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a b s t r a c t 

In this experiment, the origin of dislocation structures in AM stainless steels was systematically investi- 

gated by controlling the effect of thermal stress through geometric constraints for the first time. Stainless 

steel 316L parts were produced in the form of “1D” rods, “2D” walls, and "3D" rectangular prisms to eval- 

uate the effect of constraints to thermal expansion/shrinkage on the development of defect microstruc- 

tures and to elucidate the origin of additively manufactured (AM) dislocation microstructures. Dislocation 

density, organization, chemical micro-segregation, precipitate structures, and misorientations were ana- 

lyzed as a function of increasing constraints around solidifying material in 1D, 2D, and 3D components 

built using both directed energy deposition (DED) and powder-bed selective laser melting (SLM). In DED 

parts, the dislocation density was not dependent on local misorientations or micro-segregation patterns, 

but evolved from approximately ρ⊥ = 10 12 m 

−2 in 1D parts to ρ⊥ = 10 14 m 

−2 in 3D parts, indicating that 

it is primarily thermal distortions that produce AM dislocation structures. In DED 3D parts and SLM parts, 

dislocation densities were highest ( ρ⊥ ≈ 10 14 m 

-2 ) and corresponded to the formation of dislocation cells 

approximately 300-450 nm in diameter. Dislocation cells overlapped with dendrite micro-segregation in 

some but not all cases. The results illustrate that dendritic micro-segregation, precipitates, or local misori- 

entations influence how the dislocations organize during processing, but are not responsible for producing 

the organized cell structures. This work shows that AM dislocation structures originate due to thermal 

distortions during printing, which are primarily dictated by constraints surrounding the melt pool and 

thermal cycling. 

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

Metal additive manufacturing (AM) allows for greater design

reedom than conventional fabrication methods [1–3] . In addition,

M fabrication of stainless steel (SS) 316L has been shown to pro-

uce material with a combination of both high strength and duc-

ility that is not typically observed in conventionally-processed SS

16L [4–6] . The improved mechanical properties have been at-

ributed to grain boundary strengthening [7] or, more frequently,

o dislocation cell structures with solute micro-segregation that de-

elop in AM metals [ 6 , 8 ]. Elucidating the mechanism of formation

f these dislocation structures can enable better control over the

icrostructure of AM metals and alloys for property optimization.

everal potential mechanisms for the formation of these AM dis-
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ocation structures have been proposed [ 4 , 9 ] and are briefly de-

cribed below. 

In the first proposed mechanism, constitutional stresses arising

ue to solute enrichment that develops in inter-dendritic regions

uring directional solidification induce distortions that are accom-

odated by dislocations [ 8 , 10 ]. The magnitude of the constitu-

ional stresses is dependent on the magnitude of micro-segregation

nd the segregating species. Dislocation densities in AM steels

ave been estimated to be approximately 10 13 –10 14 m 

-2 [ 4 , 7 , 11-

3 ]. These dislocation densities are orders of magnitude higher

han the densities induced by the constitutional stresses accom-

anying the micro-segregation developed during directional solid-

fication of e.g. Cu (on the order of 10 11 m 

-2 ) [11] . This suggests

hat the micro-segregation in AM cell walls may be insufficient to

enerate all of the observed dislocations. 

In another proposed mechanism, the fine, distributed precipi-

ates that are typically present along the enriched inter-dendritic

egions are proposed to introduce coherency strains and misfit

https://doi.org/10.1016/j.actamat.2020.07.063
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.07.063&domain=pdf
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Table 1 

Chemical compositions of SLM and DED parts in wt%. 

Cr Ni Mn Si C Cu N O 

SLM 18.39 13.94 1.47 0.3 0.004 0.0022 0.065 0.043 

DED 18.06 13.79 1.58 0.32 0.005 0.0095 0.072 0.037 
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dislocations [14] . The formation of these dislocations has been

proposed to contribute to the observed dislocation densities, and

to act as a network of barriers to subsequent dislocation motion

thereby dictating the overall dislocation structure. 

Yet another proposed mechanism claims that misorientations

between dendrites are accommodated by interfacial, “geometrically

necessary” dislocations (GNDs), which lock in the dislocation struc-

ture spacing to that of the dendrites [ 5 , 15 ]. Boundaries made up of

these GNDs, or geometrically necessary boundaries (GNBs), are de-

tectable using orientation analysis and would be expected to act

as obstacles to subsequent mobile dislocations. In this mechanism,

dislocation networks are suggested to originate during solidifica-

tion due to constitutional stresses, precipitate networks, or inter-

dendritic misorientations, which sets up a framework for any dis-

locations formed after solidification to organize around. 

In a fourth mechanism, it has been suggested that thermal ex-

pansion and contraction after solidification and during rapid, lo-

cal heating and cooling cycles introduces significant plastic strain

[ 11 , 16–18 ]. In this case, contrary to the first three mechanisms, dis-

locations nucleate due to thermal distortions after solidification,

and subsequently interact with dendrite micro-segregation pat-

terns, precipitate networks, or interdendritic misorientation net-

works. The majority of proposed mechanisms in the literature as-

sume that some amount of the dislocation content is produced by

thermal distortions, but propose different mechanics for the nucle-

ation of the initial dislocations and for the alignment/organization

of structures as they evolve. 

A final proposed mechanism suggests that the dislocation cells

form first due to thermal stresses, and chemical micro-segregation

occurs to dislocation walls later [18] . However, this theory that

segregation occurs after dislocation cell formation does not address

the alignment of micro-segregation patterns with dendrites (along

{001} planes in cubic materials) [19] . The dendritic nature of the

cell networks suggests the chemical micro-segregation occurs dur-

ing solidification instead of after. 

Despite extensive observation of AM SS 316L dislocation struc-

tures in the literature, the majority of experiments are designed

to evaluate the effects of these structures on material response,

such that many questions remain regarding the origin of these

structures. In this study, we implement a novel experimental ap-

proach to test the validity of the postulated mechanisms by sepa-

rating thermal stress effects from solidification effects on disloca-

tion structure development. 

The freedom afforded by AM allows for the reduction of geo-

metrical constraints surrounding solidifying material. Printing with

directed energy deposition (DED) allowed for the creation of “1D”

rods by moving the print head continuously upwards in the build

direction. In these "1D" parts, the only physical constraint present

to resist thermal contraction of material after solidification existed

at the bottom of the rod, with the remainder of the material free to

shrink upon cooling in any direction. In “2D” walls, the solidifying

material was constrained by existing solid material from both the

bottom of the melt pool and in the scanning direction behind the

melt pool, but not in the through-thickness dimension of the wall.

In "3D" parts, the solidifying material became constrained in the

build direction, opposite the scanning direction, and additionally

in the through-thickness direction since the melt pool penetrated

previous layers and adjacent hatches. 

A similar part design was adopted using powder-bed selective

laser melting (SLM), where a bed of metal powder is swept over

the build plate to build up each layer, to investigate the general-

ity of results obtained for DED. In SLM, the geometric constraints

could not be eliminated as completely as in DED since the pro-

cess is necessarily discontinuous. However, reducing the amount

of surrounding material to create quasi-1D and -2D parts allowed
 s  
or analysis of the effect of increasing constraints in a qualitative

anner in SLM parts for comparison to DED. 

