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Abstract: Low-density short-duration pulsed current-assisted aging treatment was applied to the Ti-6Al1-4V-0.5Mo-0.5Zr alloy

subjected to different solution treatments. The results show that numerous a; phases redissolve into the new f§ phase during the pulsed

current-assisted aging process, and then the newly formed § phase is mainly transformed into the f§, phase, with occasional transition

to new o, phase, leading to a remarkable grain refinement, especially for the lamellar a, phases. In comparison to conventional aging

treatment, the pulsed current-assisted aging approach achieves a significant enhancement in strength without degrading ductility,
yielding an excellent mechanical property combination: a yield strength of 932 MPa, a tensile strength of 1042 MPa, and an

elongation of 12.2%. It is primarily ascribed to the increased fraction of § phases, the obvious grain refinement effect, and the slip

block effect induced by the multiple-variant o, colonies distributed within /5, phases.
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1 Introduction

Ti-6Al-4V alloys, which consist of a+f phases and exhibit
excellent specific strength and corrosion resistance, have been
widely used in aviation, aerospace, and petrochemical
industries’ ?. Alloying with trace elements allows the
regulation of microstructures and the improvement of overall
properties®™ . In particular, Ti-6Al-4V alloys doped with
elements Mo and Zr have superior strength, making them
promising candidate materials for oil drill pipes, such as Ti-
6A1-4V-0.5Mo-0.5Zr" ", Notably, the mechanical properties
of these alloys are highly sensitive to their microstructures,
such as the proportions, grain (or colony) sizes, and
distribution characteristics of the primary a (o), secondary a
(o), and transformed f (f,) structures, which can be adjusted
by solution and aging treatments. Jing et al"” investigated the
effect of the a phase on mechanical properties, revealing that
the o phase has a greater deformability than the o, phase: the
a, phase readily undergoes significant deformation (through
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slip and twin deformation) to achieve better ductility, while
the fine o, phase restricts twin size and produces only slight
deformation. Zhang et al"" obtained an ultrafine a phase and
the highest hardness in a TC21+3Mo alloy using the pseudo-
spindle mechanism, because a finer a phase produces more
o/ interfaces, which effectively hinder dislocation sliding and
thereby increasing the hardness of the alloy. To some extents,
the ductility of the alloy can be increased by increasing the a,
content. In addition, compared with spherical o, phase,
elongated @, phase can reduce the interplanar spacing,
resulting in a higher void density during deformation, and
indicating that spherical a, phases exert a more favorable
effect on ductility than elongated o, phases'”. The @, phase
can provide a larger mean free path for dislocation motion,
which is conducive to the activation of dislocation slip while
inducing long-range  stress Meanwhile,
dislocations in the interconnected f, regions can migrate
between adjacent regions, which also helps to reduce stress
concentration. During aging, the precipitation of the o, phase

concentration.
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increases the number of a/f interfaces and thus increases the
resistance to dislocation motion, which contributes to strength
improvement. The smaller the thickness of a, and the higher
the a, content, the greater the number of o/f interfaces,
leading to a more pronounced obstacle effect that impedes

51 However, conventional heat treatment

dislocation slip!
methods suffer from several drawbacks such as high heating
temperatures and prolonged holding durations, leading to low
efficiency, significant energy consumption, coarsening of
primary grains, surface oxidation, and deterioration of
mechanical properties. Furthermore, these methods often
achieve strength enhancement at the expense of ductility.

Since Troitskii et al"” first observed the electromigration
effects in experiments where an electric current was applied to
molten lead-tin and mercury-sodium alloys, pulsed current
processing has emerged as an efficient technique. Driven by
clean energy, it enables fast and precise current input, and has
been widely employed to modulate the microstructure and
enhance the mechanical properties of various metallic
materials. In comparison to conventional heat treatment,
pulsed current induces rapid alterations in the microstructure
and properties of materials within milliseconds or even
microseconds by influencing the dislocation motion, atomic
diffusion, phase transformation, and recrystallization” ", Yan
et al'” treated additively manufactured Ti-6Al-4V alloy using
electrical pulses, and obtained a double-slab structure
composed of o, and o phases. Compared with the
conventional heat treatment, the application of pulsed current
induced the formation of @' phases within the f matrix and
inhibited the growth of « -slabs, resulting in a significant
decrease in the average width of a-slabs, and thereby more
effectively hindering dislocation slip. An electric pulse can
promote atomic diffusion and defect reactions in TA15 alloy,
so the electrostatic spheroidization of lamellar structure can be
achieved. With the increase in current density and the
prolongation of energization time, the spheroidization rate of
the lamellar structure was increased, and the new interface
strengthening of the spheroidized a phase ultimately resulted
in a maximum hardness increase of 26.41% in material®”. Zhu
et al® found that in ZA27 alloys, the pulsed current
accelerated dislocation motion and phase transformation,
resulting in a 437% increase in elongation compared to
samples without electric pulse treatment. The formability of
the Ti-6Al-4V alloy was found to increase with the increase in
both the frequency and peak current density of the electrical
pulse. When the frequency was set to 250 Hz and the current
density was set to 880 A/mm’, a significant enhancement in
formability by 52.2% was
compression deformation of Ti-6Al-4V alloys, dynamic

