Scripta Materialia 192 (2021) 115-119

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

Grain boundary character distribution in an additively manufactured n

austenitic stainless steel

Check for
updates

Majid Laleh®", Anthony E. Hughes®<, Mike Y. Tan®P, Gregory S. Rohrer¢, Sophie Primig®¢,

Nima Haghdadi®*

aSchool of Engineering, Deakin University, Waurn Ponds, VIC 3216, Australia
b Institute for Frontier Materials, Deakin University, Waurn Ponds, VIC 3216, Australia

¢ Commonwealth Scientific and Industrial Research Organisation (CSIRO), Mineral Resources, Private Bag 10, Clayton South, VIC 3169, Australia
d Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, PA 15213-3890, USA

€School of Materials Science & Engineering, UNSW Sydney, Sydney, NSW 2052, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 1 September 2020
Revised 7 October 2020
Accepted 9 October 2020

Keywords:

Grain boundary engineering
Additive manufacturing
Austenitic stainless steel

The grain boundary character distribution (GBCD) in an austenitic stainless steel produced by additive
manufacturing (AM) in both as-built and annealed conditions was studied. Relatively fine grains and a
non-fibre texture was achieved by AM, and as-built structure showed a high population of X3 bound-
aries. A five-parameter GBCD analysis revealed that the microstructure is mostly dominated by highly
incoherent X3 boundaries. The grain boundary network also consisted of random high angle, coherent
¥.3s terminating on (111) planes with a pure twist character, and tilt X9 boundaries. The findings show
prospects for the possibility of engineering the grain boundary network of materials in-situ, via the stress
and heat induced by the thermal cycles during AM.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Laser powder bed fusion (LPBF) is an additive manufacturing
(AM) technology that uses a high-energy laser beam to melt pow-
der particles to consolidate a metallic part [1,2]. Upon laser ir-
radiation of a powder bed, a melt pool forms and then solidi-
fies at a very fast rate (up to 107 K/s [3]). Individual tracks join
together during succeeding laser passes to form a 3D part. Dur-
ing LPBF, the material experiences complex thermal gradients and
gyrations which subsequently result in a unique microstructure.
These unique microstructural features can lead to superior me-
chanical properties [4,5] and corrosion resistance [6-8] e.g. in LPBF
austenitic stainless steels, exceeding those of their traditionally
manufactured counterparts. A current focus in the metal AM re-
search community is directed towards understanding such complex
microstructures in order to develop metals and alloys with opti-
mised properties of interest by altering processing variables [9].

Grain boundary engineering (GBE) has been the subject of in-
tensive research during the last 40 years with the aim of intro-
ducing coincident site lattice (CSL) and low-angle grain boundaries
(GBs) to mitigate undesirable intergranular phenomena such as
corrosion, embrittlement and fracture [10-14]. While GBE has been
studied for traditionally manufactured stainless steels, the poten-
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tial of the thermomechanical hysteresis that a material experiences
during AM for engineering microstructures is yet to be explored.
Typical anisotropic microstructures reported in AM materials con-
sisted of grains elongated towards the build direction with <100>
and/or <110> texture [15,16]. Such morphology can be broken
down via a change in laser scanning strategy, where a hierarchi-
cal microstructure can be formed that offers outstanding mechani-
cal properties achieved either through microsegregation resulting
from cellular solidification and/or via a network of dislocation-
rich sub-boundaries [4,17]. It can be hypothesized that engineer-
ing the grain boundary network in austenitic stainless steel via
AM may unlock additional unique properties in terms of corrosion,
embrittlement and fracture resistance. This is because diffusivity,
mobility, and segregation of a grain boundary are affected by its
crystallography. However, an analysis of the formation mechanism
and a detailed knowledge of the crystallographic character of CSL
grain boundaries in AM microstructures is currently lacking. The
current work reports on the possibility of in-situ GBE during AM
of an austenitic stainless steel, and provides a full five-parameter
macroscopic description of these boundaries. The results can be ex-
tended to several other face centred cubic (FCC) metals with low-
to-medium stacking fault energy (SFE).

Argon-atomised 316L austenitic stainless steel (hereinafter 316L
SS) powder with particle sizes between 5 and 45 um was used.
Cubes (10 x 10 x 10 mm?3) were produced using a LPBF machine
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(SLM Solutions, Group AG, Liibeck, Germany). A laser power of 150
W, scanning speed of 400 mmy/s, hatch spacing of 80 pm and layer
thickness of 30 pm were utilised. A meander hatching pattern with
hatch angle of 67° was used. The processing was conducted under
an argon atmosphere (0O, <100 ppm), and the base plate was pre-
heated to 200°C. Printed samples covered most of the area of the
baseplate. The presence of these samples was thought to retard the
cooling rate thus contributing to the unusual microstructure ob-
served in this study. Selected samples were annealed post-LPBF at
1000°C for 10 min followed by water quenching.

