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H I G H L I G H T S

• Plenty of fine needlelike α martensite
(αM) were precipitated after EST by
0.06 s.

• The yield strength was increased from
959 MPa to 1265 MPa after EST by
0.06 s.

• The average hardness was increased
from 358 HV to 396 HV after EST by
0.06 s.

• The fracture mode was transformed
from plastic/brittle fracture to brittle
fracture.

• Above results caused byαM precipitates
and the weave structures with
dislocations.
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This work investigated the effects of electroshock treatment (EST) on the microstructure variation and mechan-
ical properties of TC11 alloy. The average hardness of the specimens decreased from 358 HV to 328 HV after EST
of 0.04 s, then increased to 396 HV after EST of 0.06 s. After EST, the yield strength of specimen declined from
959MPa to 797MPa after EST of 0.04 s, and then increased to 1265MPa after EST of 0.06 s, but the fracture strain
decreased continuously. The variation in mechanical properties was closely related to the phase transition from
the secondary α (αs) to β phase, and the precipitation of refined needlelike αmartensite (αM). The diffusion of
atoms accompanied by broaden αs/β boundary from 11.2 nm to 27.6 nm due to the phase transformation after
EST by 0.04 s and the dislocation pileup at the boundary to form defects, which resulted the decrease in strength.
While increasing the EST time to 0.06 s, the width of αM/β boundary decreased to 5.91 nm. All results indicated
that the EST is an effective method for optimizing the microstructure and mechanical properties of titanium al-
loys in a short time.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Titanium alloys are widely used in aerospace, marine and medical
[1–7], and other fields due to their excellent properties such as high spe-
cific strength, good corrosion resistance and low density, high heat

Materials and Design 198 (2021) 109322

⁎ Corresponding authors.
E-mail addresses: xielechun@whut.edu.cn (L. Xie), hualin@whut.edu.cn (L. Hua),

wang_liqiang@sjtu.edu.cn (L. Wang).

https://doi.org/10.1016/j.matdes.2020.109322
0264-1275/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.109322&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.109322
mailto:xielechun@whut.edu.cn
mailto:hualin@whut.edu.cn
mailto:wang_liqiang@sjtu.edu.cn
https://doi.org/10.1016/j.matdes.2020.109322
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


resistance and strength, etc. [8–13]. Among titanium alloys, TC11with a
nominal composition of Ti-6.5Al-1.5Zr-3.5Mo-0.3Si is a typical two-
phase titanium alloy, and it is mainly applied in the manufacture of
compressor discs, blades and other parts in the aerospace because of
its high service temperature of 500 °C [14–18]. It is known that the me-
chanical properties of TC11 alloy are closely dependent on the micro-
structure, which can be tailored according to different service
requirements through various processing methods. Tailoring the me-
chanical properties of TC11 alloy plays an important role both in the
aerospace and the industrial applications.

Some researchers have put sight in the effect of different treatments
on mechanical properties of TC11 alloy. Song et al. [19] found that TC11
alloy with lamellar structures consisting of α/β lamellae or acicular α’
martensite laths had a higher fatigue crack initiation threshold from
the notch at different cooling rates from the β transition temperature.
Ibrahim et al. [20] revealed that the optimal combination of hardness,
tensile properties, and wear resistance of TC11 alloy was achieved
after heat treating at 1050 °C with fine lamellar structure. Huang et al.
[21] found that a good combination of tensile strength (990 MPa) and
elongation (12.8%) had been obtained by hot compression at 995 °C
followed by a duplex annealing treatment. Gu et al. [22] discovered
the specimen after heat treatment (970 °C/1 h/AC (cool in air) + 530 °-
C/6 h/AC) showed the best creep performance in the study of heat treat-
ment on the tensile creepbehavior of duplex TC11 over the temperature
range of 450–550 °C and the stress range of 300–450MPa. In these stud-
ies, although the heat treatment can optimize the microstructure of
TC11, the high-temperature and long-time treatment, and the specific
conditions had been required sometimes, such as the high pressure,
vacuum, and so on. Therefore, simple, energy-saving and rapidmethods
formanipulatingmicrostructure are very important to the development
of titanium alloys.

