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• Selective laser melting using a mixture
of pure element powders was investi-
gated.

• Dense components in Ti-X (X = Cr, Nb,
Mo, Ta) alloys were fabricated.

• Ti-Cr alloy specimens exhibit a single β-
Ti phase without any non-molten pow-
ders.

• Ti-Cr alloy specimens show {001}b100N
crystallographic texture.

• The crystallographic texture formation
during selective laser melting was
analyzed.
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The fabrication of dense components composed of Ti-based alloys, i.e., Ti-X (X = Cr, Nb, Mo, Ta) alloys, from a
mixture of pure elemental powders was achieved using selective laser melting (SLM) process. The Ti-Cr alloys
comprise β-Ti single-phase components without any non-molten particles andmacroscopic defects. The crystal-
lographic texture of these β-Ti-Cr alloys can be controlled effectively by optimizing the build parameters. The de-
velopment of {001}〈100〉crystallographic orientation during the SLM process is discussed based on the
solidification process focusing on the columnar cell growth in the melt pool. These results demonstrate the pos-
sibility of fabricating the Ti-based alloy components with well-developed crystallographic texture from the mix-
ture of pure elemental powders using the process of SLM.
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1. Introduction

Titanium (Ti) alloys are regarded as promising materials in diverse
areas such as automobiles, aircrafts, marine engineering, chemical engi-
neering, and biological engineering due to their features of low density,
high strength, good ductility, significant corrosion resistance, and
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Median particle size of the pure element powders.

Elements Median size [μm]

Ti 23.1
Cr 18.1
Nb 13.3
Mo 12.1
Ta 9.3
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superior biocompatibility [1,2]. Although Ti is the fourthmost abundant
metallic element in the earth's crust and its alloy has superior properties
asmentioned above, the usage of the Ti has been somewhat limited be-
cause of the relatively high cost associated with the fabrication process,
arising due to the significantly high reactivity of Ti in the molten state.
Recently, additive manufacturing (AM) has attracted considerable in-
terest in noblemetalmanufacturing [3–14]. AMdoes not require expen-
sive molds or dies, thus avoiding the possible contamination from them
and reducing the cost for small runs. Furthermore, AM enables the pro-
duction of complex geometries, which cannot be fabricated using con-
ventional manufacturing techniques such as casting, powder
processing, and/or plasticity processing. Therefore, the application of
AM is strongly desired for pure Ti and Ti alloys.

Selective laser melting (SLM) is an AM process in which shapeswith
complex geometries are produced by selectively melting consecutive
layers of a powder with a high-power laser beam. In SLM, a laser locally
melts successive layers of the powder, which are then rapidly solidified,
resulting in a particular solidification microstructure. One of the most
important challenges in SLM is the fabrication of highly dense metallic
alloy components in the desired composition from amixture of pure el-
ements. Starting from the cheap and free designing mixed powders of
pure metals or alloys and combining the fabrication ability of complex
structure for SLM, it opens up possibilities for the development of new
fabrication processes for Ti and Ti alloys with advanced properties.
Bulk Ti-6Al-4V parts were produced from a powder mixture of elemen-
tal Ti, Al, and V [15]; a homogeneous melt mixing was achieved and no
significant difference was observed in the mechanical properties of the
products obtained from themixture of pure elements and from the pre-
alloy powders. SLM processes were also reported for a mixture of pure
Ti and V [16] and Ti and Mo [16,17]. A compositional gradient, from el-
emental Ti to Ti-25 wt% V or Ti-25 wt% Mo, has been achieved within a
length of ~25 mm [16]. Ti-Mo alloys with compositions varying from 0
to 19 wt% Mo were produced by variable powder feed rate laser clad-
ding and characterized by suitable micro-characterization methods
[18]. Using SLM, Vrancken and Humbeeck et al. developed an advanced
β-Ti composite [18]. SLM of a mixture of Ti-6Al-4 V-Extra Low Intersti-
tial (ELI) and pure Mo resulted in a microstructure consisting of a β-Ti
matrix with randomly dispersed pure Mo particles. All the alloys
showed a mixture of α (hcp), β (BCC), α′ (hcpmartensite), andα″ (or-
thorhombic martensite) phases, but the formation of a single β phase
was not reported. Furthermore, attempts were made to prepare Ti-Nb
[19] and Ti-Ta-Zr [20] alloys from mixtures of pure element powders
for biomedical applications. The preliminary work required for
conducting an SLM of a mixture of Ti-Cr and Ti-Nb alloys was also re-
ported [21].

