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The high strain rate dynamic behavior of additively manufactured (AM) 316L
stainless steel (SS) is investigated, and a dynamic deformation-induced
3 January 2022 microstructural evolution is examined in this study. First, the as-built
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erties are then examined. Compared with conventional wrought 316L SS, AM
316L SS demonstrates an enhanced mechanical strength under quasi-static
compression (with a ~ 95% increase in yield strength). Under dynamic shear-
ing, strain rate-induced strength enhancement is observed in wrought 316L SS
(with a ~ 47% increase in dynamic flow stress); AM 316L SS nevertheless
demonstrates nearly rate-insensitive responses in its yield stress (with a ~ 5%
increase in dynamic flow stress). Localized deformation in the form of an adi-
abatic shear band and the associated structural evolution are analyzed. Radical
changes in crystallographic and structural features induced by high strain rate
deformation are observed. Grain deformation and rotation lead to a remarkable
difference in the grain orientation and spatial direction from the starting state
driven by the solidification process. Upon dynamic shearing, the transmission of
localized plastic deformation across melt pools is revealed, and the indication in
grain rotations is discussed. The change in the geometrically necessary dislo-
cation density is examined, hinting at the competition of the dislocation mul-
tiplication and annihilation under localized deformation. The current work
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enriches the understanding of the dynamic mechanical properties of AM
materials at high strain rates.

Introduction

Additive manufacturing is a bottom-up manufactur-
ing technology that produces three-dimensional
objects via layer-by-layer stacking of materials [1-3].
As a digital manufacturing method, additive manu-
facturing can produce difficult-to-manufacture parts
with complex structures and shapes, reduce material
waste, and integrate multiple components into one
[4]. Additive manufacturing technologies for pro-
ducing metallic parts include selective laser melting
(SLM) [5, 6], selective electron beam melting (SEBM)
[7, 8], and direct energy deposition (DED) [9, 10].
Despite great application prospects in aeronautical,
aerospace, and mechanical industries, critical issues,
such as anisotropy and heterogeneity, must be
addressed [11-13].

Highly variable material properties are closely
associated with unique physical processes involved
in additive manufacturing. As a thermal process,
laser-based additive manufacturing involves rapid
melting and rapid solidification, which lead to the
inherent complexity of the as-deposited microstruc-
tures [14]. High-temperature gradients and dynamic
melt flow are present in melt pools driven by a
moving energy source [15]. As a consequence, com-
plex grain morphology and crystallographic texture
in as-built materials arise from manufacturing pro-
cesses [16]. Furthermore, repeated thermal cycles due
to the deposition of newly melted layers lead to the
evolution of internal unbalanced microstructures
[17, 18]. Thus, AM materials often demonstrate an
anisotropic mechanical response with large varia-
tions in strength and ductility [15]. Rapid solidifica-
tion also results in a high as-built dislocation density,
imposing an important effect on mechanical proper-
ties [19]. Unique microstructural characteristics are
key to the process-property linkage in AM materials.

While appreciable progress toward understanding
the mechanical properties of AM metals has been
made in recent years [20], knowledge of the dynamic
mechanical behavior of AM materials is still insuffi-
cient. Under high rates of deformation, the rate effect
is intertwined with the underlying microstructure
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[21-23], altering the kinematics and kinetics of vis-
coplastic flow [24]. Thus, dynamic responses differ
evidently from those occurring under static or quasi-
static conditions. At higher strain rates, various forms
of dynamic failure occur, such as an adiabatic shear
band (ASB) [25-28], severe plastic deformation (SPD)
[20], and failure mode transition (FMT) [22]. Recent
progress includes anisotropy in the impact toughness
[5], spallation responses [29, 30], dynamic mechanical
properties [31, 32], and the influence of porosity [33].
The complex microstructural characteristics of AM
metals tend to impact the dynamic mechanical
properties.