Electrical pulse treatment has attracted the attention of researchers
in recent years. Wang et al. [23] revealed that the nano-size voids

around carbides in cold rolled M50 bearing steel had been extensively
healed after electropulsing treatment. Gao et al. [24] indicated that the
electric current pulse could restrain the growth of the dendrite in
ZA27 alloy and enhance the tensile strength and the elongation. Huo
et al. [25] showed that the fracture strain of the EPH-treated specimen
of Ti6441 alloys was obviously increased from 23% to 29% by dynamic
compression test, owing to the attenuation of local stress concentration,
and the fracture strength retained a fairly high level. Wang et al. [26]
found a maximum improvement in microhardness of Cu–Cr–Ζr alloy
of about 20 HV was observed at a current density of 0.35 A/mm2, and
the softening temperature of the alloy was delayed for about
50–75 °C. Liao et al. [27] reflected that very finemacrostructure was ob-
tained by applying an electric current pulse during the nucleation of the
melt in structure of pure aluminum. Levitin et al. [28] found the fatigue
resistance of titanium alloy increased by a strong current pulse treat-
ment, and the surface residual stresses and electric resistance of speci-
mens were decreased.

Compared with electric pulse treatment, electroshock treatment
(EST) shows more advantages, the higher current energy and density,
and the continuous and stable pulse current for processing compo-
nents flexibility. Xie et al. [29] found that acicular secondary α trans-
formed to β phase in TC11 alloy after EST. Xie et al. [30] found that
refined subgrains were precipitated in the large columnar β grains
in near-β titanium alloy manufactured by directed energy deposition
and the α phase precipitated along the grain boundary tended to
grow after EST, the curvature radius of the α tips increased and dis-
tinct spheroidization occurred. Wu et al. [31] found that the phase
structure of Ti-6.6Al-3.4Mo alloy changed after EST, and the phase
structure variation caused the change of hardness. Song et al. [32]
studied the change of residual stress in cold rolled M50 steel under
EST, and the residual stress after treatment was reduced and distrib-
uted evenly, and the elongation was evidently improved with no
loss of yield strength. Compared to heat treatments, EST is a simple
and energy-saving method, which does not require severe environ-
mental conditions and can improve the mechanical properties of tita-
nium alloy by the rapid phase transformation.

Therefore, the advantages of EST are applied to optimize the micro-
structure and mechanical properties of TC11 alloy, with aim to provide
new ideas and methods for processing titanium alloy. In this work, the
TC11 alloy was treated by EST with different parameters, and the me-
chanical properties including the hardness and compression test were
evaluated. The microstructure evolution was characterized and ana-
lyzed by scanning electronmicroscopy (SEM) and transmission electron
microscopy (TEM) before and after EST. Thus, the influence mechanism

Table 1
EST time and the number of specimens.

Specimen number EST time

No.0 Untreated
No.2 0.02 s
No.3 0.03 s
No.4 0.04 s
No.5 0.05 s
No.6 0.06 s

Fig. 1. Characterization areas for (a) microstructure, (b) the fracture surface after compression, and (c) the specimens after hardness tests.
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Fig. 2. Phase structure of specimens: (a) (a1), (b) (b1), (c) (c1), (d) (d1), (e) (e1), and (f) (f1) represent No.0, No.2, No.3, No.4, No.5 andNo.6 respectivelywith low andhighmagnification.
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of mechanical properties was explored according to the microstructure
variation, and the relation between them was discussed in detail.

