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Widespread industrial adoption of metal additive manufacturing (AM) requires an in-depth understanding
of microstructural evolution during AM. In this study, the effect of process parameters and feature
thickness on the microstructures of 316L stainless steel components fabricated by laser powder bed fusion
(LPBF) was examined. A standard benchmark geometry developed by the National Institute of Standards
and Technology, which contained walls of 0.5, 2.5 and 5.0 mm in thickness, was used. Optical microscopy,
finite element analysis, scanning electron microscopy and electron backscatter diffraction revealed dramatic
microstructural differences in features of different thickness within the same component. The feature
thickness influenced the cooling rate, which in turn impacted the melt pool size, solidification
microstructure, grain morphology and density of geometrically necessary dislocations. The relationship
between feature size and grain morphology was dependent on the energy input used during LPBF. Such
behavior suggested that local manipulation of LPBF process parameters can be employed to achieve
microstructural homogeneity within the as-printed stainless steel components.
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1. Introduction

Metal additive manufacturing (AM), also referred to as
metal 3D printing, is poised to revolutionize the manufacturing
industry by enabling shorter lead times, lightweighting through
topology optimization, part count reduction and rapid produc-
tion of parts with complex geometries (Ref 1). A remarkable
recent example of successful AM implementation is the GE
Aviation Catalyst turboprop engine, where AM enabled
consolidation of 800 components into just 12 printed parts,
reducing the engine�s weight by 5% and improving its specific
fuel consumption by 1% (Ref 2). Another notable example is
NASA�s 2020 Perseverance Mars rover, which features 11 3D
printed parts (Ref 3). Use of AM in Perseverance�s Planetary
Instrument for X-ray Lithochemistry (PIXL) allowed for a
three- to fourfold mass reduction in comparison with tradition-
ally manufactured components. SpaceX�s SuperDraco rocket
engine powering the Crew Dragon manned spacecraft employs

an additively manufactured Inconel thrust chamber (Ref 4).
According to the company, use of metal AM in place of
traditional machining resulted in an order of magnitude
reduction in lead time, with the path from the initial concept
to the first hotfire test taking just over three months (Ref 5).

These examples demonstrate that metal AM can be suc-
cessfully implemented in critical aerospace components sub-
jected to extreme environments. However, continued progress
toward widespread industrial adoption of metal AM requires a
comprehensive understanding of the local variations in phase
composition, microstructure and mechanical properties caused
by location-dependent thermal history of the parts. Such an
understanding is especially important for geometrically com-
plex components that contain features of different sizes, e.g.,
parts with integrated fluid/gas channels (Ref 6, 7). The
relationship between feature size, microstructure and mechan-
ical performance has been explored recently in 316L (Ref 8)
and 304L (Ref 9) stainless steel parts fabricated by laser
powder bed fusion (LPBF), Ti-6Al-4V parts produced by
electron beam melting (EBM) (Ref 9-11), as well as LPBF-
fabricated AlSi10Mg (Ref 12) and Inconel 625 (Ref 13). Roach
et al. investigated microstructure and mechanical properties of
316L stainless steel parts of varying cross-sectional areas
fabricated via LBPF (Ref 8). No clear relationship between the
sample cross-sectional area and grain size, grain aspect ratio,
sample crystallographic texture and microhardness was estab-
lished. However, samples with larger cross-sectional areas
tended to exhibit higher yield strength (YS), ultimate tensile
strength (UTS) and elastic modulus, which was attributed to
surface roughness effects. Brown et al. observed a similar trend
in LPBF-fabricated 316L stainless steel and EBM-fabricated
Ti-6Al-4V, where an increase in sample thickness induced an
increase in YS and UTS in both materials—an effect that was
also attributed to surface roughness and defects. However, a
clear relationship between feature thickness, microstructure,
phase composition and mechanical properties has not been
established to date.
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This work presents a step toward establishing a relationship
between thickness and microstructural properties in stainless
steel parts fabricated via laser powder bed fusion (LPBF). A
standard, widely employed metal AM benchmark geometry
developed by the National Institute of Standards and Technol-
ogy (NIST) (Ref 13-16) was used. The benchmark components
were fabricated from 316L stainless steel, a very low-carbon
austenitic stainless steel which is a popular metal AM material
(Ref 17-20) due to its ductility, high corrosion resistance and
low propensity for chromium-rich carbide formation (Ref 21-
23). Through a combination of 3D scanning, optical micro-
scopy, finite element analysis (FEA), scanning electron
microscopy (SEM) and electron backscatter diffrac-
tion (EBSD), dramatic microstructural variations within fea-
tures of different thickness within the same component were
observed. Overall, this work demonstrates that microstructural
homogeneity within the as-printed stainless steel components
that possess features of varying thickness can be achieved
through local manipulation of LPBF process parameters.

