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Abstract: The effect mechanism of electroshock treatment (EST) on microstructure evolution and mechanical property
variations of Ti—8Al-1Mo—1V alloy was investigated. The results show that EST results in the phase transformation
from the acicular secondary o to S phase. While the EST time is 0.12 s, the acicular martensitic phase (am) precipitates.
The results of electron backscattered diffraction (EBSD) reveals that the average grain size decreases from 3.95 to
2.53 um after EST, indicating that the grains are refined, and the significant recrystallization behavior and martensitic
transformation occur. The orientation distribution reveals a more uniform distribution of texture, which is caused by the
variation of crystal orientation after the phase transformation. The compression fracture behavior of materials indicates
that EST significantly enhances the yield strength while reduces the fracture strain. The improvement of yield strength
is mainly attributed to the precipitation of martensitic phase. All results indicate that EST is an effective approach for
manipulating the microstructure and optimizing the texture distribution of titanium alloys.
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for further enhancing the mechanical properties [7].
YUMAK and ASLANTAS [8] improved the
mechanical properties of metastable £ titanium

1 Introduction

Titanium alloys are widely used in various
fields such as petrochemicals, biomedical, and
transportation due to their high specific strength and
excellent corrosion resistance [1—5]. In particular,
the specific strength of titanium alloys is required
when the temperature exceeds 300 °C [6]. Typically,
the microstructure of titanium alloys can be tuned
via heat treatment and thermomechanical processes

# Jian ZHOU and Yu-peng YAO contributed equally to this work

alloy through the application of heat treatment,
such as aging treatment and cryogenic treatment.
ELSHAER and IBRAHIM [9] found that the
aging process following solution treatment can
considerably enhance the wear resistance of TC21
alloy up to 122% compared to the annealed
specimens. Heat treatment can modify the
microstructure and improve the strength of titanium
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alloys, but these methods are time-consuming,
ranging from several hours to even tens of hours
[10,11].

In recent years, researchers have been
attempting to find an efficient and convenient
method to modify the microstructure and improve
the mechanical properties. Electropulsing treatment
is attracting much attention for its short duration,
environmental friendliness, and non-polluting
characteristics [12,13]. By accurately adjusting the
current density, the microstructure optimization of
materials can be achieved. The effects of electro-
pulsing treatment on the microstructure variation of
the Ti—6Al-4V (TC4) alloy have been investigated
further [14—17]. GAO et al [18] have conducted the
rapid hardening and softening of Ti—6Al—4V alloy
under different discharge voltages by electropulsing
treatment. Furthermore, it has been discovered that
the refinement of grains was attributed to the ability
of pulse current to reduce the thermodynamic
barrier for the solid-state phase transformation from
a to f. CHEN et al [19] found that electropulsing
treatment could rapidly dissolve the #' phase in
AA7150 Al alloy within 20 s at low temperatures.
Meanwhile, the strength and ductility of the
specimens sharply decreased. WU et al [20] found
that the electropulsing treatment could significant
enhance the dynamic recrystallization and texture
evolution of Ti—6Cr—5Mo—5V—4Al alloy, while the
dislocation density decreased with the increase of
current density.

Electroshock treatment (EST) is similar to
electropulsing treatment, and it owns the greater
advantages compared to electropulsing treatment,
i.e. high current density, continuous and stable
pulse current, handling bulk specimens and large
components, as well as achieving the targeted
processing on local area. It shows more pronounced
effects on the microstructure modulation and
improvement in mechanical properties [21,22].
It was reported that EST can promote the
transformation of the a to f phase in Ti—6.5Al-
3.5Mo—1.5Zr-0.3Si alloy, reduce the volume
fraction of f phase, refine the grain size of a phase,
and enhance the texture strength of the a phase
[23—25]. WU et al [26,27] demonstrated that the
combination of EST and external loading could
reduce the texture intensity of the a phase, inducing
variations in interplanar spacing and the generation
of defects by a phase and TiB deformation. ZHOU

et al [28] demonstrated that EST could reduce prior
f grain size, eliminate residual texture, and the
tensile strength and elongation were both increased.
Ti—8Al-1Mo—1V is near-a titanium alloy designed
for manufacturing of various components in high-
temperature gas turbine engines and compressor
blades [29]. This near-a titanium alloy demonstrates
outstanding high-temperature tensile strength, creep
resistance, and thermal stability [30,31]. Previous
literatures have indicated that heat treatment could
adjust grain size and enhance the mechanical
properties of Ti—8Al-1Mo—1V alloy [32,33].
However, using a more efficient and energy-saving
approach of EST to manipulate the microstructure
and mechanical properties of Ti—8Al-1Mo—1V
alloy has less been studied in detail.

