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Abstract: A high-power laser melting deposition (HP-LMD) device with a maximum output of 5 kW
was developed to enhance the production efficiency of fabricating large-scale titanium components.
In this study, the medium-high temperature annealing strategy was proposed, wherein the effects
of holding temperature and holding time on the residual stress, microstructure evolution, and
mechanical properties of the fabricated block were evaluated. The results showed that the residual
stress on the surface of the fabricated blocks reduced significantly after annealing treatment. The
microstructure of as-deposited Ti-6Al-4V alloy mainly consisted of «’ martensite and basket-weave
microstructure, and the aspect ratio of the martensite decreased from 22 to 6 with the increases in
annealing temperature and holding time. In addition, the annealing treatments had a favorable
benefit on the microhardness and tensile performance of the HP-LMD fabricated Ti-6Al-4V alloy.
The optimum annealing treatment was 650 °C/2 h followed by furnace cooling. The tensile samples
processed by the optimum annealing treatment exhibited excellent properties with a yield strength of
912 MPa and an elongation of 11.48%, which far exceeded the Chinese aviation standard. In addition,
the results of the statistical analysis revealed that the tensile properties of heat-treated samples were
superior to as-deposited samples when the aspect ratio of martensite was in the range of 9-14. The
fracture mode of both the as-deposited samples and annealed samples was ductile fracture.

Keywords: laser melting deposition; annealing; titanium alloy; microstructure; mechanical properties

1. Introduction

Ti-6Al-4V alloy is widely used to manufacture large structural parts in the aerospace
field due to its high strength-to-weight ratio, superior corrosion resistance, and excellent
oxidation resistance at elevated temperatures [1-3]. During the last two decades, additive
manufacturing (AM) technologies have developed rapidly and become the best candidate
for manufacturing metal components. A high-power laser melting deposition (HP-LMD)
with 5 kW was developed to promote the production efficiency of fabricating large-scale
titanium components [4].

The introduction of higher laser power will lead to a distinct difference in terms of
molten pool behavior, defect formation, and residual stress. According to Azarniya et al. [5],
the microstructure of LMDed Ti-6Al-4V parts consists of coarse 3 columnar crystals, which
penetrate through multiple layers and can reach hundreds of microns. Generally, the
mechanical properties of AMed Ti-6Al-4V parts are mainly controlled by morphology, size,
and orientation of the o and 3 phases. Researchers indicated that the cooling rate and heat
input consequently affect the microstructure and mechanical properties [6,7]. Zhan et al.
demonstrated that residual tensile stress had a detrimental effect on the fatigue performance
of AMed Ti-6Al-4V parts, which will lead to premature failure [8-10]. Chauhan et al. [11]
found that the maximum residual stress was approximately 50% of the yield strength.
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Generally, post-processing heat treatment is a feasible approach to reduce the residual
stress within an AMed Ti-6Al-4V part [12]. The commonly used heat treatments for AMed
Ti-6Al-4V alloy include annealing in the o« + 3 two-phase region [13], heat treatment in
the 3-phase transformation region [14], or solid solution aging [15]. Hitherto, there are
limited investigations in relation to the effect of holding time and annealing temperature
on the mechanical properties and residual stress of LMDed Ti-6Al-4V. Therefore, the
relationship between heat treatment parameters and microstructure features is still needed
to be established for high-power laser melting deposition (HP-LMD) fabricated Ti-6Al-
4V alloy.

This study aims to explore the microstructure evolution of HP-LMD fabricated Ti-6Al-
4V alloy under different heat treatment parameters. Optimum heat treatment parameters
are determined according to the residual stress and mechanical properties of the HP-LMD
fabricated parts.

