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Additive Layer Manufacturing (ALM) processes like Selective Laser Melting (SLM) enable the
conception of complex designs with a high precision and equal or enhanced mechanical properties
compared to Conventionally Manufactured (CM) structures. Nevertheless, this process, which consists
in melting metallic powders layer by layer with a laser beam, greatly influences the microstructure and
therefore the mechanical properties. While some studies have considered the effects of the thickness
and/or the building direction of 316L Stainless Steel (SS) specimens produced by SLM on the quasi-
static mechanical behavior, the strain rate effect for crash or impact applications on these two parameters
has not been fully investigated. To complete the actual knowledge, the present work proposes to analyze
the mechanical behavior of 316L SS tensile specimens produced by SLM with different build
orientations (0°, 45° and 90°) and thicknesses (0.5, 0.75, 1 mm) and submitted to dynamic loadings at
various strain rates up to 103 s™1. In addition, the microstructure and the fracture surfaces are analyzed
to give a more detailed comprehension of the mechanical tests. It results that the SLM 316L SS achieves
better Yield Stress (YS), similar Ultimate Tensile Stress (UTS) and equal or lower failure strain
compared to the CM material. This is mainly a result of microstructure refinement. Anisotropy is
observed at the macroscopic level with higher tensile stress and lower failure strain for horizontal
specimens, which is explained by the different shapes, orientation and size of the grains at the
microscopic level. The mechanical properties greatly decrease as the thickness reduces from 1 to
0.5 mm, by 14% for the YS and 16% for the UTS for a quasi-static loading. A minimum thickness of
0.75 mm is advised to at least recover the mechanical properties of the CM 316L SS. A positive strain
rate sensitivity, higher than the CM material, is observed for all configurations, with the exception of
0.5 mm thickness. For strain rates ranging from to 1073 to 103 s™1, there is an increase of 20% of the
UTS. The material anisotropy is not affected by the strain rate sensitivity whereas the latter increases
with the thickness.

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0921509322000910
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0921509322000910

Nomenclature

P [W]
s [m-s]
h [m]
l [m]
E, [J-m?]
€ &r & [1]
& [s1]
m [1]
r [1]
Abbreviations
ALM

SILM

CM

SS

MAM

YS

UTS

VED

BD

SD

™D

TrD

Laser power (SLM)

Scan speed

Hatching space

Layer thickness

Volumetric Energy Density (VED)

Elastic strain of the incident, reflected and transmitted pulses
Equivalent plastic strain rate

Strain rate sensitivity parameter

Lankford ratio

Additive Layer Manufacturing
Selective Laser Melting
Conventionally Manufactured
Stainless Steel

Metallic Additive Manufacturing
Yield Stress

Ultimate Tensile Stress
Volumetric Energy Density
Building direction

Scanning direction

Tensile direction

Transverse direction



1. Introduction

Metallic Additive Manufacturing (MAM) processes like Selective Laser Melting (SLM) have attracted
more and more attention in recent scientific research and industry over the past decade. They allow to
design complex and innovative structures by creating near-net shaped parts without any expensive
machining [1-3]. SLM is a power bed fusion process with a layer-by-layer build-up method which
allows to reach the microscopic scale, enabling the production of a monolithic design whereas other
conventional process would not be adapted. Metallic powder particles are melted together by a laser
following a scanning path strategy. This generates high cooling rates during the solidification which
leads to a really fine microstructure with residual stresses [4]. As a result, the mechanical behavior of
SLM parts differs from those of conventional processes as casting or machining [5].

Cellular materials with complex periodic unit cells benefit from these emerging technologies. They can
now be easily optimized and built in order to satisfy the specific needs of industrial applications (energy,
defense and aerospace) such as reduction in weight and/or enhanced energy absorbing capabilities for
crash or impact applications [6—9]. Thus, in order to use cellular materials made by SLM for functional
applications, it is necessary to understand the influence of key process parameters on the mechanical
behavior, such as the strain rate sensitivity of the constitutive material produced by SLM, the building
orientation or the part thickness.

A wide range of alloys can be considered with the SLM process, the best-known being Titanium
Ti6Al4V [2], Aluminum AlSil10Mg [10] or 316L Stainless Steel (SS) [11]. For energy absorbing
applications, 316L SS is considered among the best choice for its high strength-ductility combination
[12]. This ferrous alloy contains only austenite phase and is popular due to its high corrosion resistance
[13]. In the present study, our attention is focused on this specific alloy. The mechanical properties of
SLM 316L SS parts such as Yield Stress (YS) or Ultimate Tensile Stress (UTS) are higher or equivalent
to those of Conventional Manufactured (CM) parts [5,14]. It is explained by different microstructure
characteristics such as cellular dendritic structure or grain morphology [4,15]. However, there are
divergent results concerning the ductility of SLM parts. In some cases, an increase of the ductility
compared to CM 316L SS is observed [16,17] whereas other works noticed the opposite [5,11]. This
discrepancy is indicative of a large scatter in the literature of MAM that is also significant on the YS
with values ranging from 406 - 649 MPa and on the UTS with values ranging from 509 - 760 MPa
[4,18,19]. It can be explained by considering the multiplicity of process parameters combinations. Roach
et al. [20] even shown that variations in mechanical properties are possible for samples printed
simultaneously with the same process parameters on the same machine.

