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Abstract: With growing interest in metal additive manufacturing (AM) for
aerospace and defence applications, it is important to understand the influence
of processing conditions on high strain rate behaviour. This paper presents
research on as-built stainless steel 3161 AM parts processed using laser powder
bed fusion (L-PBF) also referred to as selective laser melting (SLM). Two sets
of varied process parameters were examined as well as different build
orientations. Laser scan speed and point-to-point distance are shown to have
influenced the high strain rate mechanical properties of 316L AM parts.
Additionally, both wrought and SLM produced 316L showed strain rate
sensitivity (hardening) at strain rates of 10° s, but this effect was more
pronounced in the wrought material. Findings from this study can be used to
determine appropriate part orientations and AM process parameters and their
influence on the high strain rate behaviour and impact performance of L-PBF
AM parts.
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1 Introduction

Additive manufacturing (AM) refers to manufacturing processes that deposits or fuses
material together in a layer-by-layer approach until a 3D part is completely fabricated.
AM and other direct digital manufacturing processes are considered the driving forces of
a ‘third industrial revolution’ (Gu, 2015). With the ever-growing capabilities of AM
technologies and feasible material systems in recent years, the ability to create functional
parts has become the focus of experimental research and new industrial applications. AM
is unique from traditional manufacturing in its ability to manufacture custom, complex
designs at lower material and tooling costs without the need for jigs and fixtures enabling
economic advantages over conventional manufacturing (Conner et al., 2014; Manogharan
et al., 2018). One area of significant interest is the use of AM for structures that must
withstand high strain rate loading such as projectile impact (ARL Public Affairs, 2018;
Gray et al., 2017; Johnson et al., 2015).

According to ISO/ASTM52900-15 (ISO/ASTM, 2015), powder bed fusion (PBF) is
“an additive manufacturing process in which thermal energy selectively fuses regions of a
powder bed” based on CAD information of the part design. Selective laser melting
(SLM) also known as laser powder bed fusion (L-PBF) is a PBF process that uses a laser
source in an inert atmosphere of nitrogen or argon to fuse particles onto a substrate. This
is accomplished by selectively melting a spread layer of metal or polymer powder above
its melting temperature using the laser scan (Gu, 2015). Once the laser selectively melts a
layer, another layer is spread as the powder bed is lowered by the layer thickness (or slice
height). This process is repeated until the final geometry is created.

SLM is of particular interest to the aerospace, medical, automotive, electronic, and
tooling industries (Cherry et al., 2015; Spierings and Levy, 2009; Stwora and Skrabalak,
2013; Trelewicz et al., 2016; Yadroitsev and Smurov, 2011). It offers the ability to
manufacture a near-net shape part while eliminating tooling and lowering material costs
with the flexibility to process multiple geometries within the same build. Of particular
importance is the ability to manufacture lattice structures such as non-stochastic foams
and lattices (Tsopanos et al., 2010) within part geometries for biomedical implants
(Stwora and Skrabalak, 2013) and weight reduction in aerospace applications (Tsopanos
et al., 2010). Since AM requires a CAD file and is sliced prior to manufacturing, there
has been an increased focus on topological optimisation due to greater freedom of design
such that AM parts can be closer to an optimum design that cannot be achieved using
traditional manufacturing (Brackett et al., 2011). L-PBF materials that have been studied
include cobalt-chromium alloys (Yadroitsev and Smurov, 2010; Zhou et al., 2015),
copper compounds (Yadroitsev and Smurov, 2010), 24 karat gold (Khan and Dickens,
2014), aluminium and aluminium alloys (Romano et al., 2017; Zhou et al., 2018),
titanium alloys (Gong et al., 2014; Qiu et al., 2013, 2015; Santos et al., 2004; Simonelli
et al., 2014; Vrancken, et al., 2014a, 2014b), nickel-base superalloys (Barrett et al., 2018;
Yadroitsev et al., 2007), tool steels (Rombouts et al., 2006; Simchi, 2006; Stwora and
Skrabalak, 2013), iron powders (Kempen et al., 2011; Kruth et al., 2004; Rombouts et al.,
2006; Simchi, 2006; Simchi et al., 2003), and stainless steel alloys (Badrossamay and
Childs, 2007; Brown, 2014; Ma et al., 2015; Yadroitsev and Smurov, 2011; Yasa and
Kruth, 2011), with growing research efforts expanding feasible material systems
including metal matrix composites (Farayibi and Abioye, 2019). Of note to this work are
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the prior investigations in stainless steel 316L in metal AM (Badrossamay and Childs,
2007; Blandford et al., 2007; Badrossamay and Childs, 2007; Blandford et al., 2007,
Chen et al., 2018; Cherry et al., 2015; Davies et al., 2018; Ganesh et al., 2014; Gray et al.,
2017; Keicher et al., 1996; Kong et al., 2019; Krol et al., 2013; Li et al., 2010; Majumdar
et al., 2005; Mindt et al., 2016; Riemer et al., 2014; Simchi, 2006; Spierings and Levy,
2009; Tang et al., 2019; Tolosa et al., 2010; Trelewicz et al., 2016; Tsopanos et al., 2010;
Yadroitsev and Smurov, 2011; Yakout et al., 2019; Yasa and Kruth, 2011). These studies
employ a range of powder size and morphology, AM technologies, and AM process
parameters which can be attributed to a lack of standard processing practices that
specifies feedstock, machine configuration, processing conditions and post-build
operations. New standards are currently being developed and published for AM [America
Makes & ANSI Additive Manufacturing Standardization Collaborative (AMSC), 2017,
Monzon et al., 2015].