The other challenging aspect in SLM is the control of the crystallo-
graphic orientation structure. In the literature available on the SLM of
Ti-6Al-4 V alloys, the crystallographic texturewas reported to be depen-
dent on the scanning strategy [22,23]. The formation of elongated
grains, several hundred micrometers long, due to the partial re-
melting of the previous layers, was reported in Ti-6Al-4V alloys [22]. A
preferential growth in the 〈100〉 direction was observed in the BCC β
phase and the long-columnar prior β grains of Ti-6Al-4 V [22,23] and
Ti-6Al-4V-ELI [18] alloys. By controlling the crystallographic texture of
the β-Ti-15Mo-5Zr-3Al alloy via changing the scanning strategy in
SLM, the novel implants thatwere biocompatible and had a lowYoung's
modulus has been successfully developed [24]. A reduction in the
Young'smodulus ofmetallic implants is important to prevent bone deg-
radation and absorption [25]. The Young's modulus of β-Ti alloys
strongly depends on the electron-atom (e/a) ratio, which can be con-
trolled by manipulating the chemical composition and crystallographic
orientation [24,26,27]. Thus, controlling the crystallographic texture si-
multaneously during the fabrication of highly dense β-Ti alloy compo-
nents from a mixture of pure elements via SLM enables the
development of novel implants with significantly low Young's modulus
from alloys with a variety of compositions. The peculiar solidification
process in SLM enables the formation of a distinct solidification struc-
ture in direct-laser fabricated components; however, the control of the
crystallographic structure in Ti alloys containing a single β phase,
formed from amixture of pure element powders has not been reported
so far. In the present study, we attempted to prepare Ti alloy compo-
nents using Ti-Cr, Ti-Nb, Ti-Mo, and Ti-Ta alloys, and realized the fabri-
cation of β-Ti alloy components with a single β phase from themixture
of pure Ti and Cr powders; further, we could also control the crystallo-
graphic texture in the same time. This study demonstrates the possibil-
ity of fabricating the Ti-based alloy components with well-developed
crystallographic texture from the mixture of pure elemental powders
using the process of SLM, thus enhancing the affordability of titanium
and its alloys.

2. Materials and methods

Ti80X20 (X = Cr, Nb, Mo, Ta) (atomic %) alloy specimens were pre-
pared from mixtures of the pure elemental powders in the present
study. Cr, Nb, Mo, and Ta can stabilize the β phase in Ti; in other
words, the beta transus temperature in Ti decreases by the addition of
these elements. Ti powders (TILOP-45) prepared by the gas-atomizing
process were supplied by Osaka Titanium Technologies Co., Ltd. The Cr
powders (CRE03PB), Nb powders (NBE03PB), Mo powders
(MOE09PB), and Ta powders (TAE02PB), all of which were obtained
by the fracturing method, were supplied by Kojundo Chemical Labora-
tory Co., Ltd., Japan. Table 1 shows the median particle sizes of the
pure element powders. Fig. 1 shows the scanning electron microscopy
(SEM) images of the morphology of a mixture of Ti and Cr powders as
a typical example of Ti80X20 alloy. Detailed information on the pure ele-
ment powders is summarized in the supplementary information [23].
The outer appearance of the pure element powders characterized by
SEM, the particle size distribution, and their chemical composition are
shown in Fig. S1, Fig. S2, and Table S1 in the supplementary information
[28], respectively.