In this work, the microstructure evolution and
the mechanical properties variation of Ti—8Al—
1Mo—1V under EST have been investigated. The
scanning electron microscopy (SEM) was employed
to characterize the microstructure evolution. X-ray
diffraction (XRD) was conducted to quantitatively
analyze the phase composition. The electron
backscattered diffraction (EBSD) was utilized to
reveal the orientation distribution and texture
evolution in Ti—8Al-1Mo—1V under the influence
of EST. The results could provide new ideas and
methods for the microstructure optimization and
the mechanical properties modification of near-a
titanium alloy.

2 Experimental

2.1 Specimen preparation and experimental

procedure

The original Ti—8Al-1Mo—1V bars were
produced through hot rolling, and the chemical
compositions are presented in Table 1. The
experimental specimens were processed into
cylindrical specimens with a diameter of 5 mm and
a length of 10 mm, which was clamped by two
copper electrodes tightly (Fig. 1(a)). Before EST,
the specimen surfaces were mechanically polished
to remove the oxide layer. EST was performed
using a quasi-sin waveform with a current
amplitude of 4200 A and a frequency of 50 Hz, and
the current density was 2.14x10* A/cm?, as shown
in Fig. 1(b). A triggering circuit was used to control
the pulse frequency and EST time, while a Hall
sensor was employed to monitor the real-time
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Table 1 Chemical compositions of Ti—8Al-1Mo—1V
alloy (wt.%)

Al Mo Vv Fe Ti
7.35-8.35 0.7-1.25 0.75-1.25 0.3 Bal
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Fig. 1 (a) Schematic diagram of EST experiment; (b)
Pulse waveform of EST; (c¢) Characterization area for
SEM and EBSD

Table 2 Specimen serial number and EST time

Specimen EST time/s
EST-0 0
EST-1 0.08
EST-2 0.10
EST-3 0.12

conditions of the pulse waveform. The infrared
thermal imager (Fotric 220C) was used to collect
the maximum surface temperature of specimen,
and further analyze the temperature data using
FotricAnalyzIR software. The correlation between
pulse waveform and EST time is presented in
Table 2. The room temperature compression test
was conducted using a SANS-CMT5205 type
compression testing machine at a compression rate
of 0.2 mm/min. To ensure that the indenter could
smoothly and vertically apply force to the
cylindrical specimen, sandpaper was used to polish
the surface of the specimen.

2.2 Microstructure characterization
The SEM was used to characterize the
microstructural evolutions of the specimen. The

metallographic specimens were prepared via
mechanical polishing using 240, 600, 1200, and
4000 grit SiC papers in order. Then, the polishing
process was carried out using a mixture of OPS
suspension and H,O» solution (Vops: V,0,=3:2), and
the OPS solution is a suspension with the SiO»
particle size of 40 nm. And finally, ultrasonic
cleaning was performed for 5 min to ensure the
cleanliness of the specimens surface. The Oxford
c-nano EBSD system was utilized to analyze the
orientation distribution. Before conducting EBSD
characterization, the specimens were subjected to
electrolytic polishing using an 8% perchloric acid
and 92% ethanol mixed solution to remove the
surface stress layer. The polishing voltage was set
at 25V for a duration of 20s. Texture analysis
and orientation distribution were performed using
the open-source programmable toolbox Mtex
version 5.8.0 in Matlab [34]. SEM and EBSD
characterization regions were both located in the
central region of the specimen, as shown in
Fig. I(c). The phase composition analysis was
performed via PANalytical Empyrean X-ray
diffraction, the scanning speed was 0.05 (°)/s and
the scanning angle ranged from 30° to 90°. The
operating voltage and current were 45kV and
40 mA, respectively. Here, the four-point probe
method was used to measure the resistivity
variations, which was used for characterizing
metals with low electrical resistivity widely. Two
probes were used for measuring the current, while
the other two probes measured the voltage. The
resistivity was accurately calculated by taking the
ratio of the voltage to the current.

