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ABSTRACT

The multiaxial large deformation and ductile fracture behavior of laser powder bed fusion (L-PBF) ad-
ditively manufactured austenitic 316L stainless steel was experimentally measured. Data from tests in
two orientations, under five dissimilar stress states (shear, combined shear/tension loading states, plane
strain tension, and uniaxial tension) were used to calibrate and validate anisotropic plasticity and fracture
models, with different specimen geometries used to probe plasticity versus fracture. Shear softening, hy-
pothesized to be due to shear band formation in the material due to high initial dislocation density and
sub-micron cellular structures, was observed in shear dominated tests, and modeled through the adop-
tion of a shear damage criterion in an anisotropic plasticity model. Using a combined experimental and
computational approach, isotropic and anisotropic Hosford-Coulomb and modified Mohr-Coulomb ductile
fracture models were calibrated for both sample orientations. The calibrated anisotropic Hosford-Coulomb
fracture model best captures the stress state dependent and anisotropic failure behavior of L-PBF 316L.

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

1. Introduction

As the field of metal additive manufacturing (AM) grows from a
useful tool for fast prototyping and novelty items into a technology
that transforms important industries such as aerospace, biomedical
sciences, tool and die making, and many more it becomes neces-
sary to develop a thorough understanding of the mechanical re-
sponse of additively manufactured materials. Enabling load bearing
applications of additively manufactured parts is in an important
step for widespread adoption of the technology. Safe implementa-
tion and design against failure of additively manufactured compo-
nents necessitates a description of how the materials they are built
from will deform and fail under load.

While many steels have been studied for application with the
layer-by-layer process of AM [1-3], austenitic 316L stainless steel
(316L) is one of the most widely studied alloys in the AM in-
dustry [4]. The broad interest in the alloy stems from its current
wide use in industry as a conventionally processed alloy, the ease
of weldability and therefore manufacturability with AM, high cor-
rosion and oxidation resistance, and combination of strength and
elongation to failure [5,6]. The inherent rapid thermal cycling, re-
peated melting and solidification, of material in the AM process
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has been found to result in key hierarchical microstructural fea-
tures including small 10-500 wm grains [7-10], fine intergranular
cellular structures [9-13], and high dislocation density [7-9,12,14]
that lead to an increase of yield strength relative to convention-
ally processed 316L. At the same time, AM introduces the risk of
porosity in components - especially the laser powder bed fusion
(L-PBF) technique, where the powder packing density and the op-
timization of other parameters such as hatch spacing for a given
layer height, power, and scan speed combination are important
to produce fully dense parts [15]. Porosity in additively manufac-
tured 316L is generally from non-optimized laser parameters that
result in: spherical gas entrapped pores formed during solidifica-
tion [16], vapor entrapment pores from operating close to or in
the keyholing mode [17,18], or lack-of-fusion (LoF) type pores with
irregular morphologies at the boundaries between layers or adja-
cent meltpools [7,13,19-21]. The irregularly shaped LoF type pores
have been found to be detrimental to mechanical properties of
316L, especially as their overall density or individual size increases
[20,22,23]. The orientation dependence of the pores, where LoF
pores form at the layer boundaries and their major axes are nor-
mal to the vertical build direction, contributes to the anisotropy
in ductility behavior of 316L material. Ronneberg et al., found that
the presence and orientation of LoF pores were correlated with
a reduction of elongation to failure [7]. However, the anisotropic
yield behavior was strictly a result of the microstructural features
in L-PBF 316L tensile samples, such as the grain texture, columnar
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Fig. 1. (a, b) Optical micrographs showing the melt pool and grain structure in the three planes of the build. (c) EBSD images of all three planes of the build showing the
epitaxial grain growth and chevron morphology of the grains in the XZ and YZ planes. For all three planes, the color shown corresponds to the hkl direction parallel to the
vertical build direction (Z). (d) SEM image of the subgrain cellular structure in the XZ plane.

grain morphology and the interplay between the number of grain
boundaries in each orientation and dislocation movement, and the
cell growth direction due to thermal gradients during solidification
[7]. It has been shown in the literature that the yield and ultimate
tensile strength (UTS) is lower along the vertical build direction
(BD) than the horizontal direction, referred to here as perpendic-
ular to the build direction (1BD) [7,8,10,23,24]. One explanation
proposed for the anisotropic strength is the solidification direc-
tion of the sub-granular cells and columnar grains [7,9,20], both
of which grow along the highest thermal gradient during process-
ing. The columnar grains can grow epitaxially through multiple
layers, as shown in Fig. 1, providing statistically more grain and
cell boundaries that act as dislocation barriers in the LBD than BD
uniaxial tension (UT) tests, resulting in increased yield strength.
However, the anisotropic behavior of 316L has primarily been in-
vestigated solely under uniaxial tension, which does not provide a
description of material response under other stress states.

