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Abstract: The effect of electropulsing treatment on microstructure and mechanical strength of laser metal deposited
Ti—6A1-4V alloy was investigated in order to eliminate the anisotropy in strength of laser metal deposited Ti—6A1—4V
alloy by tensile tests, optical microscopy, scanning electron microscopy, electron back-scattered diffraction analyses and
transmission electron microscopy. With increasing applied voltages from 0 to 130 V, the evolution of microstructure
within columnar f grains followed the sequence of o' martensite — colony a structure — basket-weave a structure. The
electropulsing treated at 130 V weakened the texture of martensite within § grains. The as-built Ti—6Al-4V alloy
showed an anisotropy in yield strength (6.2%). After processing at 130 V, the anisotropy in yield strength was reduced
to 0.6%, which was attributed to the almost equivalent distribution of Schmid factor in the samples deformed along

different orientations.
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1 Introduction

Additively manufactured (AM) Ti—6Al-4V
alloys have attracted much attentions in engineering
and biomedical fields due to their advantages in
design and manufacturing of components with
complex geometry and minimal material waste
etc [1-5]. Among various additive manufacturing
techniques, laser metal deposition (LMD) has a
high degree of control and convenience in
compositional design [2,5-7]. The as-built
Ti—6A1-4V alloy fabricated via LMD processing
is typically characterized by the anisotropic
microstructure consisting of coarse and columnar S
grains along building direction [8,9], resulting from

the intrinsic high cooling rate and high thermal

gradient, which usually leads to mechanical
property anisotropy, including yield strength (YS)
and elongation [10,11]. This undesirable anisotropy
obviously hinders the applications of AM
Ti—6Al-4V alloys in the conditions requiring
mechanical isotropy.

To date, several in-situ or post-processing
methods have been proposed to achieve isotropic
microstructure in AM Ti—6Al—4V alloys, including
introduction of high-density ultrasound [11], using
blends of Ti—6Al-4V and Co—Cr—Mo powders [12],
and rapid heat treatment [13]. During deposition,
introducing high-density ultrasound is beneficial to
obtaining a fully equiaxed and refined structure

without preferred orientation by activating nuclei,
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thus enhancing mechanical strength and isotropy
[11]. In general, reducing the
driving force for heterogeneous nucleation during
solidification is effective in achieving equiaxed
microstructure [14]. Following this rule, AM
Ti-based alloys characterized by the equiaxed
grains with random orientations and isotropic
mechanical properties have been obtained by using
blends of Ti—6Al-4V and Co—Cr—Mo powders [12].
Rapid heat treatment above S transus temperature
was also used to tailor the microstructure and
mechanical behavior of Ti—6A1—4V alloy fabricated
by laser powder-bed fusion [13,15]. The results
show that texture can be weakened due to epitaxial
recrystallization [13].

Electropulsing treatment has been recognized
as an effective method to enhance formability of
conventionally-deformed metals through defect-
level microstructural reconfiguration [16]. Very
recently, WARYOBA et al [17] reported that the
proper electropulsing can increase grain size and
enhance microhardness simutaneously of Ti—
6A1-4V alloy fabricated by laser-powder bed fusion,
which was attributed to the athermal -effects
due to high electron wind force. In addition, GAO
et al [18] reported that electropulsing causes the
change of f grains from columnar structure to
equiaxed one for selective laser melted Ti—6A1-4V
alloy. The aforementioned results imply that
electropulsing can also be used to tailor the
microstructure of AM alloys.

As one of the important mechanical properties,
YS is of crucial importance for engineering
applications. It has been reported that the YS of
as-built Ti alloys can be dominated by the texture of
o lath, especially the anisotropy in YS [19].
However, to the best of our knowledge, the effect of
electropulsing on microstructure and YS of laser
metal deposited Ti—6Al-4V alloy has less been
investigated yet. In the present work, laser metal
deposited Ti—6Al-4V alloy was treated by
electropulsing at different applied voltages. The
relationship between anisotropy of mechanical
properties and crystallographic orientation was
established on the basis of the evolution of Schmid
factor (SF) of different deformation directions. The
present work may provide an alternative and
efficient way to optimize the mechanical properties
of AM alloys.