The systematic elimination of geometric constraints allowed for

ystematic manipulation of the thermal stresses in a new way.,

hich was critical to definitively identify the driving force for AM

islocation structure formation. 

. Experimental Procedure 

.1. Printing 

.1.1. Directed energy deposition 

An Optomec Laser Engineered Net Shaping (LENS) MR-7 unit

as used to fabricate DED parts, with SS 316L powder (45–

50 μm) supplied by Carpenter®. The scanning strategies utilized

or the different geometries are shown in Fig. 1 . 

Laser scanning directions are indicated by arrows. Build direc-

ion is vertical. 

1D rods were built by continuously moving the print head di-

ectly upwards in the build direction after turning on the laser.

aterial was added continuously under the 600 μm laser spot un-

il a rod 25 mm tall was built. Parameters included a laser power

00 W and a vertical print head velocity of 1.5 mm/s. 

The 2D walls were built semi-continuously such that each layer

onsisted of a single track with a snake scan strategy to move be-

ween layers, e.g. each new track began where the previous track

nded, as shown in Fig. 1 . Walls were 25 mm wide x 25 mm

all, with print parameters of laser power 400 W, laser scan speed

.5 mm/s, and layer spacing 0.254 mm. Different laser powers and

can speeds than used for the 1D rod were necessary, since the

aser power and speed that allowed for continuous building of 2D

alls did not successfully create 1D rods and vice versa. 1D rods

nd 2D walls were printed onto standard 316L base plates. 

The 3D rectangular prism geometry was 50 mm long x 10 mm

ide x 3 mm tall, with a hatch spacing of 0.35 mm and a snake

can strategy between passes within the same layer, as indicated in

ig. 1 . A contour deposit was made to outline each new layer, and

ach layer was rotated 90 ° relative to the previous layer scan di-

ection. Laser power 275 W, scan speed 8.5 mm/s, and layer thick-

ess 0.254 mm were used for 3D components. The 3D prism was

rinted onto a 316L base plate that had been cold-rolled to 80%

hickness reduction and solution-annealed in an Ar atmosphere at

050 °C for one hour prior to deposition to remove preexisting de-

ect structures. 

Chemical analysis was used to analyze the printed material

omposition in the 3D parts, as shown in Table 1 . 

.1.2. Selective laser melting 

SLM parts were manufactured in an EOS M290 laser powder-

ed fusion unit using SS 316L powder (15-45 μm) provided by

OS®. The powder-bed SLM process required SLM 1D rods to be

uilt layer-by-layer (instead of continuously), with each layer rep-

esented by a single “point”. Since the EOS printing software slices

arts into representative triangles, each “point” layer consisted of a

riangle with sides 100 μm. The triangles were approximately the

ame size as the laser beam diameter (nominally 80 μm), such

hat each triangle ended up as a single point during the depo-

ition. Thus, the print speed effectively dictated the laser dwell
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Fig. 1. Schematic illustrating laser scan strategy and geometry for DED 1D, 2D, and 3D parts. Laser scanning directions are indicated by arrows. Build direction is vertical. 
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ime for each layer of the 1D rods. 1D rods were built 13 mm tall,

ith 100 W laser power, 775 mm/s scan speed, and layer thick-

ess of 0.02 mm. Additionally, a support structure 5 mm tall was

eposited between the build plate and the SLM rods (as well as

ther SLM parts) for easier removal. 

SLM 2D walls were built with laser power 100 W, scan speed

75 mm/s, and layer thickness 0.02 mm. Walls typically exhibited

arge distortions due to residual stresses, particularly near the ends

f the walls, and frequently did not build completely up to the

esired height. The wall selected for dislocation structure analysis

as built up to the desired 13 mm height. The area selected for

ransmission electron microscopy (TEM) foil extraction was in the

iddle of the wall, away from the obvious distortions. 

SLM 3D prisms 3 mm tall were built using standard print

arameters recommended by EOS for SS 316L, with laser power

95 W, scan speed 1083 mm/s, and layer thickness 0.02 mm. The

can strategy was the same as that used with the DED parts, but

ith hatch spacing of 0.09 mm and a necessarily larger number of

ayers to build up an equivalent amount of material. 

Chemical analysis of SLM and DED 3D parts revealed similar

ulk compositions across the two methods, with no compositional

ifferences greater than 0.3 wt%, as shown in Table 1 . 

.2. Preparation and microscopy 

Specimens were removed from build plates using a low speed

aw or manually, except for one DED 3D prism. This DED 3D prism

as left on the build plate and sectioned perpendicular to the long

xis for analysis of the microstructure across the base plate inter-

ace. This allowed for direct comparison of melted/resolidified re-

ions with unmelted regions that experienced identical local ther-

al and strain histories in the DED 3D material. Specimens (in-

luding the sectioned base plate specimen) were mounted in epoxy

nd mechanically polished down to a 0.05 μm grit silica solution,

hen electrolytically etched with 0.05 M oxalic acid solution at ap-

roximately 6 V for 60 s each, such that any mechanical damage

ayer was effectively removed. Analysis of the dendrite structures

evealed by etching was performed in either a Zeiss LEO 1530

emini field emission scanning electron microscope (SEM) oper-

ted at 5 kV or a FEI Helios G4 plasma focused ion beam (PFIB)

Xe with an Elstar TM SEM column operated at 5 kV. 

Thin foils for transmission electron microscopy (TEM) analy-

is were extracted using FIB machining in the FEI Helios PFIB

nd a Zeiss Auriga model Ga FIB. Foils were extracted across pri-

ary dendrite arms. A protective Pt layer was applied during the

IB machining process to preserve surface topography created by

tching; the Pt layer was edited out of images for clarity. Sec-

ndary dendrite arm spacing (SDAS) and cooling rates were mea-

ured near the locations selected for TEM analysis. For the DED 3D

art, a specimen was extracted that extended across primary den-
rite arms in the deposited AM material and across the interface

ith the annealed base plate. Additional TEM specimens were ex-

racted from DED and SLM 3D parts by mechanically grinding parts

nto foils less than 200 μm thick, then punching out 3 mm TEM

isks. Disks were polished to electron transparency using a Struers

enupol Twin-Jet polisher with A2 solution at -20 °C and 12 V for

pproximately 15 min. 

Scanning TEM (S/TEM) analysis of the defect microstructures

as performed in an FEI Tecnai TF-30 S/TEM operated at 300 kV

nd in an FEI Titan 80–200 aberration-corrected TEM operated at

00 kV. Bright field (BF) imaging was performed using the diffrac-

ion contrast STEM technique with a [011] zone-axis beam direc-

ion unless otherwise noted. Specimens with multiple grains were

maged with each grain at a [011] zone axis condition at differ-

nt tilt angles, and montages were stitched together such that

he physical appearance of the grain boundaries was maintained.

rientation mapping of the foils was performed using transmis-

ion electron backscatter diffraction (t-EBSD) in the Helios PFIB

quipped with an Hikari camera, with step sizes approximately

0 nm and operating voltage 25–30 kV. Orientation analysis was

erformed utilizing the MTEX software package [20] and MATLAB

unctions. 