Samples were ground and polished following standard metallo-
graphic procedures down to 1 um, and finished with 0.04 pm oxide
polishing suspension. An electron backscatter diffraction (EBSD)
detector in an FEG Quanta 3D FEI scanning electron microscope
(SEM) at 20 kV, 8 nA and working distance of ~12 mm was used.
Orientation data was recorded with a hexagonal grid with a 1 um
step size. The TSL-OIM software was used for acquisition and post
processing of EBSD data. Three steps of data cleaning were imple-
mented including (i) an iterative grain dilation routine with a 5
pixels grain size minimum, (ii) a single average orientation assign-
ment with 5° tolerance angle, (iii) segmenting of curved GBs using
a boundary deviation limit of 2 pixels.

Rotation angle/axis pairs (6/<uvw>) were obtained from EBSD.
The other two parameters for habit plane assignment, including
the trace and inclination of the plane, were obtained using a stere-
ological method, as described in [18]. This method requires the
measurement of a large number of boundary segments (>50,000
for cubic structures [18]) to yield a statistically significant so-
lution. In this work, >250,000 GB segments were collected for
the as-printed and annealed samples. To mitigate the effects of
anisotropic grain shapes and texture, orientation maps were ob-
tained on three mutually perpendicular section planes. The GB
plane distribution was measured in multiples of a random distribu-
tion (MRD), where an MRD higher than one means that a plane is
observed more frequently than expected in a random distribution.
Throughout the text, ‘twist’ and ‘tilt’ configurations refer to cases
where the GB normal is parallel and perpendicular to the mis-
orientation axis, respectively, and being ‘symmetric’ implies that
boundaries have planes with identical indexes on both sides of a
boundary [19].

Analysis of the as-built 316L SS microstructure in XY, XZ and
YZ planes shows that grains are fine and elongated towards the
build direction (Z) (Fig. 1a,b). Finer grains are visible at melt pool
boundaries when viewed in XZ plane. This microstructure differs
from the coarse columnar grains and sharp <100> or <110> tex-
ture parallel to the built direction observed in some previous re-
ports for LPBF 316L SS [15,16,20]. Interestingly, annealing at 1000°C
for 10 min did not significantly change the grain morphology and
average grain size (Fig. 1c,d).

Mapping of CSL boundaries (using Brandon’s criterion [21]) re-
vealed that a large fraction of GBs (30.6%) in the as-built condition
are X3 CSL boundaries with 60°/<111> misorientation. There was
also a low fraction (~0.6%) of X9 CSL boundaries with 39°/<110>
misorientation, mostly forming when two ¥3s intersect (Fig. 1b).
The dominance of these boundaries was also revealed in the mis-
orientation angle/axis distribution of the GBs showing a sharp
peak at 60° with the corresponding axis vectors clustered around
the <111> direction, and a secondary diffuse peak at 39° with
corresponding axis vectors clustered around the <110> direction
(Fig. 2a). Annealing changed neither the misorientation angle dis-
tribution of high angle GBs nor the fraction of £3 and X9 bound-
aries (30.4% and ~0.5%, respectively) (see Figs. 1d and 2b). The pop-
ulation of X9 boundaries was relatively low in as-built and an-
nealed conditions compared to other FCC materials [22-25].

The extensive twinning observed in the LPBF sample is inter-
esting and has not been reported for any LPBF-processed mate-
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rial, not even in alloys with high tendency for twinning such as
copper. Such excessive twinning achieved by GBE usually takes
place during annealing of a previously-deformed steel [10-13]. In
the current study, LPBF has caused in-situ GBE, forming a GB net-
work dominated by ¥3 boundaries, a microstructure that tradi-
tional GBE approaches only accomplished through mechanical de-
formation [11,13]. GBE in low-to-medium SFE FCC materials is tra-
ditionally carried out by repeated strain and annealing treatments.
The corresponding microstructural evolution has been reported in
between the regimes of grain growth, where there is no influence
of stored strain energy, and recrystallisation, which is driven pri-
marily by strain energy gradients [26]. Two commonly-used ther-
momechanical procedures to induce large X3 concentrations in
these materials include: (i) a deformation up to 8% followed by
annealing at temperatures below the recrystallisation temperature
to supress nucleation of new grains but yet enabling reorientation
of GBs towards low energy configurations (mainly X3 boundaries),
and (ii) a multi-cycle straining up to 30% followed by short-time
annealing at relatively high temperatures [26].

