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Synopsis

Wire-arc additive manufacturing (WAAM) is a directed-energy deposition technology that uses arc
welding procedures to produce computer-aided designed parts, such as three-dimensional printed
metal components. A challenge of additive manufacturing is the anisotropy. Interstitial elements play
a significant role in the mechanical properties of Ti6Al4V of different grades. In this research, the
mechanical properties of Grade 5 and Grade 23 Ti6Al4V were compared for this application. Samples
were extracted from WAAM-produced Ti6Al4V walls in different directions (horizontal and vertical) and
at different positions (top and bottom). The samples were subjected to optical microscopy and tensile
and hardness tests. Grade 5 Ti6Al4V samples were found to have greater strength, greater hardness,
and lower ductility, owing to the higher content of interstitial elements compared with Grade 23. The
bottom samples had higher strength than the top samples, which is attributed to thermal cycling during
manufacturing, resulting in different microstructures.
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Introduction

Additive manufacturing has been growing exponentially in the fabrication industry since its inception in
the 1980s. Conventionally, subtractive fabrication has been more broadly utilized, in which raw material
is subjected to a machining process to remove unwanted material to produce the designed component
(Li et al., 2019). Additive manufacturing, in contrast, has the advantage of decreasing the cost and time
of manufacturing because it directly produces the designed component without wasting any material
(Antonysamy, 2012).

Wire-arc additive manufacturing (WAAM)

Of the diverse additive manufacturing procedures, wire-arc additive manufacturing (WAAM) has the
advantage of manufacturing complex shapes with greater material usage efficiency, and has one of the
highest deposition rates. WAAM is a directed-energy deposition procedure that employs arc welding to
produce components using a three-dimensional (3D) metal printer (AMFG, 2018).

In the WAAM process, a component is designed using computer-aided design (CAD) software
and the design is transferred to a 3D printing machine. A metal wire is melted onto a substrate using
an electric arc as the heat source, and the component is manufactured in a layer-by-layer deposition
process. After production, the printed component undergoes 3D geometrical scanning for quality control,
followed by surface finishing (AMFG, 2018). WAAM-manufactured components have a high surface
roughness and contain residual stresses and distortion because of the relatively high heat input (AMFG,
2018).

Other techniques of additive manufacturing have been used to produce metal components. The
laser powder bed fusion (L-PBF) process is more prone to form defects, such as porosity (Thuketana et
al., 2020), which is less likely with WAAM (Biswal et al., 2019). Benson (2012) addressed the risks
associated with metal powders and safety considerations when handling them. Owing to their high
surface-to-volume ratio, powders are naturally more reactive than bulk materials; and incorrect handling
can potentially lead to fires and explosions. The wire used in the WAAM process is safer to handle than
powder.
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Ti6Al4V

Ti6AI4V is used in various industries and is the most studied
titanium alloy in the additive manufacturing sector. It exhibits

a good balance of strength, ductility, and fatigue resistance.
Ti6AI4V comprises an aluminium-stabilized o phase and
vanadium-stabilized § phase (Carroll, Palmer, and Beese, 2015),
and the transformation from p to o plays a significant role in this
alloy and affects the final microstructure. This transformation

is most influenced by the cooling rate and alloy composition
(Antonysamy, 2012).

Microstructure

The thermal history of a process determines the development

of the phases in a structure, which in o+p Ti6AI4V can include
primary «, lathlike o, colony o, hcp martensite o (o', grain
boundary o, acicular o, and prior p phases (Bintao et al., 2018).
During WAAM, the titanium substrate is heated to its liquidus
temperature as the Ti6Al4V wire melts at the fusion zone to form
a weld bead. At the moment of heating, immediately below the
fusion zone, o and p grains in the substrate heterogeneously
nucleate, return to the prior completely p structure, and undergo
faster grain growth. Grown p grains at the edge of the fusion
zone serve as nucleation sites at which the solidification

front epitaxially grows back through to the weld pool, where
coarsening grain structures form as a continuation of the grains
around the fusion zone. Thus, in the next layer, p grains keep
growing from the coarse f grains formed in the previous layer
(Wang et al., 2012). The solidification process during WAAM
of Ti6Al4V promotes the epitaxial growth of columnar grains.
These columnar grains influence the tensile strength, affect the
mechanical properties, and play a role in the tensile anisotropy
that develops in the vertical and horizontal directions of the
same specimen (Bermingham, McDonald, and Dargusch,

2018). Bintao et al. (2018) found that, although factors such
as the solidification microstructure, grain size, and morphology
are dependent on the thermal history during WAAM, heat
accumulation also has an influence, therefore understanding the
impact of heat accumulation can improve process control and
optimization.