Most of the published research dealing on the strain rate sensitivity of 316 SS produced by SLM has
been investigated on tensile specimens built parallel to the building direction up to strain rate of 1 s™1
[21-23]. Only Li et al. [5] have carried out tensile tests in the range of 1073 to 10% s™1. The latter
concluded to a positive strain rate sensitivity with an increase of the YS by 26%. Thus, the dynamic
response of the 316L SS SLM remains relatively undefined.

The specific microstructure induced by SLM has been recognized to be responsible for anisotropic
mechanical properties [5,12,24]. Grains, subgrain structures, interface between layers, texture and
deformation mechanisms are the main reasons mentioned explaining this dependence to the building
orientation. In the literature, specimens built vertically (along the building direction) have higher flow
stress but lower failure strain than horizontally built samples. Although the trend is accepted for these
two build orientations, it remains uncertain for intermediate angles in between. Either there is a
decreasing trend from horizontally built samples to those vertically built in terms of YS and UTS, or YS
and UTS are highest for angles in between [25]. Moreover, these published works are limited to quasi-
static loading tensile tests in the case of SLM 316L SS. Maconachie et al. [10] suggested, for Aluminum
alloy AlSi10Mg, that in terms of tensile strength, there was no significant difference between building
directions of 0° - 45° - 90° in quasi-static and dynamic loadings.



For specimens produced by SLM process, the microstructure is influenced by many factors such as the
processing parameters, the build orientation but also by the parts thickness [20,26,27]. It has been shown
that the latter can affect the thermal history during the fabrication and consequently the mechanical
behavior. Several works [28-31] have demonstrated that the SLM process is able to produce micro-
struts with a diameter close to 200 um built with a single spot exposure layer by layer. Glimriik et al.
[29] pointed out a standard deviation higher than 10% in the measured diameter of the struts with heavy
imperfections and structural disorders, resulting in lower mechanical properties compared to CM 316L
SS. In the case of SLM 316L SS, a minimum thickness of 0.5 mm is advised to have a reasonable
geometric accuracy [8]. Only a few studies [8,20,27,32] focused on the influence of the specimen
thickness near to this minimum value of 0.5 mm on the microstructure and the mechanical properties.
Leicht et al. [32] revealed that plate specimens with a thickness of 0.4 mm had an almost random texture
with uniform grains whereas higher thicknesses displayed large elongated grains with a predominant
orientation parallel to the building orientation. Roach et al. [20] observed an increase of the effective
stiffness by 50% when increasing the specimen thickness from 0.4 to 6.25 mm. Tancogne-Dejean et al.
[8] noticed the same tendency with an increase by nearly 50% of the YS when increasing the diameter
of cylindrical specimens from 0.8 to 8 mm. To the best of our knowledge, all studies were done on quasi-
static loading tensile tests in the case of SLM 316L SS and the influence of the dynamic loading on the
mechanical properties for several thicknesses has not been investigated.

Thus, according to the state of the art, this paper proposes as novelty to study the effect of the build
orientation and specimen thickness for strain rates ranging from 1073 to 10! s~ on the mechanical
properties of 316 SS SLM specimens. Three thicknesses (0.5 - 0.75 — 1 mm) and three building
orientations (0° - 45° - 90°) are considered. The strain rate sensitivity for higher ranges up to 103 s™1 is
investigated on vertically build specimens using Split Hopkinson Tensile Bar (SHTB) setup.
Microstructural analysis with optical and scanning electron microscopy are also performed to give a
better understanding of the macroscopic mechanical response of SLM 316L SS specimens. In addition
to contribute to the knowledge of the SLM process, the parameters investigated in this study are also
relevant to ensure a reliable design of complex cellular materials manufactured by SLM and explain
their mechanical response under dynamic loading for crash or impact applications.

2. Materials and methods

a. Materials and SLM process

The SLM 316L SS specimens examined in this study were fabricated using a SLM 280 machine from
SLM-Solution. The nominal chemical composition of the pre-alloyed 316L SS powder with a particle
size ranging from 15 to 45 um and a spherical shape is given in Table 1. The processing parameters
used to prepare specimens were: laser power P = 200 W, scanning speed s = 800 mm - s~ 1, hatch
spacing h = 120 pum, layer thickness / = 30 um and a single scan layer meandering scan strategy was
chosen (Fig. 1). These four parameters were the standard parameters set by the manufacturer to produce
specimens with near full density and calculate the Volumetric Energy Density (VED) Ey,, defined as
followed:

£ - P
V= sxhxl
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With the parameters presented above, Ej, corresponds to a value of 69 ] - mm™3. Liverani et al. [33],
with the same scan strategy, found an optimal range of VED of 49-79 ] - mm™3 where the number of
porosities in this range was minimized, ensuring a reliable mechanical behavior.

Table 1. Chemical composition (in weight total percentage) of 316L SS powder.

| Fe | Cr | Ni | Mo |[Mn| Si | N | Cc | PS
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Fig. 1. Scheme relative to: (a) the SLM process with main parameters, (b) representation of the scan strategy pattern with Z as
the Building Direction (BD) and X the Scanning Direction (SD).

