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Abstract

Metallic alloys produced by additive manufacturing often host complex and hierarchical microstructures with grains exhibiting
large orientation gradients, along with sub-grain dislocation cells. These multiscale features act in concert to control mechanical
behavior, yet are challenging to characterize at high fidelity over large areas. Here, we quantify the sharpness of electron backscatter
di↵raction patterns obtained from several additively manufactured metallic alloys, to reveal the dislocation cells at the mesoscale
in bulk materials. The sharpness metric used reflects the elastic strain field from dislocations, and exhibits unique advantages,
including being proportional to local dislocation density, insensitive to grain orientation, and inherently correlated with orientation
mapping modality and alike. Our results demonstrate that the cell walls do not always possess appreciable misorientations, and thus
do not always contain large fraction of geometrically necessary dislocations, thereby furthering our understanding of the origin and
implications of the profuse dislocation cells produced during additive manufacturing.
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1. Introduction

Additively manufactured (AM) metallic materials possess
microstructures that span multiple length scales, from columnar
grains that approach 100 micrometers long to equiaxed grains
whose diameters are tens of micrometers [1–3]. Moreover, it
is generally acknowledged that the as-built materials often con-
tain profuse submicrometer dislocation cells, and that they are
the determining structural motifs that govern the strength and
ductility of AM materials [4–8]. Achieving the goal of incor-
porating all salient elements of a multiscale microstructure into
a predictive mechanical model of AM materials requires the
ability to characterize the full and often complex landscape of
the microstructure, e.g. periodicity of the melt pools, nature
of the dislocation cells at high spatial resolution. Furthermore,
dislocation cells often exhibit morphologies that depend on the
parent grain orientation and are related to local misorientations
[4, 5], thereby necessitating both imaging and quantitative mea-
surements.

Transmission electron microscopy (TEM) is the most com-
monly used method to characterize dislocations, and can be in-
tegrated with energy-dispersive spectroscopy (EDS) mapping,
and orientation mapping using transmission Kikuchi di↵raction
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(TKD) or precession electron di↵raction (PED) [4, 9] to de-
velop a correlative understanding of the cell walls with chem-
ical segregation and local misorientation. Other techniques,
such as electron channeling contrast imaging (ECCI) [10] and
imaging of etched surfaces [6] in a scanning electron micro-
scope (SEM) have also been employed, which are able to in-
spect substantially larger areas than TEM-based methods and
thus can provide microstructural statistics that are otherwise
not available. These SEM imaging modalities are often cou-
pled with crystallographic orientation maps obtained by elec-
tron backscatter di↵raction (EBSD), allowing the descriptions
of cells in terms of their sizes, morphology, and misorientation
gradients. However, high resolution definition of the cell struc-
ture, such as is available by TEM, while spanning many grains,
is lacking, leaving certain aspects of the cell structure shrouded
in mystery. For instance, while intuitively the tangled disloca-
tion cell walls may correspond to low angle grain boundaries,
in 316L stainless steel (SS) produced by powder-bed selective
laser melting (SLM), the walls were shown to delineate regions
of distinct orientations [9], yet they were also characterized to
exhibit kernel average misorientation (KAM) values below 1�,
and the walls do not clearly coincide with high KAM lines
[4]. A single characterization technique capable of providing
both crystal orientation and sub-grain defect information that
spans the length scales of additively manufactured materials,
promises to accelerate the materials design and testing cycles.
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Figure 1: (left) EBSD scan maps, here shown as inverse pole figure (IPF) orientation maps, are routinely collected from component-relevant mesoscale (several
mm2) areas where microstructural heterogeneities, prevalent in AM materials, are quantified. (right) The total dislocation content, including both SSDs and GNDs,
are captured collectively using the EBSD pattern sharpness metric. Note that the GNDs alone can be extracted from the same EBSD dataset using methods described
elsewhere [11]. It is note-worthy that dislocation cell contrast in the pattern sharpness map is preserved across grains at di↵erent crystal orientations, i.e. the contrast
is not sensitive to the local di↵raction condition.

Moreover, an approach that gives the total dislocation content,
including both geometrically necessary (GND) and statistically
stored dislocation (SSD) would signify a substantial advance.