The objective of this study is mainly to investigate
the dynamic deformation of 316L SS manufactured
by the DED process under high strain rates, partic-
ularly, the microstructural evolution upon adiabatic
shear localization. We conducted high strain rate
dynamic shear tests (strain rate >2000 s~1) and quasi-
static compression tests. The yield strength of the
quasi-statically compressed AM 316L SS demon-
strates a greatly enhanced yield strength compared
with that of wrought 316L SS. Interestingly, nearly
rate-insensitive responses in the yield stress are
noticed for AM 316L SS under dynamic loading.
Microstructural characterization reveals that the
occurrence of adiabatic shear localization is accom-
panied by a severe change of grain morphologies.
Microstructural evolution including grain rotation
and refinement is analyzed, and its relationship with
material hardening and failure is discussed.

In the following sections, the preparation and
classification of test specimens are presented, fol-
lowed by the analysis of the initial microstructure.
Then, starting from the quasi-static experiment and
the dynamic impact experiment, the mechanical
properties are analyzed. Next, the relationship
between the high as-built dislocation density and the
yield strength of the material is discussed, and vari-
ous failure mode processes and their underlying
microstructure evolutions are explored. Finally, the
characterization of the grain rotations and crystallo-
graphic textures in the plastic deformation failure
process is established via the grain orientation den-
sity contour maps.
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Material and experimental techniques
Material and specimens

This study involves production, microstructural
characterization, quasi-static ~compression, and
dynamic shear testing of 316L stainless steel manu-
factured by DED-a type of additive manufacturing
process that uses a nozzle to blow powder into laser-
heated melt pools [10]. The system is equipped with a
YLS4000CL fiber laser. An argon atmosphere is used
to prevent oxidation during DED processing. The
particle size of the commercially available powder is
approximately 125um produced by gas atomization.
The nominal chemical composition of the powder
from the manufacturer is listed in Table 1.

The bulk blocks of AM 316L SS are built on a base
plate, as shown in Figure 1a. The dimensions of the
deposited cuboids are 55 mm x12 mm x12 mm. The
back-and-forth laser scanning strategy is employed
with fixed processing parameters of laser power
(600 W), spot diameter (1.2 mm), hatching spacing
(1.0 mm), laser scanning speed (480 mm/min), and
layer thickness (0.16 mm). A pulsed-wave laser [34] is
used in DED.

The cylindrical specimens for quasi-static com-
pression are electro-discharge machines (EDMs) cut
from bulk blocks. The dimensions are 10 mm in
height along the build direction and 5 mm in diam-
eter. According to the loading direction in relation to
the laser scan direction, C; and C, specimens are
prepared as shown in Figure 2a. Quasi-static com-
pression tests are carried out in an Instron universal
testing machine at a compression speed of 2 mm/
min and with MoSi2 lubrication to minimize interface
friction.

To examine the effect of process-induced aniso-
tropy on dynamic shear behavior, shear planes per-
pendicular or parallel to the scan tracks, denoted by
S| and S|, respectively, in Figure 1b, are defined. Flat
hat-shaped specimens [35] are used to investigate
localized deformation. In accordance with the S| and
S, shear planes, two flat hat-shaped shear specimens
of different orientations, as shown in Figure 2b, are
EDM cut from bulk blocks.
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Dynamic shear tests

Dynamic shear tests (strain rate >2000 s~!) are per-
formed at room temperature by means of the split-
Hopkinson pressure bar (SHPB) technique [36]. The
flat hat-shaped specimen used for dynamic shear
testing is located between the incident and trans-
mitter bars. The SHPB tests are lubricated with MoSi2
to minimize friction at the sample-pressure bar
interfaces. A series of dynamic loading experiments
are performed on flat hat-shaped specimens using
stopper rings to control the displacements (0.7 and
1.7 mm). The area of the shear region of the flat hat-
shaped specimen is expressed as

n(d; +d.)h (1)
5

where d; is the width of the hat, d, is the width of the
base hole, and # is the height of the shear compres-
sion region.

