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a b s t r a c t

It is well known that the mechanical properties of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si are closely

related to its microstructure and texture. In this work, a novel treatment of electroshocking

treatment (EST) was adopted to optimize the microstructure and improve the mechanical

properties of this titanium alloy. The grain orientation, texture, and mechanical properties

of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy under EST were characterized and analyzed. With the

increase of EST time to 0.04 s, the resultant acicular secondary as shows a tendency of

spheroidization and the increase in grain diameter, which leads to a little decrease in

hardness and yield strength. The increase in EST time to 0.06 s resulted in the precipitation

of martensitic phases with high aspect ratios and a reduction in grain size in Ti-6.5Al-

3.5Mo-1.5Zr-0.3Si alloy, as well as generating a more uniform texture distribution. The

optimization of microstructure and texture significantly enhances the hardness and yield

strength. The results in this work demonstrate that EST can serve as a novel method to

regulate the microstructure and mechanical properties of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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* Corresponding author. Hubei Key Laboratory of Advanced Technology for Automotive Components, Wuhan University of
Technology, Wuhan, 430070, PR China.
** Corresponding author. Hubei Key Laboratory of Advanced Technology for Automotive Components, Wuhan University of
Technology, Wuhan, 430070, PR China.

E-mail addresses: xielechun@whut.edu.cn, lechunxie@yahoo.com (L. Xie), hualin@whut.edu.cn (L. Hua).

Available online at www.sciencedirect.com

journal homepage: www.elsevier .com/locate/ jmrt

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 5 : 5 6 9 3e5 7 0 4

https://doi.org/10.1016/j.jmrt.2023.07.028
2238-7854/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative
commons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xielechun@whut.edu.cn
mailto:lechunxie@yahoo.com
mailto:hualin@whut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.07.028&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.07.028
https://doi.org/10.1016/j.jmrt.2023.07.028
https://doi.org/10.1016/j.jmrt.2023.07.028
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Titanium alloys are extensively employed in a wide range of

industries owing to their outstanding characteristics,

including high specific strength, excellent corrosion resis-

tance, and low density [1e5]. Ti-6.5Al-3.5Mo-1.5Zr-0.3Si is a

typical dual-phase titanium alloy, consistingmainly of a and b

phases. The mechanical and physical properties of Ti-6.5Al-

3.5Mo-1.5Zr-0.3Si titanium alloy are closely related to its

microstructure and crystal texture. Huang et al. [6] investi-

gated the hot compression behavior and heat treatment ef-

fects of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si at 995 �C and found that the

tensile strength and elongation were significantly improved.

Ouyang et al. [7] conducted an experiment to observe the grain

growth conditions of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si by isothermal

b treatment within the temperature range of 1040 �Ce1240 �C,
and their findings suggested that the grain size increases with

heating temperature and holding time. Zhang et al. [8] inves-

tigated the isothermal compression behavior of Ti-6.5Al-

3.5Mo-1.5Zr-0.3Si within the temperature range of

1023 Ke1323 K. The results revealed that the activation energy

of deformation on the surface decreased with increasing

strain. The optimization of the performance of Ti-6.5Al-

3.5Mo-1.5Zr-0.3Si through heat treatment may require spe-

cific conditions such as high pressure, vacuum, and high

temperatures. Hence, exploring simple, energy-efficient, and

rapid methods for manipulating the microstructure is crucial

for developing titanium alloys.

Electropulsing treatment is receivingmore attention due to

its short processing time and fast response speed [9e11]. Ben

et al. [12] showed that the rapid modification of the micro-

structure and tensile properties of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si

by laser melting deposition, and their results showed that

after electropulsing treatment, the initial heterogeneous

microstructure transformed into a complete basketweave

structure and heat-affected bands disappeared. Zhang et al.