2. Experimental

2.1. Specimens preparation and EST

The TC11 alloy was obtained from Baoji Titanium Industry Co., Ltd.
(China). Cylindrical specimens with 5 mm in diameter and 10 mm in
lengthweremachined from the raw rodmaterial bywire-electrode cut-
ting. After machining, the surface oxide layer was removed by abrasive
papers. Afterward, the specimens were treated by EST with different
time. The schematic diagram of EST and the specimen preparation can
be found in reference [33]. The current amplitude of EST through the
specimens was 4200 A and the corresponding current density was

213.9 A/mm2. The EST time and the number of specimens were
shown in Table 1.

2.2. Microstructure characterization

SEM and TEM were utilized to characterize the microstructure vari-
ation in the middle area (M) of specimens (shown in Fig. 1(a)). The
specimenswere cut along the central axis of the cylinders, and prepared
by the standardmetallographicmethods and ground by abrasive papers
successively up to 4000 grits, then polished using the solution of OPS (a
suspension of SiO2) and H2O2 mixed with the ratio of 3: 2. After
polishing, the specimens were cleaned by the ultrasonic method in eth-
anol for 8 mins. SEM (Zeiss, Germany) was utilized to characterize and
analyze the variation in phase structure under a voltage of 10 kV. The
characterization areaM (shown in Fig. 1) was selected for TEMobserva-
tion. The specimens for TEMobservationwere prepared by grinding and
plasma thinning. The thickness of specimen was grinded to 100 μm
using 4000 grit abrasive paper, and then set different angles to carry
out ion thinning on the sample until holes appear. The dislocations on
grain boundaries and the element distribution were characterized and
analyzed by Talos F200S TEM (FEI, America). The electron gun accelera-
tion voltage was 200 kV, the minimum spot beam size was 0.3 nm, the
TEM point resolution was 0.25 nm, and the information resolution was
0.12 nm.

2.3. Mechanical testing

The compression experiments were carried out on SANS-CMT5205
testing machine with a compression rate of 0.05 mm/min at room
temperature. The compressive stress-strain curves were obtained in
accordance with the standard GB / T 7314–2005 test and the loading
directions of compression were shown in Fig. 1(b). The fracture
morphology was characterized by SEM, and themiddle area of the frac-
ture morphologywas selected to study the fracturemechanism (shown
in Fig. 1(b)).

The Vickers hardness of specimens before and after EST were
tested by HUAYIN HV-1000A (China) in the upper (U), middle

Fig. 3. Schematic diagram of variation of the acicular αs phase and the needlelike αM by different EST time: (a), (b), (c) and (d) represent No.0, No.4, No.5 and No.6 respectively.

Fig. 4. Compressive true stress - strain curves of specimens No.0, No.2, No.3, No.4, No.5
and No.6.
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(M) and bottom (B) positions, respectively, as shown in Fig. 1(c). Be-
fore hardness testing, the measurement areas of the specimen were
polished. The measurement of 25 points with 5 × 5 square matrix
was adopted in order to measure the hardness accurately, and the
schematic of points were shown in Fig. 1(c). The distance between
each matrix was 1 mm, and the spacing between two adjacent points
was 0.5 mm. The applied load was 500 N, and the holding time was
5 s. The statistics of hardness in each area could show the variation
of hardness in detail.

3. Results and discussion

3.1. Evolution of phase structure

The phase structure in specimens before and after EST are
shown in Fig. 2. The white and gray areas represent the β and pri-
mary α (αp) phases respectively, and the secondary α (αs) phases
are dispersed in the β phase before EST (shown in Fig. 2(a) and
(a1)). Fig. 2(b), (b1) and Fig. 2(c), (c1) show the phase structure
of the specimens after EST of 0.02 s and 0.03 s, respectively. The
phase variation is not evident after EST of 0.02 s and 0.03 s,
which is similar to those shown in Fig. 2(a) and (a1). However,
the significant difference can be observed in Fig. 2(d) and (d1);
acicular αs originally existed in β phase is transformed to β
phase after EST of 0.04 s, and the acicular αs phases passivate
into a short rod and finally transforms into β phase. With further
increasing the EST time, the different phase transition appears in
Fig. 2(e), (e1) and (f), (f1). Massive fine needlelike α martensite
(αM) appear in the αp and β phase and the original phase

boundaries of αp and β phase are not distinct in Fig. 2(e) and
(e1). While increasing the EST time, the temperature rises sharply
in a short time (resulting in the temperature over that of β phase
transition), after cooling in the air, the fine needlelike αM is pre-
cipitated [33]. Moreover, the needlelike αM precipitates in No. 6
are smaller and more uniformly distributed compared to those in
No. 5, which is ascribed to the higher temperature introduced by
EST with different time. The needlelike αM is mainly distributed
in the area of αp phase. But the incomplete precipitation of αM in
No.5 and the complete precipitation of αM in No.6 can be observed
in Fig. 2(e), (e1) and (f), (f1).