In this work, we characterized dislocation cells in AM mi-
crostructures using EBSD methods. Specifically, the sharpness
of the EBSD pattern was employed as a metric to reflect the
extent of dislocations within the volume probed by the electron
beam while scanning the material. Three SLM printed metal-
lic materials were investigated: 316L SS, Inconel 625 Ni-base
superalloy, and SB-CoNi-10 CoNi-base superalloy. The mi-
crostructure of all three as-printed alloys can be broadly de-
scribed as having large grains that contain varying sub-grain
orientation spread. The pattern sharpness metric captures the
thickness of the dislocation cells and maintains contrast across
subgrain regions that vary in misorientation, as well as across
low and high angle grain boundaries. Pattern sharpness com-
bined with other EBSD analysis approaches provides a route
for the scaling of characterization of additive and other dislo-
cation defect structures from the mesoscale to the sub-micron
scale.

2. Methods

SLM printed samples of Inconel 625 Ni-base superalloy, and
SB-CoNi-10 CoNi-base superalloy were obtained from a va-
riety of printers and conditions. The printing parameters for

each of the samples are detailed in [5, 12–15]. All these mate-
rials and print conditions are known to produce dislocation cell
structures.

EBSD characterization was performed on a Versa 3D SEM
(Thermo Fisher Scientific) equipped with a Hikari Plus EBSD
detector (EDAX), and an Apreo S SEM (Thermo Fisher Sci-
entific) equipped with a custom built direct electron detector
(DED, Direct Electron) that has high electron detection sensi-
tivity and was operated at 1024⇥1024 resolution, ensuring high
quality patterns [16]. Raw EBSD patterns were collected for all
detectors and were stored in both the HDF data format and UP2
binary file format.

While the sharpness of a pattern can be qualitatively assessed
from the logarithmic power spectrum, a sharpness metric can be
calculated according to the formulae of Lassen [17], as adopted
in the open-source EBSD simulation and indexing programs
EMsoft and EMSphInx [18, 19], as well as the EBSD data
processing and analysis Python library kikuchipy [20]. The
sharpness of a pattern is defined as the second moment of its
power spectrum (variance of the spherically-averaged distribu-
tion of spatial frequencies). Therefore, sharper Kikuchi bands
have greater high frequency content in the power spectrum with
sharpness values closer to unity. It should be noted that in these
programs where Hough transforms are not used for indexing,
there is no Hough-based image quality (as in the EDAX soft-
ware). Accordingly, the calculated pattern sharpness value is
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Figure 2: (a) and (c) are experimental patterns collected from nearby a dislocation cell wall and far away from a cell wall, but within the same grain. The patterns
were acquired with the DED with an accelerating voltage of 20 kV, 13 nA electron beam current, 55 fps detector acquisition speed, and with a detector resolution of
1024⇥1024 pixels. (b) and (d) are the corresponding logarithmic power spectra of (a) and (c).

given as the image quality parameter. In the present study, the
sharpness metric is generated from EMSphInx.

3. Results and Discussion

Fig. 1 demonstrates a workflow for the collection and anal-
ysis of EBSD data across the length scales that are relevant to
AM materials. At the mesoscale, the overall texture and solid-
ification structure are evident, while at the grain-scale specific
crystallographic orientations and melt pool artifacts are visible.
Pattern sharpness provides a measurement into the sub-grain
scale where individual dislocation cells can be resolved in rela-
tion to sub-grain orientation gradients and low and high angle
grain boundaries. The dislocation cell wall contrast is main-
tained across high angle grain boundaries, a unique advantage
compared to other imaging methods of dislocation structure
that are sensitive to the local di↵raction condition and hence
require a series of specimen tilting and imaging steps to main-
tain/optimize contrast as the crystal orientation being probed
varies.

The quality of the EBSD di↵raction pattern is frequently used
to highlight crystalline defects, including grain boundaries and
a high density of dislocations [21]. Specifically for the latter,
the strain field of a group of dislocations perturbs the local
di↵racting lattice planes, leading to incoherent scattering and
thus degrading the di↵raction pattern. One way to define the
image quality (IQ) of an EBSD pattern, as used in the EDAX
EBSD software, is to calculate the sum of the peak magnitudes
in the Hough transformation of the pattern [22, 23]. In this re-
gard, it is approximately proportional to the intensity (or height)
of the di↵raction bands.

