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ARTICLE INFO ABSTRACT

Keywords: The effect of specimen inclination angle with respect to building direction on the tensile properties of a selective
Additive laser melt 316L alloy was investigated. Tensile test specimens were fabricated with the angles between 0° to 90°
SLM at 15° intervals using a rotation scanning. In addition, 316L alloy test specimens were generated in the ANSYS
316,'1' . 2020R1 additive module and tensile tested in LS-DYNA in order to determine the effect of residual stresses on the
Inclination angle . . . i i R .

Modelling tensile strengths. The microscopic analysis revealed a strong (110) fiber texture orientation along the building

direction (the loading axis of 0° inclined specimens) and a weak <111> texture or nearly random distribution of
directions in the normal to the building direction (tensile loading axis of 90° inclined specimens). The yield and
tensile strength increased and ductility decreased with increasing inclination angle. The strength variation with
the inclination angle was shown well-fitted with the Tsai-Hill failure criterion. Although, the used numerical
models indicated an inclination-dependent residual stress, the difference in the residual stresses was much lower
than the difference in the strengths between 0° and 90° inclined specimens. Predictions showed a lower twinning
stress in 0° inclined specimens due to (110) fiber texture orientation in the tensile axis. The fiber texture resulted
in extensive twinning; hence, higher ductility and tension-compression asymmetry in 0° inclined specimens.
Based on these results, the variations in the strength and ductility of tested SLM-316L specimens with the
inclination angle was ascribed to the variations in the angle between the fiber texture orientation and loading
axis.

1. Introduction conventionally manufactured cast and wrought alloys [5]. SLM-316L
alloy develops a microstructure composing of columnar grains aligned
in the laser building direction and sub-grains of micro/nano size

inter-grain cells (sub-grain) inside columnar grains [12-21]. A crystal-

High corrosion and oxidation resistance, good plastic formability and
biocompatibility with human body make stainless steel 316L one of the

most preferred alloys for the applications involving corrosion and/or
elevated temperature oxidation such as nuclear reactors, fluid trans-
portation pipes, implants and prostheses [1]. There have been numerous
review articles on Selective Laser Melt (SLM)-fabricated 316L
(SLM-316L) alloy, summarizing the microstructure evolution and the
microstructure-dependent mechanical properties [2-4]. The cooling
rates in SLM have been reported extremely high (1 0%-108 K/s) [5,6],
causing not only the development of residual stresses [7-9] but also
significant variations in the microstructure, mechanical properties and
defects formed in the final product [3,10,11]. The microstructure of
SLM-fabricated metallic alloys is also quite different from that of
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lographic fiber texture formation in which <100> directions aligned
through building direction was commonly reported, while texture was
tuned to <110> and <111> directions by using a small hatching
spacing and a high laser power [20,22-26]. Previous studies have also
reported a twin-induced-plasticity (TWIP) in SLM-316L as similar with
TWIP steels [17,19,20,27]. The measured yield strengths were also
higher than those of conventionally processed ones [19,28,29].
Anisotropy in the flow stress and ductility has also been reported; the
flow stress is higher in normal to the building direction and the ductility
is vice-verse [19,20]. The yield and tensile strengths and the ductility of
SLM-316L sequentially ranged 450-590 MPa, 640-700 MPa and 36-59
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% and these were sequentially 160-365 MPa, 450-555 MPa and 30-43
% for conventional 316L [2].

The present study is a continuation of above studies and mainly fo-
cuses on the effect of specimen inclination on the tensile properties of
SLM-316L alloy. For that, cylindrical SLM-316L bars with vertical in-
clinations to the building direction between 0° (vertical) to 90° (hori-
zontal) at 15° intervals were fabricated using a multidirectional biaxial
scanning laser pattern rotated 90° between adjacent layers (+45°). The
Tsai-Hill failure criterion of anisotropic materials was fitted with the
yield and tensile strengths in order to predict a relation between the
strength and inclination angle. More, the test specimens were generated
in the additive module of ANSYS 2020R1 using the same process pa-
rameters of the used SLM. Finally, the generated model test specimens
were numerically tensile tested in LS-DYNA. The results of numerical
models were used as guide to understand the experimentally detected
anisotropy in the flow stresses of SLM-316L.
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2. Experimental and numerical studies
2.1. Specimen preparation, tests and characterization

Tensile test specimens were processed in a Laser-powder bed fusion
AM Concept Laser M2 Cusing device (400 W continuous wave fiber
laser) using gas atomized 316L powder with an average size of 50 pm
under a continuous flow of nitrogen. The power, scanning rate, hatching
space and spot size of incident beam were sequentially 370 W, 900 mm
571, 115 pm and 160 pm. A multidirectional biaxial scanning laser
pattern rotated 90° between adjacent layers was used to construct the
specimens with a constant layer thickness of 30 pm. The energy density
was calculated ~120 J mm > using power/(scanning rate x hatching
space x layer thickness).

