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GRAPHICAL ABSTRACT

ABSTRACT

The understanding of relationships between processing, microstructure and mechanical properties in laser
powder bed fusion is currently incomplete. Microstructure-property relations in 316L stainless steel are
revealed in this study using isothermal heat treatments as an investigative tool. As-built material was
heat treated to selectively remove microstructural features such as melt pool boundaries, microsegrega-
tions and the as-built grain structure to evaluate their influence on yield and failure behaviour. Anisotropic
yield behaviour was found to be caused by microstructural features alone and not influenced by porosity.
However, ductility and failure were dominated by lack of fusion porosity. The alignment of pores between
tracks along layer boundaries was found to cause anisotropic ductility. Three strengthening mechanisms in
as-built material were identified as grain boundaries, chemical segregation and dislocation density. Heat
treatments were categorised into three regimes: recovery, homogenisation and annealing. The findings
of this study show that the shape, size, orientation and distribution of pores are crucial parameters for

evaluating the structural integrity of parts produced by laser powder bed fusion.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Laser powder bed fusion (LPBF) produces unique microstruc-
tures which can compete favourably with other manufacturing
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processes [1]. However, LPBF cannot simply replace more conven-
tional manufacturing methods because the materials produced have
distinct properties and many microstructure-property relationships
remain unclear [2-4]. The microstructure is influenced by various
process parameters, allowing for microstructure manipulation by
parameter adjustments. Understanding the effects of microstructural
features on material properties is therefore vital to produce parts
with optimised microstructures and superior properties.
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In the case of 316L stainless steel, LPBF manufactured material
in the as-built state is often significantly stronger than traditionally
manufactured material and may also achieve high ductility [5-7].
LPBF material is generally anisotropic with both strength and ductil-
ity approximately 10% greater in the build plane (horizontal) than the
build direction (vertical) in the as-built state [8,9]. These properties
are often attributed to microstructural features, but the individual
contribution of each type of feature remains unclear [10-13].

The microstructure of as-built LPBF 316L is complex due to the
intensity and speed of the heat source which induces large ther-
mal gradients and non-equilibrium solidification structures [14-16].
It is characterised by overlapping melt pools and columnar grains
aligned with the build direction and containing fine subgranular
cellular structures [17-22]. Electron backscatter diffraction (EBSD)
analyses have found grains to be around 10-500 um long, and
each grain contains a substructure of parallel cells approximately
500 nm wide that reveal the grain’s solidification direction by their
orientation [10,12,23-26]. Cell walls contain higher concentrations
of chromium and molybdenum than the cells’ interiors, as well as
higher dislocation densities [7,17,18]. The misorientation between
cells in a grain is very small (<1°), but between different grains
the misorientation can be any angle [10,11,27]. Grain boundaries
and cell walls inhibit dislocation movement and thus strengthen the
material [17].

Traces of scan tracks are revealed by bands of segregated solutes
known as melt pool boundaries [26]. These reflect the borders of
adjacent scan tracks within the same layer (track-track) and between
layers (layer-layer) [12,28]. Grains often protrude through layer
boundaries indicating epitaxial grain growth, particularly when the
local thermal gradient aligns with a preferred growth direction in
the solid crystal [11,24]. Melt pool boundaries are suspected of being
weak regions of the material as failure along melt pool boundaries
has been observed [21,26].

The largest phase by volume apart from austenite in LPBF 316L
is gas inside pores [15,28-30]. Although porosity is generally unde-
sirable and considered a material defect rather than a feature,
it will nonetheless remain important for LPBF part qualification
in the foreseeable future. Porosity is generated by a variety of
mechanisms including lack of fusion, keyhole-mode melting and
gas absorption [14,20,22,31,32]. No authoritative standard exists
to qualify LPBF materials, but there is growing consensus that at
least 99.5% of theoretical density is required to qualify as ‘highly
dense’ [33-36]. Relative density can be determined by a num-
ber of methods including the Archimedes method, image analysis
of polished sections and X-ray computed tomography techniques
[37,38].

The aim of this work is to clarify the relationships between
porosity, microstructure and mechanical properties in LPBF 316L.
Porosity was characterised by image analysis of large sections to
determine the distribution of shape, size and orientation of pores
and relative density of samples. The influence of microstructural
features was investigated by subjecting samples to heat treatments
designed to gradually dissolve these features. Through metallogra-
phy and tensile testing of samples built in different orientations,
the relative contribution of different features could be assessed.
Sections of tensile samples tested to failure were analysed to eval-
uate the effects of microstructural features and porosity on failure
behaviour.

Build
direction -

Horizontal sample
\

Transverse

Transverse
direction 1

direction 2

Fig. 1. Orientations of cylindrical samples and sections for metallographic examina-
tion relative to the build direction.

