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Abstract: Cold metal transfer (CMT)-based wire and arc additive manufacturing (WAAM) of
Ti-6Al-4V alloy has been investigated to manufacture walls with two different building strategies.
This study focuses on the influence of the application of thermal treatments on the resulting mi-
crostructure and mechanical properties. Deep microstructural analysis revealed different grades of
growth of lamellae « phase after several thermal treatments at different temperatures, which lead
to different tensile mechanical properties and better strength and ductility balance compared to the
as-built condition. Results are compared with equivalent forged and casting standards and the state
of the art for WAAM of Ti-6Al-4V alloy. At temperatures of 920 °C, anisotropy was maintained and
elongation increased by 70% while yield strength and UTS was slightly decreased by 8%.

Keywords: WAAM; CMT; Ti-6Al-4V; post deposition heat treatments; microstructure; mechani-
cal properties

1. Introduction

Wire and arc additive manufacturing (WAAM) offers interesting advantages over
conventional manufacturing [1]. This is due to a great reduction in the buy-to-fly (BTF) ratio
which is considerably smaller than in parts machined from oversized billets. In addition,
WAAM allows higher deposition rates comparing to other AM technologies, especially to
those classified in the powder bed fusion category. In these terms, Ti-6Al-4V is one of the
most appealing materials used by the aerospace industry due to its advanced properties
such as high strength, low density and outstanding corrosion resistance, among others.
The high cost of Ti-6Al-4V makes WAAM highly suitable for the production of large-scale
structural components of medium complexity due to the great amount of material saved
(BTF ratios close to 1.5) and the great resource consumption efficiency (well above 70%)
that can be achieved [2—-4].

WAAM uses metallic continuous wire as feedstock and can be performed by any arc
welding technology. However, as observed in previous works where deposition rates with
different arc welding technologies were compared for Ti-6Al-4V, cold metal transfer (CMT)
from Fronius offers great advantages [5-7]. Apart from deposition rates, CMT also greatly
reduces the heat input, which reduces residual stresses, distortion and avoids problems
like collapse due to heat accumulation.

In order to satisfy the severe requirements of the aerospace sector to approve a process
for the manufacturing of flying-approved parts, WAAM has to demonstrate that it can
reach or exceed the mechanical properties obtained by casting or/and forging processes.
The standards applied to equivalent Ti-6Al-4V cast material are 8% for elongation and
860 MPa for ultimate tensile strength (UTS) (ASTM F1108). In the case of wrought material,
the standards are 10% and 930 MPa, respectively (ASTM F1472) [1].

The typical microstructure of this alloy is an « phase lamellae immersed in a 3 matrix,
called a Widmanstétten structure, as can be observed in Figure 1 [1,8]. The WAAM process
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entails high and successive thermal variations due to the repeated application of layers
which implies high heating and cooling rates in the newly deposited layers and reheating
of previously deposited layers. This affects the resulting microstructure, phase balance and
morphology. Resulting microstructure and residual stress level are directly linked to the
final mechanical properties. Normally, larger o lamellae implies lower UTS [1].

Band Contrast 2

25 pm

Figure 1. Microsctructure of Ti-6Al-4V showing « lamellae inmersed in 3 matrix.

Depending on the cooling rate from the 3 transus temperature, different microstruc-
tures can be found in Ti-6Al-4V material. At very low cooling rates, ot in the grain bound-
aries (agp) is first formed around prior 3 grains. After the formation of xgg, primary o
is formed in parallel lamellae, forming colonies, oriented perpendicularly to the agp. If
the cooling rate is higher inside the {3 grains, primary alpha is formed in basket weave
structure. At very high cooling rates (more than 525 °C/s) non diffusional transformations
occurs, forming martensite (o) [9].

WAAM is frequently linked with high anisotropy, that is, a difference between mechan-
ical properties determined along the building direction and transversally [10]. As shown
in many previous works Ti-6Al-4V parts built by WAAM present large and elongated
prior 3 grains oriented in the Z direction (growing direction) in the as-built condition [11].
These grains are oriented in this way due to the thermal dissipation direction. With the
aim of avoiding the preferential growth of grains in the building direction (Z), different
strategies have been developed in several works. Application of inter-pass rolling or
machine hammer peening techniques causes recrystallization and hence grain refinement
during the manufacturing of parts [2], as well as reduction in texture strength [12]. This
kind of cold working also helps reduce residual stresses [13,14]. Finally, new equiaxial
grains appear and hence anisotropy is avoided without the need for additional thermal
treatment [13]. It also may reduce the surface waviness which limits the use of as-deposited
WAAM parts [15]. However, the fabrication complexity increases due to the need for an
extra axis on the robot and the increase in manufacturing time.