Initially, cylindrical SLM-316L bars, 6 mm in diameter and 80 mm in
length, were fabricated with 90°, 75°, 60°, 45°, 30°, 15° and 0° to the
building direction (z-axis) as shown in Fig. 1(a). The tensile test speci-
mens were machined from these bars, coded as A-G in Fig. 1(a) (A refers
to 90° inclined specimens and G to 0° inclined specimens). Fig. 1(b)
shows the optical micrographs of the corresponding microstructures in
the x-, y- and z-direction in 0° inclined SLM-316L specimen. As is seen,
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Fig. 1. The pictures (a) SLM-fabricated bars after cleaning, (b) the axis dependent microstructure of fabricated specimens and a 0° inclined tensile test specimen and

(c) shear test specimens and (d) double shear test fixture and deformed specimen.
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the microstructure in the x-y plane consists of biaxial (+45°) melt pools
and the cross-sections of biaxial (+45°) melt pools are seen in the x-z and
y-z planes. Two scanning directions (SD1 and SD2) are also shown in the
same figure. Tensile test specimens were machined from as-built bars in
accord with the ASTM E8/E8M—13a standard “Standard Test Methods
for Tension Testing of Metallic Materials” with a gage-diameter of 2.5
mm and a gage-length of 16 mm (Fig. 1(b)). A picture of a tensile test
specimen with 0° inclination is also shown in Fig. 1(b). Quasi-static
tension tests were performed at a strain rate of ~1 X 10%slina
Shimadzu AG-X universal test machine. At least three tests were per-
formed for each group of specimens and the specimen displacements
were recorded using a video extensometer. Double shear tests were
performed in order to fit the Tsai-Hill failure criterion with the yield and
ultimate tensile strengths of the investigated SLM-316L as function of
inclination angle. Cylindrical shear test specimens were sliced from 6
mm-diameter and 80 mm-long bars into 25 mm-long bars using an
electro discharge machine as shown in Fig. 1(c). Before slicing, the bar
ends were removed by 2.5 mm. The shear tests were performed on the
specimens with 0° (vertical) and 90° (horizontal) inclination to the
building direction at a cross-head speed of 0.02 mm s ! in a double shear
test fixture based on the MIL-STD-1312/13A standard [30]. As shown in
Fig. 1(c), 10 mm apart shear loads (P) are applied parallel to the y-di-
rection in a vertically fabricated and parallel to the z-direction in a
horizontally fabricated specimen. The pictures of the used test fixture
together with a tested SLM-316L specimen are shown in Fig. 1(d).

The specimens for metallographic analysis were cut by using a pre-
cision diamond saw under a continuous flow of water. Mounted speci-
mens were then grinded and polished down to 0.25 pm using diamond
suspensions. The metallographic specimens were etched using a 10 %
HNO3, 20 % HCI and 20 % Glycerol solution. The microscopic analyses
were performed in a Meiji IM7 100 optical microscope and FEI Quanta
205 FEG scanning electron microscope (SEM) with an electron back-
scattered diffraction (EBSD) system. The final polishing of the specimens
for EBSD analysis were performed using a 100 nm alumina suspension.
The raw data obtained from EBSD were analyzed using Atex software
[31]. Hardness Vickers (HV) tests were performed on the polished and
polished-etched surfaces of mounted specimens in a Shimadzu Micro
Vickers Hardness Tester by applying a 19.61 N load for 10 ms. The
crystallographic structures of as-built G and A specimens were deter-
mined using a Philips X’Pert Pro X-Ray Diffraction (XRD) device (Cu-Ka
radiation, 4 = 1.54 A° and 40 kV). The dislocation density of as-built
specimens was measured using Williamson and Hall method [32].
Assuming the broadening of peaks (f) in an XRD pattern are due to grain
size-broadening and strain-broadening, the following equation was used
to calculate g[32].

A
B = Bins = omaCosO = pt 4esinOy @))

where, 4, D, €, Sp, Ong and S, are the XRD wavelength (0.154 nm), the
specimen grain size and residual strain, the broadening of full width at
half maximum (FWHM) of diffraction peak, the diffraction angle and the
broadening of instrument, respectively. The broadening of the used in-
strument, f;,,, was determined through the XRD of an unstrained Si
powder and determined 0.38. The slope of FWHM CosOpy; versus 4sinfyq
curve gives the residual strain as [32].

_ FWHM C()sé‘hk/
o 4 sinH,,k,

(2)

The dislocation density(p,) was then calculated using the following
equation [33].
82
where, k is a constant, 16.1 for FCC and b is the Burgers’ vector, 2.55 x
1071% m for FCC iron [33]. The density of SLM-316L was determined by
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the Archimedes’ method. Five repeating measurements were made and
the results were then averaged. The density of bulk 316L was deter-
mined from a commercial annealed-extruded Viraj Impoexpo 316L bar.

The strengthening of dislocation density was calculated using the
Taylor equation [34],

Ao =MaGb,/p 4

where M is the Taylor factor (2.9), @ is an empirical constant (0.23) and
G is the shear modulus (65 GPa) [35,36]. Assuming the mechanical
properties is isotropic in the x- and y-axis, the Tsai-Hill failure criterion
is [371,

o, \? 0.0,\° o, \° 7\’
< 1) B ( ; ﬁ‘) + < ‘*) + ( }1) - l (5)
A o, oy Ty,

where, z-axis is taken as the building direction and ¢,", 6," and 7,,” are
sequentially the failure strengths in the z- and y-axis and the shear
strength in the z-y plane. Then, the off-axis failure strength, o(6), is
formulated as [37].

= (6)

o(0) = <60320(60s20 — sin0) N Sin*@ (co‘s'zﬁsin20)> e
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z

where, 6 is the inclination angle.

