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Abstract

Wire and arc additive manufacturing (WAAM) is a cost-efficient technology for large-scale
production; however, the high cost of Ti-6Al-4V filler wire, primarily associated with con-
ventional billet-based thermomechanical processing, remains a critical limitation. This
study proposes a direct and cost-effective manufacturing route for Ti-6Al-4V filler wire
from an as-cast ingot, enabled by processing map-guided thermomechanical design. Hot
deformation behavior was systematically investigated for the as-cast ingot, the 3-forged
billet, and the « + B-forged billet over 700-1200 °C and strain rates of 0.01-10 s~!. An
artificial neural network (ANN)-assisted correction was employed to compensate for adia-
batic heating, enabling reliable construction of processing maps and identification of stable
deformation domains associated with dynamic recrystallization (DRX). The optimized de-
formation conditions derived from the processing maps were directly applied to hot-rolling,
followed by room-temperature wire drawing. As a result, high-quality Ti-6Al-4V filler wire
with a diameter of 1.7 mm was successfully fabricated. Microstructural analysis revealed
deformation-induced refinement and alignment of the « phase, with variations depending
on the initial state. Despite relatively coarser features, the wire fabricated from the as-cast
ingot exhibited a tensile strength of 1408 MPa and elongation of 6.7%, demonstrating tensile
properties comparable to those of the wires fabricated from the forged billets. These results
provide direct experimental validation that processing map-guided design enables the
direct conversion of as-cast Ti-6Al-4V ingots into high-quality filler wire. The proposed
approach offers a simplified and economically competitive alternative to conventional
billet-based processing routes for WAAM applications.
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Titanium and its alloys are widely used in aerospace and energy sectors due to their

high specific strength and excellent corrosion resistance [1-4]. However, the fabrication
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extensive subtractive machining of forged billets to achieve near-net-shape components,
resulting in significant material waste and high processing costs [5].

Additive manufacturing (AM) has emerged as a promising alternative for producing
near-net-shape Ti-6Al-4V components with reduced material waste and tooling require-
ments. Among various AM techniques, such as selective laser melting (SLM), electron
beam melting (EBM), and laser engineered net shaping (LENS), limitations remain in terms
of part size, deposition rate, and productivity [6]. In contrast, wire and arc additive manu-
facturing (WAAM) offers high deposition rates, scalability to meter-sized components, and
improved material utilization at a relatively low cost [5,7]. These advantages make WAAM
particularly attractive for large-scale Ti-6Al-4V component manufacturing. In WAAM, the
filler wire serves as the primary feedstock, and its production cost significantly influences
the overall manufacturing cost.

Previous studies on Ti-6Al-4V filler-wire production have primarily focused on ther-
momechanical processing and wire-drawing behavior rather than direct conversion of
as-cast ingots into WAAM feedstock. Conventional Ti-6Al-4V wire manufacturing gen-
erally involves multiple thermomechanical processing steps, in which as-cast material
is subjected to 3 forging and subsequent o + 3 forging to break down the coarse cast
microstructure, followed by hot rolling and multi-pass wire drawing to obtain the required
wire diameter [8-10]. Hu et al. [8], for example, investigated the effects of multi-pass
drawing strain and subsequent heat treatment on the microstructure, texture, and mechan-
ical properties of Ti-6Al-4V wire. Other studies have investigated alternative drawing
strategies, including hot drawing and dieless drawing, to improve the formability and
processing efficiency of Ti-6Al-4V wire. Naughton and Tiernan [9] investigated dieless
drawing of ELI Ti-6Al-4V and demonstrated the influence of drawing parameters on
achievable cross-sectional reduction. More recently, hot-drawing studies have examined
the effects of drawing temperature, drawing speed, and deformation on the deformation
behavior and microstructural evolution of Ti-6Al-4V wire. These studies demonstrate that
the thermomechanical processing conditions strongly influence the final microstructure,
texture, ductility, and strength of Ti-6Al-4V wire.

However, most existing approaches begin with wrought or pre-processed Ti-6Al-4V
feedstock and therefore retain the conventional requirement for intermediate thermome-
chanical processing of the cast material. In particular, limited attention has been given to
directly converting an as-cast Ti-6Al-4V ingot into filler wire while simultaneously con-
trolling deformation stability and microstructural refinement. Furthermore, systematic
integration of processing-map analysis with experimental wire fabrication has not been
sufficiently explored for this purpose. Therefore, a processing-map-guided approach that
can identify stable deformation conditions and enable direct processing of as-cast Ti-6Al-4V
into WAAM filler wire represents an important research opportunity.

Processing maps are widely used to identify optimal deformation conditions by
correlating deformation parameters with microstructural evolution and deformation mech-
anisms [11]. The hot deformation behavior of Ti-6Al-4V is highly sensitive to temperature,
strain rate, and strain and involves complex interactions between work hardening and
dynamic softening mechanisms such as dynamic recovery (DRV) and dynamic recrystal-
lization (DRX) [12-16]. In particular, DRX plays a critical role in improving deformation
stability and refining the microstructure during high-temperature processing. However,
the accurate construction of processing maps requires reliable isothermal flow stress data.
In practice, hot deformation experiments often exhibit non-isothermal behavior due to
adiabatic heating, leading to deviations in flow stress measurements. To overcome this
limitation, artificial neural network (ANN)-based approaches have been employed to
model the complex nonlinear relationships between deformation parameters and flow
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stress [17,18]. Nevertheless, previous studies have primarily focused on individual initial
microstructures, and a comprehensive comparison of Ti-6Al-4V in the as-cast, -forged, and
B — o + p-forged states in the context of process design remains limited. Furthermore, the
application of ANN-assisted correction for non-isothermal flow behavior in constructing
processing maps for direct process design has not been sufficiently explored.

The industrial relevance of the proposed approach lies in its potential for the high-
volume production of titanium filler wire required for large-scale wire-based additive
manufacturing. A stable supply of filler wire with consistent chemical composition, di-
mensional accuracy, surface quality, and mechanical properties is essential for reliable
WAAM deposition. Since large titanium components may require substantial quantities
of filler wire, increasing wire-production capacity can facilitate continuous and scalable
WAAM. Moreover, the development of an efficient filler-wire manufacturing route has the
potential to reduce material and processing costs, improve supply-chain reliability, and
reduce dependence on imported titanium filler wire.