2. Materials and Methods

2.1 Sample Fabrication

For this study, the AMB2018-01 bridge structure geometry
developed by NIST (Fig. 1a) was used. The benchmark part is
75 mm long, 12 mm tall and 5 mm wide, with 12 ‘‘legs’’ of
three different thicknesses: four 5.0-mm legs, four 2.5-mm legs
and four 0.5-mm legs. The samples were fabricated using a
commercial SLM 125HL LPBF system (SLM Solutions,
Lübeck, Germany). The chamber was kept in an inert nitrogen
atmosphere, with oxygen level maintained at <100 ppm. Two
samples were printed concurrently on the same annealed 316L
stainless steel build plate. The build plate was preheated to and
maintained at 200 �C. Gas atomized 316L stainless steel

powder (SLM Solutions, Lübeck, Germany) with d10 = �25
lm, d50 = �40 lm and d90 = �61 lm was used as feedstock
powder. Manufacturer-specified chemical composition of the
powder is provided in Table 1. Laser spot size was set to 80 lm.
Samples were denoted as B120 and B200, with the number
reflecting the approximate volumetric energy density (VED, J/
mm3) used during fabrication. VED, Ev, is defined as (Ref 24):

Ev ¼
P

v � t � h ðEq 1Þ

where P is the laser power (W), v is the laser scan speed
(mm/s), t is the layer thickness (mm) and h is the hatch spacing
(mm). The LPBF process parameters shown in Table 2 were
selected on the basis of fabricating as-printed parts with
> 99% density.

2.2 Characterization

The bridge structures were separated from the substrate
using wire electrical discharge machining (wire-EDM). After
separation from the substrate, the samples were imaged using
an ATOS Core 200 3D scanner (GOM, Braunschweig,
Germany). The 3D scans were processed with CloudCompare
open source point cloud processing software, where the 3D
scans were overlayed with the nominal CAD geometry, and
cloud-to-mesh (C2M) distances were computed.

Legs of 0.5, 2.5 and 5.0 mm in thickness were then
separated from the bridge structure using wire-EDM (Fig. 1b).
For examination under an optical microscope (OM) and
scanning electron microscope (SEM), the legs were hot-
mounted in Konductomet conductive filled phenolic mounting
compound (Buehler, Lake Bluff, IL, USA) with the y-z surface
exposed. Metallographic grinding was performed with 120-
1200 grit silicon carbide papers using an AutoMet 250 grinder/
polisher (Buehler, Lake Bluff, IL, USA). The samples were
then polished with 3 and 1 lm DiaLube diamond suspensions
on White Label woven silk polishing cloth (Allied High Tech
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Fig. 1 The AMB2018-01 sample geometry used in the study. (a) 3D model of the AMB2018-01 bridge structure benchmark geometry. (b)
Three legs (lower left corner) were separated from the parts for microstructural analysis using wire electrical discharge machining (wire-EDM)
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Products, Inc., Rancho Dominguez, CA, USA). A final
precision polish was obtained from vibratory polishing
(GIGA-0900, PACE Technologies, Tucson, AZ, USA) for �5
h using a 0.05 lm alumina suspension (PACE Technologies,
Tucson, AZ, USA) mixed with deionized water. To reveal the
solidification microstructures, the samples were etched using a
3:1 volume mixture of HCl and HNO3 for 30 s. Immediately
following the immersion in the acid solution, the samples were
placed in a cold water bath to prevent overetching. Melt pool
boundaries were identified from optical micrographs of the
etched cross sections, and the melt pool widths and depths were
measured using the ImageJ software (NIH) (Ref 25).

Electron backscatter diffraction (EBSD) mapping and
forescattered electron (FSE) imaging were performed using a
GAIA3 SEM-FIB dual-beam microscope (Tescan, Brno, Czech
Republic) equipped with a NordlysMax2 detector (Oxford
Instruments, Abingdon, Oxfordshire, UK). The microscope was
operated in field mode at an accelerating voltage of 20 kV,
beam intensity of 20 and working distance of � 5 mm. Samples
were mounted on a 70� pre-tilted specimen holder. Two scans
with 4x4 CCD camera binning were performed for each
sample: (1) 191 mm map with a step size of 2 lm, and (2)
3909 765 lm map with a step size of 1 lm. To avoid near-
surface zones where grain refinement is possible, EBSD maps
were collected from the middle regions of the specimen cross-
sections.