2.2. Numerical model of SLM and tensile tests

The numerical generation of SLM-316L cylindrical bar specimen was
carried out using the additive module of ANSYS 2020R1 [64]. Specimen
geometry was defined in the SpaceClaim 2020R1, then ANSYS Work-
bench Additive Manufacturing tool (thermomechanical) was activated.
The numerical generation consists of three stages; first, a transient
thermal solver by defining the characteristics of 3D printer including the
laser heat input effects, second, a static solver to calculate the structural
and thermal stresses and strains during specimen building, then third,
base removal was done. In the simulation of the manufacturing, the
build process is modeled layer by layer solidification of the layers in the
part. Thermal (temperature related) and structural (mechanical distor-
tion and stress related) physics are largely uncoupled and there is a weak
coupling occurs. Thus, the thermal phenomena can be simulated first
layer-wise and by using the temperature related data simulation con-
tinues with the structural part. In the model, elements are added over
time. First the part is meshed with a layered mesh and then the regular
element birth and death strategy is followed to activate element layers to
mimic the build process. In addition, the boundary conditions are
constantly altered for the convection surfaces. In ANSYS, the method
followed to simulate the whole structure is called lumped layer
approach. In this method thermal and structural physics are uncoupled
and it is assumed that the thermal effects in the built direction are more
significant than those in the in-plane direction. Thus, several powder
layers are lumped to a single finite element layer. The powder is
assumed to have the same physical and mechanical properties along all
directions. A constant heat transfer coefficient is assumed between the
powder and the environment. 316L was also used a base material in the
numerical models. The baseplate only serves as a heat sink. In the
thermal analysis, the base plate was assumed to be at 100 °C, and cool
down temperature was selected as 22 °C. In the structural analysis, the
bottom surface was fixed fully.

A layered Cartesian mesh methodology was followed in the analysis
within specimen building stage. A projection factor of 0 was selected to
obtain uniform mesh sizing and good quality of mesh. However, this
method has certain disadvantages including the weakness in capturing
the curved surfaces of the geometry if the number of elements is not
sufficient. Along the height of the specimen, global coordinate system
projection was kept constant to obtain a constant mesh height in the
layering direction. Solid185 3D 8-node structural elements were used in
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the mesh generation. For the base removal, “ekill” command was used to
remove the base elements and to prevent instability issues the specimen
was fixed at its both ends. Once the solution is done, stresses and strains
(normal, shear, elastic, plastic and equivalent) were exported within the
global coordinate system.

To investigate the effect of residual stress and strain on the me-
chanical behavior of the material, the quasi-static tension test was
modeled in LS-DYNA [65]. For this purpose, the deformed geometry
exported from ANSYS was meshed with sweeping in a butterfly mesh
pattern. During this stage initial stresses and strains calculated at the
post-process of ANSYS were mapped to the newly meshed geometry.
Finally, fixed support boundary condition was applied at both ends of
the specimen. In the end, a static solve was conducted to obtain the final
condition of the specimen. The stress data of all elements along every
direction at each Gaussian point calculated and collected with *INI-
TIAL_STRESS_SOLID card of LS-DYNA. With the methodology explained
above, it was possible to obtain an explicit type of mesh including initial
stress data and deformed shape. The quasi-static tension tests were
modeled using LSDYNA 971 R11. Specimen was modeled with solid
elements. “MAT_PLASTIC_KINEMATIC material model was used for the
constitutive behavior of the material with the flowing parameters taken
from ANSYS library: density = 7950 kg m >, elastic modulus = 195 GPa,
Poisson’s’ ratio = 0.25, yield strength = 225 MPa, tangent modulus =
2091 MPa and failure strain = 0.5. The boundary prescribed motion card
was defined for the top end of the specimen and the bottom end was
fixed fully in order to prevent the motion along the axial direction. Mass
scaling methodology was followed, the deformation rate was increased
while the density of the specimen was decreased until the kinetic energy
to internal energy ratio was kept below 5 %. Since only the specimen
was modeled explicitly there was no contact algorithm defined. The
optimum number of elements for both numerical simulations was
determined by doing a mesh sensitivity analysis. The mesh sensitivity
analysis revealed that an element size of 0.5 mm resulted to the solutions
within an acceptable calculation time.

3. Results and discussion
3.1. Microstructural characterization

The average density was determined 7821 + 5 kg m ™ from the as-
built vertical SLM-316L bars (specimens G). The average density of
C316-L bar specimen (20 mm diameter and 10 mm length) was deter-
mined 7838.5 + 5 kg m~>. Using these two density values, the porosity
of SLM-316L was determined 0.22 %. The determined porosity level is
noted to be in accord with a recent study which reported a relative
density over 99.5 % for an SLM-316L alloy processed using the similar
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processing parameters [38].

The optical micrograph showing the microstructure of a 90° inclined
specimen normal to the building direction (in the tensile loading y-axis)
is shown in Fig. 2(a). Columnar-like grains across the melt pools is
clearly seen in this micrograph. The use of rotation scanning strategy
results in a mismatch in the positions of melt layers and leads to the
development of interrupted grains as shown by the dashed lines in Fig. 2
(b). Therefore, the melt pools in the present 316L alloy resemblance
overlapping semi ellipses rather than nail-top appearance as seen in
Fig. 2(a). Part of the columnar-like grains have the lengths the same as
the thickness of melt pools and part have the lengths several times that
of the melt pools (Fig. 2(b)). The average width of the columnar grains
was measured by the linear intercept method by counting 164 grains and
determined 29.27 pm (15-45 pm). Within the melt pools inside the
columnar-like grains, a cellular microstructure/sub-structure develop-
ment is also seen in Fig. 2(b) (combined optical and SEM micrographs).
The sub-grain resemble 5-6 sided honeycomb-like structure and are
oriented in-plane and out of plane inside the columnar grains as shown
by the arrows in Fig. 2(b). Both the thermal gradient development in the
building direction and the re-melting of scanned layers were proposed to
affect the orientation of sub-grain [39]. The sub-grain are the regions of
high dislocation density (dislocation network) with higher heavy atoms
concentrations of Cr and Mo arising from the extremely fast cooling rates
impeding the diffusion [12,28]. The widths of sub-grain were measured
using an image program on the SEM pictures. Total 100 cells were
counted and an average size of 1.05 £+ 0.22 pm (0.7-1.67 pm) was
determined. Small size precipitates (~100 nm) are also seen at the
edge/corner of the sub-grain, an example is shown by a circle in the inset
of Fig. 2(b). These precipitates were reported amorphous
chromium-containing silicate nano inclusions and formed due to the
high oxygen affinity of Si and Cr at high temperatures [12].

