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ABSTRACT

Three 316L stainless steel materials are studiddeported upon; wrought, as-built additively
manufactured (AM), and heat-treated AM materiahe RM material was produced from the
laser engineered net shaping (LENS) process. Maopic uniaxial compression stress-strain
curves were obtained for all three materials. din@es were similar for the wrought and heat-
treated AM materials but the as-built AM materiahtbnstrated approximately 1.7 times greater
flow stress at any given level of strain than tlleeotwo materials. Electron-backscatter
diffraction analysis of the materials also showeat the microstructures of the three materials
differed; with complex grain morphology for the lagilt AM material. The mean grain size of
each of the three materials also differed. Thigaindislocation density was also measured with
neutron diffraction and line-profile analysis farsth wrought and as-built AM materials with the
density in the AM material approximately 2.5 tinggeater. A single crystal model was
proposed to represent the essential features thitee FCC materials accounting for dislocation
interactions and representation of grain size \8argle Hall-Petch type term. The strength of
this term is evaluated through independent experiaieesults on traditionally manufactured
materials. The model was applied to each of theetimaterials by simulation of the uniaxial
compression experiments by direct numerical sinanatdf electron-backscatter diffraction
images. This allowed for representation of the sizeach grain in the simulations. The results
suggest that the difference in initial dislocataemnsity of the three materials is the primary
factor causing the difference in stress-strainoasp. Although the differences in grain size
contribute to a higher stress for the as-built Aldtenial, the effect is small. Other factors such
as internal stress and grain morphology could plagle in mechanical behavior difference and
these two factors are also discussed.
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1. Introduction

The metal additive manufacturing (AM) processesip@iffered commercially at the present
time are diverse - with combinations of proces®tgpd equipment manufacturer (Gao, 2015;
Frazier, 2014; Guo, 2013). Each of these variatisitli have the potential to produce materials
of differing characteristics (Wargg al, 2016; Yanget al, 2017). In addition, the process
conditions and component geometry add an additemaice of variation to the characteristics
of the material produced by any given AM system (iMw et al, 2018). It has been clearly
demonstrated that the materials produced from Abtg@sses are unique to our prior mechanics
experience (Bartolomeu, 2017; Lou, 2017;dtwal, 2018; Maryaet al, 2015; Nishidat al,
2015; Phanet al, 2017; Martiret al, 2017). The individual grain morphologies differ
significantly from the traditionally manufactureddaannealed metallic materials (Getyal,
2017; Cheret al, 2017, 2018; Guet al, 2017; Limet al, 2015; Pacet al, 2017; Zhong, 2017,
Li and Tan, 2018). Traditionally manufactured thermechanically processed metallic
materials have grain topologies which are genesllyiaxed and reasonably isotropic. Rolling
or extrusion processing steps are capable of rengleoth morphological and crystallographic
texture to the material, however those anisotrogieausually relatively uniform throughout the
component. This is certainly not the case in ga@rfer additively manufactured materials
(Livescuet al, 2018). Processing conditions and build patteamsplay a significant role in
influencing the mechanical response of the as-inalterial (Browret al, 2017, 2018). The
build pattern plays a significant role in determmpimechanical response since there are two
characteristic structural features within the astlooaterials — the “weld” bead and the single
crystal (Rannaet al, 2017; Wanget al, 2018). Each is readily observable in as-budternials
and the crystallographic morphology of grains witeach “bead” is determined by the
processing and solidification conditions. The nimipgy of grains can be quite complex — far
outside our experience in representing the microhaeics of deformation for such materials
(Francoiset al 2017; Tapieet al, 2017; Livesciet al, 2018).

The attractiveness of using additively manufacgomponents for applications is the ability to
produce complex shaped parts — which could notrbeyzed through casting or subtractive
machining procedures alone (e.g. Bonatti and Md0t.7). In practice, an additively
manufactured component generally requires some shadétractive machining for surface
finish or dimensional specification reasons. Hogremuch of the component will have been
produced by AM. With this complexity in part topgly, the conditions (e.g. laser energy, build
pattern, cooling rate) of the material productibdifferent locations within the component have
the potential to vary greatly (Warmg al, 2016). With these differing conditions comes th
possibility that the characteristics and propertiethe material will also vary greatly within a
single produced component. This could mean thatdibead size and grain size and
morphology could change with position within thetpal his is illustrated in the micrograph
images given in Fig. 1. In addition, the initiasldcation state of the material could also be
variable (Pokharedt al, 2018; Browret al, 2017, 2018). For structural applications théa,
plastic flow resistance of the material could vampstantially (> 10%) at different locations