Typical AM process parameters that have been studied include: laser power (P), laser
scan speed or velocity (v), laser scan or hatch spacing (%), layer thickness (w), laser
point-to-point distance (d), laser exposure time (f), and scan strategy. Experiments often
rely on a trial and error approach based on specimen density, melt pool morphology, final
part mechanical strengths, and microstructure to determine optimal parameters for the
desired material and part geometry (Badrossamay and Childs, 2007; Cherry et al., 2015;
Qiu et al., 2013, 2015; Tolosa et al., 2010; Yadroitsev and Smurov, 2010, 2011; Yasa and
Kruth, 2011; Zhou et al., 2015). Laser power density and layer thickness have been
proposed as the primary factors that influence part density and mechanical properties
which are determined by melt pool and resulting microstructure characteristics (Gu,
2015; Simchi, 2006).

It is important to note that there is no standard currently available for Split-Hopkinson
pressure bars (SHPB) experiments, similar to the lack of standardisation of AM (Chen
and Song, 2010). Winter et al. (2014) fabricated 316L cellular structures and performed
impact testing using a gas-gun-driven flyer at rates varying from 3 x 103 and 7 x 10° s\,
Similar work compared direct energy deposition (DED) manufactured SS 316L and DED
heat treated parts to wrought plate (Gray et al.,, 2015). However, there have been
exhaustive investigations into powder metallurgy (PM) SS 316L specimens. High strain
rate behaviour of SS 316L is critical since it is widely used in aerospace, automobile,
defence, and nuclear applications (Lee et al., 2006, 2012; Lee and Chiu, 2006) where
parts may be subjected to high speed collisions and/or explosions (Lee et al., 2012). Lee
et al. (2006) compared the compressive properties of three relative sintered densities (83,
88, and 93%) of SS 316L under different quasi-static (107 to 10~ s~!) and dynamic strain
rates (3 x 103 to 9 x 103 s71). It was determined that the mechanical behaviour of 316L is
sensitive to both strain rate and sintered density. Lee et al. (2006) further examined the
strain rate effects on sintered 316L specimens (96% dense) using quasi-static and
dynamic strain rates. It was determined that at increasing strain rate, the yield strength
increased while the strength and work-hardening coefficients decreased. It was also
shown that at strain rates greater than 5.6 x 103 s!, fracture occurred due to plastic
instability and that the specimens failed in a ductile mode. Another study performed by
Lee et al. (2012) examined the high temperature effects on sintered 316L samples at
different strain rates (1 x 105 to 5 x 10°s!) (Lee et al., 2012). Similar to the prior study
(Lee et al., 2006), it was found that the yield strength and work coefficient increased with
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increasing strain rate, but decreased with increasing temperature which implies sensitivity
of high strain rate behaviour to correlation between temperature and strain rate.

With the growing desire to fabricate functional metal AM parts, there is a clear need
to explore the influence of process parameters on resulting mechanical properties.
Although prior studies on 316 AM exists, they are only focused on process optimisation
and quasi-static mechanical testing. Current research on high strain rate testing of AM
materials is limited since it does not account for the influence of build orientation. For
instance, an understanding of optimal build orientation of the part for maximum impact
resistance will enable optimal reorientation of the part impact surface in AM process
planning. The objective of this work is to compare the high strain rate mechanical
behaviour of wrought 316L versus additively manufactured L-PBF 316L at two distinctly
varied AM processing conditions and also examine the effect of AM build orientations.
This experimental research will evaluate the feasibility to fabricate metal AM parts with
comparable strengths to wrought material.