Fig. 3(a) shows the EBSD maps of 0° and 90° inclined specimens
normal in tensile axis (x-y plane for 0° inclined specimen and z-x plane
for 90° inclined specimen), respectively. Previously, a strong fiber
texture of (110) along the build direction (z-axis) and a weak (111)
texture or random distribution of directions along the normal to the
building direction (x- and y-axis, +45° to the scanning directions) of a
SLM processed 316L specimen were shown for rotating scanning [40]. A
similar fiber texture is also found in the present study. A strong <110>
fiber texture along the building direction (in the tensile loading axis of
0° inclined specimens), while a weak (111) texture or nearly random
distribution of directions are seen in the x- and y-axis (in the tensile
loading axis of 90° inclined specimens) as depicted in Fig. 3(b) and (c).
Fig. 3(d) schematically shows the orientation of <110> fiber texture
with the inclination angle of the tested specimens. The average grain
sizes in the biaxial plane and normal to the biaxial plane are sequentially

Fig. 2. The micrographs of an SLM-316L 90° inclined specimen normal to the building direction (in the tensile loading y-axis) showing (a) melt pools and (b)
columnar grains, sub-grain orientations an precipitates at the corners of sub-grain (circle).
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Fig. 3. (a) EBSD maps in the tensile axis of 0° and 90° inclined specimens, (b) pole figures for 0° inclined specimen normal to building direction (normal to z-axis),
(c) inverse pole figures showing <110> fiber texture in the z-axis and (d) the schematic of fiber texture orientation and tensile loading axis as function of incli-

nation angle.

determined 32.5 and 22 pm in the EBSD analysis, which are comparable
with the grain size measured using optical microscope.

The average hardness in the y-direction (10 tests) was determined
220.5 + 4.7 HV, while the average hardness in the z-direction was
slightly lower, 214.1 + 2.4 HV. The average flow strengths were pre-
dicted ~720 and 700 MPa for the y- and z-direction using HV (MPa)/3,
respectively. The hardness tests showed parallel lines around the in-
dentations, which were determined slip lines as the re-polishing and
etching the specimen removed these lines (see Supplementary Figs. 1(a)
and (b)).

The XRD of an as-built G specimen shown in Fig. 4 further confirms a

fully austenitic structure. The residual strain based on the Williamson
and Hall method is found 0.23 % (shown in the inset) and the corre-
sponding dislocation density using Eqn. (3) is 1.3 x 10'® m™. A lower
dislocation density, 1.18 x 10'> m, was previously reported for an
SLM-316L as-built specimen which was fabricated using a multidirec-
tional biaxial scanning laser pattern rotated 70° between adjacent layers
[41]. Another study reported also a similar dislocation density, ~1.14 x
10 m™2, for an SLM-316L alloy processed using a bidirectional scan-
ning pattern at a laser energy density of 100 J mm~3 [19] which is
smaller than that of the present study (120 J mm™>). The higher dislo-
cation density found in the present study may be because of a high laser
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Fig. 4. The XRD pattern and calculated residual strain of SLM-316L (specimen
G and A together).
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energy density used. By taking the average dislocation density of C316-L
alloy 3.8 x 10* m?2 [42], the dislocation density strengthening was
determined 315 MPa based on Eqn. (4). Relatively high yield strength of
the studied SLM-316L alloy as compared with conventional 316L alloy
may be therefore due to the process-inherited relatively high dislocation
density.

3.2. Quasi-static tension and shear tests and failure stress criterion

Fig. 5(a) and (b) show the engineering and true stress-strain curves of
three tests of 0° and 90° inclined specimens, respectively. True stresses
after necking in these curves are not valid and merely shown for com-
parison. As is seen, the stress-strain curves of three tests of the same
group of specimens are very similar to each other, except there are slight
differences in the engineering fracture strains. The stress-strain curves of
15°, 30°, 45°, 60° and 75° inclined specimens were also repeatable (not
shown here). A long plateau region (uniform elongation region) is found
between the yield (0.004-0.006) and ultimate tensile strains
(0.55-0.75) in the engineering stress-strain curves of all tested speci-
mens. In order to demonstrate the global deformation and fracture
characteristics of the tested SLM-316L specimens, the video-captured
pictures of 0° and 90° inclined test specimens before and after necking
are sequentially shown in Fig. 5(a) and (b). As is seen, the uniform
elongation region is followed by necking at the mid-section of the test
specimens and eventually the specimens fracture at the necking region.
Although, the engineering fracture strains range 0.55-0.75 in Fig. 5
(a—c), the true fracture strains are much higher than these as will be
elaborated in the next sections. Fig. 5(c) shows the representative true
stress-strain and true strain hardening-strain curves of the specimens
with 0° and 90° inclinations. The true ultimate tensile strengths and true
uniform strains were determined from these curves using the Consid-
ere’srule, 42 & =o. The determined true tensile strengths and true uniform
strains of 0° and 90° inclined specimens by using Considere’s rule are
marked and shown Fig. 5(c); the true uniform strains and true ultimate
strengths are 0.51 and 990 MPa and 0.4 and 1051 MPa for 0° and 90°
inclined specimens, respectively. In the same figure, the predicted
twinning stresses, 643 and 800 MPa for 0° and 90° inclined specimens,
are also shown, which will be elaborated later.

