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HIGHLIGHTS

GRAPHICAL ABSTRACT

Fabrication of Ni-25 at.%Mo product was
succeeded by the selective laser melting.
Texture development can be controlled
by changing the scanning strategy of
the laser.

Aligned crystal orientation along the
build direction can be varied in

(001) or (101) .

Controlling mechanism of the texture
was clarified by microstructure
observation.
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Variations in the crystallographic texture in Ni-25 at.%Mo alloys fabricated by selective laser melting with differ-
ent scanning strategies were designed for the first time. Single-crystalline-like texture with a short-range order of
Mo atoms can be produced via bidirectional scanning along one axis (X-scan) and bidirectional scanning with a
90° rotation in each layer (XY-scan), while only fiber texture was formed in bidirectional scanning with a 67°

rotation (Rot-scan). The aligned crystal orientation along the build direction can be varied by the scanning
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Texture

Electron backscattering diffraction
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Short-range order

strategy; <001) is preferred in the XY- and Rot-scan samples, while (101) is preferred in the X-scan sample.
The controlling mechanisms of the texture, focusing on the preferential growth directions of the columnar cells
and the following epitaxial growth, are discussed.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Ni—Mo alloys have been used as coating, cathode, and catalyst
materials because of their high strength, good corrosion and wear

* Corresponding author at: Division of Materials and Manufacturing Science, Graduate
School of Engineering, Osaka University, 2-1 Yamadaoka, Suita 565-0871, Japan.
E-mail address: nakano@mat.eng.osaka-u.ac.jp (T. Nakano).

https://doi.org/10.1016/j.matdes.2017.11.060

resistance, and high thermal stability [1-4]. However, it is reported
that the corrosion resistance and ductility is deteriorated by discontinu-
ous long-range ordering (LRO) to form NizMo or NisMo precipitates at
the grain boundary [4-6]. Thus, a single crystalline microstructure is
suggested as a means to reduce the precipitate at the grain boundaries.
In addition, the single crystalline microstructure is preferred for
applications at elevated temperatures in order to improve creep
resistance. Therefore, it is necessary to establish a strategy to control

0264-1275/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the microstructure in Ni-based alloys to improve their mechanical prop-
erties and corrosion resistance. The prevailing manufacturing methods
to obtain single crystalline microstructure or directional solidification
microstructure, are the floating zone method [7,8], the Czochralski
method [7,9], and the Bridgman method [7,9], which require stringent
temperature control. Thus, they require high cost, and are limited in
terms of accessible sizes and shapes of the product.

Recently, the additive manufacturing (AM) technology has been re-
ported to fabricate complex-structured components at a low cost in a
short time [10-12]. The control of the microstructure and texture in
samples built by AM have been reported in nickel-based alloys [13-
18], cobalt-based alloys [19,20], titanium alloys [21-25], steels [26,27],
aluminum alloys [28,29], and so on. In some reports, the formation of
single-crystalline-like microstructures was presented [13-17,19,20,24,
25]. In this study, we focused on the AM of Ni—Mo alloys, for which
there have been no reports to date.

Although there are many reports on the development of textures in
AM samples as described above, the controlling mechanisms of the tex-
tures have not been sufficiently clarified yet, as there are numerical
influencing factors from the material and build parameter aspects,
such as crystallographic structure, phase transformation, power, scan-
ning speed, and scanning strategies. In Ni—Mo alloys, the development
of short-range order (SRO) is known [4-6,30-33], whose developing
feature is significantly varied depending on the cooling rate [4-6,30-
33]. This is one of the reasons we focused on the Ni—Mo alloy for the
AM process: not only for the practical aspect but also for the fundamen-
tal aspect; i.e., to clarify the controlling factors of the microstructure, in-
cluding texture depending on the cooling rate by the observation of
SRO. During this study, we found that the texture developed in the
Ni—Mo alloy can be varied by the scanning strategy. The mechanism
of this is discussed in this paper.

The development of the texture in the AM samples, and its variation
in scanning strategy [13,14,21,25] has been reported by some re-
searchers. Recently the formation mechanism of the texture in 3-Ti
with body-centered cubic (bcc) structure [25] was reported, but re-
search in the face-centered cubic (fcc) phase is still not sufficient.
Based on detailed observation of the microstructure, the developing
mechanism of the texture, depending on the scanning strategy, in the
fcc Ni—Mo alloy is discussed.