[13] investigated the electroplastic compression behavior of

Tie6Ale4V alloy and significant changes occurred in the me-

chanical properties of Tie6Ale4V under the influence of high-

energy pulse current. Electroshocking treatment (EST) has

more advantages compared to electropulsing treatment, such

as being instantaneous, efficient, and having a fast response

time. Xie et al. [14e16] studied the influence of EST on

Tie5Ale5Moe5Ve3Cre1Zr produced by laser melting deposi-

tion. The results indicated that the a phase tended to

Fig. 1 e Schematic diagram of the experimental apparatus and specimen preparation procedure: (a) experimental apparatus,

(b) EST pulse waveform, (c) the maximum temperature curve of the specimen surface monitored by the infrared thermal

imager, (d) electrical Discharge Machining (EDM) cutting and EBSD characterization area, (e) hardness measurement area

and the distance between two test position.
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precipitate along the grain boundaries. Furthermore, an in-

crease in the radius of curvature at the a tip was accompanied

by a significant spheroidization phenomenon. Song et al. [17]

studied the fatigue life of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si using the

EST method, and their experimental results showed that, by

properly adjusting the EST parameters, the low cycle fatigue

life could be increased by 22.5%. Liu et al. [18e20] found that

the transformation from secondary a phase (as) to b phase,

along with the precipitation of acicular a phase after EST,

which significantly determine the mechanical properties of

Ti-6.5Al-3.5Mo-1.5Zr-0.3Si. As such, the advantage of EST can

be used to optimize the microstructure and mechanical

properties of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy, which can pro-

vide new ideas and methods for efficient, energy-saving, and

reliable to manufacturing titanium alloys.

In this work, the evolution of phase structure, grain size,

grain boundary, and texture of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si

were characterized using scanning electron microscopy

(SEM) and electron back-scattered diffraction (EBSD) tech-

niques for different EST. Finally, the effect of EST on the

hardness was analyzed. The expected results would provide

both a more comprehensive understanding of the micro-

structural evolution in Ti-6.5Al-3.5Mo-1.5Zr-0.3Si and guid-

ance for future processing and optimization.

2. Experimental

2.1. Specimen preparation and experimental procedure

The as-received Ti-6.5Al-3.5Mo-1.5Zr-0.3Si alloy was cut into

cylinders with a diameter of 5 mm and a length of 10 mm

using electrical discharge machining (EDM) method. The

specimen surface was polished with sandpaper prior to con-

ducting EST. The EST equipment mainly consisted of a pulse

transmitter, an oscilloscope, and copper electrodes, with the

specimen being placed between two copper electrodes, as

shown in Fig. 1(a). The pulse transmitter was utilized to

generate a pulse waveform with a period of 0.02 s (Fig. 1(b)),

and the amplitude of the pulse waveform was measured as

4200 A by Hall current sensor. An oscilloscope was employed

for real-time monitoring of pulse signals. The EST time for

each specimen and their corresponding specimen number are

shown in Table 1, Meanwhile, an infrared thermal imager was

used tomonitor the temperature data of the specimen surface

(Fig. 1(c)).

2.2. Microstructure characterization

The specimens were cut along their central axes using the

EDM method (Fig. 1(d)). Subsequently, the specimens were

mechanically ground using sandpapers. Finally, the speci-

mens were polished using a mixture of silica suspension and

H2O2 (VSiO2:VH2O2 ¼ 3:2). The phase structure and grain

orientationwere characterized using a JEOL IT800 SEMwith an

Oxford C-Nano EBSD system, operating at a voltage of 15 kV

and a working distance of 10 mm. The scanning step for EBSD

characterization was set to 0.2 mm, with a scanning area of

120 mm � 80 mm located in the central region of specimen

(Fig. 1(d)). The Matlab 2021b software toolbox was utilized for

the processing of EBSD data and texture analysis [21e23]. The

Vickers hardness tester (HV-1000A, Huayin LLC, China) was

employed tomeasure the hardness in the central region of the

specimen (Fig. 1(e)). The positions of hardness measurement

were arranged in a 5 � 5 matrix with 0.5 mm between each

two adjacent points (Fig. 1(e)). A load of 500 Nwas appliedwith

the dwell time of 5 s during hardness test. The compression

fracture behavior of the specimen was performed at room

temperature using the SANS-CMT5205 compression testing

machine. The compression rate was set at 0.05 mm/min. The

compressed specimen had a cylindrical shapewith a diameter

of 5 mm and a length of 10 mm.

