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Abstract: The inferior mechanical properties of EBAM Ti-6Al-4V samples are due to the coarse
columnar grains containing coarse lamellar structures. One can expect that water cooling of the
build platform will increase the cooling rate of the molten pool during the build-up process, causing
microstructure refinement. In the present work, the substrate cooling effects on the microstructure
and phase composition of EBAM Ti-6Al-4V samples are studied using optical, scanning electron,
and scanning transmission microscopy, as well as X-ray diffraction analysis. It is shown that the
microstructure of the EBAM Ti-6Al-4V samples built on the substrate without water cooling consists
predominantly of columnar prior β grains with lateral sizes ranging up to 2000 µm, while cooling of
the build platform causes the appearance of equiaxed prior β grains measuring 1000 µm. Moreover,
the refinement of the martensite structure and the precipitation of α′ ′ martensite platelets within α
laths occur in the EBAM Ti-6Al-4V samples built on the water-cooled build platform. An explanation
of the mechanisms underlying the α′→α + β and α′→α + α′ ′ + β transformations during the building
process is provided based upon ab initio calculations. The fragmentation of the α laths under the
residual compressive stresses is discussed.

Keywords: wire-fed electron beam additive manufacturing; Ti-6Al-4V; water-cooled substrate;
microstructure; martensite decomposition; residual stress

1. Introduction

Wire-fed electron beam additive manufacturing (EBAM) (also referred to as Sciaky’s
electron beam additive manufacturing or electron beam free form fabrication) is a one-of-
a-kind metal additive manufacturing technology used for the fabrication of large-scale,
high-value metal parts, as well as for repair and restoration in remanufacturing [1–3]. The
maximum size of EBAM-fabricated samples is limited only by the size of the vacuum
chamber. The most distinctive feature of EBAM is that this method combines extremely
high deposition rates with very little material waste [4]. There is also the opportunity to
use dual material suppliers to increase the efficiency of the EBAM process [5]. Moreover,
a wire is significantly cheaper compared to powder feedstocks, while much wider wire
nomenclature is commercially available [6]. Finally, EBAM machines are inexpensive and
easy to use, since this method of 3D printing is an adaption of the widespread electron
beam welding process.

The most promising application of EBAM is in the 3D printing of parts and compo-
nents from weldable metals, such as nickel-based alloys, highly-alloyed steels, as well as
titanium alloys, which are widely used in aerospace [1], medical [7,8] and other novel indus-
tries [6]. A huge number of up-to-date studies have been devoted to the investigation of the
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surface roughness, microstructure, and mechanical properties of EBAM Ti-6Al-4V titanium
alloy, which is one of the most commonly used materials in numerous applications, espe-
cially in engine applications, such as in rotors, compressor blades, and hydraulic system
components. This is due to its unique properties, such as its low density and high corrosion
resistance. All researchers are unanimous in the opinion that the main challenges in the
usage and industrial application of layer-by-layer-deposited EBAM Ti-6Al-4V samples are
their surface roughness and much coarser columnar prior β grains in comparison with the
finer prior β grains in Ti-6Al-4V samples manufactured via selective laser melting (SLM)
or electron beam melting (EBM) [3,9,10]. This is due to the low cooling rate of the molten
pool as well as the multiple heating and cooling cycles of the underlying solidified layers
during the build-up process. As a result, the mechanical properties of EBAM Ti-6Al-4V
samples are often inferior to those of SLM and EBM Ti-6Al-4V samples [9,11–13].

The microstructure refinement of 3D-printed metal samples can be effectively achieved
by: (i) using the ultrasonic vibration method, leading to cavitation in the molten pool [14];
(ii) the introduction of carbide-forming elements, which serve as crystallization centers [15];
(iii) water cooling of the build platform [16–20]; applying water [21] or cooling gas (argon,
helium, and their mixture) onto the solidifying top layer during the build-up process [22,23],
which withdraws heat from the sample and significantly decrease its temperature.

It is worth noting that most studies on the water cooling effect have focused on steel,
aluminum, and nickel-based alloys. It has been shown [16] that the placing of a water-pipe-
embedded cooling copper plate at the bottom of a base metal effectively takes much of the
heat away during wire-arc additive manufacturing (WAAW) processes. This compulsory
cooling provides the possibility to build a thin-walled WAAW part as high as 166 mm
by melting a steel–copper-coated welding wire. In contrast, the thin wall part is hard
to deposit using air-cooling (i.e., without compulsory cooling), since the molten metal is
predisposed due to subsidence at a certain height [16]. According to [17], the compulsory
water cooling provides a higher temperature gradient, as well as a higher cooling speed
during direct energy deposition (DED). Accordingly, the water cooling promotes epitaxial
growth in Ni-based single-crystal superalloys during the DED process.

