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ABSTRACT

The resistance of stainless steels to shear localization is dependent on processing
and microstructure. The amount of research evaluating the shear response of
additively manufactured (AM) stainless steels compared to traditionally man-
ufactured ones is limited. To address this gap, experiments were performed on
directed energy deposition AM as-built and wrought 316L stainless steel using a
forced shear technique with a hat-shaped specimen and a Split-Hopkinson
pressure bar. The resulting adiabatic shear bands were characterized with
electron backscatter diffraction (EBSD) and nanoindentation to quantify the
changes in microstructure and deformation hardening across shear band
regions and between the wrought and AM materials. Despite significant dif-
ferences between the wrought and AM materials including the forced shear
response, the postmortem states of work hardening due to the shear band
deformation are nearly the same. The maximum nanoindentation stresses
occurred in the shear band center with similar magnitudes and only minor
differences away from the shear band. Although EBSD data cannot be resolved
in the shear band center, misorientation trends, particularly grain reference
orientation deviation, were found to closely resemble nanoindentation trends.
The combination of EBSD misorientation and nanoindentation, which are linked
through changes in dislocation density, is a viable protocol to quantify local
changes to macroscopically applied deformation.
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Introduction

Additive manufacturing (AM) is a maturing tech-
nology capable of producing complex parts for a
variety of applications; however, generating basic
process—structure—property—performance  relation-
ships is an ongoing endeavor [1-3]. Here, we focus on
directed energy deposition AM 316L stainless steel
(316L SS) and its dynamic mechanical behavior.
Understanding the dynamic mechanical performance
of AM materials is critical for their adoption for
crashworthiness and defense applications.

At high strain rates, adiabatic shear localization can
occur and lead to failure through unstable deforma-
tion. In ductile materials, the formation of adiabatic
shear bands is driven by a competition of thermal
softening and work hardening [4]. Forced shear
testing has been used to study adiabatic shear local-
ization in a variety of materials [5]. In particular, Xue
and Gray [4, 6, 7] have completed detailed studies of
the evolution of adiabatic shear bands in wrought
and cold-rolled 316L SS with interrupted forced shear
tests and transmission electron microscopy (TEM).
Some of their findings for 316L stainless steel were:
the accumulation of a high defect density is a pre-
requisite for shear band formation, the defects that
occur consist largely of dislocations and deformation
twins, the local temperature buildup prior to shear is
relatively low, pre-straining leads to earlier shear
band deformation, and the hardness increases sig-
nificantly inside the shear band [4, 6, 7]. Quantifying
the location specific deformation across the shear
band is necessary for understanding the shear local-
ization process.

Quantifying differences in location specific defor-
mation inside a single sample or between different
samples due to macroscopically applied deformation
can be achieved with electron backscatter diffraction
(EBSD) and nanoindentation. Increases in EBSD
misorientation measurements in deformed materials
represent the accumulation of plastic strain, residual
stresses, and/or dislocations [8-13]. Similarly,
increases in hardness in deformed samples are often
due to the accumulation of plastic strain and increa-
ses in dislocations. EBSD was used in recent work on
compact force shear band samples of Al and Ti to
quantify differences in geometrically necessary dis-
location densities in shear band regions [12, 14]. One
limitation of this technique is that there is very little
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information in the shear band center due to pattern
degradation caused by severe plastic deformation
and/or unresolvable microstructure features (e.g.,
[12, 14]). In this case, nanoindentation can be used to
measure changes in the local flow stress (e.g.,
[15-19]). Despite the regular use of EBSD and
nanoindentation to quantify changes in local defor-
mation due to macroscopically applied deformation,
there are very few studies that have quantitatively
compared the information from both techniques in
such experiments [18-20].

