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1. Introduction

αþ β titanium alloys with high levels of β-stabilizers such as
Ti-6Al-4V are among the most widely researched titanium alloys
in the field of additive manufacturing (AM).[1–3] They have already
been successfully applied in printed form and are particularly prom-
inent in the aerospace and medical industries due to their excellent
biocompatibility, low density, and high specific strength.[4–11]

The microstructure of Ti-6Al-4V is highly sensitive to solidifi-
cation conditions and the thermal history of the manufacturing
process.[2,3,12,13] At room temperature, the alloy typically consists
of a hexagonal close-packed (HCP) α-phase and a body-centered
cubic (BCC) β-phase.[14,15] In AM, the β-phase transforms back to
the primary α-phase under low cooling rates, or to a martensitic

α 0-phase under high cooling rates. The
volume fraction and morphology of
the α-phase are strongly influenced by the
cooling rate.[2,12,13] The grain structure of
Ti-6Al-4V is typically characterized by pla-
nar growth across all AM processes, includ-
ing laser powder bed fusion (PBF-LB/M)
and electron beam melting (PBF-EB/M),
despite the high solidification rates
involved.[3,12] Bermingham et al. investi-
gated the role of solute elements in grain-
refining mechanisms in Ti-6Al-4V and
attributed this phenomenon to the high par-
tition coefficients of aluminum and vana-
dium in titanium, which are close to one.[16]

A. A. Antonysamy et al. proposed an addi-
tional explanation for the formation of pla-
nar grains, suggesting that the narrow

solidification range of Ti-6A-l4V limits the degree of constitutional
supercooling, thereby reducing the nucleation of equiaxed
grains.[17] The influence of alloying elements such as Ni, Co, and
Cu has been investigated to promote the columnar-to-equiaxed
grain transition in titanium alloys.[18–20]

The mechanical properties of Ti-6Al-4V alloy are strongly
influenced by its microstructure, which is determined by
manufacturing process and can be tailored through appropriate
heat treatment.[21–24] PBF-LB/M leads to the formation of a mar-
tensitic α 0-phase (acicular) at high cooling rates. This results in a
high tensile strength of around 1260MPa at room temperature
and an elongation of ≈7%.[25] Elongation can be improved to over
10% by applying different heat treatments or hot isostatic press-
ing (HIP) to the as-built specimens. However, the tensile strength
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The effect of stress relieving and substrate preheating on the grain refinement of
additively manufactured Ti-6Al-4V at room and elevated temperatures is inves-
tigated. Specimens are produced using wire-based directed energy deposition
under vacuum conditions. The microstructure is characterized by scanning
electron microscopy (SEM), electron backscatter diffraction (EBSD), and X-ray
diffraction (XRD). Tensile tests are conducted at room temperature and at 700 °C.
The as-deposited specimens exhibit a heterogeneous microstructure consisting
of fine acicular α 0-martensite and fine Widmanstätten structures. Substrate
preheating at 600 °C enables a complete transition from a columnar grain
structure in the as-deposited condition to a refined prior-β grain structure. The as-
substrate-heated specimens show the highest tensile strength of 1010MPa with
3% elongation at room temperature and 600MPa with 15% elongation at 700 °C.
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decreases to a range of 840–1000MPa due to the formation of a
lamellar mixture of α and β upon cooling.[22,25–28] A mixture of fine
α- and β-phases solidified during the PBF-EB/M processing of Ti-
6Al-4V specimens due to the greater penetra-
tion depth, which led to lower cooling rates compared to
PBF-LB/M.[29,30] Subsequently, a lower tensile strength of
≈930–980MPa was observed, accompanied by higher elongation
exceeding 9.5%, attributed to the presence of lamellar α-phase.[29]

Higher applied laser power, combined with slow cooling rates
resulting from multiple repeated thermal cycles during powder-
based directed energy deposition Laser beam Direct Energy
Deposition for metal additive manufacturing (DED-LB/M), enhan-
ces the stabilization of a heterogeneous microstructure. This
depends not only on the applied process parameters but also on the
distance from the cooled substrate. Colonies of α-Widmanstätten
morphology, including basket-weave structures, along with
large prior-β grains, are the main characteristic features of the
as-deposited microstructure in Ti-6Al-4V specimens.[31–34] The
as-deposited Ti-6Al-4V specimens exhibit a high tensile strength
of 1000–1100MPa and an elongation exceeding 10%.[35]