within the part (Grat al, 2017; Gueet al, 2017; Yadollahet al, 2016; Wangpt al, 2016). It
has been demonstrated that there is a residuahahtgtress state in these parts upon cooling.
This is true both at the part scale and the sdaleeomicrostructure (Strantz al, 2018; Wuet
al., 2014; Kapooet al. 2018; Simsort al 2017). This internal stress state then could als
potentially varying spatially. For traditionallyanufactured materials, the single crystal was the
primary microstructural constituent that dictatkd variability in stress state and damage
response of the material. For AM materials, tinglsi crystal remains an essential structural
feature of the material, however there are now Aélddbeads that add an additional
morphological length scale to the material micnosture. In terms of internal material
interfaces, not only are there grain boundarietesider, but also the interbead regions or
interfaces which are as yet poorly understood aibjest to the same variability due to varying
process conditions (Grat al, 2017; Yadollahet al 2016). Through post-processing heat
treatment it may be possible to alleviate thes@apaariations for some components, however
with residual internal stress, there is a potemtialso change the dimensions of the part once
heated and re-cooled. Although we do not expfi@tcount for the possible effect of residual
internal stress in our results, we do considegpatential influence in the discussion.

Fig. 1. The light micrograph image to the left shows wiial weld beads in a build of
304L stainless steel. The EBSD image to the sglotvs an example of a single weld
bead with complex and location dependent grain hmagyy.

The influence of grain size on the plastic flowisence is well known, but that experience is
based upon the traditionally manufactured mateflde well-known empirically based Hall-
Petch expression for characterizing the relatignbleiween mean grain size and flow stress of a
material is based upon material of a traditionalcttire (Corderet al., 2016; Feaugas and
Haddou, 2003; Kashyap and Tangri, 1995; Siegéal, 2002). Our understanding of grain
boundary influence on mechanical behavior is nogged enough to generalize the influence of
grain size to plastic flow resistance of the malerof vastly differing structures such as AM
produces (Livescet al, 2018). It has also become clear that AM proeggsoduce states of
dislocation structure that differ greatly from amaaled state (Wargg al, 2016). The result of
this structure is manifest in significantly gregbéastic flow resistance for the as-built materials
in comparison to annealed material. In additi@cheprocess condition has the potential to
produce material with differing initial structurachence significantly different mechanical
behavior. Building alloys also introduces the pifisy for alloying chemistry variability, either
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by design or accident. Finally, each given AM systmay be used to build components of
differing alloy composition (e.g. AlMangour, 201Zhonget al, 2017). With this opportunity

also brings with it the possibility for un-intendeldemical elements to invade a given component
build and for impurities to be introduced during thuild process.

The Laser Engineered Net Shaping (LENS) processetél additive manufacturing was used to
manufacture the sample material used for the woekgnted here (Gragt al, 2017). This
process employs a powder feed system, which gaidlesv of metal powder to the point of the
sample surface containing the melt pool producethbéyaser. Generally, multiple feed ports
are directed along the axis of the laser withinvéeically mounted laser head. The sample is
produced on a build plate that is mounted on an tébie that traverses within the plane of the
table in concert with the laser head. The lasadliken moves in the Z direction as the part
builds in dimension. During processing the lassacdis generally encased with a flow of inert
gas to prevent excess influence from ambient oxygehfacilitate surface wetting. More details
of the particular processing conditions used f@ ¥ork are given below in the experimental
section.

Given the many outstanding questions surroundiag#ture of additively manufactured
metallic materials outlined above, the generalgreriince certification for structural application
of these new class of materials remains a verglahgllenge (e.g. Francasal, 2017). This
also implies challenges in numerically representirgge materials within engineering
simulations during design or performance evaluatiben plastic deformation and especially
damage assessment may be of interest (&ral, 2018; Yadollahet al, 2016). Although the
commonly used; plasticity theories that employ traditional strémmodels remain largely
phenomenological in character, the progressiomngies crystal models over the past several
years has been towards a greater physical bagisgertinet al 2010; Cheong and Busso, 2004;
Grilli et al, 2018; Knezevic and Beyerlein, 2018; Hansgral, 2013; Fengt al, 2018;
Haoualaet al, 2018; Dequiedét al, 2015; Kubin, 2013; Wanet al, 2017). The use of
dislocation density rather than flow stress agiti@ary evolutionary state variable has
facilitated a greater capability in predicting dishtion slip based plasticity behavior. This
progression has also opened a great many oppaéesitotbetter couple with advanced
experimental techniques for measurement of dislatatate and results from discrete
dislocation dynamics calculations in a quantitatiagy. Recently, continuum theories of
dislocation slip have moved from the traditionalac scaling factor for simple forest hardening
to a tensorial representation where specific ictgwas between dislocations on each slip system
and between the slip systems can be defined (eguiBdtet al 2015; Grilliet al 2018; Kubin,
2013). This affords an additional level of phys@ecuracy in hardening behavior and also
begins to open up the potential to calculate daioa sub-structure development. The latter has
long been lacking in continuum single crystal thepand the ability to more quantitatively
predict intra-granular deformation behavior. Wd employ an advanced model for FCC
materials here with the goal of describing the deftdion response of AM materials and
interpreting the underlying physical response.