Before EST, the phase constituents consist of the αp, β, and the
acicularαs phase. The primary interfaces of αp/β show the jagged mor-
phology and the interfaces are not smooth (in Fig. 2(a) and (a1)).
The acicular αs phase can be equivalent to an ellipse, and a plenty of
the tips of ellipses are accumulated on the αp/β interface and squeeze
the interface, and the jagged interfaces are formed. Comparing with
Fig. 2(a) and (a1), the jagged morphology of the αp/β interfaces in
Fig. 2(d) and (d1) become smoother after EST of 0.04 s, which is mainly
related to the phase transition of the acicular αs to β phase. The phase
transition results in the spheroidization of acicular αs and the tips of
them become smoother after EST of 0.04 s. The evolution of phase struc-
ture would influence the mechanical properties, which is further
investigated.

The schematic of the phase transition after EST is shown in Fig. 3.
During EST, the heat generated at the tips of the acicular αs causes
the temperature to reach the phase transition temperature of
α → β instantaneously. The temperature on tips of acicular αs rises
immediately and decreases, leading to the local phase transition of

Fig. 5. Fracture morphology of compressed specimens: (a) No. 0, (b) No. 2, (c) No. 3, (d) No. 4, (e) No. 5 and (f) No. 6.
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tips and edges of αs phase, and the passivation of the tips of acicular
αs phase is a sign of the phase transition. It indicates the thermal ef-
fect [34,35] of EST in Fig. 3(a). In addition, the currents flowing
through the αs and β phases under the same EST parameter are dif-
ferent due to the difference in resistivity between the αs and β

phases, forming the non-thermal effect, which accelerates the atom
diffusion on the edges of needlelike αs phase, and promotes the pas-
sivation of the tips of acicular αs and the spheroidization [36–38].
The combination of thermal and non-thermal effects of EST leads to
the transformation of acicular αs to β phase (shown in Fig. 3(b)).
While further increasing the EST time, the temperature rises sharply
in a short time, when the specimen is cooled down in the air, massive
needlelike αM precipitate in the αp phase in Fig. 3(c). Increasing the
EST time to 0.06 s, the temperature exceeds that of the β phase tran-
sition temperature in a short time, a large number of finer needlelike
αM are precipitated in both αp and β phase (shown in Fig. 3(d)).

3.2. Compressive mechanical properties

The compressive true stress – true strain curves of the specimens are
shown in Fig. 4. The yield strength of the specimens before EST is

Fig. 6. Three-dimensional contour of hardness distribution of specimens.

Table 2
Statistics of the average hardness.

Specimen number Average hardness of
area M (HV)

Average hardness of
specimen (HV)

No.0 359 ± 8.7 358 ± 8.7
No.2 347 ± 12.5 350 ± 8.9
No.3 356 ± 9.3 353 ± 10.1
No.4 319 ± 7.0 328 ± 11.6
No.5 368 ± 5.5 369 ± 12.2
No.6 398 ± 5.7 396 ± 13.6

C. Liu, L. Xie, D. Qian et al. Materials and Design 198 (2021) 109322
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959MPa, and the fracture strain is 39.1%. The yield strength of No. 2 and
No. 3 are not apparently changed. After EST of 0.04 s, the yield strength
is significantly reduced to 797 MPa. But with the increase in EST time
further, the yield strength of specimens increases to 1036 MPa and
1265 MPa for No. 5 and No. 6, respectively. The decrease in yield
strength in No.4 results from the phase transition from acicular αs to β
phase, and the obvious increment in yield strength in No.6 is ascribed to
the precipitation of fine needlelike αM.