Another alternative to improve the balance of mechanical properties is the application
of thermal treatments [16-19]. These thermal treatments are commonly applied by indus-
trial stress relieving. They too contribute to controlling the growth of the phases and to
eliminating martensitic structures, to achieve tight control of the mechanical properties [20].

In this work, three different heat treatments are applied in order to study the mechani-
cal properties of Ti-6Al-4V walls with different thicknesses obtained by CMT based WAAM
and compared with reference walls in the as-built condition. The selected temperatures
were 710 °C as a stress relief heat treatment, 850 °C as intermediate temperature and 920 °C
as a temparature close to the beta transus temperature (980 °C). The obtained tensile test
result values are compared with the values demanded from cast and forging manufactur-
ing processes for the same alloy. In order to understand the factors affecting the obtained
tensile values, the microstructure has been analyzed in detail.
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2. Materials and Methods

In this work, Ti-6Al-4V walls were manufactured by CMT, using a Fronius TransPuls
synergic 4000 CMT R power source and Robacta Drive CMT WF +/— 6.25 mm torch from
Fronius International, Wels, Austria. The torch was attached to a six-axis Kuka robot KR
16 KS model with a KRC2 controller, Kuka, Augsburg, Germany.

A mixture of Ar and He was employed as shielding gas in the torch. The gas flow
was set at 16 L/min. With the aim of avoiding the oxidation of the walls during the
manufacturing, all parts were manufactured in a closed chamber of 400 x 250 x 300 mm
which was filled with Ar 99.9999% for a duration of 10 min. The gas flow inside the chamber
was 17 L/min and it was maintained during the whole material deposition process. The
setup and equipment can be observed in Figure 2. Welding parameters are included in
Table 1. All these parameters were optimized in previous work where the procedure to
obtain them is explained in detail [7]. The travel speed used for the single weld bead per
layer strategy is 40 cm/min, and 50 cm/min for the three weld bead per layer strategy.

10:Arc length
13 :Torch standoff

-—
-—

—
—

[ Substrate

(©)

Figure 2. Set up for WAAM (wire and arc additive manufacturing) process: (a) CMT (cold metal transfer) torch attached to
6-axis robot, (b) chamber for protective atmosphere, (c) scheme of the torch.

Table 1. CMT (cold metal transfer) welding parameters for parts manufacturing.

Wire Feed Travel Speed  Arc Length
Mode Current (A) Speed (m/min) Voltage (V) (co/min) (mm)
Continuous 140 8.5 15.8 40/50 10

As filler metal, a wire of Ti-6Al-4V grade 5 with a diameter of 1.14 mm was used.
The chemical composition obtained from Technalloy, Sant Cugat del Valles, Spain the
provider of the wire, is shown in Table 2. Substrates of the same alloy with equivalent
chemical composition, obtained by hot rolling, with a 15 mm thickness were used for the
manufacturing of the walls. These substrates were clamped during the deposition to a
steel platform.

Table 2. Chemical composition given by the provider of Ti-6Al-4V grade 5 wire (wt.%).

Filler Wire Al \Y% Ti Fe C (0} N H Y Other
Ti-6Al-4V 626 417 Balance 0.15 0.024 0.14 0.006 0.003 0.002 <0.2
grade 5

The strategy followed for the manufacturing of the walls, consisted in the deposition
of a sequence of a pair of layers, as described in Figure 3, for both, thick and thin walls. Two
different strategies were used for the manufacturing of these walls. One strategy consisted
in the deposition of three overlapped weld beads per layer. The order of the deposition
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started with the deposition of the weld bead in the center, followed by the beads on the
sides with the torch tilted 20° from the vertical. The overlapping used was 50% of the
width of the weld bead (Figure 3a). The other strategy employed for the thin walls was
based on the deposition of a single weld bead per layer (Figure 3b). In both cases the dwell
time between the deposition of consecutive layers was 3 min. The direction of deposition
of the weld beads in each layer and between superposed layers was alternated, in order
to minimize the accumulation of material at the arc ignition and extinction zones, i.e., the
start and end zones of the weld bead. In this way, an even and controlled growth of each
layer was achieved, as is essential in the WAAM process.