simultaneously

2 Experimental

The materials used for this work were
Ti—6Al-4V powders with a diameter of 45—100 um.
The as-built samples were fabricated by a self-made
LMD system under an argon atmosphere. The
following processing parameters, i.e. a laser power
of 1200 W, a laser spot size of 4 mm, a scanning
velocity of 5.8 mm/s, and a powder feed rate of
4.5 g/min, were used. The as-built thin wall was
deposited on Ti—6Al-4V substrate by single
layer-by-layer method. After processing, the as-
built Ti—6Al-4V thin wall samples were cut into
the samples for electropulsing treatment with a
length of 90 mm, a width of 4 mm and a height of
15 mm. The voltages of 100 and 130 V were used,
and the frequency and duration were fixed at
350 Hz and 20s, respectively. The current was
applied along the laser scanning direction, as
schematically shown in Fig. 1(a).
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Fig. 1 Schematic illustration of thin wall sample
geometry (a) and dog-bone-shaped tensile samples (b)

Mechanical properties were measured by a
tensile machine (Zwick Z2.5 TH). The dog-bone-
shaped samples with gauge dimensions of
3mm x2mm x 1 mm were cut along OX and
OZ directions, respectively (Fig. 1(b)). A laser
extensometer with a gauge length of 2 mm was
used to measure the strain during tensile
deformation. Three samples for each processing
condition were deformed and the average strength
was reported. The strain rate was fixed at
0.5x107s™". The observation of microstructure was
carried out on the YOZ plane using a MDJ 200
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optical microscope and a Thermo Fisher scanning
electron microscope (SEM). The samples were
prepared by mechanical grinding, polishing and
etching with a solution consisting of 10% HF, 30%
HNO; and 60% H;O in volume fraction. The
crystallographic texture of the samples was
characterized by electron back-scattered diffraction
(EBSD) analyses using a JSM 7100F scanning
electron microscope operated at 20 kV. The step
size was fixed at 0.25 uym. The samples for EBSD
analyses were prepared by electrochemical
polishing. Transmission electron microscopy (TEM)
observations were conducted on a FEI Talos 200
FX G2 transmission electron microscope operated
at 200 kV. TEM foils were prepared by mechanical
grinding followed by ion milling.

3 Results and discussion

3.1 Mechanical properties

Table 1 summarizes the YS and ultimate
tensile strength (UTS) of the differently processed
samples. The strength of the as-built sample is
orientation-dependent. When deformed along OX
direction, the as-built sample showed a YS of
(9454£20) MPa. When deformed along OZ direction,
a YS of (886+23) MPa was obtained. The effect of
deformation direction on YS agrees well with the
reported results for as-built Ti—6Al-4V alloy [9,20].
It is suggested that the orientation-dependence of
YS is caused by the texture of a’/a lath. The
mechanical strengths of the as-built samples are
close to the reported results [9,21]. After processing
at 100 V, both the YS and UTS slightly decreased.
After processing at 130V, the YS decreased,
irrespective of deformation direction. The above
results indicate that electropulsing treatment is
effective in tailoring the mechanical strength for

Table 1 Mechanical strength and anisotropy in YS for
different samples

Sample  YS/MPa UTS/MPa Anisotropy in YS/%
As-built, OX 945+20 1033+29
As-built, 0Z 88623 1001%12 62
100V, OX 905425 1000+39

100V,0Z  865+7  972+19 e

130V, 0X  879+7  1041+9

130V,0Z  874+4 1025425 06

laser metal deposited samples. The anisotropy in
YS is defined by (cox—00z)/0ox, in which ooy and
ooz are the YS values along OX and OZ directions,
respectively [10]. With increasing applied voltage
to 130 V, the anisotropy in YS decreased from 6.2%
to 0.6%, as shown in Table 1. These results clearly
indicate that electropulsing treatment is powerful in
weakening the strength anisotropy of laser metal
deposited Ti—6Al-4V alloy.