EBSD maps were post-processed using the open source
MTEX Matlab toolbox (Ref 26). First, data points with mean
angular deviation (MAD) of > 1� were removed. Then, grains
were defined as areas of the map completely surrounded by
boundaries with a misorientation > 5�, and grain reconstruc-
tion was performed. The orientation data were denoised and
missing data were interpolated using the half-quadratic filter
(Ref 27). Grain aspect ratio was calculated as the ratio of the
long axis length to the short axis length of the ellipses fitted to
the grains. Kernel average misorientation (KAM) was com-
puted using the first-order neighbors. Density of geometrically
necessary dislocations (GNDs) was calculated following the
approach suggested by Pantleon (Ref 28) based on local
orientation changes.

SEM imaging for primary dendrite arm spacing (PDAS)
measurements was performed using the Magellan 400 XHR
microscope (FEI, Hillsboro, OR, USA). PDAS was calculated
based on a series of SEM micrographs using the modified
Abrams three-circle procedure as described in ASTM E112

(Ref 29). After the PDAS values were obtained, the corre-
sponding cooling rates were calculated as (Ref 30):

dp ¼ 80ðCRÞ�0:33 ðEq 2Þ

where dp is the PDAS (lm) and CR is the corresponding
cooling rate (�K/s).

Powder x-ray diffraction (XRD) patterns were collected with
a diffractometer equipped with a 2.2 kW Cu-Ka x-ray source
(Smartlab, Rigaku, Tokyo, Japan) configured in Bragg-
Brentano geometry. The patterns were collected in the 2h
range of 20-120� with 0.02� step and at a scan speed of 4�/s.

2.3 Finite Element Analysis (FEA) Heat Flow Modeling

To simulate heat transfer during LPBF, a 3D FEA model
was constructed in COMSOL 5.3a Multiphysics� software.
Three geometries were meshed, corresponding to the 0.5, 2.5
and 5 mm legs (Fig. 2). The finer meshed regions were assigned
to the features scanned by the laser beam. The coarser meshed
regions represented the powder bed surrounding the deposited
build and were assumed to have a thermal conductivity of 0.01
times of the bulk SS 316L alloy (Ref 31). Rectangular elements
with a maximum size of 0.03 mm were used for the central,
finer meshed region, and free tetrahedral elements with a
maximum size of 0.28 mm were used for the coarser meshed
regions. To simulate the laser deposition process, the thermal
conductivity of the elements switched from that of the loose
powder to that of solid bulk SS 316L after the laser spot moved
past the elements. The simulations were performed for the
entire 100th layer (2 mm away from the substrate) using both
parameter sets described in Table 2. The laser spot was assumed
to be a circular heat source 80 lm in diameter with uniformly
distributed energy density. The laser spot followed a serpentine
scan path for the entire layer. Due to negligible contributions of
convective and radiative mechanisms to the heat transfer, only
heat conduction was considered in this simulation, for which
the governing equation is:

Q ¼ q � Cp �
@T

@t
þ q � Cp � v � rT �r k � rTð Þ ðEq 3Þ

where Q is heat generated by laser beam (w/m2); q;Cp; k are
the density (kg/m3), specific heat (J/(kg K)) and thermal
conductivity (W/(m K)) of SS 316L, respectively; v is laser
scan speed (m/s). The values for q;Cp; k were adopted from
(Ref 32).

Table 1. Chemical composition (mass fraction in %) of the feedstock powder, as provided by the manufacturer

Fe Cr Ni Mo Nb + Ta Mn Si P S C N O

Balance 16.00-18.00 10.00-14.00 2.00-3.00 … 2.00 1.00 0.045 0.030 0.030 0.10 …

Table 2. Laser powder bed fusion (LPBF) process parameters used for sample fabrication. The calculated value for
volumetric energy density is also provided

Sample ID Laser power, W Scan speed, mm/s Hatch spacing, mm Layer thickness, mm Volumetric energy density, J/mm3

B120 195 800 0.10 0.02 122
B200 370 2520 0.04 0.02 196
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3. Results