Fig. 2 illustrates the rectangular-shaped samples and the scan-
strategy in the present study (Fig. 2(a)), togetherwith the outer appear-
ance of the alloy specimens prepared under various process conditions
(Fig. 2(b)). Rectangular samples of 5mm×5mm×10mm(building di-
rection, Z-axis) size were manufactured by utilizing a SLM apparatus
(EOS M 290, EOS, Germany) equipped with an ytterbium fiber laser in
an argon atmosphere. The scan pitch was fixed at 100 μm. The energy
density (J) and the scan speed (V) were varied to investigate the opti-
mum conditions for the fabrication of single β-Ti phase specimens
with high density and texture control. The laser was scanned bi-
directionally (zigzag) and rotated by 90° in each layer (i.e. XY-scan) in
the next layer. The absolute densities of the products were measured
by the Archimedes method and the relative densities of the products
were calculated using the theoretical density of the mixture of pure Ti
and X (X = Cr, Nb, Mo, Ta). X-ray diffraction (XRD; Philips X-pert Pro,
PANalytical, Japan) analysis using Cu-Kα radiation was carried out to
identify the constituent phases and the crystallographic orientation in
the prepared specimens. Electron backscattering diffraction (EBSD)
analysis using a scanning electron microscope equipped with a field
emission gun (FE-SEM, JSM-6500F, JEOL, Japan) was utilized to investi-
gate the texture of the samples in detail. Table 2 lists the analysis results



Fig. 1. SEMmicrostructure of the mixture of Ti and Cr powders in Ti80Cr20 alloys.

Table 2
The chemical composition analysis results in the specimens evaluated by the SEM-EDS,
where the EDS spectrumwas obtained on the alloyed zone without any non-molten pure
metal powdered into the rectangular-shaped samples under appropriate fabrication
conditions.

Alloys Ti X

Ti-Cr 82.9 17.1
Ti-Nb 80.8 19.2
Ti-Mo 79.7 20.3
Ti-Ta 80.7 19.3
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of the chemical composition in the specimens evaluated by the SEM
energy-dispersive X-ray spectroscopy (EDS). An EDS spectrumwas ob-
tained on the alloyed zonewithout overlapping non-molten puremetal
powders into the rectangular-shaped samples under the fabrication
Fig. 2. Illustration of (a) the scan strategy and the Ti-Cr alloy specimens obtained from a
mixture of pure Ti and Cr powders by the SLM process and (b) outer appearance of the
Ti-Cr alloy samples processed under different conditions.
condition at a scan speed V = 1000 mm/s and at an energy density J ~
3.0 J/mm2. The proportion of oxygen was not evaluated in the present
study. The chemical alloy composition in the alloyed zone of the speci-
mens was similar to the nominal alloy compositions.