Our experience to date with AM is that the morplaglof grains within the as-built materials is
far from equiaxed. Although indications are thadgess conditions weigh heavily on the
microstructure that is developed and there is y&thro be learned, the grain shape in many



examples of AM produced materials is very compl&ke occurrence of highly elongated grains
is very possible and flat surface grain boundaaredess probable. The influence of grain
morphology has to some extent been explored buasiatuch as that of crystallographic texture.
In our development of models for representatiothisf new class of material, we must then be
mindful that there is still much we do not know a@hdrefore cannot represent about the role of
grain boundaries in the structural response of AdMamals. In the work presented here, we
employ a simple representation of the influencgrafn size of plastic flow resistance. This is
done as an early representation of the influenagaih size in order to quantitatively understand
the role of different mechanisms on flow stresfedénces between AM materials and more
traditionally manufactured materials.

The manuscript will continue in section 2 by ddsiog the processing history of the three
different materials examined in this study. SetBowill present the experimental results from
those conducted on the three materials. In sedtibie single crystal model is defined and
described in the context of this study. Secti@mobtains the description of material parameter
evaluation and the sources of information usednguthiat process. The simulations performed
are described in section 6 along with comparisorexperiments and uncertainty assessment.
The results are discussed in section 7 and wecaiitlude with some final thoughts in section 8.

2. Experimental Results

The material being considered in this study wasufantured using a LENS MR-7 laser AM
system from Optomec (Albuquerque, NM) as describeddpublication by Gragt al. (2017).
The details of the commercially available wrouglattg material used as the reference in this
study were also reported upon by Geayl (2017). In addition to the plate and as-built AM
materials, a portion of the as-built material waathreated to 108@ for one hour under
vacuum followed by cooling to room temperature ive 2ninutes by rapid Argon gas quenching
with the intent to fully recrystallize the AM micstructure. Electron backscatter diffraction
(EBSD) and light optical microscopy (LOM) were i#dd to investigate the microstructures of
the three starting 316L SS materials. Represeptatiages of the microstructures for all three
materials are given in Fig. 2. All AM samples wereduced as right-circular cylinders 25 mm
diameter and 33 mm tall.
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Fig. 2. LOM and EBSD images of the three materials carsid in this study. The scale
and relative position of each EBSD image are shiovthe figure.

Simple compression experiments were also conduxtexhch of the three materials by electro-
machining cylindrical samples of 5 mm diameter &mdm tall. Quasi-static compression tests
were conducted using an Instron screw-driven tetem at a strain rate of 0.001 and
temperature of 298 K and the stress-strain curmethbse experiments are given in Fig. 3. The
simple compression experiments performed on theigitomaterial also included a strain rate
jump from 0.001 4 to 0.1 &, which is apparent from the black curves in FigGhce again, the
details of the experiments can be found in Geagl (2017). A number of replicate
compression experiments were conducted on eadtedhtee materials. The loading direction
for the AM materials was along the build axis (Zedtion) of the manufactured cylinders.
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Fig. 3. Stress-strain response of the three materialsidered here. The data
represented is taken from Gratyal (2017). The red curves are those of the as-AMit
material, the blue curves those of the heat-treAtddnaterial, and the black curves are
from the wrought material.