First, the bulk geometry of the as-printed bridge samples
was evaluated. The total length and width as measured from the
3D scans were 76.08 9 5.25 mm and 76.20 9 5.55 mm for
samples B120 and B200, respectively. The C2M distances are
plotted in Fig. 3(a) and (b), and the corresponding C2M
histograms are shown in Fig. 3(c). The median C2M distance
was � 53 lm for sample B120 and � 167 lm for sample B200.
While both samples were found to be larger than the original
CAD geometry (75 mm long and 5 mm wide), the deviation
from the input file was greater for sample B200, which was
fabricated with a higher energy input. A 61% increase in VED
correlated with a � 215% increase in the median C2M distance.
It is therefore evident that the dimensional accuracy of the as-
printed parts was significantly affected by the process param-
eters used during LPBF processing. Deviation of part geometry
from the input CAD file should be taken into consideration in
further benchmark investigations.

Next, the melt pool geometries of the as-printed samples
were analyzed. For sample B120, no clear trend could be
identified in melt pool depth as a function of leg thickness, with
measured mean pool depth of 29.2 ± 1.0, 27.9 ± 1.4 and 28.8
± 1.14 lm for the 0.5, 2.5 and 5.0 mm thick legs, respectively
(Fig. 4a). For sample B200, however, the mean melt pool depth
decreased with increasing leg thickness, from 22.8 ± 1.8 to

21.6 ± 1.7 and to 14.2 ± 1.2 lm for the 0.5, 2.5 and 5.0 mm
thick legs, respectively. For both samples B120 and B200, the
melt pool width decreased with increasing leg thickness
(Fig. 4b). For sample B120, the measured mean melt pool
widths were 121.1 ± 3.4, 105.3 ± 3.4 and 105.6 ± 2.4 lm for
the 0.5, 2.5 and 5.0 mm thick legs, respectively. For sample
B200, the melt pool widths were 112.4 ± 7.8, 98.6 ± 7.4 and
94.1 ± 5.5 lm for the 0.5, 2.5 and 5.0 mm thick legs,
respectively. Overall, melt pool was both shallower and
narrower for sample B200.

FEA modeling confirmed that melt pool dimensions
should, in general, be smaller in sample B200 than in
sample B120. The FEA model tended to overestimate the
melt pool dimensions for both samples while capturing the
trends observed in the experimental data (Fig. 4a, b).
Overestimation of the melt pool dimensions by the FEA
model can be potentially attributed to the simplification that
ignores the Marangoni convective fluid flow in the melt pool
(Ref 24). Smaller depth and width of the melt pool in sample
B200 can be attributed to a more elongated, teardrop-like
shape of the melt pool along the scanning direction, as
illustrated by the temperature profiles extracted from the FEA
model (Fig. 4c, d).

Further microstructural characterization was performed via a
quantitative analysis of the grain structure of the samples. For
sample B120, inverse pole figure (IPF) maps overlayed over

Fig. 2 Meshed geometries for finite element analysis (FEA) of heat flow within features of different thicknesses
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FSE images are shown in Fig. 5a. Within the 0.5 mm thick leg,
the grains had irregular, faceted morphologies. For the 2.5-mm
thick leg, grains formed long columns of � 62 lm in width,
with smaller grains located between the adjacent large colum-
nar grains. A similar grain structure was observed for the 5.0
mm leg, where the width of the columnar grains was � 80 lm.
Mean grain areas for sample B120 were 718 ± 102, 764 ± 188
and 912 ± 208 lm2 for the 0.5, 2.5 and 5.0 mm thick legs,
respectively. For sample B200, IPF maps overlayed over FSE
micrographs are shown in Fig. 5b. Within the 0.5 mm thick leg,
the grains were highly elongated and aligned along a direction
rotated � 30� with respect to the build direction. In the 2.5 and
5.0 mm thick legs, grains had irregular, faceted shapes and were
aligned along the build direction. Mean grain areas for sample
B200 were 1936 ± 483, 922 ± 181 and 546 ± 65 lm2 for the
0.5, 2.5 and 5.0 mm thick legs, respectively.