In this study, dynamic forced shear tests using hat-
shaped geometry and a Split-Hopkinson pressure bar
were used to produce shear bands in annealed
wrought and as-built AM 316L SS. These are referred
to simply as wrought and AM materials. Deformed
samples were characterized using EBSD, nanohard-
ness, and spherical nanoindentation (SNI) stress—
strain measurements to quantify the structure and
deformation-hardened material across shear band
regions. “Materials and methods” section describes
the sample pedigree, experiments, and characteriza-
tion. The EBSD and nanoindentation results are pre-
sented in “Results” section. In “Discussion” section,
comparisons are made between the wrought and AM
materials along with a critical comparison of EBSD
misorientation and indentation measurements. This
is followed by the main conclusions pertaining to
shear bands and their characterization via methods
relying on diffraction and/or mechanical contrast in
“Conclusions” section.

Materials and methods
Sample pedigree

Samples of wrought and AM 316L SS were used in
this study. The annealed wrought material was in the
form of 12.5-mm-thick plate [21]. The as-built AM
material is described in Ref. [21]. Briefly, it was pro-
duced by directed energy deposition additive man-
ufacturing using a LENS MR-7 system from Optomec
(Albuquerque, NM) equipped with a 1070-nm Yb-
fiber laser. A laser power of 380 W, layer thickness of
0.3 mm, hatch spacing of 0.46 mm, travel speed of
1.12 cm 5™, 90° rotation scan strategy, and powder
feed rate of 6.26 g min~' were used to build right-
regular, solid cylinders 2.5 cm in diameter and
3.3 cm tall under an argon cover gas. A laser focal

@ Springer



1740

length of 160.4 mm and a focus condition with the
focal point ~ 3.8 mm below the surface were used.
Gas-atomized powder was sourced from Carpenter
Powder Products (Bridgewater, PA) [21, 22]. The
annealed wrought plate had an average grain size
and texture of 29 um and 2.0 multiples of random
(MRD), respectively, while the as-built AM cylinders
had an average grain size and texture of 4.5 pm and
2.7 MRD, respectively [21, 23]. The AM microstruc-
ture also contains more complex features compared
to the wrought microstructure with a macroscopic
fish-scale structure from the melting and re-solidifi-
cation boundaries, a fine dendritic structure inside
grains, and a fine dispersion of submicron particles
[21, 23]. Quasi-static and dynamic compression tests
show that as-built, AM material has a ~ 60% higher
yield strength compared to the annealed wrought
plate [21]. Lastly, there are some chemical differences
between the powder feedstock and the wrought plate
given in Table 1, namely a higher Cr content in the
powder. Yadollahi et al. [24] report a chemical com-
position of AM 316L made using an almost identical
process that matches the powder in Table 1. Simi-
larly, Wang et al. [25] showed that the chemical
composition remains nearly the same between the
powder feedstock and the final part for 304L stainless
steel manufactured using the same AM process.
Therefore, the reported chemical composition of the
powder feedstock is a good approximation of the
chemical composition of the final part.

Dynamic forced shear testing

Top-hat samples were machined from the annealed
wrought plate and the as-built AM right cylinders.
The top-hat specimen dimensions are shown in
Fig. 1a. When the specimen is loading axially, shear
localization occurs in the regions marked in red. The
slight overlap between the top-hat and cylindrical
brim creates a mixed loading state combining shear
and compressive stress [26-28]. The compressive
stress helps restrain mode I cracking in the shear
band. However, the slight overlap does not allow for
a calculation of the shear strain. The stress—
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displacement curves are an alternative measure. AM
top-hat specimens were deformed to a maximum
displacement of 0.5 mm at a strain rates of approxi-
mately 1500 s~ 2500 s, and 3500 s~ ! using a Split-
Hopkinson pressure bar. The bar diameters were 0.5
inches made of grade 350 maraging steel. The striker
bar length and pressure varied with a 254 mm bar at
6 psi, 152.4 mm bar at 6 psi, and 88.95 mm bar at
7 psi for the approximate strain rates of 1500 s ',
2500 s, and 3500 s7}, respectively. Deformation
was arrested by using tool steel collars placed around
specimens. The loading axis is parallel to the build
direction. The true shear stress versus displacement
curves for the AM material are shown in Fig. 1b. A
single wrought specimen was deformed at a strain
rate of 2500 s~'. The AM material shows a higher
peak stress than the wrought material which contin-
ues up to a displacement of 0.2 mm at which the
shear stress starts to drop and finishes below the
wrought material. An increase in shear stress fol-
lowing a drop in shear stress is also seen in cold-
worked 316L SS [7].

