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ABSTRACT

Powder bed fusion (PBF) is a commonly employed metal additive manufacturing (AM) process in which
components are built, layer-by-layer, using metallic powder. The component size is limited by the inter-
nal build volume of the employed PBF AM equipment; the fabrication of components larger than this vol-
ume therefore requires mechanical joining methods, such as laser welding. There are, however, very
limited test data on the mechanical performance of PBF metal with laser welded joints. In this study,
the mechanical properties of PBF built 316L stainless steel parts, joined together using laser welding to
form larger components, have been investigated; the microstructure of the components has also been
examined. 33 PBF 316L stainless steel tensile coupons, with central laser welds, welded using a range
of welding parameters, and with coupon half parts built in two different orientations, were tested. The
porosity, microhardness and microstructure of the welded coupons, along with the widths of the weld
and heat-affected zone (HAZ), were characterised. The PBF base metal exhibited a typical cellular
microstructure, while the weld consisted of equiaxed, columnar and cellular dendrite microstructures.
Narrow weld regions and HAZs were observed. The PBF base metal was found to have higher proof
and ultimate strengths, but a similar fracture strain and a lower Young’s modulus, compared with
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conventionally manufactured 316L stainless steel. The strengths were dependent on the build direction -
the vertically built specimens showed lower proof strengths than the horizontal specimens. The laser
welds generally exhibited lower microhardness, proof strengths and fracture strains than the PBF base
metal which correlated with the observed structure. This work has demonstrated that PBF built parts
can be joined by laser welding to form larger components and provided insight into the resulting strength

and ductility.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Additive manufacturing (AM), commonly known as 3D printing,
is a family of novel manufacturing techniques in which material is
added layer-by-layer to build objects based on 3D model data [1].
In recent years, AM methods have become increasingly adopted in
many industries, such as aerospace and biomedical [2-4], due to
their ability to produce complex functional components with high
precision, reduced material waste, minimised assembly processes
and reduced tooling costs [2-4|. Modern AM techniques were first
developed in the 1950s [5] and the following decades saw the
development of the feedstock materials and commercially avail-
able manufacturing systems. AM techniques are today classified
into seven categories by EN ISO/ASTM 52900 [1]: binder jetting,
directed energy deposition, material extrusion, material jetting,
powder bed fusion, sheet lamination and vat photopolymerization.

1.1. Metal additive manufacturing

EN ISO/ASTM 52900 [1] defines three fundamental metallic AM
process categories: sheet lamination, directed energy deposition
(DED) and powder bed fusion (PBF), with the two latter techniques
being considered as the most suitable for use in the construction
sector [6-9]. Sheet lamination is a process where layers of sheet
material are cut and bonded together to form the final object.
DED is the process of depositing molten metallic powder or wire
to produce the final component; wire and arc additive manufactur-
ing (WAAM) is an example of DED that is being actively explored
for use in the construction sector [8]. PBF involves melting metallic
powder within a powder bed to form the final three-dimensional
component layer-by-layer, and is referred to by equipment manu-
facturers using a range of terms including: selective laser melting,
electron beam melting, direct metal laser sintering and selective
laser sintering [9,10]. The typical PBF process has been described
previously [4,9,11], and is shown in Fig. 1. The process involves

drawing the part in CAD software, converting to an STL model
and slicing into individual two-dimensional layers to be printed.
For manufacture, a thin layer of powdered material is then depos-
ited, melted and solidified into a cross-section, the platform is low-
ered by the layer thickness and the manufacturing process repeats
until completion. The finished part is finally removed from the
build plate. During the PBF building process, a laser or electron
beam is programmed to deliver the necessary thermal energy to
melt the deposited metallic powder. The final part experiences
many repeated heating and cooling cycles, with repeated phase
transformation between solid and liquid states until the part is
completed; this can result in a very different microstructure and
mechanical properties when compared with conventionally manu-
factured material [2,8].

To date, many studies have focused on the microstructural fea-
tures and mechanical properties of PBF additive manufactured
metallic materials, including titanium alloys [2,3], aluminium
alloys [3,12,13], nickel alloys [14-16] and stainless steels
[3,4,17-36]. PBF 316L stainless steel has been the focus of a num-
ber of prior studies due to its high strength, corrosion resistance
and good weldability characteristics [19,36]. These studies have
explored the microstructural characteristics, with a typical cellular
[19-24] or cellular-dendritic [17,25,31] microstructure observed.
The material characteristics of PBF 316L stainless steel have also
been investigated, through its porosity [32-34], hardness
[22,25,29,35], tensile properties [20,24-27], surface roughness
[28-30], fatigue properties [2,23] and corrosion resistance [19].
Porosity was reported to have a detrimental influence on the
mechanical response, with high-porosity PBF specimens exhibiting
a premature brittle failure with limited necking [32,33]. The micro-
hardness of PBF 316L stainless steel has been found to be similar in
value regardless of the build direction [29] and higher compared
with that of its annealed conventional counterparts [35], due to
finer grain sizes arising through the PBF building process. PBF
316L parts have been shown to have higher proof and ultimate
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Fig. 1. Overview of the powder bed fusion (PBF) process.
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strengths, without reduced ductility despite the presence of pores,
in comparison to conventionally produced 316L stainless steel,
where reduced ductility is typically seen with higher strength
[18,21-23]. The higher strengths have been associated with the
formation of a finer microstructure and a higher density of disloca-
tions, achieved as a result of the rapid cooling inherent in the PBF
process [18,23,25]. It is well established that PBF parts can exhibit
strongly anisotropic mechanical properties; this is attributed to the
presence of lack-of-fusion defects [3,20,24,32], the crystallographic
texture [8] and the presence of elongated grains with epitaxial
growth parallel to the build direction [17,20,26].

Although AM has many advantages over conventional manufac-
turing, applications in certain industries, including construction,
remain limited due to its long build time and limited single part
dimensions, particularly for the aforementioned metallic PBF. Cur-
rently the build time for metallic PBF is lengthy with individual
layers having typical thicknesses of the order of 10! um [4]. The
maximum part size is limited by the build envelope of the printing
machine, which is up to roughly 1000 x 1000 x 500 mm? at pre-
sent for metallic PBF [37]. The as-built parts additionally have an
inherent rough surface texture from the manufacturing process,
which may require post processing for some applications. Studies
into the structural applications of PBF metallic elements have
explored square and circular hollow section (SHS and CHS) com-
pression elements [4,11], cellular lattice structures [38-40],
honeycomb-like structures with a negative Poisson’s ratio [41,42]
and structural connection nodes [43].