2. Materials and Methods
2.1. Ti-6Al-4V Block Preparation

Figure 1a shows the schematic of the additive manufacturing system, including pow-
der feeder, fiber laser with maximum power of 10 kw and wavelength of 1070 & 10 nm,
motion mechanism, cladding head, and integrated controlling system. Ti-6Al-4V wrought
plates with a dimension of 120 mm x 120 mm X 20 mm and Ti-6Al-4V commercial powder
with a size distribution range from 53 pm to 150 pm (the scanning electron microscope
of Ti-6Al-4V powder was shown in Figure 2) were used as substrate and powder mate-
rial, respectively. The chemical composition of the powder is listed in Table 1. Before
AM process, the surface of the substrate was polished and cleaned with ethanol, and the
powder materials were dried in a vacuum environment with a temperature of 353.15 K for
2 h. The scanning strategy within each layer includes contour scanning and subsequent
hatching scanning, which is illustrated in Figure 1b. The scanning direction between the
two successive layers was kept at 90 degrees for reducing residual stress and deformation.
The optimum processing parameters have been determined through previous experiments,
which are listed in Table 2.
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Figure 1. (a) The layout of the high-power laser melting deposition (HP-LMD) system; (b) the
scanning strategy.
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Figure 2. The scanning electron microscope of Ti-6Al-4V powder.

Table 1. The chemical composition of Ti-6Al-4V powder (wt.%).

Al v Fe C N H (0] Ti
6.11 3.97 0.30 0.005 0.006 0.0028 0.062 Bal.

Table 2. The optimum processing parameters of the HP-LMD process.

Scanning Powder Spot Overlapping
Lase(rvb’;)wer Speed Feeding Rate Diameter Ratio
(mm/min) (g/min) (mm) (%)
5000 1000 31 7 50

2.2. Microstructure Characterization and Annealing Treatment

Figure 3 shows the actual images of the as-built Ti-6Al-4V blocks with a dimension
of 82 mm x 82 mm x 106 mm. The as-depositd Ti-6Al-4V alloy is named #0, and the
corresponding number of the heat treatment state is shown in Table 3. The blocks were
uniformly separated by electric discharging machining (EDM, Jiangsu Fangzheng CNC
Machine, Taizhou, China) according to the numbers in Figure 3a for subsequent heat
treatment. The annealing scheme is shown in Table 3, in which the nomenclature is
consistent with Figure 3a. In addition, a sample cut from another Ti-6Al-4V block fabricated
with identical processing parameters was chosen as reference material and will not undergo
any heat treatment.

Iding directio

(+a]

Figure 3. The HP-LMDed Ti-6Al-4V blocks: (a) top view; (b) front view.
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Table 3. The annealing scheme.

No. Temperature (°C) Holding Time (h) Cooling Condition
#0 \ \ \

#1 550 2 Furnace Cooling
#2 600 2 Furnace Cooling
#3 650 2 Furnace Cooling
#4 700 2 Furnace Cooling
#5 750 2 Furnace Cooling
#6 800 2 Furnace Cooling
#7 550 4 Furnace Cooling
#8 600 4 Furnace Cooling
#9 650 4 Furnace Cooling
#10 700 4 Furnace Cooling
#11 750 4 Furnace Cooling
#12 800 4 Furnace Cooling

The specimens for microstructure observation were cut off from the above samples by
EDM. Furthermore, according to GB/T 31310-2014, the residual stress on the surface of the
deposited block was measured through the hole-drilling method. Drilling with a low-speed
auger, the drilling cutting tool has a twist bit diameter of 1.5 mm, and the punch depth
is set to 2 mm. The schematic diagram of the residual stress test on the plate specimen is
shown in Figure 4.

v
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—
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1 Chip(0%)

Figure 4. The schematic diagram of the residual stress test on the plate specimen.

Strain flower was purchased from the Zhengzhou Institute of Machinery (Zhengzhou,
China), model TJ-120-1.5-®1.5. The strain flower dimensions are: wire grid end radius
r; = 1.75 mm, rp = 3.25 mm; wire grid center radius of r = r; + rp = 2.5 mm; wire grid
base length 1 is 1.55 mm; wire grid half-width b = 0.7275 mm. A type of static strain tester,
DH3818Y, was used to measure the released strain. After drilling 2 mm and waiting for the
three strain values to stabilize, the strain gauge readings were recorded at 5 min intervals,
and the average of several data readings was taken as the test result and recorded as ¢,
€, and e3. Based on the obtained strain values, residual stress was calculated using the
formula derived, which is as follows [16]:

- _&1tes i
2= 74 Tap

(e1—€3)° + (2e3 — €1 — €3)° 1)

282 — &1 — &3

tan20 = 2)

€1 —¢&3

where 71 and o, are principal stresses, A and B are stress release coefficients, and 6 is the an-
gle between maximum principal stress and reference axis of strain gauge No. 1, clockwise.
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The stress relief factor is calculated as follows:
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where E is the modulus of elasticity of the test material, u is the Poisson’s ratio of the test
material, and R, r1, and r; are hole diameter and distance from the center of the blind hole
to the near and far ends of the strain gauge, respectively. For calculation, E = 110 GPa,
u =034, A=0.06024 x 10~* MPa~!, and B = —0.20003 x 10~* MPa'.