3. Results and discussion

3.1. Evolution of phases structure

Fig. 2 illustrates the phase variation under different EST time

using Backscattered Electron Diffraction (BED) model. From

Fig. 2 (a) and (b), the initial phases are equiaxed structure,

which mainly contains primary a phase (ap), as and b phase.

The phases are distributed along the horizontal direction due

to forging process (Fig. 2(a)). From the magnified image in

Fig. 2(a), the acicular as phase is dispersed within the b phase

(Fig. 2(b)). After ESTwith 0.02 s and 0.03 s, the acicular as phase

shows a trend of gradual decreasing in quantity and short-

ening in shape (Fig. 2(d) and (f)). With the increase in EST time,

the as phase transforms to b phase, the quantity of the acicular

as phase decreases (Fig. 2(h) and (j)). This phenomenon is

caused by high-energy electric current, which leads to a phase

transformation from the acicular as to b. Previous literature

indicated the phase transition from as phase to b phase [19].

Due to the higher energy at the tip of as, the phase transition

process first occurs at the tip and gradually spreads from the

tip to the central region, causing as phase to show a tendency

of spheroidization (Fig. 2(f)). When the energy continuously

increases, the central region of the as phase would also un-

dergo a complete phase transition and transform entirely into

the b phase, causing a reduction in the number of as phase

(Fig. 2(h), (j) and (l)).

In specimen EST-0, the ap phase with a high aspect ratio is

uniformly distributed mainly along the horizontal direction

(Fig. 2(a) and (b)), because the high temperature induced by

EST would also promote the transformation of ap phase to b

phase (Fig. 1(c)), resulting in a slight increase in b phase

Table 1 e The processing parameters and mechanical
properties after EST.

Specimen
number

EST
time
(s)

grain equivalent
diameter Da (mm)

Yield
strength
(MPa)

Fracture
strain (%)

EST-0 0 1.62 968 ± 11 34.9 ± 0.86

EST-2 0.02 1.64 972 ± 9 35.1 ± 1.21

EST-3 0.03 1.63 958 ± 14 39.4 ± 1.52

EST-4 0.04 1.75 948 ± 21 33.4 ± 1.85

EST-5 0.05 1.46 1250 ± 12 22.5 ± 1.14

EST-6 0.06 1.48 1518 ± 18 21.5 ± 0.98
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content (Fig. 2(i)). Meanwhile, the shape of ap exhibits a trend

of gradual approaching spherical shape from high aspect ratio

to low aspect ratio (Fig. 2(g)). In the air cooling condition, a

rapid increase in temperature can alter the original phase

transition process, causing a transformation from the ap

phase to the martensitic phase aM instead of the b phase.

Further observation shows that, compared with the EST-0, the

alternating distribution of ap phase and b phase is more uni-

form. At the same time, the martensite phase aM is mainly

concentrated around the ap phase, and a few martensite

phase aM is observed within the b phase (white), as shown in

Fig. 2(l).

3.2. Grain size and grain orientation

Fig. 3 shows the grain orientation. In EST-0, the large grains

distributed along the rolling direction (RD) direction exhibit a

significant preferred orientation distribution in Fig. 3(a), with a

strong orientation along the <0001 > direction. By contrast,

after EST, the size and color diversity of large-sized grains are

increased, which implies that EST promotes the anisotropy of

orientation. Large-size grains exhibit strong orientation along

the <�12-10 > and <�1100 > directions, as shown in Fig. 3(e).