Usually, only a small amount of pre-strain is applied to induce a
high concentration of twin (X3) boundaries during GBE, because a
larger deformation energy triggers extensive dynamic recrystallisa-
tion (DRX) limiting twinning. Taking coarse-grained pure copper as
a simple model for FCC alloys, Koo et al. [27] showed that deforma-
tions as low as 2% can reduce the incubation time for grain growth.
Such low-level deformation causes a distortion of the GBs by ex-
trinsic dislocations, activating rapid grain growth of selected GBs.
However, our LPBF material did not experience any external defor-
mation during processing. This implies that the non-uniform dis-
tributions of dislocations manifested as orientation gradients and
residual stresses in LPBF parts provide the required driving force.
A detailed understanding of the mechanisms of dislocation accu-
mulation and strain gradients within LPBF steels is not yet estab-
lished. However, it is speculated that the substantial energy frozen
in the LPBF steel during rapid solidification as well as alternative
compression and tensile loading during LPBF thermal cycles cre-
ate strain within grains, usually manifested as misorientation gra-
dients. This and the heat from melting of succeeding layers acts
as driving force for ¥3 boundary formation. This can be observed
in supplementary Fig. 1 where the topmost layer shows a signifi-
cant lattice curvature. This is rational assuming that the top layer
(the last-printed layer) is melted followed by rapid cooling. The
extremely high cooling rate may partially freeze the solidified mi-
crostructure, avoiding the formation of £3s, while layers that were
printed earlier experience multiple reheating processes which pro-
vides kinetic conditions for £3s formation and migration.

The absence of a GBE dominated microstructure in previous
LPBF studies on the same stainless steel might be due to a differ-
ence in the extrinsic effects such as printing strategy and heat sink
efficiency as well as intrinsic factors such as texture and grain size.
The weak heat dissipation of printed samples provides the driving
force for twins’ migration. Moreover, the meander hatching pattern
with hatch angle of 67° would contribute to texture randomization
and break up of large elongated grains. Both <111> and <110>
textures favour ¥3s as these boundaries can be described as a 60°
or 70.5° around <111> and <110> axes, respectively [28,29]. This
might be the main reason for the absence of X3 boundaries in
previous studies that report a <100> texture [5,15,20,30]. The finer
grain size observed in the current study might be another reason
because there is a tendency for increased twinning with decreasing
grain size [31].

Considering the significant role of the plane character on prop-
erties of GBs, the GB plane distribution was measured in the crys-
tal reference frame for all GBs (Fig. 3). The distributions revealed
an anisotropy with a maximum at the (111) position of ~1.22 and
1.35 MRD for the as-built and annealed conditions, respectively.
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Fig. 1. (a,c) Inverse pole figure (IPF) map along the Z direction and (b,d) GB distribution maps (black, red and blue lines denote random, X3 and X9 boundaries, respectively)
in (a,b) as-built and (c,d) annealed AM 316L SS at different cross sections. The two-dimensional XY, XZ and YZ sections are displayed as the surfaces of a cube to represent

their relative orientations.
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Fig. 2. GB misorientation angle/axis distribution in (a) as-built and (b) annealed AM 316L stainless steel.

This implies that the population of (111) planes was about 22% and
35% higher than a random distribution, respectively. By contrast,
the distribution at (101) and (100) orientations was ~0.9-1.0 MRD
and ~0.7-0.8 MRD, respectively, for both conditions. The dominance
of (111) planes is rational considering these planes are of the high-
est coordination number of any plane and, the lowest energy for
interfaces in FCC polycrystalline materials [32]. These planes are
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also crystallographically favourable as the (110),..//(111)g orienta-
tion relationship during §-ferrite to austenite phase transformation
causes two growing austenite variants to intersect on (111) planes
[33].

A five-parameter GBCD analysis of ¥£3 and X9 (Fig. 4) showed
a relative anisotropy in the plane distribution for both of these
boundaries with a very strong peak of 45 (61) MRD at (111) planes
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Fig. 3. Distribution of the GB planes irrespective of misorientation, expressed in
the crystal lattice frames for (a) as-built and (b) annealed samples. The colour scale
represents MRD.

position for X3 boundaries and a moderate peak of 1.1 (1.2) MRD
on the zone of 90° deviation from the (110) plane for the X9
boundaries in the as-built (annealed) conditions. The plane distri-
bution peak for X3 is of a (111)//(111) symmetric twist character
representing ‘coherent’ twins in FCC materials [23-25]. The plane
distribution peaks for the X9 boundaries show mostly tilt bound-
ary characteristics with a diffuse peak on the (-221)//(-221) sym-
metric tilt boundary.