The build plate with all the specimens organized in six configurations is shown in Fig. 2a. In order to
distinguish them, they are named according to their Building Direction (BD) and thickness. For example,
a dog bone specimen with 1 mm thickness and printed horizontally, 0° - along the Scanning Direction
(SD), is named BdO_t1. All the specimens are designed to study the strain rate sensitivity considering a
significant strain rate gap. A special attention is paid to the high strain rate range knowing its influence
on strain hardening. The geometry of the specimens for the Split Hopkinson Tension Bars (SHTB),
presented in Fig. 2b, has been designed especially for this experimentation to reach the targeted strain
rate. For the moderate and quasi-static strain rate ranges specimens (Fig. 2¢), gage length and width of
specimens have been chosen to cover a wide range of strain rates (close to two decades). No machining
was applied to the samples, except to remove them from the build plate. In this study, it is a will to
consider the edge effects on the specimens as it can be the case on the structures produced by SLM for
energy absorption applications, for example. 1 mm and 1.5 mm thickness specimens were sandblasted,
then thermally treated for two hours at 1095°C and water quenched. Due to thin geometry, 0.5 - 0.75 mm
thickness samples were not post treated in order to ensure their structural integrity. The possible
differences between post-treated and not post-treated specimens will be analyzed in the discussion
section.
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Fig. 2. Tensile specimens: (a) build plate and spatial localization of all dog bone specimens; Computed Aided Design (CAD)
designs of specimens with (b) 1.5 mm thickness specific for the SHTB and (c) 0.5 - 0.75 - 1 mm thickness.

b. Microstructure analysis

To study the microstructure, two cross-sections in the center of the specimens are considered (Fig. 3).
The grain morphology is observed along the Tensile Direction (TD), ZX-plane for Bd90 and XY-plane
for BdO. The defects and laser tracks are also studied along the TD but also perpendicularly to that
direction, XY-plane for Bd90 and ZX-plane for Bd0. The polishing is realized in four steps, with SiC
papers from 220 to 1 pm, to achieve a mirror surface. Then samples are etched with Villela solution for
30 seconds to reveal the microstructure and observe the laser scans, melt pools and porosities on the
optical microscope Nikon Epiphot 200 and on the Scanning Electron Microscope (SEM). Electron
BackScatter Diffraction (EBSD) is performed using JOEL JSM-7100F Field Emission Scanning
Electron Microscope and OXFORD EBSD detector to examine the grain shape and orientation along
the TD. For EBSD analysis, after being polished to obtain a mirror surface, samples are etched with
Struers OP-S Chem solution for two minutes and then electro-polishing (Struers LectroPol-5) is carried
out using a standard solution A2. A voltage of 15 kV is considered, a step size of 0.4 um is fixed, and
an area of 1000*1000 um? for 1 mm thickness specimens and of 500*1500 um? for 0.75 - 0.5 mm
thickness specimens are chosen. EBSD data are analyzed using the AZTec (UK) software from
OXFORD instruments. SEM images of post-mortem specimens are also captured to observe the
presence of dimples and fracture surfaces.
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Fig. 3. Schematic representation of (a) Bd90 and (b) BdO specimens showing the different cross-sections along the BD, the SD
and the Tensile Direction (TD).

c. Measurements and mechanical tests
To control the good fabricability of all tensile specimens, the density is measured for each one using
Archimedes’s method using water, and as no machining is realized after removal, the dimensions are
verified using a caliper with a resolution of 0.01 mm. Three measurements at different locations in the
gage section of the gage length and the thickness of each sample are done and an average value is
calculated per configuration in order to compare with the design values.

Vickers hardness tests are carried out to assess if there is a difference at the grain scale between the
various configurations. Three measurements at three different locations per polished specimen are
realized with a Vickers indenter at a load of 100 g for 15 s on a Future-Tech microhardness tester,
according to ASTM E384-17 [34] standard.

Quasi-static tensile tests are done on a MTS Sintech, an electromechanical testing machine, with a 30 kN
load cell at a loading rate of 1 mm - min~? (0.00057 s~1). Images of the tensile tests are taken with a
digital camera Manta Allied Vision with an acquisition frequency of 1Hz and a spatial resolution of
15 um. The increase of the loading rate to 2 mm - s~1(0.067 s~1) and 240 mm - s~1(8 s™1), is realized
with an Instron VHS, a servohydrolic testing machine, with a 30 kN load cell. A Fastcam Photron APX
RS camera is used for 0.067 - 8 s~ 1 strain rates with acquisition frequencies of 50 — 7500 Hz respectively
and a spatial resolution of 157 um. Load and image acquisitions are simultaneously triggered by a digital
oscilloscope Yokogawa DL750. Displacements and strains of the three lower strain rates are calculated
by Digital Image Correlation using an intern MATLAB® script based on a black speckle on a white
background spread on all the tensile test specimens.

SHTB are chosen to reach the two highest loading rates of 3m-s™ (300s™!) and 10m-s~!
(1000 s™1). The SHTB experimental setup, developed by the laboratory, is composed of a 7.5 m long
incident bar and a 7 m long output bar, both with a diameter of 11 mm. These bars are made of maraging
steel to generate high strength level. Strain gages are fixed on each bar to measure the elastic waves
using a high-speed recorder (Yokogawa DL 850 - 4 channels up to 100 MHz). Before each test, the
input bar is elastically pre-stretched to store the required amount of the incoming energy. When the
pretension is dynamically released, a unidirectional tensile wave &; is generated and propagates in the
direction of the specimen. This wave is separated into two complementary elastic waves: the transmitted
impulse travels through the output bar and is called &; and the other part goes back through the incident
bar and is mentioned as &,. The commonly used theory established by Kolsky is used to calculate the
stress-strain data from the measurement collected by the three signals ¢;, & and &,.. Full details are given
in [35].



Considering a repeatability of three specimens per tensile test and two specimens dedicated to the study
of the microstructure, it represents a total of 63 samples. The test matrix of the six configurations with
the associated strain rates is given in Table 2.

Table 2. Test matrix of the six configurations.

