanium alloy. Based on this, 
an electrical field assisted micro plastic forming technol-
ogy (Micro-EFAPFT) was designed in this paper, which 
innovatively combined electric field assisted forming with 
microparts manufacturing. Ti6Al4V alloy micro-gears were 
prepared under the combined action of high temperature, 
current and forming pressure, as illustrated in Fig. 1. In the 
electrical field-assisted micro-forming method, the Ti6Al4V 
titanium alloy micro-gear was created under the coinstan-
taneous action of high temperature, current and forming 
pressure. Initially, the workpiece is placed directly into a 
small mold, and an AC current passes through the mold and 
the workpiece, generating temperature through the Joule 
effect to achieve heating. Pressure is applied to both ends 
of the sample. The micro-gear is formed in one step and the 
whole process takes less than 4 min. The traditional sintering 
method requires large heating space, long holding time and 
consumes a lot of energy. While Micro-EFAPFT is an envi-
ronmentally friendly production mode with small heating 
cavity, concentration temperature and short forming time. 
The traditional gear production mode is forging and machin-
ing, the utilization rate of raw materials is low. This tech-
nique is a sustainable development practice for the integral 
gear once forming, avoid producing waste.

To the best of the author’s knowledge, there are few reports 
on the plastic forming of Ti6Al4V alloy micro-gears. The aim 
of this study is to process Ti6Al4V micro-gear with the Micro-
EFAPFT and study its plastic deformation mechanism. The 
electric field assisted plastic forming method presented in this 
study can be used to manufacture titanium alloy micro-gear, and 

Fig. 1   Forming process diagram 
of Ti6Al4V micro-gear under 
the electrical field
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the current heating rate is quick, reducing manufacturing time 
and improving material use efficiency. It is an environmentally 
friendly micro-gear manufacturing technology that provides an 
experimental and theoretical foundation for machining more 
micro-parts with different shapes and materials.

2 � Experiment Procedures

2.1 � Raw Materials

Ti6Al4V titanium alloy bars with a diameter of Φ 2 mm 
purchased from Baoji Hengchuang Metal Products Co. LTD 
(Shanxi, China), were used as the raw materials. Table 1 dis-
plays the chemical make-up of the Ti6Al4V titanium alloy 
rod. As shown in Fig. 2a, the Ti6Al4V titanium alloy bars 
were cut into workpieces with a size of Φ 2 × 8.02 mm and 
the Fig. 2b–d show the SEM images of microstructure of the 
Ti6Al4V workpiece. The grains of the original Ti6Al4V rod 
materials exhibit a typical fine (α + β) equiaxed morphology 
and the β grains (light grains in Fig. 2d) are evenly distrib-
uted around the α grains (dark grains in Fig. 2d). Moreover, 
as shown in Fig. 2b–c, the starting Ti6Al4V workpiece has 
a small number of residual holes.

2.2 � Forming Process

The die-set utilized for the studies with a Gleeble-1500D 
thermal simulator from Dynamic System Inc., USA, is 

schematically shown in Fig. 3. The machine produces a 
special electric field with high current and low voltage 
(3000∼30,000 A and 3∼10 V). As shown in Fig. 2a, the as-
received Ti6Al4V bars are enough to form a micro invo-
lute gear with a size of modulus 0.3, tooth number 10, 
pitch diameter 3 mm and gear height 4 mm. A graphite die 
was loaded with the workpiece (Fig. 3c–e). The die con-
taining the Ti6Al4V rod was then put into the work cham-
ber of the Gleeble-1800D facility (Fig. 3b), where it was 
swiftly heated at a predetermined heating rate in a vacuum 
(< 10− 3 Pa) to a certain forming temperature while apply-
ing a predetermined pressure to the punch (Fig. 3c). After 
then, the sample was cooled at a rate of 20 °C s− 1. The 
forming process is complete when the temperature reaches 
room temperature (Fig. 3e). Table 2 displays the precise 
technological specifications of these experiments.