2 Experimental methods

Stainless steel 316L test specimens using two different sets of process parameters were
printed via L-PBF processing using a Renishaw AM 250 machine as shown in Table 1.
Unlike other SLM processes, the AM 250 fires the laser at a spot for a fixed duration then
moves to the next spot along a track (i.e., pulsed laser source). This differs from
commonly reported L-PBF processes where the laser melt pool is continuously moving
along the track. Scanning speed, v is defined as the speed of laser scan, or raster, across
the powder bed [Figure 1(a)]. Exposure time, ¢, is defined as the length of time the laser
spot remains at a single point [Figure 1(b)]. Laser point-to-point distance (sometimes
referred to as point difference), d, is defined as the distance between two subsequent laser
spots [Figure 1(c)]. The rationale behind selecting these two varied sets of process
parameters is to induce distinctly different melting and solidification rates that can be
eventually coupled with computational modelling tools.

Table 1 Two sets of printer process parameters
Parameter Laser power Scanning Exposure  Laser point-to-point Laser spot
set P W) speed v (mm/s)  timet (us) distance d (um) diameter (um)
1 200 590 110 65 75
2 200 550 90 50

Particle distribution was examined using a Cilas 1190 laser particle size analyser. The
examination was performed in ‘wet’ mode in which powder is dispersed in water and the
analyser utilises three lasers to measure particles within the range of 0.04-2,500 pm
(Cilas, 2018). The powder was examined using both x-ray fluorescence (XRF) and x-ray
diffraction (XRD). The XRF analysis was performed in metals mode in a S2 Ranger
fluorescence spectrometer equipped with a Si-Li detector and Rh and Pd target. The XRD
analysis was conducted using a Bruker-Nonius D8 Advance Powder Diffractor, which is
equipped with a VANTEC-1 detector for fast simultaneous recording of XRD patterns
over a wide 20 range.
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Figure 1 (a) Scanning speed (b) Exposure time, and (c) Point difference (see online version
for colours)
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Figure 2 (a) ZX- (b) XZ- and (c) XY-build orientations of L-PBF specimens (see online version
for colours)
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Figure 3 Notch orientations for Charpy specimens are shown here (see online version
for colours)
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Parts were printed in three orientations: XY (flat), ZX (vertical), XZ (on-edge) as shown in
Figure 2. These are labelled according to ISO/ASTM 52900 (ISO/ASTM, 2015), where
the largest axis is listed first and the second largest axis is listed second. The notch
orientations of the Charpy specimens are shown in Figure 3.

In order to isolate the effects of orientation and laser parameters from post-
processing, the parts were evaluated in the as-built state. The parts were removed from
the steel build plate using a band saw and were not subjected to stress-relief annealing or
any heat treatment.

Mechanical testing was performed to compare additively manufactured parts to
wrought specimens in both quasi-static and dynamic strain rates using ASTM testing
conditions specified in Table 2. Samples from each orientation were made for tensile and
Charpy testing (n = 5) and the split Hopkinson testing (n = 12). Dimensions of the
cylindrical SHPB specimens were a length of 9.1 mm and diameter of 8.8 mm, printed
with supports. The supports were subsequent removed mechanically.

The Rockwell D and Brinell hardness tests were performed using a Buehler
Macromet 3 and Tinius Olsen Air-O-Brinell, respectively. These tests were performed on
flat plates in the ZX orientation designed for use as ballistic testing specimens for a
separate project. Five indentations (n = 5) were performed on a large area face of each
plate.

Quasi-static tensile testing was conducted in an Instron 4206 universal testing
machine with a 150 kN load cell with a resolution of £ 0.25% of full load using an
Instron 5500R mounting. Data was recorded using both the BlueHill 3 software and using
a P3 strain indicator and a quarter-Wheatstone bridge circuit. High strain-rate
compression tests were performed using an REL SHPB, controlled using the software
PicoScope, and recorded using the software SURE-Pulse. Impact tests were performed
using Charpy V-notch specimens prepared by electrical discharge machining (EDM) and
a Tinius Olsen model IT 406 test rig.