Name Heat treatment Tensile tests
and sand blasted | 0.00057 s=1| 0.067s™1| 8s~! 300 s-1
Bdo0_t1 3 3 3
Bd45_t1 yes 3
Bd90_t1 3
Bd90_t075 3
no
Bd90_t05 3
Bd90_t15 yes

3. Experimental results

The results of microstructural analysis, quasi-static, intermediate and dynamic tensile tests and fracture
surfaces analysis are detailed in this section.

As the specimens are not machined after being removed of the build plate, it is important to estimate the
geometrical accuracy of the SLM process. Average measurements of the gage length and the thickness
for each configuration are presented in Table 3. It shows a good agreement in general with a difference
with CAD below 3.1%, except for 0.5 mm thickness sample with a 7.4% difference. This could be
expected because this value is tending toward the minimum feature size of the SLM process. An average
relative density is also determined for each configuration. Only samples with a 0.5 mm thickness have
a relative density lower to 99%, which is the minimum recommended to achieve good mechanical
properties [22,36]. It demonstrates the actual limitations of the SLM process to produce very thin parts.

Table 3. Measurements of width, thickness and relative density of samples compared with CAD files.

Configuration | Width (mm) Difference with | Thickness | Difference with Re!ative
CAD (%) (mm) CAD (%) density (%)
Bdo_t1 10.25 2.5 0.99 1.9 99.5
Bd45_t1 10 0.3 1.03 2.6 99.9
Bd90_t1 9.83 1.7 0.99 0.9 99.6
Bd90_t075 9.83 1.7 0.75 0.9 99.7
Bd90_t05 9.87 1.3 0.54 7.4 98.5
Bd90_t15 2.93 2.3 1.45 3.1 99.9

a. Microstructure
The specificities induced by the SLM process are observed on the microstructure of the specimens at
multiple scales.

The microstructures observed on etched samples in the XY -plane in Fig. 4a-c show the scanning strategy
with parallel laser paths, more prominently on edges where remelting is less important than in the center.
In the ZX-plane (Fig. 4d-f), the stacking of layers with semicircular and elongated melt pools
perpendicularly to the BD can be observed. The shape is less discernible at the center than on the edges,
always influenced by remelting.
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Fig. 4. Optical micrographs after etching of (a,d) Bd90_t05, (b,e) Bd90_t1 and (c,f) BdO_t1 in the XY-plane (SD) and ZX-
plane (BD).

Considering the optical micrographs, a larger number of defects, in number and size, can be seen on
Bd90_t05 compared to other configurations. These defects are unmelted particles of powder which were
pulled out from the sample during the polishing. The spherical shape and the similar size, 15 to 45 pm,
confirm this statement. Three other types of defects have been observed for all configurations:

* Lack of fusion pores with irregular shapes at the boundaries between layers or melt pools (Fig.
5a). This is due to a low energy density causing a lack of fusion between layers or an insufficient
recovery of two melt pools. It leads to lack of cohesion between layers [37,38].

* Gas induced porosity footprint is represented by spherical defects (Fig. 5a). It contains gas
entrapped inside the powder particles during the powder atomization. It can also be caused by
the entrapment of gas from the built chamber [39].

* Keyhole defects are observed on samples in ZX-plane (Fig. 5b). It is due to an excessive laser
power or VED [40].
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Fig. 5. Optical micrographs of (a) Bd0_t1 etched samples presenting lack of fusion pores and gas induced porosity in XY-
plane, (b) Keyhole induced porosity in ZX-plane.

On Fig. 6a, SEM images present the fine cellular structure inside melt pools with a grain size in the
range of 0.1 - 2 um. The high-cooling rate, in the order of 10* — 10° K - s1, generates non-equilibrium
solidification conditions which cause this subgrain structure [41,42]. During the melting process, the
dendritic structure is oriented along the maximal local thermal gradient, which can be different from the
macroscopic one. It then leads to multiple orientations inside a melt pool. At higher magnification (Fig.
6b), coarser subgrain microstructure due to multiple melting can be observed [10].

| 10pum
Fig. 6. (a) SEM images of BdO_tl sample in ZX-plane with melt pool boundaries highlighted in red, and (b) a higher
magnification of the junction of melt pool boundaries.

EBSD orientation maps and Inverse pole figure maps (IPF) of vertically, diagonally and horizontally
built specimens with 1 mm thickness are presented in Fig. 7a-c. Bd90_t1 contains large grains oriented
toward the BD compared to BdO_t1 with most of the grains being narrow and elongated perpendicularly
to the TD. The solidification process, as presented in Fig. 7d, explains the shape and the orientation of
the grains when considering the microstructure of Bd0_t1, as it is observed along the SD (XY-plane).
On the edges of specimens, small grains can be found. As they are not subjected to multiple melting and
cooling time is higher, the grain size is smaller [20]. Closer to the center of specimens, the microstructure
is randomly distributed thanks to the remelting process and the influence of layers on the side and
underneath. Clusters of small grains are present in horizontal specimens. According to Balit et al. [43],
it is attributed to particular values of the solidification rate and the thermal gradient. They are located
mostly near the solidification front. Bd45_t1 (Fig. 7b) shows a microstructure which is a blend of the
two previous one with a grain size more homogenous and more equiaxed grains.
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For all configurations, the grains spread over multiple melt pools, which is typical of epitaxial growth.
This disposition is imposed by the maximal local thermal gradient and remelting of layers that dictate
the same crystallographic orientation [12]. In the case of the SLM process, it is commonly observed
[44,45]. The IPF associated to the EBSD maps reveal a <001> fiber texture for Bd90_t1 whereas two
preferred crystallographic orientations of lower intensities, <001> and <101>, are discernible for
BdO_t1. As the 316L SS shows an FCC structure, the evolution of a <001> texture is favored [27,46],
as it is noticed for the two previous configurations. The additional <101> texture observed for BdO_t1
is induced by the solidification direction (Fig. 7d). In the case of Bd45_tl, there is no preferred
crystallographic orientation. As the melt pool shape is directly linked to the texture development [47],
it explains the absence of preferred orientation for Bd45_t1 which has a homogeneous grain structure.
Thus, the different melt pool shapes observed previously for the three BD are mainly responsible for the
distinct preferred crystallographic orientations.