1.2. Laser welded joints

The requirement for large-scale metallic components, particu-
larly in the construction industry, necessitates joining smaller,
individually built, PBF parts together [44]. Conventional welding
techniques, such as gas tungsten arc welding [45], gas metal arc
welding [46] and resistance spot welding [36,47], have been exten-
sively utilised in the industry to mechanically join small conven-
tionally produced metallic pieces together. Laser welding is an
alternative mechanical joining process that results in narrower
welds and heat-affected zones (HAZ), reduced thermal distortions
to the surrounding base material and lower residual stresses than
the aforementioned conventional welding techniques [48-51]. All
welding processes, however, can induce local changes in the
microstructure, leading to different mechanical properties and cor-
rosion resistance from the original base material [52].

Conventionally formed 316L stainless steel with laser welded
joints has been previously studied in terms of microstructure
[49,53-55], microhardness [49,53,54], creep rupture [49] and
mechanical properties [52-54], as well as dissimilar laser welding
of conventional 316L stainless steel to other alloys, such as brass
[56] and titanium alloys [57,58]. Various microstructures for laser
welds in conventional 316L stainless steel have been observed,
such as cellular and equiaxed dendritic structures [49] and cellular
dendritic structures [53,55], related to various cooling rates and G/
R ratios (G is temperature gradient and R is growth rate) of the
laser welding [49,53]. Coarsening grains, or the occurrence of den-
drites, in welds with high heat input have been found to reduce the
mechanical properties of the welded joints [53]. The mechanical
properties within the weld region have been observed to be differ-
ent to those measured from the base metal [48]. A common tech-
nique for the measurement of the local stress-strain response
across welds, is full field non-contact digital image correlation
(DIC) [52,59-62], which tracks random patterns applied to the
specimen surface and is later processed to calculate the surface
strain field.

The microhardness [44], weld geometry [44,48], microstructure
[44,63] and mechanical properties [44,63] in laser welded similar
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and dissimilar parts of PBF 316L stainless steel have also been
investigated, although only with the individual PBF parts built in
the same orientation. In these studies [44,63], the laser welds were
found to have a cellular and columnar dendritic microstructure
with random grain orientations, no porosity and lower microhard-
ness and tensile properties than the base material. Other studies
have investigated the microstructure and mechanical properties
of PBF titanium alloys with gas tungsten arc welding [64], PBF
Ti-6Al-4V parts with laser welding [65], PBF AlSi10Mg parts with
laser and tungsten inert gas welded joints [66], PBF titanium alloy
with electron beam welds [67] and PBF 304 stainless steel with
laser welding [68]. However, there is little research in the literature
on the correlation between the microstructure and mechanical
properties of PBF 316L stainless steel parts with laser welded
joints, with no prior consideration of joints between parts with dif-
ferent build orientations.

The joining of small PBF 316L stainless steel parts, to produce
larger components, using laser welding, is explored in the present
paper. Microstructure, microhardness and tensile coupon tests on
parts printed in different build directions and laser welded
together, with varying welding parameters, are described. DIC
techniques have been used to provide detailed insight into the
extent and mechanical properties of the weld, HAZ and base mate-
rial. The study provides new knowledge about the weldability of
PBF stainless steel elements for use in the construction industry.

2. Specimen manufacture and preparation

The manufacture and preparation of the test specimens
involved: (i) specimen building, (ii) laser welding and (iii) prepara-
tion for the microstructural observations and mechanical testing
(discussed in Section 3); these three steps are outlined in this sec-
tion. The feedstock material used in this study was Grade 316L aus-
tenitic stainless steel powder, with an average particle size
between 15 pm and 53 pm [69]. The chemical composition and
as-built mechanical properties of the PBF base material provided
in the manufacturer’s datasheet [69] are reported in Tables 1 and
2, respectively.

2.1. PBF specimen manufacture

A total of 66 L-shaped plates were manufactured using a mod-
ified research machine, based on an EOS M280 system, in the Lab-
oratory of Laser Processing of the School of Energy Systems at LUT
University. This system utilises an ytterbium continuous wave
fibre laser within a build chamber filled with protective inert nitro-
gen. A schematic view of the powder bed fusion process is shown
in Fig. 1. All PBF plates were printed simultaneously with identical
processing parameters on the same build platform. The parameters
used were: a laser power of 200 W, a scanning speed of 1000 mm/s,
a laser spot size of 100 pm, a layer thickness of 20 um, a hatch dis-
tance of 100 um and a scan angle of 45° between successive layers.
The scanning strategy is illustrated in Fig. 2, where the laser scan-
ning directions are indicated by the arrows. The L-shaped plates
were removed from the build plate and no additional surface treat-
ment was applied.

The orientation of the printed L-shaped plates, and the later
coupon half parts cut from these plates, with respect to the build
direction, recoating direction and final loading direction, is shown
in Fig. 3, where 0 is the angle from the longitudinal axis of the cou-
pon to the build plane (the xy plane). The L-shaped plates, and cou-
pon half parts, were built either horizontally (0 = 0°) and loaded
parallel to the build plane, or vertically (6 = 90°) and loaded normal
to the build plane.
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Table 1
Chemical composition of the 316L stainless steel feedstock powder from the manufacturer’'s datasheet [69].
Cr (%) Ni (%) Mo (%) C (%) Mn (%) Cu (%) P (%) S (%) Si (%) N (%) Fe (%)
17-19 13-15 2.25-3 <0.03 <2 <0.5 <0.025 <0.01 <0.75 <0.1 Balance
Table 2
Mechanical properties of as-built 316L stainless steel parts from the manufacturer’s datasheet [69].
Build direction angle Young’s modulus Yield strength Ultimate tensile strength Elongation at fracture Hardness
) (N/mm?) (N/mm?) (N/mm?) (%) (HRB)
0 185,000 470-590 590-690 25-55 89
90 180,000 380-560 485-595 30-70 89
Hatch spacing
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Fig. 2. Schematic of the laser scanning strategy used in the PBF process.
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Fig. 3. Orientation of L-shaped plates and machined coupon half parts relative to the build plane (the xy plane).