2. Experimental procedure

For the fabrication of the AM sample, gas-atomized powder with a
nominal composition of Ni-25 at.sMo was prepared, whose diameter
ranged from 10 to 45 pum with an average of 34 um. The other detectable
element contents, in mass fraction, were 0.13% Fe, 0.1% Cu, 0.26% Si,
0.05% B, and 0.05% O. The powder exhibited a spherical shape with sev-
eral satellites, as shown in Fig. 1. Using this powder, 10 mm x 10 mm
x 5 mm blocks were built by selective laser melting (SLM) equipment
(EOS M 290) under a power of 200 W, a scanning speed of 800 mmy/s,
and a pitch (i.e. the distance between neighboring scanning paths) of
0.08 mm with a layer thickness of 40 um. In this study, the build direc-
tion was defined as the z-axis, and the scanning directions, which are
perpendicular to the z-axis, were defined as the x- and y-axes. Three dif-
ferent scanning strategies, X-scan, XY-scan, and Rot-scan, were
attempted to control the texture. In the X-scan, the laser beam was
scanned bidirectionally along one axis (x only). In the XY-scan and
Rot-scan, the bidirectional scanning was changed with a 90° rotation
and 67° rotation in each layer, respectively. The samples were cut
from stainless-steel platform by electric discharge machining directly,
without performing any stress relieving treatment. The built samples
were cut along the xz-, yz-, and xy-planes, and the microstructures
were observed by scanning electron microscopy (SEM, JEOL JSM-
6500F, Japan), and transmission electron microscopy (TEM, JEOL JEM-
3010, Japan). All the microstructures of the samples were observed in
the as-built state, without any heat treatment. Before the observation

Fig. 1. Morphology of the powders used in the selective laser melting.

by SEM, the specimens were etched in a solution consisting of 31%
HNOs, 6% HCl, and 63% H,0 with ultrasonic vibration, to see the melt-
pool trace and grain boundaries clearly. Textures developed in the sam-
ples were examined by electron backscatter diffraction (EBSD) pattern
analysis in the SEM at the measured step size of 3 um at low magnifica-
tion and 0.5 um at high magnification.

3. Results

The nearly full dense sample can be obtained in all the scanning
strategies in the fabrication conditions described herein. The relative
densities measured by the Archimedes method for the X-scan, XY-
scan, and Rot-scan sample were 99.6%, 99.8%, and 99.8%, respectively.
Fig. 2(a-i) shows the crystal orientation maps analyzed by SEM-EBSD
on the yz-, xz-, and xy-planes of three samples built by the scanning
strategies of X-scan, XY-scan and Rot-scan, respectively. In addition,
the corresponding {001}, {101}, and {111} pole figures along the z-axis
taken from the xy-plane of the samples are displayed in Fig. 2(j, k, 1). In-
terestingly, it was found that the crystallographic textures developed in
the different scanning strategies were wholly different from one anoth-
er. In the XY-scan sample, strong (001) alignments occurred in x-, y-
scanning and build directions (Fig. 2(b, e, h)). The corresponding {001}
pole figure in Fig. 2(k) shows distinctly strong and sharp intensity peaks
along the x-, y-, and z-axes, suggesting that a single-crystalline-like cube
texture was developed. In the X-scan sample, there were the same

{001) alignments along the x-scanning direction (Fig. 2(a)) as those
in the XY-scan sample, but the preferred crystal orientation along the
y-scanning and build directions were shifted from (001) to (101)
(Fig. 2(d, g)). That is, a similar single-crystalline-like cube texture, but
it is rotated along the x-scanning direction by 45° with respect to the
one formed in the XY-scan, was developed in the X-scan. In addition,
the intensity concentration of the orientations was somewhat broader
in the X-scan than observed in the XY-scan sample, as shown in Fig.
2(j, k). This is because as well as the stronger concentration of

(101) intensity, a weak concentration of (001) intensity was ac-
companied along the z-direction, as shown in Fig. 2(j). Such coexistence
of concentrations of different orientations was not observed in the XY-
scan sample. In the Rot-scan sample, on the other hand, a strong

(001) alignment was developed only along the build direction (Fig.
2(c, f,1)). The {001} pole figure of Fig. 2(I) shows that a ring-like distri-
bution of the (100) intensity with respect to the z-axis was developed
in addition to the strong peak along the z-axis. This demonstrates that
the (001) fiber texture was developed in the Rot-scan sample.