Wire-based AM has been increasingly used in recent years for
the rapid fabrication of Ti-alloys for large-scale lightweight
components.[36–40] Wire-arc directed energy deposition (DED)
is the most extensively researched technique for processing dif-
ferent types of titanium alloys, including both αþ β and β-phase
alloys.[36–41] G. Zhang et al. reported a tensile strength of
953MPa with a 6% elongation at room temperature for
as-deposited Ti-6Al-4V specimens fabricated using wire-arc
DED.[41] However, the resulting large melt pools and high
thermal gradients in the as-deposited specimens promote
microstructural coarsening and anisotropic mechanical
properties.[36–41] Similar microstructural behavior has also been
observed in as-deposited Ti-6Al-4V specimens fabricated via
wire-laser DED.[42] P. Akerfeldt et al. produced wire-laser DED
Ti-6Al-4V specimens with tensile strengths ranging from 850

to 950MPa, depending on the printing direction, and elonga-
tions between 10% and 18%.[42] Wire-laser DED is still rarely
researched for Ti-alloys; however, compared to the wire-arc DED
process, it produces shorter melt pools, which could help stabilize
the desired microstructure. Nevertheless, oxidation during
wire-based DED remains an issue that needs to be resolved.
The presence of a heterogeneous microstructure, combined with
significant thermal gradients and resulting anisotropicmechanical
properties, remains the primary obstacle to the broader application
of wire-based DED for fabricating large Ti-6Al-4V components.
These challenges constitute the primary motivation for this study.

In this work, a wire-based DED process operating under vacuum
(10�3mbar) is used to deposit Ti-6Al-4V components. The primary
focus of the study is to investigate the influence of substrate pre-
heating temperature on reducing thermal gradients and enhancing
the homogeneity of the resulting microstructure. In addition, the
evolution of oxygen content during repeated thermal cycles will be
examined. Microstructural characterization and tensile testing at
both room and elevated temperatures will be carried out on the
as-deposited materials as well as after stress relief heat treatment.

2. Experimental Section

The wire used in this study was a titanium alloy, Ti-6Al-4V
(Grade 5, E. Reim GmbH, Germany), with a diameter of
1.0mm. The chemical composition is given in Table 1.
Substrates made from the same titanium alloy were used, with
dimensions of 180� 90mm and a thickness of 15mm. Prior to
printing, the substrate surface was sandblasted using 99.8%
Al2O3 (SMG 100, MHG Strahlanlagen GmbH, Germany).

The wire-based laser direct energy deposition (DED-LB/M)
system under vacuum used was developed by Evobeam
GmbH (Figure 1a,b). The DED-LB/Ti-6Al-4V process was con-
ducted in a vacuum chamber maintained at 10�3 mbar, com-
bined with an argon shielding mechanism at a flow rate of
4 Lmin�1. Two external heat sources were employed: an IPG
Photonics YLR laser system with a 2 kW laser power and a pre-
heating system integrated into the wire feeder. The wire preheat-
ing system operated at a maximum power of 220 A. The wire
feeder nozzle was positioned at a 30° angle relative to the

Table 1. Chemical composition of Ti-6Al-4V alloy in weight percentage.

Al V O Fe H C N Ti

6.2 4.0 <0.2 <0.3 <0.0015 <0.08 <0.05 Rest

Figure 1. a) In situ photograph capturing the DED-LB/M process in operation, developed by EvobeamGmbH. b) Schematic illustration of the DED-LB/M
process, which uses a preheated substrate and wire preheating as secondary external heat sources.
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substrate surface. The movement of the work table in X and Y
axes (horizontal plane) was controlled by a CNC table
(SINUMERIC D5000 system, SIEMENS, Germany). The applied
process parameters, including laser power, wire feed speed, table
speed, energy required for wire heating, and wobbler radius, are
summarized in Table 2 (only the optimized parameters are
shown). To investigate the influence of substrate heating, the
substrate was inductively preheated to a temperature of 800 °C
for some printing tests. The printed specimens have the dimen-
sions of 55� 4� 45mm (Figure 2a–c). To minimize pore forma-
tion, the deposition path was rotated by 90° for each subsequent
layer (zig–zag deposition strategy, Figure 1).

The process parameters were not constant throughout the
entire manufacturing process. Initially, high laser power and sig-
nificant wire heating were necessary to ensure proper wire melt-
ing. However, after ≈30% of the specimen volume was built,
both laser power and wire heating were reduced to prevent exces-
sive melting and minimize layer overlap (Figure 2a,b).