Fig. 6(a) shows the representative true stress-strain and true strain
hardening-strain curves of the specimens with different orientations.
Note that the lowest strain hardening is exhibited by 0° and 15° inclined
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Fig. 5. The engineering and true stress-strain curves of 3 specimens of (a)
0° and (b) 90° inclined specimens and (c) the corresponding true-strass-strain
and strain hardening-strain curves and the determined true ultimate tensile
strengths and true uniform strains by Considere’s rule.

specimens and the highest by 75° and 90° inclined specimens. The strain
hardening of 30°-60° inclined specimens is intermediate. The variations
of 0.2 % proof strength, true flow stress at 10 % strain, true ultimate
tensile strength and uniform strain with inclination angle are shown in



M. Giiden et al.

. . —_— 000
1000 stress

\ 2500%

8

_ 800 2
= ——0 |R2000F
2 600 —15 -
w»n ——30 1)
@ —=—45 (11500 E
£ 400 ——60 03
= ——90( 11000 =
£ 200 =
L 1 1 1 —500 -

Y01 02 03 04 05 06

True strain

()

=
w
1S

ure.a

50 —&— Uniform elongation

—a— Proof strength (0.2%) 0.1
400 —@—True stres at 10% strain

—— True tensile strenght

300353045 60 75 of
Inclination angle (°)
(b)

Fig. 6. (a) Representative true stress-stress and strain hardening-strain curves
at 0°-90° and (b) the variations of proof strength, true stress at 10 % strain, true
tensile strength and uniform strain with inclination angle.

Fig. 6(b). As is seen, the proof strength, 10 % strain-flow stress and true
tensile strengths increase as the inclination angle increases from 0° to
45°; thereafter, they remain almost constant at increasing angles except
75° inclined specimens show slightly higher flow stress and tensile
strength than 90° inclined specimen. On the other side, the uniform true
strain is highest in 0° and 15° inclined specimens and decreases as the
inclination angle increases from 0° to 45°; thereafter, it also remains
constant between 45° and 90° except 90° inclined specimens exhibit
slightly lower uniform strains. Regardless the inclination angle, SLM-
316L specimens exhibit relatively high uniform strains (0.35-0.45)
and high engineering fracture strains (0.5-0.75), indicating a relatively
high ductile tensile deformation behavior.

Fig. 7(a) shows the shear stress-displacement curves of three hori-
zontal (H) and vertical (V) double shear test specimens. The shear tests
are repeatable and the specimens deformed until about large displace-
ments without any fracture as seen in the pictures of the deformed
specimens in the inset of Fig. 7(a). The representative shear stress-
displacement curves of each specimen (the shear stress of V specimens
is shifted in the displacement) are shown Fig. 7(b). The maximum shear
stresses in these curves are considered as the shear strength and the
proportional limits as the shear yield strength. The average shear
strength of horizontal specimens (90° inclined specimens), 540 MPa
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specimens, (b) the representative curves and the determination of shear yield
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micrograph showing the reorientation of fiber texture in the shear deformation
zone in a vertical specimen.
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(530-550 MPa), is slightly higher than that of vertical specimens (0°
inclined specimens), 493.6 MPa (488-498 MPa). However the average
shear yield strength of vertical specimens, 358.3 MPa (354-366 MPa), is
higher than that of horizontal specimens, 256.7 MPa (226-288 MPa).
The anisotropy is also seen in the shear strength properties when the
shear load applied parallel to the melt pools (vertical) and normal to the
melt pools (horizontal). Shear loading parallel to the fiber texture
orientation (<110>) induces lower slip and twining deformation
stresses and normal to the fiber texture orientation (random) is opposite
(will be elaborated later). In the vertical specimens, the applied shear
force is normal to the fiber texture orientation initially; hence, the yield
stress is higher, while the shear deformation reorients the texture along
the loading axis as depicted in Fig. 7(c), resulting in lower shear
strength. In the horizontal specimens, the loading direction is parallel to
the fiber texture orientation; hence, the initial yield strength is lower;
but the applied shear load increases the angle between loading axis and
texture orientation, resulting in higher shear strengths.

The experimental strength values used to fit Eqn. (6) are tabulated in
Table 1. The results of fitting of proof strength and UTS with Eqn. (6) are
shown in Fig. 8. The off-axis strengths of the investigated SLM-316L
specimens are seen in Fig. 8 to be well predicted by using the Tsai-Hill
failure criterion.

3.3. Deformation characteristics of tested specimens

All tensile tested specimens exhibited TWIP. The previously pro-
posed localized twinning in certain regions on a very fine scale [43] was
also observed. Fig. 9(a) and (b) show the optical micrographs of the
twinned regions (away from the necking) of the fractured tensile spec-
imens with 0° and 90° inclinations, respectively. The twins seen in the
marked regions of the same micrographs are inclined to the loading axis
and the localized twinning is evident with the formation of the steps at
the melt pool boundaries. The number and the thickness of the localized
twin regions of 0° inclined specimens were higher those of 90° inclined
specimens. The SEM observations showed that the distance between
individual twins was less than 100 nm, smaller than the sub-grain size,
1.05 pm.