2.2. Laser welding built vertically 6 = 90°). Starting plates were used to initiate the
laser welds; the welds then proceeded from the starting plates

The L-shaped plates were joined by laser welding in the follow- onto the PBF specimens. After welding, the starting plates were
ing combinations: (i) horizontal (H, 0 = 0° only), (ii) vertical (V, removed by sawing, and the tensile coupons were machined from
0 = 90° only) and (iii) combined horizontal and vertical (X, with the remaining welded plates. This process is shown in Fig. 4 for a

one half being built horizontally 0 = 0° and the other half being combined X family coupon. The three coupon families produced
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Fig. 5. Welded tensile coupon families, showing the print layer direction of the half
parts.

Table 3

Adopted laser welding parameter sets for the welded tensile coupon families.
Welding parameter Laser Welding Energy Optical
set power speed input diameter

W) (mm/s) (J/mm) (pm)

1 3500 29.2 120 300

2" 3500 333 105 300

3 4000 29.2 137 300

4 4000 333 120 300

" Welding parameter set 2 was not used for the combined X family coupons.

(H, V and X) are shown in Fig. 5. The laser welder had an optical
fibre diameter of 300 um. Two variations of welding power
(P = 3500 W or 4000 W) and welding speed (S = 29.2 mm/s or
33.3 mmy/s) were employed, as presented in Table 3. The heat input
per unit length travelled by the laser beam E is calculated using Eq.

(1),

E—

%1~

(1)

where E is the energy input, P is the laser power and S is the welding
speed. The nominal geometry of the final test specimens was in
accordance with EN ISO 6892-1 [70], and is shown in Fig. 6.

The test specimens were labelled beginning with the letter of
the welded coupon family (H, V or X), followed by the welding
parameter set from Table 3 (1, 2, 3 or 4) and finally the specimen

103

: _rj;m —ts

Fig. 6. Dimensions of welded tensile coupons (dimensions in mm).

repeat number (1, 2 or 3). For example, V1/3 denotes a vertical cou-
pon (V) welded using welding parameter set 1, and the coupon is
the third repeat (/3) in the V1 family. Three coupons were tested
for each combination of coupon family and welding parameter
set, with the exception that welding parameter set 2 was not used
for the combined X family coupons, resulting in a total of 33
coupons.

3. Experimentation

PBF built parts experience a complex thermal history during
their manufacturing process; this is known to influence both the
microstructure and resulting mechanical properties [2,8]. The
focus of the present study is on characterising the mechanical
properties of laser welded PBF stainless steel parts through
destructive tensile coupon tests, but a preliminary analysis linking
the mechanical performance to the underlying microstructure is
also presented. Optical microscopy (OM) observations, Vickers
microhardness tests, tensile coupon tests and scanning electron
microscopy (SEM) analysis were sequentially carried out. The OM
analysis and microhardness tests were performed in the Engineer-
ing Alloys Lab, while the SEM analysis were conducted at the Har-
vey Flower Electron Microscopy Suite, both in the Department of
Materials at Imperial College London. The tensile coupon tests
were conducted in the Structures Laboratory of the Department
of Civil and Environmental Engineering at Imperial College London.

3.1. Microstructural analysis

Prior to the destructive tensile coupon tests, a total of nine sam-
ples, listed in Table 4, with varying build orientations, laser power
and scanning speeds, were selected from the specimen pool, and
prepared for microstructural observations in accordance with
ASTM E3-11 [71]. One face of each sample was ground with silicon
carbide paper (increasing from 500, 800, 1200 to 2000 grit size)
and polished to a mirror finish, using 3 pum and 1 pm diamond sus-
pensions and finally a 0.04 pm diluted colloidal silica solution. The
as-polished surfaces were observed using an Olympus BX51 optical
microscope and analysed using the image processing software
Image] [72] to calculate the porosity of the examined surface. In

Table 4
Tensile coupons selected for microstructural observations and microhardness tests.

Coupon type Optical microscopy and SEM and EBSD

microhardness tests

Horizonal H1/3 H2/3 H3/1 H1/1
Vertical V1/2 V2/2 V3/1 -
Combined X1/3 X3/3 X4/1 -
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order to reveal the material microstructure, aqua regia and Kal-
ling’s No. 2 solutions, which were previously used by others for
PBF 316L microsamples [25,73], were first employed as the chem-
ical etchants, but were found to be not effective for the large
dimension samples. The sample surfaces were instead successfully
electrolytically etched using an oxalic acid solution, at 6 V for 60 s
as recommended by ASTM E407-07 [74], and then ultrasonically
cleaned in acetone to remove any residual reagents.

3.2. Microhardness tests

Microhardness measurements were carried out on the as-
etched specimens, in compliance with ISO 6507-1 [75], using a
Zwick/Roell ZHV Vickers hardness tester equipped with an optical
microscope. An applied load of 0.98 N, with a dwell time of 10 s,
was used for all indentations. To evaluate the variation of the
microhardness in the weld, HAZ and base metal, indentations were
made along the parallel length of the tensile coupons, at the loca-
tions shown in Fig. 7(a). Working along the longitudinal coupon
axis, indentations were made at 0.5 mm intervals for the base
metal and 0.1 mm intervals for the weld and expected HAZs, to
measure the microhardness profile along the coupon. Average val-
ues of the microhardness for these three regions were calculated
by taking measurements in the transverse direction, at 0.5 mm
intervals, along the weld centre, within the HAZ and for the base
metal away from the HAZ (Fig. 7(b)).

3.3. Tensile coupon tests

Tensile coupon tests were undertaken to evaluate the strength
of the laser welded joints in line with EN ISO 6892-1 [70] using
an Instron 8802 testing machine, as shown in Fig. 8. The dimen-
sions of the coupons were measured using digital callipers. A series
of standard gauge lengths (5.65+/Sy, where Sy is the original cross-
sectional area of the parallel length of the coupons) were scribed
onto the front and back faces for post-test calculation of the frac-
ture strain. A four-camera LaVision DIC system [76] was employed
to measure strains over the parallel length on both coupon sur-
faces, with two cameras observing each side. The front and back
faces of the coupons were spray painted white and a random black
speckle pattern was applied to create trackable features along the
parallel length. The testing machine was operated under displace-
ment control; two crosshead separation rates were used - a rate of
0.00238 mmy/s and 0.0085 mm/s prior to and after yielding respec-
tively, with a gradual transition between the two rates, as recom-

0.1 mm spacing

(@) 0.5 mm spacing

0.5 mm spacing

Longitudinal

H--0-- Q‘<> ? - G%— .
coupon centreline

Weld  Longitudinal indentation
locations

). 4
Base metal HAZ

Chosen transverse measurement lines

(®)

Transverse
indentation locations

spacing —
s !