In this study, a processing map-guided thermomechanical design approach is proposed
to enable direct fabrication of Ti-6Al-4V filler wire from an as-cast ingot. Hot deformation
behavior was systematically investigated using specimens with three different initial states,
namely the as-cast ingot, the single-stage [3-forged billet, and the two-stage p — o + 3-
forged billet. The economic advantage of the proposed route originates primarily from the
elimination of intermediate 3- and « + 3-forging operations, which reduces the number of
thermomechanical processing stages, reheating cycles, material handling operations, and
associated energy and tooling requirements. ANN-assisted correction was applied to obtain
reliable flow stress data for processing map construction. The deformation characteristics
and microstructural evolution were comparatively analyzed to identify optimal processing
domains for direct processing from the as-cast ingot. Based on the optimized conditions,
hot-rolling and subsequent wire drawing were performed to fabricate high-quality Ti-6Al-
4V filler wire. This work aims to establish a simplified and cost-effective processing route
by linking deformation behavior, microstructural evolution, and practical wire fabrication.

2. Materials and Methods

The Ti-6Al-4V used in this study was produced via a vacuum arc remelting (VAR)
process (HVM Co., Ltd., Anyang, Republic of Korea) using Ti-6Al-4V scrap. The chemical
composition of the as-cast Ti-6Al-4V ingot used in this study is summarized in Table 1.
The as-cast ingot was subsequently processed into two types of billets: a 3-forged billet
produced by single-stage forging in the 3-phase region (1140 °C) and a f — « + 3-forged
billet produced by two-stage forging consisting of primary forging in the 3-phase region
(1140 °C) followed by secondary forging in the « + (3-phase region (920 °C). For conve-
nience, the 3 — o + [3-forged billet is hereafter referred to as the o + 3-forged billet.
The representative 3-transus temperature (Tg) of the Ti-6Al-4V was determined to be
approximately 990 °C based on microstructural observations after heat treatment and
water quenching.

Table 1. Chemical composition of the as-cast Ti-6Al-4V ingot used in this study (wt.%).

Ti

Al

\'% Fe C O N H

Bal.

6.09

4.02 0.25 0.04 0.17 0.02 0.003

Cylindrical specimens with a diameter of 8 mm and a height of 12 mm were machined
from each condition for hot deformation testing. Hot compression tests were conducted
using a Gleeble 3800 thermo-mechanical simulator (Dynamic Systems Inc., Poestenkill,

https://doi.org/10.3390 /met16090950


https://doi.org/10.3390/met16090950

Metals 2026, 16, 950

40f24

NY, USA) over a temperature range of 700-1200 °C and strain rates of 0.01-10 g1 up to
a 50% reduction in height. Prior to deformation, the specimens were heated to the target
temperature at a rate of 10 °C/s and held for 5 min to ensure thermal homogeneity. The
flow stress and instantaneous temperature were continuously recorded during deformation,
and the specimens were then water-quenched to preserve the deformed microstructure.

For microstructural characterization, the deformed specimens were sectioned par-
allel to the compression axis. Optical microscopy was performed after standard me-
chanical polishing and etching using Kroll’s reagent (2% hydrofluoric acid + 2% nitric
acid + 96% DI water). Electron backscatter diffraction (EBSD) analysis was conducted on
electropolished specimens (95% methanol + 5% perchloric acid, —30 °C, 20 V) using a
field-emission scanning electron microscope (FESEM, JEOL JSM-7001F) (Tokyo, Japan).
The EBSD analysis focused on the plastically deformed regions to correlate deforma-
tion behavior with microstructural evolution. Processing maps were constructed based
on the corrected flow stress data to identify stable deformation domains for each ini-
tial microstructure. The optimized deformation conditions obtained from the processing
maps were subsequently applied to hot-rolling of the as-cast ingot, followed by room-
temperature wire drawing to fabricate Ti-6Al-4V filler wire with a final diameter of 1.7 mm
for WAAM applications.

Tensile tests were performed using three filler wire specimens for each condition
with a diameter of 1.6 mm and a length of 50 mm. The tests were conducted at ambient
temperature at an initial strain rate of 1 x 1073 s~! using a universal testing machine (EZ
Test, Shimadzu, Kyoto, Japan) equipped with a 5 kN load cell. To ensure the reliability
and reproducibility of the data, at least three independent tests were performed under
identical conditions.

3. ANN Model Development

An artificial neural network (ANN) model was developed to correct the non-
isothermal flow stress (Opon-iso) Obtained during hot deformation and to estimate the corre-
sponding isothermal flow stress (0js) required for reliable processing map construction.
The ANN model enables modeling of complex nonlinear relationships among deforma-
tion parameters without requiring explicit constitutive equations. The model architecture
consisted of three input neurons representing temperature, strain rate, and strain and
one output neuron corresponding to the corrected flow stress. A backpropagation algo-
rithm with a sigmoid activation function was employed for ANN model training [19,20]. A
total of 645 datasets obtained from the hot deformation experiments were used to develop
independent ANN models for the as-cast ingot, 3-forged billet, and « + -forged billet
conditions. Each ANN model was trained and tested exclusively using the datasets corre-
sponding to its respective material condition. For each model, 550 datasets were allocated
for training and 95 datasets were independently selected for testing. The testing datasets
were not used during the training process to ensure an independent evaluation of the pre-
dictive performance of the developed models. The ANN hyperparameters, including the
number of hidden neurons, learning rate, momentum coefficient, and number of iterations,
were optimized by minimizing the root mean square error (RMSE) and prediction error
(Etr). The optimized ANN architecture and training parameters were then used to establish
the final prediction models. Further details regarding the ANN training procedure and
optimization methodology are provided in previous studies [21,22]. The performance of
the developed models was evaluated using both training and testing datasets. As shown in
Figure 1, the correlation coefficients (Pearson’s r) and adjusted R? values were close to unity
for all conditions, indicating high prediction accuracy. These results confirm that the ANN
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model effectively corrects flow stress data over a wide range of deformation conditions,
thereby enabling reliable processing map construction for process design.
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Figure 1. Comparison of ANN-corrected and experimental flow stress data for Ti-6Al-4V in different
initial states: (a,b) as-cast ingot, (c,d) B-forged billet, and (e f) x + 3-forged billet.