One method for generating a more complete understanding of
the elastoplastic and fracture behavior of ductile metals like 316L
is to evaluate the materials under a wide range of complex stress
states. The stress state dependent, multiaxial mechanical data and
accompanying models that describe the behavior can then be used
to design against failure in components, especially those with com-
plex geometries allowed through the application of AM in design.
It is widely understood that the strain to failure in ductile metals
is stress state dependent [25-30]. Stress state can be defined as a
combination of two dimensionless parameters: stress triaxiality (1)

and Lode angle parameter (6). The stress triaxiality is the ratio of
the mean stress (o ;) and von Mises equivalent stress (Gyy),

o} . 1 -
n = == with o = =11 and 6y = /3] (1)

OvMm 3
where I;=0y is the first invariant of the stress tensor, o, and
Jb= %S,'js,'j is the second invariant of the deviatoric stress tensor,
s. The normalized Lode angle parameter is a function of the third
invariant of the deviatoric stress tensor, J3= det(s;;), and is defined
as:
= 2 27
0=1- —arccos[i!—g} (2)

T Ovm
Under plane stress conditions (o3 = 0), the relationship be-

tween the Lode angle parameter and stress triaxiality is given as:

sin (%0_) = —22—777(772 - %) (3)

Evaluation of materials under different combinations of these
two parameters is required for an accurate description of the ini-
tial yield behavior, subsequent hardening, and eventual fracture
under a range of different stress states. This procedure has been
used for additively manufactured materials such as L-PBF Ti-6A1-4V
[31,32], Ti-6Al-4V by directed energy deposition (DED) [33,34], and
stainless steel 304L by DED [35,36]. An anisotropic plasticity and
fracture model was developed for L-PBF 316L by Tancogne-Dejean
et al. [37]. However, due to limited data available, the model was



580 A.E. Wilson-Heid, S. Qin and A.M. Beese/Acta Materialia 199 (2020) 578-592

calibrated using only uniaxial tension and build direction double
notched tension data; therefore, the authors assumed that frac-
ture behavior was stress state independent and adopted a constant
equivalent strain to fracture model.

The current study aims to address existing gaps in data with
experiments and validated models that capture the effect of stress
state and orientation on the plasticity and fracture behavior of L-
PBF 316L. The stress state dependent plasticity and fracture be-
havior of this material was probed through experiments under
shear, shear/tension combined loading, plane strain tension, uni-
axial tension, and equibiaxial tension. The flow behavior was ob-
served to be anisotropic in tension dominated tests, while the frac-
ture behavior was found to be anisotropic and stress state depen-
dent. The newly acquired experimental data, coupled with com-
putational modeling and simulations, were used to calibrate and
validate anisotropic plasticity and fracture models. The resultant
models are able to capture the anisotropic flow behavior in ten-
sion dominated stress states, and the anisotropic and stress state
dependent fracture behavior.

2. Experimental methods

The fabrication of the material, characterization of microstruc-
ture, and the specimens for mechanical testing used in the study
are briefly summarized.

2.1. Material fabrication and characterization

The austenitic stainless steel 316L material in this study was
manufactured via L-PBF AM on a 3DSystems ProX DMP 320 ma-
chine. Recycled pre-alloyed powder was used after having been
sieved with a 60 um screen. The standard 3DSystems 316L fab-
rication parameters for a 60 pum layer height were used: scan-
ning speed of 900 mm/s, laser power of 300 W, and 100 um
hatch spacing. A scan strategy with outer contours and a full-
length hatch fill (i.e., not checkerboard) was used for each indi-
vidual component on the build plate. A 245° rotation of the hatch
direction was implemented for each successive layer during the
build. All microstructure characterization and mechanical testing
was performed on the material in the as-built condition.

Representative samples were used for characterization of mi-
crostructure and sample density. One of the samples was sectioned
into four sub-samples - one for Archimedes density analysis and
three for microstructural analysis of three orthogonal planes of the
material. The densities of three additional samples were analyzed
with X-ray computed tomography (XCT, General Electric v|tome|x
L300 nano/microCTsystem), using a voxel size of 14 pm. Following
post processing in Avizo 9.3.0 software (Thermo Fisher Scientific),
the samples were all found to be 99.99% dense. Archimedes den-
sity analysis, following the procedure in [22], found that samples
in the study were 99.8 4+ 0.1% dense. Standard metallographic pro-
cedures were used to grind and polish each microstructural sub-
sample with a final polishing step using 0.05 xm Al,03. After sam-
ple preparation, a scanning electron microscope (SEM, FEI Apreo)
with an electron backscatter diffraction (EBSD, Oxford Symmetry)
detector was used for grain morphology and sub-grain cell imag-
ing, as shown in Fig. 1c and 1d, respectively. For further analysis,
samples were electrolytically etched in a 10% Oxalic acid and 90%
water solution at 4 V and then imaged with a digital microscope
(Keyence VHX-2000), as shown in Fig. 1a-b.

The average equivalent diameter, referred to as the grain size
after this point, in the XZ and YZ planes were found to be 33.6 um
and 30.0 wm, respectively, using the EBSD results. The average
grain size in the XY plane was 28.2 um.

2.2. Plasticity tests

The multiaxial plasticity behavior of the 316L material was as-
sessed by performing mechanical tests on specimens with two dif-
ferent geometries, as shown in Fig. 2. The two specimen geome-
tries allowed for the evaluation of elastoplastic properties under
five different stress states. Both specimen geometries were tested
in two orientations, referred to as BD and LBD and schematically
shown in Fig. 2. Three uniaxial tension specimens in both direc-
tions were profiled and sliced to thickness in accordance to ASTM
E8 [38], from an 10 x 70 x 80 mm (thickness x width x height)
wall using wire electrical discharge machining (WEDM). BD mul-
tiaxial plasticity specimens were machined from the same wall
as the uniaxial tension specimens, while 1BD multiaxial plastic-
ity specimens were machined from individual 3.5 x 27 x 70 mm
(thickness x width x height) walls using wEDM for the outer pro-
file and CNC milling to thickness in the gage section and grip re-
gions.