The wrought and as-built AM materials were probgdhbsitu neutron diffraction measurements
using the procedures outlined in Broetal (2017). These measurements were conducted on
the Spectrometer for Materials Research at Temyeraind Stress (SMARTS) at the Lujan
Center at the Los Alamos Neutron Science CenteN®BE) in order to carry out diffraction
line profile analysis on both materials. The difftion patterns collected during heat treating
were analyzed with Rietveld refinement of the pdttern using the General Structural Analysis
Software (GSAS) to determine the lattice parametesise fraction and peak variance.
Quantitative diffraction line profile analysis wesmpleted using the extended Convolutional
Multiple Whole Profile (eCMWP) line profile analgsmethod (Ribarilet al., 2004).

The diffraction intensity profile is affected byethattice distortion caused by the presence of
dislocations in the material. A higher level dtize distortion will generally lead to the
broadening of the lattice diffraction peaks dug® variability in lattice dimensions caused by
that dislocation distortion. An analysis of thedliprofiles for an estimate of the structural state
of the material begins by calculating theoretiqalfie functions as the convolution of the



theoretical size, distortion, and planar fault pesfand measured instrumental profiles which
have the characteristics of the microstructureaaarpeters. These theoretical profiles are based
on physical models, which describe the effect pé stlislocations, and faulting on the shape of
the diffraction profiles. The profile functionsegfitted to the full measured pattern by a non-
linear, least-squares algorithm through which themeters of the microstructure are
determined. The dislocation density was determfred the diffraction data collected in the
high-angle, high-resolution, detector on SMART$heT002) peak for both the wrought and as-
built AM materials are given in Fig. 5 to highlighte peak broadening observed in the AM
material. The dislocation density from these [imefiles were determined to be %0 mmi?

and 2.3x 10° mm? for the wrought and AM materials respectively.islBcation density
measurements were not made on the annealed mataurtalvere assumed to have an initial
dislocation density that of the annealed wroughtiemmea.

Austenite (200) Ferrite (110)
Wrought r Wrought

AM Py = 9.0x107 1/mm?
Pam = 2.3x108 1/mm?

AM

fam ™ 0.03

1.78 1.785 1.79 1.795 1.8 1.805 1.81 1.815 1.99 2 2.01 2.02 2.03 2.04 2.05 2.06 2.07

d-space (A) d-space (A)

Fig. 4. Neutron diffraction lattice spacing profile footh the wrought material and the
as-built additively manufactured material with psites of dislocation density. The
right-hand profile gives an estimate of the ferctamtent in the as-built AM material of
3%. The black curves are those from the wroughéenzd and the red curves from the
as-built AM material.

In-situ measurements during heat treating were mad®soth materials on the lower resolution
detector bank (bank 1) to glean the ferrite fracioantitatively and the dislocation density
qualitatively. Each material was heated to a teatpee of 1050C at a rate of 10 °C/min, and
then cooled to room temperature at the same rduiée diffraction data was collected. For each
material, the full-width half maximum (FWHM) of t{200) peak is shown as a function of
temperature in Fig. 5. Initially, the AM materiadlebits a broader peak consistent with Fig. 4
which is associated with a high dislocation denaith heating, the breadth of the peak from
the AM material decreases sharply between 720 &3@6 °C indicative of dislocation
recovery. Unfortunately, the same range of datsilast during the heat treating of the wrought
sample because of an accelerator failure. Highugen measurements (bank 3) after the
completion of the heat treatment exhibited peaksistent with the instrumental resolution, that
is the dislocation density was below the detediimit of ~1.0x 10" mm. A thermal expansion
coefficient of 16.2um/m-K for the 316L material was measured.
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Fig. 5. Line profile peak width and ferrite fraction afuaction of temperature for the
thermal cycle imposed on the as-built additivelynofactured material.

3. Single Crystal M odel

The historical basis for the single crystal consitte model presented here can be found in the
works by Rice (1971), Hill and Rice (1972), Asarad&ice (1977), Asaret al (1983a,b),
Kockset al (1975), Kalidindiet al. (1992), Bronkhorsgt al (1992), Anand (2004), Bronkhorst
et al (2007), Allemaret al (2015). Within the deformation rates examinecehthe coupled
thermo-mechanical elasto-viscoplastic formulatiesuemes that thermally activated slip is the
dominant mechanism for plastic deformation.