The as-deposited specimens were stress-relieved at 800 °C for 4 h
under an argon atmosphere in a furnace (HK-315, Linn High
Therm GmbH, Germany), following DIN 65 084. Cooling was per-
formed first in the furnace, then in air. Formicrostructural analysis,
specimens were cut from the as-deposited bulk in two orientations:
longitudinal (X–Y ) and cross-section (Z ), as shown in Figure 2c.

Cross-sections of all the tested specimens were grounded and
polished and etched with the Kroll’s etching reagent for micro-
structural investigations using optical (Axioskop, Carl Zeiss AG,
Germany) and electron microscopies. The microstructure and
chemical composition were characterized using a scanning elec-
tron microscope (SEM, Zeiss EVO MA15, Germany) equipped

with an energy-dispersive X-ray spectrometer (EDX). For electron
backscatter diffraction (EBSD) analysis, the specimens were further
polished for 8 h using a 0.08 μm OP-U colloidal silica suspension
on a VibroMet 2 vibratory polishing machine (Buehler, Esslingen,
Germany). The SEM used for the EBSD analyses was a TESCAN
MIRA4GMU, equipped with an EDAXVelocity Pro EBSD camera.
Oxygen and nitrogen content were determined based on the carrier
gas hot extraction technique (EMGA-Emia, HORIBA Yobin Yvon,
Japan). Phase identification was performed by X-ray diffraction
(XRD, Bruker D8 advance diffractometer, Germany).

Tensile tests were conducted on as-deposited and as-substate-
heated specimens at room temperature (RT) and at 700 °C using
a tensile testing device (DDS-3, Kammrath & Weiss GmbH,
Germany) at a strain rate of ≈1.3 � 10�3s�1. Flat tensile speci-
mens (Figure 2d) with a total length of 49mm, a gauge length of
15mm, and a thickness of 1 mm were prepared. As shown in
Figure 2c, the test samples were cut from the longitudinal section
(X-Y ) of Area 2, perpendicular to the deposition direction (Z ).

The different test conditions of the printed specimens and
their corresponding abbreviations are listed in Table 3.

3. Results

3.1. Microstructure of Printed DED-LB/Ti-6Al-4V Specimens

3.1.1. As-Deposited Specimens

The as-deposited specimens, both with and without stress-
relieving, as shown in Figure 3a,b, exhibit irregular equiaxed

Figure 2. Images illustrating the impact of DED-LB process parameters on as-deposited-bulk Ti-6Al-4V specimens under two conditions: a) with constant
process parameters; b) with reduced laser power and wire heating after ≈30% of the specimen’s volume was deposited; and c) front view of the
as-deposited block, indicating the region selected for microstructural analysis, and d) dimensions of the tensile test specimens.

Table 2. Applied process parameters for printing of as-deposited blocks.

Parameter 30% of the initial
printed layers

Rest of the
printed specimen

Laser power [kW] 1600 100

Wire heating [A] 132 110

Wire feed speed [mmmin�1] 1800 1800

Table speed [mm s�1] 650 650

Wobbler Radius (WR) [mm] 0.8 1.0

Table 3. Summarizes the different test conditions of the printed
specimens along with their abbreviations used in this study.

As-deposited-bulk Without substrate heating,
without any stress-relieving

As-deposited-Stress-relieved (SR) Without substrate heating,
stress-relieved at 800 °C/4 h

As-substate-heated With 800 °C substrate heating,
without any stress-relieving

As-substate-heated-SR With 800 °C substrate heating,
stress-relieved at 800 °C/4 h
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grain formation with sizes approximately between 1 and 1.5 mm
in the lower region near the substrate. This region extends about
5mm in the as-deposited-bulk specimens and ≈10mm in the as-
deposited-Stress-relieved (SR) specimens. In the middle and
upper regions, large prior-β columnar grains aligned parallel
to the build direction are stabilized, with lengths exceeding
10mm and widths ranging from 1 to 3mm in both tested as-
deposited specimens.

The SEM micrograph of the lower region (Area 1) of the as-
deposited-bulk specimen (Figure 4b) reveals very fine acicular
α 0-martensite structures. In contrast, a coarser αþ β phase mix-
ture in the form of a fine basket weave (Widmanstätten structure)

is observed in Area 2 (Figure 4a). Grain boundaries (αGB) in both
areas are visible in Figure 4a,b. In Area 2, the primary alpha (α)
phase is oriented perpendicularly to the αGB. In the case of the
as-deposited-SR specimens, both analyzed areas exhibit a coarsen-
ing of the basket weave (Widmanstätten structure) compared to the
as-deposited-bulk specimens (Figure 4c,d). The thickness of the
grain boundaries (αGB) is noticeably greater in the upper regions
than in the lower regions. The α-lamellae width in the as-deposited-
bulk specimens is ≈1.0 μm, whereas in the as-deposited SR speci-
mens, it is about 2.5 μm. EBSD images reveal the growth of large
prior-β columnar grains aligned parallel to the build direction
in both the as-deposited-bulk and as-deposited-SR specimens

Figure 3. Optical micrographs of the printed specimens: a) as-deposited-bulk, b) as-deposited-SR, c) as-substrate-heated, and d) as-substrate-heated-SR.