Energy dispersive spectroscopy (EDS) analysis was performed

cross dislocation structures in DED specimens in the Titan S/TEM

sing a 128 eV-resolution detector. The purpose of EDS map-

ing was to confirm that interdendritic micro-segregation was

resent in the DED material and that the spacing of the micro-

egregation observed in TEM specimen microstructures corre-

ponded to the dendrite spacing observed on surfaces after etch-

ng. In SLM SS 316L material, micro-segregation has previously

een shown to overlap with both primary dendrite arms observed

n etched/polished surfaces as well as with internal dislocation

ell structures [ 5 , 6 , 10 , 18 ]. In this study, dendrites were observed

n etched surfaces with the same spacing as dislocation structures.

his was considered sufficient to confirm the presence of interden-

ritic micro-segregation at dislocation cell walls in SLM specimens,

nd it was not considered necessary to perform EDS mapping for

LM materials. 

. Results 

.1. Dendrite arm spacing and cooling rates 

Primary and secondary dendrite arms were observed in all

pecimens upon etching. The dendrite structures are shown in the

EM images of Fig. 2 , with the locations from which cross-sectional

EM specimens were extracted via FIB indicated by black rectan-

les. 

When etched, SS 316L material with interdendritic micro-

egregation forms protrusions at the interdendritic regions be-
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Fig. 2. SEM of microstructures for a-f, DED specimens, and g-l, SLM specimens. Boxes indicate FIB liftout locations; build direction is vertical. FIB extraction was not used to 

prepare TEM specimens in SLM 3D material. 

Table 2 

Primary dendrite arm spacing (PDAS) measured for TEM lamellae extracted via FIB machining for dislocation structure 

analysis. 

DED SLM 

1D 2D 3D 1D 2D 3D 

PDAS [ μm] 6.5 +/-0.1 5.8 +/-0.8 Base: 1.9 +/-0.3 

Center: 2.2 +/-0.3 

0.27 +/-0.04 0.39 +/-0.1 0.46 +/-0.1 
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tween primary dendrite arms due to the different local chem-

istry. In this study, dendrite arms are enriched in Cr, Mn, and Mo,

and somewhat depleted in Fe, indicating enhanced resistance of

the interdendritic regions to chemical etching relative to the ma-

trix [ 18 , 21 ]. These interdendritic regions are typically referred to

as dendrite arms, even though the primary dendrite is actually

the region between these protrusions. FIB milling of etched sur-

faces confirmed that dendrite arms corresponded to surface pro-

trusions in this study. Subsequently, surface protrusions observed

in TEM specimens extracted via FIB are said to indicate the loca-

tion of dendrite arms in the current work. The average primary

dendrite arm spacing (PDAS) for each specimen geometry is shown

in Table 2 . 

SDAS was measured from SEM images for each specimen. These

measurements allowed for calculation of the cooling rate via the

following relationship: 

λ2 = B ˙ ε −n (1)

where λ2 is the SDAS in μm, ˙ ε is the cooling rate in K/s, and the

constants B = 25 and n = 0.28 for SS 316L [22–24] . For each spec-

imen, measurements were taken from at least five different ar-

eas of the specimen, and each measurement consisted of an av-

erage spacing between at least seven consecutive secondary den-

drite arms. Cooling rates calculated from SDAS measurements var-

ied over several orders of magnitude across the different materials

and geometries, as shown in Table 3 . Note that the SDAS listed in
able 3 is different than the PDAS listed in Table 2 and illustrated

n Fig. 2 . 

Cooling rates for DED 1D rods and 2D walls were calculated

rom SDAS measurements taken within 0.5–1 mm of the base

late, near the sites of extraction of TEM lamellae. These locations

ere selected for analysis in order to compare the microstructures

hat formed in regions with cooling rates that were as close as

ossible to those observed in the 3D DED parts. For the DED 3D

arts, microstructural analysis of dislocation structures was per-

ormed both near the base plate and at the center of the part, so

ooling rates for both locations are given in Table 3 . In SLM parts,

easurements were taken approximately 7–10 mm from the base

late (2–5 mm from the end of the support structures). 

In the following, the results for each specimen are presented

n order of dislocation density and structures first, followed by

he correlation of dislocation structures with dendrite micro-

egregation profiles, precipitate structures, and lastly local misori-

ntations. 

.2. DED microstructures 

.2.1. DED 1D 

TEM specimens for DED 1D rods were extracted across primary

endrites approximately 450 μm from the bottom of the rod, as

hown in Fig. 2 a and b. The dislocation structure of the 1D rod

aterial is shown in the bright-field diffraction-contrast STEM im-

ge Fig. 3 a. Multiple grains were captured in the foil, as indicated
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Table 3 

Cooling rates [K/s] measured from SDAS for regions analyzed with TEM. 

DED SLM 

1D 2D 3D 1D 2D 3D 

SDAS [ μm] 2.9 +/-0.4 3.0 +/-0.1 Base: 1.0 +/-0.2 

Center: 1.1 +/-0.1 

0.24 +/-0.04 0.23 +/-0.04 0.26 +/-0.04 

Cooling rate [K/s] 3 x 10 3 2 x 10 3 Base: 1 x 10 5 

Center: 7 x 10 4 
2 x 10 7 2 x 10 7 1 x 10 7 

Fig. 3. a. Bright-field zone-axis STEM of defect structures in DED 1D rod. Surface 

protrusions due to etching of regions with interdendritic micro-segregation are la- 

beled PD and indicated by arrows. Ferrite inclusions, oxide precipitates, and dislo- 

cations indicated by “F”, “P”, and “D”, respectively. Different grains labeled 1, 2, and 

3. b. t-EBSD misorientation map of the grains shown in a. Color online. 
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y the sharp background contrast changes across grain boundaries;

rains are labeled 1–3 for clarity. Dislocations were sparse and typ-

cally isolated in the 1D rod structures, for example near the ar-

owhead labeled “D” in Fig. 3 , with no organization into cell struc-

ures. 

Line-intercept analysis of the dislocation density [25] suggested

 density on the order of 2 x 10 12 m 

-2 for a foil thickness of ap-

roximately 200 nm (measured via edge-on SEM imaging). This

ethod is subject to inaccuracies due to projection effects, loss of

islocations during sample preparation, and inaccuracies in mea-

uring foil thickness [26] , such that we consider these measure-

ents to have an error range of within an order of magnitude.

islocation densities are tabulated in Table 4 . 
Surface protrusions corresponding to primary dendrite arms are

abeled PD and indicated by arrows in Fig. 3 a. The dendrites are

een in the SEM image of Fig. 2 b. EDS analysis was performed

long a line perpendicular to the primary dendrite arms direction

o define the interdendritic micro-segregation profiles. EDS line

can analysis for the 1D rod microstructure is shown in Fig. 4 . 

