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1. Introduction

Metal additive manufacturing (AM) has attracted the 

most attention in recent years among various metal process-

ing technologies. Conventionally, metal AM has been char-

acterized by its flexible shaping ability and relatively high 
processing speed. Taking advantage of such features of AM, 

metal AM technology has been applied to the fabrication of 

products with hollow structures, three-dimensional complex 
porous bodies, and tailor-made products, among others.1,2) 

Meanwhile, in recent studies, metal AM has emerged as a 

methodology for controlling the crystallographic texture of 
metallic materials3–5) in addition to controlling the shape of 

products. Crystallographic texture, which is an important 
material parameter for metallic materials, is a major factor 

that affects the functionality of a product, independent of 
shape parameters.

The mechanical properties of metallic materials are 

the most significant factor controlled by the crystallo-

graphic texture. Highly texturized materials with prefer-
ential crystallographic orientations can feature mechanical 

anisotropies, such as Young’s modulus,6,7) yield stress and 

elongation,8) fatigue resistance,9) and creep resistance.10) The 

single crystalline form, in which the anisotropy based on 

the atomic arrangement is manifested to the limit, exhibits 
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a maximum anisotropy in Young’s modulus among many 
metal materials. For example, in a β-type titanium alloy with 

a bcc structure, the minimum value of Young’s modulus is 

shown in the <001>  orientation, while the maximum value 
is in the <111>  orientation by forming a single crystal-

line.6,7) These values are remarkably lower or higher than 

those exhibited by a polycrystalline body, respectively. This 
indicates the advantage in producing structural parts, being 

that the degree of freedom in selecting the Young’s modulus 

is expanded due to the selection of polycrystalline and single 
crystalline, although a single material is used. Meanwhile, 

the crystallographic state has a significant effect on the 
yield and fatigue behaviors based on the influence on the 
dislocation mobility, which is governed by the geometry of 

the atomic arrangement and grain boundaries that inevitably 

exist at the interfaces of crystal grains with different atomic 
arrangements. Thus, the control of the crystallographic 

texture from single crystalline to polycrystalline by AM 
is considered to be very beneficial as a means to expand 
the mechanical functionality of the metallic products to be 

selected.

316L stainless steel (316L SS) is a fully austenitic stain-

less steel known for its excellent corrosion resistance (e.g., 

resistance to pitting corrosion) and mechanical properties. 

Furthermore, 316L SS is a common material used in a vari-

ety of industries, such as chemical, petrochemical, marine, 

and medical. Therefore, the crystallographic texture control 
of 316L SS may result in products of increased function-
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alities in a wide range of applications. The purpose of this 

study was to control the crystallographic texture of 316L SS 
via selective laser melting (SLM), a powder bed fusion-type 

metal AM using a laser as the heat source.

2. Materials and Methods

Gas atomized 316L SS powder (Fig. 1) was obtained 

from EOS GmbH (Germany). The nominal composition 
of the powder was 18Cr-14Ni-2.5Mo-0.03C (wt.%), and 

the powder size was under 53 μm. SLM fabrication was 

conducted using an EOS M290 printer equipped with a 

Yb-fiber laser by the “X-scan strategy,” i.e., the laser beam 

was scanned bidirectionally along the x-axis without rota-

tion (Fig. 2(a)). The X-scan strategy has been clarified to be 
beneficial in producing a single crystalline-like texture3,4,11) 

because of the fixed laser scanning direction and the resul-
tant homogenous thermal flux in each melt pool. In this 
study, the build direction was defined as the z-direction, 

and the direction orthogonal to the x- and z-directions was 

defined as the y-direction (Fig. 2(a)). By changing the laser 

scan speed (v), the energy density (E) was controlled, while 

the laser power (P) was kept constant. The hatching distance 

(h) and layered thickness (t) were set to 80 μm and 40 μm, 

respectively. Three laser scan speeds, low, medium, and 

high, were used; the faster laser scan speed corresponds to a 

lower energy density as E =  P/(vht). Products of 10 mm × 

10 mm ×  10 mm were fabricated (Fig. 2(b)), thus, laser 

was scanned 125 passes in each layer for 250 layers. The 

specimens fabricated at low, medium, and high speed are 

referred to as Specimen_A, Specimen_B, and Specimen_C, 

respectively.