Only a few studies have been devoted to the water cooling effect on the microstruc-
ture of 3D-printed titanium alloys, which are characterized by relatively low thermal
conductivity. Particularly noteworthy is the study devoted to underwater wire-fed laser
deposition of Ti-6Al-4V titanium alloy [21]. According to [21], the water environment
drastically increased the cooling rate of the deposited metal and decreased the dwell time
of the temperature. The disadvantage of underwater laser deposition regarding Ti-6Al-4V
alloy is its complexity, due to the susceptibility of titanium in water environments [21].
Regarding substrate water cooling, there is a lack of understanding on how to apply water
cooling to control the microstructure of EBAM Ti-6Al-4V samples. The present article
compares the microstructure of EBAM Ti-6Al-4V samples built on substrates without and
with water cooling.

2. Materials and Methods

Rectangular Ti-6Al-4V bars measuring 25 mm × 25 mm × 70 mm (length × width ×
height) were obtained via wire-fed electron beam additive manufacturing using an EBAM
machine (ISPMS SB RAS). The Ti-6Al-4V EBAM bars were built on the titanium substrate
measuring 150 mm × 150 mm × 10 mm with and without water cooling. The titanium
substrate was mounted on a water-cooled stainless steel build platform, where cold water
was circulated in the channels (Figure 1a).

Grade 5 titanium wire measuring 1.6 mm in diameter was used as a build material
for the EBAM process. The chemical composition of grade 5 titanium wire as examined
using energy-dispersive spectroscopy is presented in Table 1. An electron gun with a
plasma cathode operating at an accelerating voltage of 30 kV was used to melt the wire.
The distance between the source of the electron beam and the substrate was 630 mm. The
angle between the substrate and wire was 35◦. The wire feed rate was 2 m/min. In total,
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22 layers were formed, each 3.2 mm thick. The first three layers were formed at a beam
current of 24 mA, which then decreased to 21 mA. Figure 1b shows the deposition strategy
of the samples, which consisted of the substrate travelling relative to the electron beam
along a meander trajectory with mirror-fused layers at a speed of 4 mm/s. According to
Figure 1b, the deposition of each odd layer started from the right bottom corner of the
substrate, while the even layer deposition began from the left bottom corner. The distance
between the adjacent tracks within the same layer was ~3 mm. After welding each layer,
the substrate fixed on the build platform went down by 3 mm. When the building process
was over, the rectangular bars were separated from the substrate and cut along the growth
direction into 2 mm thick plates using spark cutting.
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trajectories in the form of a meander used in the EBAM process (b).

Table 1. Chemical composition of grade 5 titanium wire.

Element Ti Al V Fe

wt.% 89.4 6.4 3.5 0.7

The microstructure of the wire-fed EBAM Ti-6Al-4V samples was investigated using
an Axiovert 40 Mat optical microscope (Carl Zeiss, Göttingen, Germany), a Carl Zeiss EVO
50 scanning electron microscope (SEM, Carl Zeiss, Oberkochen, Germany), and a JEM-2100
transmission electron microscope (TEM, JEOL, Tokyo, Japan) equipped with an Inca ACT-
X energy-dispersive X-ray spectroscopy (EDX) detector (Oxford Instruments, Concord,
MA, USA). SEM micrographs of the polished samples were obtained with backscattered
electrons. The latter allowed us to clearly demonstrate the lamellar α morphology of
the dual-phase titanium alloy. The samples for the metallographic examination were
subjected to mechanical grinding and polishing followed by etching with Kroll’s reagent.
The samples for the TEM investigations were prepared by ion milling of rectangular plates
using an Ion Slicer EM-09100IS instrument (JEOL, Tokyo, Japan).