Post-deformation characterization

Dynamically forced shear samples were cross-sec-
tioned in half as shown in Fig. 1. Cross-sectioned
samples were metallographically ground and pol-
ished with a final vibratory polish using 0.06 pm
colloidal silica suspension for 12-24 h. EBSD was
collected with a FEI XL30 scanning electron micro-
scope (SEM) and TSL EDAX Digiview camera using a
step size of 0.6 um. EBSD data were post-processed in
MTEX (v5.0) [29]. The post-process included multiple
steps. First, points with very low confidence index
(< 0.03) were ignored but not cleaned up or added to
existing grains. This leaves a strip of unusable data
where the shear band occurs. Second, grains were
identified using a misorientation threshold of 5°. The
useable data were further reduced by using a mini-
mum grain size (grain size > 9 points). Misorienta-
tion calculations were made on this reduced data.
Two different misorientation calculations were used:
kernel average misorientation (KAM) and grain

Table 1 Chemical composition of powder feedstock and wrought material from the manufacturer reported in Ref. [21]

Wit% C Cr Cu Mn N Ni P S Si
Wrought 0.022 16.16 0.39 1.70 0.063 10.03 0.029 0.0004 0.40
Powder 0.020 20.70 0.19 1.32 0.090 11.40 0.020 0.0100 0.50
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Figure 1 a drawing of hat-shaped sample with a cross-sectional shear stress versus displacement curves for additively

view. Regions marked in red on the cross-sectional view are where
shear localization occurs. Dimensions are in millimeters. b true

reference orientation deviation (GROD) [8]. The main
difference is that KAM uses a local neighborhood
called a kernel, whereas GROD uses entire grains for
determining the misorientation at each point [8].
KAM was calculated from EBSD data ignoring grain
boundaries using the first nearest neighbor and a
misorientation threshold of 5°. GROD was also cal-
culated for grains defined by a minimum misorien-
tation of 5° and grain size greater than 9 points. EBSD
image quality (IQ) maps were used to determine the
shear band center and location of indents relative to
the shear band center. EBSD measurements were
taken on both sides of the top-hat cross section (.e.,
the left and right shear bands). The data from both
sides of the top-hat were combined for all plots and
analyses (see Supplementary Material for more
details).

Nanoindentation testing was performed on an
MTS Nano-XP and Keysight G200 nanoindenter
using two diamond tips: a cono-spherical tip with a
nominal radius of 8 um (referred to as a 10-um tip)
and a Berkovich tip. The continuous stiffness mea-
surement (CSM) was used at a displacement ampli-
tude of 2 nm and frequency of 45 Hz. Spherical
nanoindentation tests were run to displacements of
500-600 nm with a minimum spacing of three times
the residual diameter. The measured load, P, dis-
placement, &, and stiffness, S data were used to cal-
culate the contact radius, a, indentation stress,
Oind = 2, and strain, &y = L, according to the pro-
tocols of Kalidindi and Pathak [30, 31]. Berkovich

manufactured (AM) material at three different nominal strain
rates and wrought (Wr) material at a single nominal strain rate.

nanoindentation tests were run to a maximum of
500 nm displacement and a minimum spacing of
three times the residual indent width. Hardness was
calculated using the Oliver-Pharr analysis with an
area function calibrated on fused quartz [32]. Indents
were made on both sides of the top-hat cross section
(i.e., the left and right shear bands). The data from
both sides of the top-hat were combined for all plots
and analyses (see Supplementary Material for more
details). Nanoindentation was chosen over microin-
dentation because of the higher spatial resolution
(ability to place many indents closely together) which
can better capture the deformation gradient across
the shear band. This is at the sacrifice of probing only
one to two grains.