The signals are monitored using strain gauges. The
incident, reflected, and transmitted strain waves—de-
noted by ¢;, &, and &, respectively—are used to cal-
culate the forces, displacements, and strains. The
shear stress in the shear compression region can be
estimated as [32]

1) = VSR ll) @

A:

where Aj is the cross-sectional area of the bar and E
is Young’s modulus, respectively. The applied force
F; on the specimen can be determined by

&+ &+ &

F5<t) = ApEy >

(3)
The incident and transmitter bars are of the same
diameter, yielding the relationship ¢ = ¢ + ¢, [36].
Consequently,

Fs(t) = ApEoer(t). 4)

When the specimen is in a state of one-dimensional
stress waves and uniform stress, the histories of dis-
placement (approximately estimated as the top-to-
bottom surface displacement [32]) can be determined

by

Table 1 Nominal chemical
composition of AM 316L SS

composition C Cr

Mn Mo Nb Ni Si Fe

powder Wt. % 0.02

1.80 2.00 0.02 10.00 0.50 bal.
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Figure 1 a Block of deposited materials for specimen preparation. The transverse cross section is perpendicular to the build direction, and
the frontal cross section is perpendicular to the scan direction. b Shear planes S and S, defined in relation to melt pools.
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Figure 2 a C| and C, specimens for quasi-static compression; b S and S, specimens that facilitate the occurrence of localized

deformation under dynamic compression. All dimensions are given in mm.

Aus(t) = —2C, /O ), (5)

where Cy is the elastic wave speed. The longitudinal
strain can be approximated by

Au(t)
P

The shear strain can be calculated by the expression
introduced by [26]

(6)

e(t) =~
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The shear tests are performed on flat hat-shaped
specimens with the SHPB at 293K. Typical strain
gauge signals recorded in the SHPB test for the AM
316L SS test and the signals after initiation to zero for
elastic wave analysis are shown in Figure 3.
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Figure 3 a Typical strain gauge signals recorded in the SHPB test at 293K; b Signals after initiation to zero for elastic wave analysis.

Material characterization

Optical microscopy (OM) and electron backscatter
diffraction (EBSD) are used to characterize the
microstructures before and after dynamic deforma-
tion. Sample preparation for OM consists of grinding
on silicon carbide papers with increasingly finer grits,
followed by mechanical polishing with alpha-alu-
mina slurry and etching with standard aqua regia
prepared by nitric acid and hydrochloric acid. Images
at various magnifications are acquired using an Axio
Vert. Al optical microscope. The samples for EBSD
analysis are sectioned by electrical discharge
machining, and polishing is accomplished using a
Leica EM TIC3X argon ion beam polisher. The EBSD
analysis is performed with a step size of 0.2um on a
TESCAN MAIA 3 XMH SEM using MTEX Data
Analysis software.

Results and discussion
Initial microstructure

The grain structures viewed in the frontal and
transverse cross sections (see Figure 2 for definitions)
are characterized before the dynamic shear tests. In
DED-processed stainless steel, solidification struc-
tures with complex morphologies are seen [15]. The
size of solidification structures is determined by the
thermal gradient and the growth rate, the product of

which is high near the melt pool centers and low
close to the melt pool boundaries [37].

In the frontal cross section (parallel to the build
direction) as shown in Figure 4a with an intersection
of melt pool boundaries identified, the major axis of
columnar-shaped structures is roughly normal to the
melt pool boundaries, as a result of the temperature
gradient. The grain morphology is affected by the
overlap of deposition tracks as the middle of one melt
pool can become the edge of the adjacent melt pool.
Note also that melt pool geometry, which can be
irregular and deviate from the ideally spaced and
aligned configuration, also strongly influences the
morphology [38]. In the transverse cross section
(perpendicular to the build direction), a majority of
grains are nearly equiaxed in shape, as shown in
Figure 4b. The three-dimensional characterization
[15] has revealed that the roughly equiaxed appear-
ance of grains could be the cross section of columnar
grains due to the viewing perspective.

The misorientation profiles along different paths
(depicted in Figure 4) are shown in Figure 5. Paths
p1i—p2 and g1—q, are picked such that a melt pool
boundary is crossed. Orthogonal paths v1—v; and w;—
w, are chosen, given that no apparent process-in-
duced interfaces show up in the transverse cross
section. The point-to-point line of misorientation is a
measure of the angle between neighboring points that
characterizes the correlated distribution; the point-to-
origin line of misorientation, appropriate to the
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Figure 4 a Grain structures
viewed in the frontal cross
section characterized before
dynamic shear tests and

(b) grain structures viewed in
the transverse cross section
characterized before dynamic
shear tests. The white dashed
lines are the approximate melt
pool boundaries.