Base metal

"
+ £
0.5 mm —* 'Q
¢
Q

Fig. 7. Microhardness measurement locations for the weld, HAZ and base metal,
showing indentation positions and intervals in the (a) longitudinal and (b)
transverse directions (not to scale).
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Fig. 8. Tensile coupon test setup.

mended in EN ISO 6892-1 [70]. The applied load was measured
using a load cell within the testing machine and recorded via an
analogue to digital converter within the DIC system. The frequency
for capturing the DIC images and loading data, was set to 1 Hz. The
surface deformations and strains were obtained using the captured
images in DaVis 8 [76]. In order to calculate the global strain from
DIC measurements which is consistent with the tensile strain
defined in EN ISO 6892-1 [70] using an extensometer, the global
longitudinal strain was derived by averaging the strains over the
full area of a gauge length within the parallel length on both faces
for each coupon. The local longitudinal strains were also extracted
from 1 mm long rectangular boxes, each covering the full width of
the coupons, in order to show the strain variation along the parallel
length of the welded coupon.

3.4. Electron backscatter diffraction (EBSD) characterisation

Electron backscatter diffraction (EBSD) characterisation was
performed after the conclusion of the tensile tests to examine
the underlying grain structure further. The H1/1 specimen was sec-
tioned into small metallographic pieces, and subsamples were
extracted from the gripped region of the coupon. These were
ground, polished, chemically etched using aqua regia and then
examined using a Quanta Field Emission Gun (FEG) 650 scanning
electron microscope equipped with a Bruker e-Flash HD and Esprit
2.1. The system was operated at 20 kV with the H1/1 subsamples
tilted to 70° relative to the horizontal in the microscope.

4. Results and discussion
4.1. Porosity

Representative optical micrographs of as-polished horizontal
and vertical base metal samples are presented in Fig. 9, where
the process-induced and gas-induced pores are clearly visible.
The gas-induced pores, highlighted in Fig. 9(a), had a spherical
morphology that is consistent with the use of powder feedstock
and were found to be nonuniformly distributed. A small fraction
of processed-induced pores with irregular shapes, formed due to
lack of fusion, as shown in Fig. 9(b). The area fraction of pores
was calculated using Image] [72] and the results showed that the
porosity was less than 0.5% in the PBF base metal. Additionally
there was no significant difference in porosity between the exam-
ined surfaces of the horizontal and vertical samples, which is con-
sistent with previous research [77]. Previous studies have reported
that the porosity decreases with an increase in laser power and a
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Gas-induced
pores

T Build
direction

Process-induced
pores

Build direction
—

Fig. 9. Typical micrographs of an as-polished (a) horizontal coupon (H1/1) and (b)
vertical coupon (V3/1).

reduction in scanning speed [28,33,78]. Although it was challeng-
ing to observe the weld boundaries prior to etching, the weld
regions were seen to be almost pore-free, which was expected
since the weld was formed with both a higher laser power and
slower welding speed than those used in the PBF manufacturing
process.

Materials & Design 208 (2021) 109921
4.2. Microstructure characterisation

The microstructural features of the nine selected specimens
were examined using OM and EBSD analysis. The examined surface
was parallel to the build direction, covering multiple print layers,
and is shown as the yz plane in Fig. 3. The microstructure of the
chosen specimens, for both the PBF base metal and weld region,
is described in this sub-section.

4.2.1. Microstructure of the PBF base metal

Figs. 10 and 11 depict typical optical micrographs of the PBF
base metal for as-etched horizontal and vertical specimens, respec-
tively, where the build direction is labelled, the red dashed lines
denote the melt pool boundaries, the blue arrows indicate the
grain orientations and the blue dashed lines show the grain bound-
aries. Periodic melt pools were revealed after electrolytic etching.
At high magnification (Fig. 10(b) and Fig. 11(b)), the melt pools
were observed to have half ellipse shapes, with a depth and width
of approximately 60 pm and 120 um respectively, and their size
correlated with the heat input and laser spot diameter [79]. Over-
lapping scan areas of melt pools were observed between the adja-
cent PBF laser scan tracks and layers, indicating that partial
remelting occurred (see Figs. 10-12). Smaller hatch distance and
layer thickness employed for the printing, when compared with
the measured width and depth of melt pools, led to larger overlap-
ping degrees of laser-remelted traces, as illustrated in Fig. 12.

The PBF 316L base metal exhibited a typical cellular microstruc-
ture, which is consistent with previous observations on PBF 316L
stainless steel [19-24], and was formed due to the very high cool-
ing rates, of the order of 10°-108 K/s [24], encountered in the man-
ufacturing process. Epitaxial grain growth occurred during
remelting, spanning over the melt pools within a layer and across
multiple layers. Large elongated grains formed with a preferential
orientation aligned with the build direction, close to the direction

Build
" direction

Fig. 11. Typical micrographs for an as-etched vertical specimen (V1/2) for the (a) base metal and (b) melt pools.
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Fig. 12. Formation of scan tracks and partial remelting.

of the maximum thermal gradient. Small grains within the melt
pools formed with no preferential growth orientation, resulting
from nondirectional heat flow [25,26,44].

4.2.2. EBSD analysis of the PBF base metal

Forescatter diode (FSD) imaging was used on the EBSD detector
to highlight regions of interest for microstructural characterisation
during the EBSD analysis. Fig. 13 shows a typical FSD image taken
from an as-etched horizontal subsample (extracted from H1/1),
along with the corresponding inverse pole figure (IPF) map, where
the colours correspond to the crystal orientations. The solidifica-
tion characteristics of the PBF 316L base metal can be seen, with
a typical cellular morphology and fully austenitic grains, which is
consistent with that observed from the earlier OM analysis in Sec-
tion 4.2.1. The columnar grains exhibited epitaxial growth, parallel

to the build direction, and had a maximum size of 200 um (Fig. 13
(b)), while small grains within the melt pools showed a random
crystal orientation. The grains had an average size of about
28 pm, and the smallest detected grain size was 1 pm. Typical
{100}, {101} and {111} pole figures of the examined surface are
shown in Fig. 13(c), where the centre of each pole figure corre-
sponds to the normal of the examined surface, and the scale bar
shows the texture intensity of specific crystal orientation distribu-
tions. The high localised intensities on the pole figures represent
the preferred orientations of the grain’s pole, meaning certain fam-
ilies of grains are aligned in a crystallographic order. According to
the {100} and {111} pole figures, a higher proportion of grains had
a normal direction close to the (100) and (111) directions, but
overall, the material exhibited a weak crystallographic texture,
which is in line with other studies employing similar printing