Results
Representative EBSD data

Representative EBSD image quality (IQ) maps and
inverse pole figure (IPF) maps of the reduced data for
wrought and AM materials are shown in Fig. 2. The
reader is referred to Ref. [21] and the Supplementary
Material for details on the starting microstructures
prior to deformation. In Fig. 2, the shear band is
defined on IQ maps by the dark regions of low IQ.
The EBSD maps are rotated so that the shear band
runs vertical. The shear band contains a large amount
of plastic deformation and possibly very small
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Figure 2 Representative
EBSD data for wrought a,

b and AM ¢, d shear band
samples. Image quality maps
are generated from the raw
data. IPF maps are generated
using the cleanup process
described in the main text.
Grain boundaries are displayed
with black lines. White regions
represent unusable data.

001 111

features that are not resolved with traditional EBSD.
TEM on similar shear bands of wrought 316L SS
shows a fine equiaxed sub-grain microstructure in
the shear band core likely produced by dynamic
recovery or continuous dynamic recrystallization [6].
The EBSD data were used to calculate local misori-
entation values as described previously. KAM and
GROD are two of several commonly used local
misorientation values that are used to identify areas
of increased geometrically necessary dislocations and
accumulated plastic strain [8-13, 18-20].

Figure 3 shows the misorientation mean, median,
and mode values for KAM and GROD as a function
of distance from the shear band center. After the
EBSD data are rotated as in Fig. 2 so that the shear
band is vertical, the data are sliced vertically into
10-pm-wide strips. The position of each strip is the
perpendicular distance between the midpoint of the

@ Springer

strip and the shear band center. In addition to the
misorientation values, the percentage of useable data
is also plotted in Fig. 3. Again, it becomes clear that
little data remain, 5-25%, for the misorientation cal-
culations at the shear band center which is a limita-
tion for using EBSD to characterize the shear band
center. Despite this limitation, there is a clear trend of
increasing KAM and GROD approaching the shear
band center. The mean misorientation values in the
region just outside the shear band center are signifi-
cantly above the mean misorientation values deter-
mined on undeformed samples (see Supplementary
Material). For additional comparison, Bagherifard
et al. [33] report maximum KAM values of 2°-2.5° on
severe shot peened 316L SS which is a similar mag-
nitude to the region just outside the shear band center
in this study.
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Representative nanoindentation data

Nanoindentation tests with spherical and Berkovich
tip geometries were performed to determine the
changes in flow stress due to deformation hardening
in the shear band regions. This is particularly
important in stainless steels which show a significant
amount of work hardening related to their resistance
to form adiabatic shear bands [4]. It is important to
keep in mind the volume of material probed using
nanoindentation relative to microstructural features.
Far from the shear band center, it is possible to
completely isolate single grains; however, in the
shear band center, individual grains cannot be read-
ily isolated. Hence, to provide a better comparison
across the shear band, we want the indents to probe
grains and grain boundaries in all regions. Therefore,
an indiscriminate approach of indent arrays across
the shear band was employed. A sufficient number of
indents will capture the overall trend across the shear
band region without the need to account for the
crystal orientation, grain boundaries, etc., at indi-
vidual indentation sites.
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after removing very low confidence points and very small grains.
See Sect. 2 for more details. The horizontal solid and dotted lines
are the mean £ 1 SD determined from undeformed samples.

Representative spherical indentation stress—strain
curves and Berkovich hardness—displacement curves
are shown in Fig. 4a, b, respectively, for deformed
forced shear samples. The measurements shown
occur away from the shear band (> 200 pm distance)
and at the shear band center (< 50 pm distance).
There are several observations in Fig. 4. First, the
spherical stress—strain response shows a significant
increase in indentation stress at the shear band
compared to away from the shear band. The increase
in indentation stress in the shear band center is likely
a consequence of both an increase in dislocation
density and a refinement in grain structure. Second,
the indentation stress—strain response at the shear
band center is very similar between the AM and
wrought materials, showing that the material has
hardened to a similar level despite any differences in
the initial microstructure. Third, the mechanical
behavior of AM material away from the shear band
center shows slightly higher stresses than the
wrought material; however, this difference is within
the variation from site to site. More discussion of the
different behavior away from the shear band center
will be provided later. The representative hardness
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Figure 4 Representative nanoindentation data across the shear
band (SB) for wrought (Wr) and AM materials. a 10-pm-radius
SNI stress—strain curves with the indentation modulus, Ej,q, SNI
yield stress defined by a 0.2% indentation strain offset, Yi,q, and
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nanohardness versus depth. The average hardness for each test
was determined from 450 to 500 nm displacement. “Away from
the shear band” is defined as > 200 um from the SB center and
“on SB” is defined as within 50 pm of the shear band center.