4. Results and Discussion
4.1. Microstructures of Ti-6Al-4V in Different Initial States

The initial macro- and microstructures of the as-cast ingot, p-forged billet, and
o + p-forged billet are shown in Figure 2a—f. The as-cast Ti-6Al-4V ingot exhibits a typical
Widmanstitten basket-weave structure composed of coarse o lamellae (5.8 & 2.0 um) within
prior 3 grains on the millimeter scale (Figure 2a,b), reflecting solidification-induced hetero-
geneity. Following (3 forging, significant refinement of the prior 3 grains is observed, with
an average size of 642 £ 122 um (Figure 2c). The corresponding microstructure consists of
thinner « lamellae (3.0 & 0.4 pm), indicating enhanced microstructural homogenization
during deformation (Figure 2d). Further thermomechanical processing in the « + 3-phase
region leads to additional grain refinement, reducing the prior  grain size to 399 & 109 um
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(Figure 2e). This condition promotes the formation of a more stable microstructure char-
acterized by equiaxed « embedded in a transformed (3 matrix (Figure 2f). These results
highlight the progressive microstructural evolution from coarse lamellar microstructures in
the as-cast state to refined lamellar and partially equiaxed ones after thermomechanical
processing, which is expected to significantly influence subsequent deformation behavior
and processability.

Figure 2. Initial macro- and microstructures of the Ti-6Al-4V in different initial states: (a,b) as-cast
ingot, (c,d) B-forged billet, and (e,f) « + B-forged billet, where (a,c,e) show macrostructures and
(b,d,f) show microstructures.

4.2. Stress—Strain Behavior and Temperature Evolution of Ti-6Al-4V in Different Initial States

The stress—strain response during hot deformation reflects the intrinsic coupling
between flow behavior and microstructural and thermal evolution, providing critical
insight into the governing deformation mechanisms and microstructural changes. For
reliable interpretation of hot deformation behavior, it is essential to employ isothermal flow
stress (0js0) in which the influence of adiabatic heating is minimized [23].
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In this study, the hot deformation behavior of Ti-6Al-4V was systematically ana-
lyzed for three different initial states: as-cast ingot, 3-forged billet, and « + 3-forged
billet. The deformation behavior was evaluated by comparing the experimental flow stress
(Onon-iso) With the ANN-corrected isothermal flow stress (ojs,). The analysis for the 3-
forged and « + 3-forged billets was conducted over a temperature range of 700-1000 °C
and strain rates of 0.01-10 s~! (Figures 3 and 4), while the as-cast ingot was examined
over a higher temperature range of 900-1200 °C, with the corresponding results provided
in the Supplementary Material (Figure S1). The corrected curves consistently preserve the
expected thermally activated deformation characteristics, namely decreasing flow stress
with increasing temperature and increasing flow stress with increasing strain rate, while
eliminating the artificial softening caused by adiabatic heating at high strain rates.
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Figure 3. Flow stress curves of Bforged billet during isothermal compression at (a) 700 °C, (b) 800 °C,
(c) 900 °C, and (d) 1000 °C.

The difference between op,oniso and ojs, arises from variations in instantaneous tem-
perature (Tingtant) during deformation, as illustrated in Figures 5 and 6 for the 3-forged and
o + -forged billets, respectively, while the corresponding results for the as-cast ingot are
provided in the Supplementary Material (Figure S2). At lower strain rates (0.01 and 0.1s71),
Tinstant remains close to the target temperature (Ttarget), as sufficient time is available for
heat dissipation throughout the specimen. In contrast, at higher strain rates (1 and 10 s~ 1),
limited heat transfer results in a significant increase in Tinstant- This deviation from Ttarget is
attributed to adiabatic heating, which becomes more pronounced with increasing strain
rate. Consequently, the experimentally measured flow stress tends to underestimate the
true isothermal response under high-strain-rate conditions, emphasizing the necessity of
ANN-assisted correction. The flow stress exhibits typical thermally activated deformation
characteristics, decreasing with increasing temperature and increasing with strain rate
across all initial states. Under low-temperature and high-strain-rate conditions, strain hard-
ening dominates due to rapid dislocation accumulation, leading to a sharp increase in flow
stress up to a peak value [24]. With further deformation, dynamic softening mechanisms
become active, resulting in a gradual decrease in flow stress.
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Figure 4. Experimental and ANN-corrected flow stress curves of « + B-forged billet at (a) 750 °C,
(b) 800 °C, (c) 850 °C, (d) 900 °C, (e) 950 °C, and (f) 1000 °C.
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Figure 5. Instantaneous temperature profiles of 3-forged billet during hot deformation at (a) 700 °C,
(b) 800 °C, (c) 900 °C, and (d) 1000 °C.
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Figure 6. Instantaneous temperature profiles of o + B-forged billet during hot deformation at
(a) 750 °C, (b) 800 °C, (c) 850 °C, (d) 900 °C, (e) 950 °C, and (f) 1000 °C.

At lower strain rates, flow softening proceeds in a stable manner, which is associated
with DRV and DRX that progressively restore the microstructure. In contrast, at higher
strain rates (>0.1 s7!), the flow curves exhibit oscillatory behavior, indicating the onset
of deformation instability such as strain localization or microcrack initiation [25]. This
behavior becomes more pronounced at elevated temperatures (>800 °C), where discon-
tinuous yielding is frequently observed. Such discontinuities are attributed to the rapid
generation and motion of dislocations at grain boundaries, along with their interactions
during deformation [23]. Although the overall deformation trends are similar across the
three initial states, the as-cast ingot exhibits relatively higher deformation resistance and
instability at lower temperatures due to its coarse and heterogeneous microstructure. In
contrast, the 3-forged and o + 3-forged billets show progressively improved deformation
stability, which can be attributed to the refinement and homogenization of prior 5 grains
and o-phase morphology during thermomechanical processing. The reduction in flow
stress during deformation is governed by the combined effects of adiabatic heating, DRV,
DRX, and localized deformation [26]. Therefore, the observed flow behavior results from
the competition between hardening and softening mechanisms controlled by both thermal
and microstructural factors. For the o + 3-forged billet, a decrease in Tinstant below Ttarget
was observed in certain cases (Figure 6c—f), which is likely associated with experimental
uncertainties. Nevertheless, these deviations were effectively corrected using the ANN
model, ensuring consistent and reliable estimation of ojs, across the entire deformation
range. It should be noted that interpretation of deformation mechanisms based solely on
flow curve characteristics is inherently limited. Therefore, to achieve a more comprehen-
sive understanding of deformation behavior and stability, processing maps for Ti-6Al-4V
in the as-cast ingot, 3-forged billet, and o + B-forged billet are analyzed in detail in the
following section.
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4.3. Processing Map-Guided Design of Thermomechanical Conditions for Filler Wire Fabrication