observed™. During the
recrystallization and phase transformation were induced by
electrical pulses, resulting in weakened texture strength.
Compared to conventional forming techniques, this approach
achieved an impressive formability increase of up to
417.9%"™". Wang et al® realized the synergistic improvement
of strength and elongation in Cu-14Sn-0.3Ti alloy by a
combination of hot rolling and electric pulse treatment. Zhao

et al® investigated the electroplastic deformation of Ti-Al
(with 7at% Al) and observed that electrical pulses promoted
cross-slip, resulting in the formation of a wavy dislocation
morphology and enhanced twins, and thereby achieving a
synergistic enhancement of both strength and ductility.

The high-density pulsed current (22.7 A/mm’, 80 ps, 350
Hz, 5 min) induces rapid phase transformation in the Ti-6Al-
4V alloy, and facilitates the preparation of a fine-grained
microstructure with a grain size of 100 nm, which is smaller
than that achieved through conventional heat treatment. This
process leads to improved strength and elongation™. Xu et
al®” used high-density pulsed current to achieve an ultra-fast
heating rate, raising the material temperature to 1000 °C
within milliseconds. When treated by a subsequent aging
process, the Ti-6A1-4V alloy exhibited high tensile strength
(1358 MPa) and good elongation (14%). For aging-
precipitation-type alloys, pulsed current can expedite the
solute atom diffusion, resulting in more dispersed and evenly
distributed precipitated phases within the matrix. Additionally,
low-density pulsed current has been directly or indirectly
integrated into the aging process of aluminum alloys,
significantly reducing the aging time, conserving energy, and
also enhancing the microstructure and properties of the
material™ ),

At present, research on the application of pulsed current in
titanium alloys primarily focuses on high-density pulsed
current. Dozens or even hundreds of amperes of currents
induce a temperature rise of several hundred degrees Celsius
in the sample within milliseconds, which leads to a thermal

effect that cannot be ignored™ **

, and may even play a major
role in performance improvement. To study the non-thermal
effect of pulsed current, a low-density pulsed current that does
not cause significant temperature rise is required. However,
there are few studies on the application of low-density pulsed
current in titanium alloys.

This work focuses on the application of low-density and
short-duration pulsed current (1.8 A/mm’ 60 s) in the heat
treatment of titanium alloy. The effects of pulsed current-
assisted aging on the microstructure and mechanical
properties of the Ti-6Al-4V-0.5Mo-0.5Zr

investigated, as well as the

alloy were
relationship  between
microstructure and mechanical properties through quasi-in-
situ experiments. This research provides an industrially
feasible heat treatment strategy for enhancing the strength and
ductility of a+f dual-phase titanium alloys.

2 Experiment

2.1 Microstructure preparation

In this study, extruded Ti-6Al1-4V-0.5Mo-0.5Zr alloy pipes
were used with an outer diameter of 90 mm and a wall
thickness of 9 mm. Table 1 presents the chemical composition
of the alloy. The S-transus temperature (7)) of the alloy was
determined to be 965 ° C'™. Fig. 1a illustrates the initial
microstructure consisting of an elongated layered «, and B,
phases along the rolling direction, with an alternating
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Table 1 Chemical composition of Ti-6Al-4V-0.5Mo-0.5Zr alloy
used in the experiment (Wt%)

Al \% Mo Zr Ti
6.33 3.69 0.63 0.79 Bal.

distribution of o, and residual § phases within £..
effect
microstructure, three solution temperatures and one aging

To investigate the of pulsed current on
temperature were selected, and a control group (without
pulsed current) was set alongside the groups treated with
pulsed current, resulting in six groups of samples (Fig. 1b).
The solution treatments were performed at 890, 920, and
940 °C for 1 h, followed by air cooling (AC). All samples
were then aged at 550 °C for 4 h. For the three pulsed current-
assisted aging groups, after undergoing the same solution

Temperature

treatment as described above, the samples were placed in an
aging furnace at 550 °C; pulsed current (parameters: frequency
=500 Hz, duty cycle=50%, current density=1.8 A/mm’,
duration=60 s) was introduced, and aging was continued until
the total 4 h of aging was reached after the current was turned
off. The specific definition of the six groups of samples are
shown in Table 2.

For pulsed current treatment, rod-like samples with a
diameter of 6 mm and a length of 70 mm were cut along the
extrusion direction of the Ti-6Al-4V-0.5Mo-0.5Zr alloy pipe
by electrical discharge machining (Fig.2a-2b).