The kinematics are defined such that the deformajradient is decomposed into reference,

intermediate (iso-clinic), and current configuraso Therefore, the deformation gradient
decomposition is correspondingly given by

F=FFP, 1)
where it is assumed that
detF' > 0; detF® = 0. (2)

Lattice rotation is contained within the elasti¢atenation,F , therefore the slip system direction
vectormg and slip system normal vectof defined in the reference configuration are defined
in the current deformed configuration as

m?=FmJ; n“=F"ng. (3)



The constitutive model is defined in the interméeli@onfiguration and therefore the second
Piola-Kirchoff stress is given by

T =L(6)[E -A(6-6,)] . (4)

where 8 is temperatured, is the reference temperatuté(6) is the fourth order elastic

stiffness tensor as a function of temperature, Anslthe thermal expansion tensor. The elastic
Green-Lagrange strai in the intermediate configuration is given by

1
E =§(F F 1). (5)
The second Piola-Kirchoff stress is related to@aechy stressT in the current configuration
by

T =F*(detF )TF 7. (6)

The plastic velocity gradient,” is defined in relation to the slip rate on theection of slip
systemsy” by

LP =FPF" =) p7sf, (7)

where the Schmid tens&;, defining the geometry of each of the 12 {111}<2Mlip systems
a is given by

S =mg Ong. (8)

The shear rate due to dislocation slip is define@ach slip system by an expression
representing the thermally activated motion ofatiations (Kock®t al,, 1975; Busso, 1990;
Cheong and Busso, 2004)

p

a

T

R
)

V' = Yo exp sorz”), 9)

where y;, is a constant strain rate factbs, is activation energy is Boltzman’s constanfyis
the temperature dependent shear modylys the reference shear modulus at 0sKis the

deformation resistance stress due to dislocatinuetstre, §” is the intrinsic lattice resistance,
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andp andq are exponents to determine the shape of the elargier for dislocation motion.
The resolved shear stress is given by the follovexyyession

" =(CT ) =T 5, (10)
where
C=F'F. (11)

The shear modulus is given by

1(6) :\/044(9)(C11(‘9);C12(‘9)J , (12)

where
Ci(0)=Go+mo. (13)

The resistance stress due to grain size and diglacstructure is given by

k
SZ:%J’\/SLJ’:“MZ &p” . (14)
ar B

whereb is Burger’s vectorky, is the grain size factos, is a far field resistancéy is mean grain
diameter,a”is the dislocation interaction tensor, apfis dislocation density on slip systgin

The interaction tensor has been developed over somdor FCC materials (Dequieet al,
2015; Kubin, 2013; Madeet al, 2002, 2003; Devincret al, 2006, 2008; Hanseet al., 2013;
Haoualaet al, 2018).

The evolution of dislocation density on slip systeris given by (Dequiedét al, 2015; Haouala

et al, 2018)
~a 1 (24 a .
p :E( > dp” -21,p J\V"\- (15)
B

Whered” is the dislocation multiplication interaction tensndr. is the dislocation capture

radius for dislocation annihilation. The tenstif is given by the following for self-interacting
and coplanar slip systems, with constant

ap
a

&

and for intersecting non-coplanar systems, withstamtk,.

d =

(16)

11



(17)

The capture radius for dislocation annihilation is given by the termgerre and rate-dependent
form based upon work of Kocks (1976)

ki

>[&

7|
2

r,=r

c c0

(18)

This model was implemented within an ABAQUS UMATdaollows the numerical integration
strategy outlined in Kalidindgt al (1992) and Bronkhorstt al (1992). The following section
defines the evaluation of the physical quantitrethe model for use on the three materials of
study in this work.

4. Material Parameter Evaluation

In this section, we outline the procedure useduantjfy the list of material parameters used in
the model presented in the prior section. Theofigfuantities and their value are listed in Table
1. The mass densigyand specific heat, are both taken as constant for the loading canhti
used here and are evaluated from experimentalgileta in Fig. 9 below. The thermal
expansion coefficient was measured as explained above in the experihssaizon and taken
as isotropic for a single crystal. The Taylor-Queg coefficient; was taken as 0.0 for quasi-
static rates of loading and 0.95 for rates of IngdiO00 & and greater. Since the elastic
constants of stainless steel are very close teetbbson (Boyer and Gall, 1985), the single
crystal data for iron from Simmons and Wang (19%43 used to evaluate the temperature
relationship fotCy1, Cy2, andCass. The pre-factory, in Eq. (9) was taken as 16" asin

Bronkhorstet al. (2007). The quantitiggandq, also from Eg. (9), were taken as 0.33 and 1.66
as guided by the work of Koclet al (1975). The Hall-Petch type term found in Edt)(1
contains the single quantiky, to quantify the grain size influence on mean fkivess for a

single crystal. We have used experimental data tiee works of Feaugas and Haddou (2003),
Kashyap and Tangri (2002), and Sirgglal (2002) to estimate this parameter. The
experimental data sets from each of the three gatins is given in Figs. 6-8. For each of those
data sets, the experimental results at a stralin0&f was used to evaludg and is indicated by

the red lines in each figure. The value from tleeknof Feaugas and Haddou (2003) was
evaluated to bky = 31.0 MPa-mrH? that from Kashyap and Tangri (2004) = 5.0 MPa-

mm*% and from Singtet al. (2002)ky = 15.2 MPa-mri-,
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Fig. 8. Grain size versus flow stress at different lewdlistrain from the 316L stainless
steel data of Singét al. (2002). The red line represents the portiorheféxperimental
dataset which was used for the present study.