2. Materials and experimental methods
2.1. Sample production and heat treatment

Test samples for this study were produced in a commercial
Renishaw AM250 LPBF machine using manufacturer-recommended
process parameters. 316L powder was supplied by LPW Technology
Ltd. which consisted of 15-45 um spherical particles of the nomi-
nal composition given in Table 1. Cylinders 70 mm long by 10 mm
diameter were built with their axis in vertical (along the build direc-
tion) and horizontal (normal to the build direction) orientations
on 5 mm supports in argon atmosphere (see Fig. 1). The pulsing
200 W laser was focused to a 65 um spot. Points on the pow-
der bed separated by 60 um were exposed for 80 pus, giving the
process an approximate scanning speed of 750 mm/s. The hatch
spacing and layer thickness were 110 um and 50 pum respectively.
The ‘chessboard’ scanning strategy was used with 67° rotation of
the scanning direction between layers for most samples while a
small set was produced using the ‘meander’ strategy with no rota-
tion between layers [39]. Upon completion of the build, the cylinders
were removed from the build plate by cutting through the support
structures.

Samples were subjected to varying levels of heat treatment rang-
ing from no post-processing (the ‘as-built’ condition) to an annealing
treatment expected to fully recrystallise the microstructure. These
isothermal heat treatments were conducted in a Nabertherm N 41/H
chamber furnace [40]. Samples were placed in the preheated furnace
filled with air and held for 60 min before being moved to ambient
conditions and allowed to cool in air to room temperature. The hold-
ing temperatures were 700 °C, 800 °C, 900 °C, 1040 °C and 1200 °C,
the latter representing full annealing. These temperatures were set
and measured using the furnace temperature controller.

2.2. Metallography and porosity analysis

As-built and heat treated samples were sectioned to examine
horizontal and vertical surfaces in both build orientations as illus-
trated in Fig. 1. The four surfaces are labelled ‘HH’, ‘HV’, ‘VH’ and
‘VV’, where the first letter indicates the build orientation of the sam-
ple and the second letter is the section plane orientation. Sectioned
samples were mounted in epoxy castings and ground flat with SiC

Table 1
Powder nominal chemical composition. Single values designate maximum concentrations.
Element C Si P S Cr Mn Fe Ni Cu Mo
wt% 0.03 0.75 0.025 0.01 17.5-18.0 2.0 Balance 12.5-13.0 0.5 2.25-2.50
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Fig. 2. Optical micrographs of polished sections showing porosity in (a) horizontal sample horizontal section, (b) horizontal sample vertical section, (c) vertical sample horizontal
section and (d) vertical sample vertical section. Black areas identify porosity in the section. BD designates the build direction while TD designates transverse directions (i.e.

directions in the build plane).

grinding papers. Mechanical polishing with diamond suspensions
down to 1 pm was followed by final polishing using 0.06 um col-
loidal silica suspension. The samples were electrolytically etched in
10% oxalic acid solution applying a potential difference of 5V for 90 s
to reveal the microstructure [41]. Etched samples were examined in
a Zeiss Axioscope optical microscope and a Hitachi S-3400N scan-
ning electron microscope (SEM). Applying an accelerating voltage of
13 kV at around 8 mm working distance produced a good signal for
the backscattered electron (BSE) detector in the SEM.

Material porosity was characterised by image analysis of polished
surfaces. Samples were imaged and digitally stitched together to
extend the field of view using a Hirox RH-2000 digital microscope at
a resolution of 2.61 um/pixel. A total area of at least 1000 mm? was
imaged of each section shown in Fig. 1 to attain a statistically signifi-
cant sample size of pores to be analysed. The composite images were
analysed in Image] software. Area, fit ellipse and Feret’s diameter
parameters were recorded for each pore using the ‘Analyse Particles’
function [42]. Objects smaller than 25 pm? (<4 pixels) were filtered
out to exclude sample preparation artefacts from the data. The dis-
tribution of size, shape and orientation of pores and area fraction
porosity was calculated in each orientation. The representative size
of each pore was estimated by the mean of Feret’s diameter, maxi-
mum fit ellipse length and root of area. Volumetric relative density
was estimated by the geometric mean of area fraction porosity in
horizontal (fy) and vertical (f,) sections of each sample using Eq. (1).
The geometric mean is more conservative than the arithmetic as it
gives greater weight to the section with more porosity.

Relative density = /(1 —fy) x (1 —fy) (1)

2.3. Tensile testing and post-test examination

Cylinders in as-built and heat treated conditions were machined
into circular tensile specimens of 20 mm gauge length and 4.0 mm

Table 2
Key results of the image analysis of polished samples in different orientations.

diameter in accordance with tolerances described in ASTM standard
E8/E8 M [43]. Samples were speckled using spray paint prior to
testing so strain could be measured by digital image correlation (DIC)
using the point-to-point method (virtual extensometer). Tensile test-
ing to failure was conducted quasistatically at a strain rate not
exceeding 5-10~* s~1. The gauge surface was photographed every 2 s
using a 200 mm macro lens attached to a DSLR camera. The images
were processed in GOM Correlate DIC software to calculate nominal
engineering strain [44]. Tests were repeated at least twice for each
condition (orientation and heat treatment).