To clarify the origin for this variation in texture in different scanning
strategies, detailed microstructural observations were conducted. Fig.
3(a) shows the TEM bright field image of the microstructure in the sam-
ple built by the XY-scan, and Fig. 3(b) shows the corresponding selected
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Fig. 2. Crystal orientation maps showing the variation in textures with scanning strategies of (a, d, g, j) X-scan, (b, e, h, k) XY-scan, and (c, f, i, ) Rot-scan in SLM of Ni-25 at.%Mo alloy,
analyzed by SEM-EBSD. The crystal orientations expressed on the observation plane all correspond to the normal plane. (j, k, 1) Corresponding {001}, {101}, and {111} pole figures

along the z-axis, measured on the xy-plane.

area electron diffraction (SAED) pattern. Fig. 3(a) demonstrates that a
cellular-like microstructure was developed in the solidification process
of SLM. From the SAED pattern, the growth of the columnar cells can
be found to preferentially occur in the (001) orientation, similarly
to those observed in other fcc materials [34]. The observation was also
conducted for the other two samples built by the X-scan and Rot-scan,

and the same feature was confirmed. Note that there exist diffuse dif-
fraction intensity profiles at the {0 1 1/2} positions beside those from
the fcc matrix, as indicated by green circles in Fig. 3(b), indicating the
development of SRO [4,30-33]. Regarding the detailed origin of the dif-
fuse intensity maxima by SRO, Hata et al. [32,33] clarified in their high-
resolution TEM observations and simulations that these were derived
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Fig. 3. (a) TEM bright field image of the microstructure and (b) corresponding SAED pattern observed in the Ni-25 at.%Mo sample fabricated in the XY-scan. The observed plane was nearly
parallel to the yz-plane, and the specimen was slightly tilted to adjust the observed direction parallel to (100) .

from the formation of microclusters of subunit cells of D1,, D0,,, and ordered structures such as D1, (Nis;Mo) and Pt;Mo(Ni,Mo)-type struc-

Pt,Mo structures. In addition, it was reported that the diffuse intensity tures by further annealing, i.e., the LRO proceeds by long-term anneal-
maxima changed to sharp ordered spots, which are derived from stable ing at high temperature [4,30-33]. The developing LRO structure

SEM (yz-plane) IPF map (z-axis)

Low Angle Boundaries:

direction
Z axis

E Scanning direction 2 LAB (20 <6 < 15°)
@ axis
- High Angle Boundaries:
Scanning direction 1 oo’ 101 HAB (15°< 8)

X axis

Fig. 4. (3, ¢, e) SEM image showing the morphologies of the boundaries of the columnar cells and the traces of the melt-pools observed on the yz-plane, and (b, d, f) corresponding crystal
orientation maps along the z-axis analyzed by SEM-EBSD, in the samples fabricated by the scanning strategy of (a, b) X-scan, (c,d) XY-scan, and (e, f) Rot-scan. Figs. (a’, ¢/, e’) are the higher
magnification images in Figs. (a, c, ), respectively. The black arrows indicate the elongation direction of the columnar cells observed on the cross-sections.
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varies depending on the alloy composition and heat-treatment temper-
ature [4,30-33].

The present TEM observation results suggest that the ordering trans-
formation from SRO to LRO did not occur during the fabrication process,
demonstrating the cooling rate in the AM sample fabricated under the
present conditions is rather fast. This must be because of the short expo-
sure time at high temperatures for the small build height in this study.
In addition, the preheating temperature in the present SLM was only
80 °C, which is much lower than that in electron-beam melting
(EBM). Because the preheating temperature in EBM is approximate
0.5-0.8 of the melting point of the material, the microstructure of the
early-built part can be affect greatly [20]. Now, the study to clarify the
relation between the specimen shape, fabrication condition, etc. and
the cooling rate, and resultant variation in texture is ongoing, by more
quantitative analysis of the difference in the morphology and intensity
of the SRO. The result on this will be described in a separated paper.

Fig. 4(a, c, e) displays the SEM images on the yz-plane showing the
morphologies of the boundaries of the columnar cells and the traces of
melt-pools enhanced by etching in the samples built by different scan-
ning strategies. In addition, enlarged SEM images are shown in Fig. 4(a
', ¢/, e'). Fig. 4(b, d, f) shows the corresponding crystal orientation

SEM (xz-plane)

5

Scanning direction 1
X axis

Build
direction
Z axis

Scanning direction 2 o1
y axis

maps at the same positions shown in Fig. 4(a, ¢, e). Note that although
the observed direction of the microstructures in Fig. 4 is parallel to x-
axis, the crystal orientations expressed are all corresponding to the
one along the z-axis (build direction) in Fig. 4(b, d, f). The layered half
ellipses accumulated along the z-axis in Fig. 4(a, c, e) were identified
as melt-pool traces, but the detailed morphologies were largely differ-
ent in each sample due to the different scanning strategies used.
When viewed along the x-direction, the melt-pool traces with half-el-
lipse shapes were periodically arranged in the X-scan sample, while
the arrangement is somewhat irregular, and the shape of melt-pool is
flatter in the Rot-scan sample. In the XY-scan sample, in addition to
the half-ellipse shape of the melt-pool traces, band-like morphologies
were observed which stem from the melt-pools formed by the scan
along the y-direction.