The phase composition of the EBAM Ti-6Al-4V samples was determined at the CCU
Innovation Center for Nanomaterials and Nanotechnologies (Tomsk, Russia) with a Shi-
madzu XRD-7000 X-ray diffractometer (XRD, Shimadzu Corporation, Kyoto, Japan) using
CuKα radiation (1.5410 Å wavelength). The XRD studies were performed in a conven-
tional symmetric Bragg–Brentano geometry from 30◦ to 90◦ with a scan speed of 1.2◦/min.
Residual stress measurements were performed using the sin2ψ method [24]. The lattice
microstrains (ε) of the samples were calculated using the Williamson–Hall method:

ε =
βhkl

4 tan θ
, (1)

where βhkl and θ are the broadening and position of XRD peaks, respectively.
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To estimate the effect of the substrate water cooling on the heat input resulting in
a decrease in the cooling rate of the molten bath and the microstructure refinement, the
following relationship between the prior β grain size (L) and the cooling rate (T) was
used [25]:

L = AT−n, (2)

where n = 0.93 and A = 3.1 × 106 µm (Ks−1)0.93 ± 0.12. The relationship was predicted for
the Ti-6V-4Al alloy on the basis of classical homogeneous nucleation and isotropic linear
growth during solidification [26].

Calculations of the atomic structures of α, β and α“ phases of Ti doped with V were
performed using the projector-augmented wave and density functional theory [27,28]. For
the exchange correlation functional, the generalized gradient approximation in the form of
GGA-PBE was used [29]. A plane wave cutoff energy of 300 eV was employed throughout
the calculations. Calculations were performed for metal containing 0, 6.6, 13.2, 26.2, and
52.4 wt.% V using (1 × 1 × 1), (2 × 2 × 2), (2 × 2 × 1), (2 × 1 × 1). and (1 × 1 × 1)
supercells for both α and β phases; and (1 × 1 × 1), (2 × 1 × 2), (2 × 1 × 1), (1 × 1 × 1),
and (1 × 1 × 1) with two impurity atoms for the α“ phase. The atomic positions and the
volumes of supercells were optimized.

3. Results
3.1. Microstructure of EBAM Ti-6Al-4V Samples Produced without Substrate Cooling

The microstructure of the EBAM Ti-6Al-4V samples produced without substrate
cooling was composed of prior β grains and lamellas of the α phase. In Figure 2, the
equiaxed prior β grains can be observed in the lower part of the rectangular Ti-6Al-4V bar,
at up to 5 mm in height, while columnar grains appear in the center and upper parts of
the bar (Figure 2a). The average size of the equiaxed prior β grains was less than 500 µm,
while the columnar grains had a lateral size range of 1500 to 2000 µm and their height
exceeded 20 mm.
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rectangular Ti-6Al-4V bar. 

Figure 2. Optical micrographs of the grain structure (a) and microstructure (b) of the EBAM Ti-6Al-4V samples produced
without substrate cooling. The microstructures were obtained from the longitudinal direction (parallel to the build direction)
in the lower (a) and central (b) parts of the rectangular Ti-6Al-4V bar.

The main parts of the columnar grains located at a distance of more than 5 mm from
the substrate tended to a form colony structure, which consisted of 2-µm-thick α laths
(Figures 2b and 3a), while some areas of the grains were characterized by the basket weave
microstructure (Figure 3b). It is worth noting that shearing and fragmentation of the laths
were revealed in some areas of the EBAM Ti-6Al-4V samples (Figure 3c).

The fine secondary α laths with a thickness of 300–500 nm separated by the retained
β phase were also observed in the EBAM Ti-6Al-4V samples produced without substrate
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cooling (Figure 4). According to Figure 4, each lath has the same orientation within the
colony. The EDX data presented in Table 2 show that the vanadium content in the α laths
is equal to 2.7 wt.% (point 1 in Figure 4a), while its content in the thin interlayer of the
retained β phase reaches 21.7 wt.%, (points 2 and 3 in Figure 4a).
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diffraction (SAED) pattern with an indexing scheme (d) of the microstructures of the EBAM Ti-6Al-4V
sample produced without substrate cooling. The dark-field TEM micrographs were obtained with
the 101

(
232

)
α-Ti (b) and 222(431) β-Ti reflections (c). The microstructure was obtained at a distance

of 40 mm from the substrate.

A distinctive feature of the microstructure of the EBAM Ti-6Al-4V samples is the
fragmented coarse α laths. Figure 5 clearly demonstrates that the fragmentation occurs
via the formation of disoriented regions both close to the lath boundaries (marked by the
yellow arrows in Figure 5a) and within the laths (marked by the blue arrows in Figure 5a).
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The disoriented regions look in the TEM micrographs like thick boundary interlayers of the
retained β phase. However, this is not the case, since the disoriented regions are observed
only in the dark-field TEM micrographs obtained with α-Ti reflections (Figure 5b). The
average width of the disoriented regions appears to be ~200 nm, i.e., they are few times
thicker than the layer of the retained β phase. It is also significant that the edges of the
disoriented regions are curved and the vanadium content in the regions does not exceed
3 wt.%.