A post-test examination of fractured tensile samples was con-
ducted by cold mounting and grinding samples with SiC papers
to section the fracture surface longitudinally. These samples were
polished and etched to reveal the microstructure near the fracture
surface. The deformed subsurface microstructure was imaged using
the Hirox RH-2000 digital microscope and Zeiss Axioscope optical
microscope.

3. Results and discussion
3.1. Image analysis and porosity characterisation

Fig. 2 shows representative areas of polished samples used for
porosity analysis. The larger pores in all samples were irregularly
shaped and some contained powder particles, meaning they can be
characterised as lack of fusion pores [45-47]. Table 2 presents key
results from the image analyses to characterise porosity in each build
orientation. Note that the total area analysed for each section is much
larger than the representative sections shown in Fig. 2 (see total
area column in Table 2). A large cross-sectional area was required to
produce adequate statistics to characterise porosity.

The pores were sorted by size into 10 pm intervals to produce
the size distribution plots presented in Fig. 3. The top row shows
histograms of pore size frequency while the plots below show the
area fraction of all the pores in each interval relative to the total area
of the section. All the relative frequency plots in the top row show

Sample build Section Total area Area fraction Relative density Average aspect Average angle to
orientation name (mm?2) porosity (%) (%) ratio build plane (°)
Horizontal HH 1140 0.66 99.39 25 -

HV 1099 0.55 2.6 31
Vertical VH 1113 0.26 99.59 3.1 -

A% 1232 0.54 2.4 30
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Fig. 3. Pore size distribution histograms showing relative frequency of pores (top) and fraction of the total area (bottom) in different sections.

exponential decay from a peak near zero so the smallest pores are
most abundant and scarcity increases with pore size in all sections.
However, the relative area fraction plots below show much of the
porosity is contained in a few larger pores. No pores larger than
400 um were found in any of the sections, but the distributions con-
firm that large pores are found in all sections as was shown in Fig. 2.
All the bottom plots also contain a single peak, but these peaks are
shifted to size values substantially greater than zero. The lack of mul-
tiple peaks makes it difficult to distinguish between types of porosity
(such as keyhole mode and lack of fusion pores) by size alone.

In Fig. 4, the pore size is plotted against the cumulative area frac-
tion of pores in each section. To account for pores too small to be
analysed (<5 pum), linear regression of pores smaller than 30 um
was used to calculate the required offsets for the curves to tend to
zero. All four sections have similarly shaped curves in the figure. The
cumulative area fraction porosity rises rapidly with pore size at first,
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Fig.4. Cumulative area fraction porosity vs pore size in different orientations. Dotted
lines show the total amount of porosity in the section.

but later converges toward a horizontal asymptote. The total area
fraction porosity in each section is labelled in the figure, and this
value is clearly near the associated asymptote. The horizontal sam-
ple’s horizontal section (HH) was the most porous and Fig. 4 shows
this is due to a relative abundance of larger pores. The least porous
section was the vertical sample’s horizontal section (VH), which was
found to have relatively few pores of all sizes. The variation in poros-
ity between sections can be caused by a number of factors. The laser
window lens, gas filter and powder recoater blade all degrade with
time during the LPBF process [48]. Such degradation will affect part
quality unevenly both over the build plate and in the build direction,
leading to quality variations between samples.

Pore aspect ratio is plotted against pore size in Fig. 5. For small
pores (<30 um), the data is affected by image resolution as max-
imum aspect ratio increases with the number of pixels describing

e HH
e HV 1

VH
o VV 1
== Average

Aspect ratio

150
Pore size (pum)

200

Fig. 5. Pore aspect ratio plotted against pore size in different build orientations and
sections.
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Fig. 6. Angle between the major axis and the build plane plotted against pore size for
all pores in vertical samples.

the pore. For larger pores, the maximum aspect ratio decreases with
increasing size. However, sorting the data into 20 pm size intervals
and taking the mean value of each interval reveals a different trend
as shown by the black line labelled ‘Average’. The average aspect
ratio is stable for all pore sizes and orientations. Thus, the appar-
ent decrease in aspect ratio with size reflects increasing scarcity of
larger pores. Average aspect ratio numbers in Table 2 are calculated
from pores larger than 30 um in the samples. However, as sectioning
always occurs at an angle to the major axis of pores the aspect ratio
is systematically underestimated.

