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Direct energy deposition (DED) is an additive manufacturing method that allows repairing the broken parts
and building the meter-scale samples. However, the printing of large parts is associated with huge residual
stresses and martensite phase formation, which can change the geometry of final samples or initiate the
crack. The last factor is especially important for titanium alloys. In this work, we investigated the effect of
DED thermal history on the obtained structural and mechanical properties of Ti-6Al-4V using a thermo-
couple. It was demonstrated that printing with long pauses leads to o” phase formation, which embrittles the
material. Continuous printing with small pauses between tracks leads to the formation of the dual o+
structure. The effect of the texture on the material properties is also discussed. As a result of the study, the
specific DED process parameters allow the same mechanical characteristics for as-built titanium alloy and

the alloy after heat treatment.
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1. Introduction

Ti-6Al-4V alloy is a widely used material in medicine,
mechanical engineering, aircraft and space industries due to its
low weight, high strength, and good corrosion resistance (Ref
1-3). However, printing the items using a strong material such
as Ti-6Al-4V alloy leads to the material waste and high
manufacturing cost. Additive manufacturing (AM) is a modern
technique that allows building parts of complex geometry
directly from the computer model. AM allows to reduce the
material waste, production time, and cost of production for
parts with complex geometry. Depending on the printing
process parameters, AM materials demonstrate the same or
higher strength characteristics than their analogs produced by
conventional technologies (Ref 4-11). In practice, the strength
properties of AM Ti-6Al-4V alloy are higher by 10% in the
orthogonal to the build direction rather than in longitudinal,
while the ductility characteristics are equally low, ~5% (Ref 4,
12, 13). Additionally, AM materials are associated with strong
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residual stress in the material and the anisotropic behavior
formed due to the high heat gradient between the top layers and
the substrate. Heat treatment is usually required to improve the
properties of AM Ti-6Al-4V alloy. It removes the residual stress
and provides the dual o + 3 phase composition (Ref 14). But
the reduction in ductility has a strong effect on the deposition of
large parts. It can lead to crack formation and premature failure
during the printing process. The phase composition has an
essential effect on the Ti-6Al-4V properties consisting of the
hexagonal close-packed (hcp) o phase and the body-centered
cubic (bcc) B phase, but depending on the cooling rate, the
formation of a hard and brittle martensite phase (o) is also
possible. During the printing process, the cooling rate reaches
the values of 10*-10° K/s forming the o phase (Ref 15-18). The
cooling rate above 410 °C/s leads to the full martensite
structure in Ti-6Al-4V alloy, while the rate of 1.5 °C/s provides
the totally o + B composition (Ref 19). The higher fraction of
the martensite phase increases the strength of AM Ti-6Al1-4V
alloy and significantly decreases the ductility (Ref 20).
However, despite the high cooling rate at the AM process, it
is possible to obtain the structure in AM Ti-6Al-4V alloy
without o phase by controlling the thermal history of the part.
Simonelli et al. obtained a dual o + [ structure by manipulating
printing process parameters using the powder bed fusion
technique (Ref 21). The scanning strategy changes allow to
reduce the residual stress and influence the thermal history
affecting the o’ phase volume. It can be essential for printing
critical parts of large items.

Many works are devoted to research of the effect of
scanning strategy on the structure and residual stresses in
materials produced by powder bed fusion (PBF) AM technol-
ogy (Ref 22, 23). Strantza et al. showed the ability to reduce
residual stresses in Laser PBF Ti-6Al-4V samples changing the
scanning strategy (Ref 24). Stephenson et al. investigated the
effect of scanning strategy on the grain size and preferred grain
orientation for the Electron beam PBF samples (Ref 25). The
researches of PBF technologies demonstrate the increase of


http://orcid.org/0000-0001-6849-7808
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-021-06407-7&amp;domain=pdf

material quality by manipulating the scanning strategy. How-
ever, despite wide application of DED technology, there is a
limited number of studies demonstrating the dependence
between the build-up strategy and DED material properties.
For example, the study shows the change in the maximum
temperature for different areas of the 316L stainless steel
sample depending on the build-up strategy (Ref 26). Li et al.
decrease residual stress in the wire laser metal deposited Ti-
6Al-4V samples by applying the bidirectional toolpath scan-
ning instead of unidirectional scanning (Ref 27). However, this
result cannot be repeated for big scale parts due to the
difference in thermal histories (Ref 28).