Fig. 13. Typical (a) FSD image, (b) EBSD inverse pole figure maps, with colours presented with respect to the build direction and red cubes showed the crystal orientations of

the grains and (c) pole figures of the base metal for the horizontal H1/1 subsample.
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Fig. 14. Typical weld micrographs for the coupon (a) X1/3 (P =3.5 kW, S = 1750 mm/min), (b) X3/3 (P=4 kW, S = 1750 mm/min), (c) X4/1 (P =4 kW, S = 2000 mm/min) and (d)

X4/1 (centre of the weld).

parameters [33,80]. The texture and potential phase transforma-
tion in laser welds produced with different welding parameters
requires further exploration.

4.2.3. Microstructure of laser welded joints

Fig. 14 shows the morphology of the laser weld regions, where
the fusion lines and weld centrelines can be clearly observed. The
welds are straight and nearly symmetric in shape about the weld-
ing path axes, unlike the bead weld profiles in conventional mate-
rial that has been laser welded [48]. The observed difference in
weld shapes is due to the different absorption properties of these
two base materials [48]; the higher roughness of the PBF base
material results in a higher absorption rate, and therefore a straight
and full penetration weld is more likely to form, compared with
cold-rolled metallic material.

Under a high-magnification optical microscope, the weld centre
was observed to be dominated by equiaxed dendrites (Fig. 14(d));

- ‘;f‘Fusion‘ line

)
L W

ML

R
S

s T s
{Equiaxed dendrites™ f =
% TR ';fc%?'-.;’x
L “?}’ 1o

this morphology results from the low G/R ratio at the weld centre,
where G is the temperature gradient and R is the solidification
growth rate. Fig. 15 shows typical optical micrographs for the
fusion line and weld centre, with the observed microstructure con-
sisting of cellular dendrites, columnar dendrites and equiaxial den-
drites. The average grain size in the weld was an order of
magnitude larger (~300 pm) than that in the PBF base metal
(~28 pwm). The large grains exhibited a columnar morphology, with
each cell less than 0.5 pm in diameter. The extremely high energy
input of laser welding leads to a relatively slow cooling rate, which
allows more time for grain coarsening and for the dendrites to
propagate further during solidification, potentially leading to
reduced strength and ductility in the weld, as discussed in
Section 4.4.

The HAZ exhibited a similar microstructure to the PBF base
metal. Although the boundaries between the HAZ and the base
metal are obscure under an optical microscope, they can be distin-

RNy

(Ols =i
V_Vel centres g

Fig. 15. Typical micrographs at the fusion line, showing (a) the transition zone from base metal to weld and (b) the grain structure of the weld.
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guished by the colour change. The average widths of the weld
region and HAZ were determined from individual measurements
taken at ten uniformly distributed locations across the specimen
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g
= o Linear regression lines for
g 800 weld and HAZ widths
400r  ©
o Weld width|
~  HAZ width
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100 110 120 130 140
Energy input of laser weld (J/mm)

Fig. 16. Variation of the weld and HAZ width with the laser welding energy input.

300 T
1
B | i
= 250 !
é 200 -
E i
f:; 150 | - Weld centreline
3 |
2 100t !
5] I
%4) 50l 1 Horizonal coupon
§ : —-—- Vertical coupon
T Combined coupon
O 1 L 1 1 L 1 L
20 -15 -10 -5 0 5 10 15 20

Distance from the weld centreline (mm)

Fig. 17. Variation of microhardness along the longitudinal coupon axis.

Materials & Design 208 (2021) 109921

width. The average measured weld and HAZ widths for all speci-
mens were around 1000 um and 500 pm respectively. The mea-
sured widths of the weld and HAZ are plotted against the energy
input of the laser welding in Fig. 16. The weld width increases from
900 pm to 1200 um and the HAZ width varies from 450 um to
600 um, as the energy input increases from 105 J/mm to 137 ]/
mm. It can therefore be concluded that the PBF 316L base material
can be laser welded with narrow weld and HAZ widths, enabling
small PBF elements to be mechanically joined to form larger parts.

4.3. Microhardness

Fig. 17 shows typical microhardness profiles across the laser
welded joints in the horizontal, vertical and combined coupons,
showing a relatively uniform microhardness profile that reduces
at the laser weld. The average microhardness (HV) values for the
measurements made in the transverse direction across the coupon
width for the weld, HAZ and base metal, are reported in Table 5.
The PBF base material had microhardness values between 214
HV and 234 HV, higher than those of conventionally produced
counterparts (150 ~ 160 HV) [35]. The adopted build direction
was observed to have no significant effect on the microhardness
of the PBF 316L base metal, in line with previous studies [29].
The weld was found to have a slightly lower average microhard-
ness (197 HV) than the HAZ (207 HV) and base metal (222 HV),
which was also observed in other studies [44,61] and is attributed
to the coarser weld microstructure that was described in Sec-
tion 4.2.3 [35,53].

4.4. Tensile properties and their correlation with microstructure

The stress-strain responses and the key mechanical properties
from the tensile coupon tests are presented in this section. The
stress-strain responses were determined (i) globally (across the
weld, HAZ and base metal), calculated over the parallel length
and (ii) locally, within 1 mm long boxes, along the parallel length,
capturing separately the properties of the base metal, HAZ and
weld regions. The coupons all showed nonlinear stress-strain beha-

Table 5
Summary of the weld, HAZ and base metal microhardness (HV).