15



0 =7860 Kg/m

c, =462 Jkg-K

a =16.2 y m/m-K
n=0.0,0.95

m, =—61.63 MPa/K
C,, =247.5GPa
m, =-22.7 MPa/K
C,, =140.3 GPa
m,, =—23.6 MPa/K
C,,, =123.74 GPa
y, =10 sed
F,=7.6x10" J
p=0.33

g=1.66

dy =15.9um

5" =0.0 MPa

s, =0.0 MPa

pf =9.0x10 1/mnf
k, =15.2 MPa/ mm
b=2.48<10" mm
a_, =0.122

jipotar = 0-122

a,.,, =0.070

Bsolinear = 0-625
8yjssie = 0-137

A gmer = 0.122

k. =6.0

k. =110.0

ro, =10
A=5.0x10%° J

Table 1. Material parameter set used in this study uriledisated otherwise within the
manuscript.

The values for the dislocation interaction quagsittomprising the tensey in Eq. (14) were
taken directly from the magnitudes reported by Dedpet al (2015), Kubin (2013), Madest

al. (2002,2003), and Devincet al. (2006,2008). Although there remain some unaagdn the
magnitude of each of these 6 valu®sy, adipolars AHirth, Acoliinean Aglissile ALomer the precision with
which these quantities are being quantified is iooiitig to improve. In a similar fashion, the
value of capture radiugo was taken as the value used by Hareteal (2013). The intrinsic
lattice resistance”, for most FCC materials is generally very smalhs&have assumed that it

is zero for this study. In addition, for purposéshis study we have assumed that the long-range
resistances, is also zero. The values of initial dislocatia@ndities for the three materials are

those evaluated experimentally and described ab®ke.initial density for the two annealed
materials is taken as 9:010° mm? while for the as-built AM material is taken as .30° mmi

2. The remaining 4 quantities, activation engfgyrom Eq. (9), the dislocation evolution
constantk; andk,. from Egs. (14) and (15) respectively, and captadius constam from Eq.
(18) were simultaneously evaluated against expetiah@niaxial compression data for 316L
stainless steel at differing initial temperatured atrain rates. A cube of 1000 elements with
each element a single crystal with assumed ingatlom crystallographic texture was deformed
in uniaxial compression to replicate the experirmeodnditions. The grain size for these simple
compression simulations was taken as the graimseasured on the wrought material for this
study withdg, = 15.9um and initial dislocation density of 9:010° mm®. The resulting
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representation of experimental stress strain cumihsthe completed list of material parameters
given in Table 1 is given in Fig. 9.

1000 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
- 23C, 0.001/s

800 -

600

Stress, MPa

400

O ! 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

0 0.05 0.1 0.15 0.2 0.25 0.3
Strain

Fig. 9. Representation of simple compression experimelatia at differing temperature
and strain rate conditions for wrought 316L stesnlsteel. The solid lines are
experimental data and the broken lines are sinmna#sults. The red curves represent
the conditions of 23 C initial temperature andistrate of 2000/s. The blue curves
represent the conditions of 600 C initial tempemtand strain rate of 2300/s. The black
curves represent the conditions of 23 C and anstee of 0.001/s. The single green
curve is from the heat-treated AM material at 28n1@ a strain rate of 0.001/s — with a
strain rate jump at higher strains which is ignanede.

The experimental data for the wrought materiahef study was therefore used as the material
for parameter evaluation. There was no input fafrmation from experiments conducted on the
as-built AM material nor from the AM material thaas heat-treated. In the section that follows,
we employ this model to describe the deformatidmaleor of both the as-built AM and heat—

treated AM materials.