Additional studies are required to understand the properties
of AM Ti-6Al-4V alloy, especially the works considering such
industrial technology as Direct Energy Deposition (DED). DED
prints the parts layer-by-layer by adding the metal powder to a
substrate and heating it with different heat sources, laser or
electron beams (Ref 29). The advantages of that technique are
the high speed of building, low requirements to the powder
quality, and the possibility of printing the gradient materials.
The application of AM technology to Ti-6Al-4V alloy is highly
prospective, while the number of studies considering the
properties of AM Ti-6Al1-4V alloy is still limited for large-scale
parts.

The current work shows the changes of phase compositions
of Ti-6Al-4V produced by changing DED printing strategy.
Building the part with the specific phase composition allows
excluding the heat treatment process, which is undesirable in
the manufacture of large parts. The effect of the thermal history
on the mechanical properties and structure of DED Ti-6Al-4V
alloy is evaluated. Additionally, the impact of heat treatment is
demonstrated.

2. Methods and Materials

2.1 Material

Figure 1(a) and (b) demonstrate the scanning electron
microscope (SEM) images of the Ti-6Al-4V powder at low and
high magnifications, respectively. The powder was produced by
JSC “Kompozit” (Russia). The shape of the particles is mostly
spherical with a smooth surface. Table 1 shows the powder
element composition. Figure 1(c) presents the particle size

distribution, where the particle size is in the range of 50-150
um with the mean particle size of 95 um.

2.2 Printing Process

The machine produced by Institute of Laser and Welding
Technologies (SMTU, Russia) was applied in the study,
Fig. 2(a). The printing process was carried out by DED
technique where the feedstock Ti-6Al-4V powder was applied
to the melt path and molted by a laser heat source (L). The parts
with dimensions of 75 x 15 x 35 mm® were produced in
horizontal direction (Fig. 2b). All parts were printed on the pure
Ti substrate without preheating in an argon environment with
O, concentration controlled below 0.2 wt.%. The full list of
deposition parameters is summarized in Table 2. Figure 2(c)
demonstrates the three schemes of scan strategies used to print
the parts: unidirectional hatching with a raster strategy per-
formed in orthogonal directions X with a dwell time of 15
seconds between bead lines (Type A), continuous longitudinal
hatching with a raster strategy performed in orthogonal
directions X (Type B), and continuous transverse hatching
with a raster strategy performed in orthogonal directions Y
(Type C). Type A process parameters imitate the printing of a
massive item where the next bead line is applied in a
notable time. Type B and C process parameters imitate the
common conditions of printing the lab samples.

Three additional parts were built with the different scan
strategies, temperature was controlled by a tungsten-rhenium
thermocouple (Tungsten 95%/Rhenium 5%-Tungsten 80%/
Rhenium 20%). The scheme of a thermocouple installation is
presented in Fig. 2(d). The block for measuring and recording
temperature is assembled on the base of the X20ATC402
(B&R) module with a maximum measurement error of 25 °C.
The temperature recording cycle was 20 ms, the total mea-
surement time was 1 h. To simplify the thermocouple
installation, another geometry of the parts was chosen with
dimensions of 65 x 15 x 110 mm’. To minimize the platform

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

Ti Al \4 Fe C S N (0]

Bal. 5.975 4259 0.062 0.012 0.010 0.011 0.142

Fraction, %

60 80 100 120 140
Particle size, ym

Fig. 1 SEM images of the Ti-6Al-4V powder at (a) low and (b) high magnifications; (c) the particle size distribution
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Fig. 2 (a) 3D printer used for the current work; (b) the as-built Ti-6Al-4V parts; (c) schemes of applied strategies; (d) schematic diagram of the

thermal coupling setting

Table 2 The applied printing process parameters

Laser power, W 2200
Laser speed, mm/sec 20.0
Horizontal shift, mm 2.0
Layer thickness, mm 0.8
Laser spot diameter, mm 3.0
Argon consumption, I/min 25
Powder feed, g/min 11.8

effect, the thermocouple was placed in the middle of the part
cross-section after the height reached the value of 40.0 mm.