3 Results and discussion

3.1 Evolution of phases structure

Figure 2 presents the microstructures of
Ti—8Al-1Mo—1V alloy with different EST time. It
is evident that the initial specimen shows an
equiaxed grains and consists of primary o phase
(dark color) and f phase (white color) (Fig. 2(a)).
Further observation from high magnification
reveals that, a large amount of well-defined acicular
secondary a phase (as) is uniformly distributed in
the f phase (Fig.2(b)). These acicular as phases
are of HCP (hexagonal close packed) structure,
hindering the movement of the dislocations and
enhancing the resistance to crack propagation of the
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Fig. 2 Microstructures of specimens with different EST time: (a, b) EST-0; (c, d) EST-1; (e, f) EST-2; (g, h) EST-3

material. After 0.08 s of EST, the microstructure of
the specimen shows an equiaxed morphology
(Fig. 2(c)). Other images reveal that the phase
boundaries between a and f phase are unclear, and
meanwhile, the quantity of as phase is reduced
(Fig. 2(d)), due to the local phase transformation
from the as to § phase during EST. When the EST

time increases to 0.1 s, although it still maintains an
equiaxed structure (Fig.2(e)), the as phase
disappears completely, the interface of £ phase is
smooth and flat, and the boundary between the a
and S phases is indistinct (Fig. 2(f)). While the EST
time reaches 0.12 s, both the o and S phases show
blurry (Fig. 2(g)). Due to the rapid cooling rate, the
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acicular martensitic phase (am) precipitates within
the f phase (Fig. 2(h)).

The XRD results can effectively validate the
evolution process of the phase structure, as shown
in Fig.3. After EST, all diffraction peaks of
the a phase can be clearly observed, whereas the
diffraction peaks of S phase are significantly
weakened. Especially, the diffraction peak of #(101)
lattice plane nearly disappears for EST-3 (Fig. 3(a)).
Moreover, the diffraction peaks of the o phase
in the EST specimens are significantly broader
compared to EST-0, and the main contributors
may be the increased dislocation density, and
the micro-strain [35]. According to the Scherrer
formula [36], the relation between the broadening
of diffraction peaks and the grain size can be
described as follows:
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Fig. 3 (a) XRD patterns and (b) FWHM variations for
different specimens

where D is the grain size, K is the shear modulus, y
is the X-ray wavelength, B represents the full width
at half maximum (FWHM) of diffraction peak, 8 is
the Bragg diffraction angle, and ¢ is the microstrain.
At the same diffraction peak position, the grain
size is inversely proportional to the FWHM of
diffraction peak. The diffraction peaks of the o
phase are analyzed using MDI Jade 6, as shown in
Fig. 3(b). Compared to EST-0, the FWHM values
of the (1010), (0001), and (1120) diffraction
peaks are all increased. According to Eq. (2), this
result indicates the increase in microstrain after
EST.

Figure 4(a) shows the maximum temperature
of the specimen surface measured by an infrared
thermal imager. The high temperatures induce the
generation of martensite phases in EST-3, which
can be observed in Fig. 2(f). The resistivity is
strongly correlated with the crystal structure
[37—39]. Figure 4(b) illustrates that the resistivity is
initially decreased and then increased after EST.
The average resistivity of EST-0 is 1.94 uQ-m. For
EST-1, EST-2, and EST-3, the average resistivity

1400
(@)
Group 1
1200 [ Group 2 §
Group 3 7_/0

—o— Average value

1000 - | /
' .