Figure 4. SEM micrographs of the specimens a,b) as-deposited-bulk, c,d) as-deposited-SR, e,f ) as-substrate-heated, and g,h) as-substrate-heated-SR.
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(Figure 5a,b). A finer Widmanstätten structure is observed in the
as-deposited-bulk compared to the as-deposited-SR.

The XRD pattern of the as-deposited-bulk specimen in the
lower region (Area 1) shows peaks corresponding to the α 0, α,
and β phases (Figure 6a,b). The α 0 peaks are clearly visible in
the enlarged section of the diffraction pattern shown in
Figure 6c. In Area 2, only peaks related to the α and β phases
are present. For the as-deposited-SR specimens, the XRD pat-
terns in both areas 1 and 2 display peaks corresponding to the
α and β phases, with a substantial reduction in β-phase peak
intensity observed in both regions (Figure 6a,b).

3.1.2. As-Substrate-Heated Specimens

The optical images show an irregular formation of equiaxed
grains in both as-substrate-heated specimens. The grain sizes
range from 0.5 to 3mm in the as-substrate-heated condition
and from 1 to 5mm in the as-substrate-heated-SR specimens
(Figure 3c,d). In both cases, the layer bands are clearly visible
and evenly spaced throughout the structure, with thicknesses
of 3mm and 4.5mm in the as-substrate-heated and as-substrate-
heated-SR specimens, respectively. Grain growth is continuous
across the layer bands.

The lower region (area 1) of the as-substrate-heated specimens
exhibits a mixture of coarse Widmanstätten structures (marked
with a circle) and α-colonies. In contrast, the upper regions
(area 2) show a higher concentration of α-colonies with only small
areas of Widmanstätten structures (Figure 4e,f ). The average
α-lamellae width in the as-substrate-heated specimens is ≈2.8 μm.
Very coarsened α-lamellar are observed in the as-substrate-heated-
SR specimens, with an average α-lamellae width of ≈4 μm

(Figure 4g,h). However, the α-plates are slightly thinner in the
upper region (Area 2) compared to the lower region (Area 1).

The EBSD images show the formation of equiaxed grains with
no preferred orientation in both as-substrate-heated conditions
(Figure 5c,d). The XRD patterns of the as-substrate-heated-SR
shows strong peaks belonging to α-phase (Figure 6a,b).

3.2. Oxygen and Nitrogen Content

Figure 7 illustrates the oxygen (O2) and nitrogen (N2) content,
measured in parts per million (ppm), across three different
processing conditions of DED-LB/Ti-6Al-4V: as-deposited-bulk,
as-deposited-SR, and as-substrate-heated-SR, as well as the
initially used wire (Ti-6Al-4V).

A clear increasing trend in oxygen content is observed across
the processing conditions. Starting at ≈35 � 0.8 ppm in the
wire, the oxygen concentration progressively increases in the
as-deposited specimens, reaching a maximum of 197 � 31 ppm
in the as-substrate-heated-SR condition. In contrast, the nitrogen
content remains relatively stable across all conditions, ranging
from 1.1� 0.8 ppm in the initial wire to a maximum of
3� 1.6 ppm in the as-deposited specimens.

3.3. Mechanical Properties

3.3.1. As-Deposited Specimens

The Vickers hardness (HV1) is ≈336 for the as-deposited-bulk
specimen and 344 for the as-deposited-SR specimen, as shown
in Figure 8a. The tensile strength at room temperature for the
as-deposited-bulk specimen is 750MPa, with an elongation of

Figure 5. EBSD images and large area mapping for a) as-deposited-bulk, b) as-deposited-SR, c) as-substrate-heated, and d) as-substrate-heated-SR.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2026, 28, e202502223 e202502223 (5 of 11) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2026, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202502223 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [07/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


5%–6%. In contrast, the as-deposited-SR specimens exhibit a
higher tensile strength of 850MPa and with a notable improve-
ment in ductility, reaching 10%–11% (Figure 8b).