2.2 Mechanical tests

To test the tensile properties, the two ends of the samples
were removed, and the remaining middle section was
processed into rod-like tensile samples with a gauge diameter

Solution
treatment

Time

Fig.1 Initial microstructure of extruded Ti-6Al-4V-0.5Mo-0.5Zr alloy pipe (a) and schematic routes of heat treatment processes of six groups of

samples (b)

Table 2 Heat treatment conditions of samples

Sample Solution treatment Aging treatment Duration of pulsed current/s

S890A550 890 °C/1 h/AC 550 °C/4 h/AC -
S920A550 920 °C/1 i/AC 550 °C/4 h/AC -
S940A550 940 °C/1 i/AC 550 °C/4 h/AC -
S890EAS50 890 °C/1 /AC 550 °C/4 h/AC 60
S920EA550 920 °C/1 AC 550 °C/4 /AC 60
S940EAS50 940 °C/1 /AC 550 °C/4 h/AC 60
$920 920 °C/1 h/AC - -
S920EA550-30s 920 °C/1 h/AC 550 °C/4 h/AC 30
S920A620A550 920 °C/1 /AC 620 °C/60 s+550 °C/4 h/AC -

( )
/ %
/ o g
§° ° N =
2 s
70 | 17 AR
40

Fig.2 Schematic diagrams of rod-like sample cut from the alloy pipe (a), pulsed current-treated sample (b), and tensile sample (c)
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of 3 mm, a gauge length of 15 mm, a parallel section length of
17 mm, and a total length of 40 mm, and the gripping end was
threaded (Fig. 2c). Room-temperature tensile tests were
performed using an MTS-858 testing machine with an initial
stage rate of 0.8 mm/min followed by a two-stage rate of 2
mm/min. Three sets of parallel tensile samples were prepared
to ensure the reliability of the test results.

2.3 Microstructure characterization

The microstructure of the Ti-6A1-4V-0.5Mo0-0.5Zr alloy
pipe was examined using scanning electron microscope
(SEM, TESCAN CLARA), electron backscatter diffraction
(EBSD, Oxford Symmetry S1), and transmission electron
microscope (TEM, Tecnai G2F20 and Talos F200X). The
samples for SEM observation were first mechanically
polished and then etched with Kroll’s reagent (10vol% HF+
30vol% HNO,+70vol% H,0) for 15 s. For EBSD observation,
the samples were mechanically polished on a specialized
magnetic suction polishing disc for 40 min. The acquired
EBSD data were analyzed using ATEX software®™. TEM
sample was initially thinned to 50 um in thickness using
sandpaper and then punched into wafers with 3 mm in
diameter. Further thinning was performed through TenuPol-5
double-jet electrolysis using an electrolyte with the volume
ratio of HCIO, : CH,(CH,),OH :CH,0H=5:35:60. ImageJ soft-
ware was employed to quantitatively measure the key
microstructural parameters, including the volume fraction of
a, (V,), volume fraction of g (V,), diameter of a, (D, ), and
width of a (D,).

2.4 Quasi-in-situ EBSD

To investigate the microstructure evolution of the alloy
during pulsed current treatment, a quasi-in-situ EBSD analysis
was conducted. The Ti-6A1-4V-0.5Mo-0.5Zr alloy sample was
subjected to solution treatment at 920 ° C for 1 h and
subsequently air-cooled to room temperature (designated as
S920). The surface was polished to meet the requirements for
EBSD observation. Hardness measurements were performed
at four points on the polished surface to define the observation
region. EBSD analysis was performed on this region, and then
the sample was treated with pulsed current at 550 °C for 30 s,
followed by AC to room temperature (designated as

: Solution treatment: 920 °C/1 h ’

Polish |Location of hardness measurement points

Pulses current treatment: 30 s

550°C

———

* o
L’_ - S920EA550-30s

S920EAS550-30s). EBSD analysis was performed on the same
region to track microstructural changes (Fig.3).
2.5 Temperature measurement during pulsed current

treatment

To determine the temperature change of the sample induced
by pulsed current, multiple measurements were conducted
using thermocouples. Ultimately, upon application of short-
duration pulsed current during aging at 550 °C, the temper-
ature of sample rapidly increased from 550 °C to 620 °C; after
the current disappeared, the temperature quickly decreased
back to the set temperature of the aging furnace (Fig. 4).
Consequently, it is concluded that the temperature rise caused
by the low-density pulsed current employed in this study is
approximately 70 °C, rendering its thermal effect on titanium
alloy practically negligible.

3 Results

3.1 Microstructure evolution

According to SEM, EBSD, and TEM
microstructure parameters, including Vap, Vo Dap, and D
shown in Table 3. Fig.5 shows SEM microstructures of each
sample, reflecting the microstructure characteristics of o, and
p. phases across different experimental groups. Compared

images,
are

g

with the initial microstructure (Fig. 1a), significant variations
are observed. The layered o, phases, which are originally
elongated along the extrusion direction, are transformed into
an equiaxed structure. During solution treatment, the a-to-f
phase transformation occurs, leading to a reduction in volume
fraction of o, and a significant increase in volume fraction of
p.. After solution at 890 °C followed by conventional aging,
V, and V, are measured as 51.6% and 48.4%, respectively. As
the solution temperature increases, Vmp decreases, while V,
increases. For S920A550 sample, V, decreases from 51.6% to
35.4%, while V, increases from 48.4% to 64.6%. After
solution treatment at 940 ° C followed by aging, the V.
decreases by nearly 34% compared to the S890AS550 sample.
Furthermore, when the sample is cooled from the a+f dual-
phase region after solution treatment, a, phases precipitate
from the f matrix; this precipitation process continues during
the subsequent aging stage. The aging-induced o, phases are