Location H1 H2 H3 V1 V2 V3 X1(H) X1(V) X3(H) X3(V) X4(H) X4(V)
Weld 213 243 198 189 178 181 204 204 198 198 181 181
HAZ 196 242 200 203 198 198 220 207 204 212 208 201

Base metal 217 227 227 225 219 214 234 226 218 218 227 216
500 600
E=200000 N/mm? 500 - (i) (iii)
400 K—OS w
E g 400ff o i o |
£ 300} £ : [ ; h
' > i '
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Fig. 18. Measured global stress-strain relationship for the X1/1 tensile coupon showing (a) the initial response and (b) the full response, with DIC axial strain plots at (i)

05002, (ii) 602 and (iii) oy,
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viour with gradual material yielding, followed by strain hardening
that continued until fracture. Typical global stress-strain curves
and single side DIC strain fields at key points during the tensile
testing are shown in Figs. 18 and 19 for coupons X1/1 and X3/2
respectively. It can be seen that the X1/1 coupon fractured in the
base metal (in the vertical half part), whereas the X3/2 coupon

Materials & Design 208 (2021) 109921

failed in the laser weld. The weld zone is not visible from the DIC
strain field until the macroscopic stress level reaches approxi-
mately half the 0.2% proof stress (i.e. 0.50¢>); beyond this value,
the fusion zone exhibits higher local strains than the base metal
(under the same load level). The global stress-strain curves are
shown in Fig. 20, while the global tensile properties, averaged

500 600
w0l ET200000Nmn? g 500 iy )
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(a) (b)

Fig. 19. Measured global stress-strain relationship for the X3/2 tensile coupon showing (a) the initial response and (b) the full response, with DIC axial strain plots at (i)

0.5002, (ii) 602 and (iii) gy,
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Fig. 20. Global stress-strain curves for the (a) horizontal, (b) vertical and (¢) combined tensile coupons.
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Table 6
Summary of average global tensile properties from PBF 316L stainless steel coupons with laser welded joints.
Welding parameter family Coupon type E 002 T10 Oy Eugl & n Mo my
(N/mm?) (N/mm?) (N/mm?) (N/mm?) (%) (%)
1 H 194500 480 539 617 15.2 203 7.2 3.6 4.0
\% 179400 450 512 561 27.0 39.6 6.1 5.8 7.0
X 188500 463 515 558 24.6 43.5 6.4 5.8 6.7
2 H 192500 503 555 632 153 20.0 71 33 3.7
v 184700 459 519 567 27.9 38.7 5.8 5.9 7.2
3 H 193200 490 554 631 14.0 193 8.2 3.7 41
\% 181800 446 508 561 274 38.7 6.2 5.5 6.8
X 183100 462 521 568 20.5 39.3 7.0 5.4 6.3
4 H 191400 495 553 627 13.6 20.0 7.9 3.5 3.9
\% 177600 451 511 555 24.8 373 6.2 6.0 71
X 186000 469 526 571 20.5 42.0 6.5 54 6.3
HI/1 HI12 H4/2 H4/3 v/t V12 VI3 V2/1 V212 V2/3 V3/1

H1/3 H2/1 H2/2 H2/3 H3/1 H3/2 H3/3 H4/1

|
|
i
i
i
!
i
L

Fig. 21. Horizontal coupons after fracture.

per welding parameter and build direction combination, are
reported in Table 6; the reported properties are the Young’s mod-
ulus E, the 0.2% proof strength o>, the 1.0% proof strength 7 o, the
ultimate tensile stress gy, the average global strain at the ultimate
stress over the parallel length &,g, the fracture strain over the
marked gauge length &, the Ramberg-Osgood parameter n [81]
and the extended parameters m;o (previously referred to as
M 210) and my, (previously referred to as g, ) [82-84]. The Young’
modulus E was determined by regression analysis, as described in
[8].

Figs. 21-23 show the horizontal, vertical and combined coupons
after fracture, respectively. The horizontal specimens fractured in
the weld, the vertical specimens fractured either in the base metal
(V1/1, V4/1 and V4/2) or in the weld, while the combined speci-
mens all fractured in the base metal of the vertical half parts,
except X3/2 which fractured in the weld. The specimens which
fractured in the weld generally had a lower fracture strain
(e,~20%) compared with the specimens that fractured in the verti-
cal base metal (e=40%). There is a transition from a cellular
microstructure near the PBF base metal to an equiaxed microstruc-
ture in the weld centre, where the long cellular or dendrite bound-
aries and grain boundaries allow cracks to develop more easily
with less deformation [49], which leads to a lower fracture strain
in the weld than in the vertical base metal. The coupons fractured
either at weak points where defects were located or at regions that
exhibited a lower ultimate strength. For the vertical and combined
coupons, fracture occurred at random positions along the parallel
length due to the fact that the weld has a similar ultimate strength
to that of the vertical base metal.

Typical engineering stress-strain curves for the horizontal, ver-
tical and combined specimens are shown in Fig. 24, where the local
stress-strain responses of the weld, HAZ and base metal are shown.
The local stress-strain response is presented in Figs. 25-27 for three

12

Fig. 22. Vertical coupons after fracture.

XU/1 X172 XI/3 X3/1 X312 X3/3

i

Fig. 23. Combined coupons after fracture.

X4/1 X4/2 X4/3
Vertical

half parts

Horizontal
half parts

regions: (i) the centre of the weld, (ii) the centre of the HAZ and
(iii) the base metal, away from the fusion line of the weld. Three
specimens were tested for each coupon family; the key mechanical
properties, averaged per coupon family, as well as the fracture
location, are provided in Tables 7-9, where &, is the global strain
at the ultimate tensile stress. The H and V in the brackets in Table 9
indicate the horizontally and vertically built half parts of the com-
bined specimens. The ultimate tensile stress o, and corresponding
local strain ¢, are only applicable in the regions where fracture
occurred, and are considered as lower bounds for the other two
regions.

4.4.1. Comparison with conventionally produced 316L base material
Generally, the PBF 316L base metal had higher proof and ulti-

mate strengths (692, 010 and o) than 316L stainless steel formed

by other means [3,85-87], as indicated in Table 10. The increase in
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Fig. 24. Typical measured engineering tensile stress-strain curves for a (a) horizontal coupon (H3/1), (b) vertical coupon (V3/3), (c) combined coupon (X3/1, initial response)

and (d) combined coupon (X3/1, full response).

ultimate strength o, is smaller than that of the 0.2% proof stress
002. The fracture strain & of the PBF base metal and the
conventionally-formed material is similar, while the Young's mod-
ulus E of PBF 316L stainless steel is slightly lower than the typically
assumed value of E = 200000 N/mm? for conventional stainless
steel [88]. As previously discussed in Section 4.2, PBF 316L stain-
less steel has a finer microstructure compared with its convention-
ally produced counterparts, leading to a higher measured strength,
following the Hall-Petch relationship [89,90]. The mechanical
properties of the base material within the welded tensile coupons
were comparable to the properties reported in the EOS material
datasheet (Table 2). It should be noted that there is some scatter
in the measured tensile properties of PBF 316L stainless steel
among previous studies, in terms of material strengths [24,25]
and elongations at fracture [24]. However, PBF 316L stainless steel
generally has higher strengths, and comparable or higher ductility
relative to conventionally produced 316L stainless steel.

