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Abstract: A colony and basket-weave mixed microstructure in the selective-laser-melted (SLM) Ti-
6Al-4V alloy was introduced by electropulsing, which showed high thermal stability. The mechanism
was investigated by electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) analysis. It
was found that the low content of the β-phase favored the inhibition of microstructure coarsening.
The increasing β-phases during the stabilization annealing (700 ◦C/16 h) rendered the growth of α-
lath and -colony. Moreover, the stabilization-annealed colony and basket-weave mixed microstructure
still kept the high strength–ductility synergy.

Keywords: selective-laser-melted Ti-6Al-4V alloy; electropulsing; thermal stability; β-phase; strength–
ductility synergy

1. Introduction

Selective-laser-melting (SLM) technology to produce complex metallic components
has exhibited its effectiveness in manufacturing. The Ti-6Al-4V alloy, the workhorse of the
titanium industry, has a high specific strength, excellent corrosion resistance, and outstand-
ing biocompatibility [1,2]. It, by far, has been one of the most used and studied titanium
alloys for SLM [3]. Typically, the fast cooling rate (around 103–108 K/s) would induce
a martensite microstructure in the SLM-fabricated Ti-6Al-4V alloy and result in reduced
ductility [4,5]. This martensite microstructure contains a high density of crystallographic
defects, e.g., dislocations, twin boundaries, and stacking faults [6], and has inhibited the
widespread application of the as-built Ti-6Al-4V alloy. Therefore, post-treatment to op-
timize the microstructure is required. Due to the near-net shape characteristic, the most
common approaches contain hot isostatic pressing (HIP) and post-heat treatments. Yu
et al. [7] applied a HIP process to tailor the as-built microstructure of the SLM-fabricated
Ti-6Al-4V alloy and significantly improve the ductility. However, the HIP is a high-cost pro-
cess, and the AM (additive manufacturing) component with low porosity is commonly heat
treated. Sub-transus heat treatments followed by water quenching that could produce an α

+ α′ microstructure have been used to optimize the electron beam melting (EBM) or SLM
Ti-6Al-4V alloy [8–10]. This microstructure exhibited a composite work-hardening behavior
and induced high room-temperature strength–ductility synergy in the AM Ti-6Al-4V alloy.
Nevertheless, α′ is not a thermally stable phase and will decompose when the tempera-
ture exceeds 400 ◦C [6]. There is a requirement for microstructure near thermodynamic
equilibrium when the titanium component is applied to serve under elevated-temperature
environments. Kim et al. [11] annealed the SLM-fabricated Ti-6Al-4V alloy at 1040 °C
for 1 h to achieve a Widmanstätten structure, and the annealed microstructure showed
a superior creep resistance. However, this Widmanstätten structure commonly shows a
low elongation.
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Electropulsing treatment combining thermal and athermal effects can promote dislo-
cation mobility and shows great potential for optimizing the microstructure of metals [12].
Several researchers have used electropulsing to tailor the microstructure of SLM-fabricated
Ti-6Al-4V alloys, and the modified microstructure showed enhanced mechanical proper-
ties [13–15]. However, rare studies have focused on the thermal stability of the microstruc-
ture after electropulsing optimization. In this study, we found that electropulsing could
induce a colony and basket-weave mixed microstructure in the SLM-fabricated Ti-6Al-4V
alloy and showed superior mechanical properties. Since this mixed microstructure is ob-
tained by air cooling, it is expected that it has excellent thermal stability. Therefore, this
study aims to characterize the thermal stability of the colony and basket-weave mixed
microstructure by evaluating the microstructure and mechanical-property changes after
a stabilization-annealing treatment. As for the fundamentals that generate this mixed
microstructure, we discuss them separately. To investigate the thermal stability of the
mixed microstructure better, a super-transus heat-treated sample was also characterized as
a contrast. It is hoped that the systematic characterization will verify that electropulsing
can act as an effective method to achieve high-thermal-stability microstructure and provide
a glimpse into the microstructural parameters which play vital roles in thermal stability.