Bead 3 > |
= Even layer
Bead 1 l« ] Even layer

Bead 2

t > Odd layer

Bead 3 [¢.
Bead 1 Bead 1

Bead 2 ro,

z
Bead2 Beadl Bead3 l

i 90° i X y
20° 120
i i i i
i i
i i

(a) (b)

Figure 3. Build strategy followed for WAAM walls: (a) Three overlapped weld beads per layer
applied to thick walls, (b) single weld bead per layer used for thin ones.

Odd layer

Following the above-mentioned strategies, the manufactured walls were obtained as
shown in Figure 4. The resulting wall thicknesses for both strategies are highlighted, i.e.,
15 mm for the overlapped strategy and 8 mm for single weld bead strategy.

.‘\\\\\\

11111 "]KHH‘H ‘}‘\“
3 w,‘? 6 18 9, n € 8 M3 3

Figure 4. Manufactured WAAM walls: (a) Three weld beads per layer strategy, (b) single weld bead
per layer strategy.
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During the manufacture of the walls by both strategies, the temperature was recorded
by contact thermocouples welded to the substrate. In Figure 5, four thermocouples of type
K, attached to the substrate and very close to the wall are shown.
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Figure 5. (a) Thermocouples attached to the substrate for temperature recording during the man-

ufacturing of the walls and (b) a schema of their position in the substrate. T1: thermocouple 1, T2:
thermocouple 2, T3: thermocouple 3, T4: thermocouple 4.

In order to verify the absence of defects inside the manufactured walls, non-destructive
testing (NDT) was performed. X-Ray diffraction was applied following the UNE-EN ISO
17636 standard. All the walls tested in this study were free of defects like pores, cracks or
lack of fusion above 0.2 mm size as shown in Figure 6.

Figure 6. X-ray photo showing the absence of defects in manufactured wall.

WAAM parts were thermally treated at three different temperatures: 710 °C for 4 h,
as conventional stress relieving heat treatment, and 850 °C and 920 °C for 5 h, all at high
vacuum (<10~* mbar). The temperature profiles are represented in Figure 7. Walls at
the “as-built” stage were used as a reference to determine modification of mechanical
properties and microstructure after heat treatments.

1000 710 °C—4 h
u 850 °C—5h

800 o
0 920°C—5h

500
500
400
300
200
100

0
0 200 400 600 800 1000 1200 1400 1800

Temperature {°C)

Time {min)

Figure 7. Recorded temperature profiles of thermal treatments.

Once the manufactured walls were heat treated, three flat dog-bone tensile test speci-
mens were extracted from thin and thick walls from horizontal (X) and vertical (Z) orienta-
tions, for both manufacturing strategies as represented in Figure 8, according to the ASTM
E8M standard by using an electron discharge machine. Final thickness of the tensile test
samples was 4 mm.
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Figure 8. Scheme of the specimens for tensile test extracted from different orientations.

Tensile tests were performed in a model Z100 ZWICK/Roell testing machine,
ZWICK/Roell, Ulm, Germany with a maximum load capacity of 100 kN. Specimens
were tested at room temperature with a displacement rate of 1.6 mm/min and using an
extensometer with a gauge length of 25 mm (Figure 9).

(@) k)

Figure 9. Tensile specimens: (a) extracted tensile test specimens for tensile testing and (b) a specimen
in the testing machine.

Advanced microstructural characterization was performed by field emission gun
scanning electron microscopy (FEG-SEM) using a ZEISS Ultra Plus Field Emission, ZEISS,
Overkochen, Germany), and by light microscopy using an Olympus GX 51, Olympus,
Hamburg, Germany). Prior to characterization, parts were cut, mounted, grinded, polished
and etched with Kroll reagent.