To further investigate the effect of EST on grain size variation,

the grain size distribution is shown in Fig. 4. For each grain, its

grain equivalent diameterD and its distribution can be defined

as [24]:

S¼p*ðD=2Þ2 (1)

f ðD;m; sÞ¼ 1

D s
ffiffiffiffiffiffi
2p

p exp

�
� 1
2s2

ðln D� mÞ2
�

(2)

where S is the area of the grain, which is determined by the

total number of pixels inside grain; p is a constant. The dis-

tribution of grain equivalent diameter is fitted using a

lognormal distribution f (D, m, s), where m represents the mean

value and s represents the standard deviation. In Fig. 4, the

average grain equivalent diameter Da reaches 1.62 mm in EST-

0. With the increase of EST time, the temperature of the

specimen surface increases (Fig. 1(c)), and the thermal effect

and athermal effect are induced by the current, leading to an

increase in grain equivalent diameter, as shown in

Fig. 4(b)e(d). In EST-2, EST-3, and EST-4, the Da are 1.64 mm,

1.63 mm, and 1.75 mm, respectively. By contrast, the increase in

EST time results in the reduction of Da. As illustrated in

Fig. 4(e) and (f), with the increase of EST time to 0.05 s and

0.06 s, Da decreases to 1.46 mm and 1.48 mm, respectively.

Compared to EST-0 (Fig. 4(a)), the standard deviation m of EST-

5 and EST-6 decreases from 1.62 to 1.46 and 1.48 (Fig. 3(e) and

(f)), respectively, which implies amore uniform distribution of

grain diameters after EST [25].

Fig. 5(a) shows the profile of grain A, which is the

maximum grain area shown in Fig. 3(a). In order to better

illustrate the morphology of grains, the aspect ratio of grain,

denoted as GS(i), can be described as Eq. (3) [26]:

GSðiÞ¼ P
Ep

(3)

where Ep is the equivalent perimeter, which is calculated by

grain equivalent diameter D. P is the perimeter, which is

determined by the total number of pixels along the grain

boundary, and i is the grain number.

When all grains are considered, the average values of grain

shape are shown in Fig. 5(b), which exhibits a trend of expo-

nential growth, especially for EST-6 specimen. The shape

Fig. 2 e Phase structure before and after EST: (a) and (b)

EST-0; (c) and (d) EST-2; (e) and (f) EST-3; (g) and (h) EST-4; (i)

and (j) EST-5; (k) and (l) EST-6; And (b), (d), (f), (h), (j), (l) are

magnified images that are marked by rectangular regions.
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factor GS reaches 1.39. The increase of GS in EST-6 indicates

that it is mainly composed of grains with high aspect ratio.

This is consistent with the abundance of acicular martensite

aM observed in Fig. 2(l). In addition, the grain boundary is not

smooth and shows a wave-shape at the pixel level, as shown

in Fig. 5(a). These results indicate the uncertain direction of

grain boundary migration, especially for medium and large

angle grains boundary, the directions of grain boundary

migration are quite limited [27e29]. In other words, after EST

with 0.06 s, the migration of grain boundary migration be-

comesmore ordered, resulting in the precipitation of aM phase

with a high aspect ratio. As such, the GS value increases

(Fig. 5(a)).

3.3. Grain boundary and orientation variation

Fig. 6(a)e(l) shows the distribution and statistics of misorien-

tation angle of specimens under different EST time. It is well

accepted that, the grain boundaries mostly consist of low-

angle grain boundaries (LAGBs) (2� � LAGBs�15�) and high-

angle grain boundaries (HAGBs) (HAGBs>15�). Here the black

lines are marked with the HAGBs, and the LAGBs in a phase

and b phase are depicted as turquoise and blue lines, respec-

tively. As observed from Fig. 6 (a), the HAGBs (black lines) is

dominant in EST-0. Meanwhile, the LAGBs (turquoise lines)

are randomly and uniformly distributed within the a grains.

Further, the HAGBs are distributed along the periphery of the

Fig. 3 e Grain orientation of specimens (a) EST-0, (b) EST-2, (c) EST-3, (d) EST-4, (e) EST-5, (f) EST-6.
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grains, typically independent of crystallographic misorienta-