Processing maps were developed to identify optimal thermomechanical conditions
that enable microstructural control while avoiding flow instability and defect formation
during hot deformation. The maps were constructed based on the dynamic materials model
(DMM) proposed by Prasad et al. [27], which considers the workpiece as a dissipater of the
applied power during deformation. The efficiency of power dissipation (1), representing
the fraction of power dissipated through microstructural evolution, is defined as:

where m is the strain rate sensitivity, expressed as:

dlogo
m= ,
dlog ()

The variation of 1 as a function of temperature and strain rate constitutes the power

()

dissipation map, which reflects the domains of distinct microstructural mechanisms. To
identify unstable deformation regions, the instability parameter (£) is defined as [28]:

6 = dlog(511)

alog(é) +m<0 3)

Regions where ¢ (¢) < 0 correspond to flow instability, which is typically associated
with localized deformation or shear band formation and should therefore be avoided
during processing. The final processing map is obtained by superimposing the instability
map onto the power dissipation map. To ensure high-resolution mapping, the experimental
dataset covering a wide range of temperatures and strain rates was further refined using
the ANN model, allowing accurate interpolation of flow stress data. The efficiency of power
dissipation and instability domains were calculated using Equations (1) and (3), respectively.
The resulting processing maps at a strain of 0.6 are shown in Figure 7a—c for the as-cast ingot,
-forged billet, and o + 3-forged billet, respectively. The contour values represent 1, while
the shaded regions indicate flow instability. In hot deformation, strain acts as a driving force
for recrystallization, and higher strain levels generally promote DRX [29]. For the 3-forged
and « + 3-forged billets, high-efficiency domains were identified in the temperature range of
900-950 °C at relatively high strain rates (1-10 s~ 1), indicating optimal processing windows.
These domains are typically associated with DRX- or DRV-dominated deformation, leading
to improved microstructural refinement and deformation stability. In contrast, instability
regions correspond to unfavorable deformation modes such as flow localization and should
be excluded from process design. Previous studies by Zhang et al. [18] and Quan et al. [30]
reported optimal deformation conditions for Ti-6Al-4V in the range of 850-950 °C with
relatively low strain rates, depending on the initial microstructure. In comparison, the
present results suggest that stable deformation can also be achieved at higher strain rates
when appropriate thermomechanical conditions are selected. For the as-cast ingot, the
optimal domain was identified near 1100 °C within the 3-phase region (Figure 7a), reflecting
the need for higher temperatures to accommodate the coarse and heterogeneous initial
microstructure. In contrast, both 3-forged and « + B-forged billets exhibited optimal
domains near 920 °C, where enhanced deformation stability and microstructural refinement
are achieved.

Based on the processing map analysis, the as-cast ingot exhibited the highest power
dissipation efficiency within the stable 3-phase region at approximately 1100 °C. However,
for the present study, the processing temperature was intentionally selected at 920 °C
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within the o + 3-phase region under a high-strain-rate region. Although 920 °C does not
correspond to the maximum power dissipation efficiency, it lies within a stable processing
domain and, more importantly, within the dynamic recrystallization region, where signifi-
cant grain refinement can be achieved during hot deformation. The combined effects of
dynamic recrystallization and phase transformation promote the formation of a refined
and homogeneous « microstructure, leading to improved workability and mechanical
performance. Processing under these conditions promotes stable plastic deformation and
effective microstructural refinement, enabling the production of high-quality filler wire
directly from the as-cast ingot. Consequently, the conventional 3- and o« + 3-forging steps
can be eliminated without compromising process stability or the final mechanical perfor-
mance. However, it should be noted that a single 50% height reduction is insufficient to
achieve a fully uniform microstructure in the as-cast ingot. The processing map serves
as a design tool to determine the optimal deformation domain under high-strain-rate
conditions relevant to rolling. The applicability of the selected condition to filler wire
fabrication was further evaluated through hot-rolling experiments, providing insight into
the microstructural evolution and process feasibility during direct conversion from the
as-cast ingot.

(a) as-cast (b) p-forged () o+p-forged

Log(Strain Rate) (s™)
Log(Strain Rate) (s)
Log(Strain Rate) (s™)

-2.0+ T T T T 1 —~ .0 - . »
900 950 1000 1050 1100 1150 1200 700 750 800 850 900 950 1000 750 800 850 900 950 1000

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 7. Processing maps of Ti-6Al-4V at a strain of 0.6 for different initial states: (a) as-cast ingot,
(b) B-forged billet, and (c) « + B-forged billet.

4.4. Microstructural Evolution of Ti-6Al-4V in Different Initial States
4.4.1. Microstructural Evolution of As-Cast Ingot During Hot Deformation

The microstructural evolution of Ti-6Al-4V during hot deformation is strongly gov-
erned by deformation temperature, strain rate, and strain, which collectively determine
the dominant restoration mechanisms and phase transformations [28]. Figure 8 shows
the optical microstructures of the as-cast ingot deformed within the 3-phase region and
subsequently water-quenched. The microstructure consists of the martensitic o’ phase
transformed from the high-temperature 3-phase, reflecting rapid cooling. In addition, a
well-developed {3 subgrain structure is observed within the prior 3 grains (Figure 8a—f).
The prior 3 grain boundaries and subgrain boundaries are indicated by solid black lines
and yellow dashed lines, respectively. At higher strain rates (e.g., >1 s’l), the 3 grains
exhibit pronounced elongation normal to the deformation direction (Figure 8c,f), indi-
cating deformation-induced anisotropy. The formation of subgrain boundaries within
the deformed (3 grains suggests that DRV is the dominant restoration mechanism under
these conditions. This observation is consistent with the findings of Poletti et al. [31], who
reported that DRV governs microstructural evolution in Ti-6Al-4V deformed in the 3-phase
region through the formation of subgrain structures.
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1000°C, 151

Deformation axis =

—

Figure 8. Optical microstructures of as-cast ingot after deformation in the stable domains of the
processing map: (a) 1000 °C, 0.01 s}, (b) 1000 °C, 0.1 571, (c) 1000 °C, 1s~1, (d) 1100 °C, 0.01 571,
(e) 1100 °C, 0.1 s 1, and (f) 1100 °C, 15 1.