4.4.2. Material anisotropy

The measured material properties of the tested PBF 316L stain-
less steel exhibited clear anisotropy. The 0.2% proof stress ¢, and
ultimate stress o, are plotted against the build direction angle 6 in
Fig. 28, together with existing data from the literature
[3,4,18,20,22,24,27-30]. The 0.2% proof stress go, and ultimate
stress g, are observed to decrease with increasing angle 0 to the

13

build direction, as shown by the plotted linear regression lines,
which matches prior observations [3,4,18,20,22,24,27-30]. Note a
regression line cannot be produced for the ultimate stress as none
of the horizontal coupons fractured outside the weld in this study.

Previous studies have indicated that epitaxial grain growth due
to remelting of the previous layers by the subsequent layers
[17,20,26], strong crystallographic texture [8,80] and lack-of-
fusion defects [3,20,24,32| may contribute to the observed aniso-
tropy in the mechanical properties. The EBSD map and pole figures
in Fig. 13 indicate a weak crystallographic texture in the PBF 316L
stainless steel, so the texture is not expected to be the primary
cause of the observed mechanical anisotropy. The relative density
is deemed to be approaching 100% with very few lack-of-fusion
pores observed; hence, the observed material anisotropy is unli-
kely to stem from lack-of-fusion defects. As reported in Section 4.2,
the presence of elongated grains with epitaxial growth following
the maximum temperature gradient, parallel to the build direction,
indicates the potential correlation between the grain morphology
and the exhibited anisotropy. The presence of substructures (such
as columnar and equiaxed grains) with acute-angle grain bound-
aries and finer grain size are two possible causes for the greater
measured proof and ultimate strengths of the horizontal speci-
mens when compared to the vertical specimens and vertically built
half parts of the combined welded coupons. Previous studies have
also reported that fracture strains in horizontal specimens were
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Fig. 25. Measured engineering stress-strain curves for the weld region of the (a) horizontal, (b) vertical and (c) combined tensile coupons.

lower than those in vertical specimens [4]; this may be due to the
different mean free paths of dislocations induced by the difference
in grain aspect ratio and the orientation of the grain long axes with
respect to the loading direction. The vertical specimens exhibited
columnar grains parallel to the build direction, as well as the load-
ing direction. The tensile stress was applied perpendicular to the
longer axis of the columnar grains for the horizontal specimens.
The vertical specimens therefore have more slipping surfaces per
unit length than the horizontal specimens. The directional varia-
tion of the Young’s modulus of steel is related to the crystallo-
graphic texture [91,92], associated with the local interatomic
potential. For the examined non-textured PBF 316L stainless steel,
the anisotropy of the Young’s modulus was found to be quite small,
which accords with previous studies on austenitic stainless steel
[91,92].

4.4.3. Weld properties

The laser welds were observed to have lower 0.2% and 1.0%
proof strengths and fracture strains for all the test coupons, com-
pared with the PBF base material. To understand the variation in
the 0.2% and 1.0% proof stresses away from the weld centre, typical
proof stress distributions along the parallel length of the coupons
are presented in Fig. 29. The longitudinal strain fields from one
coupon side, prior to fracture, are also provided in Fig. 29, with
the largest strain values denoting the fracture locations. For all
specimens, the 0.2% and 1.0% proof stresses increase gradually
from minimum values in the weld region to steady values in the

base metal. For the combined specimens, the lower proof strengths
of the vertically built half parts relative to the horizontally built
parts, away from the weld region, are clearly visible in Fig. 29
(c). To evaluate the dependency of the energy input on the weld
strength, the 0.2% and 1.0% proof stresses of the weld are plotted
against the energy input in Fig. 30. The 0.2% and 1.0% proof stresses
decrease as the energy input of the laser welding increases; this is
due to the grains in the weld and HAZ becoming coarser (as seen in
Section 4.2). The results presented in Tables 8 and 9 indicate that
the welds had similar ultimate strengths to that of the vertical base
metal. Overall, it can be concluded that PBF manufactured parts
can be effectively laser welded using suitable welding parameters,
but there is a need to consider the potentially lower strength and
ductility of the weld compared to the printed base material.

5. Conclusions

Grade 316L stainless steel tensile coupon half parts were man-
ufactured using powder bed fusion (PBF), mechanically joined
through laser welding, and tested. The experiments represent a
significant expansion of the very limited existing dataset and con-
sider different combinations of build directions. The employed
material, manufacturing process and parameters and experimental
procedures have been described. Characterisation of the
microstructure and mechanical properties has been presented.
The PBF 316L base metal revealed a fine cellular microstructure
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Fig. 26. Measured engineering stress-strain curves for the base metal of the (a) horizontal coupons, (b) vertical coupons, (c) combined coupons (horizontal half parts) and (d)

combined coupons (vertical half parts).

and epitaxial grain growth from the remelting zones approxi-
mately along the build direction, whereas a combination of
equiaxed, columnar and cellular dendritic structures was observed
in the laser weld region.

The global and local stress-strain responses of PBF 316L stain-
less steel with laser welded joints were measured using digital
image correlation (DIC). The PBF 316L base material typically had
higher proof and ultimate strengths as a result of the finer
microstructure, without reduced ductility, but with a lower
Young’s modulus, when compared with conventionally produced
stainless steel. The PBF horizontal base material showed a higher
proof stress than the vertical base material; this is attributed to
the epitaxial grain growth orientation with respect to the loading
direction. The laser weld regions exhibited a lower hardness, proof
strength and fracture strain when compared with the PBF base
metal, due to the coarser and inhomogeneous microstructure in
the weld generated from the high energy laser welding. The widths
of the weld and HAZ were observed to be generally narrow and to
increase as the energy input of laser welding increased, while the
weld strength was observed to decrease. Overall, it has been shown
that laser welding could be employed to allow additive manufac-
turing techniques, such as PBF, to be used to produce large-scale
components, such as those used in the construction sector, but,
the potentially lower mechanical properties of the welds compared
to those of the base metal must be considered in the design
process.
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Fig. 27. Measured engineering stress-strain curves for the heat-affected zone (HAZ) of the (a) horizontal coupons, (b) vertical coupons, (¢) combined coupons (horizontal half

parts) and (d) combined coupons (vertical half parts).