Average grain size : 17.1 ym
001

I/D

d Melt pool

Average grain size : 28.3 um
I 001

Dendritic structure Feedstock
powder

Fig. 7. Influence of the BD on the microstructure of 316L. SS SLM specimens: EBSD maps and the corresponding inverse pole
figures (IPF) with the average grain size of (a) Bd90_tl1, (b) Bd45_t1, (c) Bd0_t1, the microstructures are shown along the TD
relative to the BD, the SD, and the Transverse Direction (TrD) ; (d) scheme of the SLM solidification process.

The microstructures of the specimens with a thickness of 0.5 and 0.75 mm in Fig. 8 present similar
elongated grains oriented along the BD than Bd90_t1 and also a <001> fiber texture. The intensity of
the texture and the grain size are supposed to increase with the thickness due to the variation of thermal
gradients and cooling rates [12,32]. This statement is true with the exception of the texture of Bd90_t1.
The latter was thermally treated and as suggest the authors [48,49], the heat treatment reduces the
pronounced texture of SLM 316L SS. Thus, a higher intensity of texture than Bd90_t075 can be expected
without a heat treatment for Bd90_t1. The EBSD map of Bd90_t05 in Fig. 8b also points out a higher
density of defects, leading to a weaker cohesion between the layers and a relative density inferior to
99%, as mentioned previously.
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Fig. 8. Influence of the thickness on the microstructure of 316L SS SLM specimens: EBSD maps and the corresponding inverse
pole figures (IPF) with the average grain size of (a) Bd90_t075, (b) Bd90_t05. The microstructures are shown along the TD
relative to the BD, the SD, and the Transverse Direction (TrD).

b. Fracture surfaces

SEM images of the fracture surfaces of specimens are presented in Fig. 9. All six configurations have
dimple-like features on fracture surfaces which are characteristic of ductile fracture behavior [23]. With
the dimple size being smaller than 1 pm, it can be considered that the fracture behavior is transgranular
and is not controlled by the grain size [22,27]. The unmelted particles are observed on surfaces of
specimens but there were also trapped inside porosities during the melting process. Throughout the
tensile tests, these defects cause the apparition of microcracks, which results in macroscopic cracks [50].
Theses defects discussed previously are responsible for not fully dense samples. Maconachie et al. [10]
observed that crack propagation is done through or along melt pool boundaries, which means that it is
the orientation of the melt pools and not the grains that imposes the fracture behavior.

N A
) lum

Fig. 9. SEM images of post-mortem specimens presenting (a) dimples, (b) unmelted particles inside porosities and (c) on the
free edges, (d) microscopic (e) and macroscopic cracks.

c. Mechanical properties
The average Vickers Hardness of the three indenting locations with the corresponding standard deviation
are presented for each configuration in Fig. 10a. Most values fall between 230 - 240 HV with an average
value of 235+9 HV, which corresponds to results found by other researchers on samples made from the
same material and using SLM [18,20,51]. It is also higher than the CM 316L SS, which fall in the range
of 215 - 225 HV [52], because of the sugbrain microstructure and a higher dislocation density (10> m™3
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for SLM versus 101° m~3 for CM) [42]. Measurements are realized at several locations (top, middle,
bottom) of polished samples and also on etched samples to observe if the indentation is different inside
a melt pool or along a boundary (Fig. 10b). Results are homogeneous over the samples for all
configurations. Thus, at the microscopic scale, this study shows in the same time that there is no
significant influence of the BD and thickness on hardness values.
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Fig. 10. (a) Vickers Hardness of the samples along the BD and the SD and (b) optical micrograph showing location of
indentations on Bd90_t05 etched sample along the BD.

Concerning the material mechanical behavior, three repetitive tensile tests have been realized for each
configuration. Mean true stress-strain curves of the tensile tests for all configurations at various strain
rates are shown in Fig. 11. In the case of the SHTB tests, a smoothing with a span of 10% of the total
number of data points is applied to the stress strain curves to remove noise from the acquired signal and
to reduce effects of stress wave propagation. Mean engineering mechanical parameters oy o5 (stress for
a 0.05 strain), UTS and failure strain & with associated standard deviations are extracted from
engineering stress-strain plots following the ASTM E8/E8M [53] procedure. The results are presented
in Fig. 12. The 0.2% offset YS is measured on quasi-static tensile tests based on the usual Young
Modulus consideration. The values for the three orientations are presented in Table 4 and values for
Bd90_t05 and Bd90_t075 are respectively 393+6 MPa and 453+5 MPa. Bd0O_t1 specimens exhibit a
higher 0y 95 and UTS than other configurations at the three slower strain rates. This trend was also
observed in other published works [43,54]. Bd90_t05 specimens exhibit by far the lowest g o5 and UTS
among the five configurations. These mechanical parameters increase along with the strain rate, with an
increase of 24% of g5 and 20 % of UTS between strain rates of 1073 to 103 s~ for vertical
specimens. Failure strain of horizontal specimens is reduced by a factor of about two compared to other
configurations. The latter does not show a clear trend with the increase of the strain rate. Table 4
presents a comparison for YS, UTS and &; between results of the present work and results of previous
published works. They appear consistent considering the wide dispersion of the results found in the
literature. The comparison with the CM material and the associated mechanical requirements of the
ASTM A240/A240M [55] shows that mechanical properties the SLM 316L SS are above the standard
values and outperform the latter, except for Bd90_t05 and for failure strain of Bd0O_t1.
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Fig. 11. True stress-strain curves of all configurations at strain rates of (a-¢) 0.00057 to 8 s~* and (f) Bd90_t15 at strain rates
of 300 and 1000 s~ 1.
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rates with the associated standard deviation.