In addition to the difference in the shapes of the melt-pools, the ex-
tending directions (indicated by black arrows) of the columnar cells in
the melt-pool were found to be different. In the X-scan sample, most
of the columnar cells in the melt-pool were inclined approximately
45° toward the center, and only a few columnar cells at the central
position grew along the build direction. As demonstrated in Fig. 3, the
extending directions of the columnar cells are parallel to <001) .

IPF map (z-axis)

Low Angle Boundaries:
LAB (2°<8 < 15°)

High Angle Boundaries:
HAB (15°< 0)
101 —

Fig. 5. (a, ¢, ) SEM image showing the morphologies of the boundaries of the columnar cells and the traces of melt-pools observed on the xz-plane, and (b, d, f) corresponding crystal
orientation maps along the z-axis, analyzed by SEM-EBSD, in the samples fabricated by the scanning strategy of (a, b) X-scan, (c, d) XY-scan, and (e, f) Rot-scan. Figs. (a’, c’, e’) are the

higher magnification images of Figs. (a, c, e), respectively.
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Thus, the comparison of the microstructure and the crystal orientation
map shown in Fig. 4(a, b) demonstrates that the 45°-inclined columnar
cells and the vertical columnar cells at the central position of the melt-
pools become the origin of the development of the strong (101) tex-
ture and weak ¢001) texture along the build direction, respectively.

However, in the XY-scan and Rot-scan samples, many of the colum-
nar cells tended to grow along the build direction, and elongated grains
were developed beyond the melt-pool boundaries, as shown in Fig. 4(c,
e). Comparing the microstructure and the crystal orientation map
shown in Fig. 4(c, e) and (d, f), respectively, it can be found that these
elongated grains aligned along the build direction contribute to the de-
velopment of the (001) texture. Note that in the XY-scan sample, the
elongated grains along the build direction located in the overlapping re-
gions of the half-ellipse shapes of the melt-pools partly consist of co-
lumnar cells grown along the horizontal direction, beside the
vertically grown columnar cells, as shown in Fig. 4(c, c’).

To further understand the 3D grain and columnar cell arrangement
in the melt-pools and their effect on the texture development, Figs. 5
and 6 show the SEM images and their corresponding crystal orientation
maps at the same positions observed on the xz- and xy-planes of the
samples built by different scanning strategies, respectively. In Fig. 5(b,

SEM (xy-plane)

Scanning
direction 2
y axis

Scanning
direction 1
X axis

Build direction 001
Z axis

d, f), although the observed direction of the microstructures is parallel
to the y-axis, the crystal orientations expressed all correspond to the
one along the z-axis (build direction), as well as that in Fig. 4. When
viewed along the y-direction, different from those observed in x-direc-
tion, only band-like morphologies were seen in the SEM image of the
X-scan sample (Fig. 5(a)), which stem from the melt-pools formed by
the scan along the x-direction. The extending directions (indicated by
black arrows) of the columnar cells in Fig. 5(a, a’) were perpendicular
to the horizontal melt-pool traces, which suggests that the growth of
the columnar cell mainly occurs on the plane perpendicular to the x-
scanning direction. As the columnar cells extended along (¢001) , Fig.
5(b) suggests that the columnar cells with red color, at position A, ex-
tend along the build direction, and the columnar cells with green
color, at position B, incline approximately 45° from the build direction
on the yz-plane. In the SEM images of the XY-scan and Rot-scan samples
(Fig.5(c, c’, e,e’)), a similar melt-pool trace morphology and growth be-
havior of the columnar cells to those observed on the yz-planes (Fig. 4)
can be seen. Periodic half-ellipse and band-like melt-pool traces were
observed in the XY-scan sample; the columnar cells mainly extended
vertically at the central region, and some columnar cells extended hor-
izontally at the side regions of the melt-pools, as shown by the black