At 700 °C, the tensile strength of the as-deposited-SR speci-
men is 400MPa, with an elongation of ≈9%. No tensile testing
was conducted for the as-deposited-bulk specimens due to their
lower mechanical properties at room temperature.

3.3.2. As-Substrate-Heated Specimens

The average Vickers hardness is 392 for the as-substrate-heated
specimens and 436 for the as-substrate-heated-SR specimens

(Figure 8a). At room temperature, both the as-deposited-bulk
and as-deposited-SR specimens exhibit similar tensile mechani-
cal behavior, with a tensile strength of 1010MPa and an elonga-
tion of 3% (Figure 8b).

At 700 °C, tensile strengths of ≈600MPa and 500MPa
were measured for the as-substrate-heated and as-substrate-
heated-SR specimens, respectively. The elongation exceeded
9% for the as-substrate-heated-SR specimens and reached
around 14%–15% for the as-substrate-heated specimens
(Figure 8c).

4. Discussion

4.1. Effect of Stress Relieving and Substrate Heating on the
Microstructural Evolution of as-Deposited Specimens

The formation of planar (columnar) grains in additively manu-
factured specimens of the Ti-6Al-4V alloy is a common phenom-
enon.[3,12,16,17] The columnar grain structure results from the
combined effect of the high thermal gradient during solidifica-
tion and the minimal solute segregation. However, in this study,
the growth of equiaxed grains near the substrate surface in both
the as-deposited-bulk and as-deposited-SR specimens can be
attributed to the cold substrate surface (Figure 3a,b). This condi-
tion promotes the nucleation of equiaxed grains in localized
regions near the surface. Nevertheless, due to the repeated ther-
mal cycling during the DED-LB/M process, the high thermal gra-
dients and low cooling rates in the upper deposited layers inhibit

Figure 6. a,b) XRD diffraction patterns of all tested specimens in both Areas 1 and 2, and c) enlarged section of the diffraction pattern for the
as-deposited-bulk specimens.

Figure 7. Measured oxygen (O2) and nitrogen (N2) content in the
as-deposited-bulk, as-deposited-SR, and as-substrate-heated-SR speci-
mens, compared to the initially used wire. Error bars represent the
standard deviation based on a minimum of three measurements.
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the nucleation of equiaxed grains across the entire printed block.
The high thermal gradient in both as-deposited-bulk and
as-deposited-SR specimens promotes the heterogeneous micro-
structure, as shown in Figure 4a–d and Figure 5a,b. The higher
cooling rates in the regions near the substrate promote the for-
mation of a fine α 0-martensitic structure. In contrast, in the
upper regions of the printed specimens, a fine Widmanstätten
structure with α-lamellae widths below 2 μm is observed in the
as-deposited-bulk specimens. The effect of high cooling rates
and rapid solidification on the stabilization of very fine
α 0-martensitic and Widmanstätten structures has been reported
previously.[2,17,43,44] Stress relieving at 800 °C for 4 h in the as-
deposited specimens tends to promote the formation of a fine
Widmanstätten structure in the lower regions (area 2) and a
slightly coarser Widmanstätten structure with α-lamellae widths
of ≈2.5 μm in the upper regions (area 1). Heat treatment below
the β-transus temperature (994 °C) leads to fine α-precipitation
and martensite decomposition, rather than the formation of a
coarser α and βmixture.[2,23,43,44] Due to the nonuniform cooling
rates within the same deposited block, the microstructural
evolution pathway can be described as follows

ðas-deposited-BulkÞ lower regions L ! β

! ðfineÞ α0 þ ðfineÞ αGB
(1)

ðas-deposited-BulkÞupper regionsα0
! ðfineÞ αþ β þ ðfineÞ αGB

(2)

ðas-deposited-SRÞ lower regions α0
! ðfineÞ αþ βþðfineÞαGB

(3)

ðas-deposited-SRÞupper regionsα0
! ðfineÞ αþ β þ ðfineÞ αGB

(4)

Continuous substrate heating at 600 °C throughout the DED-
LB/M process promotes the development of lower thermal gra-
dients and, consequently, slower cooling rates. These conditions
enhance the homogeneity of the microstructure across the entire
deposited block. This is evidenced by the formation of similar
solidified phases in various regions, characterized by coarser
Widmanstätten structures and α-lamellae in both the upper

and lower areas of the substrate-heated specimens, in contrast
to the as-deposited specimens (see Figure 4e,f ). An additional
stress-relief step applied to the substrate-heated block results
in the formation of significantly coarser α-plates, with an average
α-lamellae width of ≈4 μm in both the upper and lower regions
(see Figure 4g,h).