Table 2. Elemental compositions of the EBAM Ti-6Al-4V samples produced without substrate cooling.
EDX data were obtained at the points indicated in Figure 4a.

Element Point 1, wt.% Point 2, wt.% Point 3, wt.%

Ti 88.6 75.1 74.1
Al 8.7 3.8 4.2
V 2.7 21.1 21.7
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Figure 5. Bright- (a,d) and dark-field TEM micrographs (b,e) and the associated SAED patterns with indexing schemes
(c,f) of the microstructures of the EBAM Ti-6Al-4V samples produced without substrate cooling. Dashed red line box in
(a) highlights the area that is enlarged in (d,e). The dark-field TEM micrographs were obtained with the closely spaced
021(500)α-Ti and 122

(
411

)
α-Ti reflections (b) and the closely spaced 011

(
411

)
α-Ti and 110(221) β-Ti reflections (e). The

microstructure was obtained at a distance of 40 mm from the substrate.

According to Figure 5d,e and Figure 6, the disoriented regions in the coarse α laths
consisted of a periodic array of dislocations. A distinctive feature of the regions is their
curved boundaries. Moreover, a large number of extinction contours are clearly visible
within the regions, indicating a high level of internal stresses and lattice distortions. Our
experiments also highlight that the fragmentation of α laths starts from their edges and
then spreads toward the bulk of the laths, as demonstrated in Figure 6a. It can be seen from
Table 3, which presents the results of the EDX studies, that the phase boundaries, where
the fragmentation of α laths starts, are enriched with vanadium (point 1 in Figure 6a), i.e.,
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the phase boundaries most likely could be the retained β phase. Meanwhile, the vanadium
content in both α laths and disoriented regions is significantly lower (points 2 and 3 in
Figure 6a).
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Table 3. Elemental compositions of the EBAM Ti-6Al-4V samples produced without substrate cooling.
EDX data were obtained at the points indicated in Figure 6a.

Element Point 1, wt.% Point 2, wt.% Point 3, wt.%

Ti 79.8 86.5 85.5
Al 4.8 10.7 9.5
V 15.4 2.8 5.0

3.2. Microstructure of the EBAM Ti-6Al-4V Samples Produced with Substrate Cooling

Cooling of the titanium substrate during the EBAM process provides a homogeneous
grain microstructure along the height of the rectangular Ti-6Al-4V bar. It can be seen
from Figure 7a,b that the EBAM Ti-6Al-4V samples produced with substrate cooling were
characterized by equiaxed prior β grains, with their size varying from 1000 to 2000 µm. A
regular Widmanstätten pattern of α plates with a size of several microns can be observed
within the prior β grains (Figure 7c).

Secondary α laths with their size limited by the boundaries of early martensite laths
were also revealed in the TEM study (Figure 8). The comparison of Figures 4 and 8 shows
that water cooling does not affect the sizes of the α laths and β interlayers. Moreover,
fragmentation of the α laths was also observed. The latter manifests itself as curved
disoriented regions in the α laths, which are 200 to 500 nm wide. It is worth noting that
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the extinction contours on TEM images of the EBAM Ti-6Al-4V samples produced with
substrate cooling are less pronounced.
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It worth noting that the EBAM Ti-6Al-4V samples produced with substrate water
cooling contained an α”-Ti phase with an orthorhombic crystal lattice (Figure 9). The pre-
cipitation of α”-martensite platelets within the α laths is marked by an arrow in Figure 9c.
The interspacing between the α” plates was less than 100 nm.

3.3. X-ray Diffraction Analysis

XRD patterns of the EBAM Ti-6Al-4V samples produced with and without substrate
cooling are presented in Figure 10. It can be seen from the XRD pattern that a less pro-
nounced <101> texture is beneficial to the EBAM Ti-6Al-4V samples built with water
cooling (Figure 10, curve 2). The volume fractions of the β-Ti phase in both samples were
equal to 4%. Due to its small amount, the α”-martensite phase was not revealed by the
XRD analysis.
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The XRD results also exhibit that α-Ti peaks shifted to lower 2θ values, which could
be generally attributed to compressive stresses developed in both samples. The measured
compressive stress in the EBAM Ti-6Al-4V samples produced without substrate cooling
was about 900 MPa, while the water cooling provided compressive stress in the samples



Metals 2021, 11, 1742 10 of 15

at as low as 200 MPa. Microstrains in the EBAM Ti-6Al-4V samples produced without
substrate cooling were equal to 0.000280%, which was substantially lower than in the
samples produced with substrate cooling (0.000657%).