Fe content changed up to 5 wt% across dendrite arms, while Cr

ontent varied up to 4 wt%. Depressions in the Fe profile corre-

pond to local peaks in the Cr profile, occurring at approximately

 μm intervals. Enrichment of both Mn (from 1 wt% to 2 wt%)

nd Mo (1–3 wt%) was observed at the same locations as Cr en-

ichment (not shown for clarity). The spacing of micro-segregation

eaks corresponds with the average 6.5 μm spacing measured for

he primary dendrite arms ( Table 2 ), which are indicated by the

rrows labeled “PD” in Fig. 4 , as expected. Most importantly, the

icro-segregation profiles were observed to be regular within the

icrostructure and did not correlate to any dislocation structures.

his demonstrates that the presence of dendrites and chemical in-

omogeneity does not necessarily produce dislocations. 

Precipitate structures were also analyzed as a potential source

f dislocations. Precipitates consisted of either ferrite or oxide pre-

ipitates, as indicated by the labels F and P, respectively, in Fig. 3 .

errite inclusions, identified through t-EBSD crystallographic anal-

sis, typically exhibited irregular morphologies and occurred at

rain boundaries (although they were not limited to grain bound-

ries), and were 500 nm in diameter on average. Oxide precipi-

ates, identified via EDS mapping, were typically Si oxides with Cr

nd Mn enrichment, exhibited regular spherical morphologies, and

ere 250 nm in diameter on average. Oxide precipitates were dis-

ributed throughout the matrix, and although some were observed

ear dislocations, there was no evident correlation between the

resence of dislocations and precipitate formation. 

Orientation image mapping via t-EBSD was used to evaluate

hether misorientations inherently exist between most dendrites,

nd if so, whether these can be linked to dislocation structures. A

isorientation map is shown in Fig. 3 b for the same area shown

n Fig. 3 a. In the map, points are colorized according to the relative

isorientation of that point with respect to the mean orientation

f the grain to which it belongs. Grain boundaries are indicated

y thick black lines. Points with a confidence index less than 0.01

ere excluded from the analysis and are shown in white as is the

ackground. Ferrite inclusions were removed from the analysis and

re shown in white as well, for example as labeled F in Fig. 3 b. 

Misorientations did not correspond with dendrite structures, in-

tead being distributed throughout the material and concentrated

ear grain boundaries. Dislocations appeared frequently to be SSDs

ithout notable local misorientation fluctuations, indicating that

nterdendritic misorientations were not essential to formation of

islocation structures in the 1D DED material. Despite the low dis-

ocation density in the 1D rods, misorientations up to 3 were ob-

erved across grains, with the highest local fluctuations near grain

oundaries, as shown in the bottom two grains in Fig. 3 b. The

op grain in Fig. 3 b exhibited higher misorientations, but the mea-

urement in the uppermost grain was affected by a much lower

oil thickness observed near the top of the foil due to FIB milling.

ithin the two lower grains, orientation changes were not ob-
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Table 4 

Dislocation densities [m 

-2 ] measured using the line-intercept technique and average 

dislocation cell size. 

DED SLM 

1D 2D 3D 1D 2D 3D 

ρ [m 

-2 ] 2 x 10 12 3 x 10 13 1 x 10 14 3 x 10 14 3 x 10 14 4 x 10 14 

d [nm] - - 370 280 400 470 

Fig. 4. a. HAADF-STEM of DED 1D rod material, b. EDS data collected from left to right along the line indicated in a. Surface features corresponding to interdendritic 

micro-segregation labeled PD and indicated by arrows. Color online. 
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served to occur periodically or correspond to dendrites, indicating

that misorientations are not inherent to dendrite structures in the

AM material, and that the dislocations present were not inherently

tied to any misorientations between dendrites. 

3.2.2. DED 2D 

The defect microstructure in DED 2D walls exhibited disloca-

tion density an order of magnitude higher than in 1D rods at ap-

proximately 3 x 10 13 m 

-2 , as shown in Fig. 5 a. The higher dislo-

cation density coincided with an increased interaction of disloca-

tions, such that they formed pileups at some grain boundaries and

dislocation tangles but had not begun to organize into the disloca-

tion walls typical of higher dislocation densities [27] . As in Fig. 3 ,

multiple grains were captured in the extracted region, and are la-

beled 1–3 in Fig. 5 a for clarity. 

Primary dendrites were observed corresponding to surface pro-

trusions as indicated by arrows labeled “PD” in Fig. 5 a. The PDAS

measured at the surface are approximately 6 μm, consistent with

the data in Table 2 . Most importantly, the PDAS did not coincide
ith any change in the dislocation density or arrangement, which

tayed approximately constant over the measured regions. 

EDS analysis was performed along a line perpendicular to the

irection of the primary dendrite arms as indicated in Fig. 6 . Fe

nd Cr content fluctuated approximately 5 wt% and 3 wt%, respec-

ively, which is of similar magnitude to that observed in 1D ma-

erial. Note that micro-segregation occurred over a slightly larger

ength scale, approximately 9 μm, in the region scanned than the

cale of PDAS (average 6 μm) ( Table 2 ). This is attributed to the

roximity of a grain boundary to the line scan, which would af-

ect micro-segregation of diffusing species by acting as a sink dur-

ng cooling after solidification. These observations confirm that a

hemically inhomogeneous structure was present with a repeat-

ng length scale that was not mirrored in the dislocation structure,

hich was not periodic or in cells. 

Precipitate and ferrite particle structures, labeled P and F re-

pectively in Fig. 5 a, were confirmed to have similar composition,

ize, and distributions as those observed in 1D DED material. In 2D

alls, dense tangles of dislocations were observed in the immedi-
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Fig. 5. a. Bright-field zone-axis STEM of microstructures in the DED 2D wall, b. t- 

EBSD misorientation map of the region shown in a. PD indicates protrusions on 

the etched surface due to interdendritic micro-segregation, D dislocations, F ferrite 

inclusions, and P oxide precipitates. Color online. 
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Fig. 6. a. HAADF-STEM image of DED 2D microstructure, b. EDS line scan analysis 

of micro-segregation profiles, taken from left to right along line indicated in a. Sur- 

face protrusion due to etching of interdenritic micro-segregation labeled PD. Color 

online. 
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tely vicinity of most particles (within approximately 100 nm) than

n the matrix, for example as shown in Fig. 7 near the precipitates

abeled P. However, dislocation pileups, walls, or bands were not

bserved around the particle structures, such that it remains un-

lear whether precipitates or dislocations were formed first during

icrostructural development. 

As shown in the orientation map Fig. 5 b, intragranular misori-

ntations were limited to less than approximately 3 over a simi-

ar area as analyzed in the 1D specimen. Local orientation devia-

ions were not associated with dendrites and were not observed

cross every dislocation wall or tangle, and locally higher disloca-

ion densities (for example near grain boundaries) were not nec-

ssarily associated with misorientations, again indicating that the

islocations were not a product of accommodating differently ori-

nted dendrites. 

.2.3. DED 3D 

The DED 3D microstructure was observed directly across the in-

erface with the base plate to compare the deposited, directionally

olidified microstructure with that of the pre-annealed base plate,

s shown in Fig. 2 . The base plate (below the melt pool boundary)

xperienced nearly the same local thermal and stress-strain his-
ory as the adjacent deposit but was not melted and re-solidified.

hile dendrites were present in the deposited material and not

n the base plate, no observable difference in dislocation density

as found. Dislocation microstructures across the interface are il-

ustrated in Fig. 8 . 