IPF map (z-axis)

Low Angle Boundaries:
LAB (2° <8 < 15°)

High Angle Boundaries:
HAB (15°< )
=

101

Fig. 6. (a, ¢, e) SEM image showing the morphologies of the boundaries of the columnar cells and the traces of melt-pool observed on the xy-plane, and (b, d, f) corresponding crystal
orientation maps along the z-axis analyzed by SEM-EBSD, in the samples fabricated by the scanning strategy of (a, b) X-scan, (c, d) XY-scan, and (e, f) Rot-scan. Figs. (a’, ¢, e’) are the

higher magnification images of Figs. (a, c, e), respectively.
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arrows. These vertically and horizontally extended columnar cells
formed the ¢001) texture in the build direction, as shown in the cor-
responding crystal orientation map in Fig. 5(d). Irregular half-ellipse
melt-pool traces were observed in the Rot-scan sample. Many of the co-
lumnar cells extended vertically in the melt-pools and elongated grains
developed beyond the melt-pool boundaries. They formed the (001)
texture in the build direction, as shown in Fig. 5(f).

When viewed along the z-direction, all the samples show band-like
morphologies, which are thought to be from the melt-pool traces paral-
lel to the scanning direction, as shown in Fig. 6. Moreover, in the XY-
scan sample, besides the band-like morphologies, some rod-like and el-
liptical shapes, whose elongated directions were perpendicular to those
of the main band-like morphologies, can also be observed. They are
thought to arise from the part of the melt-pool traces in the layer
above the main band-like morphologies' existing layer, which are not
wiped off completely during the polishing process because of their
greater depth caused by fluctuations in the melt-pool size. In the X-
scan sample, the red grains, such as the one at position A, were in the
center of the melt-pool trace, while the green grains, such as the one
at position B, occupied a part of each of the neighboring melt-pool
traces, as shown in Fig. 6(b). This kind of orientation distribution is con-
sistent with the observation result on the yz-plane in Fig. 4(b). The ex-
tending directions (indicated by black arrows) of the columnar cells
shown in Fig. 6(a, a’) were nearly perpendicular to the elongated direc-
tion of the melt-pool trace, i.e., the scanning direction. This further sug-
gests that the grains mainly grow on the plane perpendicular to the
scanning direction. As the columnar cells extended along <001) , the
crystal orientation in Fig. 6(b) suggests that the columnar cells at posi-
tion A of Fig. 6(a) extend along the build direction, while those at posi-
tion B incline approximately 45° from the build direction on the yz-
plane.

For the XY-scan and Rot-scan samples, although the grains
displayed a similar orientation in the build direction, as shown in
Fig. 6(d, f), some different morphologies of microstructure were ob-
served depending on the position. That is, at the central position of
the melt-pools, such as positions C and G, the columnar cells whose
lengths of the boundaries are short were observed, i.e. they were
aligned parallel to the build direction in the center of the melt-pool
traces. While columnar cells whose lengths of the boundaries are
long were aligned nearly along the direction perpendicular to the
scanning direction (black arrows) on the side of the melt-pool traces,
such as at positions D, E, F, and H, as shown in Fig. 6(c, ¢/, e, e’). These
observations further support the conclusion that the growth of
columnar cells mainly occurs on the plane perpendicular to the
scanning direction in all the samples in which strong textures were
developed, independent of the scanning strategy.

4. Discussion

It is generally known that the growth preference of the columnar
cells is along the direction with the largest temperature gradient. In
the melt-pool, the largest temperature gradient direction lies along
the direction perpendicular to the melt-pool boundary [21]. Thus, in
the ideal condition where the crystal growth occurs only by the effect
of the thermal gradient, the columnar cells would grow along a radial
direction in the melt-pool. This is obviously different from the observa-
tion results shown in Figs. 4-6. This suggests that other factors also con-
tribute to the growth behavior of the columnar cells, which induce the
formation of peculiar textures varied by the scanning strategy.

Here, it must be emphasized, as the important observation result
found in this study, that the growth of the columnar cells preferentially
occurred within the plane perpendicular to the scanning direction in the
textured samples. This implies that the (001) growth direction lies on
the plane perpendicular to the scanning direction in the strongly tex-
tured samples. Focusing on these features, the formation mechanism

of the texture, which varied depending on the scanning strategy, is
discussed in this section.