Table 4. Comparison of engineering mechanical parameters between this work, literature [4,5,11,17-19,25,56-59] and the
norm ASTM A240/A240M [55] for a quasi-static loading.

Mechanical parameters YS (MPa) UTS (MPa) Failure strain (%)
Build orientation Bd90 Bd45 Bdo Bd90 Bd45 Bdo Bd90 | Bd45 | Bd0
Literature 427 - 588(499 - 649|406 - 639|509 - 687|606 - 722|510 - 760| 8 -96 |33 -60 |12 - 49
Present work 450+1 | 485+1 | 4911 | 543+£1 [571+£10| 605+1 |46+2 |40+7 |21 +4
CM material 255-310 535 -620 30-50
ASTM A240/A240M 170 485 40

4. Discussion

MAM and especially SLM studied in this work, produce parts with a unique microstructure
which impacts the macroscopic behavior. In the case of tensile tests, the SLM 316L SS specimens tend
to have higher YS than CM 316L SS, and equivalent UTS and ductility. This is explained by considering
the microstructure with factors such as the presence of cellular dendritic structure, smaller grain size and
higher dislocation density [4,15,42,60].

In this section, the results of the microstructural analysis and the mechanical tests are combined to
discuss the influence of the SLM process on the mechanical response. First, the effect of strain rate
sensitivity is considered. Then the discussion focuses on the influence of the building direction and ends
with the study of the specimen thickness.

The effect of the loading rate is investigated on all the configurations and is quantified with the
evolution of the mechanical properties. A positive strain rate sensitivity is noticed for all tensile
specimens. Considering g, g5 and UTS, there is an average increase of respectively 11£1% and 9+1%
between the three lower strain rates for all configurations. The increase of the flow stress along with the
strain rate is caused by multiple factors such as the dislocation multiplication and the twin nucleation
and growth [61]. A gap of the flow stress between 0.067 and 8 s~ strain rates is noticeable on the true
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stress-strain curves of Bd90_t075, Bd90_t1 and BdO_t1. The results of Li et al. [5] also show a gap
between 0.54 and 193 s™1 strain rates for vertical specimens with a 1 mm thickness. This transition
strain rate seems to tend toward a threshold value of 1 s™1, as a result of a change in the deformation
mechanisms [62]. Thus, the present work provides a more precise range of strain rates for this transition
phase.

To quantify the dependence of the stress on the strain rate, the strain rate sensitivity, expressed by m, is
frequently calculated at a given strain and temperature with the following equation [6,10,22,23] :

dlno
0¢

m= 3)
with o the tensile stress and € the strain rate. ¢ can be considered either as the YS [22], the UTS [23] or
an engineering stress for a fixed strain, for instance 0.04 as used in [10]. Obviously, the choice of the
tensile stress influences the m value. Thus, in this work, two different flow stresses are considered :
engineering stress for a strain value of 0.05 (gyo5) and UTS. The plots of the two m values, and the
associated results are presented in Fig. 13. For Bd90, it is the combination of the results of Bd90_t1 and
Bd90_t15. This hypothesis is validated by the work of Wang et al. [12] who noticed that the mechanical
properties become steady for thicknesses of 1 mm and higher. From the curves of Fig. 13a,b, it can be
concluded that there is no strain rate sensitivity for Bd90_t05. For both ¢y o5 and UTS, the highest strain
rate sensitivities are observed for horizontal and vertical specimens with a minimum thickness of 1 mm
and the lowest for Bd90_t075 and Bd45_t1. Also, the sensitivity is greater when considering oy o5 rather
than UTS. It is explained by a threshold strain of 10% from which the twinning induced plasticity lowers
the increase of the flow stress [63]. With myrg = 0.0061, the CM 316L SS has a lower strain rate
sensitivity than the SLM material [23]. This is explained by a refinement of the grain structure, as
discussed previously. In the literature [22,23], only horizontal specimens are considered and similar m
values are obtained. This study allows to consider the evolution of the three BD and thicknesses with
the strain rate and two distinct tensile stresses.
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Bd0_ t1 | 0.013 0.011
Bd45 t1 | 0.010 0.007
Bd90 0.014  0.012
Bd90 t1 | 0.012 0.010
Bd90_t075 | 0.009 0.007

Fig. 13. Strain rate sensitivity : curves of (a) m,, . and (b) myrs ; () table resuming the m values.