2.3 Structural and Phase Analyses

The optical microscope DMI 5000 (Leica, Germany) with
the “Axalit” software (Axalit, Russia) was used for microstruc-
tural analysis. The sample surfaces were polished with grit SiC
papers up to 2500 grits with further polishing by an aluminum
oxide suspension of 1 um and final polishing with colloidal
silica. As a final step, the etching procedure was conducted.
The solution of 93 ml H,O + 2 ml HF + 5 ml HNO; was
applied to the polished sample surfaces for 40 seconds.

Scanning electron microscope Tescan Mira3 (TESCAN,
Czech Republic) with console Oxford AZtec (Oxford Instru-
ments NanoAnalysis, UK) was applied to analyze the fracture
surface of tensile tested samples.

Electron backscatter diffraction (EBSD) analysis was con-
ducted using a Nova NanoSEM microscope (FEI Company,
Netherlands) equipped with an EBSD detector. The samples
were polished up to 1 ym aluminum oxide suspension. EBSD
maps were built with a step size of 0.3 um.

Bruker Advance D8 diffractometer (Bruker, Germany) with
CuKo radiation (wavelength = 1.5418 A) was used to perform
the XRD analysis. Detector is LynxEye linear position-sensitive
detector (PSD) with a capture angle of 3.2 degrees 20. The
cross-sectional surface of samples was polished with a grit SiC
paper of 2500 grits and after etching measured in the 20 range
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of 34°-44° with a step size of 0.05 and an incremental time of
0.02.

2.4 Mechanical Tests

Half of the samples was cut from the as-built three parts
with different scan strategies, and other samples were cut from
the annealed parts. Vacuum heat treatment was conducted at a
temperature of 900 °C for 2 h with cooling down to 400 °C in
the furnace and further at air.

Tensile test was conducted at room temperature using the
machine Zwick/Roell Z250 Allround series (Zwick/Roell,
Germany). The standard cylindrical samples were cut from
the printed parts according to geometry from the ASTM E8
with a gauge diameter of 6.0 mm and the gauge length of 24.0
mm. The sample displacement was recorded using an exten-
someter. During the test, the crosshead speed was 1.5 mm/min.

Microhardness measurements were performed with Micro-
hardness tester FM-310 (Future Tech, Japan). The sample
surface for testing was polished with 500 and 2500 grit SiC
abrasive papers. At least 10 measurements per sample were
conducted with a load of 300 g.

3. Results

3.1 Microstructure and Phase Composition

Figure 3 presents the three-dimensional optical images of as-
built Ti-6A1-4V performed with different scan strategies. The
optical analysis does not reveal the presence of pores for all
three conditions. Figure 3(a) shows the cooled melting pool
forming at a 15 s pause between the bead lines, which can be
determined by optical methods after the etching procedure.
Starting from the second layer, the Type A sample has a
structure characterized by relatively smaller columnar grains
with width of 400 um and length of 1000 um growing through
the layer boundaries and orienting accordingly to the build
direction. Type C sample has the largest columnar grains with



Fig. 3 Three-dimensional optical images of DED Ti-6Al-4V alloy produced with different scan strategies: (a) Type A, (b) Type B, and (c) Type

C (Color figure online)

length of 7000 um and thickness of 750 pum orientating along
the build direction, Fig. 3(c). Type B sample demonstrates the
intermediate structure between Types A and C characterized by
equiaxed form with size of 500-1000 um (Fig. 3b).