3. Results

This section includes the experimental results obtained for the two building strategies:
three overlapped weld beads per layer and single weld bead per layer. In both cases,
different heat treatments were applied in order to investigate their influence on the final
mechanical properties and microstructure.

3.1. Microstructural Characterization

A detailed cross section of single- and three overlapped weld bead walls is shown in
Figure 10. The elongated (3 grains in the growing direction can be clearly seen. In the case
of the strategy of three overlapped weld beads, grain orientation is more complicated, due
to a more complicated heat history.
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(b)

Figure 10. Cross section of walls: (a) single weld bead strategy wall, (b) three overlapped weld beads
strategy wall.

In Figure 11, temperature profiles reveal the heat and cooling process in each deposited
layer showing the repeated heating and cooling cycles. In the three overlapped weld bead
strategy, each group of three peaks corresponds to one individual layer.

Three overlapped weld bead per layer Single weld bead per layer
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Figure 11. Temperature records for (a) three overlapped weld beads strategy wall and (b) single weld
bead strategy wall.

Regarding cooling rates at high temperature, the maximum calculated cooling rate
from the temperature records of the solidification of the first deposited weld bead in the
single weld bead strategy was 237 °C/s. At this cooling rate, the transformation from 3
phase is in a region known as competitive diffusionless and diffusional transformation [9].
However, this is a sum of weld beads deposited successively and the deposition of new
weld beads is affected by the previous deposited ones. For this reason, heterogeneous
microstructures were found.

Very similar microstructures were observed in both strategies. The different structures
that can be found in this kind of microstructure are observed in the Figure 12. A needle
like martensitic structure (o) was observed in the higher part of each weld bead. Close to
the martensitic zone, a fine lamella of « phase was found in a fine basket-weave form. In
some of these parts, the o phase starts growing from the grain boundaries forming colonies.
Finally, at the bottom of the weld bead, the « phase increases in the size of lamellae and in
grain boundaries (highlighted by arrows). This complex microstructure is also observed in
laser DED based additive manufacturing with Ti-6Al-4V [21].
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Figure 12. Heterogeneity of microstructures detected in different zones of the weld beads («:
martensite, xy: Widmanstétten o phase, xgp: « phase in the grain boundary).

This mixed structure is also appreciable due to the presence of basket weave Wid-
manstdtten structure and colonies of « in the same grain as shown in Figure 13.

Figure 13. Different Widmanstatten structures found in Ti6A14V.

Figure 14 shows the effect of the application of thermal treatments on the microstruc-
ture. In the as-built, three weld bead per layer strategy sample, large columnar prior
grains oriented in the Z direction can be observed. After the application of heat treatment
at 850 °C, a reorganization of phases was observed and the grains still exhibited a columnar
shape. In the transversal section (XY), a reorganization of phases was also observed after
the application of the heat treatment. In both, parallel bands corresponding to the thermal
history due to the successive deposition of weld beads were observed.

The evolution of the microstructure with each treatment temperature, and at different
magnifications, can be seen in detail by reference to Figure 15. In both strategies the
microstructure was very heterogeneous and the observed evolution trend was very similar.
In the as-built samples, martensitic structure was the dominant microstructure found.
However, zones with very fine Widmanstatten o (o) and very fine agp could also be
detected. After the heat treatment at 710 °C, corresponding to a stress relief treatment,
martensitic structure could be still identified. Additionally, fine xgg was detected with
an average thickness of 4 um and a fine ay structure. After the application of the heat
treatment at 850 °C, mainly ayw was observed. Coarsening of the « lamellae and xgp was
detected, in the last case with an average thickness of approximately 7 um. No remaining
o’ was found at this temperature [19]. Finally, with the heat treatment at 920 °C, greater
coarsening of ayw and xgp was detected, in the last case with an average thickness of 10 pm.
At this temperature coarse Widmanstétten structure was observed.

The following presentation of the mechanical results is divided by the building strategy
of the WAAM parts.
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Figure 14. Microstructure observed for the as-built sample, and after the application of a heat
treatment at 850 °C in XZ: vertical plane and XY: horizontal plane.