2. Materials and Methods

Cubic specimens with dimensions of 50 × 50 × 10 mm3 were produced on an SLM
system (BLT S210, Xi’an, China) using Ti-6Al-4V alloy powder (Figure 1a). Commercial
spherical Ti-6Al-4V powder with a particle size distribution of 15–53 µm was used. A
laser power setting of 210 W, a scanning speed of 1200 mm/s, a layer thickness of 30 µm,
and an incubation distance of 80 µm were used to produce the specimens. A zigzag
continuous-laser-scanning strategy was used, and the scanning pattern between each
layer was rotated by 67◦. Cubic specimens were machined into 50.0 × 10.0 × 2.5 mm3 by
wire-electrode cutting along the x-axis for the subsequent treatment. The as-built (labeled
as AB), super-transus, heat-treated (labeled as HT; at 1020 ◦C for 5 min, followed by air
cooling), and electropulsing-processed (labeled as EPT; at 45.5 A/mm2 and 50 Hz for 400 ms,
followed by air cooling) samples were stabilization annealed at 700 ◦C for 16 h, followed
by air cooling, and designated as ABA, HTA, and EPTA, respectively. The annealing
treatment was conducted on a tube furnace with the protection of argon. The specimens for
microstructure analysis were prepared by sandpaper grinding, SiO2 suspension polishing,
and etching by Kroll’s solution (using 13 mL of HF, 26 mL of HNO3, and 100 mL of H2O).
Scanning electron microscope (SEM; Tescan Vega3, Tescan Company, Brno, Czech Republic),
electron backscatter diffraction (EBSD; Oxford Symmetry; with a step size of 0.2–0.8 µm),
transmission electron microscope (TEM; JEM-2100), Nippon Electronics Co., Japan, and
X-ray diffraction (XRD; with D/max 2500pc, Cu Kα, and 1◦/min) were used to examine the
microstructures. Tensile specimens had gauge dimensions of 10 mm × 2.2 mm × 2.2 mm
(Figure 1b). The dimension of the tensile specimens was determined according to GB6397-
86. Tensile tests were conducted on an MTS-810 system at room temperature, and the strain
rate was at a speed of 10−3 s−1 (0.6 mm/min). The tensile direction was parallel to the
y-axis. At least three samples were tested for each condition, and the dimensions of each
sample were precisely measured in our studies.

Figure 1. Schematic diagrams of (a) cubic specimen and (b) tensile specimen.
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3. Results and Discussion

Backscattered SEM micrographs of the samples before and after the stabilization
annealing are exhibited in Figure 2. After the annealing, the martensite structure of AB
was fully transformed into basket-weave α-structure with the width increased by 67%
from ~0.73 µm to ~1.22 µm, as shown in Figure 2a,d. Due to the decomposition of α′,
there were much more β-phases (white color) in the ABA (Figure 2d). The HT and HTA
exhibited colony microstructures with alternate layers of α-lath (gray) and β-film (white),
as shown in Figure 2b,e. Compared to HT, α-lath width in HTA shows a 25% increase from
~1.02 µm to ~1.27 µm, and more β-phase particles and thinner β-films can be observed
in the HTA. The EPT and EPTA show colony and basket-weave mixed microstructures,
and the α-plate width in the latter (~1.1 µm) is 16% larger than the former (~0.94 µm), as
shown in Figure 2c,f. It should be noted that only faint white films can be seen in the EPT,
which possibly was caused by the competition nucleation and growth of the α-variants at
prior-β-grain boundaries and intragranular areas, leaving little time for the aggregation of
V atoms and coarsening of β-film. The stabilization annealing accelerated the aggregation
of V and resulted in more β-phase particles with a brighter white color (Figure 2f). The
TEM micrograph of AB (Figure 2g) shows that there were many dislocations existing in the
martensitic laths, and this is a typical characteristic of the SLM as-built microstructure [6].
The widths of the β-films ranged from 25 nm to 50 nm (Figure 2h); therefore, they are
almost invisible in the SEM micrograph. More importantly, as displayed in Figure 2i, some
nano stacking faults (SFs) could be found within the α-lath, which is demonstrated by the
streaking of diffraction spots in the corresponding SAED [16]. The nano SFs are speculated
to come from the decomposition of the dislocations produced by thermal stress.

Figure 2. Backscattered SEM micrographs of samples before and after the stabilization annealing:
(a) AB, (b) HT, (c) EPT, (d) ABA, (e) HTA, (f) EPTA. TEM micrographs of such samples: (g) AB,
(h,i) EPT.
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In Figure 3, EBSD inverse-pole-figure (IPF) maps and corresponding kernel-average-
misorientation (KAM) maps of the specimens are presented. The AB was characterized by
acicular α′-microstructure (Figure 3a). The HT sample showed a typical colony microstruc-
ture [17], and the average colony size was around 13.1 µm (Figure 3b). The EPT sample
exhibited a colony and basket-weave microstructure, and the average colony size was
around 7.1 µm (Figure 3c). The stabilization annealing made the microstructures coarsen
at different degrees, which is inconsistent with SEM observations in Figure 3. The colony
size increased by 24%, to around 16.3 µm, in HTA (Figure 3h) and increased by 18%, to
around 8.4 µm, in EPTA (Figure 3i). KAM maps indicate that the dislocation contents
in the samples were significantly reduced by the stabilization annealing. The average
KAM value decreased from 1.3◦ in AB to 0.8◦ in ABA (Figure 3d,j). Moreover, the KAM
values decreased from 0.83◦ (HT) and 1.16◦ (EPT) to 0.68◦ (HTA, EPTA), as displayed in
Figure 3e,f,k,l.