Figure 4 shows the optical images of L-DED Ti-6Al-4V
structures deposited with different scan strategies: (a, b) Type
A, (c, d) Type B, and (e, f) Type C. Microstructure analysis
shows the significance of the thermal history of the samples.
Type A sample presenting a typical martensitic structure of Ti-
6Al-4V alloy indicates the presence of metastable o and o
phases occurring at high cooling rates (more than 25 °C/s) from
the P-region at a temperature above 1000 °C (Ref 19). In
practice, the o’ and o”” phases are not considered separately due
to their equally negative influence on the Ti-6Al-4V alloy
mechanical properties. Type B sample demonstrates the
equilibrium dual o + B phase composition, Fig. 4(c) and (d).
Prior B-grains with the irregular forms and boundaries have the
size in the range from 300 to 500 um (Fig. 4c). They consist of
the a-lamellae with average length of 7 um and width of 1.5 um
at different disordering states (Fig. 4d). This structure is typical
for the as-casted Ti-6Al-4V alloy, but in L-DED conditions, it
has a smaller a-lamella size. Type C structure (Fig. 4f) is
similar to the Type B (Fig. 4d). It also demonstrates the dual
lamellae composition with o-lamella sizes of 5-10 um length
and 1-1.5 um width. However, the o-lamellae in the type C
structure are mostly orientated at 45° to the build direction
(Fig. 4e) in contrast to the lamellae in the B structure, which are
orientated irregularly (Fig. 4c). Such structure is formed upon

significant overheating and a long standing time of the alloy
above the polymorphic transformation temperature.

Figure 5 presents the EBSD maps according to the inverse
pole figures and corresponded pole figures for L-DED Ti-6Al-
4V alloy performed with (a) Type A, (b) Type B, and (c) Type C
scan strategies. The analysis of grain size distribution reveals
the high fraction of 1 um grains for Type A and Type C
samples, 0.73 and 0.80, respectively, while the Type B sample
has a much lower 1 um-grain fraction of 0.48. It indicates the
relatively large a-lamellae size for the Type B sample, which
can be seen in Fig. 5. The correlation between the preferable
orientation in the material and scan strategy is observable. It
should be noted that the o and o * phases are not considered
separately due to the same Burgers orientation (Ref 30).
Approximately 5-7 orientations for o- and o'-lamellae are
observed inside the f prior grains. Type A and Type B samples
have the similar orientation of <0001> in the X-Y plane, in
contrast to the Type C sample without preferable orientations. It
can be explained by the higher effect of the part walls to the
heat flow direction for Type C scan strategy due to another
direction of hatch lines.

Figure 6 presents the structure of Ti-6A1-4V alloy performed
with different scan strategies after annealing at 900 °C for 2 h.
Heat treatment forms the equilibrium o + B structure with o-
lamella in the range of 10-20 um and width in the range of 1.5-
2.5 pum for all three conditions, Fig. 6(a), (b), (c).

Figure 7 demonstrates the XRD profiles for the three as-built
samples printed with different scan strategies and the Type A
sample after heat treatment. It reflects the contrast of the Type A
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Fig. 5 EBSD orientation maps of DED Ti-6Al-4V alloy performed with (a) Type A, (b) Type B, and (c) Type C scan strategies and
corresponded pole figures (front view) (Color figure online)
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Fig. 6 Optical images of DED Ti-6Al-4V alloy performed with (a) Type A, (b) Type B, and (c) Type C scan strategies after annealing at

900 °C for 2 h (cross-sections parallel to the build direction)
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Fig. 7 XRD patterns of DED Ti-6Al-4V alloy obtained with Type
A (gray), Type B (red), and Type C (blue) scan strategies and XRD
pattern of Type A sample after heat treatment (HT) (green) from the
top surface (Color figure online)

sample with dwell time of 15 seconds from other samples with
continuous hatching. Shape of the peaks changes relative to a
uniform distribution indicating the superimpose of reflections
from similar hcp lattice of equilibrium o phase and nonequi-
librium o phase. The shifting of the peaks also reveals the
presence of the martensite phase changing the lattice param-
eters. Because of higher solubility of Al and V in o’-Ti during
fast cooling the lattice parameters of o’-Ti become lower which
leads to shifting of diffraction peaks to higher angles for Type
A where cooling rate is higher (Ref 31). Both XRD profiles for
Types B and C samples correspond to the dual o + B
composition. However, the Type C sample reveals the similar
XRD pattern as for the annealed Type A sample presenting the
fully o + B composition. At the same time, the XRD pattern of
Type B has the relatively weaker intensity of B phase peak.
After heat treatment, all samples present the same XRD
profiles.