From the phase constitution of specimens shown in Fig. 2, one can
find that the phase transitions are not evident after EST of 0.02 s and
0.03 s, therefore the yield strength has not shown obvious variation.

When the EST time is increased to 0.04 s, as shown in Fig. 2(d) and
(d1), the acicular αs phase transforms into β phase, and the jagged pri-
mary αp/β interfaces begin to become smooth compared to No.0 (Fig. 2
(a) and (a1)). Furthermore, the critical stress for the sliding of grain
boundary is reduced, the specimen is prone to be compressed and the
yield strength declines. After EST by 0.05 s and 0.06 s, a lot of very fine
needlelike αM precipitate in the αp phase area are shown in Fig. 2(e),
(e1) and (f), (f1). The fine and homogeneous needlelike αM martensite
in No. 6 plays a role of dispersion strengthening in the material, which
enhances the yield strength of the specimens No.5 and No.6 after EST.

As shown in Fig. 5, the fracture directions of all specimens present an
angle of 45o along the central axis after compression. The compressive
fracture is mainly composed of two typical fractures modes, the plastic
fracture and the brittle fracture, which are shown in No. 0 in Fig. 5(a).
In the plastic fracture, a large number of dimples are piled up, and in
the brittle fracture, a smooth fluvial shape appears. After EST by 0.02 s
and 0.03 s, one can find that the areas of smooth fluvial shape decrease
(in Fig. 5(b) and (c)), the areas of dimple increase and the size of the
dimple becomes larger compared toNo. 0,which implies that the plastic
fracture is dominant in these samples after EST. The slight reduction in
yield strength in No. 2 and No. 3 verifies the variation in fracture
mode, and this is attributed to the weakening of the dispersion
strengthening of the acicularαs phase after EST. The area of smooth flu-
vial shape in No. 3 is smaller than that in No. 2, and the dimple size be-
comes larger, indicating that the specimen of No. 3 shows the better
plasticity and lower yield strength.

With the increase in the EST time, the acicular αs phase is trans-
formed to β in No. 4 at high temperature. The jagged morphology of
the αp/β interface becomes smooth significantly, as shown in Fig. 2
(d) and (d1). Normally, the plastic fracture should be dominant with
the increase of β phase in No.4, but the brittle fracture is dominant in

Fig. 7. Average hardness of specimens No.0, No.2, No.3, No.4, No.5 and No.6.

Fig. 8. Bright-field TEM images in the M area of specimen No. 0.
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Fig. 9. Bright-field TEM images in the M area of specimen No. 4.

Fig. 10. Bright-field TEM images in the M area of specimen No. 6.
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No.4 from the fracture morphology (shown in Fig. 5(d)), which is
caused by more defects in αs/β interfaces. The fracture mode in No. 4
caused by defects is verified by the TEM results (in Section 3.4). After
EST by 0.05 s, the area of smooth fluvial shape increases and the fracture
surface isflatter and close to the plane (in Fig. 5(e)). Thenumber of dim-
ples decreases obviously, and the size of dimples also becomes smaller,
indicating that the brittle fracture is dominant in No. 5 remarkably. This
result is accorded with the improved yield strength of No. 5 (Fig. 4).
When the EST time is increased to 0.06 s, the morphology of stacked
dimples could not be observed almost in the fracture morphology of
No. 6 (in Fig. 5(f)). The fracture morphology of No. 6 is almost the
smooth fluvial shape with the extremely small pits, which indicates
that the fracture mode of No. 6 is almost the brittle fracture. Therefore,
the specimen No. 6 shows the highest yield strength. The enhancement

of brittleness fracture in specimens No. 5 and No. 6 is mainly due to the
precipitation of needlelike αM after EST. The variation in fracture mode
from the plastic fracture to the brittle fracture is ascribed to the phase
transition from the acicular αs to β and the precipitation of needlelike
αM after EST.