data in Fig. 5b are complimentary to the observations
made from SNI stress—strain curves. The hardness
measurements reflect a flow stress after approxi-
mately 8% average strain under the indenter [34].
Here, we point out that the hardness is beginning to
reach a constant value by 2500 nm displacement,
and these stresses are comparable to the spherical
indentation stresses after indentation strains of
=~ 10%.

@ Springer

J Mater Sci (2020) 55:1738-1752

The trends of SNI yield stress, SNI stress at 5%
strain offset, and nanohardness are plotted against
the distance from the shear band for wrought and
AM materials in Fig. 5. The distance plotted on the x-
axis is defined as zero at the shear band center. The
positive direction is defined from the center of the
specimen moving outward perpendicular to the
shear band (i.e., radial direction). SNI measurements
on undeformed samples are shown as horizontal
solid £ dotted lines for the mean £ 1 SD (see Sup-
plementary Material for more details). Here, we note
that the SNI measurements on the undeformed
wrought and AM condition do not show a 60%
higher strength for AM compared to wrought that
was seen in the macroscopic compression tests [21].
More discussion on this point is provided later. The
SNI measurements on the wrought forced shear
sample at approximately 300 pm away from the shear
band center match the SNI measurements on the
wrought undeformed sample. However, the AM SNI
measurements on the forced shear sample remain
slightly above the SNI measurements for the unde-
formed sample, particularly the SNI stress at 5%
offset. This suggests that a wider band of material
away from the shear band center has work-hardened
in the AM material compared to wrought. Overall,
the indentation measurements show similar trends to
the EBSD misorientation trends with increasing val-
ues approaching the shear band center. A direct
comparison between the wrought and AM materials
is provided in the next section.

Discussion

SNI measurements of undeformed samples:
wrought versus AM

As mentioned earlier, the as-built AM material
showed a bulk compression yield stress = 60%
higher than the annealed wrought material with
similar work hardening [21]. However, the spherical
nanoindentation yield stress and stress at 5% strain
offset are nearly identical in the undeformed
annealed wrought and as-built AM materials. This is
shown in Fig. 5 by the baseline measurements and
with indentation stress—strain curves in Supplemen-
tary Material. The absence of an increase in flow
stress measured from SNI in the AM material implies
that the increase in bulk yield stress comes from
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microstructural features or deformation processes
(e.g., dislocation cell structures) that exist at a higher
length scale than the material probed with SNI
measurements. In other words, the grain morphology
differences rather than the dislocation density dif-
ferences are likely responsible for the increase in
macroscopic yield stress reported for the AM mate-
rial. The argument for this is as follows. The volume
probed can be approximated as a cylinder with
radius equal to the contact radius and height 2.4
times the contact radius [31, 35]. The average contact
radius at the indentation yield stress and the final
displacement with the 10-pm-radius tip is
160 £+ 30 nm and 2.3 £+ 0.1 um for wrought material
and 150 4+ 20 nm and 2.5 + 0.1 um for AM material,
respectively. The average grain size (equivalent
diameter) is reported to be 29 um for the wrought
material and 4.5 pm with a range of 2.5-60 um for the
AM material. The indents are probing one to two
grains and zero to one grain boundary depending on
where the indents are placed. Therefore, the grain
size and morphology differences between the
wrought and AM materials should not have a sig-
nificant influence on the SNI measurements. In
addition to the grain size, the average dendrite
spacing in the AM material is reported as 1.5-2.6 pm
[21] which means the SNI measurements are probing
at most a few dendritic boundaries. The dendritic
structure forms due to the solidification process that
occurs during AM creating chemical segregation. The
dendritic boundaries are rich in Mo and Cr compared
to the inter-dendritic regions [36-38]. Smith et al. [38]
argue that the dendritic structure (chemical segrega-
tion of Cr) can increase the macroscopic flow stress
supported by examples in directed energy deposition
304 SS. The dendritic microstructure does not appear
to influence the SNI flow stress comparing the
wrought and AM materials. It is possible that more
dendrite boundaries need to be probed to see an
effect. Changes in dislocation density should have a
significant effect on the SNI flow stress as seen by the
SNI trends across the heavily deformed shear bands.
Bronkhorst et al. [39] estimated the dislocation den-
sities from neutron diffraction intensity profiles using
procedures outlined in Ref. [40]. The as-built AM
material had a dislocation density of 2.3 x 10° mm™>
which is ~ 2.3 times higher than the annealed
wrought material with a dislocation density of
9.0 x 10" mm ™2 The dislocation density in the AM
material from diffraction compares well with
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reported data from TEM: 2.8 x 107 mm > [23]. The
2.3 times higher dislocation density in the AM
material is not significant enough to cause higher SNI
flow stresses. Gray et al. [21] ruled out significant
differences in dislocation density and residual stress
between the annealed wrought and as-built AM
materials by strain rate jump tests. However, Bron-
khorst et al. [39] believe the difference in dislocation
density to be the primary cause of the increase in
macroscopic strength compared to grain size effects
based on crystal plasticity finite element simulations.
Bronkhorst et al. [39] note that the grain size effect
may not be accurately captured in their model due to
the uncertainty in the Hall-Petch coefficient as well
as the inability of Hall-Petch-type hardening to cap-
ture grain morphology differences. It is difficult to
separate out the different strengthening mechanisms
as evident by the differences in the literature
[21, 38, 39]. However, the SNI measurements suggest
that the grain morphology differences are the pri-
mary source of increased strength rather than dislo-
cation density or dendritic structure.