The samples were cut from a stainless-steel base-plate 

by electric discharge machining. All the analyses were per-

formed in the as-built specimen without any heat treatment. 

The densities were measured using the Archimedes method. 

The specimens were cut along the yz-plane, mechanically 

abraded, and chemically etched in a solution comprising 

21% hydrofluoric acid, 29% nitric acid, and 50% water. 
The melt pool shape and microstructures were observed 

by optical microscopy (OM; BX60, Olympus, Japan) and 
field-emission scanning electron microscopy (FE-SEM; 
JEOL JIB-4610F, Japan). The crystallographic texture 
was examined by electron backscatter diffraction (EBSD). 
In addition, the Kikuchi diffraction pattern was detected 
by a NordlysMax3 system (Oxford Instruments, UK) and 
analyzed using AZtecHKL software (Oxford Instruments, 
UK). To quantitatively characterize the evolved texture, the 
degree of orientations (p) of {001} and {011} with respect 

to the build direction were calculated based on the Euler 

angles obtained by EBSD as follows:

p hkl hkl� � � �� cos .
2�

Here, α{hkl} shows the angle of {001} or {011} from the 

build direction derived from Euler angles at each analysis 

point in EBSD, and the angle brackets represent the average 

at all analyzed points. Considering the multiplicity of the 

crystal planes, the orientation degrees for the random orien-

tations of {001} and {011} are 0.70 and 0.84, respectively. 

A perfect orientation leads to p =  1.

The quantitative data for the melt pool shape are given as 

the mean ±  standard deviation (SD). Comparisons between 

the means were statistically performed using one-way analy-

sis of variance (ANOVA) and post hoc Tukey HSD tests 
(IBM SPSS Statistics 25; SPSS Japan, Japan). A value of 

P <  0.05 was considered statistically significant.

3. Results and Discussion

The 10 mm ×  10 mm ×  10 mm specimens were success-

fully fabricated using SLM by appropriately tuning the pro-

cess parameters. The absolute densities of Specimen_A, B, 
Fig. 1. SEM micrograph of 361L SS powder used.

Fig. 2. (a) Schematic of the “X-scan strategy” and (b) typical appearance of the product fabricated via SLM. (Online 
version in color.)
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and C were measured by the Archimedes’ method as 7.85, 

7.95, and 7.97 g/cm3, corresponding to relative densities of 

98.4%, 99.7%, and 99.9%, respectively. The cross-sectional 

OM pictures are shown in Fig. 3. Many spherical pores 

formed in Specimen_A (Fig. 3(a)), which was fabricated 

under a low laser scanning speed (high energy density). As 

described later, the melt pool of Specimen_A formed in the 

keyhole mode, and the pores were generated besides the 

formation of the keyhole.12) The lack-of-fusion-type irregu-

lar pores were not observed in any specimen, indicating 

that the input heat energies through laser irradiation were 

adequately strong.

Figure 4 shows the crystallographic textures that evolved 

in the specimens. The inverse pole figure (IPF) maps (Figs. 
4(a)–4(i)) illustrate the crystallographic textures of the 
specimens projected in the x-, y-, and z-directions, created 

from the EBSD analysis in the y-z cross-section. The cor-

responding {001} pole figures are represented in Figs. 4(j)–
4(l). Importantly, the crystallographic texture and orienta-

tion varied significantly depending on the laser scan speed. 
This transition of the texture was not necessarily consistent 
with the scan speed. Specimen_A, fabricated at low speed, 

showed a cube texture with {001} preferentially oriented 
in all of the scan (x-) directions, the y-direction, and the 

build (z-) direction (Figs. 4(a), 4(d), 4(g), 4(j)). Meanwhile, 

although Specimen_B, fabricated at medium scan speed, 

Fig. 3. SEM micrograph of the y-z cross-section.