3.3. Hardness variation

The hardness contour of all specimens is shown in Fig. 6. Compared
toNo. 0, theNo. 2 andNo. 3 shownoobvious variation in hardness, No. 4
shows significant decreased hardness, and No. 5 and No. 6 demonstrate
the improved hardness. The statistics of all hardness values are calcu-
lated and shown in Table 2 and Fig. 7. The standard deviation of hard-
ness in the M area and the whole specimen are shown in Table 2, the

Fig. 11. Element distribution in theM area of specimens No.0, No.4 and No.6; (a) and (b) represent the specimen No. 0, (c) and (d) represent the specimenNo. 4, (e) and (f) represent the
specimen No. 6.
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Fig. 12. HRTEM images in the M area of specimens: (a), (b) and (c) represent the specimen No.0, No.4 and No.6 respectively.
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standard deviation of hardness in M is smaller than that in the whole
specimen, which means that the hardness in M area is distributed uni-
formly. The three-dimensional contour of the hardness distribution in
M shows a good smoothness in Fig. 6.

The average hardness of specimens before and after EST are shown
in Fig. 7. The average hardness of No. 0 is 358 HV, those of No. 2 and
No. 3 are 350 HV and 353 HV correspondingly, and the variation is not
apparent. After EST of 0.04 s, the hardness decreases obviously, and
the average value drops to 328 HV. The average hardness of No. 5 and
No. 6 are obviously enhanced, corresponding to 369 HV and 396 HV.
The variation in hardness is related to the microstructure closely.
When the specimens are treated by 0.02 and 0.03 s, the microstructure
variation is not obvious compared to No.0, but the slight variation of
phase constitution still exists [29], the hardness of No.2 and No.3
show a slight drop compared to No. 0. After EST of 0.04 s, the hardness
of No. 4 shows a visible decline, which is attributed from the obvious
phase transition of the acicular αs to β. Moreover, the lattice distortions
and dislocation pileups in the grains and the grain boundaries are other
reasons for the reduction of hardness in No. 4, and the defects are inves-
tigated by TEM in the following section. The hardness of No. 5 and No. 6
increase obviously, which is attributed to the very fine needlelike αM

phase formed inside the specimens after EST by 0.05 and0.06 s. The pre-
cipitation of fine αM plays a role of dispersion strengthening, so the
hardness is significantly enhanced. In addition, the No. 6 has higher
hardness than No. 5 due to the strengthening effect of more uniform
and finer needlelike αM.

3.4. Microstructure analysis by TEM

In order to illustrate themechanismofmicrostructure variation, TEM
characterizations on No. 0, No. 4 and No. 6 were conducted, and the

relation between the mechanical properties and the microstructure
was revealed. The bright-field TEM images of No. 0 are shown in Fig. 8,
the αs (white) and β (gray) phases shows the clear boundaries (Fig. 8
(a) and (b)). In Fig. 8(a), the acicular αs phase exists in β phase, which
is consistentwith the SEM results in Fig. 2(a). A small amount of disloca-
tions is mainly concentrated at the grain boundaries and inside the αs

phase(inFig. 8(b1)).AfterESTby0.04 s, acicularαs phase isnotobserved
in Fig. 9, because the acicular αs is almost transformed to β phase. The
boundaries ofαs and β phases become ambiguous (in Fig. 9(a) and (b))
compared to the specimen of No. 0. As shown in Fig. 9(a1) and (b1), a
large number of dislocations concentrated at the grain boundaries are
formedas thedislocationwalls inNo. 4. Thedislocationwalls and thepo-
tential microcracks formed by the dislocation accumulation in No. 4 are
show in Fig. 9(b1). But some grains with few dislocations exist in Fig. 8
(b1),whichmeans thatmanydislocationsare introducedbyESTof0.04s.

Prolonged the EST time to 0.06 s, different microstructure is ob-
served in Fig. 10(a) and (b). Many fine needlelike αM interweave
with each other to form the weave net structure and a large number
of dislocations are filled in the weave net structure. Also, there are
many dislocations in the precipitated needlelike αM (Fig. 10(b1)).
Compared with the specimen of No. 4, the needlelike αM with regular
shape precipitates in the microstructure of No. 6, and the fine needle-
like αM precipitates can play a role of dispersion strengthening. More-
over, the increased dislocation density in the fine needlelike αM

further enhances the strength, which is verified by the highest yield
strength of No.6 during mechanical testing. However, the specimen
of No. 4 has no phase structure similar to No.0 due to incomplete
phase transformation, and a large number of dislocations accumulate
at the grain boundaries, which deteriorates the strength of grain
boundaries and results in the decrease in yield strength. This is consis-
tent with the results of mechanical properties (Fig. 4).