Before testing, the gage sections for both sample types were
spray painted with a white basecoat and black random speckle
pattern for digital image correlation (DIC), a non-contact surface
strain field measurement technique (Vic2D software, Correlated So-
lutions). A digital camera (Point grey GRAS-50S5M-C) was used to
take an image of the gage sections during loading every one sec-
ond of testing until sample failure. In multiaxial tests two identical
cameras were used; one that had the entire gage region in the field
of view and the other focused at the center of the gage region on
the reverse side of the sample.

The uniaxial tension samples were pulled under displacement
control at an applied strain rate on the order of 104 s~1 using
an electromechanical load frame (MTS Criterion Model 43) with a
10 kN load cell. Vertical displacement was extracted from the DIC
analysis with an 18 mm long virtual extensometer centered in the
gage section of the uniaxial tension samples, which was used to
compute strain in the vertical direction.

The geometry of the multiaxial plasticity specimens, with a
thin, high aspect ratio gage section, allowed for plane stress
through the thickness and plane strain along the long axis of the
gage section [39]. Samples were loaded in a custom dual-actuator
hydraulic test machine (MTS System Corp.), schematically shown in
ref. [31]. The vertical and horizontal actuators can independently
apply any combination of normal (Fy) and shear (Fy) forces to the
sample. An angle 8 can be used to characterize the combined load-
ing ratio as

B =tan™! (%) (4)

In the current study four different stress states were eval-
uated with multiaxial plasticity specimens: shear (8=0°), shear
dominated combined loading (8=30°), tension dominated com-
bined loading (8=70°), and plane strain tension (PST, 8=90°). The
shear and plane strain tension tests were run in displacement con-
trol with a horizontal loading rate of 0.4 mm/min and a verti-
cal loading rate of 0.1 mm/min, respectively. Combined loading
tests were run in force control mode; for f=30°, Fy=1.5 kN/min
and Fy=0.866 kN/min, and for S=70°, Fy=0.546 kN/min and
Fy=1.5 kN/min. A vertical 3 mm long virtual extensometer at the
center of the gage section of the plasticity sample was used to
measure vertical and horizontal displacements, which were con-
verted to vertical and in-plane shear strains [39].

This combination of experimental tests allowed for: (1) the ori-
entation and stress state dependent elastoplastic behavior of the
material to be measured, (2) the calibration and validation of a
plasticity model that captured and predicted the observed behav-
ior, and (3) the use of the plasticity model in a hybrid compu-
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Fig. 2. (a) Uniaxial tension and (b) multiaxial plasticity specimen geometries used to evaluate the elastoplastic behavior of the L-PBF 316L material in two orientations — BD
(tension along the z-axis) and LBD (tension along the y-axis). Units in mm. (c) Schematic of the sample orientations and nomenclature with respect to the baseplate, not to

scale.

tational/experimental approach to quantify the multiaxial fracture
behavior of L-PBF 316L, as discussed in upcoming sections.

2.3. Fracture tests

The onset of fracture of L-PBF 316L for a wide range of stress
states was studied through experiments on samples extracted in
two orientations. The three different geometries used to study frac-
ture were selected because under applied macroscopic deforma-
tion, the strain in these geometries localizes at predictable loca-
tions, which is where failure is assumed to initiate. These locations
for each sample geometry are shown in Fig. 3: the surface of the
hole in central hole tension samples, the inside center of the but-
terfly samples, and the center top surface of the punch samples.
Note that under pure shear, failure may initiate at the edges of the
butterfly sample before the sample fails at the center. However, as
the central point in the butterfly sample during this loading re-
mains under a constant state of shear throughout loading, using
the strain at the center of the specimen up to the moment of spec-
imen failure provides a lower bound for damage to failure under
shear. The applied displacement to onset of failure was recorded
in each experiment.

For sample fabrication, central hole (CH) tension specimens in
both directions were profiled and sliced to thickness with wEDM
from a 10 x 70 x 80 mm wall (thickness x width x height), with
the central hole drilled and then cut to size with wEDM. Multi-
axial fracture specimens, referred to as butterfly specimens [40],
were machined with the same process as that for the plasticity
specimens from individual 3.5 x 34 x 80 mm (thickness x width
x height) walls in both orientations. An extruded punch sample
geometry was directly manufactured and sliced to thickness with
wEDM for the punch tests.

In central hole tension, a uniaxial tension stress state is main-
tained throughout nearly the entire test at the edge of the cen-
tral hole along the centerline of the specimen normal the loading
direction. Three central hole tension samples in each build orien-
tation were loaded on the same load frame as the uniaxial ten-

sion samples in Section 2.2 with a loading rate of 0.0162 mm/s. A
10 mm virtual extensometer was used at the center of the gage
section to measure displacement to onset of failure in the tests,
defined by the first visual identification of a crack.

The butterfly geometry featured a reduced thickness gage re-
gion similar to the plasticity specimens, as well as a non-uniform
gage height such that fracture is assumed to start at the center of
the shortest region of the gage section at half through-thickness
[40]. Using DIC, with the camera focused on the center of the gage
section, the displacement at the onset of failure was recorded for
two samples of each stress state and build orientation. The butter-
fly samples were tested using the same custom load frame as the
multiaxial plasticity specimens and using the same loading angles,

B.

The fracture behavior of L-PBF 316L was also observed under
equibiaxial tension with a punch experiment. The punch test is
widely used [41-44], and the experimental set-up is identical to
that presented in ref. [32] in which a disk specimen is fixed in a
die, and impacted with a hemispherical punch during quasistatic
loading. For the punch experiments, three-dimensional DIC was
used to measure the surface deformation field during loading up
to the onset of failure (Vic3D, Correlated Solutions). Displacement
up to failure was measured using the crosshead displacement with
an assumed compliance of 19 kN/mm.