Fig. 7(a-c) shows schematic images, which explain the texture for-
mation process in the X-scan, XY-scan, and Rot-scan, respectively. In
the images, the melt-pools are numbered as #i, where i = 1, 2, 3...,
which are formed in the order of the numbers. The temperature gradi-
ent at the different solidification interface of the #i melt-pool is desig-
nated as Gy, indicated by the red arrow, where k is the position A, B...,
denoted by the corresponding lower-case letter. The extending
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Fig. 7. Schematic drawings depicting the formation mechanisms of different microstructures
and textures depending on the scanning strategy of the Ni-25 at.%Mo alloy. (a) X-scan, (b)
XY-scan, and (c) Rot-scan. The red and blue arrows indicate the thermal gradient direction
and expected (001) directions of the columnar cells, i.e., preferential growth direction of
the columnar cells, respectively.



314 S.H. Sun et al. / Materials and Design 140 (2018) 307-316

direction of the columnar cells is designated as Dy, j = 1, 2, 3..., indicat-
ed by the blue arrow, and the columnar cells extending along the Dy di-
rection are called the Djy cells.

First, we focus on the growth behavior of columnar cells in the X-
scan sample, as shown in Fig. 7(a). In the central position of the melt-
pools, the temperature gradient directions are parallel to the build di-
rection, so a few columnar cells grow vertically along the temperature
gradient direction. They can go through several layers, because the ex-
tending direction controlled by the temperature gradient always
matches the growth direction of the columnar cells beneath the melt-
pool, and thus the epitaxial growth is assisted. As clarified in Fig. 3, the
extending direction of the columnar cells is parallel to <001) in this
Ni—Mo crystal. Thus, the development of these vertically grown colum-
nar cells induces aweak (001) alignment of the crystal orientation, as
confirmed in Fig. 2(j). At the boundary of the neighboring melt-pools,
on the other hand, growth of the columnar cells occurred along the di-
rection largely inclined from the build direction. Focusing on the growth
behavior in this region, for example at position A, where the #2 melt-
pool overlaid the #1 melt-pool, the columnar cells in the #2 melt-pool
prefer to grow along the D,, direction, which is perpendicular to the
D1, direction, rather than growing along G,., as was frequently observed
in Fig. 4(a, a’). This Do, direction corresponds to the secondary growth
direction of the Dy, cell. It was observed in this study (Figs. 4-6) that
the growth of columnar cells mainly occurs on the plane perpendicular
to the scanning direction in all the samples in which strong texture was
developed by the appropriate control of the AM process conditions. The
texture development in the X-scan sample can be explained by the fact
that the secondary growth direction of the cell, which is perpendicular
to the primary extending direction of the columnar cell and lies on
the plane perpendicular to the scanning direction, also becomes
parallel to <001) , as well as the primary extending direction of the
cell. Under this situation, it can be understood that the growth along
the D,, direction occurs due to the decrease in nucleation energy by
conserving the crystal orientation between the #1 and #2 melt-pools.
Here, the smaller the angle between D,, and G,,, the easier the epitaxial
growth, and thus changing frequency of the cell growth direction from
Gy, to Do, will increase. This can be conserved under the appropriate
AM process conditions for the development of strong texture. That is,
under the appropriate process conditions in the present study, D, and
G», can both reside on the yz-plane as shown in Figs. 4 and 5. In this
case, the (010) secondary growth direction of the D1, cell at position
A, which is on the same yz-plane, will have the smallest angle with G,
compared to the (010) secondary growth direction of D, cells not on
the yz-plane. Thus, this small deviation angle effectively assists the epi-
taxial growth of the columnar cells, whose (010) secondary growth
direction is on the plane perpendicular to the scanning direction.

Then, in the scanning of the (n 4+ 1)™ layer, for example when con-
sidering the growth behavior at position B, the growth direction of the
columnar cells in the left half of the #3 melt-pool will match the colum-
nar cells on the left half of the #1 melt-pool. That is, at position B, the D3y,
cell tends to grow along the Dy}, direction for epitaxial growth to de-
crease the nucleation energy, rather than grow along the Gs;, direction
as shown in Fig. 4(a, a’). In the same way, at positions C and D, similar
to the epitaxial growth at position A, the D3. and D44 cells prefer to
grow parallel to the secondary growth direction of the D,. and D3q
cells, respectively. After the columnar cells grow as mentioned
above in several layers, both the primary and secondary growth direc-
tion of the columnar cells in melt-pools will be fixed on the yz-plane,
inducing (100) alignment along the x-scanning direction. Then, to
minimize the mismatch angle in the system, the competition growth
along the temperature gradient direction or the epitaxial direction will
cause most of the columnar cells to incline at approximately 45° with
respect to the build direction during the SLM process of several layers
in the X-scan. The same incline angle was reported by Dinda et al. [13]
in a study of the texture evolution of IN718 fabricated by direct metal
laser deposition. Here, the extending directions of the columnar

cells with a 45° incline angle with respect to the build direction are
parallel to the (001) orientation. As a result, the preferential align-
ment of (101) orientation occurs along the build direction in the
X-scan sample.