Indentation measurements of shear band
samples: wrought versus AM

Figure 6 shows the direct comparison of wrought and
AM material indentation trends across the shear
bands. A Cauchy model regression was used to
express the mean trend of the data as shown by solid
lines in Fig. 6 [41]. A flat baseline was determined
and subtracted prior to the regression [41]. Error bars
were determined from the bootstrap method [41].
The goodness of fit in terms of r-squared, baseline,
peak height, and peak position for all the regressions
are given in Table 2. The regression fit lines tend to
come together for the wrought and AM materials at
the shear band. In addition, the total peak height,
baseline + peak height, is nearly the same for both
materials. This indicates that the flow stress of the
material at the shear band center is identical between
the wrought and AM materials. The SNI yield stress,
SNI stress at 5% strain offset, and hardness away
from the shear band are higher in the AM material
compared to the wrought material. This difference is
subtle given that the spread of individual measure-
ments is as large as the difference; however, the dif-
ference is consistent for all three indentation
measurements.
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Figure 6 Cauchy model fits to nanoindentation versus distance
measurements on wrought and AM shear bands: a SNI yield stress
and SNI stress at 5% strain offset and b nanohardness averaged at
450-500 nm displacement. Fit parameters and uncertainties are
given in Table 2.

A possible explanation for the higher indentation
stress in the regions away from the shear band center
requires again discussing the difference between the
macroscopic response and the nanoindentation
response. Recall that the AM material clearly has a
higher macroscopic flow stress (Ref. [21]) while
having similar SNI flow stress compared to the
wrought. Based on the arguments presented in “SNI
measurements of undeformed samples: wrought
versus AM” section, it is believed that the grain size
and morphology differences are the reason for this.
The forced shear band test is a macroscopically
applied deformation such that these differences will
play a role in the deformation process. Here, we
assume that the smaller grain size and as-built grain
morphology lead to the accumulation of higher dis-
location densities in the as-built material around the
shear band. This causes higher indentation stresses.
Eventually, the dislocation densities and work hard-
ening saturate, and the difference between the AM
and wrought materials disappears in the very center
of the shear band. A better understanding of how the
deformation evolves during earlier stages of the
deformation can come from interrupted forced shear
tests with corresponding indentation measurements.