tion, while the LAGBs are mainly evenly distributed inside the

a grains and b grains (Fig. 6(a)e(f)). This may indicate that the

interior of the intact grain is abundant of subgrains and dis-

locations, which is likely to cause dislocation slip with twin-

ning [30]. However, the decrease of the turquoise lines in Fig. 6

(f) indicates that the high-density current can promote the

migration of LAGBs within the b grains. Fig. 6(g)e(l) shows the

misorientation angle histogram. In Fig. 6(a), LAGBs exhibit a

prominent preferential misorientation angle, and the peak

value of misorientation angle about 2� and the proportion of

HAGBs is 30.93%. This indicates the existence of a certain

quantity of deformed grains. When the EST time increases,

the proportion of HAGBs decreases to 20.85%, 20.23%, 22.08%,

and 23.23% in EST-2, EST-3, EST-4, and EST-5, respectively. But

there is no significant variation in the peak misorientation

angle. This phenomenon can be attributed to the coupled ef-

fects of thermal and athermal effect induced by electric

currents, which facilitates the migration of grain boundary

and the growth of grain [31]. Notably, the percentage of HAGBs

exhibits a sharp increase to 88.62% for EST-6. Simultaneously,

the peak deviation of the misorientation angle distribution is

evident, with a value of 60� in Fig. 6(l). This indicates that the

prolonged effect of current would be more beneficial in pro-

moting the migration of LAGBs compared to HAGBs.

The kernel average misorientation (KAM) serves as a

quantitative characterization of the local grainmisorientation

and reflects the local stress distribution and energy storage

value [32]. The KAMi, j at pixel (i, j) can be defined as:

KAMi;j ¼ 1

jNði; jÞj
X

ðk;lÞ2Nði;jÞ
w
�
o0;k;l; o0;i;j

�
(4)

Here, w(o0, k, l, o0,i, j) represent the disorientation angle be-

tween the central pixel orientation o0,i, j and its neighboring

pixel orientation oФ,k,l, Ф is the kernel size of consideration for

neighbor order pixel N(i, j) is the set of all neighboring pixels.

Fig. 5 e (a) Grain shape measurement method, (b) average grain shape for different EST process.

Fig. 4 e Grain size distribution of specimens under different EST time (a) EST-0, (b) EST-2, (c) EST-3, (d) EST-4, (e) EST-5, (f)

EST-6. Here, Da represents the average value of grain equivalent diameter, m and s represent the mean and standard

deviation of the lognormal distribution fitting curve, respectively.
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Fig. 6 e Misorientation angle distribution of specimens: (a) EST-0, (b) EST-2, (c) EST-3, (d) EST-4, (e) EST-5, (f) EST-6. Statistics

of misorientation angle of specimens: (g) EST-0, (h) EST-2, (i) EST-3, (j) EST-4, (k) EST-5, (l) EST-6.

Fig. 7 e Kernel average misorientation (KAM) of specimens: (a) EST-0, (b)EST-2, (c) EST-3, (d) EST-4, (e) EST-5, (f) EST-6.
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In order to ensure the accuracy of calculation, the value ofФ in

this work was set to 1 based on Matlab software [33]. The

average value of KAM (KAMa) for each specimen can be

expressed as:

KAMa ¼ 1
m*n

X
ði;jÞ2ðm;nÞ

KAMi;j (5)

where (m,n) is the set of EBSD characterization pixels; here,

m ¼ 600, n ¼ 400. Fig. 7 displays the KAM distribution of

different specimens, which demonstrates that KAM

distributes homogeneously within the grain and near the

grain boundary. Compared to the EST-0 (KAMa ¼ 0.67�), the
KAMa value of the specimen remain essentially invariant by

electric current in a short time. The KAMa values for EST-2,

EST-3, EST-4 and EST-5 are 0.66�, 0.67�, 0.64� and 0.69�

(Fig. 7(a)e(e)), respectively. As further increase in EST time, the

KAM value is reduced (Fig. 7(f)). These results indicate that, for

EST-6, a significant amount of martensite precipitation has

taken place, and the orientation distribution of the grain

become more uniform [34].

Fig. 8 e Pole figures of specimens under different EST time.
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3.4. Texture evolution

To investigate the texture distribution in more detail, Fig. 8

displays the pole figures in the central region of specimens.

For EST-0 specimen, both the a phase and b phase texture

directions exhibit high symmetry along the Z-axis (Fig. 8(a)).