In the XY-scan sample, the growth of the columnar cells occurred
parallel or perpendicular to the build direction, different from the case
observed in the X-scan sample, as shown in Figs. 4 and 5. Although
the texture formation in the XY-scan has been explained by several re-
searchers [14-16,19-21,24,25], the details have not been sufficiently
clarified. Here, the texture development in the track-by-track and
layer-by-layer process is considered in the growth mechanism of the
XY-scan sample shown in Fig. 7(b). In the central position of the melt-
pools in the n'™ layer, the columnar cells prefer to grow vertically
under the control of the temperature gradient direction. In addition,
even away from the central part of the melt-pools in the n™ layer,
where they overlaid the underlying melt-pools, for example at position
E of the #5 melt-pool, although the Gs. deviates from the build direc-
tion, the extension of the Ds. cell was preferred to be parallel to the
build direction, as observed in Figs. 4 and 5. This is in good agreement
with the report in the bcc-Ti alloy by Ishimoto et al. [25]. Different
from the case observed in the X-scan sample, under the requirement
to decrease the nucleation energy by conserving the crystal orientation
between melt-pools in the neighboring layers in which the scanning di-
rection was rotated 90°, the best solution to minimize the angle be-
tween the epitaxial growth direction of the underlying columnar cells
(on the xz-plane) and the temperature gradient direction in the new
growing layer (on the yz-plane) is obtained by the growth parallel to
the build direction [25]. In addition, when focusing on the growth at
the side boundary of the neighboring melt-pools, for example at posi-
tion F, where the #6 melt-pool overlaid the #5 melt-pool, the growth
of the columnar cells along the direction perpendicular to the build di-
rection was also observed in the #6 melt-pool. The origin of the devel-
opment of these horizontally extending columnar cells is similar to
those at position A in the X-scan sample. As the growth mechanism of
the columnar cells at position F in the melt-pool #6, the epitaxial growth
from the secondary growth direction of the Ds; cell in the #5 melt-pool
is expected to reduce the nucleation energy. Under this situation, Ds¢
cells witha (010) secondary growth direction on the yz-plane must
be preferentially remained in the developing process of the microstruc-
ture, since such cells effectively assist the epitaxial growth of the colum-
nar cells along the horizontal direction in the #6 melt pool (i.e. Dg¢cells).
These cells can have the smallest angle with Ger with keeping the crystal
orientation in the neighboring layers.

At the boundary of the melt-pools in the n and (n + 1)™ layers,
such as position G in the #7 melt pool, the D4 cell prefers to grow ver-
tically to show epitaxial growth with respect to the underlying cells, as
described above. If the underlying cells are located at a position similar
to F, the <010) secondary growth directions of the D;4 cell will be
fixed to the x- and y-axes owing to the above-described reason. If the
underlying cells are located near the central position of the melt-pool,
like at position E, however, the (010> secondary growth directions
of the D, cell will not be fixed. However, in this case, if the D cell, in
which its secondary growth direction is not on the xz-plane, is formed,
it will not be preferred for epitaxial growth in the neighboring #8
melt-pool. Because the secondary growth direction of the columnar
cell has a larger angle with the temperature gradient direction in the
#8 melt-pool, and it will cease to grow in the following layer. At the
boundary of the neighboring melt-pools in the (n + 1) layer, for ex-
ample at position H, where the #8 melt-pool overlaid the #7 melt-
pool, as in the case at position F, the Dgy, cell prefers to grow horizontally
along the secondary growth direction of the D, cell, which is on the xz-
plane, as observed in Figs. 4 and 5, to decrease the nucleation energy by
conserving the crystal orientation in the neighboring melt-pools. After
the growth of the columnar cells in the way described in several layers,
the majority of the cells will grow vertically or horizontally, on the plane
perpendicular to the scanning direction. As the extending directions of
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the columnar cells are parallel to {001) , the <(001) alignment will
be developed in the x-, y-, and z-axes, forming a cube texture.