The EBSD inverse pole figure (IPF) map of the as-cast ingot deformed in the « + (3-
phase region is shown in Figure 9a. The microstructure contains fine equiaxed grains; how-
ever, grain morphology alone is insufficient to distinguish between DRV and DRX. There-
fore, misorientation analysis was employed [32]. High-angle grain boundaries (HAGBs,
0 > 15°) and low-angle grain boundaries (LAGBs, 2° < 0 < 15°) are distinguished to iden-
tify the dominant deformation mechanisms. In the EBSD maps used in this study, HAGBs
with 8 > 15° were represented in black, and LAGBs with 2° < 8 <5° and 5° < 6 < 15°
were represented in yellow and orange, respectively. DRV is typically characterized by
subgrain formation within elongated grains, whereas DRX produces fine equiaxed grains
bounded by HAGBs. The EBSD results indicate the presence of localized DRX, where
fine equiaxed grains form preferentially along prior $ grain boundaries, resulting in a
necklace-type structure. This behavior is attributed to the accumulation of dislocations
during plastic deformation, where insufficient heat dissipation leads to stored energy that
promotes DRX nucleation [33].

ion axis

1oio

Deformat

2020 <5°  wmm— 500 <]5° s——g>]15°

Figure 9. EBSD IPF maps of as-cast ingot deformed at (a) 900 °C, 0.1 s~! and (b) 1000 °C, 10 s~ .

However, the heterogeneous distribution of DRX grains suggests incomplete recrys-
tallization. For subsequent wire drawing, a homogeneous equiaxed microstructure is
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preferred to ensure adequate ductility and formability. These observations indicate that
a single 50% height reduction in the « + 3-phase region alone is generally insufficient
to convert the as-cast ingot into a wire with a fully uniform microstructure. This result
highlights that the total applied strain is a critical parameter governing microstructural
homogeneity. Consequently, two practical approaches can be considered to address this
limitation. First, an initial deformation step in the 3-phase region can be introduced to
effectively break down coarse prior 3 grains, followed by subsequent deformation in the
o + 3 region to promote uniform DRX. The effectiveness of this approach is supported by
the microstructure obtained after deformation in the 3-phase region (Figure 9b), which
exhibits a refined basket-weave structure composed of fine « lamellae, confirming its role
in enhancing microstructural refinement. Alternatively, microstructural uniformity may
be achieved by applying a greater total strain directly within the o + 3 region. The latter
approach is also supported by previous studies on Ti-6Al-4V, which have shown that the
globularization of the « phase is strongly dependent on accumulated strain. For instance,
it has been reported that only partial spheroidization occurs at a strain of ~1.0, whereas
near-complete globularization can be achieved at a higher strain of ~1.4 under similar
thermomechanical conditions [34]. These findings clearly demonstrate that sufficient strain
accumulation is essential for achieving a homogeneous and refined microstructure. Con-
sidering the objective of this study to develop a cost-effective manufacturing route, the
second approach, namely increasing the total strain within the « + 3 region, offers a more
practical and industrially attractive solution by eliminating the need for additional p-region
processing steps.

4.4.2. Microstructural Evolution of 3-Forged Billet During Hot Deformation

The microstructural evolution of the 3-forged billet was systematically analyzed in
relation to the processing map, considering both stable and unstable deformation do-
mains. Figure 10 shows the combined image quality (IQ)-IPF maps of the 3-forged billet
samples deformed under representative processing conditions at various temperatures
and strain rates. The combined IQ-IPF maps were employed to simultaneously visualize
crystallographic orientation and morphology-related contrast, enabling clearer identifi-
cation of fine equiaxed grains, elongated grains, and local deformation heterogeneity
than an IPF map alone. The microstructure consists of a mixture of fine equiaxed grains
and elongated grains, indicating the coexistence of DRX and DRV mechanisms. Newly
formed grains are predominantly observed along prior grain boundaries (Figure 10a—f),
suggesting boundary-mediated recrystallization. The fractions of HAGBs and LAGBs vary
depending on the deformation condition. The quantitative boundary fraction data are
summarized in Table 2. Fine equiaxed grains bounded by HAGBs correspond to DRX,
whereas elongated grains containing LAGBs represent DRV-dominated regions. At elevated
temperatures (e.g., 1000 °C), the fraction of HAGBs increases significantly (Figure 10e,f),
indicating enhanced recrystallization due to increased atomic mobility and grain boundary
migration. These observations confirm that deformation within the high-efficiency domains
of the processing map promotes DRX and/or DRV, resulting in stable flow behavior and
improved workability.

In contrast, Figure 11 shows distinct deformation-induced defects and instability
mechanisms in the microstructures deformed in the instability domains. Flow localization is
observed at lower temperatures and moderate-to-high strain rates (e.g., 700 °C, 0.1-10 g1
and 800 °C, 1 s71), as shown in Figure 11a,d,g,i. Additionally, kinking of o lamellae is
evident at similar temperatures and strain rates (Figure 11b,e,h,j k), indicating instability
in lamellar « structures. Microvoid formation is also detected at 700 °C under low-to-
moderate strain rates (e.g., 0.1 s land 1 s_l), as shown in Figure 11c,f. This feature is
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attributed to strain incompatibility and stress concentration at grain boundaries [26]. These
instability features are detrimental to mechanical integrity and must therefore be avoided
during thermomechanical processing such as rolling or forging. Overall, although the
-forged billet exhibits improved deformation stability compared to the as-cast ingot,
deformation instability can still develop under unfavorable processing conditions.