The displacements to onset of fracture from the experiments
presented in this section were used in the calibration and valida-
tion of a ductile fracture model for L-PBF 316L. The wide range of
tests performed provide important information for understandings
the orientation and stress state dependent ductile fracture behav-
ior of L-PBF 316L.

3. Plasticity behavior: experimental results and model

The experimental findings of tests probing plasticity behavior,
and their use in the calibration and validation of a plasticity model
are presented in this section. Differences between experimental re-
sults and the finite element analysis (FEA) simulations of these
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Fig. 3. (a) Central hole tension and (b) butterfly specimens used to evaluate the fracture behavior of the L-PBF 316L material in two orientations — BD (tension along the
z-axis) and LBD (tension along the y-axis). (c) Equibiaxial tension specimens that were fabricated in the x-y plane, and loaded out of plane (along the build axis). Red circles
indicate the locations at which fracture is assumed to initiate, where the location is at the through-thickness center in (a) and (b) and on the top surface in (c). Units in mm.
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Swift law fit prior to necking, and a linear extrapolation after necking.

using the plasticity model are discussed with respect to the mi-
crostructure and defects present in the L-PBF 316L material.

3.1. Experimental results

3.1.1. Uniaxial tension results

The engineering stress-strain behavior for the six uniaxial
tension tests, three in each orientation, agreed well with the
direction-dependent trends observed in the literature, as shown
in Fig. 4. The yield strength (1BD: 558 + 3 MPa and BD:
497 + 8 MPa) and UTS (LBD: 670 &+ 1 MPa and BD: 600 &+ 1 MPa)
were greater in the 1BD orientations samples than BD samples.

The ductility of the material was also anisotropic, BD samples had
higher engineering strain to failure than LBD samples, 62 + 3%
and 53 + 1%, respectively. The anisotropic strength in the L-PBF
316L is hypothesized to have originated from the microstructural
features, most notably the columnar grain morphology that creates
more barriers for dislocation motion in the 1BD loaded samples,
that were observed in our material and the literature [7,8].

3.1.2. Multiaxial plasticity results

The multiaxial plasticity tests revealed mixed isotropic and
anisotropic behavior dependent on stress state, as shown in Fig. 5.
Tension dominated loading conditions, plane strain tension and
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B=70°, had similar behavior as seen under uniaxial tension in
which larger vertical force was applied to the 1BD samples com-
pared to BD samples to achieve the same displacement. The force
versus displacement behavior in shear dominated tests, shear and
B=30°, was isotropic. The anisotropic, stress state dependent be-
havior of the material was similar to the behavior observed in L-
PBF Ti-6Al-4V [31], except that the L-PBF 316L was significantly
more ductile. All stress states except plane strain tension and
B=70° in the LBD reached an equivalent plastic strain of >20%.
Based on similar anisotropic experimental behavior observed in the
two studies a plasticity model using the same framework as that in
ref. [31] was initially implemented with calibration of new model
parameters for L-PBF 316L, as discussed in the next section.

3.2. Plasticity modeling

3.2.1. Hardening model

To describe the hardening behavior of the material, a Swift law
with linear extrapolation after necking was used. The hardening
behavior is represented in the form of a piecewise function as:

nA(so + EP)"1 AEP &P <0.032

Aoy ={ KAGP &P > 0.032

(5)

Table 1
Calibrated plasticity model parameters.
. A (MPa) £ n K(MPa)
Swift law parameters 1289 0.206 0516 1000
F G H
. 0.63 0.42 0.58
Hill48 parameters N L M
1.58 1.6 1.6

Table 1. The LBD was chosen to be the reference orientation for
the model as it would be minimally influenced by any potential
LoF defects. A comparison between experimental data and the cal-
ibrated model is given in Fig. 4.

3.2.2. Yield function and flow rule

The Hill 1948 anisotropic yield function (Hill48) [45] was im-
plemented to capture the multiaxial plasticity behavior of L-PBF
316L. The yield function is given as:

(6)

where oy is the current yield stress, and the equivalent Hill48
stress, o yiieg, Under the plane stress condition is defined as:

f=0ninag —oy =0

OHillag = \/F(GZZ - 033)2 + 6(033 —on )2 + H(U]] - 0'22)2 + 2LO’232 + 2M0312 + 2NU]22

where o is the flow stress, £, is the equivalent plastic strain, and
A, €9, nn, and K are material constants. The constants were calibrated
for a representative 1BD uniaxial tension test, and are given in

(7)

where F, G, H, L, M, and N are constants that describe the mate-
rial’s anisotropy, 011 and o, are the normal stresses along the
1BD and BD directions, respectively, and 0,3, 031, and o, are
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the shear stress components. Assuming an associated flow rule, the
plastic strain increment can be calculated as:

. af(o'ij)

34
£ =
Uy y BGU

(8)

where y is the plastic multiplier. The equivalent plastic strain,
t

= [fdy, and
0

=p
Hil4g

its relationship with the plastic strain components is given through
the following incremental form:

. . L. ap
is defined as the accumulation of y, i.e., Ehillas

yield surface (0.5% equivalent plastic strain) agrees well with all
the experimental data in both orientations, including those tests
not used in calibration of the model parameters, 8=30° and plane
strain tension. Subsequent surfaces that represent the evolution
of the Hill48 equivalent plastic strain are also shown in Fig. 6.
The model does well to capture the entire set of experimental
data in for the 1BD tests; however, the model does not capture
the BD plane strain tension experimental data as well after ini-
tial yield. The model slightly overpredicts the experimental o yjjj48