Table 1   Ti6Al4V titanium alloy 
bar standard composition

Composition Fe C N O Al V Ti

Wt.% 0.2 0.03 0.01 0.15 6 4 Remain

Fig. 2   a a Ti6Al4V workpiece with a size of Φ 2 × 8.02 mm and b–d 
SEM images of the Ti6Al4V workpiece

Fig. 3   Experimental process diagram a  Gleeble-1500D, b  work 
chamber, c–e forming process and die-set

Table 2   Technological conditions for forming micro-gear samples

Sample 
number

Heating 
rate (°C 
/s)

Forming 
temperature 
(°C)

Pressure (N) Dwell time at the 
forming tempera-
ture (s)

1# 30 1200 294 5
2# 30 1200 294 60
3# 30 1200 294 120
4# 30 1200 294 180
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2.3 � Measurements

Transmission electron microscopy (TEM) and scanning 
electron microscopy (JSM-5900LV, JEOL) were used to 
examine the samples’ microstructure and backscattered 
electron imaging (BSE). (FEI Talos F200X) at 15kv and 
200kv, respectively. Samples for TEM observation were 
prepared at room temperature by mechanical thinning 
and ion milling. A cutter with a diamond saw blade was 
used to cut the wafer sample from the formed sample 
and the final refinement of the wafer was performed 
using a precision ion polishing equipment (Gatan-691). 
A scanning electron microscope equipped with an HKL-
EBSD system, the FEI Nano 430, was used to conduct 
an electron backscatter diffraction (EBSD) test. Vickers 
hardness was measured by HVS-1000 digital microhard-
ness tester at 0.98 N load and 15s pressure holding time. 
Take the average of 5 measurements as the hardness of 
the sample.

3 � Experimental Results and Discussion

3.1 � The Plastic Forming Process of the Ti6Al4V gear

The sample’s temperature variation and axial height reduc-
tion during the plastic forming process under an electrical 
field are shown in Fig. 4. As shown in Fig. 3b, an infra-
red thermometer (LumaSense Technologies Germany) was 
used to measure the forming temperature and the tempera-
ture range it can attain is 550 ~ 3300 °C. Special Limits of 
Error is about 0.5% when the temperature is above 1200 °C. 
This is a most convenient and reliable method for forming 
temperature monitoring in Micro-EFAPFT. The samples’ 
actual forming temperature and preset forming temperature 
distribution curves show that the heating period and the first 
dwell time are where temperature measurement errors are 
most common. Due to the heat transfer, the maximum delay 
of the heating-up time is about 4 s. Because of the high 
forming temperature (1200 °C) and short measurement delay 
time, error range is acceptable.

Fig. 4   The axial reduction and forming temperature of the specimens under various dwell time: a 1# 5s; b 2# 60s; c 3# 120s; d 4# 180s
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By comparing the characteristics of axial reduction curve 
and forming temperature curve, the whole forming process 
includes three stages:

i)	 Pre-deformation period (from the beginning to heat 
(20 °C) to the temperature reaches 1200 °C). As shown 
in Fig. 4a–d, there is a linear increase in axial reduction 
from the beginning of heating to point A, indicating that 
the original workpiece is being heated in such a short 
forming time.

ii)	 plastic filling period (keeping at 1200 °C for a hold pres-
sure time). As shown in Fig. 4, this period is defined as 
the process in which the main formability is realized. 
In the process of forming, the axial reduction increases 
rapidly and then flattens out. As shown in Fig. 4 (a-b), 
a more interesting thing is that there is an obviously 
steep axial reduction increases of the samples, and it 
occurrs in the dwell time of less than 60s. After then, 
the axial reduction increases gradually. which shows 
that the plastic deformation process of micro-gear is 
not finished. Moreover, as shown in Fig. 4c–d, an axial 
reduction remains constant (from point B to C) after 
the 94~102 s dwell time. It can be found that the plastic 
deformation filling of the micro-gear will be finished 

when the dwell time is more than 102 s. The axial reduc-
tion profiles of the warm-holding period can be used to 
explain the effects of the dwell time on the formability 
of the Ti6Al4V micro-gear.

iii)	 Cooling period (time from the forming 1200  °C to 
room 20 °C). In Micro-EFAPFT, the rapid-cooling rate 
(20 °C/s) can control the material microstructure and 
improve the production efficiency.