3. Results

Fig. 3 shows the XRD patterns of the Ti-X (X= Cr, Nb, Mo, Ta) alloy
specimens prepared by SLM at energy densities of 1.5 (low energy) and
3.0 (high energy) J/mm2. The XRD patterns were obtained from the Y-Z
planes (Fig. 2(a)) of the specimens. The intensity is expressed in the lin-
ear scale in the figures on left and in the logarithmic scale in the figures
on right, to enhance the minor peaks. The Ti-Cr alloy specimens (Fig. 3
(a)) show sharp peaks corresponding to the BCC phase, regardless of
the energy density in the studied condition. The Ti-Nb (Fig. 3(b)) and
Ti-Ta (Fig. 3(d)) alloys exhibit peaks corresponding to the martensite
(α″) and BCC phases. The peak intensity ratio between α″ and BCC
was dependent on the energy density in the Ti-Nb and Ti-Ta alloys.
The volume fraction of the α″ phase decreased with an increase in the
energy density in Ti-Nb alloys, whereas the behavior of the Ti-Ta alloys
was opposite. In the Ti-Mo alloys (Fig. 3(c)), the peak corresponding to
the Mo phase can be seen together with the peak corresponding to the
BCC phase of the Ti-Mo alloy. This indicates the existence of non-molten
Mo particles in the Ti-Mo alloy specimens. The peak intensity corre-
sponding non-molten Mo became weak with increasing the energy
density. The above-described results clarify that the constituent phases
in Ti-X1 (X1 = Nb, Mo, Ta) alloy specimens prepared by the SLM pro-
cess were strongly dependent on the element X1 and the build param-
eter of the SLM process. Focusing on the single BCC phase formation
during the SLM process, Ti-Cr alloy system shows the high BCC single
phase formation tendency at wide energy density conditions. The
peak positions corresponding to the BCC phase were dependent on
the energy density in the Ti-Mo (Fig. 3(c)) and Ti-Ta (Fig. 3(d)) alloys
and this may be due to the change in the chemical composition of the
BCC phase, which is in turn related to the amount of non-molten ele-
mental particles. In contrast, no change in the position of the peak cor-
responding to the BCC phase was observed in Ti-Cr alloys (Fig. 3(a))
even when the energy density was changed. The peak intensity ratio
of the BCC (011) and (002) peaks in Ti-Cr alloy specimens shows a sig-
nificant energy density dependence, whereas such a dependence can-
not be seen in the other Ti-X1 (X1 = Nb, Mo, Ta) alloy specimens.
This implies that the texture in the Ti-Cr alloy specimens with a single
BCC phase is controllable by the SLM process. The solidification micro-
structure of the BCC phase in the Ti-Cr alloy specimenswas investigated
in detail, focusing on the formation of the texture, and the details are
presented in the following sections. It should be emphasized here that
various Ti80X20 (X = Cr, Nb, Mo, Ta) alloy specimens with the β phase
and/or α” phase can be obtained from the mixture of pure element
powders. The microstructure and mechanical properties of the Ti-X1
(X1 = Nb, Mo, Ta) alloy specimens will be discussed in future
publications.

Fig. 4 shows the process window for the relative density of Ti-Cr
alloy specimens prepared from a mixture of pure Ti and Cr powders
via SLM, as well as the typical microstructure of the Ti-Cr alloy



Fig. 3.XRDpatterns of Ti-X (X=Cr, Nb,Mo, Ta) alloy specimens fabricated at energy densities (J) of 1.5 and 3.0 J/mm2. The intensity is expressed in the linear scale in thefigures on left and
in the logarithmic scale in the figures on right, to enhance the minor peaks. (a) Ti-Cr alloys, (b) Ti-Nb alloys, (c) Ti-Mo alloys, and (d) Ti-Ta alloys.
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specimens. In the process window map (Fig. 4(a)), the indexes ○, ●,
and × denote the states with densities over 98%, between 96% and
98%, and below 96%, respectively. The hatched region including the
states B, D, and E indicates suitable processing regions for achieving
dense specimens without residual pores or cracks. Typical examples of
the outer surface appearance of the Ti-Cr alloy specimenswhen the pro-
cess conditions are either not suitable (A) or suitable (B) are shown in
Fig. 4(b) and (c), respectively. The black contrast corresponding to the
residual pores and the non-molten Cr particles can be seen in the spec-
imen processed under condition A (Fig. 4(b)); however, no defects
could be observed in the specimen processed under condition B (Fig. 4
(c)). In the specimen processed under condition A, the energy density
may be too low to achieve the formation of a liquid state without non-
molten Cr particles, resulting in the formation of residual pores. This



Fig. 4. (a) The process windowmap for the fabrication of Ti-Cr alloy specimens by the SLM process. A, B, C, D, and E denote the process conditions in the present study. They are as follows:
(A) V = 1000 mm/s, J = 1.5 J/mm2, (B) V = 1000 mm/s, J = 3.0 J/mm2, (C) V = 600 mm/s, J = 3.0 J/mm2, (D) V = 800 mm/s, J = 3.1 J/mm2, and (E) V = 1200 mm/s, J = 2.9 J/mm2.
(b) The outer surface appearance of the Ti-Cr alloy specimens fabricated under condition A. (c) The outer surface appearance of the Ti-Cr alloy specimens fabricated under condition B.
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indicates that the microstructure is strongly dependent on the process
conditions, and that an insufficient energy density leads to the forma-
tion of macroscopic defects such as the pores.