(a)

uncorrelated distribution, is a measure relative to the
first point on the path [39].

Figure 5a and b plots the misorientation profiles
along paths p;—p, and 41—, on the frontal cross sec-
tion, respectively. Spikes in the point-to-point
misorientation profiles are observed when neighbor-
ing points are located in different grains across a
grain boundary. Interestingly, a steep rise in the
point-to-origin misorientation profiles that forms a
plateau correlates well with the path traversing melt
pool boundaries. A greater difference in grain ori-
entations tends to result in higher resistance to shear
slip. In addition, frequent variation in the gradients of
the misorientation profiles suggests a higher degree
of randomness in grain orientations.

Figure 5c and d plots the misorientation profiles
along paths v;-v, and w;—w, on the transverse cross
section, respectively. Due to refined grains observed
in the transverse cross section, spikes in the misori-
entation profiles occur at higher frequencies than the
frontal cross section. The gradients in the point-to-
point or point-to-origin misorientation profile
between the two cross sections can be related to the
directionality of the deposition tracks. In terms of the
heterogeneous microstructure characteristics and
combined with the mechanical experimental data, a
more in-depth analysis is conducted in the next
section.

The stored dislocations depend on processes and
material parameters. Different dislocation densities
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including geometrically necessary dislocations
(GNDs), statistically stored dislocations (SSDs), and
grain boundary dislocations (GBDs) are interrelated
[40]. Misorientations caused by GNDs are measur-
able by EBSD [41], providing an alternative way for
direct observation of GNDs [42]. Theoretical calcula-
tions suggest that the GNDs account for the majority
of the total dislocation population in DED processed
austenitic stainless steel [10]. Figure 6a and b shows
the GND density maps from the orientation data
presented in Figure 4. A dislocation density of 0.7 x
10" m~2 can be estimated for the frontal cross section
and 1.1 x 10" m™2 for the transverse cross section,
thereby suggesting a high as-built dislocation density
resulting from AM solidification processing. In com-
parison, annealed wrought 316L SS demonstrates a
typical order of 10°~10 m=2 in the dislocation
density [20]. The high dislocation density plays a key
role in hindering dislocation movements, greatly
enhancing the yield strength of AM 316L SS. Fig-
ure 6¢c and d shows the grain reference orientation
deviation (GROD) across the entire EBSD maps using
the grain mean orientation as the reference. Overall,
higher GROD grains are linked with higher GND
densities when comparing the GROD and GND
maps.
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Mechanical properties
Quasi-static compression and strength effect

The comparison of the quasi-static compressive
responses for AM and wrought 316L SS is shown in
Figure 7a. The as-built AM 316L SS exhibits a
remarkably ~95% higher quasi-static compressive
yield stress than that of the conventionally manu-
factured material. After yielding, small but not neg-
ligible differences in the rate of work hardening
(work-hardening slope) are observed for the AM C;

8431
60 T . . : :
m — Point-to-origin

50 - — Point-to-point 4

N
=)
T

)

Melt Pool |
|1 ]Boundary

Misorientation angle [°]
W
(=)

20 [ 1
|
10+ .
0 L L I 1 Mx W
0 20 40 60 80 100
Distance (pm) q,toq,
(b)
70 T T
60 - —Point-to-origin |
— Point-to-point r\
ESO r 1
2 1/
<
=407 (] .
2
IS
230F U 1
.2
-
Z 20+ 1
=
0 L L 1 1 L Il
0 20 40 60 80 100 120 140
Distance (um) along W, tow,

(d)

variation in the point-to-point or point-to-origin misorientation
profile is caused by the traversing of grain boundaries. The red
dashed lines correspond to the appearance of melt pool boundaries.

and C, specimens. The mechanical anisotropy asso-
ciated with the build direction (see Figure 1 for ori-
entation reference) has been investigated [43, 44],
highlighting the influence of grain morphology and
orientation. Wrought manufactured 316L SS, which is
considered to be isotropic [29] in the present study,
shows a higher slope for work hardening than AM
material.