Fig. 4. (a–i) IPF maps taken in the y-z cross-section and (j–l) {001} pole figures. Double-headed arrows in (h) indicate 
the length of one cycle of periodic CLM structure.
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Fig. 5. Orientation degrees of {001} and {011} along the build 

direction. (Online version in color.)

mostly exhibited a texture with {011} oriented in the z- and 

y-directions and {001} oriented in the x-direction, as shown 

in Figs. 4(b), 4(e), 4(h), 4(k), a thin layer with {001} orien-

tation in the z-direction was periodically included, as clearly 

seen in Fig. 4(h). This unique microstructure is referred to 

as “crystallographic lamellar microstructure (CLM)”.13) Its 

periodicity coincides with the laser hatching distance (80 

μm) and is thus very fine, which can be formed by SLM 
but not by other processing techniques. In Specimen_C, 

the orientation was remarkably randomized while it main-

tained to some extent the texture seen in Specimen_B. This 
texture was quantified as the orientation degrees of {001} 
and {011} along the build direction, as shown in Fig. 5. 

It is clear that the microstructure of Specimen_B is highly 

single crystalline-like, indicated by the quite high degree 

of orientation for {011} close to 1. A slight drop from 1 is 

due to the formation of the abovementioned thin layer with 

preferential {001} orientation in the z-direction. Accord-

ing to the pole figures with a standardized intensity (Figs. 
4(j), 4(l)), the strengths of the crystallographic orientations 

in Specimen_A and C appear to be similar. Based on the 

calculated orientation degree (Fig. 5), however, it can be 

understood that Specimen_A has a more prominent texture 
than Specimen_C, which exhibits orientation degrees close 
to those of random orientations (disordered orientation).

Both Specimen_A and B have a strong tendency to 

inherit the crystal orientation in the build direction over 

multiple layers, forming a columnar microstructure. In 

SLM with track-by-track and layer-by-layer melting, the 

underlying and adjacent parts previously deposited are 

partly remelted. Thus, an epitaxial crystal growth from the 
previously solidified parts occurs. In Specimen_C, in con-

trast, new grains with different crystallographic orientations 
tend to form while showing the characteristics of epitaxial 
growth, resulting in polycrystalline structure with relatively 

random orientation. Explanation of such a transition of the 
microstructure has been attempted according to the theories 

of alloy solidification;14,15) the transition might be related 

to the solid/liquid interface morphology, which is largely 

affected by constitutional supercooling. For a certain alloy, 
the degree of constitutional supercooling is determined 

by the ratio of the thermal gradient (G) and the migration 

velocity of the solid/liquid interface (R).16) The increased 

G/R leads to a stable planar or cellular interface and the 

resultant columnar microstructure, while the decreased 

G/R leads to an equiaxed microstructure due to significant 
constitutional supercooling. Constitutional supercooling, 

and thus the solid/liquid interface morphology, depend on 

the material composition, therefore, unless the transition 

point in 316L SS and the actual G and R experienced in 
this study are quantitatively determined, the difference in 
the microstructure observed here cannot be fully explained. 
However, it is important to discuss the qualitative trends 
of the microstructural change. According to numerical 

simulations, R increases as the scan speed increases17) or the 

input energy decreases.18) This would qualitatively explain 
polycrystallization in Specimen_C fabricated with the high 

laser scan speed.

Another contributory factor for the evolution of the crys-

tallographic texture might be the migration direction of the 
solid/liquid interface, which is closely related to that of the 

thermal gradient within a melt pool. To understand the rela-

tionship between the microstructure developed in the melt 

pool and the texture, an SEM micrograph and IPF map were 
taken in the same region. Figure 6 shows the SEM micro-

graphs and IPF maps overlaid with the traces of the melt 

pool edges observed in the y-z cross-section. Within a layer, 

fabrication was proceeded right to left as it was clear that a 

melt pool was partially overwrote (remelted) by the neigh-

boring left track. In Specimen_A and B, the crystallographic 

orientations were almost identical across the melt pool edge 

(Figs. 6(a), 6(b)), indicating that epitaxial growth occurred 
at the local solid/liquid interface. Furthermore, the cellular 

microstructure can be observed throughout the cross section. 