Fig.3 Schematic diagram of location for quasi-in-situ EBSD observation and hardness measurement
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hermocouple

L]

ENERE|
Qo

Pulsed current generator

Thermocouple

Fig.4 Temperature measurement during pulsed current treatment

Table 3 Microstructural parameters of V, ,V,,D_,and D

a’ " po

Sample V% V% D, /um D, /nm
S890A550 51.6 484 3.92 75.8
S890EAS550 54.9 45.1 4.64 48.5
S920A550 354 64.6 4.22 202.7
S920EA550 22.8 772 3.67 143.8
S940A550 10.7 89.3 5.92 194.6
S940EAS550 7.6 92.4 3.47 147.8

confined between the preferentially precipitated lamellar
layers formed during solution treatment. The thickness of
these lamellar layers restricts the growth of a, ultimately
resulting in finer aging-induced o, phases. At relatively low
solution treatment temperatures (e. g., 890 ° C for sample
S890A550), only a small quantity of fine o, phases form with
an average diameter of 75.8 nm. However, both the number
and size of @, phases increase as solution treatment
temperatures rise. When the solution temperature approaches
o — f transformation temperature (7,,) during solution
treatment, the a, phases are obviously coarsened to nearly
200 nm in size. A similar trend in microstructural changes can
also be observed from S890EA550 to S940EAS550; the
microstructure analyses of a, phases in these samples are
conducted based on Fig.6 and Fig.7.

To compare the effects of pulsed currenton V,, V,, and D,
during aging at the same solution temperature, the micro-
structure evolutions are observed at 890, 920, and 940 °C. At
890 °C, V, increases slightly after pulsed current treatment. In
contrast, an unexpected trend is observed at 920 and 940 °C:
under the action of pulsed current, ¥, decreases while the
corresponding ¥, increases. For sample S920EAS550, V,
decreases by 12.6% and ¥, increases accordingly. For sample
S940EAS550, ¥, decreases slightly from 10.7% (in the
conventional aging counterpart S940A550) to 7.6%. It means
that during the aging process, pulsed current may lead to the
phase transformation from a, to f phase, and subsequently j
phase is transformed into 5, phase during the cooling process.
In addition, it is worth noting that the pulsed current during
aging also leads to the refinement of a. After solution

treatment at 890 °C, the thickness of lamellar « in f, structure
is extremely fine, measuring only a few dozen nanometers,
which is approximately one order of magnitude thinner than
that of the o, obtained after solution treatment at 920 or
940 ° C. The reduced a, thickness facilitates rapid atomic
diffusion, enabling easier phase transformation under pulsed
current conditions. Consequently, during the initial cooling
stage, f phase is more prone to transformation into a,
connecting adjacent equiaxial a; grains and ultimately forming
a rod-like structure. This process leads to an increase in o,
content and a corresponding decrease in S, content. After high-
temperature solution treatment, pulsed current is more likely
to facilitate the transformation from a to £ phases. This results
in a higher fraction of retained f phases during cooling,
promoting the formation of f, structure, which leads to a
reduction in o, content and an increase in f, content.
Therefore, the impact of pulsed current on the volume fraction
of a, is strongly dependent on the prior solution temperature.

Fig. 6 presents EBSD orientation maps of samples after
solution and aging treatments. The black regions observed in
all maps represent the unresolved nano-scale f phase. It is
evident from Fig. 6a—6¢ that the size of equiaxed a phase
increases with the increase in solution temperature. This
observation is consistent with the statistical results of D, in
Table 3, where D, gradually increases from 3.92 pm to
5.92 pum. In addition, for samples solution-treated at 920
and 940 °C, D, decreases significantly after pulsed current-
assisted aging; however, it increases for the sample solution-
treated at 890 °C with following pulsed current-assisted aging.
Notably, the content of equiaxed o in the pulsed current-
assisted aging samples is significantly lower than that in the
conventional aging samples, while a certain amount of
superfine lamellar structure emerges in the pulsed current-
treated samples, which is consistent with the SEM results. In
addition, these samples mainly have < 2110 >//rolling direc-
tion (RD) and < 1010 >// RD orientations. The orientation of
grains does not change after the pulsed current is applied. A
small number of < 0001 >// RD oriented grains are observed,
and their fraction increases with increasing the solution
temperature.

Fig. 7 presents TEM bright-field images of samples after
solution and aging treatments. S920A550 and S920EAS50
samples were discussed through selected area electron
diffraction (SAED) analysis along the [ 2110] zone axis. The
relationship between the a phase and the adjacent S phase
obeys the classical Burgers relationship: {0001} ,//{110}, and
<1120 >//<111> . The orientation relationship between
and S in S890A550, S890EAS550, S940A550, and S940EAS50
samples also follows the above relationship®”*".