A unique phenomenon promoted by continuous substrate
heating is the nucleation and stabilization of equiaxed grains
throughout the entire blocks under both as-substrate-heated
and as-substrate-heated-SR conditions (see Figure 3c,d and
Figure 5c,d). N. Derimow et al. reported that a HIP process at
a high temperature of 1050 °C, applied to additively manufac-
tured specimens produced by the PBF-LB/M process, resulted
in an equiaxed prior-β grain morphology.[45] In the present study,
the substrate heating temperature is 600 °C, which is below the
β-transus temperature. However, the formation of equiaxed
prior-β grains is attributed to multiple factors: continuous
substrate heating, the high applied laser power, low thermal gra-
dients, and repeated thermal cycling. As a result, the temperature
of the molten layers consistently exceeded 1000 °C. These condi-
tions allow the molten layers to remain in the high-temperature β
phase field for an extended period, which promotes equiaxed
recrystallization of the fully βmicrostructure. Another effect that
enhances the stabilization of equiaxed grain growth throughout
the entire block is the combination of a low thermal gradient and
high solute segregation. The low thermal gradients result from
continuous substrate heating, while the increased oxygen content
in the substrate-heated condition acts as a solute element.
J. Wainwright et al. reported that the transition from columnar
grains to refined prior-β grains in additively manufactured speci-
mens produced by the wire-arc DED process can be achieved by
controlling the specific energy density of the deposited material,
thereby reducing the thermal gradient.[46] Wang et al. reported
that by forcing the feedstock to penetrate the melt pool, they
achieved 80 vol% equiaxed prior-β grains in specimens fabricated
via the wire-arc DED process.[47] They assumed that a localized
negative thermal gradient caused by the feedstock acts as a nucle-
ation front at the top of the melt pool, with additional agitation
promoting nucleation and dendrite fragmentation.[47] Applying a
high preheating substrate temperature during the PBF-LB/M
process promotes the full decomposition of the α 0 martensitic
microstructure into a stable αþ β equilibriummicrostructure.[48]

Figure 8. a) Vickers hardness (HV1) of all tested specimens with error bars representing the standard deviation based on a minimum of three measure-
ments, and b,c) tensile stress–strain curves (b) at room temperature (RT) and (c) at 700 °C.
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However, the stabilization of equiaxed grains was not success-
fully achieved by using high preheating substrate temperatures
during the PBF-LB/M process.[48] Quasiequiaxed microstruc-
tures in PBF-LB/M-manufactured Ti-6Al-4V specimens can be
obtained through rapid heat treatment.[49–51]

For both the as-substrate-heated and as-substrate-heated-SR
conditions, the same microstructural evolution can be described
as follows:

ðas-substrate-heated=SRÞ α0 ! β ! ðcoarseÞ αþ β þ αGB (5)

The stress relieving treatment and substrate heating result in
additional effect compared to the as-deposition specimens. As
shown in Figure 7, a continuous increase in oxygen content
can be observed relative to both the initial state of the wire
and the as-deposition condition. The increase in oxygen content
in the substrate-heated-SR specimens reached up to four times
higher than in the as-deposited-bulk condition. This rise is pri-
marily attributed to repeated thermal cycling, which introduces
additional oxygen into the molten layers. Similar behavior
regarding oxygen uptake in additively manufactured Ti-6Al-4V
specimens produced by a powder-based DED process was
reported by B. E. Carroll et al.[35]

Layered banding (or banded microstructure) typically occurs
in additively manufactured Ti-6Al-4V due to cyclic thermal
histories during layer-by-layer deposition. These bands often cor-
respond to isothermal lines near critical transformation temper-
atures (e.g., α-dissolution or the β-transus). In as-deposited
specimens, a high thermal gradient dominates, characterized
by a steep temperature difference between the melt pool and
the surrounding material, combined with short interlayer times.
Consequently, heat does not penetrate deeply into the previously
deposited layers, minimizing thermal cycling near the β-transus,
an essential condition for band formation. As a result, the
distinct α-plate coarsening that normally produces bands is sup-
pressed. This has been proved by the solidified fine microstruc-
ture in both as-deposited conditions, as shown in Figure 4a–d. In
contrast, in substrate-heated specimens, the lower thermal gra-
dient stabilizes the deposited layers at elevated temperatures near
the β-transus. This promotes α-dissolution and reprecipitation
cycles, thereby enhancing layered band formation (see
Figure 3c,d). This phenomenon could be attributed to the devel-
opment of equiaxed β grains.