The elongated direction of the cellular microstructure seen 

in Specimen_A and B almost corresponds to <001> , which 

is an easy growth direction for metals with cubic structure. 

Interestingly, the cell elongation directions in the melt pool 

varied between Specimen_A and B, as the crystal orienta-

tions were significantly different. In the specimen fabricated 
with high scan speed (Specimen_A), the <001>-oriented 

cells bidirectionally developed along the build and horizon-

tal (y-) directions (red arrows) to form a cube texture with 
<001>  parallel to the x-, y-, and z-directions. In the speci-

men fabricated with the medium scan speed (Specimen_B), 

cells developed along an incline of approximately ±45° with 

respect to the build direction (green arrows), accompanied 

by elongated cells parallel to the build direction (red arrows) 

at the center of the melt-pools, to form CLM, in which two 

kinds of layers with different orientations were alternately 
stacked. In the X-scan strategy, ±45° cell growth and the 

corresponding single crystalline-like texture with {011} 
orientation in the build direction generally occurred as was 

previously well-documented.3,4) The formation of CLM was 

achieved by appropriate modification of the laser condition 
based on the single-crystalline formation.13) However, the 
single crystalline-like texture with {001} orientation in the 
build direction is reported for the first time under the X-scan 
strategy in SLM.

To discuss the cause of such cell growth, the top layer of 

the built product was observed to examine the shape of the 
melt pool without the influence of remelting and repetitive 
heating,3) which are distinctive features of layer-by-layer 
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fabrication.19) Figure 7 shows the OM photographs of 

the y-z plane in which cross-sections of the melt pool are 

observed. The melt pool edges are clearly seen. Figure 8 

represents quantification of the melt pool size (width and 
depth). The width was determined as twice the half-width 

because one side was erased by the next track. Ten melt 
pools were randomly selected and used for the measure-

ment. The slow speed, i.e., high input energy, significantly 
expanded the width and depth of the melt pool; however, 
the expansion of the depth was more prominent, resulting 
in a deep keyhole-type melt pool with a larger depth/width 

ratio in Specimen_A. The melt pool with a smaller depth/

width ratio, generated in Specimen_B, indicates conduction 

mode melting. It has been argued that the shape of the melt 

pool controls the crystallographic texture formation13,20) 

because the melt pool shape reflects the temperature dis-

tribution; thus, affects the directions of the thermal gradi-
ent and solid/liquid interface migration. In the conduction 

Fig. 6. (a–c) IPF maps and (d–f) corresponding SEM images showing the cellular microstructure taken on the y-z plane. 

Melt pool cross-sections are partially observed owing to the layer-by-layer fabrication, and the melt pool edges 

are highlighted. The arrows in (c) indicate nucleated grains without inheriting crystallographic orientation, 

those in (d, e) indicate the direction of cell elongation (green: ±45°-oriented cells; red: horizontally and verti-

cally oriented cells), and the broken lines in (d) indicate the boundaries of the areas where the horizontally and 

vertically oriented cells were observed.

Fig. 7. OM images of the top layer of the built products showing full-depth of melt pool cross-sections.

Fig. 8. Width and depth of the melt pools. *: P <  0.05 by Tukey 

HSD tests. (Online version in color.)
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mode, the curvature of the melt pool bottom decreases 

during solidification, and the migration of the solid/liquid 
interface is frequently toward the build direction as solidi-

fication proceeds.21) The directions of the thermal gradient 

and solid/liquid interface migration tend to be parallel to 

the build direction, which is preferable for the evolution 

of columnar cells with <001> orientation along the build 

direction. When the vertically grown columnar cells are 

formed, the orientation is easily inherited through epitaxial 
growth.13) Regarding the formation of the single-crystalline 

like texture with {001} orientation in the build direction 
(Specimen_A), the melt pool sidewall that towers almost 

vertically and the relatively small curvature of the melt pool 

bottom are considered to be involved in the mechanism. 

Lateral migration of the solid/liquid interface at the melt 

pool sidewall and upward migration of the solid/liquid inter-

face at the bottom take place and struggle with each other 

in the lower half of the deep keyhole-type melt pool, lead-

ing to bidirectional cell growth in the y- and z-directions. 