Fig. 5 shows the typical XRD patterns of Ti-Cr alloy specimens fabri-
cated using various process conditions. Fig. 5(a) and (b) show the XRD
patterns at a scan speed V = 1000 mm/s and at an energy density J ~
3.0 J/mm2, respectively. The patternswere obtained from the central re-
gion of the specimens in the Y-Z planes. In Fig. 5(a) and (b), the sharp
peaks indicated for the indexes ● in the XRD patterns cannot be ex-
plained by pure hcp-Ti and BCC-Cr phases. The peaks corresponding to
the ● index can be ascribed to the BCC phase, whose lattice constant
is a = 0.317 nm. The lattice constant of the Ti80Cr20 alloys, as estimated
by the Vegard's law [29], is 0.317 nm. The analogy in the lattice constant
value supports the formation of a BCC solid solution phase in the Ti-Cr
alloy specimens under different process conditions. In the specimens
processed under condition A (Fig. 5(a)), minor peaks corresponding to
the BCC-Cr phase were observed. However, the main constituent
phase in the specimen processed under condition A was the BCC solid
solution phase (●), while Cr is considered to be the minor phase (pri-
marily in the non-molten particles). The BCC single phase specimens
can be successfully formed from Ti-Cr alloys under different process
conditions by SLM, using a mixture of pure Ti and Cr particles. One can
notice that the peak intensity ratio of the (011), (002), and (112)
peaks of the BCC phase is strongly dependent on the process conditions.
In Fig. 5(a), the peak intensity ratio, I(002)/I(011), increases with an in-
crease in the energy density. In Fig. 5(b), it can be noticed that the I
(002)/I(011) ratio increases with an increase in the scan velocity V.
The increase in the I(002)/I(011) ratio implies the formation of a BCC
solid solution phase with a high {001}b100 N texture during the SLM
process.



Fig. 5. XRD patterns of Ti-Cr alloy specimens processed under different SLM conditions.
(a) At V = 1000 mm/s and (b) at J ~ 3.0 J/mm2.

6 T. Nagase et al. / Materials and Design 173 (2019) 107771
To comprehend the formation of Ti-Cr alloy specimens with high
texture from a mixture of pure Ti and Cr elemental powders using
SLM, the microstructure of the Ti-Cr alloy specimens was investigated
in detail. Fig. 6 shows the crystallographic orientation analysis results
in the Y-Z plane of the Ti-Cr alloy specimens fabricated by SLM under
the condition set D, in which V = 800 mm/s and J = 3.1 J/mm2 (a),
and the condition set E, in which V = 1200 mm/s and J = 2.9 J/mm2

(b). The crystallographic orientation was evaluated by the inverse pole
figure (IPF) images taken in the Y-Z planes and from the (100), (110),
and (111) pole figures. Although cube ⟨100⟩ texture was developed in
both condition D and E, a significant difference can be seen in the tex-
ture development in the specimens prepared under conditions D
(Fig. 6(a)) and E (Fig. 6(b)). In the specimen E, the grains were elon-
gated along the building direction (Z), together with a strong 〈001〉
alignment along the X direction. In contrast, few elongated grains
could be seen in the Y-Z plane in the specimen D, resulting in a low
⟨001⟩ alignment along the X direction. Fig. 7 shows the results of the
crystallographic orientation analysis along the X-Y plane of the Ti-Cr
alloy specimens. No significant difference could be observed in the tex-
ture development in the specimens D (Fig. 7(a)) and E (Fig. 7(b)). Spe-
cial attention must be paid to the texture in the regions indicated by R
and S, the central areas of which show a strong ⟨001⟩ alignment, while
the surrounding areas show a low crystallographic orientation. The so-
lidification process during the SLM can explain the differences in the
crystallographic texture in the Y-Z and X-Y planes of the specimens D
and E and the particular texture in the regions R and S. This will be
discussed in detail in the next section. These results prove the successful
fabrication of Ti-Cr alloy specimens with elongated grains in the build-
ing direction (Z), along with a high ⟨001⟩ alignment, from a mixture of
pure Ti and Cr powders at the optimum process conditions.