4. Discussion

The cooling rate and cooling path of the molten pool formed during the additive
manufacturing process control the microstructure of 3D-printed metal parts. For EBAM
Ti-6Al-4V samples, these parameters particularly affect the size and shape of prior β grains,
which are epitaxial and extended along the build direction, so that their height is much
bigger than the thickness of each built layer. Generally, the nucleation and growth of the
grains are governed by the effectiveness of heat removal from the molten pool. During
the EBAM process, the majority of the heat is transferred to the underlying layers beneath
the molten pool. Since the heat transfer in titanium is weak due to its rather low thermal
conductivity, the heating and re-melting of the underlying layers occur. Actually, liquid
phase epitaxial growth of new building layers occurring in the build direction is responsible
for the appearance of the columnar prior β grains.

The heat transfer is most intense and the solidification rate of molten pool is the
highest at the early stages of the EBAM process, i.e., when the molten pool is located
close to the massive and still cold substrate. This is why the microstructure of the bottom
part of the rectangular Ti-6Al-4V bar is composed of the equiaxed prior β grains with the
minimum size (500 µm). The estimations using Equation (2) revealed that the cooling rate
of the molten bath during the deposition of first layers is equal to 1.2× 104 K/s. During the
EBAM process, when moving away from the substrate, the cooling rate gradually decreases,
causing the microstructure to consist of predominantly columnar prior β grains with lateral
sizes up to 2000 µm. The values correspond to cooling rates as low as 2 × 103 K/s. Water
cooling of the build platform was found to increase the solidification rate of the molten pool.
The latter manifests itself as the appearance of equiaxed prior β grains as small as 1000 µm
in the central and upper parts of the bar. According to Equation (2), the water cooling
doubles the cooling rate of the molten pool formed during EBAM process up to 5 × 103 K/s.
It is obvious that the variations in processing parameters (i.e., electron beam power, scan
speed, and hatch spacing) make it possible to change the width and depth of the molten
bath [30–32] and to somehow further reduce the cooling rate. Nevertheless, the estimated
values were significantly lower in comparison with EBM processes (103–105 K/s) [33,34]
and especially with SLM processes (106−108 K/s) [35,36]. That is why, in the latter case,
the Ti-6Al-4V SLM sample featured columnar grains as small as 100 µm wide [35].

Under cooling of the EBAM Ti-6Al-4V samples from above the β-transus temperature,
α-nuclei start to crystallize at the boundaries of the prior β grains and then grow into the
bulk of the grains following Burger’s relationship. The cooling rate controls the morphology
of the α phase via changes in the nucleation rate and diffusion time. The higher the
cooling rate, the higher the driving force for nucleation but the lower the available time for
thermally activated diffusion. Since the cooling rate of the molten pool exceeded 410 ◦C/s,
one could expect the formation of a martensitic α′ phase in the sample upon cooling from
the β phase to the (α + β) phase region [37]. Indeed, the microstructures of EBM and SLM
Ti-6Al-4V samples usually consist of an acicular martensite α′ phase within the prior β
grains. The subsequent decomposition of the α′ phase evidently occurs during the EBAM
process. The driving force for the decomposition is controlled by vanadium diffusion,
which depends on the temperature. According to [38], holding the Ti-6Al-4V titanium alloy
at a temperature of about 700 ◦C for 30 min results in full decomposition of the martensite
α′ phase. This transformation is most possible in the layers beneath the molten pool, which
undergo repeated heating and cooling during the EBAM process.

Since the water-cooled build platform affects the holding time of the underlying
layers at elevated temperatures, two different types of the α′ phase decomposition in
the EBAM Ti-6Al-4V samples may occur, i.e., α′→α + β and α′→α + α′ ′ + β. In both
cases, the α′ phase decomposes similarly to the tempering of any martensite at elevated
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temperatures, resulting in the diffusion-controlled formation of β phase interlayers at
α lath boundaries. It is evident, that during the EBAM process without water cooling,
the α′ phase decomposition is fully completed, while in the case of water cooling, the
decomposition is not completed.