Fig. 13. Schematic of the formation mechanism of defect zone at the grain boundary after EST, (a) represents No. 0, (b) represents No. 4. The labels of 1, 2, 3, 4 and 5 represent the lattice
distortions, and the labels of I, II, III, IV and V represent the dislocations.
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The element distribution between two phases are shown in Fig. 11 in
order to analyze the mechanism of microstructure variation after EST.
The chemical elements of TC11 alloy are Ti, Al, Mo, Si and Zr. Among
these elements, Al is the element for α stabilization, Mo is the element
for β stabilization, and Si and Zr are the neutral elements. Before EST,
the distribution of Al and Mo are obvious according to the phase distri-
bution, and the clear interfaces between αs and β phases can be ob-
served (in Fig. 11(a) and (b)). Moreover, the acicular αs phase are
shown clearly in Fig. 11(a), which is consistent with the SEM results
in Fig. 2(a). After EST by 0.04 s, the element distribution of Mo and Al
are uniform, and the phase boundaries between αs and β become am-
biguous (in Fig. 11(c) and (d)), whichmeans that the potential element
migration occurs betweenαs and β. This phenomenon in No. 4 is attrib-
uted to the phase transition of the acicularαs toβ after EST of 0.04 s, and
the area M (main phase transition area) is characterized by TEM. The
phase transition causes the Al and Mo atoms to diffuse between the
acicular αs and β [33]. With the increase of EST time to 0.06 s, the nee-
dlelike αM is precipitated in the whole specimen and the clear bound-
aries of needlelike αM can be shown in Fig.11(e) and (f). The Al
element is uniformly distributed because the needlelike αM is precipi-
tated in the whole specimen; but the Mo element is only distributed
in the β phase, which indirectly verifies the phase transition and the
precipitation of needlelike αM after EST.

High-resolution TEM (HRTEM) images of grain boundaries in No. 0
and No. 4 are shown in Fig. 12. Usually the atom distribution in the
grain boundaries is disordered. In Fig. 12(a), a small number of disloca-
tions (Fig. 12(a2)) and slight lattice distortions (Fig. 12(a1) and (a3))
appear at the grain boundaries of No. 0, which are introduced during
the extrusion of the raw materials. There is a defect zone with a width
of 11.2 nm at the boundary in No. 0. On two sides of the defect zone at
the boundary, the atoms are arranged regularly. After EST by 0.04 s, an
increase of the width of the defect zone at the grain boundary in No. 4
to 27.6 nm is observed (in Fig. 12(b)), resulting from the phase transi-
tion accompanied by atom migration. In the specimen of No. 4, there
are a lot of lattice distortions and dislocation pileups in the area of
grain boundaries. Typical edge dislocations can be observed in Fig. 12
(b2). The different dislocations and lattice distortions are mixed to
form the defect zone (Fig. 12(b1) and (b3)) which is prone to form
the microcracks at the grain boundary during the compression.

After EST by 0.06 s, a reduced width of the defect zone of 5.91 nm at
the grain boundary is seen. The formation of defects at grain boundaries
in No. 6may be caused by the fact thatmore defects are introduced than
recovered. The decrease in the width of defect zone at grain boundaries
- if statistically significant - reduces the possibility of pileup of disloca-
tions, lattice distortions and other defects to form microcracks, which
is beneficial to the mechanical properties. Comparing Fig. 12 (a),
(b) and (c) indicates that the arrangement of atoms at grain boundaries
ismore orderly in No. 6 than that in No. 4 because of the complete phase
transition. Because a large number of dislocations are piled up and the
defects are formed in No. 4 during compression, many defects are apt
to causing the sliding in the grain boundary area, which reduces the
yield strength in No. 4 significantly. Due to the different microstructure
from No. 4, the fine needlelike martensite in No. 6 interweaves with
each other to form the weave net structure, and a large number of dis-
locations are filled in these weave net structures. Compared with the
specimens of No. 0, No. 6 contains muchmore dislocations and the uni-
form distribution of needlelike αM, especially the dislocations cross the
needlelike αM (Fig. 10(a)). Both the dispersion strengthening and the
dislocation strengthening of needlelike αM enhance yield strength.
Therefore, No. 6 demonstrates the highest strength among all these
specimens.