Figure 15. Evolution of the microstructures in the as-built state and after the application of the three
different thermal treatments. In the columns, microstructures at different magnifications are shown
(«’: martensite, ocy: Widmanstatten « phase, agp: o phase in the grain boundary).
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3.2. Mechanical Characterization of Three Overlapped Weld Beads per Layer WAAM Parts

Table 3 shows the mechanical properties obtained for the samples as-built, and after
the applied heat treatments. Average values for the three samples and standard deviations
are given. Mechanical properties were obtained for both directions: Z (vertical direction)
and X (horizontal direction). The results revealed a continuous increase in the elongation
and a corresponding decrease in strength for the higher heat treatment temperatures.
Anisotropy was also appreciable with consistently higher strength and lower elongation in
the horizontal direction, except for 710 °C treatment.

Table 3. Mechanical properties (Rp0.2: yield strength, Rm: ultimate tensile strength, e: elongation)
achieved for both orientations for WAAM parts treated at different temperatures.

Temperature of

. . 0,
Thermal Treatment Orientation Rp0.2 (MPa) Rm (MPa) e (%)
As buil Z 946.9 + 8.1 1038.5 + 8.3 82+14
5 built X 958.8 & 3.4 1046.1 & 3.2 6.140.7
710°C z 970.5 4 4.2 1027.3 £+ 5.1 5.5+ 0.9
X 9672+ 7.6 1030.2 £9.2 5.8+ 0.6
850 °C Z 902.9 + 5.0 989.1 + 4.4 1124 0.9
X 9225 4 1.0 1005.0 & 2.2 6.1+03
920 °C Z 859.7 + 2.6 973.1 4+ 2.7 158 £1.3
X 880.5 & 3.9 981.0 + 6.5 10.6 + 1.8

3.3. Mechanical Characterization of Single Weld Bead per Layer WAAM Parts

Table 4 shows the mechanical properties obtained for the samples as-built, and after
the applied heat treatments. Mechanical properties were obtained for both directions:
Z (vertical direction) and X (horizontal direction). Anisotropy was also appreciable in
these samples. Obtained strength was higher in the vertical direction (Z)and elongation
was also greater for vertical direction (Z). Furthermore, greater standard deviations were
observed in most of the values. However, the results revealed a similar trend to the
samples with three overlapped weld beads, with a continuous increase in elongation and a
corresponding decrease in the strength for higher temperature treatments. Finally, strength
values were lower and elongation values were higher compared to the three overlapped
bead measurements.

Table 4. Mechanical properties (Rp0.2: yield strength, Rm: ultimate tensile strength, e: elongation)
achieved for both orientations for WAAM parts treated at different temperatures.

Temperature of

. . 0,

Thermal Treatment Orientation Rp0.2 (MPa) Rm (MPa) e (%)
Asbuil z 9175 + 8.1 1007.0 4+ 4.7 94+56
s-built X 884.9 + 10.3 986.0 & 13.2 82420
850 °C Z 911.6 + 11.1 994.5 4+ 13.9 1434+ 1.6
X 866.9 + 4.8 948.8 + 3.5 111+ 0.8
920 °C Z 855.2 £ 9.5 968.7 + 10.6 175+ 1.1
X 809.8 & 12.2 9194 + 5.0 1524 1.5

4. Discussion

Regarding the microstructure in the as-built condition, the presence of large columnar
prior (3 grains was found to be the typical macrostructure for Ti-6Al-4V WAAM parts in the
XZ plane. The present phases observed inside these grains were mainly martensitic and
fine oyy. The size of these lamellae depends on the cooling rate from above the 3 transus
temperature, the lamellae being thinner at higher cooling rates [22]. Metastable phases
like «” and «” are formed due to the rapid cooling of the material when deposited [22].
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o’ is normally located at the layer in contact with the previously cooled layer and/or in
the zones. This metastable phase presents smaller plate thickness and higher number of
dislocations compared to « phase, being harder than o phase [22].

After a stress relief heat treatment at 710 °C, a reorganization of colonies was observed,
however the prior 3 grains remained columnarly oriented. Microstructure after this heat
treatment was still composed of &’ and fine aw. At higher temperatures (850 °C), the oy
and «gp phases clearly coarsened. Colonies continue their reorganization. For the highest
temperature applied in this work (920 °C), significant coarsening of o phase was detected.
By this coarsening process, thicker ayy lamellae and ogp are found. In all the cases, the
treatment temperature was below the 3 transus temperature, which is 980 °C [22].