Subsequently, metallographic specimens were prepared according to standard pro-
cedures, including mounting and polishing. Then, the specimens were etched with an
etchant (5 mL HF, 12 mL HN3O, and 83 mL H,O) for 20 s. The microstructure of the
HP-LMDed Ti-6Al-4V alloy was observed under an optical microscope (OLYMPUSBX51,
Tokyo, Japan), a scanning electron microscope (SEM, ZEISS Gemini 300, Jena, Germany),
and a transmission electron microscope (FEI Tecnai G2 F20, Hillsboro, OR, USA). The phase
composition was identified by an X-ray diffractometer (Bruker D8 Advance, Billerica, MA,
USA), with a tube voltage of 40 kV, a tube current of 30 mA, a Cu target, a scanning speed
of 4° /min, and a scanning range of 20-100°.

2.3. Mechanical Properties

Micro-hardness test was carried out on the surface of the metallographic specimens
with a load of 1 kg and a dwelling time of 15 s. At least 30 points with a spacing of
1 mm were measured on the surface of metallographic specimens and the average value
was calculated.

In order to investigate the effect of annealing on the quasi-static performance of the
AMed Ti-6Al-4V alloys, miniature tensile specimens were taken from the annealed blocks
by EDM. The dimension of tensile specimens is shown in Figure 5. An electronic universal
testing machine (CMT5504-5105, MTS, Shenzhen, China) was used to conduct the axial
tensile test at room temperature and ambient environment. Meanwhile, an extensometer
with a gauge length of 8 mm was fixed on the specimen during the test to obtain an accurate
value of displacement.

(a) (b)L 18+0.05 ®3 240.05
L ) o
—
52+0.1

Figure 5. The dimension of the tensile specimen (mm). (a) three-dimensional schematic diagram;
(b) geometry and dimensions.

3. Results and Discussion
3.1. Residual Stress and Microstructure Characteristics

The residual stress within LMDed Ti-6Al-4V parts can be ascribed to the rapid melting
and cooling process [17]. Although the deposited part had undergone several reheat-
ing effects, the thermal cycling was insufficient to eliminate residual stress [18]. For an
LMD-fabricated Ti-6Al-4V part, the residual stress within the deposited part is mainly com-
pressive stress, except for tensile stress at the top surface, which is similar to the selective
laser melting method [11,19]. Figure 6 shows the measured residual stress on the surface
of the deposited parts and the deposited parts under different annealing parameters. The
residual compressive stress along the scanning direction (¢y) was approximately three
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times the residual stress along the building direction (¢y) on the surface of the HP-LMDed
TC4. After the annealing treatment, the residual stress was reduced significantly. Under a
holding time of 2 h, the residual stress decreased from 700 to 800 °C to a relatively stable
level. Under a holding time of 4 h, the regulation of the microstructure had been completed
at 550 °C, and the residual stress was not much different from the stable residual stress
at 2 h. Anyway, as the holding temperature increases, the residual stress does not change
much. Meanwhile, the difference between ¢y and ¢, reduced, which was consistent with
Zhan'’s investigation [20].

-200
a oy —O— The HP-LMDed TC4
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Figure 6. The residual stress on the surface of the deposited parts and the AMed parts under different
annealing process parameters.