Table 7
Summary of average local tensile properties from the horizontal coupons.
Coupon family name Fracture location Eugl & Location E o2 g10 [ &u n mio my
(%) (%) (Njmm?)  (Njmm?)  (N/mm?) (N/mm?) (%)
H1 Weld 15.2 203 Weld 187900 391 473 608 31.7 5.1 3.8 49
HAZ 201900 429 499 - - 5.8 3.5 -
Base metal 206300 502 541 - - 6.4 29 -
H2 Weld 15.3 20.0 Weld 184300 424 505 627 28.1 5.9 4.0 49
HAZ 183200 467 528 - - 6.6 33 -
Base metal 196900 526 560 - - 8.7 2.7 -
H3 Weld 14.0 19.3 Weld 174000 426 489 623 32.8 9.0 33 4.4
HAZ 195700 452 514 - - 6.6 3.1 -
Base metal 193500 510 556 - - 8.4 3.1 -
H4 Weld 13.6 20.0 Weld 164600 431 499 627 29.9 8.0 3.5 4.5
HAZ 180400 459 523 - - 6.9 33 -
Base metal 192900 537 567 - - 10.2 2.5 -
Family average - 14.5 19.9 Weld 177700 418 492 621 30.6 7.0 3.7 4.7
HAZ 190300 452 516 - - 6.5 33 -
Base metal 197400 519 556 - - 8.4 2.8 -
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Table 8
Summary of average local tensile properties from the vertical coupons.
Coupon family Fracture Averaged Eugl & Location E 002 T10 Ou &u n Mmio my
name location coupons (%) (%) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (%)
V1 Base metal Vi1/1 31.9 46.8 Weld 164300 397 462 - - 53 4.4 -
HAZ 169800 399 468 - - 52 4.6 -
Base metal 173300 453 514 555 50.4 5.1 7.0 7.2
Weld V1/2 and 24.6 36.0 Weld 155800 416 479 562 344 6.3 4.5 6.0
V1/3 HAZ 159200 420 484 - - 6.9 44 -
Base metal 171000 467 523 - - 6.7 6.3 -
V2 Weld All 27.9 38.7 Weld 173900 404 480 559 37.5 5.0 5.3 7.2
HAZ 175900 425 490 - - 5.6 49 -
Base metal 168700 469 521 - - 7.6 6.3 -
V3 Weld All 274 38.7 Weld 163100 377 448 544 421 6.7 4.6 6.4
HAZ 180000 412 470 - - 6.8 4.5 -
Base metal 177500 452 505 - - 6.8 6.8 -
V4 Base metal V4/1 and 29.5 45.0 Weld 163500 400 476 - - 4.9 5.4 -
v4/2 HAZ 172200 432 495 - - 6.3 5.2 -
Base metal 175100 471 520 556 65.8 5.5 6.2 6.7
Weld V4/3 15.3 22.0 Weld 156500 405 471 552 294 5.6 4.5 5.9
HAZ 196900 401 473 - - 5.1 4.6 -
Base metal 177500 462 523 - - 6.4 7.2 -
Family - - 26.8 38.6 Weld 165700 398 469 554 374 5.7 4.9 6.5
average HAZ 174800 418 482 - - 6.2 4.7 -
Base metal 177800 462 517 556 60.7 5.4 6.5 6.9
Table 9
Summary of average local tensile properties from the combined coupons.
Coupon family Fracture Averaged Eugl & Location E o2 T1.0 [ &u n Mo my
name location coupons (%) (%) (NJ/mm?)  (N/mm?) (N/mm?) (N/mm?) (%)
X1 Base All 24.6 435 Weld 181300 409 478 - - 5.4 4.5 -
metal (V) HAZ (V) 188000 432 490 - - 5.8 5.1 -
HAZ (H) 192400 424 492 - - 4.8 3.7 -
Base metal (V) 181200 461 512 553 50.1 6.7 7.2 8.3
Base metal (H) 202100 501 535 - - 71 2.9 -
X3 Base X3/1 and 22.0 46.0 Weld 169500 386 459 - - 5.7 4.1 -
metal (V) X3/3 HAZ (V) 187600 430 488 - - 6.0 5.0 -
HAZ (H) 175800 426 493 - - 6.6 3.0 -
Base metal (V) 191600 452 509 555 473 5.7 6.9 8.1
Base metal (H) 189700 518 552 - - 8.5 3.0 -
Weld X3/2 17.4 26.0 Weld 183800 416 477 573 27.0 6.3 3.6 4.8
HAZ (V) 158800 435 494 - - 8.5 4.3 -
HAZ (H) 176400 416 479 - - 7.5 34 -
Base metal (V) 180600 470 530 - - 6.0 6.3 -
Base metal (H) 180600 523 560 - - 7.9 34 -
X4 Base All 20.5 42.0 Weld 175800 403 477 - - 5.1 4.6 -
metal (V) HAZ (V) 166900 446 500 - - 7.2 4.9 -
HAZ (H) 177100 428 499 - - 6.0 3.6 -
Base metal (V) 184700 460 520 563 413 5.9 7.2 8.4
Base metal (H) 179200 516 551 - - 9.1 32 -
Family - - 21.9 41.6 Weld 177100 403 473 573 27.0 5.5 44 4.8
average HAZ (V) 177600 437 493 - - 6.6 4.9 -
HAZ (H) 181800 425 493 - - 5.9 3.5 -
Base metal (V) 184600 460 516 557 46.1 6.1 7.0 83
Base metal (H) 189300 512 547 - - 8.2 3.1 -
Table 10
Comparison of mechanical properties of conventionally manufactured [3,85-87] and PBF 316L stainless steel from this study.
Reference Type of 316L stainless steel E T02 [ & n
(N/mm?) (N/mm?) (N/mm?) (%)
This study PBF horizontal base metal 179200-206300 501-567 - - 8.3
PBF vertical base metal 168700-191700 452-471 553-563 42.0-46.8 5.7
Mower and Long 3] Wrought 187000 345 563 30.0 -
Yadollahi et al. [85] Cast - 262 552 55.0 -
ASTM 473-15 [86] Forged - 170 450 40.0 -
EN 10088-2 [87] Hot-rolled 193000 220 530-680 40.0 -
Cold-rolled 193000 240 530-680 40.0 -
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Fig. 28. Variation of the (a) 0.2% proof stress o> and (b) ultimate stress ¢, with the build direction angle for the PBF base metal.
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