3.2 � Formability of the Ti6Al4V gear

Figure 5 shows the BSE images of the fabricated Ti6Al4V 
micro-gears, and the analysis results are as follows:

i)	 As can be seen from the Fig. 5c, Ti6Al4V micro-gear 
can be well formed by plastic forming technology under 
the electrical field in a short time (about 2 min) with 
a simple forming process (one step from bar to gear). 
Moreover, the sample with a pressure holding time of 5s 
at 1200℃ (Fig. 5a) has a microscopic morphology simi-
lar to that of the original workpiece (Fig. 5b–c), with 
residual holes. With the extension of pressure holding 
time, the residual pore in Ti6Al4V material significantly 
decreased (Fig. 5b, c). However, if the stay time is too 

Fig. 5   BSE micrographs of samples at different holding time: a 1# 5s; b 2# 60s; c 3# 120s; d 4# 180s; (a1-d1 and a2-d2) gear center microstruc-
tures; (a3-d3 and a4-d4) gear tooth microstructure
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long (180s), a certain shrinkage cavity rate will be gen-
erated at the edge of the gear, as shown in Fig. 5 (d1-
d2, d3-d4), but not at the center of the gear. The details 
about the surface layer model will be discussed in the 
following section.

ii)	 Comparing the precision of size and morphology of 
the formed samples, the 1# (Fig. 5a) and 2# (Fig. 5b) 
samples are still cylindrical in shape because it lacks of 
sufficient time to complete the plastic deformation and 
plastic filling. And then, when the dwell time extends to 
120 and 180 s, a good tooth shape of 3# (Fig. 5c) and 
4# (Fig. 5d) samples are observed. This indicates that 
with the extension of forming time, the degree of plastic 
filling increases. The effects of dwell time on the form-
ability on the micro-gears are corresponding with the 
results of the axial reduction profiles in Fig. 4.

iii)	 Furthermore, comparing the microstructure of the 
formed samples, there is a phase transition occurred 
during deformation of the samples. As shown in Fig. 2, 
the original workpiece material has a typical fine (α + β) 
equiaxed in shape and the β grains can be observed 
obviously. However, after deformation, the material 
microstructure is transformed into lamellar Martensite 
structure, and there are long strip α and β grains both in 
the center and edge of the gear. At the same time, most 
of the β phase changes to α phase regardless of how 
long the dwell time is. It indicates that the high cooling 
rate results in the martensitic phase transition and the 
acicular α will be formed [36] at the fast cooling rate 
(10 °C/s).

iv)	 A further important observation is that the difference 
microstructure in the gear edge and center present dis-
tinct size effect. The grains in the gear edge are shorter 
than those in the gear center as shown in Fig. 5 (a1, a4, 
b1, b4, c1, c4, d1, d4). This result is consistent with 
the transitional surface model, which is established to 
simulate the process of micro upsetting [37].

In conclusion, formability of the Ti6Al4V micro-gear was 
significantly influenced by the dwell time at the produced 
temperature.

3.3 � Mechanical Property

Figure 6 depicts how the produced samples’ Vickers hard-
ness changed during the course of the pressure holding 
time at 1200 °C. It is evident that the Vickers hardness 
trend and characteristics of all the produced specimens 
are compatible with that of formability. As can be seen 
from the figure, sample 3# (120s dwell time) has the high-
est Vickers hardness value, reaching 330.1 HV, which is 
4.4% improvement over the initial material. Comparing 
with the original billet, all the deformed samples have a 

higher hardness because the Martensite structure with the 
amount of more α phase exhibits a higher strength after 
phase transformation.