It is interesting to mention at this point that there is no evidence of the α′ ′ phase
formation process in as-built SLM Ti-6Al-4V samples. During the SLM process, the α′

phase decomposition does not occur due to rapid solidification of the molten pool. The
formation of the α′ ′ phase in SLM samples has, however, been observed after heat treatment
within the temperature range of 750—900 ◦C [39]. Unlike SLM, the base metal plate and
the Ti-6Al-4V powder is preheated to above 600 ◦C during the EBM process. Hence, the α′ ′

phase induced by the α′ phase decomposition has occasionally been found in 3D-printed
Ti-6Al-4V alloy samples produced using layer-by-layer electron beam melting of titanium
powder in a powder-bed-type metal additive machine [40,41].

The prior β phase formed during initial solidification as well as the martensitic α′

phase formed in the prior β grains by diffusionless β→α′ transformation are characterized
by the same vanadium content as the prior β (i.e., ~4 wt.%), unlike the α phase, in which
the solubility of vanadium does not exceed 2.7 wt.%. During the subsequent α′ phase
decomposition, the appearance of the α phase is accompanied by a local gradual increase
in the vanadium content. According to ab initio calculations (this result will be published
soon in more details), the formation of the α′ ′ phase in Ti-6Al-4V titanium alloy is energeti-
cally favorable when the content of vanadium ranges from 10.1 to 21.7 wt.% (Figure 11).
Consequently, while the α′ phase decomposition is not fully completed, the high vanadium
content in the supersaturated α phase may be enough for the formation of the α′ ′ phase
but not enough for the formation of the β phase in the layers underlying the molten pool.
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The mechanism underlying the α′→α′ ′ transformation is well known. As the solute
element content increases, the distortion of the hexagonal α‘ martensite occurs. As a
result, the α‘ martensite loses its hexagonal symmetry and the orthorhombic α“ phase
is formed [42,43]. In our experiments, the higher lattice distortion of the EBAM Ti-6Al-
4V samples is attributed to the higher cooling rate. The high microstrains are direct
evidence of the high local lattice distortion in the EBAM Ti-6Al-4V samples produced with
substrate cooling.

Unlike microstrains, the residual stresses in the EBAM Ti-6Al-4V samples produced
with substrate water cooling are 3 times lower than those in the samples produced without
substrate cooling. The generation of residual stresses in as-build 3D-printed metal parts is
usually explained in terms of the temperature gradient mechanism. During the build-up,
upon the formation of the molten pool (liquid layer B in Figure 12a) in the layer beneath
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the molten pool (layer A in Figure 12a) heats up and expands. Since the expansion of layer
A is partially restrained by the surrounding material, the layer is subjected to compression.
During subsequent cooling, layer B is prone to shrinkage after its crystallization. Since the
shrinkage of the crystallized layer B is constrained by underlayer A, layer B is subjected to
tension while layer A undergoes compression. As the next layer builds (liquid layer C in
Figure 12c), underlayer B experiences high-temperature reheating, which causes reverse
expansion. As a result, the tensile stress in layer B converts into compressive stress, which
is enhanced upon subsequent crystallization of layer C followed by its shrinkage, while
the upper crystallized layer C is subject to tension.
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The temperature gradient successfully describes the generation of compressive resid-
ual stresses in additively manufactured components, especially in their central parts [44,45];
however, it does not quantitatively explain the effects of water cooling on the residual
stresses revealed in this work. It is obvious that the microstructure of the build parts is
the key ingredient in the effects of water cooling on the magnitude of residual stresses
developed during the 3D printing process. The microstructure can be taken into account
on the basis of the kinetic model [46], which describes the effects of residual stresses in
the growing layer on the diffusion flux of atoms along grain boundaries, wherein the
movement of the atoms is controlled by the value of the chemical potential at the grain
boundaries. As can be seen in Figure 12a, the thermally expanded layer A of the rectan-
gular building bar is subjected to compression during the molten pool formation above
it (layer B). The compressive stresses gradually increase the value of the chemical poten-
tial at the grain boundaries in layer A. As a result, the diffusion flux of atoms along the
grain boundaries occurs outside layer A. The flux directed toward the “liquid top layer
B–crystallized underlayer A” interface causes a decrease in the density of layer A, and
accordingly a decrease in residual compressive stresses therein. One would expect that
the magnitude of the compressive stresses in the EBAM Ti-6Al-4V samples produced with
substrate cooling, which were characterized by smaller grain sizes, and accordingly a
higher density of grain boundaries, should be lower compared to the samples without
water cooling.