The increase in strain rates for a range of 1073 to 103 s~ results in an enhancement of the flow stress,
between 19.6% and 23.7% for the considered mechanical parameters. A threshold strain rate of 1 s™1
from which the increase of flow stress changes suddenly appears for certain configurations due to a
change in the deformation mechanisms. Thus, the 316L SS produced by SLM is sensitive to the increase
of strain rate, and in particular more than the CM material.
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The mechanical results of the three BD at each strain rate and the microstructure analysis are
associated to understand the effect of the process on the mechanical response. True stress-strain curves
of the three BD for 1 mm thickness specimens at each strain rates are shown in Fig. 14a-c. BdO has the
highest 095 and UTS but the lowest failure strain whereas it is the opposite for Bd90. The
microstructure of the latter is composed of columnar grains oriented in the TD with <001> fiber texture,
so dislocations have fewer boundaries to cross than for the microstructure of BdO_t1 with narrow and
elongated grains perpendicular to the TD. It results in higher flow stress for BdO_t1 [43]. The SEM
images presented in Fig. 15 highlight a more jagged fracture surface for BdO_t1 than for Bd90_t1
specimens. Suryawanshi et al. [11] linked this observation to a reduction in the failure strain by
considering that, in the case of horizontal specimens, the location of porosities in the interlayers induces
a higher number of microcracks as they are aligned along the TD. The higher ductility of Bd90_t1 can
be explained by the columnar grain structure oriented along the TD but also by the <001> fiber texture
[64]. The mechanical parameters of the diagonal specimens fall in the range of the two other BD.
Considering the true stress-strain curves, the behavior of Bd45_t1 is closer to Bd90_t1. It is confirmed
by the microstructures with more similarities between the two previous ones compared to horizontal
specimens. This is due to comparable cooling kinetics for vertical and diagonal configurations with 1
mm and 1.4 mm scan lengths, respectively, compared to the 130 mm of the horizontal one. Considering
a smaller scale, a similar hardness is achieved by the three-building orientations, proof that at the grain
scale, there is no anisotropy. The morphology of the grains and the crystalline texture are responsible
for the anisotropy observed at the macroscopic scale.
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Fig. 14. True stress-strain curves of 1 mm thick samples with the three BD at strain rates of (a) 0.00057 s~*, (b) 0.067 s~ and
(c) 8 s71; (d) table of the Lankford ratios r of the three BD of this work and two others [5,21].
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Fig. 15. SEM images of the fracture surfaces of (a) BdO_t1 and (b) Bd90_t1.

Another way to quantify the building orientation sensitivity is to consider the Lankford ratio r. They are
determined from the slope of the true plastic width strain over the true plastic through-thickness strain
(which is computed from the axis and width strain measurements assuming plastic incompressibility) at
the lowest strain rate. The variation of the Lankford ratios from 0.42 to 1.05 observed in Fig. 14d clearly
indicates an anisotropy of the material. Diagonal specimens have the most homogenous grain structure,
which can explain the Lankord ratio of 1 with a similar true plastic strain along the width and through
the thickness. On the other hand, with elongated grains parallel to the BD, the true plastic strain is much
higher along the axis and thus through the thickness (considering the plastic incompressibility) than
along the width, causing a ratio inferior to 0.5. The horizontal specimen has grains oriented along the
width, and thus, as the failure strain is lower for this orientation compared to others, the ratio of the true
plastic strain is inferior to 1 but higher than 0.5. Li et al. [5] observed a minor anisotropy for the three
BD with Lankford coefficients in the range of 0.8 - 1. Tancogne-Dejean et al. [21] noticed a lower
difference between horizontal (0.81) and vertical (1.04) specimens. Unlike the other works, there is a
large scatter of the Lankford ratios over the three BD caused by the various microstructures in this study.
The main distinction with the two mentioned studies is that their specimens are cut in the middle of the
same 1 mm thick wall. It results in less important distinctions in the grain structure along the different
BD with no influence of the free edges on the specimens of [5,21]. In the present work, no machining
is realized in order consider this phenomenon and to be as representative of the process as possible.

The analysis of the m value shows a similar strain rate sensitivity for horizontal and vertical specimens
whereas diagonal ones are less sensitive. This orientation has a more homogeneous microstructure with
no preferred crystallographic orientation compared to the two others, thereby explaining the lower
sensitivity of Bd45 specimens [23]. The average maximal variations of 05 and UTS measured
between the three BD are respectively 13+1% and 14+1% for the three lowest strain rates, with a nearly
constant evolution between each BD. Thus, it shows that the material anisotropy is not affected by the
strain rate. For the SLM 316L SS, the material anisotropy is only investigated for quasi-static loading.
At a strain rate of 0.001 s™1, Li et al. [5] noticed a similar variation of £10% for the YS between the
same BD and concluded to an anisotropic behavior. The CM material, investigated by Ghosh and Gurao
et al. [65], has differences among the three BD of 3% for the YS under a quasi-static loading. These
lower anisotropy can be explained by the more equiaxed and uniform grain structure compared to the
SLM material [4].

The differences in grain morphology and texture on the microstructure between the three BD generates
distinct macroscopic mechanical responses. This anisotropy in the mechanical behavior is accentuated
by the edge effects induced by the process and is insensitive to the strain rate for a range of 0.00057 to
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8 s~1. The distinct strain rate sensitivities are also a consequence of the differences in grain morphology
and texture.

The comparison between the three thicknesses allows to estimate the capacity of the SLM
process to produce very thin specimens with convenient mechanical properties. First, it is important to
specify the influence of the thermal treatment on Bd90_t1, as the two other thicknesses are not treated
in order not to damage the geometry of the specimens. The heat treatment can result in a relatively higher
failure strain but reduced tensile stress due to microstructural evolution characterized by a reduction of
the texture and/or an increase of the grain size [48,66]. With a similar heat treatment, Saeidi et al. [67]
noticed reductions of 12% of the YS and 7% of the UTS. Thus, lower YS and UTS and higher failure

strain can be expected for the thicknesses of 0.5 and 0.75 mm in the case where they were thermally
treated.