4. Discussion

To understand the mechanisms responsible for the development of
{001}⟨100⟩ crystallographic texture in the Ti-Cr alloy specimens during
the SLM process, the solidification microstructures were carefully stud-
ied. Fig. 8 shows the optical microstructure of the Y-Z plane in a Ti-Cr
alloy specimens prepared via SLM under process the condition set B,
in which V = 1000 mm/s and J = 3.0 J/mm2. The polarized picture
shows traces of the melt pools with a half-ellipse shape (Fig. 8(a)).
The traces of the melt pools were due to the fusion processes used in
this methodology. This methodology fabricates products in a track-by-
track and layer-by-layer manner by partly re-melting the underlying
and adjacent layers previously deposited and generating the melt
pool. Fig. 8(b) shows themagnified image of themolten pools. The elon-
gated cellularmicrostructurewas observed from the edge of themolten
pool. The traces of planar solidification, which were earlier reported by
Vrancken et al. [25], could not observed at the melt pool boundary re-
gion in the present study. Further, no non-molten elemental powders
or micro-pore defects could be observed. The single Ti-Cr alloy liquid
phase was obtained during the laser melting process, and rapid solidifi-
cation led to the formation of the cellular microstructure. In the present
study, dendrite formation and planar growth interface were not ob-
served in the Ti-Cr alloy specimens, regardless of the process conditions.
The solidification in alloys iswell known to be dependent on the growth
rate, Vc, which is related to the cooling rate [26]. The solidificationmode
changes from dendrite growth to cell growth to planar growth upon in-
creasing the Vc (or cooling rate) during the conventional and rapid so-
lidification processes. This indicates that a change in the scan speed, V,
was not enough to change the solidification mode.

The solidification microstructure in the Ti-Cr alloy specimens pre-
pared by the SLM at an energy density J ~ 3.0 J/mm2 was evaluated in
detail to analyze the formation of the ⟨001⟩ texture. The results are
shown in Fig. 9. The intensity ratio, I (Fig. 9(a)), and the grain size and
the cell spacing (Fig. 9(b))were evaluated in the Y-Z planes of the spec-
imens. The grain size was defined as the length of the long axis in the
elongated grains (Z direction). To quantitatively evaluate the degree of
alignment in the ⟨001⟩ direction in the Ti-Cr alloy specimens, the value
of the intensity ratio, I, was calculated using Eq. (1):

I ¼ I002
I002 þ I011

ð1Þ

where I002 and I011 are the X-ray diffraction peak integral intensities of
the (002) and (110) planes of the BCC solid solution phase shown in
Fig. 5(b). The higher the value of I, the higher is the degree of the
⟨001⟩ orientation. The intensity ratio strongly depended on the scan
speed V (Fig. 9(a)); an increase in the scan speed led to an increase in
the ⟨001⟩ orientation (C → D → B → E). As can be seen in Fig. 9(b), the
cell spacing increased monotonously with increasing scan speed. The
cell spacing, λ, is then calculated using the following equation (Eq. (2)):

λ ¼ 4:3 ΔT0DΓð Þ
k0:25V0:25

C G0:25
ð2Þ

where ΔT0 is the liquidus-solidus range, D is the diffusion coefficient of
the liquid, Γ is theGibbs-Thomson coefficient, k is the equilibriumdistri-
bution coefficient, VC is the growth rate, and G is the interface tempera-
ture gradient [30]. The change in the cell spacing can be explained by
the change in VC and/or G. The cell spacing in the specimen E (V =