Figure 7 shows the cross-sectional morphology of the HP-LMDed Ti-6Al-4V alloy. It
can be observed from Figure 7a that 3 columnar crystals grew along the building direction
and passed through several layers. The length and width of the columnar crystals could
reach several millimeters and hundreds of microns, respectively. In addition, the colum-
nar crystals exhibited different colors under the optical microscope due to differences in
crystallographic orientation within a single 3 columnar crystal [21]. The yellow arrow in
Figure 7a is thought to represent agp.

boundary
2

© .

basket-weave
grain boundary,

Figure 7. The microstructure of HP-LMDed Ti-6Al-4V alloy: (a) stereomicroscope; (b) optical
microscope; (c) scanning electron microscope; (d) inver pole figure from electron backscattered
diffraction (EBSD).
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Figure 7b shows an enlarged view of Figure 7a. There is an obvious layer band
structure. The formation of the layer band structure can be ascribed to the reheating of the
previous track [22]. Figure 7c shows the microstructure under SEM. The needle-like ot/ o
martensites exhibited an extremely fine structure with an average width of approximately
0.34 pm (the average width of the martensites was measured by Image-Pro Plus software).
Under rapid cooling conditions, 3-phases did not have enough time to transform into
a-phases, leading to the formation of fine needle-like &’ martensites [23]. Meanwhile,
basket-weave microstructure and pore defects (indicated by the yellow arrow in Figure 7c)
can also be identified. Figure 7d shows the inver pole figure from EBSD. The o colonies
within different 3 columnar grains had different crystallographic orientations.

Figure 8 shows the XRD pattern of the HP-LMDed Ti-6Al-4V alloy at 600 °C for 4 h and
800 °C for 2 h. The phase composition mainly consisted of o/« phase with a hexagonal
close-packed (HCP) structure and 3 phase with a body-centered cubic (BCC) structure. It is
difficult to distinguish the « and «” phases from the XRD pattern since the two phases have
the same crystallographic structure. It is well known that martensite transformation occurs
with a cooling rate higher than 410 K/s during the solidification of the Ti-6Al-4V alloy [24].
The cooling rate of the HP-LMD process is as high as 10% K/s [25], so it is believed that
the microstructure of HP-LMDed Ti-6Al-4V alloy mainly consists of «” and (3. At the same
time, the position of o’ peak slightly shifted to the left due to the lattice distortion [15].
Furthermore, due to the 3 phase’s extremely low content, the diffraction peaks, (110) and
(200), of the B phase are not obvious. In addition, the «-phase peak at 600 °C for 4 h is
significantly higher relative to the deposited state, and the 3-phase peak of the index (200)
at 800 °C for 2 h increases, indicating an increase in {3 precipitation in this direction after
the annealing treatment.

7

Y o/o! the HP-LMDed Ti-6Al-4V alloy
’ B ——600°C for4 h
—800°C for2 h
S~ ~
A°|: 8 QS = —~ —_~ A~ A~
=] g8 2S¢ & 2 Qg 2d
. (=] i — - =] - oD
s T e T e = T e cg
RSN W
*
.E * J\j\\g * tx& *x
=
Q
~—
: J k
) /\L
A A
A_/\/k Ao A .
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26(°)
Figure 8. XRD pattern of the HP-LMDed Ti-6Al-4V alloy at 600 °C for 4 h and 800 °C for 2 h.

To further understand phase transformation during annealing treatment, the mi-
crostructure of specimen #0 and specimen #3 (the overall performance is the best) were
observed under transmission electron microscopy (TEM) and the results are shown in
Figure 9. For Ti-6Al-4V alloy in the deposited state, boundaries between lath martensites
can be identified, which is consistent with the results reported by other researchers [23,26].
Figure 9b shows the enlarged view of the red box area in Figure 9a, and the corresponding
selected area electron diffraction (SAED) patterns of zone 1 (red circle) in Figure 9c con-
firmed the lath consists of « phase, And the SAED of zone 2 (red circle) confirmed the gap
between lath and lath consists of « and 3 phase. EDS mapping of the red circle regions in
Figure 9b is shown inside a red dotted box, the phase between two « phases is rich in a
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large amount of V, and a small amount of Ti and Al elements, so it is considered as 3 phase.
o phase consists mainly of Ti, Al, and a small number of V elements.