Comparison of EBSD misorientation
and spherical nanoindentation data

Another interesting result from these experiments
was that the EBSD misorientation and nanoindenta-
tion measurements showed very similar trends
across the shear band in the wrought and AM
materials. As mentioned previously, there are few
studies that directly correlate EBSD misorientation

Table 2 Cauchy model fit results for nanoindentation versus distance measurements

Variable R? Baseline (GPa) Peak height (GPa) Peak position (pm) Peak width (pum)
Wr SNI yield 0.609 0.93 1.12 + 0.07 31£5 152 + 20
AM SNI yield 0.460 1.28 1.03 £ 0.12 324+7 108 + 24
Wr SNI stress@5% 0.751 2.35 2.54 £ 0.10 26 + 4 184 + 17
AM SNI stress@5% 0.712 2.99 1.95 £ 0.08 22 +5 179 + 16
Wr hardness 0.801 3.01 245 +0.10 3+4 229 £ 27
AM hardness 0.674 3.59 1.66 = 0.11 —1+8 232 £ 68

Error measurements are + 1 SD generated using a Bootstrap method. The goodness of fit is given in terms of r-squared, R>. A flat baseline
correction and a single peak were used for the model fit. The peak height is the difference between the baseline and absolute peak height.
See Ref. [41] for more details of the regression analysis
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and nanoindentation after macroscopic deformation
(e.g., [18, 19]). EBSD misorientation and nanoinden-
tation measurements can be related through the
relationship between dislocation density and flow
stress using the Taylor hardening law, Taylor factor,
and constraint factor between indentation and uni-
axial yield strength:

T = apby/p, (1)
oys = Mr, (2)
Yind ~ 20—ys7 (3)

where 7 is the shear flow stress, « is the barrier
strength coefficient, u is the shear modulus, b is the
Burger’s vector, and p is the total dislocation density.
The shear flow stress is related to the uniaxial yield
strength, oy, by the Taylor factor, M, which is 3.067
on average. Here, we have chosen to focus on the SNI
yield stress, which is a measure of the initial flow
stress during indentation rather than after significant
plastic deformation under the indenter. For an iso-
tropic material that follows ]2 flow theory, the con-
straint factor is & 2 [42]. Local misorientation values
represent the geometrically necessary dislocations,
Pnp, Which is a portion of the total dislocation den-
sity. The simplest estimate of the GND density from
strain gradient plasticity theory is

20
PGND = b’ (4)

where the GND density depends on the misorienta-
tion angle, 0, the step size, L, and the Burger’s vector,
b [43, 44]. Combining all these equations using o =
0.3 [44], b = 0.255 from a calculated lattice parameter
of 0.361 nm using Ref. [45] and L = 0.6 pm give an
estimate of the indentation yield stress from the
misorientation measurements:
20

Yina 2 (2)(3.067)ouby | 7 = 4.292V/0. (5)

Note that the above equation estimates the SNI
yield stress solely based on the GNDs and does not
include the contribution of the statistically stored
dislocations. Therefore, it is expected to underpredict
the flow stress and subsequent indentation yield
stress.

Figure 7 shows the predicted SNI yield stress
based on the average KAM and GROD values using
Eq. (5) compared with the measured SNI yield stress.
Both are plotted versus the distance from the shear
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band. The earlier observation of KAM and GROD
measurements showing similar trends to nanoin-
dentation measurements is still visible in Fig. 7.
However, the predicted SNI yield stress from KAM
measurements significantly underestimates the
actual SNI yield stress across the entire shear band.
This is partly due to the SSDs unaccounted for in the
prediction. There is also a degree of uncertainty in the
barrier strength coefficient and constraint factor. The
SNI yield stress predictions from GROD measure-
ments are in better agreement than those from KAM
measurements; however, it is not conventional to use
GROD values for GND calculations. The GND cal-
culation is based on a local crystal lattice curvature.
GROD is not local in this sense because it considers
information from an entire grain. Furthermore, the
value of L in Eq. (5) does not have the same physical
meaning when using KAM versus GROD. For KAM,
this term describes the distance over which the
misorientation angle was calculated. Since GROD
values are based on the average grain orientation, it is
not clear how to define L, but it is likely larger than
the value of 600 nm step size and closer to the grain
size. Increasing L would lower the predicted SNI
yield stress. For both KAM and GROD, the pro-
nounced peak on the shear band center is missing in
the predicted SNI yield stress. This is due to a lack of
useable data in the heavily deformed shear band due
to very high dislocation densities and/or smaller
features than the interaction volume that degrade the
pattern quality. Advanced EBSD techniques such as
TKD [46] and dictionary methods [47, 48] might be
able to recover more information in the shear band
center. Indentation testing is able to provide infor-
mation in this region, which shows that the flow
stress is significantly higher than away from the shear
band. The indentation response is also affected by the
total dislocation density and not just the GND den-
sity. In theory, the SNI yield stress measurement does
not further work-harden the material under the
indenter compared to the measurements of hardness
or SNI stress at 5% strain offset. However, the SNI
yield stress may be more sensitive to tip and surface
asperities and analyses protocols. In this study, all
three indentation measurements presented show
similar trends.