3.4 � Microstructure Evolution

3.4.1 � Evolution of Grain Morphology During Deformation

The evolution of the material’s microstructure, including 
the morphology of the grains and the mobility of disloca-
tions, is related to the formability and mechanical charac-
teristics of micro-gear specimens [38]. In order to further 
understand these relationships, the microstructures of the 
as-received raw billet and the formed micro-gear samples 
were studied by EBSD analysis. The results are shown 
in Figs. 7 and 8. As shown in Figs. 7a and 8a, the as-
received Ti6Al4V original billet contains inhomogeneous 
equiaxed grains with 96.64% α phase and 3.36% β phase. 
The Fig. 7b–e shows the formed specimens with Wid-
manstatten structures and grain size of α phase gradually 
increases with the increasing holding time. Furthermore, 
comparing the Fig. 8b–e with Fig. 8a, the β phase content 
of the original billet decreased significantly during plastic 
deformation, only about 0.32%.

The grain coarsening observed in plastic forming pro-
cess is thought to be the excessive holding time [39, 40]. 
In our experiments, as shown in Fig. 6, grain coarsen-
ing reduces the hardness of the formed specimen when 
the holding time is greater than 120s. Moreover, it can 
be found in Fig. 5 that a short dwell time (less than 120s) 
will in turn reduce the dimensional accuracy of the plastic 
deformation of the specimen.

Fig. 6   Variation of Vickers hardness with Dwell time for all speci-
mens investigated
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3.4.2 � Recrystallization Characteristics During Deformation

As shown in Fig. 5c2 and Fig. 5c3, the microstructure of 
the center and tooth of the micro-gear differs considerably, 

which has a crucial influence on the dimensional accuracy 
of the formed gear. For purpose of study the formability of 
the Ti6Al4V micro-gear under the electrical field, the texture 
and microstructure of the as-received billet, the formed gear 

Fig. 7   Microstructure evolution in specimens center under different plastic dwell time: a the original billet; b 1# 5s; c 2# 60s; d 3# 120s; e 4# 
180s

Fig. 8   Phase composition evolution in specimens under different plastic dwell time: a the original billet; b 1# 5s; c 2# 60s; d 3# 120s; e 4# 180s
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center and the gear tooth got by EBSD testing are shown in 
Fig. 9. It can be clearly noticed that the vital changes occurs 
in the texture of the specimen before and after deforma-
tion. The grain size at the tip of the gear is finer than that at 
the center of the gear because of the greater deformation at 
the tip of the gear. From Fig. 9a, the texture peaks can be 
noticed around < 0110 > . After the deformation, as shown 
in Fig. 9b and c, the texture peaks are concentrated around 
< 0001 > and < 1210 > . The experimental results show that 
the specimen undergoes phase transformation and recrystal-
lisation during plastic deformation [41].

Furthermore, from the Fig. 10a, the Ti6Al4V material of 
the original billet is equiaxed crystalline within the grain, 
and the grain boundary orientation difference between adja-
cent crystals is mostly between 2° and 15°. After the defor-
mation, as shown in Fig. 10b and c, the recrystallisation 
process increases the orientation difference between adjacent 
grains and small angular crystals within the grain become 
large angular grain boundaries (> 15°) [42]. The fraction of 

large angular grain boundaries is greatest at the tooth tip (in 
Fig. 10c), so most grains are deformed grains [43].

3.5 � Phase Transformation Characteristics

The phase characteristics is quite important because it is 
closely related to the mechanical property of the formed 
micro gear. TEM images of the phase characteristics of the 
specimens are shown in Fig. 11, the same experimental 
results as SEM (Figs. 2 and 5) and EBSD (Fig. 9), the as-
received Ti6Al4V original billet contains inhomogeneous 
equiaxed grains with α phase and β phase. However, the 
formed specimens show typical Widmanstatten structures 
and the phase composition is almost α phase. Furthermore, 
as shown in Fig. 12, it can be easily found that the long 
strips of nanocrystals (grain 2 in Fig. 12a and grain 3 in 
Fig. 12f) are the β-phase, which exists like a sandwich struc-
ture between the α-phases. The large amount of α phase 