(2110)

(0111)
) -

pI311]
af1121]

__-(0002) .
0L10) 1 (01
O11) Sk

—_ | "
T

o (100 4

Figure 9. The TEM micrographs of the HP-LMDed Ti-6Al-4V alloy: (a) bright-field image in the
deposited state and EDS mapping of the red regions in (a); (b) enlarged view of (a); (c) SAED patterns
of zone 1 in (b); (d) SAED patterns of zone 2 in (b); (e) bright-field image in the annealed state;
(f) SAED patterns of the red circle regions in (e); (g) the high-resolution image of the selected region
in (e); (h) FFT image and HRTEM IFFT image of the white region in (g).

Figure 9e shows a bright-field micrograph of the annealed Ti-6Al-4V alloy, and
Figure 9f shows the SAED patterns of the red circle regions in Figure 9e. It can be con-
firmed that the region contains o¢/«” and 3. Figure 9g shows the high-resolution image
of the selected region. The boundary between o/’ and {3 can be clearly distinguished
in Figure 9g, and both the FFT image and IFFT image corresponding to white rectangle
inFigure 9g are shown in Figure 9h. The (0002) atomic row spacing is 0.2398 nm in the
grains and (110) atomic row spacing is 0.2323 nm in 3 grains. Therefore, the 3 phase can
hardly be distinguished under the optical microscope due to its extremely low content,
which is consistent with XRD results.

Figure 10a—f shows the microstructure of the AMed Ti-6Al-4V alloy under a holding
time of 2 h. The yellow arrows show pores. After the annealing treatment under different
annealing parameters, the microstructure feature exhibited no obvious variation and mainly
consisted of basket-weave microstructure and o’ martensites. The average width of the
martensite was obtained by randomly selecting 100 « phases and measuring its length
and width with Image-Pro Plus software. The results showed that the average width of
martensites in the #1 specimen to the #6 specimen was 0.410, 0.454, 0.361, 0.433, 0.507, and
0.524 pm, respectively. It was found that the average width of the martensite increased and
then decreased with the increase in holding temperature under a holding time of 2 h.
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Figure 10. The microstructure of the HP-LMDed Ti-6Al-4V alloy under different annealing parame-
ters: (a—f) specimen #1 to #6 (holding time for 2 h) under OM; (g-1) specimen #7 to #12 (holding time
for 4 h) under SEM.

Figure 10g-1 shows the microstructure of the AMed Ti-6Al-4V alloy under a holding
time of 4 h. The agp can be still identified, while the population of the « colonies near
the agp boundaries reduced significantly. When the holding temperature increased from
550 °C to 800 °C, the width of the martensites was 0.357, 0.371, 0.474, 0.494, 0.616, and
0.860 um, respectively. It can be concluded that the average width of martensites increased
with the increasing holding temperature, which is different from the results of a holding
time of 2 h. Martensites had enough time to grow under a holding time of 4 h, thus leading
to coarsened martensites [27]. Pore defects (yellow arrows) can be identified.

For an in-depth understanding of the microstructure evolution patterns after annealing
treatment, 100 groups of &/« phases in the SEM image were randomly selected for the
length and width measurements through Image]J-Pro Plus (version 6.0) and recorded, and
the aspect ratio was calculated. Figure 11 demonstrates the relationship between the aspect
ratio of martensites and the annealing process parameters. Under the holding time of 2 h,
the length of ot/ &’ phase grew faster than the width of x/«’ phase during the process from
RT to 550 °C. The length of the x-phase changed abruptly at 600 °C, which was considered
a truncation of the x-phase under different growth directions. From 600 to 700 °C, x-phase
was constantly truncated with each other, and the length gradually decreased to about
4 mm, after which it was kept between 4 and 5 mm. Under the holding time of 4 h, the
length of most of the x-phase at 550 °C increased during the whole annealing process, and
the length of the x-phase was stabilized between 4 and 5 mm from 550 to 800 °C. It was
considered that the holding time was long enough and most of /&’ phase experienced
first growth and then mutual truncation during the whole process.
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Figure 11. The relationship between martensite size and annealing process parameters.

3.2. Mechanical Properties

Figure 12 shows the microhardness of the HP-LMDed Ti-6Al-4V alloy under different
annealing process parameters. The microhardness of all stress-relieved annealed Ti-6Al-4V
alloy is larger than that of the as-deposited Ti-6Al-4V. The martensites within the as-
deposited Ti-6Al-4V alloy were retained during the annealing process since the annealing
temperature was located in the two-phase region [28]. In the meantime, the average
hardness of all annealed specimens increased, and the highest microhardness is 356.9 HV.