Figure 3. IPF maps and KAM maps of the samples. IPF maps: (a) AB, (b) HT, (c) EPT, (g) ABA,
(h) HTA, (i) EPTA; KAM maps: (d) AB, (e) HT, (f) EPT, (j) ABA, (k) HTA, (l) EPTA.

Distributions of the β-phases in the typical samples are characterized by the phase
maps obtained from the EBSD data, as shown in Figure 4a–d. The stabilization-annealing
treatments of the HT and EPT result in a larger size and higher amounts of β-phase
particles in the HTA and EPTA, respectively. Moreover, the β-phase particle size of HTA
is larger than the EPTA (Figure 4c,d). The limited detecting surface and the step size
may affect the accuracy of the β-phase content obtained from the EBSD. The XRD results
provide additional analysis on the β-phase content that complements the EBSD phase-map
observations. As shown in Figure 4e, the intensity of the β (110)-peak of the EPT sample is
significantly lower than the HT sample (α (01-10)-peaks with the same intensities). The
intensity ratio of β (110)/α (01-10) for HT is consistent with the value for a super-transus,
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annealed, and air-cooled Ti-6Al-4V alloy [18], which indicates a similar β-content. After
long-time annealing at 700 ◦C, the β (110)-peak intensity shows decreased value in the HTA
(compared to the HT) but shows an increasing value in the EPTA (compared to the EPT).
The reference-intensity-ratio (RIR) method [19] was employed to determine the β-contents
in HT, EPT, HTA, and EPTA samples. The fraction ratio of β can be determined by the
following equation:

Xβ =
Imax
β /RIRβ

Imax
β

RIRβ
+ Imax

α
RIRα

(1)

where Xβ is the volume fraction of the β-phase, I Imaxis the intensity of the highest diffrac-
tion peak of the phase, and RIR is the reference intensity ratio of the phase. RIRβ is 9.6,
and the RIRα is 6.4. The β-contents of the HT, EPT, HTA, and EPTA were calculated
to be 9.6 wt%, 4.3 wt%, 5.6 wt%, and 5.6 wt%, respectively, as shown in Figure 4f. The
results from the EBSD and XRD methods show considerable differences, which are mainly
attributed to the step size of the EBSD not being small enough (0.2 µm). The width of
the β-film was even smaller than 50 nm (Figure 2h). Therefore, many β-films could not
be detected by the EBSD, and the obtained β-content values were much smaller than the
values from the XRD.

Figure 4. Phase maps: (a) HT, (b) EPT, (c) HTA, (d) EPTA; (e) XRD patterns and (f) β-contents
calculated by RIR method.
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Thermal stability can be affected by several factors, such as dislocation content, grain
orientation, elemental partitioning [16], and the β-phase content [20]. High-density dis-
locations will provide a driving force for the growth of the α’- and α-lathes because they
support the rapid diffusion of alloying elements [21]. Similar grain orientations of the α-lath
can minimize the interface energy and hinder the growth of α-lath [16]. Furthermore, the
aggregation of V atoms at the α-boundaries will inhibit the α-lath growth [22], and higher
β-phase content also can impede the coarsening of α-lath [20]. The as-built microstruc-
ture shows low thermal stability (with a 67% increase in lath width) due to the inherent
metastability and high dislocation content of the α’-phase. In contrast, the HT and EPT
exhibit much higher thermal stability due to the reduced dislocation density, more V atoms
aggregating at the grain boundary, and similar orientations of α-lathes. It is important to
note that the EPT sample possesses higher thermal stability than the HT sample (with an
increase in α-lath width of 16% vs. 25%, respectively, and increase in α-colony size of 18%
vs. 24%, respectively), in addition to the EPT possessing greater dislocation density, less V
aggregation, and fewer similar-orientated α-laths than the HT. It indicates that the β-phase
content plays an essential role in the thermal stability of the EPT sample. The HT shows
a much higher β-content (9.6 wt%) than the EPT (4.3 wt%). After long-time annealing at
700 ◦C, the HTA and EPTA show the same β-contents, which indicates that the β-content
of the Ti-6Al-4V alloy in the equilibrium state is around 5.6 wt%. When annealed at 700 ◦C,
the decrease of β-content in the HT favors the growth of α-lath and α-colony. Nevertheless,
the β-content of EPT increases and inhibits the growth of α-lath and α-colony.