] Mater Sci (2020) 55:1738-1752

(@) « ' .
©
o
e
3r 3 £
o
°. o o
@° " Wr SNI Yield =
S . w3gd 2 3
a QW o o ° >
B o % o e ° S
< g; ®o ® 0° 9
1r 9 ©
c
5}
©
£
0
-500
distance (um)
(c) 4 : 4
©
o
° e
3r 3 £
° g
° Qo 6 ) g
%050 " AM SNI Yield s
,2 -2
Q
=
c
Re]
11 =
<
5}
©
£
0 ' 0
-500 0 500

distance [um)]

(b) ¢ , 4

—

GROD

—

GROD

4.292%

4.292%*

1749

Indentation Yield Strength (GPa)

2 L
1 -
0 : 0
-500 0 500
distance (pum)
4 4
©
o
° S}
3r 13 £
o
c
o
)
4 2 E
2
=
c
el
11 &
c
o)
S
£
0 : 0
-500 0 500

distance [um]

Figure 7 Comparison of spherical nanoindentation (SNI) yield stress with KAM and GROD misorientation values for a, b wrought (Wr)
and ¢, d additively manufactured (AM) materials. Error bars were propagated using &= SD for the y-axis calculation.

Conclusions

The mechanical response of annealed wrought and
directed energy deposition additively manufactured
316L SS were compared using a macroscopic forced
shear test followed by EBSD and nanoindentation
characterization of the shear band region. The find-
ings are:

1.

Despite significant differences in the microstruc-
ture, quasi-static mechanical properties, and
dynamic properties between the wrought and
AM materials, the maximum nanoindentation
stresses occur in the shear band center with
similar magnitudes. The indentation stresses in
the undeformed condition are similar, and only
minor differences exist in the indentation stress
profiles away from the shear band center with
slightly higher values for the AM material
Interrupted force shear tests at different total

displacements are needed to understand differ-
ences in how the shear band evolves between the
wrought and AM materials. The SNI yield stress,
SNI stress at 5% strain offset, and hardness
measurements across the shear band can be used
to inform adiabatic shear band models, particu-
larly the amount of work hardening that occurs
as a function of the distance from the shear band
center.

Nanoindentation and EBSD misorientation mea-
surements provide complementary information
about the increase in dislocation density across
the shear band as a result of the macroscopically
applied force shear test. KAM and GROD local
misorientation measurements were directly com-
pared to the SNI yield stress through the calcu-
lation of GNDs and conversion from uniaxial to
indentation stress. Predictions from KAM values
underestimate the SNI yield stress due to the fact

@ Springer
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that the GNDs are only a portion of the overall
dislocation population. Predictions from GROD
values provide better agreement since they have
higher magnitudes than KAM. Neither misorien-
tation measurement can predict the SNI yield
stress nor work hardening occurs in the shear
band center due to the lack of useable EBSD data
from this region. The combination of nanoinden-
tation and EBSD provides a rich amount of
information about the local changes in dislocation
density due to macroscopically applied deforma-
tion. The data suggest that there is a strong
relationship between both measurements.
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