380

360 -

Hardness (HV)
IS
(=]

320 -+

[ JiMDedTC4 []2h  [4h

300 T T 1 1 1
HP-LMDed 550 600 650 700
TC4

Temperature (°C)

750

800

Figure 12. The microhardness of the HP-LMDed Ti-6Al-4V alloy under different annealing process

parameters.

Figure 13a shows the fracture surfaces of tensile specimens. The green arrows indicate
the location of the tensile fracture. An obvious necking can be observed on the fracture
surface of both specimens. The red area is the fracture morphology observation area and
the blue area is the side fracture observation area (as shown in Section 3.3).
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Figure 13. The tensile performance of the annealed specimens: (a) the fracture surfaces of tensile
specimens; (b) the comparison of the tensile performance in this present study and the aviation
industry standards; (c) the relation between aspect ratio and tensile performance under a holding
time of 2 h; (d) the relation between aspect ratio and tensile performance under a holding time of 4 h.

Figure 13b shows the comparison of the tensile performance in this study and the
aviation industry standards. The horizontal asymptote and vertical asymptote represent
the lower limit of yield strength (YS) and elongation according to Chinese aviation industry
standards. Meanwhile, the tensile performance of the annealed specimens under a hold-
ing time of 2 h and 4 h is enclosed with a purple area and an orange area, respectively.
Abnormally, specimen #12 has the lowest elongation among the annealed specimens, it is
concluded that the aspect ratio in the annealing treatment is lower than six and the « phase
length of the annealed Ti-6Al-4V alloy is stable and constantly widening. The elongation
of other annealed specimens increased significantly compared with the specimen in an
as-deposited state. In addition, the elongation of the specimens under a holding time of
2 his larger than that of 4 h. Finally, it can be concluded that #3 presents the best match
between yield strength and elongation, which is annealed under a temperature of 650 °C
for 2 h.

Figure 13c,d shows the tensile performance of the annealed Ti-6Al-4V block under
a holding time of 2 and 4 h. The black dashed line and the blue dashed line indicate the
elongation and yield strength floor in Chinese aviation industry standards, respectively.
When below either standard, the specimen failed to meet the standard and was marked
purple. The YS of specimens annealed at 550 to 700 °C increased gradually. The results from
the present case are different from other open pieces of the literature, in which the YS of
the specimens decreased after annealing treatment [29,30]. In this present study, annealing
with a holding temperature of 550 to 700 °C for 2 h can effectively reduce the residual stress
along the building direction, thus leading to enhanced strength and plasticity. However,
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the YS of the annealed block decreased under a holding temperature of 750 and 800 °C for
4 h, and it is believed that within this temperature, the aspect ratio of the « phase is less
than eight with the length changing a little and the width increasing, making the ability
of « phase to block the stretching expansion weaker. In addition, it also demonstrates
an aspect ratio larger than nine, which is capable of improving both yield strength and
elongation. Tiley et al. [31] found, by reliable regression analysis, that the UTS and yield
strength decreased with increasing thickness of & martensite. In addition, the interface
of the «/f3 microstructure is a barrier to dislocation movement and they contribute to
the yield strength of the alloy [32,33]. Therefore, during the HP-LMDed specimen block
being annealed, the thin « phase grew continuously, and the different growth directions
truncated each other to produce more o/ 3 interfaces, which can improve yield strength
and elongation at the same time to a certain extent.

It can be observed that the YS decreased with the increasing holding temperature under
a holding time of 4 h. It is believed that the degree of grain coarsening increases with the
increase in annealing temperature, which consequently leads to a decreased strength [28].
The «’ martensites transform into the basket-weave microstructure during the annealing
process. The basket-weave microstructure can reduce the stacking of dislocations, and
improve plasticity. These things considered, the existence of o colonies near agp usually
causes local stress concentrations, leading to the formation of microcracks and deteriorating
the tensile properties. After the annealing treatment, the induced stress concentration was
alleviated and the plasticity of annealed specimens is significantly better than that of the
as-deposited Ti-6Al-4V alloy. Therefore, the YS of the annealed Ti-6Al-4V block decreased
with the increasing annealing temperatures [34].