Table 2 Mechanical tests based on ASTM Standards
Test ASTM standard ~ Specimen type  Testing conditions Experimental
results
Hardness E18-15 Polished 6.35 Rockwell D: Hardness
(Rockwell D, (American mm (0.25 in) diamond tip with  numbers (HRD,
Brinell) Society for thick plate 100 kg major load HB)
Testing printed in ZX Brinell: 100 mm
Materials, tungsten carbide
2015) and spherical indenter
E10-15a with 3000 kg load
(ASTM for 20 seconds
International,
2015)
Tensile E8/8M (ASTM Sub-sized Loaded at a strain  Elastic modulus
International, rectangular rate of 28.575 1/s (E), ultimate
2009a), and flat-bar standard ~ 6.35(according to  tensile strength
A370 (ASTM (6 mm wide) the reduced (UTS), 0.2%
International,  printed in XY and cross-section) and  yield strength
2009b) ZX for both data recorded (YS), reduction
parameters sets  using strain gauges  of area (RA)

and also in XZ for
parameter set 2.
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Table 2 Mechanical tests based on ASTM Standards (continued)
Test ASTM standard ~ Specimen type  Testing conditions Experimental
results
Charpy V-Notch A370 (ASTM  55x10x10mm  Specimens struck Energy
International, rectangles with by 22.68 kg (50 Ib) absorbed
2009b), and 0.25 mm EDM hammer from
E23-12¢ notch at 45° 1.829 m (6 ft) for
(ASTM printed in XY'and  400.75 J (300 ft-
International, ZX for both Ib)
2012) parameters sets
and also in XZ for
parameter set 2.
Split-Hopkinson N/A Cylinders with ~ Using gas gun set 0.2% yield
pressure bar height of 9.1 mm  at 100 psi for an strength (YS),
compression testing and diameter of  average strain rate ultimate
8.8 mm printed in in the 103 s! range ~ compressive
XY and ZX strength (UCS)

Polished and etched surfaces were analysed via light microscopy (LM) using a
Zeiss-Axiophot LM with Pixielink-model PL A662 CCD camera for porosity and grain
structure examinations. Scanning electron microscopy (SEM) was conducted using a
JEOL JSM-7600F field emission SEM (FE SEM) and a JEOL JSM-IT300LV variable
pressure SEM (VP SEM). The powder, etched surfaces, and fracture surfaces were
imaged in the secondary electron mode of the SEM. Samples were polished down to a
0.5 pm finish and chemically etched via immersion in Vilella’s reagent (1 g picric acid, 5
mL hydrochloric acid, 100 mL ethyl alcohol) for 60 minutes.

Computerised tomography (CT) was used to check for porosity within the printed
parts and analysed using EfXct software. A North Star Imaging NSI X5000 DR/CT
System was used for the CT characterisation and a 225kv micro focus cone beam coupled
with a flat panel detector was chosen for the data collection. The samples were
maximised across the flat panel in order to achieve high image quality. The greater the
geometric magnification of the product, the greater the spatial resolution or the ability to
resolve smaller detail. The data collected is turned into 3-dimensional voxel data, or
cubes that compose the volume of data, the CT scan.

3 Results and discussion

Results from powder, mechanical testing, microstructural analyses, and CT scans are
presented in this section.

3.1 Powder analysis

Based on the particle distribution methodology presented in Section 2, the 10%, 50, and
90t percentiles were determined to be approximately 19.51 um, 29.84 um, and 44.67 um,
respectively. The measured particle size distribution is shown in Figure 4. It was found
that the powder distribution between the 10t and 90t percentiles were within range,
which followed the expected distribution based on the 15+/—45 Renishaw range.
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Figure 4 Particle size distribution (see online version for colours)
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Quantitative analysis of the 316L powder prior to AM processing using XRF was
compared to ASTM A240 standards (ASTM International, 2011). The chemical
composition of the L-PBF 316L powder resulted in 67.5% Fe, 17.9% Cr, 10.3% Ni,
2.22% Mo, and 1.36% Mn, which are within the requirements of ASTM A240. There
were alloying elements that are listed in ASTM A240 that were not found in the XRF
analysis including N, C, and S because they were below the detection limit, as well as
elements that were found not listed in the standard including Cu, V, and Nb. However,
these alloying elements are little more than trace amounts that should not affect the
overall chemical composition. XRD analysis of the powder yielded a cubic, face-centred
(Fm-3m) crystal structure with a unit cell length of approximately 3.618 angstroms (A),
which is expected from stainless steel.