2°<9<5° wmmmm 50°<@<]5° wmm—m g>]15°

Figure 10. EBSD combined IQ-IPF maps of -forged billet deformed under different domains of
the processing map: (a) 700 °C, 0.01 s~1, (b) 800 °C, 0.1 571, (c) 800 °C, 1571, (d) 900 °C, 1571,
(e) 1000 °C, 1571, and (f) 1000 °C, 10 s~ 1.

Table 2. Fractions of LAGBs and HAGBs in the p-forged billet deformed under different hot-
deformation conditions.

Initial State Temperature Strain Rate LAGB Fraction HAGSB Fraction

€O (s (%) (%)

700 0.01 49.1 50.9

800 1 50.3 49.7

. 800 0.1 49.3 50.7

B-forged billet 900 1 37.7 62.3
1000 1 14.0 86.0

1000 10 36.6 63.4

4.4.3. Microstructural Evolution of o + 3-Forged Billet During Hot Deformation

Figure 12 shows the EBSD IPF maps of the « + 3-forged billet deformed within the
stable domains of the processing map (Figure 7c). The microstructure is characterized by
deformed « grains containing fine substructures, along with serrated grain boundaries
(Figure 12a—c) [35]. The substructured grains exhibit an average size of approximately
0.8 + 0.3 um and are nearly equiaxed, indicating significant refinement. The presence of
serrated boundaries suggests active grain boundary migration during deformation. At
900 °C and a high strain rate (10 s~!), a uniformly distributed equiaxed o microstructure is
observed throughout the matrix (Figure 12c), with an average grain size of 5.2 + 3.1 pm.
This condition corresponds closely to the high-efficiency domain identified in the processing
map, indicating that DRX is highly active under this condition. The enhanced refinement
observed in the « + 3-forged billet can be attributed to the prior 3 forging followed by
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o + 3 forging, which promotes the progressive breakdown of lamellar structures and facili-
tates recrystallization during subsequent deformation. This demonstrates that sequential
thermomechanical processing is highly effective in achieving microstructural homogeneity
and grain refinement. At higher deformation temperatures (e.g., 950 °C), the microstructure
consists of equiaxed o grains embedded within a transformed (3 matrix (Figure 12d,e). This
behavior is associated with deformation near the 3-transus temperature, where a local
temperature rise due to adiabatic heating (Figure 6e) promotes phase transformation and
reduces the stability of the a phase. Overall, these results provide strong experimental
evidence supporting the effectiveness of the two-stage 3 — « + 3 thermomechanical pro-
cessing route in producing a refined and homogeneous microstructure, which is favorable
for stable deformation behavior and subsequent forming processes. However, it should be
noted that such multi-step processing inherently involves additional thermomechanical
operations, which increase manufacturing complexity and cost. Therefore, although this
approach represents a robust and conventional strategy for microstructural control, it is
not fully aligned with the objective of this study, which aims to develop a simplified and
cost-effective direct manufacturing route from the as-cast ingot.

Deformation axis <=

Figure 11. Optical microstructures of 3-forged billet after hot deformation at (a—c) 700 °C, 0.1s7},
(d—f) 700 °C, 1571, (g,h) 700 °C, 10 s}, (i,j) 800 °C, 1571, and (k) 800 °C, 10 s~ .
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Figure 12. EBSD IPF maps of o + B-forged billet deformed under representative domains of the
processing map: (a) 850 °C, 1 s~1, (b) 900 °C, 1 571, (c) 900 °C, 10 s~ 1, (d) 950 °C, 1571, and
(€)950°C, 105~ 1.

4.5. Wire Fabrication Procedure and Microstructure
4.5.1. Processing Map-Guided Wire Fabrication Procedure

In this study, a processing map-guided thermomechanical design strategy was es-
tablished and subsequently validated through practical wire fabrication. More impor-
tantly, this section aims to experimentally demonstrate the feasibility of a cost-effective
direct processing route from the as-cast ingot. Based on the stable deformation domain
identified in the processing map (Figure 7), an optimum condition near 920 °C under
high-strain-rate deformation was selected as the core processing parameter. To evaluate the
robustness and industrial applicability of this design strategy, filler wires were fabricated
from three different initial states: as-cast ingot, 3-forged billet, and « + B-forged billet, as
illustrated in Figure 13. Both forged billets were intentionally included as benchmark cases
representing conventional thermomechanical processing routes.

The 3-forged billet was produced by hot forging the as-cast ingot in the 3-phase region
(1140 °C) to fragment coarse prior 3 grains, while the « + 3-forged billet was prepared by
secondary forging in the « + 3-phase region (920 °C) to transform « lamellae into equiaxed
o grains. While these pre-processed billets reflect established industrial practices, the
primary objective of this study is to verify whether comparable results can be achieved
through direct processing of the as-cast ingot under optimized conditions. Cylindrical
bars ($12 mm) were machined from each initial state, and multi-step groove rolling was
performed at 920 °C following the processing map design (Figure 7). The diameter was
reduced to 2.8 mm, followed by a stress-relief heat treatment at 600 °C for 2 h. Final wire
drawing was then conducted to obtain a ®1.7 mm filler wire, thereby completing full-scale
validation from process design to final product, as shown in Figure 13.

Hot-rolling of Ti-6Al-4V presents practical challenges, including oxidation, surface
folding, and strong strain rate sensitivity. To mitigate these issues, samples were coated
with Bonderite L-GP 12 and Delta Glaze (LGF 151) prior to deformation. Surface folding
was minimized by optimizing inter-groove spacing to maintain geometric stability, while a
high strain rate (~10 s~1), consistent with the processing map prediction, was employed to
ensure deformation stability. After rolling, surface coatings were removed by sandblasting
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(b)

B-forged

©
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and chemical pickling in a solution of 2% hydrofluoric acid + 20% nitric acid + 78% DI
water, prepared in accordance with ASTM B600 [36], resulting in clean and defect-free wire
surfaces suitable for WAAM applications.