The breadth of the di↵raction signal, the principle that un-
derlies X-ray di↵raction (XRD) peak broadening analysis, has
been quantitatively related to dislocation densities in bulk ma-
terials in work by those such as Ungar et al. [24, 25]. In spec-
imens containing higher dislocation densities, the di↵raction
peak becomes broader and less sharp, regardless of the peak

intensity. Recently, a similar concept was applied to the analy-
sis of EBSD patterns to describe the sharpness of the Kikuchi
band edges [26]. By performing dynamical electron scattering
calculations on a di↵racting volume with varying amounts of
artificially introduced dislocations, the sharpness of the EBSD
pattern was demonstrated to be inversely proportional to dis-
location density across the range of roughly 1014 to 1016 m�2.
The lower limit of this density reflects the value where the mean
spacing of dislocations (⇠100 nm) is approximately equal to the
electron-material interaction depth, and thus is near the single
dislocation limit. Further exploration of the trends in contrast at
lower dislocation densities require more sophisticated dynami-
cal di↵raction simulations.

To directly test this concept, we firstly examined the pat-
tern sharpness of two experimental patterns that are near to and
away from a dislocation cell wall, yet within the same grain in
the SLM 316L SS sample (Fig. 2). Both patterns were subjected
to the same pre-processing, including background subtraction
and histogram equalization. Since the two patterns are from
the same grain, they show qualitatively the same Kikuchi bands
that are not distinguishable by eye. The distinction is more ob-
vious in the corresponding logarithmic power spectra in Fig. 2
(b) and (d). The power spectrum of the second pattern (Fig. 2
(d)) spans a larger area, owing to higher spatial frequency (i.e.
sharper) bands being present in the di↵raction pattern, as indi-
cated by the larger diameter dashed circle as compared with the
power spectrum of the first pattern (Fig. 2 (b)). This result in-
dicates that the pattern collected far away from dislocation cell
wall in Fig. 2 (c) is a sharper pattern than its counterpart in (a),
or equivalently, that the lower sharpness reflects the strain field
of the dislocations.

Using the pattern sharpness metric, a spatially-resolved
sharpness map is generated from an EBSD dataset. A repre-
sentative sub-grain region of deformed 316L SS is first visual-
ized using crystal orientations (Fig. 3(a). Both dislocation cell
structures and low angle boundaries are readily observed in the
pattern sharpness map (Fig. 3(b)); thus, both GNDs and SSDs
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Figure 3: (a) IPF map of a subgrain region from an EBSD dataset collected from a deformed sample of 316L SS. (b) Inverse pattern sharpness map over the
exact region from (a), with bright features reflecting low pattern sharpness and high dislocation density, and dark regions representing high pattern sharpness and
low dislocation density. Sub-grain features such as low angle boundaries and dislocation cells are readily observed. (c) Line profiles of KAM and inverse pattern
sharpness along the two dashed yellow lines in (c). (d, f) Magnified regions of the pattern sharpness map in (b) indicated by red and blue boxes. (e) and (g) are
TSEM images of the FIB cross-section lift-out foils from the red and blue dashed lines in (d) and (f), respectively.

comprising the total dislocation content are reflected in pattern
sharpness. The contrast of the map is inverted for easy visual-
ization, i.e. a white pixel corresponds to low sharpness of the
pattern. A clear benefit of the sharpness metric is the ability to
resolve the dislocation cells in most, if not all, of the subgrain
regions, which is not directly possible by other techniques such
as ECCI without tilting to maintain di↵raction contrast. Fur-
thermore, the cell walls appear to have di↵erent intensity con-
trast in the map. In light of the postulate [26] that EBSD pat-
tern sharpness is correlated to dislocation density in the di↵ract-
ing volume, the varying contrast in the sharpness map could be
suggestive of varying local dislocation density or the extent of
dislocation entanglement, or chemical segregation - as will be
discussed later. To test these concepts, magnified views of two
regions (red and blue boxes in Fig. 3(b)) of the pattern sharp-
ness map are shown in Fig. 3(d) and (f). The region in Fig. 3(d)
shows low angle boundaries and well defined dislocation cells
with high contrast. By comparison, the region in Fig. 3(f)
shows a more uniform background intensity in the vicinity of a
low angle boundary, suggesting a more uniform dislocation mi-
crostructure. To link the pattern sharpness details to the under-
lying sub-surface dislocation structure, two foils were extracted
by focused ion beam (FIB) cross-section lift-out from the two
regions (Fig. 3(e) and (f)). The foils were imaged using the