The optical micrographs of the polished-etched cross-section of
0° and 90° inclined tensile test specimens at and away from the necking
region (uniform strain region) are shown in Fig. 10(a) and (b), respec-
tively. The hardness test indentations and the measured diameters of the
specimens in the uniform strain and necking regions are also shown in
the same micrographs. The true strains at the uniform strain region and
fracture strength were calculated using the measured diameters of the
uniform strain and necking regions by using 2In %" ;where sequentially d,
and d are the initial and measured diameters, respectively. The true
uniform and true fracture strains were determined sequentially 0.55 and
1.48 (1.9 and 1.19 mm) and 0.45 and 1.32 (2 and 1.29 mm) for 0° and
90° inclined specimens, respectively. These also prove a higher ductility
of 0° inclined specimens and very high true fracture strains of the tested
SLM-316L specimens, over 1.3. Microscopically the determined uniform
strains also differ only about 10 % from the measured ones, 0.51 and 0.4
for 0° and 90° inclined specimens, respectively. The corresponding HV

Table 1
The experimental strength values fitted with Eqn. 6
o, (0° 6,(90° 7(0°) V 7(90°) H
inclined inclined (MPa) (MPa)
specimen) specimen)
(MPa) (MPa)
Proof strength 532.1 614.7 358.3 256.7
(523-540) (606-622) (354-366) (226-288)
True UTS 863.3 973 493.6 540
(Considere’s (845-883) (941-1008) (488-498) (530-550)
rule)

Materials Science & Engineering A 824 (2021) 141808

1200 T T T T !

Experimental proof strength (0.2%)
1 100 A Experimental true UTS based on the Considere's rule
Tsai-Hill proof strength prediction

800
700
600
500F - -

A0 G—5—350 45 60 55 90

= = Tsai-Hill UTS prediction

Stress (MPa)

Inclination angle (0)

Fig. 8. The fitting the experimental strength values with the Tsai-Hill fail-
ure criterion.

values in the uniform strain and necking regions (5 tests in each) and the
flow stresses calculated using HV (MPa)/3 are further tabulated in
Table 2. Note that flow stresses determined by the hardness test in-
creases from 700 MPa to 997.3 MPa in 0° inclined specimen and from
720 to 1055 MPa in 90° inclined specimen when the strain increases
from yield to the strain at which necking starts. As tabulated in the same
table, the determined flow stresses in the uniform strain regions are also
comparable with the ones determined from the stress-strain curves
(Fig. 5(c) ), 990 and 1057 MPa for 0° and 90° inclined specimens,
respectively. With the increase of deformation further in the necking
region, the flow stress increases to 1215 and 1192 MPa sequentially for
0° and 90° inclined specimens (Table 2). These show significant strain
hardening in the necking region, while the predicted fracture strength of
0° inclined specimen is higher than that of 90° inclined specimen. These
results should be however taken cautiously as the strength determined
by the hardness test may change locally. Note that the melt pools are
extended and aligned in the loading axis near the fracture in both
specimens. The pre-existent pores are also extended/elongated as shown
inside the boxes in Fig. 10(a) and (b).

All tested specimens showed a ductile fracture surface, largely
composed of dimpled regions as depicted in Fig. 11 for a 0° inclined
specimen. The measured dimple sizes ranged 0.3-1 pm and were nearly
the same for all inclination angles. Randomly distributed holes in
varying diameters (3-40 pm) were also seen on the facture surface (the
inset of Fig. 11). The size and number of holes were determined smallest
in 0° inclined specimen (~8 pm) and highest in 45° inclined specimen
(~35 pm). It is presumed that these holes are formed by the tensile
loading of partially fused particles and also the pre-existent holes. A
recent study using p-CT has shown a higher number of pore formation in
45° inclined SLM-316L specimen as compared with 0° and 90° inclined
specimens [39], which is fully in accord with the present observation. A
small attached partially melt particle inside a hole is seen in Fig. 11. The
size of the particle is 2.74 um (satellite of a larger particle) and the
tensile pulling the particle results in smears on the hole-surface.
Although not shown here the double shear test specimens also showed
TWIP behavior as with the tensile test specimens. These specimens
formed shear banding under the action of shear forces and heavy twin
formation was observed near the shear band.

3.4. Numerical models

The SLM model residual stress counters of the cross-sections of
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Fig. 9. Optical micrographs of the tensile tested specimens showing twinned regions and steps on the melt pool boundaries in the specimen with (a)0 and (b) 90°

inclination.
Table 2
HV values of tensile tested 316 L specimens and the corresponding flow stresses.
HV-0° HV-90° HV-0° HV-90°
Uniform strain Uniform strain Necking Necking
region region region region
Mean 305 322.9 371.5 364.5
SD 5.68 2.98 6.15 6.61
Flow stress 997.3 1055 1215 1192

(MPa)

500 pm

cylindrical 0°-90° inclined specimens along the loading axis are
sequentially shown in Fig. 12(a—f). Numerical models shown in the same
figures clearly indicate the highest compressive residual stress devel-
opment in the center of the specimen with 0° inclination (Fig. 12(a)) and
the lowest compression residual stress in the specimens with 75° and 90°
inclination. The compressive residual stress at the mid-sections of
0° inclined specimen reaches 550 MPa (Fig. 12(a)), while the central
residual compressive stress in 90° inclined specimen is less than half of
that, 180 MPa (Fig. 12(f)). The residual stress distribution of the AM
Inconel 718 and Ti-6Al-4V parts was previously investigated numeri-
cally [44]. It was shown that the longitudinal residual stresses exhibited
a steep gradient at both ends of the part and the through thickness stress

e —
500 pm

(b)

Fig. 10. Optical micrographs of the polished-etched cross-section of fractured tensile test specimens with (a) 0° and (b) 90° inclination.
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Fig. 12. Cross-sectional views of the cylindrical specimens of SLM model, showing the residual stresses along the loading axis in the specimens with the inclination

angle of (a)0°, (b) 30°, (c) 45°, (d) 60°, (e) 75° and (f) 90.°.

changed abruptly at the base part interface. The residual stress also
changed from tensile to compressive at the layer interfaces.