Initial state As hot-rolled As drawn
920°C RT
— —_—
®12 mm ®2.8 mm ®1.7 mm
Initial state As hot-rolled As drawn
920°C RT
—_— —_—
®12 mm ®2.8 mm ®1.7 mm
Initial state As hot-rolled As drawn
920°C RT
— —
®12 mm ®2.8 mm ®1.7 mm

Figure 13. Schematic illustration of filler wire fabrication routes for Ti-6Al-4V from different initial
states: (a) as-cast ingot, (b) B-forged billet, and (c) « + B-forged billet, followed by hot-rolling at
920 °C and room-temperature wire drawing.

4.5.2. Microstructural Evolution During Hot-Rolling and Room-Temperature Drawing

To elucidate the underlying deformation mechanisms and validate the processing
map-guided design, microstructural evolution during hot-rolling and room-temperature
drawing was systematically analyzed using EBSD along the transverse direction (TD).
Figure 14 shows the EBSD microstructures of the wires fabricated from different initial states
after hot-rolling and room-temperature drawing. The as-cast ingot initially exhibits coarse
prior 3 grains with a basket-weave « lamellar structure (x-lamella thickness: 1.0 & 0.4 pm,
Figure 14a). Under the processing map-guided rolling condition at 920 °C, these lamellae
are effectively fragmented into equiaxed o« grains (5.7 & 2.4 um, Figure 14b), indicating that
DRV and DRX mechanisms are actively involved even in the coarse as-cast microstructure.
This behavior is consistent with previous studies reporting that thin « lamellae tend
to fragment into fine equiaxed « grains, whereas thicker lamellae are more prone to
kinking and elongation during hot deformation [37]. This microstructural evolution can be
further rationalized in terms of accumulated strain. Previous studies on Ti-6Al-4V have
demonstrated that the globularization of lamellar o is strongly dependent on strain, where
only partial spheroidization occurs at a strain of ~1.0, while near-complete globularization is
achieved at higher strains exceeding ~1.4 [34]. In this study, the hot-rolling process reduces
the bar diameter from ®12 mm to ®2.8 mm, corresponding to a true strain of ~2.9. This
strain level significantly exceeds the threshold required for effective globularization, thereby
providing sufficient driving force for microstructural refinement and homogenization.
These results clearly indicate that the second approach proposed in this study, namely
achieving microstructural uniformity through increased total strain within the o + 3-phase
region, is not only theoretically valid but also practically realized in the current processing
route. The substantial strain accumulation during multi-step rolling enables effective
breakdown of the initial coarse lamellar structure, eliminating the necessity for additional
-region deformation steps.
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Rolling direction Drawing direction

As drawn

Figure 14. EBSD IPF maps of the Ti-6Al-4V in different initial states: (a—c) as-cast ingot, (d—f) 3-forged
billet, and (g-i) « + p-forged billet, showing microstructural evolution after hot-rolling at 920 °C and
subsequent room-temperature wire drawing.

For the 3-forged billet, the initially refined lamellar structure (2.4 £ 0.5 pm) is further
transformed into a relatively homogeneous equiaxed « microstructure (5.6 + 2.5 um,
Figure 14e). However, this microstructure does not show a significant advantage over
that obtained from the as-cast ingot under the optimized processing route, suggesting that
the contribution of prior f-forging becomes less critical when sufficient strain is applied
during hot-rolling. In the « + -forged billet, the pre-existing equiaxed « grains evolve into
a mixed grain-size distribution due to localized dynamic recrystallization during multi-
step rolling (Figure 14h), reflecting heterogeneous strain accumulation. Such behavior
is consistent with previous studies indicating that localized strain partitioning promotes
fine grain formation in high-strain regions while relatively coarser grains are retained in
low-strain regions [38,39]. Although this route yields a refined microstructure, it requires
additional thermomechanical steps. After room-temperature drawing, all samples exhibit
deformation-induced alignment of « phases (Figure 14c,f,i). The wire fabricated from the
as-cast ingot shows predominantly elongated o features, whereas the wires fabricated from
the p-forged and o + 3-forged billets exhibit more fragmented and refined « structures.
Nevertheless, all wires fabricated from different initial states exhibit a homogeneous and
defect-free final microstructure. Overall, these results demonstrate that sufficient strain
accumulation during processing plays a more dominant role than the initial microstructure
in determining the final microstructural state. This finding provides strong experimental
support for the feasibility of direct processing from the as-cast ingot, aligning with the
objective of developing a simplified and cost-effective manufacturing route.

4.5.3. Texture Evolution

Texture evolution was analyzed to correlate crystallographic behavior with processing
map-guided deformation mechanisms. Figure 15 shows the pole figures of the final wires
after room-temperature drawing. In the pole figures, the horizontal direction corresponds
to the drawing direction (DD), and the vertical direction corresponds to the transverse
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direction (TD). Based on this coordinate system, all wires exhibit a strong fiber texture
with a pronounced <0001>-related component after room-temperature drawing, which
is consistent with deformation accompanied by strong crystallographic alignment in o-
Ti alloys [40,41]. The wire fabricated from the as-cast ingot exhibits relatively moderate
texture intensity, whereas the wires fabricated from the 3-forged and o + 3-forged billets
show progressively stronger <0001> alignment. The grains with different crystallographic
orientations exhibit different slip activity and stored deformation energy, resulting in vari-
ations in dynamic recovery (DRV) and dynamic recrystallization (DRX) behavior. This
difference is attributed to the presence of finer and more uniformly distributed equiaxed o
grains, which facilitate strain partitioning and enhance crystallographic alignment during
deformation. Importantly, this result indicates that processing map-guided deformation
not only ensures microstructural stability but also promotes predictable texture evolu-
tion. Such control is particularly critical for WAAM feedstock, where crystallographic
anisotropy can significantly influence deposition behavior, residual stress evolution, and

mechanical reliability.

Drawing direction
_—
max = 14.947
9524
6.068
3.866
2463
1.569
1.000
0.637

max = 9.396
6.468
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2110
1.453
1.000
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max = 18.352
11.300
6.957
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1.000
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Figure 15. Pole figures of the final Ti-6Al-4V filler wires fabricated from different initial states: (a) as-
cast ingot, (b) B-forged billet, and (c) x + p-forged billet. The horizontal direction corresponds to the
drawing direction (DD), and the vertical direction corresponds to the transverse direction (TD).