Opposite trends in grain area as a function of feature
thickness were identified in samples B120 and B200 (Fig. 5c):
in B120, grain area increased with feature thickness (a �27%
increase in grain area in the 5.0 mm thick leg as compared to
that in the 0.5 mm leg), while in B200, grain area decreased
with feature thickness (a � 72% decrease in grain area in the
5.0 mm thick leg as compared to that in the 0.5 mm thick leg).
Similar trends were observed in grain aspect ratios (ARs) as a
function of feature thickness (Fig. 5d): in sample B120, grains
became more elongated as feature thickness increased (with
ARs of 3.3 and 4.9 for the 0.5 and 5.0 mm thick legs,
respectively), while in B200, grains tended to be more equiaxed
in thicker features (AR of 4.9 and 3.4 for the 0.5 and 5.0 mm
thick legs, respectively).

To understand the factors that influence microstructure
evolution, the solidification microstructures and the corre-
sponding cooling rates were assessed. A representative sec-
ondary electron (SE) micrograph of the solidification
microstructure is shown in Fig. 6(a). Cooling rates calculated
based on PDAS are plotted as a function of feature thickness in
Fig. 6(b). No clear trend was identified in cooling rate as a
function of feature thickness in sample B120, where cooling
rates were calculated to be 11 9 105, 17 9 105 and 11 9 105

�K/s within the 0.5, 2.5 and 5.0 mm thick legs, respectively. For
sample B200, the cooling rates were found to be 3 9 105, 6 9
105 and 6 9 105 �K/s within the 0.5, 2.5 and 5.0 mm thick legs,
respectively, indicating a slight increase in cooling rate with
increasing feature thickness. Overall, cooling rates were lower
in sample B200 in comparison with sample B120, which is in
agreement with previous experimental results (Ref 33) and
numerical simulations (Ref 33, 34) of LPBF of 316L stainless
steel.

The analysis was further extended with an investigation of
the effect of feature thickness on the phase composition and
microsegregation within the as-printed samples. XRD analysis
of samples B120 (Fig. 7a) and B200 (Fig. 7b) revealed that the
face-centered c-austenite was the main phase present in the
samples. Additionally, a diffraction peak indexed to the (110)
set of lattice planes of the body-centered cubic d-ferrite phase
was observed at � 43.5� for all three leg thicknesses of sample
B120, and this peak was most prominent for the 0.5 mm thick
leg. Oval-shaped d-ferrite particles were observed in the SE
micrographs of the 0.5 mm thick leg of sample B120 (Fig. 7c)
at the austenite cell boundaries. In sample B200, no clear peaks
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corresponding to the d-ferrite phase were identified in the XRD
patterns (Fig. 7b), and no d-ferrite particles were observed in
the SE micrographs (Fig. 7d).

Finally, the influence of LPBF process parameters and local
part geometry on local plastic deformation within the as-printed

parts was investigated. IPF EBSD maps and the corresponding
KAM maps for sample B120 are shown in Fig. 8(a). The mean
KAM values were 0.30�, 0.26� and 0.28� for the 0.5, 2.5 and
5.0 mm thick legs, respectively, indicating no trend in KAM as
a function of leg thickness in sample B120. IPF maps and the
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corresponding KAM maps for sample B200 are shown in
Fig. 8(b). The mean KAM values were 0.24�, 0.25� and 0.33�
for the 0.5, 2.5 and 5.0 mm thick legs, respectively. In contrast
to sample B120, a correlation between feature thickness and
KAM was observed in sample B200, with thicker feature
exhibiting higher KAM values.

Plots of the GND density distributions for sample B120 are
shown in Fig. 8(c). Median GND density values were
calculated to be 3.38 9 1013, 2.93 9 1013 and 3.02 9 1013

m-2 for the 0.5, 2.5 and 5.0 mm thick legs, respectively. For
sample B200, the GND density distributions are shown in
Fig. 8(d), and median GND density values were calculated to
be 2.29 9 1013, 2.63 9 1013 and 3.33 9 1013 m�2 for the 0.5,
2.5 and 5.0 mm thick legs, respectively. Overall, the largest
GND density of 3.33 9 1013 m�2 was observed in the 5.0 mm
thick leg of sample B200.