Maximum temperature/°C

EST-1 EST-2 EST-3
Specimen
22
(b)
Group 1
217 1 Group 2

Group 3
—o— Average value

Resistivity/(uQ+m)

EST-0

EST-1 EST-2
Specimen

EST-3

Fig. 4 Variations of (a) maximum temperature and
(b) resistivity of specimens
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values are 1.74, 1.77 and 1.98 pQ-m, respectively.
The electrical resistivity is highly sensitive to
phase composition, and moreover, it is closely
correlated with the content of each phase. The
variations of electrical resistivity after EST is
caused by the occurrence of phase transformation
and the precipitation of martensitic phases.
Meanwhile, phase transformation is typically
accompanied by volume variations and an
increase in residual stress. The lattice distortion
caused by residual stress can further induce an
increase in resistivity [40].

3.2 Variation of grain size and grain boundaries
Figure 5 shows the inverse pole figure (IPF)
maps of the central region in specimens. It is clearly
revealed that the initial specimen possesses an
equiaxed grains with no distinct specific orientation
(Fig. 5(a)). After EST with 0.08 s, there is no
obvious variations in both grain structure and
grain orientation (Fig. 5(b)). With the increase of
EST time, the grain shape shows irregularity
(Figs. 5(c, d)). To further investigate the effect
of EST on grain boundaries and grain size, the
distribution of grain boundary and the statistics
of grain size are shown in Fig. 6. Generally, the
grain boundaries can be classified into high-angle
grain boundaries (HAGBs) and low-angle grain

boundaries (LAGBs) based on the grain boundaries
misorientation angles (). Here, HAGBs (6 > 5°) are
shown as black lines, while LAGBs (2°<§<15°) are
marked as red lines. It can be intuitively seen from
Figs. 6(a—d) that there is a significant increase in
the quantity of grain boundary after EST. This
indicates that EST contributes to the grain boundary
migration.

The statistics of grain boundary misorientation
angles further reveals that the grain boundaries of
all specimens show the strongest peaks close to 2°
and 60° (Figs. 6(i—1)) correspond to the orientation
angles of equiaxed a phase and acicular as phase,
respectively. After EST with 0.08 s, the peak near
30° shows a significant enhancement; however, the
strongest peak shifts from 30° to 60° for EST-2 and
EST-3, and this phenomenon may be attributed to
the precipitation of the acicular martensite (am
phase) during cooling process [24]. The relative
frequency curve and cumulative frequency curve
of grain size distribution are shown in Figs. 6(i-1),
fitted with the lognormal function and the
ExpAssoc function [41], respectively. After EST,
there is a decrease in doso, dso, and dio, especially
for doo, which decreases from 12.42 um in EST-0
to 7.29 um in EST-3. This indicates a significant
reduction in the number of large grains, suggesting
the possibility of recrystallization during EST.

TD
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| o
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Fig. 5 IPF maps of different specimens: (a) EST-0; (b) EST-1; (c) EST-2; (d) EST-3
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Fig. 6 (a—b) Misorientation angle distribution, (e—h) statistics maps of misorientation angle and (i—1) grain size
distribution: (a, e, i) EST-0; (b, f, j) EST-1; (c, g, k) EST-2; (d, h, 1) EST-3 (do, dso, and dio mean the grain sizes
corresponding to the cumulative frequency distributions of 90%, 50%, and 10%, respectively)

3.3 Recrystallization statistics

The grain orientation spread (GOS) is
employed to further explain the evolution of grain
distribution after EST. GOS values reflect the
average orientation of the grains [42]. In general,
the distinction between the recrystallized grains and
the deformed grains is based on GOS thresholds of
2° and 7°. Specifically, the low GOS values mean
that the recrystallized grains appear (GOS<2°),
while the high GOS wvalues indicate that the
deformed grains are formed (GOS>7°). In contrast,
the remaining grains are substructural grains
(2°<G0OS<7°), as shown in Figs. 7(a—d). Before
EST, mostly grains are equiaxed grains. Table 3

presents the detailed statistics of recrystallized
grains. After EST, the number of recrystallized
grains increases while the average diameter of
grains decreases. It can be inferred that EST
contributes to the grain boundary migration, and
promotes the generation of small grains. The
thermal and athermal effects induced by EST could
enhance the nucleation rate of recrystallized grains,
thereby promoting their nucleation and growth.
This process provides sufficient driving force for
recrystallization, resulting in an increased number
of the recrystallized grains [43,44]. Figures 7(e—h)
further illustrate the distribution of GOS values
with respect to grain radius. It is demonstrated that
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Table 3 Statistics of recrystallized grains