transmission mode in SEM (TSEM) [27]. Indeed, direct com-
parison of the dislocation structure immediately subsurface of
the specimen proves that the high contrast region in the sharp-
ness map corresponds to more organized dislocation cell walls
with minimal intra-cellecular dislocation content (Fig. 3(e)), so
there is a clearer distinction between volumes of high and low
dislocation density. In contrast, the low contrast region with
an overall increased background intensity in the sharpness map
corresponds to more di↵use cell walls (Fig. 3(f)), where the
less tangled dislocations spread into cell interiors. Additionally,
the thin foil in Fig. 3(f) is separated into two regions of dis-
tinct di↵raction conditions by a low angle boundary, and such
a boundary appears as a thicker white line that crosses the blue
dashed line in the sharpness map, indicating high dislocation
density in the boundary compared with other cell walls. These
results indicate that pattern sharpness is inherently linked to the
total dislocation content and can reveal the fine details of de-
fected microstructures arising from both solidification and de-
formation of additively manufactured materials.

Since both the pattern sharpness and indexed orientation data
modalities are based on the same EBSD scan dataset, the maps
are naturally correlated without the need of imaging distortion
correction or feature tracking, as is necessary when correlat-
ing secondary or backscatter electron images with EBSD maps
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[28]. Therefore, quantitative information about the dislocation
cells can be readily obtained, e.g. when correlating pattern
sharpness and KAM profiles as in Fig. 3(d). Acknowledging
that low pattern sharpness is related to high dislocation density,
the peaks in the profile of inverse pattern sharpness correspond
to cell walls, then an average cell size is obtained, as 856±296
nm along profile 1 and 852±336 nm along profile 2. The val-
ues are comparable to those obtained from direct imaging (e.g.
TSEM images in Fig. 3(e, g)). Comparison of the peaks in the
KAM and inverse pattern sharpness profiles shows that most
cell walls possess a misorientation smaller than 0.3� over a dis-
tance of 24 µm. Similar observations have also been obtained
in a single grain contained in a TEM thin foil of SLM 316L SS
[4], where the misorientation at cell walls was approximately
0.5� to 1�.

The pattern sharpness analysis is further applied to scan
datasets from other polycrystalline AM materials. In Fig. 4,
the microstructure maps of the three printed alloys are pre-
sented using di↵erent parameters. Pattern sharpness maps are
evidently advantageous over the Hough IQ maps in revealing
the dislocation cell structures in all the grains. This is primar-
ily because the Hough IQ is a↵ected by the brightness of the
di↵raction pattern that is also dependent on crystal orientation.
As highlighted in Fig. 4, the grains G1, G2 and G3 are overall
brighter in the Hough IQ map, thereby obscuring any disloca-
tion cells within them. In contrast, pattern sharpness is obtained
from the broadening of the Kikuchi bands (calculated from the
power spectrum), reflecting features in the frequency domain,
not the di↵raction intensity. Simply speaking, pattern sharpness
is an orientation-insensitive imaging metric that directly identi-
fies crystalline defects, with an added simplicity for multi-grain
imaging compared with ECCI.

Examination of the KAM and pattern sharpness maps reveals
distinct features of the cell walls in the three printed alloys.
Consistent with the observations in Fig. 3, the KAM map of
SLM 316L SS does not clearly delineate any boundaries, de-
spite the profuse dislocation cells as shown by the sharpness
map. These cell walls, thus, are not boundaries that accom-
modate di↵erent crystal orientations. In contrast, for the SLM
superalloys, Inconel 625 and SB-CoNi-10, the KAM maps con-
tain clear boundaries, and they all coincide with the cell walls.
Therefore, conclusions can be drawn regarding the nature of
the dislocation cells, at least for these three printed alloys here,
that the cell walls in 316L SS contain largely statistically stored
dislocations (SSD) that do not possess a noticeable net misori-
entation, whereas the cell walls in the two superalloys contain
largely geometrically necessary dislocations (GND).