4. Discussion

All key microstructural characteristics of the samples
obtained from the SEM and EBSD analyses are summarized
in Table 3. Both LPBF-printed benchmark parts investigated in
this work exhibited cellular microstructures typical for addi-
tively manufactured 316L stainless steel (Fig. 7c and d) (Ref
35), with cell boundaries formed via microsegregation of Mo
and Cr (Ref 20, 36, 37). For sample B120, the solidification
mode was primary austenite with second-phase intercellular
dendrite (Ref 38-41), with oval-shaped ferrite particles
observed at the cell walls and triple points (Fig. 7c). Presence
of d-ferrite in sample B120 was additionally confirmed with
XRD analysis (Fig. 7a), where the (110) peak of d-ferrite was
observed. In contrast to sample B120, retained d-ferrite was not
detected in sample B200 (Fig. 7b and d). Absence of XRD
peaks attributed to d-ferrite indicates that either there is no
retained d-ferrite present in sample B200 or it is present in
amounts below the � 3 vol.% detection limit of the laboratory
XRD (Ref 42). Overall, the two-phase austenite-ferrite
microstructure observed in sample B120 is not surprising.
Based on the chemical composition of the feedstock powder
(Table 1) and Schaeffler equivalency relationships (Ref 43), a
nickel equivalent Nieq of 11.9-15.9 and a chromium equivalent
Creq of 19.5-22.5 can be expected for 316L stainless steel used
in this work. Based on the Schaeffler diagram (Ref 43) and the
values of Nieq and Creq, the material is predicted to contain both
austenite and ferrite, with the amount of d-ferrite dependent on
the alloy composition. A rough estimation of the amount of d-

ferrite can be obtained from Seferian�s relationship (Ref 44, 45),
which yields � 3.0-5.2 vol.% of d-ferrite. Preferential forma-
tion of intercellular dendrite in sample B120 as compared to
sample B200 can be attributed to the higher cooling rates
observed in sample B120 (Fig. 6b), which potentially sup-
pressed the ferrite to austenite transformation (Ref 46). Thus,
the analysis of phase composition suggests that phase formation
control via manipulation of LPBF process parameters is
possible in 316L stainless steel and other materials that exhibit
multiple phases.

Grain area and morphology were found to be a function of
feature thickness for both samples. For sample B120, grain area
increased from � 718 lm2 for the 0.5 mm leg to � 912 lm2 for
the 5.0 mm leg (Fig. 8a), which constituted a � 27% increase in
grain area. An opposite trend was observed in sample B200,
where grain area decreased �1936 lm2 in the 0.5 mm leg to
546 lm2 in the 5.0 mm leg (Fig. 8b), or a � 72% decrease. The
trend observed in sample B200 is in agreement with the
calculated cooling rates (Fig. 5b), where an increase in cooling
rate with increasing feature thickness was observed. However,
cooling rates alone cannot explain the grain structure evolution
observed in sample B120, suggesting that other factors (e.g.,
solidification rate (Ref 35) or temperature gradient (Ref 47))
have a dominant influence on grain growth in this sample.

Based on the Hall-Petch relationship (Ref 48, 49) and the
observed grain sizes (Fig. 5c), a strong dependence of the
mechanical properties on the feature size can be expected in
sample B200. It can be speculated that in sample B200,
strength should be proportional to the feature size, as larger
features tended to exhibit smaller grain sizes. Similarly, some
variation in strength can be expected in features of different
thickness within sample B120, with thicker features exhibiting
a slightly decreased strength.

Large, columnar grains spanning tens of layers were
observed in the 2.5 and 5.0 mm thick legs of sample B120
(Fig. 5a) and in the 0.5 mm thick leg of sample B200 (Fig. 5b).
Similar grain structures were previously reported for Inconel
625 parts printed for the AM Bench challenge (Ref 13), as well
as LPBF-printed SS 316L (Ref 50, 51) and CrMnFeCoNi high-
entropy alloy samples (Ref 50). Highly anisotropic grain
structures observed in these samples can potentially cause
significant anisotropy in mechanical properties (Ref 52) while
also negatively affecting fatigue performance (Ref 53, 54) and
corrosion resistance (Ref 55). Therefore, such anisotropic grain
structures should be avoided.

Grain growth direction was influenced by the feature
thickness. In sample B200, inclined grain orientations were

Table 3. Summary of key microstructural parameters depending on the feature size. Cooling rates, grain areas and grain
aspect ratios are reported as mean values ± 95% confidence intervals

Sample
ID

Feature thickness,
mm

Cooling rate,
105 �K/s

Grain area,
lm2

Grain aspect
ratio

Mean KAM*,
degrees

Median GND* density,
1013 m22

B120 0.5 11.20 ± 0.70 718 ± 102 3.26 ± 0.20 0.30 3.38
2.5 17.00 ± 0.60 764 ± 188 5.31 ± 0.29 0.26 2.93
5.0 11.10 ± 0.60 912 ± 208 4.87 ± 0.28 0.28 3.02