4.2. Influence of the Microstructure on the Mechanical
Performance

A continuous increase in hardness is achieved by applying stress
relief and substrate heating, rising from 336 HV1 for the
as-deposited bulk to 436 HV1 for the stress-relieved and
substrate-heated condition (see Figure 8a). The formation of fine
acicular α 0-martensite was observed only in localized and small
regions near the substrate under the as-deposited-bulk and as-
deposited stress-relieved (SR) conditions; therefore, its effect
can be considered negligible (see Figure 5a–d). The stabilization
of a more uniform interlocked basket-weave structure and
α-lamellae after stress relief and substrate heating is considered
the major factor contributing to the increased hardness.

A similar behavior was reported by Y. Chen et al. for laser-arc
additively manufactured Ti-6Al-4V specimens.[52]

The lowest tensile strength at room temperature was observed
in the as-deposited-bulk specimens, with an elongation of ≈6%.
After stress relief, an enhancement in tensile strength (850MPa)
and a doubling of elongation were achieved. Both the
as-substrate-heated and as-substrate-heated-SR conditions pro-
moted the highest tensile strength of around 1000MPa, although
with a low elongation of ≈3% (see Figure 8b–c). The major
microstructural evolution factors during stress relief and
substrate heating include the coarsening of the fine
Widmanstätten structure present in the as-deposited-bulk condi-
tion, leading to the stabilization of coarsened α-lamellar and
α-colony structures after substrate heating.

The main factors play a major role in enhancing the tensile
properties of Ti-6Al-4V specimens: α-lamella width, α-colony
size, prior-β grain size, and prior-β grain boundaries (αGB).
Typically, tensile strength decreases with increasing α-lamella
width.[44,53] However, this relationship is more complex and
should be considered alongside the volume fraction of
α-lamellae.[44,53] The tensile strength tends to increase with a
higher volume fraction of α-lamellae, up to a tipping point,
beyond which very coarse α-lamellae have a significantly negative
impact on tensile strength. Figure 9 illustrates the relationship
between α-lamellae width and tensile strength at room tempera-
ture under different deposited material conditions. In this study,
tensile strength increases with both α-lamellae width and volume
fraction, reaching an optimal point for the as-substrate-heated
condition. Further stress relieving of the as-substrate-heated
specimens leads to excessive coarsening of the α-lamellae, result-
ing in a decline in tensile strength. Stress relieving (SR) treat-
ment does not significantly alter prior-β grain size, but it
thickens αGB and makes grain boundaries more distinct in
EBSD maps (see Figure 3a–d and Figure 5a–b). These changes
enhance both hardness and tensile strength of as-deposited
specimens. However, the β grain size plays a more significant
role in influencing the tensile properties of the Ti-6Al-4V alloy
than the α-lamellae width. Tensile strength increases as the β
grain size decreases. This explains the highest tensile strength
observed in the as-substrate-heated condition, which exhibits
equiaxed grains, compared to the as-deposited condition that fea-
tures large columnar grains (see Figure 5a–d). In this study,

Figure 9. Relationship between α-lamellae width and tensile strength
under different deposited material conditions.
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elongation exhibits a decreasing trend with increasing α-lamellae
width. This can be attributed to the fact that thick α-lamellae
effectively hinder dislocation movement, which reduces the
elongation of the as-substrate-heated specimens. An increased
oxygen content under as-substrate-heated conditions could be
an additional contributing factor to enhanced tensile strength
and reduced elongation. B. E. Carroll et al. reported similar posi-
tive effects of oxygen uptake, around 125 ppm, on mechanical
performance.[35] In this study, the oxygen content under
as-substrate-heated conditions is higher, ≈200 ppm.

At 700 °C, the as-substrate-heated condition exhibits the high-
est tensile strength of 600MPa, along with the highest elongation
of 14%–15%. In contrast, the lowest tensile strength and smallest
elongation are observed in the as-deposited-SR condition. This
concludes that the refinement of the prior-β grain structure,
combined with slower cooling rates resulting from lower thermal
gradients, promotes more uniform microstructures, generally
more favorable for mechanical performance. B. Meier et al.
reported elevated tensile properties of additively manufactured
PBF-LB/M Ti-6Al-4V specimens at 500 °C, where the tensile
strength under different heat treatment conditions ranged
between 660 and 756MPa, with elongation values of
12%–17%.[54] The elevated mechanical properties obtained at
700 °C in this study, attributed to the full refinement of the
prior-β grain structure in specimens manufactured using wire-
laser DED, are comparable to those of specimens produced via
PBF-LB/M, which were tested at a lower temperature of 500 °C.