It can be clearly seen that o, phases are significantly refined
in samples subjected to the same aging treatment after
solution treatment at different temperatures. For samples
solution-treated at 890 ° C, after conventional aging, fine
needle-like o phases precipitate and interleave in different
directions. After pulsed current-assisted aging, the volume
fraction of @, phase increases while their size decreases. For
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Soluion treatment at 890 °C

7 % #

Conventional aging treatment at 550 °C

Pulsed current-assusted aging treatment at 550 °C

Solution treatment at 920 °C

_Solution treatment at 940 °C

Fig.5 SEM images of solution-and-aging treated samples with and without pulsed current: (a, a,) S890A550, (b, b,) S920A550, (c, c,) S940A550,

(d, d,) S890EA550, (e, e,) S920EAS50, and (£, f,) S940EA550

the samples solution-treated at 920 and 940 °C (regardless of
subsequent conventional aging or pulsed current-assisted
aging), o, phases are mainly distributed as parallel coarse
lamellar structures. The difference is that for samples treated
with pulsed current-assisted aging, the size of layered o,
between coarse lamellar structures is relatively small. The
refinement effect is more obvious for the sample solution-
treated at 920 °C followed by pulsed current-assisted aging.

In addition, o, phases coarsen with increasing the solution

temperature, particularly within the range from 890 ° C to
920 °C, resulting in a tenfold increase in the width of a_. This
phenomenon is attributed to the dependence of D, on the
thickness of residual f in f,. After low-temperature solution
and cooling treatments, the thickness of f, structure in p,
regions is smaller, so «, phases are finer after aging.
Conversely, when the solution temperature exceeds 920 °C, a
significant number of coarse a, phases precipitate (Fig.5b,—5c,
and Fig. 5e, — 5f)). During subsequent aging stage, fine o,
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Solution treatment at 890 °C

Conventional aging treatment

i
[0001]  [1010]

Pulsed current-assisted aging
treatment at 550 °C

Solution treatment at 920 °C

Fig.6 EBSD images of solution-and-aging-treated samples with and without pulsed current: (a) S890A550, (b) S920A550, (c) S940A550,

(d) S890EAS550, (e) S920EAS550, and (f) S940EAS50

phases precipitate between coarse lamellar structures, while
further coarsening occurs for initially precipitated o, phases™.

3.2 Mechanical properties

The engineering stress-engineering strain curves of various
samples are presented in Fig.8a. Table 4 provides the specific
mechanical property data, including yield strength (YY),
ultimate tensile strength (UTS), and elongation at break (EL).
Overall, it can be observed that incorporating pulsed current
during the aging process enhances the strength of alloy.

The S890EAS550 sample exhibits high strength (YS=954
MPa and UTS=1063 MPa) and good ductility (EL=12.0%) in
comparison to its conventional aging counterpart S§890AS550
(YS=948 MPa, UTS=1056 MPa, EL=12.6%). As the solution
temperature increases to 920 ° C, a significant decrease in
strength is observed for S920A550 sample (YS=858 MPa and
UTS=957 MPa), while EL remains as 12.1%. Notably, the
S920EAS550 sample presents a substantial increase in strength:
YS increases by nearly 75 MPa and UTS increases by nearly
85 MPa, reaching 932 and 1042 MPa, respectively, without
degrading ductility (EL=12.2%). Further increasing solution
s the S940A550 sample exhibits
slightly higher strength and a slightly decreased ductility
compared to S920A550: YS=874 MPa, UTS=997 MPa, EL=
11.4%. For S940EAS550, pulsed current results in an increase
in strength (YS=906 MPa and UTS=1022 MPa) and an EL
level (EL=11.3 %) similar to that of S940AS550.

Therefore, among samples subjected to conventional heat

temperature to near the T

treatment (without pulsed current) at different solution
temperatures, the S890AS550 sample exhibits excellent
strength and ductility. However, pulsed current does not

consistently exert a significant strengthening effect during the
aging process. For samples S920EA550 and S940EAS50, the
strengthening effect of pulsed current is highly significant,
whereas its effect on the SS890EAS50 sample is minimal. In
general, the grain size of a phase (@, and @) and the
distribution of intergranular  phases determine the strength,
while the ductility is influenced by multiple factors, such as
grain orientation, o colony size, the thickness of lamellar a,
and the distribution characteristics of @, During plastic
deformation, the f§ phase, which demonstrates a non-Schmidt
effect, can significantly accommodate the plastic deformation
of the surrounding a phases, which have limited slip systems.
Specifically, within the p, regions, intergranular S phases
facilitate the transfer of dislocations between adjacent a grains
(slip transfer events), thereby markedly reducing stress
concentrations caused by slip blockages between a colonies
with differing orientations. Additionally, during the stage of
inhomogeneous plastic deformation, intergranular S phases
can deflect transgranular cracks initiated in «, phases, which is
also advantageous for enhancing toughness. Consequently, £,
content may have a positive influence on ductility. However, a
high S, content does not necessarily leads to higher plastic
deformation capability. This capacity is also contingent upon
the size of f, regions, as well as the size and morphology of a
colonies within . Compared with that of its conventional
aging sample S890A550, the f, content of sample S890A550
(after 890 °C solution treatment and pulsed current aging) is
slightly reduced, resulting in a slight decrease in EL. Although
the thickness of the aging-induced a, decreases and its content
increases, which should enhance strengthening effect, the
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Solution treatment at 890 °C