The angle between the major axis of a pore and the build plane is
plotted against size for all pores in vertical sections (HV and VV) in
Fig. 6. Angles are in the range 0-90° where 0° represents horizontal
pores aligned with the layer boundaries and 90° represents verti-
cal pores aligned with the build direction. Grouping the data into
20 pm size intervals reveals the average angle decreases with pore
size. The smallest pores (<20 pm) may appear evenly distributed
in all orientations, but the grouped data indicates preference for
horizontal alignment with an average angle of 34° instead of 45°
as would be expected from a random distribution. The preference
becomes stronger with increasing pore size. The standard deviation
from the average values was 23° and 20° for HV and VV respec-
tively, and 89% of pores larger than 100 um were aligned within 45°
of the build plane. Therefore, despite scatter in the data there is a

Layer-layer
melt pool boundary ~ §

Track-track
melt pool boundary &

Porosity

Grain «— %

BD
TD

tendency for large pores to be oriented horizontally along the layer
boundaries.

3.2. Porosity and microstructure of as-built material

Fig. 7 presents the microstructure of as-built LPBF 316L material.
The microstructure is consistent with LPBF microstructures char-
acterised elsewhere in literature [17,21]. Melt pool boundaries are
visible and the rotating scanning strategy is evident from the differ-
ent melt pool shapes. ‘Layer-layer’ melt pool boundaries identify the
line of fusion between layers, while ‘track-track’ boundaries identify
the edge of overlap to an adjacent scan track [22,24,28]. Columnar
grains of various sizes are generally oriented toward the build direc-
tion and frequently grow through melt pool boundaries. Grains can
terminate abruptly at boundaries, but most meet other grains inside
melt pools as expected from competitive growth. Each grain contains
a cellular structure with low-angle boundaries as shown in the SEM
micrograph in Fig. 7b. Most large pores are found on layer bound-
aries, particularly at junctions where a layer-layer boundary meets a
track-track boundary.

Fig. 8 shows etched surfaces of LPBF 316L produced with no rota-
tion between layers. A section normal to the scanning direction (SD)
is presented in Fig. 8a which shows the microstructure consists of
melt pools lying directly on top of each other. The view is rotated
90° about the build direction in Fig. 8b where the melt pools are
sectioned in the scanning direction normal to the hatching direction
(HD). The lack of fusion pores have different geometries in the two
sections. In Fig. 8a, the pores are small with low aspect ratio and
are located at junctions of track-track and layer-layer boundaries. In
the side view shown in Fig. 8b, the pores are elongated along the
layer-layer boundaries. Such lack of fusion pore geometry have been
observed elsewhere in literature [22,31,32,45].

Various types of insufficient melt pool overlap are shown in Fig. 9.
The meander scanning strategy with no rotation between layers is
assumed. Fig. 9a shows the front view with the scanning direction
out of the plane. A normal melt pool section is shown to the left
which has good overlap with surrounding melt pools. The three melt
pools to the right have abnormal shapes leading to areas with no
overlap marked in red, similar to work done by Tang et al. [46]. Low
energy density (ED) may produce a melt pool too small to sufficiently
overlap with neighbouring melt pools. However, excessive energy
density can cause evaporation in the melt pool and the classic key-
hole shape. Such melt pools have deep penetration, but the shape
may cause insufficient overlap with adjacent melt pools as shown in
the figure. The shape on the right shows a disrupted melt pool. Insta-
bility may be caused by a number of factors including surface tension
variations, spatter and inclusions. The latter represented by a green
particle in the figure.

Layer-layer
melt pool boundary

Track-track
melt pool boundary

Grain

Fig. 7. Annotated as-built material microstructure images acquired by a) optical microscopy and b) SEM.
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Fig. 8. Etched sections of as-built material produced with no rotation of the scanning direction between layers. (a) Front view with the scanning direction (SD) into the page. (b)

Side view with the scanning direction in the page.

All the abnormal melt pool shapes in Fig. 9a form areas of insuf-
ficient overlap leading to lack of fusion. These relatively small areas
have low aspect ratios in this section, but Fig. 9b shows another
section rotated by 90° about the build direction. When lack of fusion
is initiated at a layer-layer melt pool boundary, it may be extended
during the process in the scanning direction along the layer bound-
ary. Therefore, the lack of fusion pores have high aspect ratios and
preferred alignment with layer boundaries in the scanning direction.
This theory is in agreement with the images shown in Fig. 8 as well
as the findings from image analysis in Section 3.1 that lack of fusion
pores have clear preference with regard to orientation relative to the
build direction.

a
@)

BD
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(b)

BD

HD SD

3.3. Microstructural evolution with heat treatment

Figs. 10 and 11 show optical and SEM images respectively of
samples heat treated at various temperatures. Looking only at the
six optical micrographs in Fig. 10, it would appear the overall grain
structure is not highly affected by heat treatment up to 1040 °C as
it is only the 1200 °C sample that features a substantially different
grain structure with much larger grains and annealing twins [49].
However, the SEM images in Fig. 11 show that microstructural
changes do occur at lower temperatures on a smaller scale. There is
little evidence of new grain nucleation in the sample heat treated at
1200 °C and some traces of the as-built structure remain.