Fig. 9   Inverse pole figure maps of α laths: a the original billet; b the gear center of the 3# micro-gear; c the gear tooth of the 3# micro-gear

Fig. 10   Misorientation angle distributions of the formed Ti6Al4V micro-gear in difference regions: a the original billet; b the gear center of the 
3# micro-gear; c the gear tooth of the 3# micro-gear
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Fig. 11   TEM images of the 
phase characteristics of the 
specimens investigated: a–c the 
raw Ti6Al4V billet; d–f Gear 
center of the 3# formed sample; 
g-i Gear tip of the 3# formed 
sample

Fig. 12   a and f TEM images of the 3# formed sample; b and g the diffraction patterns of the grain 1 and 3; c HRTEM image of the grain bound-
ary A in a, d, e and h HRTEM images of the grain 1, 2 and 3 in a 
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obtained after deformation of the specimen will substantially 
increase the hardness of the gear [44].

3.6 � The Effect of Electrical Field on the Dislocation 
Evolution

The observation of the dislocation evolution of the raw 
Ti6Al4V workpiece material and the deformed micro-gear 
through the TEM are given in Fig. 13. It can be found that 
there is a low dislocation density and dislocation piles up 
in the raw Ti6Al4V workpiece material. However, after the 
large deformation under the electrical field, many stacking 
faults and long dislocation lines (Fig. 13b) are found within 
the micro-gear center region. More interesting is that the 
micro-gear tip region has a lower dislocation density but 
the dislocation line is longer (Fig. 13c) than that in raw 
Ti6Al4V workpiece material. Moreover, Kernel Average 

Misorientation (KAM) maps for the same specimens are 
shown in Fig. 14. Higher values of KAM indicate greater 
plastic deformation and a higher density of defects [45]. As 
can be seen in Fig. 14a, the gear tip has the largest peak 
value of the relative frequency of the average KAM, whereas 
the billet has the smallest peak value. Because of the electro-
plastic effect, both the TEM and the EBSD test results dem-
onstrate strong plastic deformation of the tooth tip under the 
coupling of electrothermal forces for a short period of time.

The deformation resistance is drastically decreased and 
the plasticity is dramatically boosted when AC or DC current 
is introduced to the samples while they are being deformed. 
This effect of the current pulses on plastic deformation of 
metal materials is called the electro-plastic effect [46]. In 
1963, Troitskii and Lichtman first reported the interaction 
of moving electrons with intermediate dislocations in metal 
crystals [47]. According to Troitskii, the significant decrease 
in flow stress that occurs when metals like Zn, Cd, Sn, and 
Pb are subjected to a 103 A/mm2 current pulse lasting 100 µs 
while undergoing uniaxial tensile deformation at a constant 
strain rate is caused by the interaction of electrons with the 
elastic field of dislocations.

Nowadays, researchers [48] reported that the electro-plastic 
effect includes the Joule effect, pinch effect, skin effect and 
pure electro-plastic effect which are induced under the coupled 
effect of heat, electrical and force physical fields. However, 
about the plastic deformation process, the skin effect is more 
limited in industrial applications because industrial electrodes 
typically operate at low frequencies [49]. The relationship 
between the current on a conductor and the magnetic field it 
generates is also connected to the current on a conductor (the 
pinch effect). The situation that arises in the plastic deforma-
tion tests under the current circumstances, however, cannot be 
adequately captured by the limit of the equilibrium pinch effect 
that is often utilized today. The Columbic force (Fc) directed 
toward the negative electrode and the electron wind force (Fw) 
exerted on the metal ions by collision with electrons floating 

Fig. 13   TEM images of the dislocation evolution of the specimens: a the raw Ti6Al4V workpiece material; b Gear center of the 3# formed sam-
ple; c Gear tip of the 3# formed sample

Fig. 14   KAM maps of the specimens investigated: a the raw Ti6Al4V 
workpiece material; b Gear center of the 3# formed sample; c Gear 
tip of the 3# formed sample
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toward the positive electrode are the two forces that are acting 
on the metal atoms in this situation. The net force (Fnet) on an 
ion is:

Where Zw describes an ion’s capacity to pick up speed from 
an electron wind. (it is the charge that ion would need to have 
in order to produce a force that is equivalent to Fw in an electric 
field E: Zw|e| = Fw∕E ) and Z* is the effective electrostatic 
charge ( Z∗ = Zw + Zc ). Zc is a representation of the ion`s elec-
trostatic charge, e is the electron charge, Zw is dependent on the 
cross-section of the collisions between electrons and ions ( �e ), 
the main free path ( �e ) and the electron density (ne):

Typically, Z* >>0 (being Zw > > Zc), thus, when current 
is driven through a metal conductor, there is a net mass flux 
toward the positive electrode (anode).

Moreover, other researchers also agree with that the elec-
tron wind force play a major part in the dislocation migration 
during the metal deformation process under the electric field 
[50]. Klimovt et al. give a theoretical consideration of the force 
of drifting electrons on dislocation in which the theoretical 
formula (3) is the closest to the reality [51].

Where f/l denotes the force acting on the dislocation per 
unit length, n denotes the electron density, m* indicates the 
effective electron mass, b is the Burgers vector, νF is the 
Fermi velocity, �e = J

en
 is the electron velocity, and νd is the 

(1)Fnet = Fw + Fc =
(
Zw + Zc

)
|e|E = Z∗|e|E

(2)Zw = �e�ene

(3)f∕l =
1

3
nm∗bvF

(
ve − vd ) =

m∗bvF

3e
J

dislocation velocity. J is the current density, while e is the 
electron charge.

Furthermore, the drift electron velocity �e is proportional 
to the current density, that is, the electron wind force f/l is 
proportional to the current density, i.e.,

Where Kew is the electron force coefficient, Bew is the 
coefficient of the Electron wind propulsion and its value is 
between 10− 7~10− 5 Nm/A.

3.7 � Rearrangement Dislocation Structure 
by electro‑plasticity

The Fig. 13 shows that the dislocation of the specimens 
changed by electric field. In general, plastic deformation is 
strongly associated with the creation and movement of dis-
location. As shown in Figs. 15, 16 and 17, the distribution 
and structure of the dislocation in the samples can reflect the 
deformation mechanism of the Ti6Al4V micro-gear under 
the AC electric field, which is crucial for further understand-
ing of the effects of electro-plasticity.

In order to observe the differences on the dislocation dis-
tribution and structure, the raw Ti6Al4V workpiece material 
and the formed micro-gear (include the gear center and tip) 
were observed by TEM in Figs. 15, 16 and 17. Figure 15 
shows the undeformed specimen in which the dislocation 
originates in the α-Ti grain boundary. Several short disloca-
tions are orderly arranged with each other (Fig. 15a-c) and 
the lattice is highly deformed in the α-Ti (101) plane, show-
ing a high-density dislocation source(Fig. 15f). Figure 16 

(4)f∕l = KewJ = BewJ∕en

Fig. 15   Images of the dislo-
cation evolution of the raw 
Ti6Al4V workpiece mate-
rial specimens investigated: 
a–c the TEM images of the raw 
Ti6Al4V material; d the diffrac-
tion pattern of the grain 1; e a 
HRTEM image of the grain 1 in 
a and f the lattice deformation 
of the box area of e 
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shows the dislocation in the formed micro-gear center region 
with the least amount of deformation. As can be seen from 
Fig.  16a-c, dislocation motion and dislocation density 
decreased significantly after electric field treatment. The 
dislocation line becomes shorter and the dislocation pile-
up disappears. The reduction of dislocation accumulation 
is beneficial to the mechanical properties of the material 

[52, 53], so the hardness of the gear increases after plastic 
deformation. Figure 16a shows amount of trans-granular 
dislocation lines in the α-Ti grain. More interesting to see 
is that the atoms are more ordered in the same α-Ti (101) 
plane (Fig. 16f) comparing with that in Fig. 15f. This can 
be explained by the magnetic nail release theory proposed 
by Molotskii et al. (1995) The dislocation movement will be 