4.5.4. Tensile Properties and Limitation of Current Study

The engineering stress—strain curves of the final wires fabricated from different initial
states are shown in Figure 16, and the corresponding quantitative tensile properties are
summarized in Table 3. Together, these results provide critical validation of the proposed
processing-map-guided design strategy. Despite differences in initial microstructure, only
moderate variations in tensile properties are observed. The wire fabricated from the as-cast
ingot exhibits slightly lower strength and ductility due to the partial retention of elongated
« features inherited from the initial coarse microstructure. In contrast, the wires fabricated
from the 3-forged and o + (-forged billets show improved strength—ductility balance.
Among them, the wire fabricated from the o + (-forged billet demonstrates the most
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balanced tensile performance, which can be attributed to its uniformly refined equiaxed
o microstructure.
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Figure 16. Engineering stress—strain curves of Ti-6Al-4V filler wires developed from different initial
states: as-cast ingot, -forged billet, and « + 3-forged billet.

Table 3. Tensile properties of Ti-6Al-4V filler wires developed from different initial states.

o Yield Strength Tensile Strength Elongation
Initial State (MPa) (MPa) (%)
as-cast ingot 1060 £ 21 1408 £ 38 6.7 £0.7

[3-forged billet 1115 £ 18 1431 £ 28 72+0.7
o + -forged billet 1145 £ 16 1452 £ 32 6.8+ 0.5

Importantly, however, the wire fabricated from the as-cast ingot exhibits tensile proper-
ties comparable to those of the wires fabricated from the forged billets. This clearly demon-
strates that the processing map-guided thermomechanical design effectively mitigates
the limitations associated with the initial coarse microstructure by promoting sufficient
microstructural refinement and stable deformation behavior. The development of refined o
morphology (Figure 14) and strong fiber texture with a pronounced <0001>-related com-
ponent (Figure 15) contributes to improved deformation compatibility and more uniform
strain distribution, thereby ensuring a stable strength—ductility balance across all processing
routes. These results provide direct experimental validation of the processing map-guided
design strategy, confirming that high-quality Ti-6Al-4V filler wire can be successfully
fabricated through hot-rolling at 920 °C under high-strain-rate conditions, followed by
room-temperature drawing. Most importantly, the comparative analysis demonstrates that
costly and time-consuming pre-forging steps can be effectively eliminated without compro-
mising tensile performance. This highlights that direct processing from the as-cast ingot is
not only technically feasible but also economically advantageous, offering a simplified and
cost-effective manufacturing route for WAAM filler wire production.

The main limitation of the present study is related to surface oxidation during hot
rolling. Although a delta glaze was applied to protect the wire surface, oxidation could
still occur during hot rolling due to exposure to the high-temperature environment. Conse-
quently, the oxide/scale layer formed on the wire surface was removed by grinding before
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subsequent wire drawing. While this approach was effective for laboratory-scale fabri-
cation, it is not ideal for high-volume industrial production because additional grinding
increases processing time, material loss, and production cost. Therefore, for industrial-scale
manufacturing, a controlled-atmosphere hot-rolling system, such as an enclosed chamber
with an Ar atmosphere, would be desirable to minimize oxidation and reduce the need
for post-rolling surface treatment. Future work will focus on developing and validating
such an inert-atmosphere processing system for continuous and high-volume Ti-6Al-4V
filler-wire production.

5. Conclusions

This study established and experimentally validated a processing map-guided ther-
momechanical design strategy for the fabrication of Ti-6Al-4V filler wire for WAAM ap-
plications, with particular emphasis on the feasibility of direct processing from an as-cast
ingot. The main conclusions are summarized as follows:

(1) The hot deformation behavior of Ti-6Al-4V was systematically characterized over
a wide range of temperatures (700-1200 °C) and strain rates (0.01-10 s~!) using
specimens with three different initial states: the as-cast ingot, the 3-forged billet,
and the « + 3-forged billet. ANN-assisted correction enabled reliable estimation of
isothermal flow stress by compensating for non-isothermal effects.

(2) Processing maps constructed from the corrected data identified stable deformation
domains governed by DRV and DRX, as well as instability regions associated with
flow localization and microstructural damage. An optimum thermomechanical con-
dition near 920 °C under high-strain-rate deformation was identified as a robust
processing window.

(3) The validity of the processing map-guided design was confirmed through full-scale
wire fabrication. Under the optimized condition, high-quality Ti-6Al-4V filler wire
(®1.7 mm) was successfully produced via multi-step hot-rolling followed by room-
temperature drawing, even when starting directly from the as-cast ingot.

(4) The multi-step rolling process introduced a large accumulated strain (~2.9), signifi-
cantly exceeding the critical strain required for effective globularization of lamellar
. This high-strain level enabled substantial microstructural refinement and homog-
enization, demonstrating that, under the optimized thermomechanical conditions,
the final microstructure is governed primarily by the imposed strain rather than the
initial microstructure.

(5) All fabricated wires exhibited a strong fiber texture with a pronounced <0001>-related
component, and the evolution of refined o morphology and texture contributed
to stable deformation behavior and a consistent strength—ductility balance. As a
result, only moderate variations in tensile properties were observed among different
initial states, with the wire fabricated from the as-cast ingot showing performance
comparable to the wires fabricated from the forged billets.

These results demonstrate that the conventional requirement for prior  or « + f3
forging can be effectively replaced by a strain-controlled thermomechanical approach
within the « + 3 region. Consequently, the proposed strategy enables direct and cost-
effective manufacturing of high-quality Ti-6Al-4V filler wire from as-cast ingots, offering a
simplified and industrially attractive alternative to conventional billet-based processing
routes for WAAM applications.

Supplementary Materials: The following supporting information can be downloaded at

https:/ /www.mdpi.com/article/10.3390/met16090950/s1, Figure S1: Flow stress curves of as-cast
ingot during isothermal compression at (a) 900 °C, (b) 1000 °C, (c) 1100 °C, and (d) 1200 °C; Figure S2:
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Instantaneous temperature profiles of as-cast ingot during hot deformation at (a) 900 °C, (b) 1000 °C,
(c) 1100 °C, and (d) 1200 °C.
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