The Hall-Petch relation indicates that the increase
in yield strength is proportional to the product of a
material-specific constant (Kpyp) and the inverse
square root of the mean grain size [10]
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A()'y = KHp/\/B (8)

Assuming Kpp =540 MPa/um [10], a reduction in
the grain size (which is the finest dimension) from
30~ 60um (the grain size of the as-received wrought
316L SS [20]) to 15~20um (the grain size of the as-
built AM 316L SS extracted from EBSD characteri-
zation, see Figure 4) increases the quasi-static yield
strength by approximately 22 ~70 MPa. Therefore,
the Hall-Petch effect only accounts for part of the
increase in the yield strength.

However, the high densities of dislocations (see
Figure 6) suggest a significant dislocation strength-
ening effect in AM 316L SS metals. The Taylor
equation indicates that the yield strength varies is
proportional to the product of the square root of the
dislocation density [45]

Aoy, = MaGb+/p. 9)

Based on the consideration of the correlation between
the yield stress and hardness Ag, = 3.03AH [46] and
the correlation between the hardness and dislocation
density AH =Cy/p (assume C=8x10"° HV/m
[47]), the value of MuaGb is estimated to be 2.424 x
1075 MPa-m. The estimated dislocation densities of
0.7 x 10" m/m3 and 1.1 x 10" m/m? are substituted
from the EBSD data presented above. The strength-
ening effect associated with the GND is 203 and 254
MPa, respectively. We could roughly assume p =
1.0 x 10" m~2 for the wrought 316L SS, and that the
strengthening effect due to contribution of GNDs is
about 24 MPa. In comparison, the strengthening
effect due to the high as-built GND densities of AM
316L SS is significant, Ag, = 180 ~ 230 MPa.

Dynamic compression

Dynamic shear stress—strain curves calculated from
the signals of SHPB tests are plotted in Figure 7b. The
AM specimens exhibit an abrupt stress—strain tran-
sition (jump) from elastic to plastic responses; how-
ever, the wrought 316L specimen demonstrates a
relatively smooth transition. For the AM S specimen,
the difference between the upper and lower yield
stresses is 235 MPa; for the wrought 316L SS, the
difference is only 30 MPa.

Upon yielding, the AM S and S, specimens
deform in a similarly plastic manner, whereas the
wrought specimen demonstrates a gradually
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increasing strength with increasing strain. The AM
specimens fail as the shear strain reaches ~ 33%. The
wrought specimen, nevertheless, withstands the
same impact loading and can reach ~136% of the
shear strain. Therefore, the AM specimens demon-
strate a significant reduction in ductility by ~103%
under dynamic shear tests.

By comparing quasi-static and dynamic stress—
strain curves (see Figure 7a and b), AM 316L SS is
found to be less sensitive to the strain rate than
wrought 316L SS. The dynamic flow stress of AM
316L SS under dynamic loading is close to the value
determined from quasi-static compression (with an
increase of ~5%), demonstrating nearly strain rate
independence. In contrast, the dynamic flow stress of
wrought 316L SS evidently increases by approxi-
mately ~47% from 278.1 MPa to 409.1 MPa (see
Table 2) .

The phenomenon observed in yielding behavior
can be related to the as-built dislocation density and
the process of solutes diffusing toward dislocations
[23]. The mobile solutes tend to cluster near the dis-
locations and form Cottrell atmospheres [49]. The
inherent process characteristics of additive manu-
facturing lead to high-density solutes [13]. The tran-
sient drag force imposed by mobile solutes on
moving dislocations reduces the mobile dislocation
density as a key influence, thereby inducing upper
and lower yield points in the stress—strain curve. The
high as-built dislocation density is a likely cause of
the insensitivity of AM 316L SS to strain rates.