A schema explaining the evolution of the microstructure at different heat treatments
has been developed in order to summarize the observed changes which have a direct
impact on determined mechanical properties (Figure 16).

710°C 850 °C ‘ ‘ 920°C l
Columnar prior B grains Reorganisation of a colonies still in columnar shape.
M %vol. o a’ identified @ widm O yidm
Very fine o, Fine oty (t~4pm) 0, coarsening (t~7um) 0, coarsening (t~10um)
B!
Very fine oigm Very fine o;4m Qigm laths coarsening Oi4m laths coarsening
i
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Figure 16. Schema of the evolution of the microstructure of Ti-6A1-4V WAAM samples as-built, and
after the application of different heat treatments.

In the as-built samples, the anisotropy is attributed to columnar prior (3 grain morphol-
ogy and the presence of «gp, which serves as a path along which damage can preferentially
accumulate due to its lower ductility compared to the (3 phase, leading to fractures [22]. In
the horizontal direction, a higher number of grain boundaries was observed, increasing
the preferential damage zone. Anisotropic behavior has been reported by other authors in
WAAM and other AM techniques [10,23]. The phases found were composed mainly of &’
and fine ayw, which explains the low ductility obtained at this state.

After the application of heat treatment at 710 °C, the elongation was still low, however,
the anisotropy was reduced. The results obtained comparing both directions do not
follow the trends observed in the rest of the cases; higher elongation was observed in
the longitudinal direction (X). This is a temperature used for stress relief and hence the
values of elongation were not significantly improved, which is accordance with previous
works [24]. At 850 °C, the mechanical property of elongation clearly increased, however,
the strength decreased. This has previously been observed at similar temperatures [24]. At
920 °C, the best combination of mechanical properties was obtained, taking into account
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the specifications of the standards for this alloy. However, prior 3 grains still have an
elongated shape in the vertical direction, and as a consequence, anisotropy remains.

Other work has shown [25] the trend associated with the growth of oy and its impact
on increasing elongation. This was obtained after thermal treatment at 920 °C and a
meandering strategy, and was attributed to the growth of ay and ogp making the whole
structure more equilibrated, and hence the elimination of preferential paths. In the current
work, we observed the same trend for the single weld bead and three overlapped weld
bead samples, and we also observed the different steps followed by the phase evolution at
different thermal treatments.

The thermal histories of the three overlapped and single weld bead strategies are
different, and in the case of the three overlapped weld bead strategy, this thermal history
is more complex than for the single weld bead strategy. The three overlapped weld bead
wall was subjected to higher number of re-melting of previously deposited weld beads due
to the overlapping itself. Moreover, the grains formed in the center might tend to grow
diagonally creating a more complicated behavior (Figure 13). This is supposed to affect the
organization of aw. In this way, different microstructures can be obtained, as explained
in a work done employing laser metal deposition (LMD) [21], where different nucleation
modes of ay were induced in walls with different thicknesses. For a slow cooling rate oy
was mainly observed in a colony distribution with worse tensile properties, and for fast
cooling rates ay was observed in a basket weave distribution with higher strength and
ductility. Regarding the results, the values of ductility of the three overlapped weld bead
walls were worse that the ones from the single weld bead walls. However, the values of
strength were higher for the three overlapped weld bead strategy. This can be explained by
the previously mentioned similarity in the microstructure found for both strategies. Mostly,
mixed subgrain structures were found (Figure 13), with the same grain, colonies and basket
weave Widmanstatten structures being visible.

In terms of yield strength and ultimate tensile strength, WAAM samples of the three
overlapped weld bead strategy fulfil the most stringent standard (ASTM F1472 (wrought):
YS > 860 MPa, UTS > 930 MPa) in all cases, i.e., as-built and after heat treatments. Taking
into account the elongation, a minimum of 6% was obtained in the as-built condition, in
line with AMS4985C (investment casting). After the heat treatment at 920 °C, in both
orientations, and after 850 °C in one orientation, the elongation obtained was higher than
10% which fulfils the ASTM F1472 (wrought) standard. In the case of the single weld bead
strategy, standard deviations were higher and the trend changed. The elongation continued
to be higher for the vertical orientation, however, the strength was also higher. In all cases,
this strategy fulfils the requirements of the standard ISO 5832-3 for wrought parts. These
references are shown in Table 5.