The relaxation of compressive residual stresses is also the main reason for the frag-
mentation of the coarse α laths observed in the EBAM Ti-6Al-4V samples under study.
It is worth noting that the same fragmentation pattern was previously observed in [13],
whereby the microstructure of wire-fed EBAM Ti-6Al-4V samples was studied in detail.
However, we believe that the authors of [13] misinterpreted these disoriented regions
within α laths as a residual β phase. Otherwise, it is difficult to explain the continuously
decreasing and increasing volume fractions of the α and β phases, respectively, during
layer-by-layer deposition. Clearly, the relatively low content of vanadium (4 wt.%), i.e.,
the beta-stabilizing element, is not able to provide the retained beta phase in the EBAM
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Ti-6Al-4V samples, which can be as high as 23% [13]. Evidently, the results in [13] suggest
that the fragmentation of α laths is also the reason why the average width of the α laths
decreases along the building direction.

As mentioned above, the value of compressive residual stresses in the EBAM Ti-6Al-4V
samples gradually increases with increasing building height. When the compressive stress
reaches the compressive yield strength, the compressive strain occurs via the movement
of dislocation through alternating α laths and β interlayers. The accumulation of mobile
dislocations in α lath boundaries continuously increases their boundary misorientation [47].
Obviously, the formation of disoriented regions both close to the lath boundaries and
within the laths in the EBAM Ti-6Al-4V sample is coincident with continuous dynamic
recrystallization, which is attributed to the hot deformation of titanium alloys with lamellar
microstructures [48]. The SLM samples with thinner α laths show higher flow stress and
increasing deformation resistance. This is why fragmentation of the acicular α′ martensite
was not even observed in the extremely stressed as-built SLM Ti-6Al-4V samples, the
microstructure of which contained a large amount of the acicular α′ martensite owing to
the extremely high cooling rate.

5. Conclusions

Optical, scanning electron, and scanning transmission microscopy, as well as X-ray
diffraction measurements, were conducted to compare the microstructure and phase
compositions of wire-fed EBAM Ti-6Al-4V samples built on a substrate with and without
water cooling. It was shown that the columnar prior β grains with lateral sizes up to
2000 µm made their appearance in the center and upper parts of the rectangular Ti-6Al-4V
bars produced without substrate cooling. The microstructure of the EBAM Ti-6Al-4V
samples built on the substrate with water cooling consisted of equiaxed prior β grains,
with sizes ranging from 1000 to 2000 µm. By using the relationship between the prior β
grain size and the cooling rate, we argued that the water cooling doubles the cooling rate
of the molten pool during the EBAM process. However, we can state that the effect of the
water cooling of the build platform on the microstructure of the EBAM Ti-6Al-4V samples
is much weaker as compared to the effect of the water environment. In the latter case, the
width of the columnar prior β grains is less than 200 µm [21].

Upon repeated heating and cooling during the EBAM process, the decomposition
of the martensite α′ phase occurs in the prior β grains. Due to the different cooling rate,
the EBAM Ti-6Al-4V samples produced without substrate water cooling were found to
contain colony and basket weave structures, while the Widmanstätten α microstructure
was clearly observed in the EBAM Ti-6Al-4V samples built on the water-cooled build
platform. Since the decomposition was not complete during water cooling, the α′ ′ phase
precipitated within the α laths.

The effects of water cooling on the strain and stresses in the EBAM Ti-6Al-4V samples
were demonstrated. It was shown that the high microstrains in the EBAM Ti-6Al-4V
samples could be attributed to the higher cooling rate. The residual stresses in the EBAM
Ti-6Al-4V samples produced with substrate water cooling were 3 times lower than those in
the samples produced without substrate cooling.

The mechanism of the generation of residual stresses in the EBAM sample accounting
for their microstructure has been discussed, suggesting that the value of the chemical
potential at the grain boundaries controls the diffusion flux of atoms from the “liquid top
layer–crystallized underlying layer” interface to the sample. When the compressive stress
reaches the compressive yield strength, the compressive strain occurs via the shearing and
fragmentation of primary coarse α laths. The latter manifests itself as the formation of
disoriented regions both close to the α lath boundaries and within the laths.
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