3.2 Hardness testing
As shown in Table 3, L-PBF samples produced using process parameters 2 showed
comparable results to wrought specimens.

Table 3 Brinell and Rockwell D test results on L-PBF printed 316L with two different process
parameter sets and compared to reported wrought results

Process parameter Brinell (HB) Rockwell (HRD) Equivalent tensile (MPa)
1 150.6 £7.4 26.6+0.9 521

2 180.4£7.1 30.7+0.9 558-612
Wrought 170 33 579

There was an increase in hardness values in both hardness tests in the case of second
parameter set suggesting a possible increase in the density. For continuous L-PBF
produced 316L, Tolosa et al. (2010) reported an average of 235 HV, which is equivalent
to about 229 HB or 40.5 HRD, while Cherry et al. (2015) reported a similar average
value of 225 HV, corresponding to about 220 HB or 39.5 HRD.
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3.3 Tensile testing

As shown in Table 4, there is an increase in the elasticity and ultimate strength from the
first to second process parameters.

Table 4 Tensile results of AM and Wrought specimens

Specimen group E (GPa) UTS (MPa) oy (MPa) Reduction of area (%)
XY-1 185+ 39 584 £ 12 486+ 13 27+9
ZX-1 153 +71 441 £+ 81 365+79 46 £ 6
XY-2 226 +£43 604 + 15 492 + 17 31+6
7X-2 206 + 55 560+ 7 464 + 12 46 £ 4
XZ-2 195+ 14 589 +47 427 + 64 31+6
Wrought 191 £22 585+ 57 260 £ 59 67+2

Each group of specimens, with the exception of ZX-/, compare favourably to the wrought
samples in terms of elasticity and ultimate strength. However, every specimen group
outperformed the wrought in yield strength and exhibited substantially lower ductility as
observed from % area reduction. The values are comparable to previously reported laser
L-PBF studies in the Senvol database: 150-195 GPa for E, 585-686 MPa for UTS, and
45-59% for reduction of area (Database, 2016). XY-2 data also favourably compares to
SLM literature data reported Montero Sistiaga et al. (2016) for as-built 316L from a
continuous laser SLM 280 system where UTS was reported near 630 MPa and yield
strength of 500 MPa.

3.4 Charpy V-notch

Results from Charpy V-notch tests are shown in Table 5. The first parameter parts were
weak by a substantially large amount, most likely due to the high porosity as discussed in
Section 3.6. The second parameter specimens were relatively stronger, eclipsing the
average value of 56.8 J reported by Tolosa et al. (2010) but slightly lower the values of
90-110 J reported by Ganesh et al. (2014). However, these results compare unfavourably
to reported values of traditionally manufactured Charpy V-notch specimens of either
>75 J (Tolosa et al., 2010) or 105 J (Ganesh et al., 2014), except for ZX build direction
produced using the second set of parameters. In general, the results for XY and ZX are
lower than the as-built SLM 280 parts in Montero Sistiaga et al. (2016) with reported XY
and XZ values from 120 to 130 J but no ZX values were measured in Montero Sistiaga
et al. (2016). More recent results for as-built SLM 316L can be found in Davies et al.
(2018) where XZ was reported as 60-62 J which is very similar to the values found here.
However, Davies et al. (2018) reported ZX as only 22-24 J which is similar to the impact
energies from the first set of parameters shown here in Table 5 but is far less than the
second set of parameters here.

These as-built toughness results can be compared to literature values for
post-processed SLM parts. Charpy specimens produced using an EOS M 270 then
post-processed with hot isotatic pressing (HIP) followed by solution annealing were
reported in Lou et al. (2018) with values of 130—150 J. The increase in toughness for this
combination of HIP plus solution annealing can be expanded by the combination of
densification from HIP, recrystallisation from a cellular dendrite structure as found in the
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as-built specimens to a larger grain size, and effect of solution strengthening
Montero Sistiaga et al. (2016) and Lou et al. (2018).