Total Number of Average diameter
Specimen number of recrystallized of recrystallized
grains grains grains/yum
EST-0 2950 2839 6.2
EST-1 4447 4341 52
EST-2 4757 4503 4.94
EST-3 5988 5740 4.76

there is nonlinearity relation between GOS values
and grain size. Meanwhile, the number of
substructure grains increases after EST, which may
exist a certain quantity of subgrain boundaries and
dislocations in the substructure grains.

The grain reference orientation deviation
(GROD) illustrates the orientation heterogeneities,
making it an ideal tool to quantify internal strain
during the martensitic transformation [42.45].

Generally, GROD map shows the localized
orientation heterogeneities within different parts of
a grain and reflects the strain distribution inside the
grain [46]. Each pixel in a given grain is colored
based on its misorientation to the reference
orientation. By definition, the local GRODy; can
be considered as the misorientation A8(og,), 04)
between the orientation o, ;) at position (i,j) and the
reference orientation o, of the grain the position (i,7)
[47], as shown in Eq. (3):

GRODy; ;, =S; ,-A0(0y; ;,0,) 3)

where S ;) is chosen to minimize the misorientation
Al(0(j),0¢). The calculation of Aé(og, 5, 0g) can be
referred to the literature [48]. From Figs. 7(i—1),
after EST, the GROD map shows an uneven
distribution of GROD values for each grain, with an
increase in the average GROD value (GROD,),
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indicating that the specimen has a noticeable
increase of internal strain compared to the EST-0.
The potential reason for this significant variation
could be the pressure force during EST.

3.4 Texture evolution

Figure 8 shows the pole figures (PFs) of the a
phase in Ti—8Al-1Mo—1V before and after EST.
It is clear that there is a texture in the {0001}
planes parallel to the RD axis for EST-0 and EST-1.
However, the texture of the o phase appeared
along the {0001} planes parallel to the TD axis for
both EST-2 and EST-3, forming the maximum
texture intensity of 5.8 in EST-2. After EST, the
maximum texture intensity exhibits a decreasing
trend along the {1010} planes, while there is no
significant variation in the {1120} planes. The
highest intensity peaks splits from two clusters to
multiple clusters, exhibiting rotational symmetry
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Fig. 8 Pole figures of a phase in different specimens

(1070)

along the ND direction for EST-2 and EST-3. The
inverse pole figure (IPFs) in Fig. 9 clearly indicates
that the EST-O specimen exhibits a preferred
orientation along the {0001} planes, with a
maximum texture intensity of 3.8, which aligns
with the rolling direction. In EST-1, the preferred
orientation is parallel to the TD direction, and the
maximum texture intensity is reduced to 2.4. When
continuing to increase the EST time, the preferred
orientation direction of EST-2 and EST-3 becomes
parallel to the RD axis ({0001} planes), and the
crystal orientation becomes dispersed based on the
oriented nucleation theory and oriented growth
theory [49]. By adjusting the time of EST, it is
possible to adjust the phase transformation behavior
at different stages (a@ — f or f — oawm), further
achieving the variation in texture. It is revealed
that EST can significantly optimize texture and
orientation distribution.
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3.5 Mechanical properties

According to the stress—strain curve obtained
from the compression experiment at room
temperature (Fig. 10(a)), the yield strength and
the fracture strain of specimens are depicted in
Fig. 10(b). It can be seen that for EST-0, the
specimen exhibits a fracture strain of 52.72% and a
yield strength of 801 MPa. With increasing the EST
time, the yield strength increases while the fracture
strength decreases. For EST-2, the yield strength
increases to 1049 MPa, while the fracture strain
decreases to 34.86%. The main reason is that the
precipitation of martensite significantly enhances
the mechanical properties of the material. Besides,
the precipitation of martensitic phases causes lattice
distortions and increases internal stresses in the
material [50]. The martensitic microstructure itself
exhibits exceptionally high hardness and strength,
which effectively hinders dislocation motion and
further enhances the yield strength of the material
[51]. There are four strengthening mechanisms for
titanium alloys and metal materials, including
thesolid solution strengthening, the dislocation
strengthening, the grain boundary strengthening,
and the precipitation strengthening [52]. Due to the
reduction in grain diameter, the increase in the
number of grain boundaries, and the precipitation of
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Fig. 10 (a) Compressive stress—strain curves; (b) Variation
of fracture strain and yield strength