Tensile engineering stress–strain, true stress–strain, work-hardening rate curves, and
detailed tensile properties of the samples after stabilization annealing are presented in
Figure 5a,b and Table 1. The yield strength (YS), ultimate tensile strength (UTS), and elon-
gation (EL) of the ABA sample are (1002 ± 22) MPa, (1050 ± 9) MPa, and (10.7 ± 0.8) %,
respectively. All tensile properties of the HTA sample are inferior to the ABA, and the YS,
UTS, and EL are (949 ± 19) MPa, (1019 ± 17) MPa, and (10.3 ± 0.8) %, respectively. Com-
pared to the ABA sample, the EPTA shows slightly lower YS (976 ± 1) MPa, similar UTS
(1049 ± 5) MPa, and distinctly (~35.5%) higher EL at (14.5 ± 1.4) %. As a result, the EPTA
shows the highest strength–ductility synergy. Figure 5c,d shows the changes in mechanical
properties induced by stabilization-annealing treatment. The UTS and YS for AB decreased
by ~258 MPa and ~160 MPa, respectively. The UTS values for HT and EPT kept almost
stable, while the YS was slightly enhanced by ~34 MPa and ~51 MPa, respectively. The
attribution of β-phase content on the YS of the Ti-6Al-4V alloy is small [23,24]. Nevertheless,
the morphology of the β-phase significantly affects the local deformation mechanisms and
mechanical properties of α + β Ti-6Al-4V alloys [25]. Consequently, because the decrease
of dislocations and increase in grain size will reduce the YS, the enhancements of YS values
in both HTA and EPTA are mainly attributed to the morphology change of the β-phase. As
for the elongation, it increased by ~2% for AB, decreased by ~2% for HT, and decreased
by ~1% for EPT. Fracture morphologies of the HTA and EPTA are shown in Figure 5e–h.
The stabilization annealing does not significantly alter the fracture mechanism, and the
HT and EPT show similar work-hardening rate curves and fracture morphologies. The
EPTA still exhibits as high a post-uniform elongation as the EPT. The changes in tensile
properties also indicate that the electropulsing induces a high thermal stability in the SLM
Ti-6Al-4V alloy. Furthermore, the electropulsing process in this study requires less time
(400 ms) than the HIP process [7], which means that the electropulsing process is not only
more timesaving but also more energy efficient.
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Figure 5. (a) Engineering stress–strain curves; (b) true stress–strain, work-hardening rate curves, and
mechanical properties of the samples; (c,d) mechanical-property changes induced by the stabilization
annealing; (e,f) fracture morphology of HTA; (g,h) fracture morphology of EPTA.

Table 1. Tensile properties of samples in different conditions.

Yield Strength (YS) (0.2% Offset)
[MPa]

Ultimate Tensile Stress (UTS)
[MPa] Elongation (EL) [%]

ABA 1002 ± 22 1050 ± 9 10.7 ± 0.8
HTA 949 ± 19 1019 ± 17 10.3 ± 0.8
EPTA 971 ± 1 1049 ± 5 14.5 ± 1.4

4. Conclusions

To summarize, stabilization-annealing treatments (700 ◦C/16 h) were carried out on
the SLM Ti-6Al-4V alloys processed by furnace heat treatment (HT) and electropulsing
(EPT) to evaluate their thermal stability. The colony and basket-weave microstructure of the
EPT sample showed a lower degree of microstructure change than the HT sample, and the
former showed 16% and 18% increases in α-lath width and α-colony size, respectively, while
the latter exhibited 25% and 24% increases in α-lath width and α-colony size, respectively.
The high thermal stability of the EPT sample was attributed to the low β-content, and the
increasing β-phase during the stabilization annealing was attributed to the inhibition of the
coarsening of microstructure. Moreover, the stabilization-annealed EPT sample kept the
excellent strength–p (YS = (976 ± 1) MPa, UTS = (1049 ± 5) MPa, and EL = (14.5 ± 1.4)%).
The present result showed a possibility for achieving thermally stable microstructures
in SLM Ti-6Al-4V alloys by electropulsing, which possessed a higher strength–plasticity
combination than the colony microstructure of furnace heat-treated alloys.
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