Figure 8 represents the thermal analyses obtained from the
thermocouple during the printing of A, B, and C type samples.
The size and shape of the thermal peaks significantly vary

Liquidus, 1660°C (a)
Solidus, 1604°C

g B transus,980°C
RS Ms

‘UL. Illl.[llA‘

Liquidus, 1660°C (b)
Solidus, 1604°C .

B transus,980°C

Temperature °C

Liquidus, 1660°C (c)
Solidus, 1604°C

B transus,980°C

600 800 1000 1200 1400 1600

200 400

Time, [s]

Fig. 8 The thermal cycles of DED Ti-6Al-4V alloy measured for
40 layers for (a) Type A, (b)Type B, and (c) Type C scan strategies.
Ms and Mf dotted lines present the temperatures of the beginning
and ending of martensite formation, respectively

depending on scan strategy choice. For Type A thermal curve,
the cooling from the high temperature of above 950 °C to a
temperature below 400 °C is typical (Fig. 8a). Such thermal
behavior allows the diffusionless transformation of the 3
structure to a completely o/o” structure, Fig. 8(a). Type B and
Type C curves are characterized by the relatively slow cooling
rate to the Ty, of 500-600 °C, Fig. 8(b) and (c), respectively.
The annealing of the material at a temperature range of 550-
800 °C provides the martensite decomposition. It agrees with
the XRD analysis result revealing mostly o + 3 composition for
Type B and Type C samples. Despite the similar shape of the
temperature peaks for Type B and Type C curves, the layers in
Type C are heated up to 8 cycles to temperatures above 950 °C,
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Fig. 9 Typical stress-strain curves of DED Ti-6Al-4V alloy performed with different types of scan strategies (a) before and (b) after annealing

at 900 °C for 2 h (Color figure online)

Table 3 Mechanical test results for as-built and heat treated (HT) Ti-6Al-4V samples

a,, MPa Ouc » MPa Elongation, % Microhardness, HV g o5
Type A 1082 1135 53 385
Type A+HT 888 951 9.7 347
Type B 983 1047 10.3 347
Type B+HT 899 970 10.4 331
Type C 931 999 5.8 354
Type B+HT 895 958 10.0 341

while for Type B only 5 cycles. These temperature cycles lay in
the range of o — P transformation.

3.2 Mechanical Test Results

Figure 9 consists of the typical stress-strain curves of (a) as-
built Ti-6Al-4V samples and (b) annealed at 900 °C samples. It
should be noted that all specimens were tensile tested in the X
direction according to Fig. 3. The as-built samples of Type A
demonstrate comparably the highest strength characteristics of
1082 and 1135 MPa for yield and ultimate strengths, respec-
tively. The lowest strength properties were observed for the
samples of Type C, the yield strength is 931 MPa, and the
ultimate strength is 999 MPa. The intermediate strength values
are achieved by the samples of Type B, 983 and 1047 MPa for
the yield and the ultimate strengths, respectively. Type B
samples demonstrate the relatively highest elongation value of
~10%, while Type A and C samples show the elongation of
~5%. After annealing at 900 °C, all three types of samples
demonstrate similar mechanical behavior, the yield and ultimate
characteristics are ~890 and ~960 MPa, respectively, and the
elongation is ~10%. Additionally, the annealing is observed to
decrease the microhardness for the samples of Type B and C by
~15 HV, while the changes of microhardness for the samples of
Type A are ~40 HV. The full mechanical test results are
summarized in Table 3.