5. Prediction of Experimental Resultsand Sensitivity Analysis
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In this section, we return our focus to the stistsain curves given in Fig. 3 where significant
differences between the responses of the heaetr@aaterials and the as-built AM material
were observed. In using an advanced model foesgmtation of the 316L material as proposed
earlier, it allows for us to provide a physicaldrgretation of the relative responses of eachef th
three materials. As already pointed out in theothiiction section above, the morphologies of
grains produced from AM processes can be quite ognd in stark contrast to our experience
with conventionally manufactured materials.

Three EBSD images together with mapped 2D modetsiofi of the microstructures are given in
Fig. 10. The colors in the upper row of imagesdates crystallographic orientation, however
the bottom row colors indicate only individual grairepresented by elements. The EBSD
sample points in the upper row of images are eatihetl as a single element in the 2D finite
element model. The array of image points is akauo define a two-dimensional grain size for
each crystal.

Additive

8-

Fig. 10. EBSD images (top row) and corresponding two-disieamal mapped models
(bottom row) for each of the wrought, as-built ankéily manufactured, and AM heat-
treated materials considered in this study.

Since there are certainly variations in the stmecftom image to image, we use three different
images and construct three different two-dimendioralels for each of the three materials to
obtain a better estimate of the mechanical respohsach material. Each of the EBSD based
two-dimensional models displayed in Fig. 10 is ¢arded into an axi-symmetric compression
configuration with the left side representing tleaterline of the simulation. Each of the EBSD
scan points in the regular scan grid in represelyeal single axi-symmetric element CAX4H
within ABAQUS. The nodes on the bottom of eachgmare fixed vertically while allowing for
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horizontal displacement. The top line of nodegsrescribed to motion vertically to allow for a
true strain rate of -0.001*sind allowed to displace horizontally as neededns@tent with the
experiments, an initial temperature of 298K waglufse the simulations. The right side line of
nodes is unconstrained while the left side edgeesgmts the line of axi-symmetric symmetry.
The simulations then are axi-symmetric compresd&formation. Grain boundaries are not
explicitly represented in these simulations. Treargsize is determined for each of the grains in
the model and this value of size is used to reptesach grain individually. The
crystallographic orientation for each grain is dksloen to be initially constant. This grain size
dependence then is applied to the entire grainllgpteeach element. The sizes of the grains
are scaled so that the mean grain size within 2Bcmodel is consistent with that measured
experimentally.

Fig. 11. EBSD images of the three different realizatiosscufor numerical simulations
for each of the wrought (top row), as-built additivmanufactured (center row), and
AM heat-treated (bottom row) materials.

The predicted axi-symmetric compression responsleeo@s-built AM and heat-treated AM
materials together with the represented respont®ofrought material are given in Fig. 12 and
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compared directly with the experimental results.Fig. 12 the dashed lines are those from the
simulations while the solid lines are the experitabourves. The simulation results in this
figure use the value of the grain size dependegce ¥5.2 MPa-mrH2 The simulation results
from the wrought material derive directly from gh@ameter fitting process and therefore it is
not surprising it is represented well. The hea&tted AM material differs from the wrought
material in that the grain size is different anid tifference is applied to the simulations. The
variability of the three microstructures leadstr@ss-strain curves that display some difference —
not seen with the other two materials. The hesdtd AM material results compare quite well
with the experimental curves in an average sefibe. as-built AM material differs in both mean
grain size and also initial dislocation density aigplays values of flow stress which are
significantly greater at any given strain levelrthhat of the other two materials. This is
consistent with the experimental results as wellthbe calculated results for the as-built AM
material are somewhat lower still than the expenitaleresults. Overall however, the predicted
results capture well the nature of response offtree materials with differences presumed to
arise primarily from differences in grain size aniial dislocation density.
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Fig. 12. Comparison between predicted and experimentaltsasased upon the axi-
symmetric simple compression representations ubmgwo-dimensional EBSD
images. The solid lines are experimental curveiewhe broken lines are simulation

curves. The red curves represent the as-built Ad¥emal. The blue curves represent
the heat-treated AM material. The black curvesesgnt the wrought material.