3.3. Fracture Mechanism

Figure 14 shows the fracture morphology of specimens #0 and #3. It can be observed
from Figure 14a,b that the fracture surface of both specimens exhibits an irregular mor-
phology and a large number of deep grooves can be found on the fracture surface. The
irregularity of the fracture surface may be attributed to the destruction of metallurgical
bonding between layers [35]. Figure 14e shows the enlarged view in the yellow rectangle of
Figure 14a. The fracture morphology is dominated by dimples with different sizes, which
indicates the superior plasticity of the HP-LMDed Ti-6Al-4V alloy. Figure 14f shows the
enlarged view in the yellow rectangle of Figure 14b. The dimples of specimen #3 are larger
than that of specimen #0, which indicates that specimen #3 has superior plasticity. The
fracture analysis is consistent with the results of the tensile test.

To further investigate the tensile properties of the annealed Ti-6Al-4V alloy, the
side fracture of specimens #0 and #3 was observed under scanning electron microscopy.
Figure 14c,d shows the macro-morphology and lateral morphology of the fractured speci-
mens. The red dashed lines represent the ap. It can be found that the fracture mechanism
is dominated by a transgranular fracture, and un-melted powders can also be observed
on the lateral surface. During tensile testing, the unevenness of the strain between o/ o’
phase and 3 phase led to the formation of micro-cavities at the ot/ interface, resulting in
the aggregation of micro-pores and subsequent formation of microcracks [36]. The white
dashed line indicates the direction of the phase in Figure 14g,h (the enlarged view in the
white rectangle of Figure 14c,d). These things considered, as-deposited Ti-6Al-4V alloy
requires more energy for the crack to pass vertically due to its long and thin feature of «
phase. Otherwise, the crack turns in this region to continue its expansion forward. Whereas
the « phase in the annealed blocks becomes shorter and thicker, the threshold value for
crack forward extension is reduced, and a 45° tensile fracture is formed due to its plasticity.
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acicular o'

Figure 14. The tensile fracture surfaces of: (a) specimen #0, (e) enlarged view in (a); (b) specimen #3,
(f) enlarged view in (b); (c) lateral view of specimen #0, (g) enlarged view in (c); (d) lateral view of
specimen #3, (h) enlarged view in (d).

4. Conclusions

In the present work, several Ti-6Al-4V blocks were successfully fabricated by high-
power laser melting deposition (HP-LMD). The effects of the annealing temperature and
annealing holding time on the microstructure evolution, residual stress, and mechani-
cal properties of the fabricated block were investigated. The following conclusions can
be drawn:

(1) The width of " martensite within the as-deposited Ti-6Al-4V alloy was 0.340 um,
while the width of o’ martensite of all the annealed specimens was larger. In the
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meantime, the aspect ratio of o’ martensite decreased with the increase in annealing
temperature and annealing holding time;

(2) For the as-deposited Ti-6Al-4V block, the residual compressive stress along the scan-
ning direction was approximately three times the residual stress along the building
direction. After the annealing treatments with different parameters, the residual
compressive stress on the surface of the deposited block reduced significantly or even
turned into residual tensile stress. The optimum annealing process was annealing
at 650 °C for 2 h, in which the residual stress along the scanning direction and the
building direction was reduced by 91.36% and 94.70%, respectively;

(3) The microhardness of all annealed specimens was higher than that of as-deposited
Ti-6Al-4V alloy. The microstructure of the annealed samples mainly consisted of
o/ o’ martensite and basket-weave microstructure. As a result, the microhardness of
annealed samples with different annealing parameters showed little variation;

(4) The sample annealed with a temperature of 650 °C for 2 h presented the best tensile
performance, with a yield strength of 912 MPa and an elongation of 11.48%. The YS
and elongation of /o phase are better than those of the deposited state when the
aspect ratio of the « phase is in the range of 9 to 14. The fracture surface of both the
as-deposited samples and annealed samples was dominated by dimples with different
sizes. Meanwhile, samples processed by the optimum annealing treatment exhibited
larger dimples than that of the as-deposited sample from fractography analysis, which
indicated superior plasticity after annealing treatment.
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