High ED

Fig. 9. Illustration of insufficient melt pool overlap leading to lack of fusion at melt pool junctions, leading to porosity and reduced bulk density. (a) Front view showing different
mechanisms of inadequate overlap. (b) Side view showing how a small region of poor overlap can be extended along layer boundaries.
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Fig. 10. Optical micrographs of etched as-built and heat treated samples.

While the microstructures presented in Figs. 10 and 11 show
resilience to grain growth up to 1040 °C, the melt pool bound-
aries gradually disappear at lower temperatures. Such boundaries
are thin bands of slightly different composition to the melt pool inte-
rior [12]. Their presence after heat treatment suggests little atomic
diffusion was induced while their dissolution is evidence of signif-
icant diffusion. The melt pool boundaries appear largely unaffected
by heat treatment at 700 °C, but at 800 °C they become thinner and
less distinguishable from grain boundaries. The contrast between

As-built

o
L

the melt pool boundary and interior is also reduced. After heat
treatment at 900 °C, the melt pool boundaries have clearly started
to dissolve and only vague traces are evident after heat treatment
at 1040 °C. Atomic diffusion therefore gradually becomes significant
over the temperature range 700-1040 °C for 60 min heat treat-
ments. This is substantiated by the dissolution of subgranular cellular
structures with increasing heat treatment temperature shown by
the SEM images in Fig. 11. Cell walls consist of higher dislocation
density and higher concentrations of heavy elements relative to

Fig. 11. SEM images of as-built and heat treated samples.
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Fig. 12. Engineering stress-strain curves resulting from tensile tests of cylindrical samples built in a) horizontal and b) vertical orientation. The colours indicate the isothermal
heat treatment temperature prior to testing. All tensile tests were conducted at room temperature. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

cell interiors, both of which can provide contrast in backscattered
electron (BSE) SEM images [7,17,18]. Fig. 11 shows the cellular
structure dissolves over a similar heat treatment temperature range
as the melt pool boundaries (700-1040 °C). This is reasonable as
both cell walls and melt pool boundaries are chemical segregations.
When chemical segregations are dissolved by diffusion the grains
become homogeneous. Controlling the heat treatment temperature
and time can therefore adjust the homogeneity of the material. The
samples heat treated at 1200 °C in Figs. 10 and 11 feature some evi-
dence of pitting corrosion assumed to be caused by the specimen
preparation. Otherwise, the grains have been fully homogenised by
the annealing heat treatment as all traces of the cells have been
dissolved.

3.4. Yield behaviour evolution vs heat treatment

The curves in Fig. 12 present data up to the onset of necking in
horizontal and vertical build orientations. The elongation at break
was greater for horizontal samples than vertical samples on aver-
age for all heat treatments. However, there was significant variability
between samples of each condition except for as-built vertical sam-
ples which showed consistent poor ductility (0.5-3.2% elongation at
break). The majority of samples present low ductility compared to
values of 30-60% quoted in literature [2,8,9,13]. This low ductility is
attributed to the relatively high level of porosity in the material.

Yield strength is plotted against heat treatment temperature in
Fig. 13. As-built samples, represented at 25 °C in the figure, show
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500 7: ________ EEBE bgr_izo_n}il Estimated
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~~\\= contributions:
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g \ g
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Fig. 13. Yield strength plotted against heat treatment temperature. The dotted lines represent the average yield strength for horizontal and vertical samples, along with the yield
strength of a fully annealed 316L sample. As-built samples are represented at 25 °C. The coloured fields identify temperature ranges of microstructural changes observed in the
metallographic analyses described in Section 3.3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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clear anisotropy as all horizontal samples start yielding at higher
stresses than all vertical samples (19% greater on average). How-
ever, the strength of all as-built samples (in both orientations) was
more than twice that reported for fully annealed 316L material
(170 MPa [5]) represented by the line labelled ‘Fully annealed’ in
Fig. 13. This line is horizontal because a fully annealed microstructure
is unaffected by further heat treatment.

Figs. 12 and 13 show monotonic reduction of average yield
strength with increasing heat treatment temperature in both build
orientations. However, as shown by the converging curves in Fig. 13
the anisotropy diminishes with increasing heat treatment tempera-
ture. The average difference between horizontal and vertical sample
yield strengths was reduced from 19% in the as-built condition to
8% after heat treatment at 700 °C. The average values for samples
heat treated at 1200 °C were almost identical in both orientations,
suggesting the material was transformed through heat treatment to
become isotropic with regard to yield strength.