Fig. 7(c) shows the growth mechanism of the Rot-scan sample. For
convenience, the scanning direction is assumed to be parallel to the x-
direction in the n™ layer of the Rot-scan sample. Because the scanning
direction rotates by 67° every layer, the melt-pool centers in the neigh-
boring layers do not coincide with each other, and the appearance of the
melt-pools in the cross-section exhibits irregular half ellipses with dif-
ferent morphology in each layer, as observed in Figs. 4 and 5. Such mis-
match of the positions of the melt pool in each layer must prevent the
development of single-crystalline-like texture in the Rot-scan sample.

In the central position of the melt-pools in the n™ layer, the exten-
sion of the columnar cells is preferred to be parallel to the build direc-
tion under the control of the temperature gradient. At the side part of
melt-pools in the n'™ layer, where they overlaid the underlying melt-
pools, for example at position I in the #9 melt-pool in Fig. 7(c), the
growth along the thermal gradient direction Gg; is naturally preferred.
In this case, however, both the primary growth direction and the sec-
ondary growth direction will not match those of the columnar cells
formed in the #11 melt-pool in the (n + 1) layer. This means the nu-
cleation of new cells must occur in the #11 melt-pools, which requires
extra energy. The way to reduce the extra energy required for nucle-
ation is the preferential growth of the columnar cells along the vertical
direction over a wider area of the melt-pool. If such vertical growth oc-
curs, the successive growth keeping the primary (001) growth direc-
tion can occur beyond the melt-pool boundaries in each layer, although
complete epitaxial growth, where the secondary growth direction also
matches that in the neighboring layers, as observed in the XY-scan sam-
ple, is difficult to achieve. Thus, only the crystal orientation in the build
direction is fixed, while the crystal orientation in the scanning direction
is random. This assumption is in good agreement with the observation
result of the crystal orientation map shown in Fig. 8, examined along
the y-direction. The crystal orientation map clearly demonstrates that
most of the columnar cells in the melt-pool grew along the build direc-
tion and elongated grains developed across several layers, but the crys-
tal orientation along the direction perpendicular to the build direction is
different in each grain. As shown in Fig. 5(e, e’), only at the narrow side
region of the melt-pool, columnar cells extended perpendicular to the
building direction were observed. Their formation mechanism is con-
sidered to be the same as those observed in the XY-scan sample, i.e.,
the secondary growth direction is on the plane perpendicular to the
scanning direction, as shown at position ]. However, these columnar
cells did not significantly develop since the secondary growth direction
cannot be conserved in the next (n 4+ 1) scan layer. This must be the rea-
son why the (001) -fiber texture, in which only one of three (001)
orientations is aligned parallel to the build direction, was developed in
the Rot-scan sample.

Overall, we found that texture control of the Ni—25Mo alloy is pos-
sible by the appropriate selection of scanning strategy. For the acquisi-
tion of quantitative data to support the qualitative analysis in this
study, the simulation works etc. are on-going in our group. These results
will be described elsewhere.

m

Z axis

Y axis 001 101

- Low Angle Boundaries:
LAB (2¢ <8 < 159)

High Angle Boundaries:
HAB (15°< 8)
—

Fig. 8. Crystal orientation maps in the Rot-scan sample analyzed along the y-axis, at the
position shown in Fig. 5(e).

5. Conclusions

We found that the control of texture in the Ni—Mo alloys can be ac-
complished by changing the scanning strategy with a suitable combina-
tion of power, pitch and scanning speed. This was achieved via the
control of the selection of preferentially grown columnar cells at the ini-
tial stage, which can be varied depending on the scanning strategy, and
following their epitaxial growth. It was found that the control of the
sample fabricating conditions which induce the growth of the columnar
cells within the plane perpendicular to the scanning direction, is impor-
tant for the development of strong texture. Under this situation, the co-
lumnar cells in which not only preferential growth direction of {001) ,
but also the (010) secondary growth direction lie on the plane per-
pendicular to the scanning direction, preferentially remain in the devel-
oping process of the microstructure in the X-scan and XY-scan samples,
resulting in the development of single-crystalline texture. While such
growth behavior of the columnar cells induces the development of a
one-dimensional fiber-like texture in the Rot-scan sample.

These texture controlling methods must be applicable not only to
the Ni—Mo alloy investigated in this study but also to other fcc and
bce materials in which the preferential growth direction of the colum-
nar cells is parallel to {001) .The epitaxial growth found for the devel-
opment of the texture in this study is an indispensable factor that should
be considered in the simulation of microstructure development in the
AM process.
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