The di↵erent natures of the dislocation cells in di↵erent ma-
terials, and presumably at di↵erent printing conditions, shed
light on the origin of the profusely observed dislocation cells
and their e↵ect on the mechanical properties. While dedicated
studies are necessary to obtain a deeper understanding, the fol-
lowing hypotheses are put forward. Regarding the formation
of dislocation cells during AM, several origins have been sug-
gested in literature, including the merging of dendrites at dif-
ferent orientations, thermoelastic distortion (including shrink-
age) stresses by the solidified material surrounding the melt

pool, repeated thermal cycling of the printed volume, and in-
ternal stresses due to solute segregation and particles [9, 29–
31]. These processes are expected to produce di↵erent types
of dislocations. For instance, the merging of dendrites may
create GND walls, and thermal cycling involves forward and
backward dislocation motion and therefore may form disloca-
tion cells akin to those after cyclic loading. An et al. [32] re-
vealed that the cell walls in a TRIP steel after cyclic loading
are composed of dislocation dipoles that overall do not have an
appreciable misorientation. In this regard, the low KAM values
of the cell walls in SLM 316 SS shown here seem to imply that
these cells are formed by the entanglement of gliding disloca-
tions driven by cyclic thermal stresses.

The nature of the cell walls, being primarily SSDs or GNDs,
suggests that appropriate theoretical models should be chosen
when evaluating their e↵ect on mechanical properties. Firstly,
the measurement of dislocation density would be a↵ected by the
di↵erent types of dislocation cells. The cells in SLM 316L SS
that do not possess appreciable misorientation gradients would
not be captured by GND calculations, which was demonstrated
by the measurements in [5] that GND only accounts for about
half of the total dislocation density in the same material. This
leads to a question of how potent dislocation cells are as dis-
location slip obstacles. Whereas SLM 316L SS possesses the
attractive properties of having favorable ductility and enhanced
hardening in the as-printed state than its counterpart produced
by conventional methods [4, 5], SLM Inconel 718 was shown to
have lower yield stress than the wrought counterpart in the stan-
dard heat treatment condition [31]. Detailed characterization of
the profuse dislocation cells may be an avenue for elucidating
their contribution in strengthening and hardening.

Another factor to be considered in future pattern sharpness
analysis on AM materials is the impact of solute segregation,
which is observed at the cell walls in materials such at 316L
[8], and could amplify or reduce the strain field and therefore
the pattern sharpness. Likely, deconvolution of the strain contri-
bution of dislocations (of various types) and segregated solute
atoms would require multi-physics simulations, presumably in-
cluding Scheil analysis for the amount of segregated atoms,
phase field simulation for their spatial distribution [33], solute-
dislocation interaction models to obtain the net strain field [34],
and dynamical EBSD simulations to evaluation the e↵ect on the
di↵raction patterns.

4. Conclusions

In summary, the EBSD pattern sharpness metric is e↵ective
in revealing ensembles of dislocations, such as dislocation cells
generated from AM in the present study, and more generally
in complex deformed microstructures in bulk specimens. This
metric is especially advantageous for characterizing the spatial
arrangement of dislocations cells and variation of dislocation
density across regions of di↵erent orientations. Since the un-
derlying di↵raction information used to compute pattern sharp-
ness is generated along with other modalities from the same
EBSD dataset, this approach could play an important role in es-
tablishing correlative, statistical and even quantitative descrip-
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Figure 4: EBSD orientation-based maps (IPF and KAM maps), and EBSD pattern-based maps (Hough image quality and pattern sharpness maps) of (a) SLM 316L
SS deformed in tension to 1%, (b) SLM Inconel 625 and (c) SLM SB-CoNi-10 alloys. The Hough IQ and pattern sharpness maps are inverted, with the dark pixel
intensity representing high IQ and high sharpness values. The data were acquired on Hikari Plus EBSD detector, using an accelerating voltage of 30 kV, beam
current 5.53nA, and scan step size 20 nm.

tions (with the aid of dislocation-sensitive dynamical electron
di↵raction simulations) of dislocation structures. Practically,
pattern sharpness as obtained using standard EBSD equipment
and widely available software could pave the path for full-field
defect characterization at the mesoscale. Advanced detectors
o↵ering high electron detection sensitivity could further unlock
additional details of the dislocation attributes [16, 35], and rep-
resents an interesting area for future research.
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