Accordingly, the region in which the vertically grown cells 

are observed becomes narrower as it goes upward in a melt 

pool. An in-situ analysis or numerical simulation of the 

solidification behavior in the melt pool is necessary for a 
more advanced discussion of the mechanism underlying the 

texture formation in SLM.
There are many reports on the SLM fabrication of 316L 

SS;22) however, to the best of the authors’ knowledge, there 

are no reports of the creation of distinguished different tex-

tures. We have realized crystallographic texture control over 
a wide range: a single crystalline-like texture with {001} 
orientation in the build direction, that with {011} orienta-

tion in the build direction,13) a CLM texture in which two 
kinds of grains with different orientations were alternately 
stacked in a periodicity of 80 μm, and polycrystalline. 

Texture control over a wide range enables the adjustment 
of the physical properties to those desired by selecting the 

type of texture and orientation, thereby expanding the range 
of utilization of the 316L SS alloy. Moreover, this strategy 

for texture control can be applicable to many other metallic 
materials. It should be noted that for different product sizes, 
the optimal laser conditions for obtaining such textures will 
vary, because temperature distribution is largely affected by 
the product size.

The merits of single crystallization of 316L SS, for 

example, would apply to orthopedic implants. 316L SS 
is frequently employed for temporary devices in orthope-

dic surgery, such as bone plates, because of its favorable 

combination of mechanical properties, corrosion resistance, 

acceptable biocompatibility, and cost effectiveness com-

pared with other metallic biomaterials.23) However, the use 
of stiff metal implants induces stress shielding, in which 
stresses placed on the bone are supported by the stiff metal 
implant, leading to insufficient physiological loading on the 
bone.24,25) Sound loading plays an important role not only in 

the maintenance of bone mass but also in that of bone qual-

ity,26,27) therefore, the stress shielding should be avoided.28,29) 

Polycrystalline-form 316L SS shows the Young’s modulus 

of ~200 GPa,30) which is much higher than the modulus of 

bone (~30 GPa). Meanwhile, single-crystalline 316L SS 

shows anisotropy in the Young’s modulus; the lowest modu-

lus was reported to be below 100 GPa along <001> .31) 

This value is comparable to or lower than the modulus 

of the Ti-6Al-4V alloy, which is most frequently used for 

orthopedic implant material. Single-crystalline 316L SS 

can mitigate stress shielding compared to the conventional 

polycrystalline form, and is expected to have a performance 
equivalent to that of the Ti-6Al-4V alloy from the viewpoint 

of stress shielding suppression. In addition, SLM-fabricated 

316L SS products show significantly improved corrosion 
resistance;13) hence, SLM will improve the in vivo perfor-

mance of 316L SS as biomedical implants.

In general, the yield stress of single crystalline is low 

owing to the absence of grain boundaries that hinder 

dislocation movement. The products fabricated via SLM, 

however, can exhibit superior strength compared to coun-

terparts with the same chemical compositions, made by a 

conventional method.32) The superior strength is believed 

to mainly originate from the presence of a high popula-

tion of dislocation densities in the as-fabricated products 

as a result of the presence of residual stress, and the cell 

wall.33) Furthermore, the yield stress can be increased by 

forming CLM, that is, by artificially introducing grain 
boundaries.13)

SLM not only provides products with excellent material 
properties, but also enables control of the crystallographic 

texture formation and the resulting mechanical properties; 
therefore, it is a promising manufacturing technology for 

creating highly functional materials in the near future.

4. Conclusion

In this study, we successfully controlled the crystallo-

graphic texture of 316L SS via SLM. The single crystalline-
like texture with {001} orientation in the build direction, the 
CLM texture in which two kinds of grains with {011} and 
{001} orientations in the build direction were alternately 

stacked, and the polycrystalline with relatively random 

orientation were achieved under the X-scan strategy by 
changing the laser scan speed (or input energy density). 

The potential of SLM in controlling the microstructure and 

subsequent functionality was shown.
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