Table 5 Charpy V-notch results

Specimen group Energy absorbed (J)
XY-1 29+9

ZX-1 16£5

XY-2 81+9

ZX-2 128 £31
XZ-2 58+ 13

3.5 SHPB compression testing

The experimental results shown in Table 6 represents a similar trend to prior SHPB
experiments on non-AM 316L: materials are affected by strain rate such that they exhibit
greater ultimate and yield strengths at higher strain rates. The targeted strain rate was
2,000 s! however the SHPB system used had inherent variability so actual test strain rate
values ranged from 1,838 s7! to 2,739 s°!. There were only three wrought SHPB tests. For
the SLM specimens from parameter set 1, there were 11 valid tests each for the XY and
ZX orientations. However, there were only three valid tests (i.e., tests within 30% of the
targeted strain rate of 2,000 s!) for parameter 2 and they were all in the ZX orientation.

Given the limited amount of tests and the scatter associated with the wrought and ZX
tests, only general observations can be made. Compared to the static tensile testing,
considerable strengthening occurred at the higher strain rates. Tensile strengths are
similar for all the process methods. However, the wrought material had substantially
greater yield strengthening as compared to all AM processes sets and orientations. The
recorded maximum and yield strengths here are close to those reported by Lee and Chiu
(2006), who conducted SHPB testing of PM samples of relative sintered densities of
316L at 83%, 88%, and 93%. Lee and Chiu noted that the P/M 316L was highly strain
rate sensitive and the yield strength increase with increasing stain rates. At a strain rate of
3,000 s! they reported fracture stresses of approximately 1,060 MPa for densities of 83%
and 88% and fracture stress of 1,076 MPa for 93% dense specimens. They also reported
yield strengths for the 83%, 88%, and 93% dense specimens as approximately 375, 395,
and 420 MPa, respectively. Comparing measurements and literature values, the greatest
increase in yield strength at high strain rate (10° s~') was for the wrought plate. The next
greatest increased was for the as-built L-PBF material and then followed by the PM
specimens in Lee and Chiu (2006).

Table 6 SHPB compression testing results

Specimen group Max strength (MPa) oy (MPa)
XY-1 1,017 + 44 768 + 105
ZX-1 1,017 +27 776 £ 49
ZX-2 1,046 + 149 653+ 193

Wrought 1,202 + 166 1,020 £ 118
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3.6 Microstructural and CT scan analysis

For the CT scanning, the specimen from the first parameter set 1, was smaller in physical
size (diameter of 4.80 mm) allowing for more geometric magnification or a smaller voxel
size of 10.5 um. The specimens for parameter set 2 was slightly larger in size (diameter
of 9.40 mm) netting a 12 pm data set. The difference of the two scans being 1.5 pum, this
was negligible for this study due to the comparison of larger voids. The data sets were
both capable of detecting indications in the mid to upper 20 um range. The porosity, as
expected from the mechanical testing results, is greater in the first parameter specimens
than those manufactured with the second set of parameters. This can be observed from
the CT images in Figure 5. Representative CT scan slice images were acquired and
thresholded to convert the images into representative 8 bit binary black and white images.
Part densities were then computed using ImageJ by calculating the ratio of the white
pixels to the total number of pixels. For the parameter set 1 cylindrical specimen, the
image analysis showed a density of 93.4% in the XY plane [Figure 5(a)] and an average
density of 96.6% in the ZX plane [Figure 5(c)]. For the parameter set 2 cylindrical
specimen, the image analysis showed a marked improvement with a density of 99.7% for
the XY plane [Figure 5(b)] and an average density of 99.9% for ZX plane [Figure 5(d)].
The parameter set 1 specimen contained rounded indications and lack of fusion
indications in excess of 250 um. These indications were larger in size as compared to
parameter set 2. No lack of fusion indications were found in the parameter set 2
specimen, and it contained far fewer rounded indications as compared to the parameter
set 1 specimen. The largest indication seen in the parameter set 2 specimen was a
maximum of 145 um.

Figure 5 CT Scan images for (a) specimen created using parameter set 1 top down (XY Plane)
view (4.80mm diameter rod) (b) specimen created using parameter set 2 top down (XY

Plane) view (9.40mm diameter rod) (c) specimen from (a) side (ZX Plane) view
(d) specimen from (b) side (ZX Plane) view (see online version for colours)

9.40 mm

b \-;\ - 1.0 mm 1.0 mm
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There are a large number of pores in the first parameter specimen in the ZX orientation,
as identified in Figure 6(a), which is improved in the second parameter specimen shown
in Figure 6(b). In both instances, melt pool paths and cross-hatching of laser scans are
evident.