3.2 Microstructure

In order to wunderstand the effect of
electropulsing on the mechanical properties of
different Ti—6Al-4V samples, microstructure
characterization was first carried out. Figure 2
shows the optical microscopy images of different
samples. The as-built sample exhibited the
columnar prior-f grains along the building direction,

< ‘0.3 mm

Fig. 2 Optical micrographs of as-built sample (a), and
samples processed at 100 V (b) and 130 V (c)
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which is the common feature of as-built Ti—6Al1-4V
alloy and usually attributed to large temperature
gradient and narrow solidification range [2,12].
Electropulsing did not change the morphology of
prior-§ grains, as shown in Figs. 2(b, c¢). Another
feature is that the width of the columnar prior-f
grains (0.5—-2 mm) is comparable to the gauge size
of the present tensile samples, which falls in the
reported range for the coarse prior-f grains
(0.2-4 mm) [2]. Therefore, the effect of prior-f
grain boundary on strength can be ignored. The YS
of the studied samples can be mainly controlled by
the microstructure within prior-f grains.

Figure 3 shows the morphology of o lath
inside of columnar prior-f grain for different
samples. The as-built sample was characterized by
the typical martensitic microstructure, being
consistent with the reported results [22,23]. The
widths of o' laths were determined to be
(0.88+£0.22) um. After processing at 100V, the
microstructure consisted of the fine colony structure
of a laths with the widths of (0.7040.22) um. This

"/ Colony a

Fig. 3 SEM images of as-built sample (a), and samples
processed at 100 V (b) and 130 V (¢)

is because the samples were air-cooled to room
temperature after electropulsing treatment. After
processing at 130V, the typical basket-weave a
laths with the widths of (0.70£0.12) um were
clearly observed, as shown in Fig. 3(c). With
increasing applied voltages, the average aspect ratio
of a'/a lath decreased.

Figure 4 shows the TEM bright field images of
different samples and the corresponding selected

* (000)

(110)

Fig. 4 TEM bright field images of as-built sample (a),
and samples processed at 100 V (b) and 130 V (c) (The
SAED patterns inserted in (a) indicate the existence of

o' lath and S phase)
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area electron diffraction (SAED) patterns. The
microstructure of the as-built sample is mainly
characterized by a' lath and nanoscale S phase
located in the channel of lath, which is confirmed
by the SAED patterns shown in insets. The o' lath
takes a dominant volume fraction, which can be
attributed to the high cooling rate of melt pool
during LMD processing [2]. After processing at
100V, a large number of dislocations were
observed in the interior of a lath, as indicated by the
arrows. Figure 4(c) shows the microstructure of the
sample treated at 130 V, which is characterized by
the curved interface between o laths, reduced aspect
ratio of a lath and dislocation density. The above
results clearly show that o'/ lath can be gradually
tailored by proper electropulsing treatment.
Electropulsing can exert athermal and thermal
effects on the samples. The athermal force of
electron wind may accelerate the dislocation

movement [24]. This is confirmed by the results
shown in Fig. 4(b), in which dislocations are
generated due to electron wind. With increasing
voltage to 130V, large and localized Joule-heat is
through

produced obstructing electrons by

dislocations, which acts as a thermal grooving to
form the low angle boundary [25]. The thermal
grooving process may further reduce the amount of
o'/o. boundary and new a/f interfaces are formed
through dislocations arrangement and substructure
formation [26]. As a result, S phase diffuses into the
groove and splits a lath, as evidenced by the regions
circled by dashed lines in Fig. 4(c). Therefore, the
slender o laths change to short rods.

Figure 5 shows the inverse pole figures (IPFs)
along OZ direction of the differently processed
samples. From Fig. 5(a), it is seen that (1210)
fiber texture parallel to the OZ direction was
formed during LMD. In addition, the texture of
(0112)[0111] was identified, being consistent
with the previously reported results [27]. The
formation of this texture is related to the fact that
the direction of grain growth closely aligns with the
maximum heat flow during deposition [28]. It is
generally accepted that the texture resulting from
the energy input during LMD cannot be
significantly influenced by conventional heat
treatment [29]. However, as shown in Figs. 5(b, ¢),
the grain orientation was changed by the electro-
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pulsing treatment perpendicular to the YOZ plane
for 20 s. For the sample treated at 100 V, the new
(0110)[1210] texture appeared. Meanwhile, the
(1210) fiber texture resulting from maximum heat
flux disappeared. For the sample treated at 130V,
multiple crystallographic orientations appeared in
the same direction, indicating that the preferred
orientations were weakened.