Conventional aging treatment at 550 °C

Pulsed current-assisted aging treatment at 550 °C

Solution treatment at 920 °C

Solution treatment at 940 °C

(iey, 4D o

(011),,

Fig.7 TEM images of different samples: (a;, a,) S890A550, (b,, b,) S920A550, (c,, ¢,) S940A550, (d,, d,) S890EAS550, (e, €,) S920EAS550, and

(f,, f,) S940EA550

increase in «, size weakens the strengthening effect, so the
final strength only increases slightly. The strengthening effect
of pulsed current on S890EA550 is far less pronounced than
that on samples solution-treated at 920 and 940 ° C. This
means that the microstructure obtained after different solution
treatments is a pivotal factor influencing the subsequent
pulsed current-assisted aging.

Based on the above measurement results of temperature rise
of the alloy under pulsed current, a corresponding conven-

tional heat treatment was performed as follows: the alloy was
first solution-treated at 920 °C for 1 h and air-cooled to room
temperature; it was then heat-treated at 620 °C for 1 min
(matching the duration of pulsed current application in the
experimental group) before being immediately aged at 550 °C
for 4 h followed by AC. This control sample was designated
as S920A620A550. The tensile curves of samples S920A550,
S920A620A550, and S920EAS550 are shown in Fig. 8b. It is
evident that the sample S920EA550 subjected to pulsed
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Fig.8 Engineering stress-engineering strain curves of samples solution-treated at 890, 920, and 940 °C followed by conventional aging or pulsed

current-assisted aging (a); engineering stress-engineering strain curves of samples solution-treated at 920 °C under conventional aging,

pulsed current-assisted aging, and stepwise aging (b)

Table 4 Tensile properties of solution-and-aging treated samples

with and without pulsed current treatment

Sample YS/MPa UTS/MPa EL/%
S890A550 948+17 10567 12.6+0.1
S890EAS50 954+18 1063£10 12.0+0.1
S920A550 858+3 957+9 12.1+0.1
S920EA550 932+1 1042+3 12.2+0.4
S940A550 874+9 997+5 11.4+0.1
S940EAS550 906+16 1022+15 11.3£0.4

current-assisted aging exhibits the highest strength. Moreover,
the tensile curves of sample S920A550 (conventional aging)

Solution treatment at 890 °C

Dimplf:?

S

Conventional aging treatment

Fibrous
region

Fibrous
region

Dimples

S

Pulsed current-assisted aging
treatment at 550 °C

Solution treatment at 920 °C

and sample S920A620A550 (stepwise aging with the first-step
temperature matching the pulsed current-induced temperature
rise) almost completely overlap. This indicates that the
thermal effect of low-density pulsed current used in this study
the
strengthening effect of pulsed current-assisted aging is mainly

is not responsible for strength increase. Instead,
attributed to the electrical effect of the pulsed current.
The fracture morphologies of all samples are illustrated in
Fig.9, revealing a ductile fracture mode. The fracture surfaces
consist of a central fibrous area and an external shear lip
region with numerous dimples. It is evident that the dimples
on the fracture surfaces of samples S§90A550, S890EASS0,
S920A550, and S920EAS50 are relatively deep and large,
which corresponds to the slightly higher EL values reported in

Table 4. However, from the fracture morphology, it seems that

Solution treatment at 940 °C

Fibrous
region

Dimples

il

Fig.9 Fracture morphologies of different samples: (a) S890A550, (b) S920A550, (c) S940A550, (d) S890EASS0, (e) S920EAS550, and (f) S940EAS50
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the source of the strength difference caused by the pulsed
current cannot be found. So, further microstructural analysis
and discussion are needed.

4 Discussion

EBSD

evolution during pulsed current treatment

4.1 Quasi-in-situ analysis of microstructure

Fig. 10 illustrates the results of quasi-in-situ EBSD
observation. Overall, there is a significant difference between
the microstructures before and after pulsed current treatment.
This is particularly evident in the white dashed line regions,
where uniform refinement of «, (Fig. 10a, — 10b,) and
precipitation of fine lamellar a_ at grain boundaries can be
clearly seen. When pulsed current flows through the metal, the
localized Joule heating effect may rapidly induce phase
transformations at a relatively low temperature by generating
high crystal  defects.
Additionally, strong scattering of drifting electrons can

instantaneous temperatures  at
provide extra energy to lower the activation energy for atomic
diffusion and facilitate the a-to-f phase transformation'. Con-
sequently, pulsed current effectively promotes the phase
transformation by reducing the transformation temperature

B4 Tt can be

and shortening the transformation duration
observed that the dissolution of some a phases and
precipitation of fine o phases mainly occur at the grain
boundary. Because phase boundaries and grain boundaries
serve as preferential channels for electron migration over the
grain interior, electron migration leads to localized
temperature elevation in these areas, which may promote the

phase transformation. Notably, while the transition of o, to f3,

Frequency/%

Frequency/%

N W R LN

—

is a common phenomenon, as shown by the white dashed
arrows in region D of Fig. 10, occasional instances are obser-
ved: a,-to-o, transition with different orientations and -to-a,
transition, as denoted by the white and yellow arrows in
regions A, B, and C in Fig.10. The dissolution of a phases and
subsequent transformation from S phases back to a phases
occur randomly. Specifically, the dissolution of a phase can
take place within either o, or lamellar o, phases within g,
regions. Furthermore, the transformed /S phase can be
transformed into either o, or f3, phases.