Anisotropy

Microstructural elements, such as p grain size, the thickness of
a grain boundaries, size of primary o grains, and the presence
of martensitic o grains, play a role in the mechanical properties
of TI6AI4V (Wang et al., 2012). A study of anisotropy in the
corrosion behaviour of Ti6Al4V produced by WAAM showed
that the vertical plane had higher corrosion resistance than the
horizontal plane (Wu et al., 2018). These values are influenced
by the grain sizes and phase orientation in the planes. Zhang et
al. (2016) identified anisotropy in a study of fracture toughness
and fatigue crack growth rate in Ti6Al4V produced by WAAM.
The vertical plane (across the layers) had higher fracture
toughness than the horizontal plane (along the layers). Grade 23
Ti6Al4V also had higher fracture toughness than Grade 5 (Zhang
et al., 2016).

Grade 5 and Grade 23 Ti6Al4V

The main difference between Grade 23 (also known as Ti6Al4V
ELI) and Grade 5 Ti6Al4V is the reduced content of interstitial
elements in the former. Low interstitial element content improves
ductility and fracture toughness, but reduces the strength of the
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alloy (Azom, 2002). Interstitial elements, such as oxygen and
nitrogen, play a role in microstructures because they are strong
a-stabilizers and influence the a-to-p transition temperature
(Antonysamy, 2012). Oxygen in titanium has a notable
hardening effect (Bauristhene, Mutombo, and Stumpf, 2013; Oh,
etal., 2011).

Considering the role of interstitial elements in influencing
anisotropy, the objective of this study was to investigate the
mechanical properties of Grade 5 and Grade 23 Ti6AI4V printed
walls produced using WAAM, in different directions relative to
the building direction and at different positions in the walls.

Experimental methods

Wire-arc additive manufacturing

Grade 5 and Grade 23 Ti6Al4V wires with a diameter of 1.2 mm
were deposited to produce 3D printed walls with dimensions of
195 mm x 125 mm x 31 mm using 3DMP® technology (Gefertec,
Germany). The process parameters are provided in Table I. The
wires were deposited by the oscillation strategy, as shown in
Figure 1. The walls were stress-relief heat-treated in a Xerion
vacuum furnace at 650°C for 2.5 hours, followed by furnace
cooling. Standard specifications of Ti6Al4V wires and chemical
compositions of the wires are shown in Table II; photographs of
the walls are shown in Figure 2.

Metallographic preparation and microscopy

Metallographic samples were prepared according to ASTM E3
requirements. Ti6AI4V samples cut from the walls were mounted
and sequentially ground using P200, P600, P800, P1200, and
P2500 SiC abrasive papers with water as the lubricant, polished
using colloidal silica solution, and then etched using Kroll’s
reagent. An Olympus BX51M optical microscope was used to
examine the microstructures at a magnification of 50xs.

Hardness testing

Sample hardness was measured using an HR-150A Vickers
microhardness machine at a constant load of 2 kg force for 15
seconds.

Tensile testing

Flat tensile samples were extracted as shown in Figure 3a and
machined using a xenon wire-cutting machine. They were
extracted in the vertical (ZX) and horizontal (XY) planes, as

Table |

Process parameters for WAAM deposition
Current 180 A
Voltage 16V
Travel speed 1.8 m/min
Wire feed speed 9.7 m/min

Figure 1—Schematic of the deposition strategy for WAAM Ti6Al4V walls
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Table Il
Standard specifications and chemical compositions of Ti6Al4V wires used in additive manufacturing (mass%)

Ti Al v Fe @ o N H
Grade 5 (ASTM B863 - 19) Bal. 5.5-6.75 3.5-4.5 <0.25 <0.08 <0.20 <0.05 <0.015
Grade 23 (ASTM B863 - 19) Bal. 5.5-6.5 3.5-45 <0.25 <0.08 <0.13 <0.03 <0.013
Grade 5 Bal. 5.7 4.15 0.125 0.015 0.17 0.01 0.0012
Grade 23 Bal. 6.225 3.95 0.13 0.006 0.04 0.003 0.0011

(@)

Figure 2—(a) Ti6Al4V Grade 5 and (b) Ti6AI4V Grade 23 walls

Xz - oisuaL

Figure 3—(a) Machined wall and (b) positions of machining of samples

shown in Figure 3b. The tensile samples had a gauge length of
30 mm and a cross-section of 6 mm x 4 mm. Tensile tests were
conducted at a strain rate of 2 mm/min according to ASTM E8
requirements using an MTS Criterion Model 45 instrument.