the martensite phase, the improvement in
mechanical properties can be attributed to the grain
boundary strengthening and the precipitation
strengthening [53—55].
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In order to show the effect of EST on the
compressive fracture behavior of the specimen,
the fracture morphologies are characterized and
analyzed (Fig. 11). It is intuitively obvious that
there exist large areas of dimples and fluvial shape
in EST-0 (Figs. 11(a, b)), which may be attributed
to shear stress generated during the compression
process. In EST-1, the certain dimples and fluvial
shape appear, accompanied by more smooth surface
(Figs. 11(c, d)). When continuing to increase the
EST time, there are few dimples and fluvial shape,
while smooth surface becomes obvious. It is
indicated that the predominant fracture mode is
ductile fracture for EST-0. However, after EST, the
fracture mode is primarily a mixture of ductile
fracture and brittle fracture. All results indicate that
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EST can modify the microstructure effectively and
improve the mechanical properties.

3.6 Discussion

The effect mechanism of EST on the
microstructure evolution is indicated in Fig. 12.
The initial specimen is mainly composed of a
dual-phase structure, comprising an acicular o
phase and f phase (Fig. 12(a)). When the current
passes through the os phase, the thermal effect
causes the increase of temperature (Fig. 12(b)). Due
to the difference in resistivity between the a5 and f
phases, the non-uniform distribution of the
current leads to thermal concentration at the tip of
the os phase (Fig. 12(c)). Once the temperature
exceeds the phase transition temperature, the a;

Fig. 11 Compression fracture morphologies of specimens: (a, b) EST-0; (c, d) EST-1; (e, f) EST-2; (g, h) EST-3
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Fig. 12 Microstructural evolution induced by EST: (a) Initial state; (b) Current flowing through os and S phases;

(c) Heat concentration at tip of ¢, phase; (d) Local phase transition; (e) Precipitation of acicular martensite phase am
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phase transforms into the § phase, and the acicular
os phase shows significant decrease (Fig. 12(d)),
which reveals that the as phase appears blurred.
During the cooling process, the am martensite phase
is precipitated and the am phases have a high aspect
ratio and are distributed within the g phase
(Fig. 12(e)). Furthermore, the om phase exhibits a
noticeable promoting effect on the enhancement of
yield strength.

4 Conclusions

(1) The microstructure of the specimen before
EST includes the o phase, § phase, and acicular o
phase. After EST, the as phase content decreases.
With the increase in EST time to 0.12 s, the acicular
martensitic phases (oam) precipitate within the S
phase.

(2) After EST, the grain size and the proportion
of high-angle grain boundaries both decrease. The
misorientation angles show the high concentration
near 60°. The recrystallization occurs.

(3) After EST, the distribution of texture
becomes more uniform. The maximum texture
intensity shows a decreasing trend along the
{1010} planes, while there is no significant
variation in the {1120} planes. This is mainly
attributed to the fact that the phase transformation
behavior influences the grain orientation during
grain nucleation and growth.

(4) After EST, the yield strength significantly
increases, and the fracture mode is changed from
the plastic fracture to the combination of plastic
fracture and ductile fracture, which is closely
related to the precipitation of martensitic phase.

(5) Owing to the difference in resistivity
between the as and f phase, the non-uniform
distribution of current induces the localized energy
concentration at the tip of the o phase, which
causes the transformation of the a5 into the £ phase.
As the temperature surpasses the phase transition
temperature, the am phase precipitates during the
cooling process after EST. The precipitation of
om contributes to strengthening the mechanical
properties of Ti—-8Al-1Mo—1V alloy.
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