Generally, annealing twin formation is driven by minimisa-
tion of the total energy of the boundary network and enhancing
GB mobility [34,35]. Twins can nucleate in the vicinity of sub-
boundaries without requiring presence of pre-existing high-angle
boundaries. Based on the preliminary model by Fullman and Fisher
[34], a decrease in the free energy of the GBs is the main driving
force for formation of coherent X3s. This has been recently con-
firmed by showing the minimum energy configuration occurring at
the (111) plane position for £3 boundaries [24,36]. While coherent
Y.3s are favoured by energy considerations, the formation of other
Y. boundaries (e.g. X9) is attributed to geometrical reasons [23].
¥.9s are the consequence of two intersecting X3s, which do not
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share a common rotation axis. The character of X£9 boundaries is
thus dictated by geometrical constraints. These boundaries largely
lie in the tilt region. They, however, do not always concentrate on
a specific plane, as once a particular plane on one side is selected,
the other one is restricted to a fixed plane dictated by the lattice
misorientation [23].

Although a high frequency of boundaries in both microstruc-
tures satisfied Brandon'’s criterion for X3s, a large fraction showed
a curved geometry as opposed to typical straight twin boundaries
in low SFE materials. In other words, only a very small fraction of
%3 boundaries show the parallel-sided appearance characteristic
of coherent twin boundaries formed during recrystallisation. It was
of interest, therefore, to elucidate the degree of coherence of these
boundaries. £3 boundaries were classified into coherent and inco-
herent based on whether they are within +10° deviation from the
ideal (111) plane normal. It was found that only 36% (39%) of X3s
were coherent in the as-built (annealed) condition. This is much
lower than the volume fraction of coherent X3s reported in differ-
ent studies on Cu [37], Ni [25], and austenite in TWIP and duplex
stainless steels [24,33].

The dominance of incoherent X3s, which are generally of high
mobility [38], implies that these boundaries sweep through the mi-
crostructure during AM. In fact, the gradients in stored energy are
enough to drive boundary motion without triggering recrystallisa-
tion. This results in GBE microstructures where the intergranular
pathways in the random boundary network are fragmented and re-
placed by mostly incoherent ¥3s. It is very interesting to see that
the high mobility of incoherent 33 boundaries, usually adopting a
curved geometry, overrides the minimum configuration energy re-
sulting from pure twist (111) coherent boundaries during LPBF. This
is consistent with the formation mechanism of curved incoherent
Y3 boundaries suggested by Randle [38]. The driving force for the
GB migration correlates with its curvature; smaller radii of curva-
ture equates to higher driving forces. Recently, it has been shown
via a 3D EBSD analysis that ¥3s terminating on (111) planes on
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Fig. 4. Austenite-austenite GB character distribution in the (a,d) as-built and (b,e) annealed microstructures at fixed misorientations of (a,b) 60°/[111] and (d,e) 38.9°/[110].
The geometrically characteristic boundaries corresponding to each misorientation is plotted for reference in (c) and (f).
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both sides are flat and show minimum curvature [39]. The maxi-
mum curvature for X3s was observed for boundaries that are 90°
from the (111) twin position, consistent with the general assump-
tion that twin boundaries consist of large parallel (111) coherent
faces connected by perpendicular (step-like) incoherent boundaries
[39].

The similarity of the GB network in the as-built and annealed
conditions show that GBE occurs in-situ during AM. The first rea-
son why LPBF samples go through incoherent ¥£3 boundaries mi-
gration (kinetics effect overriding energy considerations) is because
of the too low strain accumulated during LPBF for triggering DRX.
The second reason may be the relatively high concentration of so-
lute atoms in the LPBF microstructure [4,40] that not only restricts
DRX, but also plays a significant role in the dominance of inco-
herent ¥ 3s. Solutes increase the activation energy for migration of
random boundaries while the migration of CSL boundaries is inde-
pendent of the solute content [41]. These results clearly highlight
the potential for GBE during AM, though further studies on how
the GB network can be changed in a targeted way via tuning the
LPBF parameters are required.

In summary, a GBE-like microstructure was achieved in-situ via
LPBF in a 316L SS. The evolution of microstructure was mostly
dominated by kinetics i.e., the high mobility of incoherent X3
boundaries resulting from the strain and heat induced by thermal
cycling. The GB network also consisted of random high angle, co-
herent ¥£3 and X9 boundaries. Coherent X3s terminated on (111)
pure twist boundaries due to energy and crystallography consid-
erations while £9 boundaries of a tilt character were enforced by
geometrical constraints. These findings provide a path for engineer-
ing the GB network of materials in-situ during AM.
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