Equiaxed dislocation cells were observed in both the base plate

nd the deposited material with an average diameter of approxi-

ately 370 nm, for example as outlined and labeled C in Fig. 8 .

hese dislocation cells are typical of those observed in SS 316L af-

er deformation [ 28 , 29 ]. In the deposited 3D prism material and in

he base plate, the dislocation density was an order of magnitude

igher than in the 2D walls, at approximately 1 x 10 14 m 

-2 . These

ensity measurements were found to agree with diffraction-based

easurements of the dislocation density in similar AM steels [ 7 , 13 ]

ithin an order of magnitude. 

While the fine, equiaxed dislocation cells did not change be-

ween the base plate and solidified material, a micro-segregation

tructure was identified in the only deposited material. The micro-

egregation appeared as a network with an average diameter of

pproximately 1.9 μm, corresponding to the PDAS. The dendritic

icro-segregation network was superimposed on the dislocation

ell structure, and where they overlapped, dislocation walls were

hicker and enriched in Cr/depleted in Fe. An example is outlined

ith the dashed line labeled DCW (for “dendritic cell wall”) in

ig. 8 . Examples of the correlation between the thick DCWs and

tched, dendritic surface protrusions are arrowed in Fig. 8 . Thus,

hile dislocation cell formation occurred independently of local

icro-segregation, there was some overlap between dendrites and

all structures. 

Qualitative differences between the cell wall structures with

nd those without micro-segregation were also observed, indicat-

ng different mechanisms of organization. DCWs, outlined with

ashed lines in Fig. 9 a and shown at higher magnification in

ig. 9 b, were not only typically qualitatively wider than other walls,

ut also contained dislocations that appeared more tangled. In

omparison, the regular cell walls had qualitatively more disloca-

ions with straight segments, as shown in Fig. 9 c. Tilting of samples

n the microscope and observations of grains with different orien-

ations indicated that these differences were general and not due

o local projection effects. 



26 K.M. Bertsch, G. Meric de Bellefon and B. Kuehl et al. / Acta Materialia 199 (2020) 19–33 

Fig. 7. Bright-field zone-axis STEM of material shown in Fig. 5 a illustrating dislocations (“D”) organized into tangles and precipitates (“P”). 

Fig. 8. Bright-field zone-axis STEM imaging of the microstructure across the inter- 

face between the as-deposited material of the DED 3D prism and the pre-annealed 

base plate. The interface is indicated by the dashed line, and surface protrusions 

due to etching of primary dendrites on the sample surface are indicated with ar- 

rows. Examples of dislocation cell walls are outlined, with equiaxed dislocation cells 

with uniform composition labeled C and cell walls overlapping with dendrite seg- 

regation labeled DCW. 
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Cr and Fe micro-segregation profiles were found to be similar to

he Cr micro-segregation profiles observed in the 1D and 2D DED

amples, as shown in the EDS maps in Fig 10 . Note that EDS and

rientation mapping were performed on 3 mm disk specimens in-

tead of the sample extracted via FIB across the interface with the

ase plate ( Fig. 8 ), as the FIB sample was damaged during handling

fter S/TEM analysis. 

The spacing of the solute-rich regions corresponded to the

DAS, 1.9 μm on average ( Table 2 ), indicating that these were

endrites. While the large, segregated cells frequently appeared

quiaxed in images of the thin foils, their matching to the PDAS

nd solute enrichment supports that they were likely all dendrites

longated in < 001 > crystallographic directions, as confirmed in

ome specimens. 

Precipitate structures were not limited to dislocation walls, and

ere not present in all dislocation walls, indicating a lack of corre-

ation between precipitation of second phases and dislocation wall

ormation. Precipitates exhibited similar size, composition, and dis-

ribution as those in the 1D and 2D components. Although many

ere found in the solute-rich large cell walls, they were also ob-

erved in the walls of the smaller cells with uniform composition

nd within the cell interiors. Ferrite was observed in the solidified

ED material near the base plate, but no ferrite was observed in

he DED 3D material a few mm away from the base plate. 

In the 3D DED material, misorientations between DCWs were

ound not to be a requirement for dislocation cell wall formation.

rientation mapping was performed near the edge of a 3 mm TEM

isk, as shown in Fig. 11 . Three grains, with grain boundaries in-

icated by black lines, were captured in the map near the edge
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Fig. 9. Bright-field zone-axis STEM images of dislocation structures in as-deposited DED 3D rectangular prisms. a. Dislocation cell walls with micro-segregation (DCW, dashed 

lines and arrow) and uniform-composition cells, b. DCW, c. walls of equiaxed cells with uniform composition. 

Fig. 10. a. HAADF-STEM image and b. EDS mapping of the boxed region in a, illustrating Cr micro-segregation and Fe depletion at large dislocation cell walls. Color online. 
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f electropolished hole, which appears at the bottom right. Large

endritic cells were observed via TEM and were visible in the im-

ge quality analysis of the mapped region. The DCWs were traced

n the image quality map, then overlaid on the misorientation map

o reveal any correlation between DCWs and local orientation de-

iations. Misorientations up to 5 were observed over a range of

pproximately 20 μm, and tended to be highest near grain bound-

ries, as shown in Fig. 11 . Local orientation deviations were not

bserved across the majority of the dendritic dislocation cell walls,

lthough some correlations occurred, for example near the arrow

n Fig. 11 . 

.3. SLM microstructures 

.3.1. Thermal constraints 

In SLM parts, the melt pool penetration of the substrate and the

ime required to spread new powder layers between layers were

oth greater than in DED parts. These differences changed the so-

i

idification behavior such that even in the SLM 1D rods, thermal

ontraction was not unconstrained as it was in DED 1D rods. In

LM materials, the melt pool appeared to penetrate up to 200 μm

nto the substrate, while layers were built in 20 μm increments.

or example, analysis of the top of the SLM 1D rods (where the ap-

roximate shape of the deposit was preserved for the final layer)

ndicated that melt pools were up to 180 μm deep, as shown in

ig. 2 g by the line labeled as the layer boundary. The melt pool

rofile typically extended up to 100 μm deeper in the center of

he part than at the edges, suggesting that the deposited mate-

ial was surrounded and constrained by the substrate upon solid-

fication. Similar penetration of the substrate by new layers was

bserved for SLM 2D walls and 3D components, confirming that

he deposited material was constrained in all SLM parts. Despite

he presence of these constraints, the volume of substrate mate-

ial surrounding the melt pool should have been smallest in 1D

ods, larger in 2D walls, and largest in 3D prism. Correspondingly,

he magnitude of the constraints was still expected to increase with

ncreasing part dimension in SLM parts. 
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Fig. 11. Map of misorientation relative to the grain mean orientation for a 3 mm 

disk prepared from the DED 3D rectangular prism, with approximate locations of 

dislocation cells traced in gray. Each point colorized according to the color bar 

shown at the right. Color online. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Bright-field STEM images of dislocation structures in a. SLM 1D rods 

viewed edge-on, with end-on view inset; b. SLM 2D wall material viewed end-on; 

and c. 3D material viewed edge-on, with end-on view inset. 
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3.3.2. Dislocation microstructures 

The microstructure of the SLM materials differed from the DED

materials in terms of scale, density, and organization. Dislocation

densities ranged from 3–4 x 10 14 m 

-2 in SLM materials, as listed in

Table 4 . Defect microstructures in SLM material showed organiza-

tion into cells elongated on {001}-type crystallographic planes (in-

stead of equiaxed cells), as shown in Fig. 12 for a. 1D, b. 2D, and c.