Compared to the b phase, the a phase exhibits more preferred

orientations and higher texture intensity along (0001) direc-

tion. In terms of texture intensity, the maximum texture in-

tensity of the a phase (0001) is 4, with a bunch of strong

intensity in the normal direction (ND). With the increase of

EST time, the texture intensity of a phase along the (0001)

direction shows a decreasing trend except for EST-5

(Fig. 8(a)e(e)). In contrast, the texture intensity of the a

phase along the (11e20) direction is independent of the EST

process. However, for a phase (10-10), the maximum texture

intensity decreases continuously (Fig. 8(a)e(e)). This result

further indicates that, after EST, there is a significant

preferred crystallographic orientation in the grain orientation

distribution. EST also has an important effect on the b phase

texture intensity; especially in EST-6, its texture intensity in

the three directions of (001), (110) and (111) increase signifi-

cantly (Fig. 8(e)). This is due to when the temperature exceeds

the phase transition temperature, the a phase will transform

into the b phase [35e37]. The orientation obeys the Burgers

relationship of (110)b//(0001)a and [111]b//[11e20]a [38].

Furthermore, evaluating from the perspective and peak

quality of texture distribution, the EST can significantly

enhance the distribution of crystal orientation diversity, and

in specific texture directions, the quantity of strongest peaks

shows a trend of continuous increase, such as in the a phase

along (0001) direction (Fig. 8(a)e(e)). The EST-6 shows the

quantity of highest intensity peaks splitting from one to three

compared to the EST-0 (Fig. 8(a)). This phenomenon is more

pronounced in the b phase, the quantity of the strongest

texture peaks in the directions of (001), (110), and (111) are 6, 3,

and 7 (Fig. 8(e)), respectively. Additionally, the Maximum

texture intensity exhibits near axis rotational symmetry after

EST-6 (Fig. 8(e)). These results show that EST contributes to the

uniformity of texture distribution, which could effectively

improve mechanical properties. This will be discussed in the

following section.

3.5. Mechanical properties

Fig. 9 presents the hardness measurements for different EST

process parameters. Basically, the average hardness values of

EST-0, EST-2, EST-3, EST-4, EST-5, and EST-6 are approxi-

mately 316 HV, 318 HV, 306 HV, 305 HV, 329 HV, and 354 HV,

respectively. Appropriate EST intensity contributes to the

growth and enlargement of grains [39]. With the increase in

EST time, the hardness exhibits a discernible trend of initially

decreasing slightly followed by subsequent increasing.

Further analysis revealed that the variation trend of hardness

coincides with the variation pattern of grain average diameter

(Fig. 4). In general, there exist four distinct mechanisms for

hardening of metals, including precipitation hardening, grain

boundary hardening, dislocation hardening, and solid solu-

tion hardening (the predominant interstitial elements

comprise of oxygen and nitrogen) [40,41]. One hand, fine

martensitic phases aM are precipitated after EST-5 and EST-6

(Fig. 2(k)e(l)), which are uniformly distributed around the a

phase, and the aM is harder than the b phase. On the other

hand, the increase in the number of grain boundaries hinders

the movement of dislocations, which has a positive effect on

the improvement of hardness. Therefore, the increase of

hardness can be attributed to the combined effects of grain

boundary hardening and precipitation hardening. Meanwhile,

we observe that the EST-6 exhibits a smaller hardness error

bar (Fig. 9), which may be caused by the more homogeneous

texture distribution and the more uniform grain size

distribution.

Fig. 10 shows the compressive stress-strain curves of

specimens after different EST treatment time. In EST-0, the

yield stress and fracture strain are 968 MPa and 34.9%,

respectively. With EST time of 0.02 s, no significant changes in

yield stress and fracture strain are noted. However, after EST

time of 0.03 s and 0.04 s, the yield stress of EST-3 and EST-4

vary slightly as 958 MPa and 948 MPa, while the fracture

Fig. 9 e Hardness average value under different conditions.
Fig. 10 e Compressive stress - strain curves of EST-0, EST-

2, EST-3, EST-4, EST-5 and EST-6.
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strain are 39.4% and 33.4%, respectively. Further increasing

the EST time to 0.05 s and 0.06 s, according to the Hall-Patch

relationship, the yield stress of metal increases with

decreasing grain diameter D [42,43], EST-5 and EST-6 with

smaller grain diameters have larger yield strength (Fig. 4),

which are 1250 MPa and 1518 MPa, respectively. At the same

time, those alloys with finer grains have more grain bound-

aries, which restrict the movement of dislocations and result

in a decrease in fracture strain [44,45]. As shown in Fig. 10, the

fracture strains of EST-5 and EST-6 decrease to 22.5% and

21.5%. The yield strength and fracture strain are summarized

in Table 1.