Figure 10 presents the fracture surfaces of samples printed
with three different scan strategy types at (a, c, €) low and (b, d,
f) high magnifications. It can be seen that the fracture surface of
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Type A sample is characterized by lamellar/cleavage fracture
pattern, Fig. 10(b) (dotted lines). Cleavage fracture is a low
energy brittle fracture that propagates along low index crystal-
lographic planes (Ref 32). The low magnification of Type B
sample fracture surface presents the ductile behavior of the
material (Fig. 10c), while the Type C sample demonstrates
more brittle fracture character (Fig. 10e). The boundaries of
large columnar grains orthogonal to a tensile load can be seen
on the fracture surface, Fig. 10(e). At high magnification, the
fracture surfaces of Types B and C samples are characterized by
transgranular ductile dimple tearing resulting from the coales-
cence of microvoids, Fig. 10(c) and ().

4. Discussion

The understanding of structural and phase transformations
allows to predict the material properties. As was demonstrated
in the present study, the L-DED scan strategies have the
essential impact on the material properties due to changes of the
structural and phase composition of the Ti-6Al-4V alloy
through the thermal history. It should be noted that the task
gets more complicated due to cyclic thermal impact on the
material.

The possibility of printing the large part is related to
increased dwell time between the hatch lines. In the previous
work, the significance of dwell time influence between hatch



Fig. 10 Fracture surface of as-built DED Ti-6Al-4V tensile samples performed in horizontal direction (X-axis) with (a, b) Type A, (c, d) Type

B, and (e, f) Type C scan strategies at low and high magnifications

lines for Type A scan strategy on thermal history and cooling
rate of L-DED Ti-6Al1-4V alloy using finite element model was
shown (Ref 33). Authors demonstrate that the temperature of
each material layer cyclically changes in the range of Ty, —
Tmax- During the process, the T, gradually decreases while
the T, stays stable which agrees with the data obtained from
the thermocouple in the present study, Fig. 8. Type A samples
have the martensite-rich composition and demonstrate rela-
tively low ductility. The highest microhardness of type A
sample also proves the highest value of hard and brittle o
phase. The formation of o’ phase leading to the crack initiation
and part damage during the printing process. The small size of
a-lamellae also indicates the high cooling rate of the material.
The as-built Type B samples are characterized by the relatively
high ductility (~10%) and slightly decreased strength after the
post-heat treatment, which can be the result of the residual
stress removal. The microhardness did not change significantly
after heat treatment which indicates the low contribution of o
phase in strength properties of the as-built sample. The types B
and C samples have approximately the same microhardness
behavior before and after annealing. However, the martensite-
poor Type C samples demonstrate the same ductility as the
martensite-rich Type A samples (~ 5%) with relatively lowest
strength properties. The structural characteristics are different
for Type B and Type C samples. Type B samples have the
equiaxial primary P grains and higher size of a-lamellae having
strong texture of <0001 > along the build direction. As well
known, the dislocation moves are facilitated at {0001} planes.
Therefore, such structural features can provide the high
ductility. Type C samples have small o-lamellae without
preferable orientation. It is possible to conclude that the

specific of Type B structure provides the high mechanical
properties for L-DED Ti-6A1-4V alloy. Such structure is formed
due to two factors. First, the long heating at elevated
temperatures of 550-980 °C forms the bigger o-lamellae.
Second, the structural texture of <0001> along the build
direction provides the higher ductility for loads in (0001) plane.
However, the further investigations are required to estimate the
contribution of each factor to the structural formation.

5. Conclusion

In the present work, the effect of scan strategy on the
mechanical and structural properties of L-DED Ti-6Al1-4V alloy
was investigated. The following statements can be made:

¢ The long dwell time between the bead lines leads to the
formation of hard and brittle o’ structure complicating the
printing process of massive parts due to crack initiation;

¢ Continuous hatches provides the heating of the material at
temperatures above ~550 °C which leads to the decompo-
sition of the martensite phase and formation of dual o +
structure;

¢ Continuous longitudinal hatching forms the texture along
the build direction which provides the high ductility of
~10 % in transverse direction for the as-built material.
Additionally, it presents relatively high strength character-
istics of 983 and 1047 MPa for yield and ultimate
strengths, respectively.

e After heat treatment, all L-DED Ti-6Al-4V alloy samples
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printed with three different strategies demonstrate the

same structural and mechanical properties.
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