2

2(de?)’
( ‘912) 9)

= F(de?)® + G(dsP,) + H(deP.)>  2(deP.)’  2(deP
def{inzxs:\/( h) (de) (defs) + (de3s) " (de3,)

FG+FH+ GH L M

3.2.3. Model calibration

The model in Eqn. (7) was calibrated with experimental data
from uniaxial tension, shear, and 8=70° plasticity tests. Addition-
ally, G + H was assumed to be equal to 1 because the strain hard-
ening parameters were calibrated along the o¢; or 1BD orienta-
tion. Using the uniaxial tension initial yield data along the two
orientations F + H was calculated to be 1.21, and L and M were
both calculated to be 1.6. To calibrate N, o438 Was computed for
the initial yield under uniaxial tension in the LBD direction and

set equal to oyjjgg = 1/ 2N(0f’2)2, where 013’2 was the average yield

stress in shear tests, resulting in N = 1.58. With all other model
parameters calibrated except H, Eqn. (7) was used with the aver-
age $=70¢ initial yield stress components (o 11, 03, and o 13) from
both orientations, which resulted in a calibrated value of H = 0.58.

3.2.4. Model validation
The Hill48 yield surface and comparison with experiments for
each stress state in both orientations is shown in Fig. 6. The initial

N

(average difference of 7%) with increased plastic strain for BD plane
strain tension, as shown by the mismatch between the 15% evolved
Hill48 equivalent plastic strain surface and the last experimental
data point in Fig. 6. This result can be explained when consid-
ering the effect of voids in the high stress triaxiality regime (for
plane strain tension, 7=0.58) where the voids are being opened
in two directions - along the vertical applied tension direction and
the horizontal direction due to the stress resulting from zero strain
along the gage width - having a larger reduction of strain to fail-
ure compared to other tests with a shear stress component and
reduced o ;.

The model was implemented into the commercial finite ele-
ment analysis software Abaqus using the implicit solver [46]. To
check the ability of the model to capture and predict the experi-
mentally measured data, half-thickness multiaxial plasticity spec-
imens were modeled and discretized into 14,336 C3D8R type el-
ements, with a symmetry boundary condition applied along the
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sample thickness plane. The top and bottom grips were defined as
rigid bodies, and each grip was tied to a reference node. All de-
grees of freedom of the bottom reference node were constrained.
For the shear and plane strain tension tests, a displacement was
applied to the top grip reference node in the horizontal and verti-
cal directions, respectively. The combined loading tests were sim-
ulated using force vectors applied to the top node corresponding
to the representative B angle. Force data were extracted from the
top reference node in simulations. Horizontal and vertical displace-
ment data were extracted from two nodes, one 3 mm above the
other, in the center of the gage section on the modeled sample
surface, identical to the experimental DIC virtual extensometers.
Fig. 5 compares the force vs. displacement response in each of the
simulations with their experimental counterparts. The calibrated
and validated plasticity model captured the orientation and stress
state dependent plasticity tests in the current study, even for those
tests that were not used in the calibration of the model. The largest
discrepancy was observed in the LBD shear test, where the max-
imum force was 13% larger in the simulation than in the experi-
ments.

4. Fracture behavior: experimental results and model

The quantification of ductile strain to failure requires a well cal-
ibrated plasticity model, implemented in an FEA framework, for
simulating stress state and plastic strain evolution to failure in
fracture experiments. The procedure for quantifying the stress state
dependent strain to failure and calibrating a suitable ductile frac-
ture model is discussed in this section.

4.1. Experimental results

4.1.1. Central hole tension results

The force vs. displacement results for the four central hole ten-
sion tests, two in each orientation, are shown in Fig. 7. The maxi-
mum force in the 1BD sample was 11% greater than measured in
the BD tests. The displacement to failure was similar in three of
the four tests, while one of the BD tests had higher strain to fail-
ure. These tests showed the same anisotropy as observed in the
tension dominated plasticity tests, namely that the LBD samples
required higher forces for the same deformation.

4.1.2. Butterfly results

A total of sixteen butterfly tests were completed, two repli-
cations for each combination of orientation and stress state. An
anisotropic force vs. displacement response was observed in the
tension dominated butterfly tests, while the shear dominated tests
were isotropic, as shown in Fig. 7. The differences in the maxi-
mum force at fracture for the vertical force component in the plane
strain tension and S=70° tests were 15% and 14%, respectively.

4.1.3. Punch results

The experimentally measured force vs. displacement curves for
five tests are shown in Fig. 7. The largest percent difference be-
tween any two tests for maximum force and displacement to fail-
ure was 7% and 2%, respectively. The principal stresses in the
punch tests were out of plane relative to the BD and 1BD orienta-
tions of all other samples; therefore, these tests were used in cali-
bration of the fracture surfaces for both orientations.

4.2. Fracture modeling

4.2.1. Finite element modeling

To probe the evolution of stress triaxiality, Lode angle param-
eter, stress and plastic strain components, and equivalent plastic
strain to failure in each fracture test in this study, a simulation

of each test, using Abaqus/implicit, was performed using the cal-
ibrated plasticity model presented in Section 3. The evolution of
stress state parameters and equivalent plastic strain were extracted
from the locations denoted in Fig. 3, which were assumed to be the
locations of failure initiation in each geometry. Mesh size depen-
dence studies were performed for all three geometries such that
the mesh size was decreased by half until the computed strain to
failure changed by less than 3% between subsequent simulations.