3D components. The average cell sizes were 280 nm, 400 nm, and

470 nm in 1D, 2D, and 3D SLM parts, respectively ( Table 4 ). These

average dislocation cell sizes matched the PDAS observed on the

etched surfaces, which were 270 nm, 390 nm, and 460 nm in 1D,

2D, and 3D material, respectively ( Table 2 ). 

SEM imaging during FIB milling of etched surfaces and S/TEM

imaging after extraction of TEM lamellae revealed coincidence of

dislocation cells with dendritic micro-segregation patterns in SLM

specimens. Dislocation cells have been frequently reported to over-

lap with dendritic micro-segregation profiles with spacing 400–

600 nm for SLM SS 316L [ 5 , 6 , 10 , 18 , 30–32 ]. Consequently, EDS anal-

ysis was not considered necessary to verify that dislocation cells

overlapped with dendrites in SLM specimens, although additional

EDS analysis is being pursued in ongoing studies. 

1D SLM dislocation structures are shown in the edge-on ori-

entation in Fig. 12 a, with the end-on orientation shown at higher

magnification in the inset. 

In the 1D SLM material, dislocation cell walls were organized

loosely, with substantial dislocation density between the cells, in

contrast to the more densely packed cell structures typically re-

ported for SLM SS 316L [6] . Although dislocations were organized

sufficiently such that cell walls could be delineated from the interi-

ors, discrete dislocations could frequently still be discerned within

the cell walls, Fig. 12 a inset. Line-intercept measurements indi-

cated an approximate dislocation density of 3 x 10 14 m 

-2 , which

represents a slight increase relative to DED 3D parts but is within

the same order of magnitude. 

In SLM 2D parts, shown in Fig. 12 b, dislocation cells were only

observed in the end-on orientation due to the sample orientation.

The cell structures were approximately 400 nm in diameter on av-

erage, slightly higher than in 1D SLM parts, and the cell walls ap-

peared denser and tighter than in 1D material. Dislocation density

was approximately the same as in SLM 1D parts at approximately

3 x 10 14 m 

-2 . 
In 3D SLM parts, shown in Fig. 12 c, dislocation cells were

argest at approximately 470 nm average diameter, similar to other

bservations in SLM SS 316L parts [ 5 , 6 , 10 , 18 ]. The elongated, pe-

iodic structures shown in the edge-on orientation in Fig. 12 c,

ndicated parallel to the dashed lines, were observed to extend

hroughout all grains. Qualitatively, dislocation walls were denser

han those observed in SLM 1D rods, such that individual dislo-

ations were unable to be delineated within walls. The estimated

islocation density was 4 x 10 14 m 

-2 , which is in agreement with

eports in the literature [13] . 

.3.3. Precipitates 

Fine precipitates approximately 15 nm in diameter on average

ere present in all SLM specimens, primarily in cell walls but also

n cell interiors. These were confirmed for SLM 3D structures to

e Si, Mn, and Cr oxides, as reported in other studies of SLM 316L

 6 , 33 ]. No differences were observed in the precipitate composi-

ion, average size, or distribution for SLM 1D-3D parts. Here, oxides

ere primarily observed within cell walls, although some were

ound within cell interiors as well. No ferrite was observed. 



K.M. Bertsch, G. Meric de Bellefon and B. Kuehl et al. / Acta Materialia 199 (2020) 19–33 29 

Fig. 13. Maps of the misorientation of each point relative to the grain mean orien- 

tation collected from transmission EBSD data for a. SLM 1D rods, b. SLM 2D walls, 

and c. SLM 3D material. Note different spatial scales in a, b, and c. Color online. 
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.3.4. Misorientations 

Orientation mapping of SLM materials indicated that in general,

arger orientation gradients developed in SLM parts compared to

ED, as shown in the orientation maps in Fig. 13 (note the differ-

nt scale than in the DED misorientation maps). However, orienta-

ion gradients were once again not present across most cell walls,

ndicating that local misorientations are not required to form the

ell walls. 

In SLM 1D and 2D materials, dislocation cells were observed via

EM across the entire regions shown in Fig. 13 a and b, but local

isorientations were observed only across of fraction of these cell

alls, for example as shown near the arrows in Fig. 13 a and b.

n the SLM 3D material, misorientations followed similar patterns,

ig. 13 c. In the large grain labeled 1 in Fig. 13 c, dislocation cells

ere observed in TEM to be in an edge-on orientation across the

ntire grain, along the direction indicated by the arrow. It is clear

n Fig. 13 that orientation deviations occurred in random patterns

nd not across the elongated, straight cell structures. 
. Discussion 

.1. Summary of microstructural observations 

The most important observations made in this study were as

ollows. 

1 Dislocation density increased with increasing constraints

around the melt pool. 

a Density increased by an order of magnitude with each in-

crease in part dimension in DED parts. 

b In SLM parts, dislocation density and organization in cell

walls increased qualitatively with increasing part dimen-

sionality. 

2 Dendrites were observed in all specimens. 

a Dendrites existed without overlapping dislocation structures 

in DED 1D and 2D parts. 

b In DED 3D parts, dendrites overlapped some dislocation cell

walls, but many dislocation cell walls with uniform compo-

sition existed between the dendrites. 

c In SLM parts, dislocation structures exhibited the same

spacing and orientation as dendrites, and spacing increased

with increasing part dimensionality. 

3 Precipitates were not correlated with the location of dislocation

wall formation, and precipitate density was not correlated with

dislocation density. 

4 Misorientations were not observed across all dislocation walls

in all components. Misorientations were not observed across all

dendrites. Thus, neither the formation of dendrites nor the for-

mation of dislocation walls was inherently tied to the presence

of a local misorientation. 

In the following, the results are shown to support the hypothe-

is that thermal shrinkage and expansion in a constrained medium

re the primary sources for the dislocations observed in AM parts.

n other words, the dislocation density and structure are deter-

ined by the residual stresses and strains developed after solid-

fication. The studied solidification microstructural features inves-

igated, specifically dendrites, precipitate networks, and misorien-

ations between dendrites, did not produce substantial dislocation

ensity independently of thermal stress/strain. The influence of

hese solidification features was to affect the organization of dis-

ocations later in the process, after dislocations were produced by

he thermal cycling. 

.2. Geometrical constraints and micro-segregation 

.2.1. DED 

The increase in constraints from 1D to 2D to 3D DED parts led

o an increase in dislocation density from 10 12 m 

-2 to 10 13 m 

-2 

o 10 14 m 

-2 , respectively, indicating a correlation between dimen-

ionality/constraints and deformation microstructure. Defect mi- 

rostructures are depicted schematically in Fig. 14 , where the den-

rite growth direction (GD) is vertical from bottom to top, inter-

endritic regions exhibiting micro-segregation are shown in green

for example “ID segregation” in Fig. 14 a), and individual disloca-

ions are shown in black. 