The tensile properties of Ti-6Al-4V alloy produced using dif-
ferent AM processes at room temperature are well investigated.
Figure 10 shows a comparison of the tensile properties of
Ti-6Al-4V specimens manufactured using various AM processes
at room temperature. Table 4 summarizes the microstructure asso-
ciated with different AMprocesses. The highest tensile strength and
elongation were achieved by stabilizing a fine α 0 martensitic struc-
ture using the PBF-LB/M process, followed by optimized two-step
heat treatments such as high-temperature annealing combined with
ageing at temperatures below 600 °C (the decomposition tempera-
ture of α 0). Ti-6Al-4V specimens manufactured using the powder-
based DED-LB/M process also exhibited a similar range of tensile
strength but lower elongation, due to the formation of a fine
Widmanstätten structure.[55–57]

The PBF-EB/M process stabilizes a mixed microstructure con-
sisting of fine Widmanstätten, primarily α-phase, and a small
amount of β-phase. This results in slightly reduced tensile
strength compared to specimens manufactured using PBF-LB/
M and powder-based DED-LB/M process. A similar microstruc-
tural evolution is observed in the as-substrate-heated specimens
examined in this study, which exhibit slightly higher tensile
strength. However, the elevated tensile properties at 700 °C for
the as-substrate-heated condition are comparable to the tensile
properties of Ti-6Al-4V specimens manufactured using PBF-
LB/M, which were tested at a lower temperature of 500 °C.

5. Conclusion

Ti-6Al-4V specimens deposited using wire-based DED, followed
by stress relieving (SR) and substrate heating at room and
elevated temperatures, were investigated.

The as-deposited-bulk and as-deposited-SR specimens exhibit
a heterogeneous microstructure consisting of fine acicular
α 0-martensite and fine Widmanstätten structures within large
prior-β grains, with lengths exceeding 10mm and widths rang-
ing from 1 to 3mm. Small regions near the substrate show the
growth of equiaxed grains.

A full refinement of the prior-β grains was achieved in the
as-substrate-heated conditions, with grain sizes ranging from
0.5 to 5mm. Grain growth is continuous across the layer bands.
The microstructure in both conditions consists of coarser trans-
formed αþ β colonies, lamellar structures, and Widmanstätten
patterns. Very coarse α-lamellae are observed, with average
α-lamella widths of 2.5 μm in the as-substrate-heated specimens
and 4.0 μm in the as-substrate-heated-SR specimens. Oxygen
content increased consistently with processing, from 35� 0.8 ppm

Figure 10. Comparison of the tensile properties of Ti-6Al-4V specimens
manufactured using different AM processes at room temperature.

Table 4. Summarizes the microstructure associated with different AM processes.

Process Microstructure Orientation σUTS [MPa] Elongation [%] Ref.

PBF-LB/M very fine Acicular α/α 0 Long. 1095 (�10) 8.1 (�0.3) [24]

Long. 1143 (�6) 11.8 (�0.5) [22]

PBF-EB/M Acicular αþ β Long. 833 (�22) 2.7 (�0.4) [58]

Long. 970 12 (�1.2) [59]

Powder DED-LB/M αþ β α Widmanstätten Long. 1072 (�33) 17 (�4) [60]

Wire DED-LB/M αþ β Long. 1027 (�15) 2.9 (�0.06) This study
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in the initial wire to 197� 31 ppm in the as-substrate-heated-SR
condition.

The Vickers hardness (HV1) showed a continuous increase
upon applying stress relieving and subsequent substrate heating,
ranging from 336 for the as-deposited-bulk specimen to 436 for
the as-substrate-heated-SR specimens.

The as-deposited-bulk specimens exhibited the lowest tensile
strength (750MPa) at room temperature, with elongation values
of 5%–6%. Stress relieving (as-deposited-SR) improved both
strength (850MPa) and ductility (10%–11%). The highest tensile
strength (≈1000MPa) was achieved in the as-substrate-heated and
as-substrate-heated-SR conditions but with reduced elongation
(≈3%). At elevated temperatures (700 °C), the as-substrate-heated
condition demonstrated the best balance of mechanical properties,
combining a tensile strength of 600MPa with superior ductility
(14%–15%). These results outperform the other tested condi-
tions and are comparable to those of PBF-LB/M-manufactured
Ti-6Al-4V specimens tested at a lower temperature of 500 °C.
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