For the central hole tension tests, a 1/8th model geometry, with
136,448 C3D8R elements, was used. Symmetry boundary condi-
tions were applied on each of the three cut planes, and a vertical
displacement boundary was applied to a reference node that con-
trolled the vertical displacement of all nodes. A half-thickness but-
terfly geometry was modeled with 738,241 C3D8R elements. Sim-
ilar to the simulations of the plasticity specimens in Section 3.2.4,
the grips were modeled as rigid, and the same displacement or
force boundary conditions were used up to the experimentally ob-
served displacement to failure. Punch tests were simulated with a
full thickness, ¥ disk specimen geometry using 627,900 C3D8R and
3588 C3D6R type elements for the disk specimen with all degrees
of freedom constrained along the circumference of the disk and
symmetry boundary conditions on the cut planes. The hemispheri-
cal punch and die were modeled as a rigid body analytical surfaces
with a coefficient of friction of zero between the surfaces and the
disk specimen. A vertical displacement boundary condition, using
the same displacement needed for experimental failure, was ap-
plied to the punch, while the top die was fixed in all degrees of
freedom.

Experimentally measured and computationally simulated force
vs. displacement behavior were compared for each test. In the cen-
tral hole and butterfly simulations, force was extracted from the
top reference node and the displacements were extracted from
nodes corresponding to the ends of the experimentally used virtual
extensometers. The force and displacement in the punch simula-
tions were extracted from the node at the apex of the rigid hemi-
spherical punch, where the punch first contacted the disk speci-
men.

In the shear dominated tests (shear and B=30°), the strain
hardening behavior in the simulations exceeds that observed ex-
perimentally, resulting in a large divergence from experimental re-
sults at high strain. At the same time, there was very good agree-
ment between simulations and experiments in the tension domi-
nated stress states (plane strain tension and $=70°). To better cap-
ture the behavior of the shear dominated butterfly tests, a dam-
age initiation model was implemented. Damage models have been
used to describe the influence of cracks and texture in L-PBF 316L
in the literature [47], although ref. [47] used elements of crystal
plasticity and only studied how the microscale features imparted
damage in 1BD uniaxial tension tests. Here, the built-in shear
damage initiation model in Abaqus was used, in order to capture
in shear dominated tests without impacting the tension dominated
simulations.

The shear damage initiation criterion in Abaqus is a phe-
nomenological model based on damage initiating from shear band
localization [46]. The equivalent plastic strain at the onset of dam-
age in the model is dependent on the equivalent plastic strain rate
(ép) and shear stress ratio xs:

xs = (Gt lon) (10)

Tm ax

where kg is a material parameter and gy is the maximum shear
stress. Calibrated values of ks =0.3 and xs = 1.73 at an equiva-
lent plastic strain of 10% for damage initiation were determined
through a parametric study. The criterion for damage initiation is
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met when:
we — / _ 48
ép()(s’ 3 p)

where the state variable ws increases monotonically with plastic
deformation [46]. Once the damage initiation criterion was met, a
linear damage evolution plus linear softening was adopted to im-
plement a reduction in flow stress (compared to damage-free ma-
terial) with accumulated plastic strain. The standard linear soften-
ing model in Abaqus was calibrated to capture the observed force
vs. displacement experimental behavior under shear.

For simulations involving damage, Abaqus/explicit was used. For
all models, a mass scaling factor was used to reduce simulation
time while ensuring that the kinetic energy of the model was no
greater than 5% of the total internal energy. The force vs. displace-
ment results for each of the fracture test simulations with dam-

=1 (11)

age is shown in Fig. 7. With the implementation of damage, the
B=30° simulation agreed very well with the experiments and the
pure shear simulation agreed better, but still has a force difference
at failure of 9.8% and 19% in the BD and LBD orientations, respec-
tively. Using the standard model with no consideration of damage
the force difference at failure was 18% and 26% for the BD and 1BD
orientations, respectively. The incorporation of the damage did not
influence the tension dominated fracture simulations and was also
reincorporated to the plasticity type simulations with no effect, as
shown in Fig. 5.

In annealed stainless steel 316L, thermal softening due to the
formation of adiabatic shear bands has been observed experimen-
tally under shear loading at high strain rates [48,49]. Xue and Gray
showed that a high defect density resulting in subgrain structures
was a prerequisite for shear localization, and once deformation lo-
calized in shear bands, the local temperature in those shear bands
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increased by 15% to match the rolled experimental behavior and the comparison
shows that the rolled material does not undergo shear softening.

was calculated to increase by 470 °C. Together the formation of the
shear band and temperature increase resulted in softening. Soften-
ing from shear bands formed under quasi-static loading for iron
has also been reported, but only for grain sizes below 300 nm
[50]. For the present shear fracture tests of L-PBF 316L, a maxi-
mum temperature increase of only 9.6 °C was measured using an
infrared camera (Optris PI300 and Optris PIX Connect software)
during testing, thus, adiabatic shear banding was ruled out in these
tests. In as-built L-PBF 316L the dislocation density has been found
to be orders of magnitude larger than that observed in annealed
rolled material [14]. Additionally, the sub granular cells, measuring
0.5 to 1 um in smallest dimension [11,13], are partially respon-
sible for increased yield strength in this material. Therefore, it is
hypothesized that the initial large defect density fulfills the pre-
requisite of high defect density, and the sub granular cells provide
significant boundaries for dislocation motion, similar to grain re-
finement, such that even at quasi-static strain rates the shear band
localization occurs in L-PBF 316L.