Results and discussion

Tensile testing
Figure 4 shows that Grade 5 had greater tensile (R,) and yield
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strength (R)) than Grade 23 and lower elongation (A25) in

the ZX plane, owing to its higher concentration of interstitial
elements (Table II). The horizontal XY plane had higher tensile
strength than the vertical ZX plane for both grades. This was
influenced by the build direction (Z) of the walls, ZX being in the
plane in which the walls were built and XY perpendicular to the
build planes. The thermal cycle also played a role. The vertical
direction was more ductile, and the difference between the two
directions was greater for Grade 23. The standard deviation (SD)
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Figure 4—Ti6Al4V Grade 5 vs Grade 23 tensile test results at the horizontal XY and vertical ZX planes showing ultimate tensile strength (R), 0.2% yield strength
(R,), and % elongation (A25)

(@)

Figure 5—Grade 5 Ti6Al4V microstructures at (a) bottom and (b) top layers in the wall

(a)

Figure 6—Grade 23 Ti6Al4V microstructures at (a) bottom and (b) top layers in the wall

indicates the range of strengths. The tensile strength differences Microstructures

between the two directions were 8 MPa for Grade 5 and 31

MPa for Grade 23. Anisotropy was also seen in the elongation Figures 5 and 6 show microstructures of samples extracted from
differences of the two planes of both grades of Ti6AI4V; that in the XY plane of the walls. Figures 5a and 5b show the lathlike
the ZX plane being higher than in the XY plane. matrix structure and lamellar structures, respectively, of Grade
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5 Ti6Al4V. When WAAM walls are built up from a substrate, the
bottom layers are subjected to faster cooling rates, which result in
martensitic plates formed into lathlike o structures. As additional
layers are deposited on the wall, more heat accumulates, and the
cooling rate is reduced (Bintao et al., 2018). Due to the increased
heat accumulation, the upper layers have a fully lamellar o
structure (Bintao et al., 2018).

The same trend is witnessed in the Grade 23 microstructures
shown in Figure 6; however, Grade 23 has a lower content of
interstitial elements, which means that it has fewer o stabilizers.
Oxygen and nitrogen are known to be strong o stabilizers
(Kazantseva et al., 2017). This resulted in smaller o colonies,
and the structures at the top layers of Grade 23 comprise smaller
a colonies compared with those in the Grade 5 walls.

Positional differences

Figure 7 shows the ultimate tensile strengths (R,) of the walls

at the bottom and top layers in the XY plane. The results show
that samples taken from different positions in the walls exhibited
different tensile strengths: the bottom layers had higher tensile
strength than the top layers. This phenomenon is influenced

by the heat accumulated by the wall and the cooling rate that

it was subjected to, which in turn modified the grain sizes and
microstructural evolution, as shown in Figures 5 and 6.

Top

950

900

850

Rm (MPa)

800

750

700

Grade 5

Hardness testing

Hardness tests were carried out using the tensile samples taken
in the XY plane. The results, presented in Figure 8, show that
samples taken from the bottom of the walls had higher hardness
than those taken from the top. This result supports the tensile
data shown in Figure 7. This effect can be explained by the
thermal cycle to which the walls were subjected. The hardness
of Grade 5 was higher than that of Grade 23 due to its higher
content of interstitial elements (Oh et al., 2011).

Correlation between tensile strength and hardness
Figure 9 shows that a linear relationship existed between the
tensile strength and Vickers hardness of these WAAM Ti6Al4V
alloys, with a correlation coefficient (R2) of 0.973. In this
hardness range, the tensile strength of Ti6AI4V alloys produced
using Gefertec's 3SDMP® WAAM process can be estimated by
using Equation [1]:

R, (MPa) =4.51 VHN - 620 []

Conclusions

The effect of interstitial impurities on the anisotropy of the
physical properties of Grade 5 and Grade 23 Ti6Al4V alloy walls
produced by WAAM was investigated. The results show that

Bottom

Top Bottom

Grade 23

Figure 7 - Positional difference of ultimate tensile strength (R,) in the XY plane of Grade 5 and Grade 23 Ti6AI4V

350
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§ 342
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321
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Figure 8 - Comparison of Vickers hardness of Grade 5 and Grade 23 Ti6Al4V walls at different vertical positions
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Figure 9 - Correlation between Vickers hardness and ultimate tensile strength of Ti6AI4V alloys

Grade 5, which has a high content of interstitial elements, had
greater ultimate tensile strength (R,), greater yield strength (R)),
and lower elongation (A25) than Grade 23. Tensile properties

of both grades were slightly direction-dependent: the horizontal
XY plane had higher tensile strength and lower elongation
compared with the vertical ZX plane. Grade 23 displayed more
marked directional differences in these properties than Grade

5 Ti6Al4V, owing to its lower content of interstitial elements.
Vertical positional differences were also observed: the bottom
layers of the wall had lathlike o structures due to the faster
cooling rate at that position. As more layers were deposited and
more heat accumulated in the wall, the cooling rate was reduced,
which gives rise to lamellar o structures in the top layers. The
heat accumulation and differences in cooling rates resulted in
higher tensile strength and lower elongation in the bottom layers.
A good correlation between the ultimate tensile strength and
Vickers hardness was observed.
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