Porosity in the material was unaffected by any of the heat treat-
ments as they were conducted at atmospheric pressure and all
holding temperatures were well below the melting range of 316L.
Since the yield anisotropy was eliminated by heat treatment, this
means the cause must be microstructural and not related to porosity.
The curves shown in Fig. 13 resemble work by Clarebrough et al. [50]
relating electrical resistivity and hardness to heat treatment temper-
ature. Differential scanning calorimetry (DSC) was used to measure
the release of stored energy during annealing of deformed metals
and two distinctive energy peaks were identified. A lower tempera-
ture peak was related to dislocation annihilation and a higher tem-
perature peak was related to recrystallisation. Both peaks coincided
with a reduction in electrical resistivity, and the electrical resistiv-
ity vs annealing temperature plots look very similar to the curves in
Fig. 13 where two drops in yield strength are observed. The first is
a small drop at lower heat treatment temperature (700-800 °C) and
the second is a larger drop at higher temperature (1040-1200 °C).

Optical and SEM images in Figs. 10 and 11 show no clear
microstructural changes between as-built samples and those heat
treated at 700 °C, but the reduction in yield strength shown in Fig. 13
suggests some reduction in dislocation density. In conventional
material processing, cold working hardens a material by increasing
the dislocation density while heat treatments reducing the disloca-
tion density are referred to as ‘recovery’. Although LPBF materials are
generated in a state of high dislocation density, the term ‘recovery’
may be useful to describe heat treatments that reduce dislocation
density.

Different background colours are used in Fig. 13 to categorise heat
treatments into regimes based on microstructural changes. Figs. 10
and 11 show atomic diffusion becomes significant between 700 °C
and 800 °C, so heat treatments up to 750 °C are part of the ‘Recovery’
regime of Fig. 13. The main microstructural change of such heat
treatments is a reduction in dislocation density. In the same man-
ner, Figs. 10 and 11 show substantial grain growth first begins at a
temperature between 1040 °C and 1200 °C. The temperature range
from 1120 °C to the beginning of the melting range (1371 °C [8])
is therefore called as the ‘Annealing’ regime where significant grain
growth occurs. Between recovery and annealing is the 750-1120 °C
range called the ‘Homogenisation’. Heat treatments in this regime
induce atomic diffusion to dissolve microsegregations such as cell
walls and melt pool boundaries. Note that the temperature ranges of
the recovery, homogenisation and annealing regimes are not mea-
sured precisely in this investigation and will change with the holding
time and cooling rate of the heat treatment.

The right side of Fig. 13 illustrates the approximate relative con-
tributions of different microstructural features to the yield strength
of as-built LPBF 316L. Fully annealed 316L has been reported to have
ayield strength of 170 MPa, most of which can be attributed to lattice
resistance to dislocation motion [5]. Figs. 10 and 13 show substantial

grain growth and reduced in yield strength between samples heat
treated at 1040 °C and 1200 °C. Grain boundaries therefore provide
significant strengthening to the material. Samples near the lower
end of the homogenisation regime (700 °C) were stronger than those
near the upper end (1040 °C), so chemical segregations also provide
considerable further strengthening. The remaining strength of as-
built material is attributed to dislocation density, which was partially
relieved by the recovery heat treatment at 700 °C.

All three strengthening mechanisms as well as crystal texture
contribute to yield strength anisotropy. If the grain structure is tex-
tured, the average Schmidt factor will vary with the direction of
loading [51]. The columnar grains are aligned with the build direc-
tion so the number of grain boundaries a dislocation has to overcome
will vary with the loading direction. Likewise, cells tend to grow from
melt pool boundaries upwards toward the melt pool centre. This
causes cell walls (chemical segregation) to prefer alignment with
the build direction making their strength contribution anisotropic
as well. Finally, the dislocation density at any location in a part is
affected by the thermal history of that point. The dislocation density
may therefore be different in horizontal and vertical samples as heat
buildup and cooling conditions will be different.

Another source of strengthening suggested in literature is
nanoparticles (chromium oxides and silicates) which have been
observed at cell walls [18,26,34,52]. Such particles have a harden-
ing effect and would not be affected by heat treatment. However,
their contribution has been calculated to be around 5-10 MPa, which
would only account for around 2% of as-built material strength [17].
Particle hardening is therefore less significant than grain bound-
ary strengthening, chemical segregation and dislocation density for
strengthening LPBF 316L.

3.5. Ductility and failure behaviour

Elongation at break is plotted against heat treatment tempera-
ture for all samples in Fig. 14. Horizontal samples are consistently
much more ductile than vertical samples, which indicates there are
features in the material impervious to heat treatment that make
it anisotropic with regard to ductility. In addition, and despite sig-
nificant scatter in the data of both orientations, increasing trends
between heat treatment temperature and ductility may be inferred
as well (the positive slopes of the regression lines). This suggests
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Fig. 14. Elongation at break vs heat treatment temperature of all tensile tests. Dotted
lines show linear regression of average ductility values from samples tested at each
heat treatment temperature.
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ap A

TD
(b) 6= 90°

Direction of loading

Fig. 15. Illustrations showing the angle between the direction of loading and the
major axis of a lack of fusion pore at a layer boundary. a) Major axis of the pore in
unloaded state. b) Loading applied normal the major axis. c¢) Loading applied parallel
to the major axis.

microstructural changes caused by heat treatment also contribute to
increasing the ductility of the material.