The evolution of microstructure inevitably
influences mechanical properties. In order to
understand the dependence of YS on deformation
direction for each sample, the Schmid factor (SF)
maps for slip system were calculated when the
samples were deformed along OX and OZ
directions, as shown in Fig. 6. It has been reported
that basal slip is the main deformation mechanism
for the anisotropic AM Ti—6Al-4V alloy, and

pyramidal slip is for the isotropic one [20].
Therefore, the SF maps for the basal slip were
provided for the as-built sample and that processed
at 100 V, and the SF maps of pyramidal slip were
chosen for that processed at 130 V. In SF maps, red
color corresponds to “soft” (easy to activate slip
system) orientation, and blue color “hard” (difficult
to activate slip system) orientation. It is seen that
for the as-built sample and the sample processed at
100 V, the “soft” o lath regions were mixed with the
“hard” regions. For the sample processed at 130 V,
the “soft” a lath occupied most of regions of
Figs. 6(g, h), irrespective of deformation directions.
According to the statistical result of SF shown
in Figs. 6(c, f), in the as-built sample and the
sample processed at 100 V, the distribution of SF is
totally different for the tensile deformations along

0T () =mOZ ¥SF(0.4-0.5)=70.1%
= OX Y'SF(0.4-0.5)=30.7%
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Fig. 6 Schmid factor (SF) maps and relative frequency of SF for as-built sample (a—c) and samples processed at
100 V (d—f) and 130 V (g—i) (Basal slip systems in the as-built condition and the sample processed at 100 V, and

pyramidal slip systems in the sample processed at 130 V)
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OX and OZ directions. This further confirms that
the anistropy of YS in these two samples is related
to a lath. Large SF means that slip system can be
easily activated by applied stress [30]. When the
as-built sample was deformed along OZ and OX
directions, the basal slip exhibited £SF(0.4-0.5) of
70.1% and 30.7%, respectively. This is suggested to
be mainly responsible for the larger YS when the
sample was deformed along OX direction than that
deformed along OZ direction. When the sample
processed at 100 V was deformed along OZ and OX
directions, the corresponding XSF(0.4-0.5) are
32.9% and 50.2%, respectively. This suggests that
other factors should be considered to influence the
anistropy in YS. From Fig.3, the dislocation
density of the sample processed at 100 V is quite
larger than that of other two samples, indicating that
the influence of dislocation on the activation of slip
system cannot be ignored. Most of dislocation array
are preferentially perpendicular to the long axis of
grains, which implies that the distribution of
dislocations may partially contribute to the
anistropy in YS. In addition, the distributions of SF
in the sample processed at 100 V are quite scattered.
Mechanical interaction among the adjacent “soft”
and “hard” grains may influence the anistropy in
YS [31]. However, both the roles of the distribution
of dislocations and SF in determining the
mechanical anistropy require further investigation
to reveal the detailed mechanism. In the sample
processed at 130 V, the SFs mainly locate in the
“soft” region, namely, the values of XSF(0.4-0.5)
are 70.6% and 98.5% for the tensile deformations
along OZ and OX directions, as shown in Fig. 6(i).
Furthermore, for the deformation along OZ
direction, the rest of SF values mainly distribute in
the range of 0.35-0.4 (XSF(0.35-0.4)=29.4%). This
means that the pyramidal slip system can be easily
and equivalently activated when the samples were
deformed along these directions. As a result, the
near-isotropic YS was observed in the sample
processed at 130 V.

It should be highlighted that in comparison
with conventional heat treatment, electropulsing
treatment is characterized by time-saving and
localized heating features. This means that such a
processing can be applied to efficiently tailoring the
properties of the parts produced by AM to meet
some specific requirements. In this aspect, further
investigation is necessary to tailor the processing

parameters of electropusling for the purpose of
obtaining a comprehensive relationship  of
processing—microstructure—mechanical properties,
especially the relationship between the processing
and the texture evolution.

4 Conclusions

(1) Electropulsing does not change the
morphology of columnar f grains. With increasing
applied voltages from 0 to 130 V, the microstructure
within f grains changes in the following sequence:
o' martensite — colony a structure — basket-weave
a structure. Electropulsing reduces the aspect ratio
of a lath, which can be explained by thermal
grooving and boundary splitting mechanism, and
weakens the texture within f grains.

(2) The as-built sample is characterized by the
anisotropy in YS. With increasing applied voltages,
the anisotropy in YS decreases. The sample
processed at 130 V shows the near-isotropic YS,
which is attributed to the almost equivalent
distribution of SF when deformed along different
directions.
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