Dynamic deformation and shear localization

Fracture and the formation of ASB are different fail-
ure modes characterized by distinct spatial and
temporal scales [21]. The phenomenon of the failure
mode transition is closely related to the dynamic
loading conditions. When the threshold strain rate is
reached, an ASB is initiated as a ductile failure mode.
The ASB propagation path is a smooth curve along
the maximum shear stress direction, as shown in
Figure 8. The time required for the stress wave to
propagate through the whole specimen is much
shorter than the total duration of the load. After the
formation of ASB, the loading does not stop imme-
diately, and the failure of the material still goes on. In
this sense, the ASB initiates first, followed by a crack
extending along the propagation path of the ASB. The
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Table 2 Comparison of the
yield stress under quasi-static

AM || specimen

AM _L specimen wrought specimen

compression and dynamic

uasi-static yield stress
shear tests d y

dynamic flow stress'
enhancement

538.8 549.5 278.1
563.0 583.9 409.1
4.5% 6.3% 47.1%

1 shear strain 0.15 [48]

Figure 8 Optical
metallurgical micrographs for (a)
ASB of AM § sample a 50x
and b 1000x.

propagation velocity of ASB precedes crack [27],
leading to premature failure of the specimen.

The compressive stress applied on the top surface
turns into localized shear stress in the flat hat-shaped
specimens. Thus, a mode II crack initiates as shown
in Figure 9. Below the crack tip (see the gray box of
the selected area in Figure 9), the melt pools flow and
tend to be blended as a result of SPD. The formation
of a thermally softened region might weaken the
accumulation of stress and suppress the propagation
of crack [50]. The high-density dislocations and
refined grains improve the ability to resist deforma-
tion [45]. Therefore, the initiated crack only propa-
gates a finite distance without passing through the
whole specimen.

Figure 9 Optical
metallurgical micrographs for
SPD of AM S, sample a 50 %
and b 100x.

@ Springer

Microstructural evolution

Figure 10a is an EBSD map captured near the region
of adiabatic shear localization that appeared in the
AM §) sample after loading (see Figure 8). The grains
are significantly refined in the vicinity of the ASB,
and a reduction in size approximately from ~ 20 um
to ~2 um can be identified. The columnar grains are
stretched along the direction of shear deformation
due to the emergence of softening effect. Compared
with Figure 4a, the phenomenon of columnar grains
arranged along the normal directions of the melt pool
boundaries no longer appears. The columnar grains
near the deformed region tend to rotate to follow the
propagation direction of the ASB. The development
of adiabatic shear localization can lead to dynamic
recrystallization, which is interpreted as an entropic
effect arising from the competition between
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Figure 10 a Grain structures
viewed in the frontal cross
section and b grain structures
viewed in the transverse cross
section characterized after the
dynamic shear test.

ﬁ 50 jim.

(a)

dislocations generation and grain boundaries re-for-
mation [51].

For the AM S, sample after dynamic loading, an
EBSD map is generated for the region of interest (the
gray box marked in Figure 9) as shown in Figure 10b.
The grain size and morphology are evidently differ-
ent from the initial state (see Figure 4b). Note that the
distortions in the crystal lattice result in shifted or
degraded EBSD patterns, thereby lowering the qual-
ity of diffraction signals in highly deformed regions
[52]. The SPD occurs in a localized region along the
shear stress transmission path, generating intense
dislocation movement and grain refinement. Defor-
mation-induced refinement is affected by multiple
factors including dislocation generation, dynamic
recrystallization, and grain boundary
migration [53].

For the as-built AM 316L SS, the GND density map
demonstrates only a weak change after dynamic
loading, as shown in Figure 11. This observation
corroborates the small difference in the yield strength
of AM 316L SS between the dynamic test and the
quasi-static test. The histogram and normalized dis-
tribution of GND densities before and after dynamic
loading are provided in Appendix A. The shift of
peak might be correlated with the competition of the
multiplication and annihilation of dislocations [54].
The dislocation generation is enhanced during plastic

recovery,
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deformation [55]; the dynamic recrystallization, on
the other hand, annihilates dislocations.

Figure 12 plots the inverse pole figure (IPF) of
crystallographic orientations obtained for the frontal
cross section. After shear deformation, the orientation
density is enhanced in all three projection directions.
For IPF-x (i.e., the projection plane is perpendicular to
the shearing direction), a change in the location of the
maximum density is observed. Figure 13 plots the
IPF obtained for the transverse cross section, showing
that the orientation density is also enhanced after
shear deformation. It is noteworthy that the IPF-x of
the S, and S| specimens demonstrate a similarity in
the location of the maximum orientation density after
dynamic deformation. Additional pole figures can be
found in Appendix B.