In Fig. 16, the true stress-train curves of 0.5 - 0.75 — 1 mm thicknesses vertically built samples are
plotted for the three slowest strain rates. Bd90_t05 specimens have the lower flow stress in each case.
There is a respective increase of 14% and 16% of the YS and UTS at a strain rate of 0.00057 s~ from
0.5 to 1 mm thickness. Compared to the CM material and the standards of ASTM A240 [68], Bd90_t05
does not satisfy the requirements whereas from a thickness of 0.75 mm, the requirements are largely
reached. Thus, in the case where Bd90_t075 is thermally treated, the standards of the norm will still be
meeting as the marge of the as-built specimens is sufficient to compensate for the loss in the YS and

UTS. Thus, in this study, a specimen thickness of 0.75 mm is the minimum value to be considered to
obtain a satisfactory mechanical behavior.

a 0.00057 s™* b 0.067 s™*
800 800
<
S
3 "
z . 0.75mm
o= |
| ~—0.5mm
0.0 0.1 0.2 0.3
True strain _ True strain
8s™
C
800
=
a9
2 600
B
s —1lmm
7 400
= ‘ -0.75mm
= i
| ~—0.5mm
200 *
0.0 0.1 0.2 0.3

True strain

Fig. 16. True stress-strain curves of vertical samples (Bd90) with 0.5 - 0.75 — 1 mm thicknesses at strain rates of (a)
0.00057 s~1, (b) 0.067 s™* and (c) 8 s~ 1.

Tancogne-Dejean et al. [8] linked the decreased mechanical properties with the decreasing thickness
using microstructure explanations. It is caused by the different temperature history during manufacturing
for each thickness resulting in distinct microstructures. As there is a huge thermal conductivity
difference between the metal powder and the deposited bulk material [69], the higher the thickness, the
higher amount of heat can be dissipated. There are few differences on the microstructures of Bd90_t075
and Bd90_t1 resulting in similar tensile flow stress. However, in the case of a lower thickness, Bd90_t05,
there are more distinctions. The microstructure of the latter has a higher number of porosities, a more
random texture and the grain morphology is more homogeneous compared to the two other thicknesses.
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It results in a lower cohesion between successive layers and thus lower mechanical properties [32]. The
similar hardness for Bd90_t05 and other configurations at the grain scale also confirms that the weaker
behavior is caused by the lack of cohesion.

The strain rate sensitivity parameter m (Fig. 13) and the superposition of true stress-strain curves (Fig.
16) show different strain rate sensitivities for the three specimen thicknesses of 0.5 - 0.75 - 1 mm. The
configurations Bd90_t1 and Bd90_t075 see a positive jump in their flow stress between strain rates from
0.067 to 8 s~ 1. This higher m value of Bd90_t1 is explained by a more homogeneous microstructure
than Bd90_t075. The Bd90_t05 configuration has a sensitivity that cannot be quantified in the same way
as for the other two thicknesses. There is an increase of 21% for o0y 5 for strain rates between 0.00057
and 0.067 s~ 1, followed by a decrease of 7% between 0.067 and 8 s™1. This variation is caused by a
lower fabrication quality which is reflected in the microstructure with a higher amount of porosity and
less cohesion between the layers.

A minimum thickness of 0.75 mm is sufficient, in this study, to obtain a mechanical response that meets
the requirements of ASTM A240/A240M. For a thickness of 0.5 mm, the requirements of these same
standards are not met due to a porous microstructure with a reduced cohesion between layers. This
microstructure is responsible for an inconsistent strain rate sensitivity. This is not the case for the two
other thicknesses, with comparable microstructures, which have similar positive strain rate sensitivities.

5. Conclusion
The influence of the build orientation and the thickness at multiple strain rates on the mechanical
behavior of SLM 316L SS in the case of tensile tests is explored. Analysis of the microstructure
combined with comparison with literature have allowed to understand the macroscopic results. The key
outcomes drawn in this study are:

* SLM 316L SS achieves better YS, similar UTS and equal or lower failure strain compared to
the CM material, except for Bd90_t05. The subgrain structure, the morphology of grains and
higher density dislocation specific to SLM process are mainly responsible for this enhancement.

* The positive strain rate sensitivity corresponds to the range of values found in literature and is
higher than the CM material. For strain rates ranging from 1073 to 103 s™1, there is an increase
of 24% of 0y o5 and 20 % of UTS.

* Horizontal specimens have the highest tensile stress but the failure strain is nearly divided by
two compared to the other BD. The microstructures show important differences in the
morphology of the grain and the texture, resulting in the material anisotropy. Similar strain rate
sensitivities are obtained for horizontal and vertical specimens with hierarchical and
heterogenous grain structure. Diagonal specimens with homogenous microstructure are less
sensitive to the strain rate.

* To ensure reliable mechanical properties, a minimum thickness of 0.75 mm is advised. At lower
thickness, the requirements of the norm ASTM A240/A240M are not reached due to a
microstructure characterized by a higher porosity and a weaker cohesion between layers. Also,
as a consequence of the microstructure, the strain sensitivity is inconsistent for Bd90_t05
whereas it is higher for Bd90_t1 than for Bd90_t075.
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