Fig. 13(a) shows true stress-strain curves of model specimens at
increasing inclinations. The same as the experiments, the numerical
stresses increases with increasing inclination angle. The same grouping
of the experimental stress-strain curves can also be applied to numerical

10

stress-strain curves regarding the similarity of the stress-strain curves as
(1)0° and 15° (2)30°- 60° and (3)75° and 90° inclinations. Although the
numerical variation of flow stresses with inclination angle is similar with
the experiments, the experimental stress difference between 0° and 90°
inclined specimens at 10 % strain is ~141 MPa, while this difference
decreases to 31 MPa in the model.
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3.5. Anisotropy and texture

The mechanical properties of SLM fabricated alloys depend on the
development of microstructure during processing, in which a laser-melt
bed layer epitaxially solidifies on partially melt or previously solidified
layers. The solidification front progresses either planar, cellular,
columnar dendritic or aqua-axed dendritic depending on the growth and
solidification rate, undercooling and solute diffusion coefficient [4]. The
solidification takes place in certain crystallographic orientations in a
direction thermal gradients grow faster. By considering the highest so-
lidification rate in the directions of the most closed packed planes [15],
the columnar dendritic grains are expected to orient in <100> direction
in a FCC structure [45]. This results in a strong single crystal-like texture
development in the laser scanning direction, leading to an anisotropy
between normal and parallel to building direction. The mechanical
properties of vertically and horizontally built Ti64V and 316L speci-
mens, for example, exhibited different mechanical properties based on
the difference in the texture development [40,46-49]. The texture
development along the building direction was shown not only depen-
dent on the processing parameters but also heat flow direction and the
former grains orientations [45]. As stated earlier, the scanning strategy
also affected the texture orientation and the use of rotation scanning
strategy results in a strong <110> fiber texture along the building di-
rection [40].

The observed anisotropy in the yield and tensile strength with the
inclination angle may be due to the several factors, including the dif-
ferences in the size of the sub-grain, volume and size of porosities, the
magnitude of residual stress and texture development. A Hall-Petch
relation was previously proposed between the sub-grain size and ten-
sile strength of an SLM-316L [18,50]. While, other studies reported
sub-grain as soft obstacles for the dislocation motion [28,51]. The SEM
observations indicated similar sub-grain sizes for 0° and 90° inclined
specimens. The low porosity levels of SLM-316L specimens (less than
0.5 %) processed using the rotation scanning strategy were also detected
previously [19,40]. Since the rotation scanning repairs the defects be-
tween the adjacent scanning tracks in the previous layer [4], it induces a
strong bonding and a reduced porosity and residual stress between the
successive layers [52-54]. Although, the used numerical test models
indicated an inclination-dependent residual stress development, the
difference in the residual stresses was much lower than the difference in
the strengths between 0° and 90° inclined specimens. By considering
above, the residual stress is not considered as the major factor for the
detected anisotropy in the yield and tensile strength with the inclination
angle in this work.

The formation of mechanical twins depends on the stacking fault
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energy (SFE) and the applied stress (also strain) [55]. The typical range
of SFEs for stainless steels was reported >45 mJ m 2 for dislocation slip,
20-45 mJ m2 for twining and <20 mJ m~2 for martensitic trans-
formation [27]. The lower values of SFE induces a large separation be-
tween the Shockley partials which prevents the cross-slip [56].
Twinning occurs when the resolved shear stress in the twining plane
reaches a critical resolved shear stress in the twinning direction as
similar with slip [43]. The critical twinning stress (61w) is given by the
following relation [36].

Orw = @

where, v, is the effective SFE, mry is the Schmid factor for the defor-
mation twinning and b, is the Burgers vector of a partial dislocation. In
FCC materials, the stacking faults are formed by the dissociation of a/
2<110> unit dislocations into leading and trailing Shockley partial
dislocations, a/6<211> (a is the lattice constant). The value of b, is
therefore % (01.45 nm [36]). The effective SFE is given as [57,58].

(my —m)
2

Ve =Vor T ob, ®
where, y is the SFE without applying stress (before deformation), ¢ is
the applied stress and m; and my are sequentially the Schmid factor for
the leading ([121]) and ([112D trailing partial dislocations [59]. When
mj>my, the dislocations will be widely separated with a decrease in Yeff
and when my>my, Yeff will increase. The Schmid factors and number of
deformation systems for slip and twinning (leading and trailing partial
dislocations) are tabulated in Table 3 for a single crystalline in different
loading directions under tension and compression. Note also that
vefvaries with strain and its value was reported 20.8 mJ m~2 above 0.2
strain for a tensile tested SLM-316L [27]. Another study reported a value
of 27 mJ m~2 for commonly used SLM powders [20], calculated using
the formula developed in Ref. [60]. By taking Yo = 20.8 mJ m~2 and
myw = 0.38 (average Shmid factor for twinning calculated using Atex
software, see Supplementary Fig. 2), ory is calculated 735 MPa for
<110> texture orientation loading, 0° inclined specimens. By taking the
Schmid factor for random orientation 0.326 [36], the o7y is calculated
880 MPa for 90° inclined specimens. Twinning was reported to start
after the deformation by slip [43,61] by forming an abrupt change in the
strain hardening curve. The stresses corresponding to the abrupt change
in the strain hardening curves in Fig. 5(c) are therefore considered as the
twinning stresses. The region I of Figs. 5(c) and 6(a) presumably is due to
the deformation by slip and the region II is the deformation by slip and
twinning. The twinning stresses determined by above method are 643
and 800 MPa (Fig. 5(c)) for 0° and 90° inclined specimens, respectively.
Although the calculated and determined twinning stresses differ about
80-92 MPa, the difference between the calculated and determined

Table 3
The Schmid factors and number of systems for slip and twins of leading and
trailing partial dislocations in single crystals, adapted from [62].