Fig.11 and Table 5 further display the orientation relation-
ships between the pre-transformation a phase (pre-a) and post-
transformation a phase (post-a) for the above phase transi-
tions. For pre- a, to post- a, transition, the two a phases
generally maintain an orientation relationship of <1010>_//
<1010 >

post-a.*

Not all such transitions follow this orientation
relationship. Interestingly, if a pre- o grain is not fully
dissolved during the transition, the post-a, grain retains the
<1010> /<1010 >

pre-o:

Josiq OTIENtAtION. In contrast, if the pre-
a, grain is dissolved completely, the post-a, grain exhibits no
orientation relationship with the pre-a,. As for transition of
pre- B, to post-a, (Fig. 11b), the post-o, grain also shows no
<1010>,,// <1010> .,
even though pre-/, region is partially dissolved. In the case of
pre- a, to post- f transition, the pre- o, is segmented into
multiple regions, in which V2 and V4 grains seem to be
undissolved portions of the pre-a,, while V1 and V3 grains are

orientation with any a_ in f,

newly formed a, grains that exhibit no orientation relationship
with the pre-o,. Indeed, a substantial transition of pre-a, to
post- o, does not follow the above orientation relationship;
instead, these transitions result in post-o, with random orien-

a

Average=3.32+0.26 pm

1

A}
]

i

2 4 6 g§ 10 12 14

b

1

Average=3.03+0.25 pm

2 4 6 8 10

Grain Size/pum

12

Fig.10 Quasi-in-situ microstructures (a—b) and grain size statistics (a,—b,) of different samples: (a, a;) S920A550 and (b, b,) SO20EA550-30s
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Y
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Fig.11 Three types of phase transition induced by pulsed current in

regions A, C, and D marked in Fig.10: (a) pre-a, to post-a,,
(b) pre-, to post-a,, and (c) pre-a,, to post-5,

tations. This can be attributed to the f-to-a phase transforma-
tion involving multiple variant selections.

Combining the quasi-in-situ EBSD results with SEM
images and the statistical data in Table 3, which collectively
indicate that pulsed current-assisted aging reduces a, content
and increases f, content, it is reasonable to speculate that the
pulsed current intensely promotes the o, -to-f8 phase transition
even at low temperatures. After the pulsed current disappears,
the newly formed f phases are predominantly transformed
into 3, phases. Similarly, Xiao et al**! demonstrated that pulsed
current application to a Ti-6Al-4V alloy promoted « -to- S

phase transition, leading to a rapid increase in ductility.

Applying pulsed current at relatively low temperatures and
short durations facilitated grain refinement and increased
proportion of f, indicating its role in initiating the a -to-f
phase transition process”™. Compared to traditional heat
treatment methods, pulsed current requires less energy to
drive the a-to-f phase transition in Ti-6Al-4V alloy"”.

4.2 Strengthening mechanism

The microstructural evolution exerts a decisive influence on
the material properties of the alloy. Zhu et al*” proposed that
the strength of titanium alloys is intricately associated with the
size and morphology of a, phases, while ductility is primarily
governed by the compatible deformation between a, phases
and f matrix. The precipitation of o, within the S, results in a
large number of a/f phase boundaries. Furthermore, during
tensile deformation, the orientation deviation between o
colonies in an o/f cluster obviously influences the dislocation
slip. The smaller the orientation deviation, the greater the
likelihood of a slip transfer event. The a/f cluster, which is
composed of a, colonies orientations,
significantly enhances the slip blockage events. Consequently,
the volume fraction of such a/f cluster directly affects the
strength.

This work evaluates the influence of pulsed current on the

with  multiple

grain orientations within @, and f, regions by directly
calculating the angles between the basal planes and the
loading axis in the quasi-in-situ EBSD area, and the results are
shown in Fig. 12. It can be found that after pulsed current-
assisted aging for 30 s, the fraction of « grains with basal
plane-loading axis angles fluctuated in the range of 0°—20°
increases, while the fraction of grains with angles fluctuated
in the range of 55°— 75° decreases, which intensifies the
difference in fraction between low-angle and high-angle
orientations. The main change caused by the pulsed current-
assisted aging is the formation of S, regions, so it can be
inferred that the pulsed current promotes an increase in pf,
content and simultaneously facilitates the formation of «
colonies with multiple types within the newly formed f,
which can provide a positive effect on strength.