Table 5. Standards for casting and wrought parts for Ti6Al4V regarding tensile properties.

Reference Rp0.2 (MPa) Rm (MPa) e (%)
AMS 4985C-2003 (investment casting) >827 >896 >6
ISO 5832-3 (wrought) >780 >860 >10
ASTM F1108 (casting) >758 >860 >8
ASTM F1472 (wrought) >860 >930 >10

Anisotropy was not fully removed at 920 °C (Tables 6 and 7). The temperature of
selected thermal treatments was below 980 °C which is below the 3 transus according to
the Ti6Al4V phase diagrams. Due to this, the elongated shape of grains continued and
hence the anisotropy of tensile properties. The anisotropy in elongation was generally
lower in the case of the single weld bead strategy. It was also remarkable that the calculated
anisotropy was higher after thermal treatments compared to the values obtained from the
as-built samples. This is directly linked with the growth of xgp, which affects in higher
amount in the horizontal orientation due to the larger number of grain boundaries, causing
higher anisotropy. At the highest temperature (920 °C), this anisotropy decreased due
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to the compensation achieved by the growth of xgg and oyy. Regarding the anisotropy
in strength, it was higher for the single weld bead than for the three overlapped weld
bead strategy. It is also remarkable that no substantial differences were observed after the
application of heat treatments. This can be explained because of the presence of elongated
grains after the heat treatments.

Table 6. Anisotropy of tensile properties calculated for three overlapped weld bead strategy after
each thermal treatment.

Temperature of Anisotropy (%)
Thermal Treatment Rp0.2 (MPa) Rm (MPa) e (%)
AB 1 0 15
710 °C 0 0 3
850 °C 1 1 29
920 °C 1 0 20

Table 7. Anisotropy of tensile properties calculated for single weld bead strategy after each ther-
mal treatment.

Temperature of Anisotropy (%)
Thermal Treatment Rp0.2 (MPa) Rm (MPa) e (%)
AB 2 1 7
850 °C 3 2 13
920 °C 2 3 7

Comparing the results obtained for three overlapped weld beads and single weld bead
based walls, the parts composed of single weld beads obtained higher elongation values
and lower anisotropy. Regarding strength values, the three overlapped weld bead strategy
obtained higher values and the anisotropy was lower than in the case of the single weld
bead strategy. However, taking into account the reference values defined in the standards,
the results of the single weld bead strategy fulfill the most restrictive ones at 850 °C, and
for the three overlapped weld bead strategy, at 920 °C. This difference can be explained
due to the increase in complexity of thermal history leading to complex microstructures
caused by the horizontal overlapping of weld beads. In order to achieve high elongation
values, it is not necessary to exceed the 3 transus temperature

5. Conclusions

Defect-free and sound Ti-6Al-4V walls were manufactured by a CMT-based WAAM
process with a deposition rate of 2.3 kg/h. Different deposition strategies were successfully
applied to achieve flat and uniform walls, i.e., overlapping three parallel weld beads, or
alternatively, depositing single weld beads.

An appropriate selection of post-deposition heat treatments was performed to increase
the ductility of the as-built walls to fulfil the most demanding industrial standards applied
to wrought components. Regarding the anisotropy, heat treatments below 980 °C were not
able to reduce it, however, low values of anisotropy in elongation (7%) were obtained in
the single weld bead strategy whereas a value of 20% was obtained in the three overlapped
weld bead strategy due to the more complex microstructure. Strength was reduced with the
application of heat treatments, however, a good balance of tensile properties was obtained.
Anisotropy in strength was low for both strategies, being lower in the three overlapped
weld bead strategy.

Heat treatment at 920 °C applied to single weld bead-based walls increased elonga-
tion by around 70%, while yield strength and ultimate tensile strength reductions were
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maintained below 8% compared to the as-built samples. Despite the anisotropy in elon-
gation being maintained at the same value (7% in the case of single weld bead strategy)
or increased slightly (by 5% in the case of three overlapped weld bead strategy), this heat
treatment has clearly demonstrated to be the most appropriate one for the improvement of
overall mechanical properties.
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