Fig. 6. Crystallographic orientation analysis of the Y-Z plane in the Ti-Cr alloy specimens fabricated by SLM under (a) condition D (V=800mm/s, J = 3.1 J/mm2) and (b) condition E (V=
1200 mm/s, J = 2.9 J/mm2). Crystallographic orientation was evaluated by the IPF images captured in the Y-Z planes and the (100), (110), and (111) pole figures.
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1200 mm/s) is about 1.4 times larger than that in the specimen C (V=
500 mm/s). If the cell spacing was changed only by the variation of VC

while maintaining a constant G (the assumption of a constant G is
Fig. 7.Crystallographic orientation analysis results of theX-Y plane in the Ti-Cr alloy specimens f
(V = 1200 mm/s, J = 2.9 J/mm2). Crystallographic orientation was evaluated by the IPF image
roughly derived from the constant energy density J), the VC of the spec-
imen E (V = 1200 mm/s) could be roughly estimated to be one-fourth
the VC of the specimen C (V = 500 mm/s). The decrease in the cell
abricated bySLMunder (a) conditionD (V=800mm/s, J=3.1 J/mm2) and (b) condition E
s captured in the X-Y planes and the (100), (110), and (111) pole figures.



Fig. 8. Optical microstructure of the Y-Z plane in the Ti-Cr alloy specimens fabricated by
SLM under condition B (V = 1000 mm/s, J = 3.0 J/mm2). (a) Magnified microstructure
focusing on the shell structure formation, (b) magnified microstructure of the region P
in Fig. 7(a), and (c) magnified microstructure of the region Q in Fig. 7(a).

8 T. Nagase et al. / Materials and Design 173 (2019) 107771
spacing indicates a decrease in the VC; the low VC can be considered to
be favorable for high crystallographic orientation in the solidified grains.
One can notice that the increase in the grain size corresponds to an
Fig. 9. Solidificationmicrostructure analysis of the Ti-Cr alloy specimens fabricated by SLM
at J ~ 3.0 J/mm2.
increase in the intensity ratio. The increase in the grain size also led to
the formation of highly oriented grains during the SLM process because
of the epitaxial crystal growth from the previously solidified parts. The
re-melting of the previously solidified Ti-Cr alloy layers and the epitax-
ial growth of the Ti-Cr alloy grainswith a 〈001〉 orientation, based on the
previously solidified grains with a 〈001〉 orientation, can lead to the for-
mation of elongated grains with a high 〈001〉 orientation. The change in
the scan speed is not enough to change the solidificationmode from cell
growth to other growth modes. However, it was enough to change the
VC during the solidification process, resulting in a low VC and/or G and
enhancing the formation of elongated grains with a high 〈001〉
orientation.