The presence of grain boundary pinning and numerous fine
lamellar a, enhances alloy strength; however, it also leads to

Table S Misorientation and axes between pre-a phase and post-a phase in Fig.11

Event Region Misorientation/(°) Axis

Pre-a,—post-a, - 23.0342 [-0.1081, —0.7980, 0.9060, —0.2281]
V1/post-a, 64.3095 [0.6650, -0.9599, 0.2949, -0.2894]
V2/post-a, 69.4836 [-0.9501, 0.5314, 0.4187, -0.4873]

Presbpose, V3/post-a, 35.8760 [-0.8763, 0.3841, 0.4922, 0.7624]
V4/post-a, 36.4873 [-0.8805, 0.3905, 0.4899, 0.7511]
Pre-o,/V1 59.7917 [-0.0953, 0.9015, —0.8061, 0.2199]
Pre-0,/V2 0.5826 [0.8874, -0.8367, =0.0507, 0.1291]

Preaypost, Pre-a,/V3 64.0450 [0.8203, 0.0128, -0.8331, -0.4750]
Pre-a,/V4 2.5312 [0.4130, -0.9526, 0.5395, 0.4717]
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Fig.12 Fractions of basal plane-loading axis angles of samples before (a) and after (b) pulsed current-assisted aging

uneven local strain distribution and reduced ductility. In this
study, due to the low solution temperature of the S890A550
sample, ¥, in the microstructure is nearly 50%, D, is 3.92
um, and the D, is only 75.8 nm. These microstructural
features increase the number of /8 and a/f phase
boundaries, which hinders the dislocation slip during plastic
refinement
strengthening. Meanwhile, the interconnected S, reduces long-

deformation,  thereby  enhancing  grain
range stress concentration, resulting in superior strength and
ductility. Unsurprisingly, increasing the solution temperature
leads to a decrease in ¥, and a slight increase in D,,
consequently diminishing the strengthening effect, as
observed in S920A550 and S940A550 samples. In contrast,
for S920EAS550 and S940EAS50 samples, the grain
refinement caused by pulsed current leads to an increase in the
number of grain boundaries, resulting in a remarkable
strengthening effect. Compared to single-phase micro-
structures, composite multiphase microstructures exhibit work
hardening behavior. The disparity in deformability between
soft and hard phases results in strain incompatibility at both
the phase interface and grain boundary, consequently leading
to dislocation accumulation. The contrasting mechanical
properties of /o, and f/a, within titanium alloys facilitate the
accumulation of geometrically-necessary dislocations (GNDs).
Subsequently, These GNDs hinder dislocation slip and
contribute to work hardening and strength enhancement of the
430 The alloy subjected to
solution treatment in the a+/ dual-phase region exhibits better

multiphase titanium alloys'

ductility than that in the f single-phase region. This is
attributed to two key factors. Firstly, the soft &, phase has
sufficient plastic deformation capacity to coordinate the
deformation between lamellar structures, while the hard g,
structure (filled with lamellar o, phase) severely restricts the
sliding space of dislocations. Secondly, the § grain size of the
solution-treated alloy in the a + f region is smaller than that in
f region. The o, phase at the £ grain boundary can effectively
inhibit the growth of the f grain, and small-sized grains
facilitate synergistic deformation between grains, thus
improving the ductility of the alloy” ", For heterogeneous
materials, uneven strain distribution during deformation leads
to the accumulation of GNDs at interfaces, forming a strain

gradient. This gradient generates back stresses and forward
stresses on soft and hard phases, respectively, enabling the
synergistic improvement of strength and ductility™. Similarly,
in this work, the multi-oriented o, colonies and interconnected
p. structures can also promote the accumulation of GNDs,
which may lead to a potential heterogeneous deformation
induction (HDI) effect.

5 Conclusions

1) In Ti-6Al-4V-0.5Mo-0.5Zr alloy, a large number of a,
phases dissolve during pulsed current-assisted aging, and the
resulting f phases are then randomly transformed into either
new equiaxed a phases or f, phases. This process can greatly
refine both the o, grains and the grains in f, regions.

2) During the pulsed current-assisted aging process, a,-to-f,
transition is the dominant reaction, while the « -to-a, transi-
tion is less common. The a, colonies in f, regions formed by
a, transformation have multiple orientation types, i.e., there
are multiple variant selections. For the o,-to- o, transition: if
the pre-a, grains are not fully dissoll/ed, the post- o, grains
maintain the < 1010 >pre-oa, // < 1010 >post- o, orientation
relationship; if the pre-a, grains are completely dissolved, the
newly formed post-a, grains no longer follow this orientation
relationship.

3) Pulsed current-assisted aging significantly improves the
strength of alloy while preserving its ductility. The improve-
ment of strength is mainly due to the formation of a large
number of B phases and the refinement of a, grains. In
addition, the multi-oriented o, colonies increase the slip
resistance of dislocations in f, region and enhance the
strengthening effect of f,, which may induce a potential HDI
effect, resulting in excellent strain hardening ability and
ductility.
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Ti-6A1-4V-0.5Mo0-0.5Zr &%
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