The schematic of the defect formation near grain boundaries in No. 4
is shown in Fig. 13. The EST promotes the phase transition of the acicular
αs to β phase, which is accompanied by the atom migration. This may
produce dislocations and lattice distortions according to the misfit and
thermal stresses. Before EST, a small amount of dislocations (I-V) and

lattice distortions (1–5) appears near the grain boundaries in No. 0
(Fig. 13(a)). After EST of 0.04 s, the energy of EST is enough to activate
the generation of dislocations at the grain boundaries (Fig. 13(b)).
Some dislocations (II, III, IV) and lattice distortions (1, 3, 4) near grain
boundaries can move to the grain boundaries, which is apt to form the
microcracks. However, because the EST time is sub-second, the fast
cooling of specimen causes the distant dislocations (I, V) and the distant
lattice distortions (2, 5) do not have enough time to completelymigrate
and rearrange, resulting in the pileup of dislocations and lattice distor-
tions to form the wide defect zone at grain boundaries (Fig. 13(b)).
The dislocations and lattice distortions close to grain boundaries
widen the width of the defect zone, and the pileup of dislocations and
lattice distortions form the dislocation walls or the potential
microcracks, which could deteriorate the yield strength. The TEM re-
sults are consistent with the microstructure characterization by SEM.
The relation between the microstructure and mechanical properties
can be illuminated by both SEM and TEM results.

4. Conclusions

The microstructural evolution and the mechanical properties of
TC11 alloy before and after EST were investigated, and some important
results were obtained.

(1) After EST by 0.04 s, the acicularαs phase transformed to β phase.
As the EST time increased to 0.06 s, theαp and β phases were not
observed, and a large number of fine needlelike αM were precip-
itated. Such microstructure evolution was ascribed to the ther-
mal and non-thermal effects.

(2) After EST by 0.04 s, the yield strengthwas reduced from 959MPa
to 797 MPa, while the EST time increased to 0.06 s, the yield
strength was enhanced to 1265 MPa. The average hardness of
the specimen first decreased from 358 HV of No. 0 to 328 HV of
No. 4, and then increased to 396 HV of No. 6. The variation inme-
chanical properties resulted from the phase transition of the acic-
ular αs phase and the dispersion strengthening of the finer
needlelike αM precipitates.

(3) With increasing the EST time from 0.02 s to 0.06 s, the fracture
mode of compression gradually transformed from the plastic/
brittle fracture to the brittle fracture. The evolution of the frac-
ture mode was related to the microstructure variation. The
phase transition and the internal defects of No. 4 also promoted
the fracture.

(4) After EST of 0.04 s, a large number of dislocations and lattice dis-
tortions piled up at the grain boundaries to form the defects and
the potential microcracks in No. 4, which widened the defect
zone at the grain boundaries. The defects and the potential
microcracks deteriorated the yield strength of No. 4 during com-
pression.

(5) After EST of 0.06 s, thefineneedlelikeαM precipitateswere inter-
woven with each other to form the weave net structures, and a
large number of dislocations were uniformly filled in these
weave net structures. Both the dispersion strengthening and
the dislocation strengthening of needlelikeαM promoted the in-
crease of yield strength of No. 6.

(6) All results indicated that the EST can change the microstructure
and improve the hardness and yield strength of TC11 ally in a
very short time, which verifies that the EST can be utilized as a
simple, energy-saving and fast method for manipulating the mi-
crostructure and tailoring the mechanical properties of titanium
alloys.
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