Figure 6 (a) Laser parameter set 1 ZX orientation specimen light micrograph at 100x
(b) Laser parameter set 2 ZX orientation at 100x (see online version
for colours)

(@) (b)

A further examination of the types of defects between the two sets of process parameters
is presented in Figure 7. With parameter set 1, there is a large amount of pores associated
with the lack of fusion defects (inadequate overlap of the melt pools either laterally or in
depth) and micro pores throughout the specimen. As was shown in the CT scan,
parameter set 2 improved the overall porosity issue as fewer lack of fusion pores are
apparent. However, in Figure 7(b), a region was selected with a significant number of
spherical defects. The size of these spheres (~100 to 300 um) are much greater than the
powder size distribution of 15-45 pm. This means these defects are not unfused powder
but rather spatter ejected from the melt pool then landing on the part. It is apparent that
this spatter is causing significant cavitation around the particle. This could indicate the
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pulsed laser AM 250 system could not effectively recoat enough powder around the
spatter particle or the spatter landed in the powder bed in advance of the laser beam and
reduced the local density of powder available for melting.

Figure 8 (a) Secondary backscatter images taken at 50x on Charpy fracture surfaces: loose
particulates from lack of fusion and defect cracks in the first parameter set ZX
orientation (b) fewer unmelted powders are seen on the fracture surface from the second
parameter set ZX orientation (see online version for colours)

o
100pm JEOL
WD 8.0mm 1

Figure 9 Crack propagation and defects in Charpy fracture surface from parameter set 2 in the
XY orientation (see online version for colours)

After undergoing mechanical tests, the fracture surfaces of the median Charpy specimen
from each parameter were evaluated using the FE-SEM. Figure 8(a) illustrates the
presence of powder that is not fully melted on the fracture surface of a specimen in the
ZX orientation from the parameter set 1. Two reasons exist for the unmelted powder. The
first is due to lack of fusion defects from lower laser energy density along with higher
scan speed. The second reason is lack of fusion around larger spatter particles as
unmelted powder can be seen next to larger spatter spheres. During loading conditions,
unmelted particles weakens specimens by acting as crack initiation locations as
highlighted in Figure 8(a). The parameter set 2 specimens appear relatively denser and
fully melted, as shown in Figure 8(b), but some crack initiation sites from L-PBF defects
were observed. It should be noted that the fracture surfaces in this study appear to be
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almost entirely ductile, which is noted from the dimple-like fracture surfaces shown in
Figure 8.

Inspection of the cracks in the fracture surface indicate that lack of fusion served as
crack initiation sites. An example is presented in Figure 9, where a large linear void
creates a crack front across the image.

4 Conclusions

This work aimed to determine the high strain rate behaviour of as-build stainless steel
316L parts pulsed-laser SLM and examine the effect of orientation for two different sets
of SLM process parameters. When relating the AM results of this study to the wrought
results and to those from continuous laser L-PBF in the literature, it was determined that
overall the first set of SLM processing parameters (P =200 W, v =590 mm/s, t = 110 ps,
d = 65 pm) produced unfavourable material properties due to porosity from lack of fusion
defects. On the other hand, the second set of processing parameters (P = 200 W,
v =550 mm/s, ¢ = 90 ps, d = 50 um) resulted in material properties comparable to both
the wrought values and the literature values, especially in the XY and ZX orientations. The
first parameter parts suffered from a large amount of porosity and lack of fusion defects
that contained un-melted particles. However, due to the nature of the L-PBF process and
the ensuing grain sizes formed by rapid solidification of molten metal, the resulting parts
have higher yield strengths, but lower ductility values. The second set of parameters
increased the mechanical properties almost across the board, and created parts denser and
with fewer defects. Still, even with an increased laser energy density, the fracture
surfaces of the Charpy V-notch specimens contained areas where particles were not fully
melted. In every test except the Split-Hopkinson, the results proved that the L-PBF parts
are affected by both density and print orientation, either due to build layers or particle
melting. SHPB showed that the strengths of the L-PBF parts were strain-rate sensitive but
not as much as the wrought plate.

This study only explored two limited sets of process parameters on the Renishaw
AM250, and for a more meaningful conclusion of the role of process parameters on SLM
316L’s high strain-rate behaviour there must be more experimentation with the process
parameters. An increase in energy density for parts thicker than tensile bars could
increase the density and mechanical properties, while reducing defects.

This work was focused on determining whether AM parts can be used in high strain-
rate applications; while initial results are promising additional studies including in-
process monitoring and process modelling of pulsed laser based L-PBF systems are
required.
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