1D DED microstructures showed that in the absence of con-

traints to thermal contraction after solidification, dislocation den-

ity is minimal. This material showed that dendrites can exist

ithout being accommodated by dislocations, so any coherency

tresses induced by compositional changes are alone insufficient

o nucleate enough dislocations to begin interacting or organiz-

ng into walls. The 1D microstructure is depicted in Fig. 14 a, with

iscrete, sparse dislocations shown in black distributed throughout

he matrix and the ID regions. 
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Fig. 14. Schematic illustrating dendrite (green) and dislocation (black) structures in a. 1D, b. 2D, and c, d. 3D materials. Solidification/dendrite growth direction indicated 

from bottom to top. Precipitates labeled “P”, growth direction “GD” is vertical. Color online. 
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In the 2D DED case, dislocation density increased by an order

of magnitude with the introduction of constraints in the build di-

rection, as shown schematically in Fig. 14 b. This indicates that the

dislocation density is directly tied to the geometric constraints to

thermal volume changes. The lack of increased organization around

dendritic patterns further confirms that the ability of dendrites to

produce and trap dislocations is alone insufficient to create orga-

nized dislocation cell structures. 

In 3D DED parts, dislocation density increased by another order

of magnitude, becoming high enough to create dense, organized

dislocation cell walls similar to those typically formed under ten-

sile, compressive, or torsional loading [34–36] . These structures are

depicted in Fig. 14 c. The adjacent material in the base plate exhib-

ited similar dislocation density and dislocation structures, despite

the lack of a solidification structure. Since the deposit and adjacent

base plate material share only thermal history and similar strains,

but not the directional solidification features, this confirms that the

density and length scale of AM dislocation structures are primarily

determined by stress/strain history. 

Dendrite micro-segregation appeared to have a minimal in-

fluence, and only on dislocation walls that directly overlapped

them. DCWs appeared to be thick and comprised primarily tangled

dislocation segments, while dislocation cell walls without micro-

segregation formed between and subdividing dendrites with more

straight dislocation segments, as depicted in Fig. 14 c. This indicates

that the interdendritic regions with micro-segregation are not al-

ways the most energetically favorable place for dislocations to or-

ganize. Consequently, it can be concluded that dislocation cell for-

mation tends to follow patterns observed in conventional materi-

als, except for walls that form in the immediate vicinity of den-

drites. 

Birnbaum et al. [18] suggested that chemical micro-segregation

to dislocation walls in AM materials is driven by strain aging oc-

curring after dislocation structure formation. The presence of den-

drites without dislocations in the 1D DED material in this study

confirms that the micro-segregation occurs early in the process

during solidification, as dendrites typically form, and is not based

on dislocations acting as sinks for segregants. In the 3D DED ma-

terial, the presence of micro-segregation only at some dislocation

walls further validates that the micro-segregation is not a general

or post-solidification phenomenon. Finally, the micro-segregation

patterns fall on {001} crystal planes, which is expected for den-

drites in cubic materials, and which is not typical of dislocation
 u  
tructures in FCC metals deformed conventionally from room tem-

erature to approximately 600 °C [ 28 , 29 , 37 , 38 ]. 

.2.2. SLM 

Although it was not possible to minimize constraints in 1D

r 2D SLM parts as effectively as in DED parts, the magnitude

f constraints was still expected to be different between 1D, 2D,

nd 3D SLM parts. This hypothesis was supported by observations

hat the organization of dislocation walls was qualitatively differ-

nt between 1D, 2D, and 3D SLM parts, similar to observations

ade in DED materials. Thus, the geometric constraints and resid-

al stresses and strains still had an influence on the dislocation

tructures. 

Unlike in 3D DED material, dislocation walls in SLM materials

verlapped directly with primary dendrites, as depicted in Fig. 14 d.

he dislocation cell size also increased from 1D-3D in SLM mate-

ials, even though the dislocation density stayed within the same

ange or slightly increased from 1D-3D. This could be interpreted

s an increased importance of dendrites in SLM materials com-

ared to DED. However, the greater correlation between dendrite

rms and dislocation cells in SLM parts can be attributed to how

uch closer the dendrite spacing was to the dislocation cell size

s follows. 

In the 316L base plate with no solidification features that the

D DED prism was printed on, a dislocation density on the order of

0 14 m 

-2 corresponded to a dislocation cell diameter of 370 nm on

verage. In conventional materials, dislocation cell size is inversely

elated to dislocation density after deformation, with established

elationships that depend on the alloy and composition [ 27 , 39 , 40 ].

he SLM and DED specimens had similar compositions ( Table 1 ),

ndicating that they should exhibit similar cell sizes at similar dis-

ocation densities. For the SLM materials with dislocation density

lightly higher than in the 316L base plate but still on the order

f 10 14 m 

-2 , dislocation cells would therefore be estimated to be

lightly smaller size on average than 370 nm. In all SLM parts, the

DAS fell within +/-25% of the predicted average dislocation cell

ize of less than 370 nm. In the 3D DED part, the PDAS was ap-

roximately 500% of the 370 nm average dislocation cell size. Since

t appears favorable for dislocation walls in close proximity of den-

rites to organize aligned with the dendrite micro-segregation, as

hown in Figs. 8 and 9 , then it follows that if dendrite walls would

e within close proximity to all dislocation walls, they would nat-

rally interact and overlap. Consequently, there would be more op-
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ortunity to form dislocation walls between/subdividing dendrites

n DED material than in SLM. 

While the magnitude of micro-segregation was not quantified

n SLM material relative to that observed in DED material, it is

onsidered unlikely that differences in the magnitude of micro-

egregation drove the differences between SLM and DED disloca-

ion structures. Greater micro-segregation of the same elements

r different segregating species, particularly elements with greater

tomic mismatch relative to Fe, could be posited to increase con-

titutional stresses due to solute segregation in SLM 316L, creating

ore dislocations and greater dislocation trapping at dendrites [8] .

owever, SLM materials have been shown to exhibit a dislocation

tructure with all cells aligned with dendrites even in the presence

f relatively low amounts of micro-segregation of elements includ-

ng Cr and Mo [ 6 , 8 ]. This supports the notion that high levels of

hemical micro-segregation are not necessary to cause overlap of

islocation cells with dendrites. Therefore, the presence of dislo-

ation walls overlapping with dendrites is primarily driven by the

egree of difference between the PDAS and the preferred disloca-

ion cell size for the observed density. 

.3. Precipitate networks 

The results support the notion that precipitate networks were

ot critical to dislocation production or organization, and they have

t most an ancillary influence on the development of AM disloca-

ion structures. 

.4. Misorientations between solidifying dendrites 

Orientation differences between dendrites at solidification were

ot found to be sufficient to form boundaries composed largely of

NDs. Classically, dislocation structures in metals can be classified

n one of two categories, either GNDs or statistically stored dis-

ocations (SSDs). GNDs are accompanied by local lattice rotations

nd accommodate local shape or orientation changes, while SSDs

o not [ 36 , 41–44 ]. If misorientations between dendrite arms were

arge enough to warrant accommodation by dislocations, these dis-

ocations would necessarily be GNDs. 