A comparison of the experimental force versus displacement
behavior of rolled austenitic stainless steel 316 sheet and the L-
PBF material under pure shear loading using the butterfly geome-
try is shown in Fig. 8. Adjusting the standard simulation (no dam-
age) plasticity model to account for the initial offset in flow stress
in the rolled sheet versus the L-PBF material shows that unlike the
L-PBF material, the rolled material does not exhibit shear soften-
ing. The microstructural features therefore justify the application
of the phenomenological shear damage initiation criterion in the
computational material model.

4.2.2. Calibration of fracture models
The evolution of the equivalent plastic strain up to failure as a
function of the two stress state parameters is shown in Fig. 9 and

Table 2

Average values of the strain to failure, stress triaxiality, and Lode angle pa-
rameter for each test performed. These values were used for MMC model
calibration and validation.

Sample Type  Orientation  # of tests ~ Avg. &;  Avg. 7 Avg. 0
Central Hole BD 2 1.04 0.33 0.94
1BD 2 0.96 0.34 0.98
Shear BD 2 0.88 -0.02 —-0.05
1BD 2 0.76 0.01 0.02
B30 BD 2 0.84 0.17 0.49
1BD 2 0.71 0.18 0.51
B70 BD 2 0.38 0.49 0.40
1BD 2 0.39 0.47 0.46
PST BD 2 0.22 0.60 -0.15
1BD 2 0.22 0.57 0.06
Punch - 5 0.72 0.68 -0.84

a summary of the average value of each stress state parameter up
to fracture is given in Table 2. The fracture behavior of the mate-
rial exhibited an orientation dependence, and the strains to frac-
ture along BD were larger than their counterparts along PBD for
most of the loading types, with the only exception being 8=70°
and PST. Therefore, an anisotropic fracture model was needed to
describe the fracture behavior. In the current study, the anisotropic
Hosford-Coulomb (HC) model [51] and the anisotropic modified
Mohr-Coulomb (MMC) fracture model [52] were adopted. In what
follows, the definition of both models will be recalled briefly, while
references [51,52] provide further details.
For both models, a damage indicator, D, is calculated as:

1

o d&?
f

frac

D= (12)
0

™

where &2 is a model-dependent weighting function, and éfﬂmc is

a model-dependent equivalent plastic strain. D = 0 for the virgin
material, and it gradually increases with plastic deformation. The
material is regarded to be failed when D = 1.

For the anisotropic HC model, éj’imc is the equivalent plastic
strain defined in the plasticity model, which is the Hill48 equiva-
lent plastic strain in the current case (Eqn. (9)), and the weighting

function é}’r is defined as:

1+c
ch(%)

where b, ¢ and d are model parameters, ¢ is the von Mises equiva-
lent stress, and ¢ is the Cauchy stress tensor. In the current study,
o is expressed in Voigt notation as [011, 023, 033, 012, 023, O31).
M is a linear transformation matrix defined as:

&M (Mo /&) =b (13)

1 Mp 0 0 0 0
0 My 0 0 0 0
0 0 1 0 0 0
M=1" 0 0 M4 0 o0 (14)
000 0 1 0
000 0 0 1

where Mi,, My,, and My, are transformation coefficients that must
be calibrated, and gy is a function of the normalized stress tensor
o/, which is in turn a function of n and 6:

ch<g) = {%[(ﬁ -+ =)'+ (i f3)u]r
+c2n+ fi+ f3) (15)
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where a is a model parameter, and fi, f,, and f3 are defined as:

fi = %cos [%(1 —9_)]
fr= %cos [%(34—9_)]

2 T =
f3=—3cos [g(l +9)]
By applying the transformation matrix M to the stress tensor o,
ghc is changed from an isotropic function of ¢ to an anisotropic
function of ¢, thus making the fracture model anisotropic.
For the anisotropic MMC model, the weighting function é}’r is

defined as:
V3

o A o

8}’ = {Q[cg+m(lc§)<sec(6>l>i|

1+¢2 O 1. (6n
3 cos| g | +a|n+gsin{ o

where A and n are hardening parameters (the same variables
presented in Eqn. (5)), and ¢y, ¢, and ¢, are model parameters
[32,53].

The anisotropic MMC model uses an equivalent plastic strain
definition that is independent of the plasticity model. Luo et al.
adopted two equivalent plastic strain definitions for the MMC

Sl=

(17)

model: one that was equivalent to that in the plasticity model
and one that was independent of the plasticity model [52]. They
showed that the model accuracy was higher when adopting an
equivalent plastic strain definition that was independent of the
plasticity model. Following the framework in ref. [52], the equiv-
alent plastic strain for the anisotropic MMC model is defined as:

_ 2

=3 18- @ep)] [8-tey)] (9
where &, is the plastic strain tensor expressed in Voigt notation
as [ef). 85;, eh.. V2¢eh,. V2eb, . V2¢e8 ], and B is a linear transforma-
tion matrix defined as:

1 0 0 0O 0 O
0 B O 0 0 0
|0 0 B3 0 0 O
B=1"0 0 0 Bu 0 0 (19)
0 0 O 0 1 O
000 0 0 1

wheref,,, B33, and B44 are transformation coefficients that must
be calibrated.