The most obvious cause of consistent differences in ductility is
porosity. However, the analysis described in Section 3.1 found hor-
izontal samples were more porous than vertical samples (0.61% vs
0.31% respectively). Relative density is therefore not always an accu-
rate indicator of ductility. The analysis found pores were larger in
horizontal samples and such large pores preferred alignment with
layer boundaries in both horizontal and vertical samples. Fig. 15
illustrates how the angle between the direction of loading and the
major axis of the pore (the longest dimension) can vary from 0° to
90°. From a structural integrity point of view, the least favourable
angle is 90° as shown in Fig. 15b where stress is applied normal to the
major axis of a pore. This configuration maximises the stress concen-
trations at the apexes of the pore to induce crack initiation or ductile
void growth. Compare this to Fig. 15c where stress is applied paral-
lel to the major axis (f = 0°). This configuration minimises stress
concentrations and requires greater load to initiate void growth.

Fig. 16 shows how the angle between pore orientation (major
axis) and direction of loading differs in horizontal and vertical sam-
ples built using 67° rotation about the build direction between layers.

(a) Vertical sample
I 0 =90°

Vertical direction
of loading

Three successive layers are shown in each sample, and every layer
contains a lack of fusion pore elongated in the scanning direction
along the layer boundary. For the vertical sample in Fig. 16a, the
direction of loading is normal to all the pores because the load is
applied normal to the layer boundaries. However, in the horizontal
sample shown in Fig. 16b the angle varies from 0° to 90° between
layers due to the 67° rotating scanning strategy. The angle is partic-
ularly unfavourable every 8" layer when & = 90 + 4° (because 67 -
8=090-6-4).

The images in Fig. 2 show the porosity is not evenly distributed,
but instead forms clusters in certain areas. This is highlighted in
Fig. 17 where etched sections of as-built samples are displayed. Note
in particular the inset of Fig. 17b where large pores have formed in
a line. The scanning direction is rotated by 90° on either side of this
line, indicating it is the edge of a square from the chessboard scan-
ning strategy employed. Such clusters of large lack of fusion pores
on a single layer may explain why some vertical samples failed at
very low strains. If such a random distribution of pores over the
section is representative of the material as a whole, then ductility
is largely determined by whether large pores are unfavourably clus-
tered and oriented relative to the loading direction. This explains the
large variability in ductility between samples subjected to the same
heat treatment, reflected in the scatter of the data in Fig. 14.

3.6. Analysis of fracture subsurface material

Fig. 18 presents an etched section of a vertical as-built sample
tested to failure occurring at 1.46% elongation. The fracture surface
is almost perfectly normal to the direction of loading as fracture took
place within just 200 pm or four 50 pm layers. Sintered powder par-
ticles are visible across the surface, indicative of multiple lack of
fusion pores within the same layer. Meanwhile, the microstructure
immediately below the surface is virtually indistinguishable from
unstressed as-built material, suggesting significant ductile deforma-
tion was limited to material very close to the fracture surface. The
implication of these observations is that fracture occurred by coa-
lescence of lack of fusion pores by crack growth along the layer
boundaries. The inset in Fig. 18 shows the crack path was affected
by the local microstructure. Much of the fracture surface follows
layer-layer melt pool boundaries, while sudden shifts in the surface
profile occur at junctions where melt pool boundaries meet (labelled
‘boundary junction’ in the figure).

The equivalent section of a horizontal as-built sample is shown
in Fig. 19. This sample was more ductile failing at 25.9% elongation.

(b) Horizontal sample
/0°<8 <90°

Horizontal
direction
of loading

Fig. 16. Variation of angle between preferred lack of fusion pore orientation and direction of loading for (a) vertical and (b) horizontal samples.
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1 mm

Fig. 17. Etched sections of as-built samples. a) Vertical section of a horizontal sample (HV) with an inset highlighting a pore on the layer boundary. b) Horizontal section of a
vertical sample (VH) with an inset showing pores clustered at the edge of a chessboard square from the scanning strategy.

The melt pool boundaries are clearly visible, showing the melt pools
are stretched in the loading direction throughout the gauge length.
As with the vertical sample, the fracture surface has clearly con-
nected multiple lack of fusion pores. However, the profile between
them is not as straight. This is in agreement with the void growth
mechanism illustrated in Figs. 15 and 16. The orientation of porosity
relative to the direction of loading encourages more ductile failure
behaviour.

The positive slopes of the trendlines in Fig. 14 suggest heat treat-
ment induced microstructural changes to improve ductility. Fig. 20
shows heat treated samples (800 °C and 1200 °C) tested to failure
and sectioned to revealed the microstructure below the fracture sur-
face. All heat treated samples display more ductile behaviour than
their as-built counterparts as the fracture surfaces are less orthog-
onal to the loading direction. However, the heat treated samples
also show evidence that porosity coalescence leading to failure. The
microstructural effects on failure behaviour in these samples were
consequently of limited significance.