Orientation mapping of DED 1D and 2D parts indicated that in

aterial with dendrites but not dislocation cells, local misorienta-

ions did not accompany dendrite arms, as shown in Figs. 3 and 5 .

his indicates that dendrites are not inherently misoriented rela-

ive to one another, and their presence does not necessarily pro-

uce GNDs. 3D DED and all SLM parts showed that in material

ith both dendrites and dislocation cell structures, local misori-

ntations still did not generally accompany dendrites, as shown

n Figs. 11 and 13 . Thus, even when dislocation walls coincided

endrites, they did not necessarily comprise GNDs, indicating that

NDs and local misorientations are not critical to the formation of

M dislocation structures. 

While the misorientations across cell walls were only observed

ost mortem and not during the initial stages of formation, the

isorientation across a cell wall only tends to increase with in-

reasing strain/deformation [36] . Thus, it is considered unlikely

hat misorientations were present across all dendrite walls dur-

ng formation that were not observed post mortem. The results

o not preclude the possibility that misorientations between den-

rites may be accommodated by GNDs, or that these GNDs could

nfluence some dislocation structures. The evidence simply indi-

ates that misorientations are neither the primary element causing

ucleation of dislocations nor the most influential factor in dislo-

ation structure organization. 

The observation that lattice misorientations increase with geo-

etric constraints, and thus thermal stresses, is supported by ad-

itional larger-scale analysis of grain average misorientations and
ernel average misorientations (KAM) obtained via EBSD analysis

f the surfaces of bulk samples, shown in Supplemental Fig. 1 and

. Generally, an increase in the average degree of misorientation

nd the KAM was observed with increasing geometric constraints.

tudies investigating the correlations between these surface orien-

ation analyses and dislocation structures are ongoing. 

.5. Linking processing parameters and dislocation structures 

If stresses and strains induced by thermal distortions dictate

he dislocation density, and solidification microstructures (partic-

larly primary dendrite arms) influence the dislocation organi-

ation, it is important to develop methods to control thermal

istortions and solidification features. Thermal distortions/residual

tresses and dendrite structures have been shown to be influenced

y thermal gradients, cooling rate during solidification, and num-

er of thermal cycles [ 5 , 45 , 46 ], all of which can be controlled by

anipulating AM processing parameters. 

Cooling rate influences thermal distortions by setting the effec-

ive strain rate, since it would determine the time in which the

olume shrinks, and by influencing local temperature and strain

radients. Cooling rate may be increased by increasing the vol-

me of cooler substrate material surrounding the deposited hot

elt pool, or by decreasing the temperature of the substrate rela-

ive to the melt. An increased volume of substrate relative to melt

ool size was achieved in the current study as dimensions were

ncreased from 1D to 3D. Part to melt pool volume ratio was also

ncreased from DED to SLM for 3D parts, since 3D parts were sim-

larly sized but the laser spot size was 600 μm in DED and 100 μm

n SLM. In both situations an increase in dislocation density was

bserved. Cooling rate and thermal gradients were also increased

n SLM relative to DED due to a lower substrate temperature in

LM, which occurred since the time between layers was longer in

LM to allow for recoating compared to the continuous deposition

ith DED. 

Cooling rate during solidification also influences dendrite spac-

ng, with higher cooling rates leading to smaller spacing (especially

f secondary dendrite arms) [19] . Increasing dendrite size has been

hown to effectively increase the dislocation cell spacing in SLM

16L SS [5] . 

Thermal gradients control how localized thermal distortions are

round the melt pool, and thus control strain localization. Higher

train localization would result in accommodation by locally higher

islocation densities, which, when produced throughout a part,

ould induce overall higher dislocation densities. Higher thermal

radients in SLM parts corresponded to higher dislocation densi-

ies compared to DED parts in this work. However, thermal gradi-

nt and cooling rate are directly related, so the sole influence of

hermal gradient could not be discerned in this study, requiring

dditional work varying thermal gradients while keeping cooling

ates constant. 

Finally, the number of heating and cooling cycles or laser scan

asses within a layer can be expected to influence the dislocation

ensity. If dislocations are induced each time material is heated by

lose proximity to the melt pool and subsequently cooled down,

hen increasing the number of cycles would increase the final

ensity. It has been shown that decreasing the layer height, and

hereby increasing the number of layers, increases distortion while

educing residual stresses [46] . Since layers are smaller in SLM

han in DED parts, a part of the same size experiences significantly

ore heating/cooling cycles in SLM, which would partially explain

he differences observed in DED and SLM dislocation density. Ad-

itionally, DED parts experienced an increasing number of heating

nd cooling cycles with increasing dimensionality, starting from 1D

ods which experienced no repeated cycling. 
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During cooling from freezing temperature (approximately

1400 °C) to room temperature in SS 316L, thermal contraction can

amount to local strains of up to 1.7% [17] . Dislocation densities

measured in SLM 316L both in this study, Table 4 , and in other

works, have indicated densities on the order of 10 14 –10 15 m 

-2 in3D

components, which is close to that observed at 20% cold work

[ 4 , 13 , 47 ]. However, even single tracks of material deposited by AM

have exhibited cellular dislocation structures without thermal cy-

cling [8] . Thus, thermal cycling is not considered to be a require-

ment for development of a dislocation structure, but represents a

viable method to increase dislocation density if desired. 

In conclusion, the results of this study suggest that controlling

print parameters to manipulate cooling rate, thermal gradient, and

number of passes/hatch spacing or number of layers would provide

a viable means to control the dislocation structures in AM 316L SS,

and ultimately the mechanical properties. 

5. Conclusions 

This study is the first to reveal the origin of dislocation struc-

tures in AM SS 316L by systematically manipulating thermal

stresses in AM components by altering the geometric constraints

on the fabricated samples. The results indicated the following: 

1 The primary source of dislocations in AM materials is deforma-

tion induced by thermal expansion/shrinkage in a constrained

medium. 

2 Dendritic micro-segregation influences dislocation structure

orientation and scale if the average primary dendrite arm spac-

ing is close to the average dislocation cell size that would form

for the observed dislocation density. 

3 Constitutional stresses due to micro-segregation, coherency

strains due to precipitation networks, and misorientations be-

tween dendrites are not the sources of dislocation structures in

AM 316L SS. 

4 Features that can be controlled by manipulating processing pa-

rameters to influence dislocation structure development and

density include: 

a Cooling rate. This determines the spacing of dendrite arms,

which act as obstacles to dislocation motion, as well as the

effective strain rate during cooling. 

b Thermal gradient. This determines the localization of the

stresses and strains. 

c Hatch and layer spacing. These determine the number of

heating and cooling cycles, which determines the number

of times a part is distorted locally and the amount of accu-

mulated strain that is accommodated by dislocations. 

d Melt pool penetration of the substrate. This determines the

direction and magnitude of geometric constraints that are

present around newly deposited material during shrinkage. 

The relationships outlined above give several potential means of

controlling the dislocation microstructure in AM materials to fur-

ther improve properties and mechanical response. 
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