Fig. 16   Images of the disloca-
tion evolution in the micro-gear 
center of the formed sample 
3# investigated: a-c the TEM 
images of the formed 3# gear 
center; d the diffraction pattern 
of the grain 1; e a HRTEM 
image of the grain 1 in a and 
f the lattice distortion of the box 
area of e 

Fig. 17   Images of the dislocation evolution in the micro-gear tip 
of the formed sample 3# investigated: a–d  the TEM images of the 
formed 3# gear tip; (e) a HRTEM image of the grain 1 in a; f the lat-

tice distortion of the box area of e; g a HRTEM image of the grain 2 
in b and h sub-grain angle of the box area of g 
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easier under the effect of electric field. In motion, the pile-up 
dislocations spread, and dislocations of burgers vector equal 
in magnitude and opposite in direction meet to cancel one 
other out [54], lowering the seen dislocation lines, which is 
consistent with the EBSD observation.

Furthermore, because of the large deformation, there are 
some sub-grains formed in the micro-gear tip area (shown in 
Fig. 17b, g and h). At the same time, the dislocation lines are 
existed in the gains instead of the dislocation pile-up which 
is occurred in the raw Ti6Al4V workpiece material speci-
mens. Figure 17f depicts atoms leaving the equilibrium posi-
tion on the α-Ti (002) plane, resulting in lattice distortion, 
which increases atomic potential energy and microscopic 
stress, and hence increases titanium alloy hardness [55, 56].

In general, on the one hand, the electric field reduces 
the nucleation activation energy and the growth activation 
energy of the phase transition, allowing the phase transition 
of titanium alloy to occur in less time [57]. As a result, the 
transformation of β to α phase is accelerated, the phase con-
tent is raised, and the hardness of micro-gear is increased. 
On the other hand, in the process of electric field assisted 
plastic formation, the electric field accelerates dislocation 
motion, so that the accumulated dislocation is dispersed and 
annihilated, and the dislocation lines are reduced. As for 
the more ordered atomic arrangement of α-Ti(101) plane 
and the serious lattice distortion of α-Ti(002) plane after 
electric field assisted molding, we will continue to study in 
the following work.

4 � Conclusions

In this study, Ti-6Al-4 V micro-gears were successfully 
prepared in graphite mold by electrically-assisted molding. 
The whole process has low energy consumption, no sewage 
discharge and no waste of raw materials. The experimental 
results show that the total preparation time of the micro-gear 
is 380s from sample filling (100s), heating and pressuriz-
ing (120s), finally cooling (60s) and taking out the sample 
(100s), and the gear has high precision, good surface quality 
and higher hardness than the original billet. This study veri-
fies the feasibility of the electro-assisted forming method for 
the fabrication of titanium alloy micro-gears and provides 
guidance for the production of other materials and structural 
micro-components. Specific conclusions are as follows:

(1) When the forming temperature is 1200 ℃, the dwell 
time has a significant impact on the formability of the gear. 
When the pressure is maintained for 120s, the gear is fully 
formed with few microstructure defects. Microhardness of 
the gear is 330.1HV, which is 4.4% improvement over the 
initial materials.

(2) In titanium alloy billet, the proportion of α phase is 
96.6%, and after forming the gear, the proportion of α phase 
is about 99.5%. The increase of α phase increases the hard-
ness of the gear.

(3) During plastic deformation, phase transformation and 
recrystallization occurred, which increased the orientation 
difference of adjacent grains and obtained more large angle 
grain boundaries.

(4) Under the electro-thermal coupling effect, the gear 
tip underwent strong plastic deformation in a short time, the 
grain was refined, the dislocation line lengthened, and the 
gear tip has the highest peak value of the relative frequency 
of the average KAM.

(5) The motion of dislocation is easier under the action of 
electric field. Electron wind plays a major role in dislocation 
migration, reducing dislocation density and thus improving 
material plasticity.
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