In order to further analyze the compression fracture

behavior, Fig. 11 shows the compression fracture morphology

of specimenswith different EST time. For EST-0 (Fig. 11(a)), the

fracture morphology is mainly composed of two characteris-

tics: dimples and smooth fluvial shape, which represent the

plastic fracture mode and the brittle fracture mode [46,47],

respectively. After EST with 0.02 s, 0.03 s and 0.04 s, the frac-

ture morphology shows an increase in rough stepped plat-

form, this implies that EST-2, EST-3 and EST-4 samples are

dominated by plastic fracture (Fig. 11(b), (c), (d)). However,

after the EST time of 0.05 s and 0.06 s, the amount of smooth

and flat surface significantly increases, indicating that the

EST-5 and EST-6 specimens are mainly brittle fracture

(Fig. 11(e), (f)). Generally, the specimen could fracture along its

maximum stress direction, as shown in Fig. 11. The defor-

mation direction of EST-0, EST-2, EST-3, and EST-4 are 45�

from the horizontal direction, while the deformation direction

of EST-6 is closely parallel to the vertical direction, the vertical

direction is parallel to the direction of the applied load. This

phenomenon indicates that high-energy pulse current can

optimize the stress distribution inside the specimen and

promote it transition from plastic fracture to brittle fracture

[48,49]. All results indicate that EST can modify the micro-

structure effectively and improve the mechanical properties

at sub-second time.

4. Conclusions

In this work, the microstructure variation, texture evolution

and mechanical properties of Ti-6.5Al-1.5Zr-3.5Mo-0.3Si tita-

nium alloy under EST were investigated. Some important re-

sults were obtained.

(1) Before EST, the material consisted of the ap phase, as
phase, and b phase. After EST with 0.02 s, 0.03 s, and

0.04 s, the quantity of as phase gradually decreased, and

its shape tended to become more spherical. Further in-

crease in the EST time,martensitic aM phase precipitated

around the ap phase, which wasmainly attributed to the

effect of the thermal and athermal effects caused by EST.

(2) AfterESTwith0.02s, 0.03s, and0.04s, theequivalentgrain

diameter Da continued to increase. Increasing the EST

time to 0.05 s and 0.06 s, the Da decreased and the grains

weredistributedmoreuniformly. The shapeof grainswas

gradually elongated with a high length-width ratio, and

the anisotropy of the orientation became apparent.

(3) After EST with 0.06 s, the texture intensity of a phase

decreased while b phase increased, and the texture

distribution of a phase and b phase was more uniform.

After EST with 0.02 s, 0.03 s, and 0.04 s, the hardness

slightly decreased. However, after EST with 0.05 s and

0.06 s, the hardness increased, which was ascribed to

the precipitation of martensitic aM phase and the sig-

nificant increase in the number of HAGBs.

(4) After EST with 0.02 s, 0.03 s, and 0.04 s, the compression

experiments results indicated that the fracture mode

exhibited both plastic fractures and brittle fractures,

and the yield strength slightly changed while the frac-

ture strain increased. After EST with 0.05 s and 0.06 s,

the brittle fracture dominated, and the yield strength

increased while the fracture strain decreased. The

improvement of yield strength was ascribed to the

Fig. 11 e Compression fracture morphology of specimens (a) EST-0, (b) EST-2, (c) EST-3, (d) EST-4, (e) EST-5, (f) EST-6.
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precipitation of aM phase and the increase in the num-

ber of grain boundaries, which could hinder the move-

ment of dislocations and benefit its mechanical

properties.

All results show that EST is an effective approach for

tailoring the microstructure and mechanical properties of ti-

tanium alloys.
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