The characteristic changes in the dynamic shear
stress—strain curves are inseparable from the occur-
rence of grain rotation during the intense deforma-
tion process. In dynamic shear loading, it is
considered that the shear stress generates a moment.
When a sufficiently large strain occurs in a system,
crystals tend to asymptotically rotate toward
stable orientations [56]. As a result, the texture
strength can be enhanced. In addition, recrystallized
grains along the propagation path of ASB can lead to
an increase in texture intensities [57].
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Figure 11 a GND density
map of the 5 specimen and b
GND density map of the S
specimen after impact
deformation.
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Conclusion

In summary, the dynamic mechanical behavior at
high strain rates of 316L SS fabricated via DED
additive = manufacturing is examined. The
microstructure  evolution of adiabatic shear

@ Springer

localization is characterized. AM 316L SS exhibits
microstructure anisotropy and heterogeneity induced
by grain morphologies and misorientation gradients.
A step response giving rise to a plateau in the
misorientation profiles correlates well with melt pool
boundaries. Compared with conventional metals,
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AM metals have unique microstructural features,
such as the typical melt pool boundary, gradational
columnar-shaped grain morphology, and high as-
built dislocation density. AM 316L SS demonstrates
an enhanced mechanical strength compared with
conventional wrought 316l SS under quasi-static
compression. AM 316L SS exhibits nearly rate-in-
sensitive responses in its yield stress, while strain-
rate-induced strength enhancement is observed in
conventional wrought 316L SS. In particular, after
dynamic plastic deformation, the dislocation density
of AM 316L SS barely increases. Based on a calcula-
tion of the difference in grain sizes, it is evident that
the Hall-Petch effect only accounts for the partial
increase in the yield strength. The high as-built GND
density of AM 316L SS is the dominant strengthening
factor. The dynamic shear elongation-to-failure of
AM 316L SS is closely related to the complex grain
morphology and high-density dislocation. Even if
AM 316L SS has a high intrinsic strain hardening
capability, the fracture strength ultimately limits the
ductility. The grain size near the adiabatic shear
localization region is noticed to be significantly
refined. Thermal softening occurs in the localized
region of plastic deformation, and the initial mor-
phology of columnar grains growing along different
melt pools formed via the additive manufacturing
process almost changes completely.

To unlock the design potential of metallic AM with
engineering applications, special attention to the
dynamic responses is needed in three aspects
including the rate insensitivity under dynamic load-
ing, noteworthy reduction in ductility, and influences
of high as-built dislocation densities and the process-
dependent microstructure. In addition, post-pro-
cessing with emphasis on the dynamic performance
of AM metals and alloys needs to be further explored.
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Appendix A The distributions of GND
density before and after dynamic shear
loading

The histograms and normalized distributions of
GND densities before and after dynamic loading are
shown in Figure 14. The reduction in the number of
data points after the dynamic test is due to lower
quality in diffraction signals near highly deformed
regions.

Appendix B Effect of shear deformation
on orientation distribution

The orientation distribution functions obtained for
the AM S and S, specimens before and after shear
deformation are plotted in Figure 15.

@ Springer



8438 J Mater Sci (2022) 57:8425-8441

7000 5000
6000 - [ Before loading | [ Before loading
I After loading 4000 - M After loading
25000 | “
£ £
8 3000 f
£4000 &
1S ©
B B
£ 30007 £ 2000+
5 5
#2000 ¢ 2
1000 |
1000 r
0
12 12.5 13 13.5 14 14.5 15 11.5 12 125 13 135 14 145 15
Log GND density Log GND density
(a) (b)
0.8 0.8

<
N
4
Q9

—Before loading
— After loading

—Before loading
— After loading

o
)
g
=)

o
n
o
n

Frequency
=]
~
Frequency
o
N

0.3 0.3
0.2 02f
0.1F 0.1
0 : : 0 - ; ' ;
11 12 13 14 15 16 10 11 12 13 14 15 16
Log GND density Log GND density
(c) (d)

Figure 14 The histograms of GND densities of (a) the S specimen and (b) the S, specimen; the normalized distributions of GND
densities of (c) the S specimen and (d) the S specimen.
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Figure 15 The (100, 110, 111) pole figure maps for the S| and S, specimen before and after shear deformation.
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