Schmid factor Tension Compression

Loading axis Slip Twins Partials Partials

trail lead trail lead
<100> 0.408 0.23 0.471 0.235 0.235 0.471
Number of systems 8 8
(my —my)/2 positive negative
<111> 0.28 0.31 0.16 0.31 0.31 0.16
Number of systems 6 3
(my —my)/2 negative positive
<110> 0.408 0.471 0.235 0.471 0.471 0.235
Number of systems 4 6
(mg —my)/2 negative positive
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twinning stresses of 0° and 90° inclined specimens is very much similar
and sequentially 145 and 157 MPa.

Furthermore, twinning is polarized. In the materials without a
texture, the twinning stress for tension and compression is similar, while
in textured materials an asymmetry in the stresses between compression
and tension tests is found [43]. For example, HCP materials with a
strong fiber texture of basal plane through the loading axis favor the
twinning in compression but not in tension [43]. The asymmetry is
determined by the second term of Eqn. (8), (mp — m;)/ 2. As tabulated in
Table 3, this term is negative for tension and positive for compression for
loading in <110> orientation (see Supplementary Fig. 3). Therefore, y
will be lower in tension than compression in the fiber textured 0° in-
clined specimens based on Eqn. (8).

Fig. 14 shows the representative compression true stress-strain
curves of 0° and 90° inclined specimens. The compression test speci-
mens were extracted from the rectangular vertical and horizontal built
specimens, which allowed the compression loading in the transverse
direction (x-axis). As noted in the same figure, the fiber texture in the
building direction induces a same yield stress in tension and compres-
sion, while the flow stress in compression increases more rapidly than
tension. The higher compression strain hardening in the z-axis is mainly
due to the change of deformation from slip and twinning in tension to a
slip dominant one in compression. Both yield and flow stresses are
however very similar in tension and compression in the y-axis. The
anisotropy in the tested specimens are also seen in the deformed shapes
of the tension and compression test specimens. The tension tested
specimens in the z-axis results in almost circular facture surface cross-
section and the specimens with 45° and 90° inclination display an
elliptical facture surface cross-section as seen in the top pictures of
Fig. 14. The arrows in the same picture are the z-axis or fiber texture
orientation. A picture of a cylindrical compression test specimen (5 mm
in diameter and length) extracted from a vertically built rectangular
specimen is shown in the figure. The specimen was tested through the y-
axis and the final deformed shape seen in the same figure is elongated
through the z-axis (0.4 true strain). The deformed pictures of cubic test
specimens extracted from a horizontally built rectangular specimen
tested both y- and z-axis are also shown in the same figure. The
anisotropy is clearly seen in these specimens also. Note that the speci-
mens tested in the z-axis deformed until about large strains (0.7) without
any fracture (tested-z in Fig. 14).

The favored twinning in the building direction results in higher true
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)
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Fig. 14. The tensile and compression true stress-strain curves in the y and z-
axis and compression true stress-strain curve in the x-axis.
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fracture strains than the normal to the building direction. Twinning
delays the onset of necking by changing the strain hardening behavior.
The higher ductility also results in a higher true fracture strength in the
building direction (Table 2). The detected variations in the strength and
ductility of SLM-316L alloy with the inclination angle is ascribed to the
change of the angle between fiber texture direction and loading axis. The
asymmetry may also be partly raised by the residual stresses. But, a
compressive residual stress will induce a higher tensile yield stress and a
lower compressive yield stress. Therefore, it is concluded that texture
played a dominant in the detected asymmetry. Lastly, the Tsai-Hill
failure criterion which is widely used to determine the failure of fiber
reinforced composites in finite element modelling was shown applicable
to the off-axis strengths of the studied fiber textured SLM-316L alloy.

4. Conclusions

The tensile behavior of 316L specimens processed using the rotation
scanning strategy with an inclination angle to the building direction
were experimentally investigated. An accompanying numerical pro-
cessing model was also conducted and the processed model specimens
were tensile tested as with the experiments. The microscopic analysis
have shown that the used rotation scanning strategy induced a strong
(110) fiber texture along the building direction and a weak (111) texture
or nearly random distribution of directions in the normal to the building
direction. The microscopic analysis of the tensile tested specimens
indicated twinning-induced plasticity. The specimens with 90° and 75°
inclinations exhibited the highest yield and tensile strengths, while the
specimen with 0° inclination showed the highest fracture strain. The
proof strength and UTS values were further fitted with the Tsai-Hill
failure criterion in order to predict the off-axis strengths. The twinning
stresses for 0° and 90° inclined specimens were further predicted based
on the detected texture. The result have shown that the strong fiber
texture orientation in the tensile loading axis of 0° inclined specimens
resulted in a lower twinning stress, a higher ductility and an asymmetry
in tension and compression stress-strain, while the near random distri-
bution directions in 90° inclined specimens induced a higher twinning
stress, a lower ductility and a similar stress-strain in tension and
compression. On the other side, the used numerical model in the present
study revealed the largest compressive residual stresses development in
0° inclined specimens. But, the difference in the residual stresses was
much lower than the difference in the strengths between 0° and 90°
inclined specimens. Therefore, the detected variations of the strength
and ductility of SLM-316L alloy with the inclination angle was ascribed
to the change of the angle between fiber texture orientation and loading
axis.
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