To summarize, the parameters to be calibrated for the
anisotropic HC model are: q, b, ¢, d, M3, My, and My4, and those
for the anisotropic MMC model are cy, ¢3, ¢, B22, B33, and Ba4. In
the current study, a Matlab code was developed to determine the
parameter values. The code optimized the parameter values using
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Table 3
Calibrated anisotropic and isotropic HC and MMC model parameters.
Hosford-Coulomb a b c d My, My, Mgy
Anisotropic 0.970 1.184 0.127 0.091 —0.032 0.961 1.347
Isotropic - BD 0.694 1.300 0.244 0.199
Modified Mohr-Coulomb c ¢y (MPa) [ B B33 Baa
Anisotropic 0.860 1372 2.102 0.618 —0.461 —0.084
Isotropic - BD 1.150 1923 1.871
1.6 1.6
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each stress state studied in both orientations and a value of 1. The boxed x-axes labels indicate tests that were not used in calibration of the models.

the interior-point algorithm so that the resultant D values in the
experiments used for calibration were as close to 1 as possible at
the moment of fracture. For the anisotropic HC and MMC mod-
els, the tests used for calibration were: pure shear, §=70°, plane
strain tension, and central hole tension, leaving punch and 8=30°
for model validation. The calibrated parameter values are summa-
rized in Table 3.

Further, the isotropic variations of the HC and MMC mod-
els were calibrated in each orientation independently [30,41]. The
isotropic HC model is obtained by setting the M matrix in the
anisotropic HC model to the identity matrix. The isotropic MMC
model is obtained by replacing the equivalent plastic strain def-
inition in the anisotropic MMC model (Eqn. (18)) with that in

the plasticity model (i.e., é‘fjm . Hlll 4g)- Using the same calibration
tests and procedure, but only for the build direction tests, a direct
comparison was made with the anisotropic models. The calibrated

parameters for each model are given in Table 3.

4.2.3. Results and discussion of fracture models

Using the calibrated parameter values, the accumulated damage
at the moment of fracture (D) for each of the tests are shown in
Fig. 10. The isotropic versions of the HC and MMC fracture mod-
els, calibrated with the build direction tests, resulted in a mean
absolute percentage error (MAPE) for damage prediction across all
tests in both orientations of 11.3% and 13.7% for the HC and MMC
models, respectively. The MAPE values for the HC and MMC mod-
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at locations where the surface is higher for each model.

els were reduced when adopting the anisotropic variations of each
model, although the anisotropic HC model resulted in the lowest
amount of error of all the models calibrated. This finding indicates
that the anisotropic HC model best captures the multiaxial failure
behavior of L-PBF 316L.

The relative displacement to failure values, defined as the pre-
dicted displacement to failure divided by the measured displace-
ment to failure, for each model are also shown in Fig. 10. Note
that in almost all cases, the relative displacement to failure is be-
low 1, indicating that the calibrated models are largely conserva-
tive when predicting failure under the stress states considered. For
example, the least agreement between the anisotropic HC model
and experimental data was for $=30°, where the average displace-
ment to failure for samples in the BD was found to be 4.69 mm in
experiments, while the model predicted failure at a displacement
of 3.41 mm, 73% of the experimental value.

To visualize the differences between the anisotropic HC model
and the anisotropic MMC model, the fracture surfaces along BD
and 1BD for both models are shown in Fig. 11. In the plots, the
maximum principal stress direction was assumed to be aligned
with the BD or LBD, and the minimum principal stress direction
was assumed to be aligned with the thickness direction. Note that
the fracture surfaces in the figure can be interpreted as the frac-
ture strain limit for the condition of proportional loading. In ac-
tual tests, in which the loading paths are typically nonproportional,
the fracture surfaces should be interpreted as the reciprocal of the
damage accumulation rate (i.e., the higher the fracture surface, the
slower damage accumulates).

The fracture surfaces of both models have the same general
shape, but the anisotropic HC model shows higher sensitivity to
both n and 6, which explains why the anisotropic HC model was
able to better capture the experimental data compared to the
anisotropic MMC model. The higher stress state sensitivity of the
anisotropic HC model comes from its dependence on all three prin-
cipal stresses, while the anisotropic MMC model depended on the
first and third principal stresses only [41].

5. Summary and conclusions

The isotropic and anisotropic HC and MMC ductile fracture
models were calibrated for L-PBF 316L in two orientations. The

anisotropic HC model was able to accurately capture and predict
the experimental data in the present study. In general, the L-PBF
316L exhibited more anisotropy in strength than ductility, but only
for tension dominated loading conditions. The major findings of
the study are as follows:

- Anisotropic initial yield strength behavior, hypothesized to de-
rive from grain morphology effects, was only observed in the
tension dominated tests, which most directly probed the differ-
ence in grain dimensions along loading different orientations.
The plasticity behavior of L-PBF 316L was found to be stress
state dependent and somewhat anisotropic. The proposed plas-
ticity model consisting of an anisotropic Hill48 initial yield cri-
terion, associated flow rule, and isotropic hardening equation
captured the large deformation experimental results for a wide
range of stress states.

Shear softening, hypothesized to be due to shear band forma-
tion in shear dominated experiments, was captured through the
implementation of a shear damage criterion in the plasticity
model. With the calibrated damage initiation and linear soften-
ing, agreement between experiments and simulations was im-
proved for shear dominated stress states and had no effect on
the tension dominated stress states.

The ductile fracture behavior of L-PBF 316L was found to de-
pend strongly on stress state and slightly on build direction.
The experimental data were used to calibrate the anisotropic
Hosford-Coulomb fracture model, which captured the accumu-
lated damage at the moment of fracture and relative displace-
ment to failure within 7.9% and 7.1% mean absolute percentage
error, respectively, for L-PBF 316L.
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