The strong 〈001〉 texture formation can be seen in the elongated
grains in the Y-Z plane of the Ti-Cr alloy specimens (Fig. 6) under
Fig. 10. Illustration of the crystallographic orientation in the X-Y planes during SLM.
(a) Typical examples of the molten pools with a highly oriented central area (M) and
surrounding areas with a low orientation. (b) Mechanism of texture evolution during
the SLM process.
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specific conditions, whereas it could not be observed in the X-Y plane
(Fig. 7). It is well known that the preferred orientation for dendritic
and cell growth inmetalswith a BCC structure is 〈001〉 [30–32]. The tex-
ture formation is related to the preferred orientation of growth of the
BCC structure, the solidification mode as described earlier, the thermal
gradient during the SLM process, and other related factors. Fig. 10 de-
picts the particular crystallographic texture at the trace of the melt
pools in the X-Y plane and illustrates the mechanism of texture forma-
tion in the X-Y and Y-Z planes. Fig. 10(a) shows six examples of texture
formation at the traces of themelt pools in the X-Y plane, corresponding
to the regions indicated by R and S in Fig. 7. The central area (indicated
by M) shows a significantly high 〈001〉 texture, which is not visible in
the surrounding regions (indicated by N). Ishimoto et al. reported the
mechanism of the 〈001〉 texture formation during the fabrication pro-
cess with scan strategy XY in β-Ti alloys, and a part of the illustration
for the same is provided in Fig. 10(b) [24]. The 〈001〉 is preferentially
oriented along the building direction, which is caused by the two
〈001〉 epitaxial growth directions that are 0° and 90° from the building
direction. The region N with a low 〈001〉 texture corresponds to the
elongated grain along the building direction. One can notice the differ-
ence in the 〈001〉 texture formation between the regions M and N. In
the regionN, theheatflow is directed favorably towards the 〈001〉direc-
tion in the BCC phase and the epitaxial growth occurs. In contrast, in the
regionM, the growth of the elongated cell predominantly occurs within
the plane that is perpendicular to the scanning direction. The region N
corresponds to the scan center during the SLM process. The solidifica-
tion progressed along the interface between the boundaries of the mol-
ten pool, indicating that the region N solidified towards the end of the
process. This implies that the solidification in the region N was affected
by that in the region M, and this effect may lead to a low degree of tex-
ture formation. The difference in the 〈001〉 texture formation between
the X-Y and Y-Z planes can be explained by the preferred orientation
of cell growth in metals with a BCC structure and the particular texture
formationmechanism is related to the heat transfer during the SLMpro-
cess. The mixture of the regions M and N is the reason why no signifi-
cant 〈001〉 texture formation could be seen in the X-Y plane when
compared with the Y-Z plane. The heat transfer in the melt and the so-
lidification interface between the liquid and solid during the SLM pro-
cess have not been studied in detail in the current work. The
combination of the simulation of heat transfer during the SLM process
and the microstructure analysis, as performed in the present study,
may be effective in furthering our understanding of crystallographic ori-
entation in pure Ti and Ti alloys. The crystallographic texture formation
was found in the Ti-Cr alloy system, while such a phenomenon was not
be clearly observed in Ti-X1 (X1 = Nb, Mo, Ta) alloy specimens, as
shown in Fig. 3. The single β phase was obtained regardless of the pro-
cess conditions in Ti-Cr alloys, while the martensite phase and non-
molten phase were observed in Ti-X1 (X1 = Nb, Mo, Ta) alloy speci-
mens. These factors observed only in Ti-X1 (X1 = Nb, Mo, Ta) alloys
may affect the crystallographic texture formation. The development of
crystallographic texture in Ti-based alloy components without any
non-molten particles and macroscopic defects was considered to affect
the mechanical properties, and the relationship between the mechani-
cal properties and the solidification microstructure will be reported in
the future work. The present study demonstrates the possibility of fab-
rication of the β-Ti alloy components containing a well-developed crys-
tallographic texture from amixture of pure metallic elemental powders
in Ti-Cr alloys, which consist of spherical Ti powders and irregularly
shaped Cr powders, using additive manufacturing.

5. Conclusions

In this study, the dense components of the Ti-X (X= Cr, Nb, Mo, Ta)
alloy specimens were fabricated from the mixtures of pure element
powders using an SLM process. The constituent phases in the dense
components of the Ti-X alloys were evaluated. The formation of a single
β phase without non-molten powders was observed in these alloys.
Based on the solidification microstructure analysis of Ti-Cr alloys, the
texture formation and its mechanism were investigated. The obtained
results are summarized as follows:

(1) The formation of a BCC phase was observed in Ti80X20 (X = Cr,
Nb, Mo, Ta) alloys prepared using a mixture of pure element
powders processed by the SLM technique. The constituent
phases (BCC phase, martensite phase, and non-molten pure ele-
ment phase, etc.) and the volume fraction of the constituent
phaseswere dependent on the element X and the energy density
during the SLM process.

(2) The dense components of a single β phase Ti-Cr alloys without
non-molten powders was fabricated from a mixture of pure Ti
and Cr powders using the process of SLM.

(3) The crystallographic texture of the β phase in the Ti-Cr alloy
specimens was analyzed. The preferential {001}〈100〉 crystallo-
graphic orientation and the formation of elongated grains along
the building direction were observed.

(4) The mechanism of formation of with well-developed {001}〈100〉
crystallographic texture was discussed based on the formation of
the elongated grains, the epitaxial growth of the previously solid-
ified layer, cell growth at the solid-liquid interface, and the heat
transfer and solidification processes during SLM. The change in
the crystallographic orientation of the β phase cannot be ex-
plained by a change in the solidification mode.
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