3.7. Implications for quality assurance and heat treatment of
structural parts

Results from this study have found porosity dominates failure
behaviour in LPBF 316L parts. Material porosity cannot be com-
pletely eliminated, but may be managed by optimising process
parameters and other process systems such as gas flow and powder
feeding to reduce the frequency of large pore formation in the
LPBF process. For qualification purposes the Archimedes method
is of limited use as it does not describe the size, shape, orienta-
tion or distribution of pores. Instead, non-destructive qualification
processes such as X-ray microtomography or in-situ process mon-
itoring techniques may be required to qualify parts for critical
applications.

As-built LPBF 316L was found to be strong in both horizontal and
vertical build orientations, but vertical samples consistently showed
low ductility (0.5-3.2%). This is concerning with regard to structural
integrity as these samples were also particularly vulnerable to failure

Powder
particles

Fig. 18. Composite image of an etched section from a vertical as-built tensile sample tested to failure at 1.46% elongation.
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Porosity

Fig. 19. Composite image of an etched section from a horizontal as-built tensile sample tested to failure at 25.9% elongation.

by crack growth along layer-layer melt pool boundaries to connect
pores on the same layer. Heat treatment may decrease this vul-
nerability. Recovery heat treatments can reduce dislocation density
to increase ductility, or homogenisation treatments may reduce

BD

Vertical
1200°C

the anisotropy of both yield and failure behaviour. However, fur-
ther research is required to evaluate the effects of heat treatments
on other material properties before any recommendation can be
made.

Horizontal
500 pm IZGOOC

Fig. 20. Etched sections of heat treated samples tensile tested to failure. a) Vertical sample heat treated at 800 °C failing at 10.3% elongation. b) Horizontal sample heat treated at
800 °C failing at 33.8% elongation. c) Vertical sample heat treated at 1200 °C failing at 25.6% elongation. d) Horizontal sample heat treated at 1200 °C failing at 46.9% elongation.
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4. Conclusions

In this study heat treatment was used as an investigative tool
to isolate the influence of porosity and microstructural features on
the mechanical properties of 316L parts produced by LPBF. The
investigation led to the following conclusions:

o Porosity vs yield behaviour: Porosity does not cause
anisotropic yield behaviour. This was demonstrated by heat
treatment as isotropic yield behaviour was recovered with
increasing heat treatment temperature. Since the pores are
unaffected by heat treatment, the cause of yield anisotropy
must be microstructural.

o Porosity vs failure behaviour: A positive and directionally
dependent correlation was found between porosity and duc-
tility. Horizontally built samples, despite higher average levels
of porosity, were more ductile than vertically built samples.
This was explained by the shape and orientation of pores rela-
tive to the loading direction. Most porosity was contained in a
few large lack of fusion defects. These high aspect ratio pores
had preferential orientation along layer boundaries between
adjacent scan tracks. Analysis of fracture subsurface material
found failure in both horizontal and vertical loading directions
involved coalescence of large pores in the material.

o Microstructure vs yield behaviour: Microstructural features
were found to greatly influence yield strength of as-built mate-
rial. Heat treatment, microscopy and tensile testing results
were combined to reveal microstructural strengthening mech-
anisms. In addition to the inherent lattice resistance to disloca-
tion motion, the material was strengthened by grain boundary
strengthening, chemical segregation along melt pool bound-
aries and cell walls, as well as heterogeneous dislocation den-
sity within the material. All three strengthening mechanisms
may contribute to anisotropic yield behaviour.

¢ Microstructure vs failure behaviour: Failure behaviour was
dominated by porosity, but analysis of fracture subsurface
material found evidence of microstructural influence as well.
As-built vertical samples failed by ductile crack growth along
layer-layer melt pool boundaries to connect lack of fusion
pores. Coalescence of pores was also found in horizontal sam-
ples, but the failure connected pores spread further apart in the
direction of loading necessitating more ductile crack growth.
Heat treatments dissolving melt pool boundaries increased
ductility in both orientations, but anisotropic ductility remains
due to the orientation of pores.

o Heat treatment for practical applications: Heat treatment
was categorised into three regimes; recovery, homogenisa-
tion, and annealing. For structural parts, heat treatment may
be required to improve ductility. This study found promising
results for reducing dislocation density by heat treatment with-
out sacrificing the strengthening contributions of the as-built
grain structure and cellular substructure.

This study has shown that whilst relative density is a useful
indicator of part quality, it is not alone sufficient to evaluate the
structural integrity of LPBF parts. The shape, size, orientation and dis-
tribution of pores are crucial parameters affecting mechanical prop-
erties. Methods are needed to detect and measure these parameters
in order to assure the structural integrity of LPBF parts.
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