B200 0.5 2.90 ± 0.26 1936 ± 483 4.94 ± 0.39 0.24 2.29
2.5 5.84 ± 0.27 922 ± 181 3.19 ± 0.17 0.25 2.63
5.0 6.48 ± 0.64 546 ± 65 3.37 ± 0.13 0.33 3.33

KAM kernel average misorientation, GND geometrically necessary dislocations
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observed in the 0.5 mm thick leg, while the 2.5 and 5.0 mm
thick legs exhibited largely vertical grain orientations (Fig. 5b).
The observed differences in grain growth directions in sample
B200 can be attributed to differences in melt pool depth
(Fig. 4a) (Ref 24). A deeper melt pool (� 23 lm deep)
observed in the 0.5 mm thick leg produced highly inclined
grains, and a shallower melt pool (� 14 lm deep) observed in
the 5.0 mm thick leg generated grains oriented along the build
direction.

Dislocation substructures and GND densities were found to
depend on LPBF process parameters and feature thickness. In
both samples, high-KAM regions were observed within the
grains, indicating agglomeration of dislocations and formation
of low-angle grain boundaries (Ref 56) (Fig. 8a and b). For
sample B120, high-KAM lines were observed to form V-shaped
channels (Fig. 8a, middle and right), while this behavior was
not detected in sample B200 (Fig. 8b). GND densities were
lognormally distributed within both samples (Fig. 8c and d) in
agreement with previously published work (Ref 57). In sample
B120, no clear relationship between feature thickness and GND
density was identified (Fig. 8c), suggesting similar plastic
deformation in features of all three thicknesses at the resolution
afforded by EBSD mapping employed in this work. In contrast,
in sample B200, GND density increased with feature thickness
(Fig. 8d), indicating accommodation of higher thermal stresses
through plastic deformation in features of larger thickness. To
elaborate the evolution of strain and GND density in LPBF-
printed parts, a further investigation via high-resolution EBSD
(Ref 56) or precession electron diffraction (PED) is needed.

5. Conclusions

The influence of the local part geometry and LPBF process
parameters on the microstructure of additively manufactured
316L stainless steel was explored. An extensive microstructural
characterization of two LPBF-printed AMB2018-01 benchmark
parts (sample B120, printed at a volumetric energy density
(VED) of � 120 J/mm3, and sample B200, printed at a VED of
� 200 J/mm3) was performed. The benchmark parts contained
features of three thicknesses: 0.5, 2.5 and 5.0 mm. Specific
findings are as follows:

1. Dimensional accuracy of LPBF-printed benchmark parts
depended on the process parameters, with larger VED
used during printing causing larger deviations from the
input CAD geometry.

2. Evaluation of the melt pool geometry via optical micro-
scopy coupled with a finite element analysis heat flow
model showed that melt pool size varied with feature
thickness. In sample B200, melt pool depth was inversely
proportional to the feature thickness, while in sample
B120, no direct relationship between feature thickness
and melt pool depth was established. For both samples,
melt pool width decreased with increasing feature thick-
ness.

3. Melt pool depth, in turn, influenced grain growth direc-
tion within sample B200, where a shallower melt pool
produced grains oriented along the build direction, and a
deeper melt pool generated grains inclined with respect
to the build direction.

4. No influence of feature thickness on phase composition
was established. However, LPBF process parameters
influenced the amount of retained d-ferrite present within
the samples: lower energy input used in sample B120
caused higher cooling rates and promoted suppression of
the ferrite-austenite transformation; no d-ferrite was ob-
served in sample B200.

5. The relationship between grain morphology and feature
thickness was highly dependent on the LPBF process
parameters. In sample B120, an increase in feature thick-
ness caused an increase in grain size, while an opposite
trend was observed in sample B200.

6. Finally, density of geometrically necessary dislocations
(GND)s was dependent on feature thickness in sample
B200, where thicker features exhibited higher values of
GND density, suggesting larger plastic deformation.

Overall, the present findings demonstrate that local part
geometry has a significant influence on the solidification and
grain microstructure of LPBF-printed parts. Microstructure
within features of different thickness was found to be
dependent on the LPBF process parameters (e.g., VED).
Therefore, in complex parts, where both thick and thin features
are present, microstructural homogeneity can be achieved by
locally tailoring the LPBF process parameters, potentially
eliminating the need for post-print heat treatment.
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