As alluded to in our discussion of the Hall-Petolefticientky earlier, there is significant
uncertainty in the magnitude of the value of thiamtity based upon the three sources of
experimental information. In addition, as pointed by the work by Brown et al. (2017) there is
also some degree of uncertainty in the abilityired profile analysis work based upon diffraction
techniques to discern dislocation density and sirec Both grain size effects and dislocation
structure remain topics of intense research. Wehcavever, use what we have with regards to
the variability of the information to test the unteénty in our calculated results. Some simple
comparisons are given in Fig. 13 using as our eafex the deformation behavior of the as-built
AM material for both experiments and the calculatiepresenting the as-built AM material (red
curve). The same calculations for the 3 as-built odels were performed using values of the
Hall-Petch coefficienky, of 5.0 MPa-mr{? and 31.0 MPa-mfff and are represented by the gold
and blue curves respectively in Fig. 13. Usinglue ofky = 15.2 MPa-mrH? and increasing

the value of initial dislocation density to the poof matching the experimental curves we arrive
at a value ofp = 3.1x 10 mm®. This result is given by the green curve overigythose of the
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experiments. This is in comparison to the valumitiial dislocation density of 2.8 16 mm?
used to arrive at the red curve and that usedifpri2.

1000 — T T T [ T T T T [ T T T T [ T 1 |’| _.J T p |: 3._1 X 108
As-Built AM Experiment i 0
I T k =115.2
k et > - [ [
=2.8x 108
B0 - L7, " P,
$ 600 i —
E -
&5 400 -
200 F -
0 T R TN R [N T T N N N T T N T [N Y N T T N TN NN N
0 0.05 0.1 0.15 0.2 0.25

Strain

Fig. 13. Simulations showing variability of results basgmbn uncertainties in both

representations of initial dislocation density adlvas Hall-Petch parameter. The black
curves are the experimental curves for the as-Biltmaterial. The broken lines are all
simulation results. The blue curve is a simulatismg a Hall-Petch parameter value of

31.0 MPa/ mm, the red curve a value of 15MPa/ mm, and the orange curve 5.0
MPa/ mm. The green curve is a simulation using a HaleP@arameter value of 15.2
MPay/ mm and initial dislocation density of 3.1 x®L@nm.

The two primary physical features which are promirteere in this work regarding additively
manufactured materials is grain size and dislonattaucture. The computed results shown in
Fig. 14 demonstrate the relative influence of thwgefactors on the flow stress. The solid red
curves are the experimental results for the ag-BiMl material. The black broken curves are the
computed results representing the wrought matandlthe broken red curves are computed
results representing the as-built AM material. lEatthese computed results are those used in
Fig. 12. For each of the computed results in Eg.a Hall-Petch parameterlgf = 15.2 MPa-
mm*?was used. The broken green curves in Fig. 1thareomputed results for the as-built

AM material using the initial dislocation densitiytbe wrought material. The broken blue
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curves are the computed results for the wroughénatusing the initial dislocation density of
the as-built AM material. Fig. 14 then sugges#t thithin the context of the assumptions made
in the model employed here that the primary factdhe increase of flow stress of the as-built
AM material is the difference in initial dislocatistructure between the wrought and as-built
AM materials. Although as the results in Fig. Lggest that there is significant uncertainty in
the ability of a simple Hall-Petch representatibgm@in size on flow stress, grain size from
current estimates does not appear to be a signiffaator. This also is consistent with
observations made by Brown et al. (2017) in thieidg of 304L stainless steel.
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Fig. 14. The relative contributions to enhanced flow strefsthe additively
manufactured material from grain size and dislecatiensity. The green curves
illustrate the effect of grain size relative to tieéerence of the wrought material. The
blue curves illustrate the effect of imposing tiEatation density magnitude of the as-
built AM material on the wrought simulations. Theken red curves represent both
grain size and greater initial dislocation densifyHall-Petch parameter &, = 15.2
MPa-mnt’? was used for all calculations.

6. Discussion

Based upon the materials chosen for this studyrgnetluced in section 2 above, it was
hypothesized that grain size and initial disloaastructure of the material were the primary
factors affecting the flow stress for additivelymgactured 316L stainless steel. This
hypothesis was built into the model which was pegebin section 4. It is also convenient that
the austenitic stainless steels are of FCC streetdor which our ability to represent some of the
sophistication of dislocation interactions withic@tinuum model are the most mature. As
discussed in section 5, the evaluation of the @laygarameters in the model was done using
multiple sources of physical information and reprged well the available experimental data.
This is not to say however that all uncertaintyB@C materials is eliminated, but rather that we
make our assessment of structural performanceesttthree materials with a model which
efficiently represents the prominent charactemsstitthis class of material in as accurate a way
as possible currently.
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As the results presented in the previous sectiggest, dislocation density is the prominent
factor contributing to the substantially highemilstress for the as-built AM material. Using
directly measured estimates of the net dislocademsity of the material, we showed that a
substantial amount of the increase in plastic #dress could be predicted with the proposed
model. This result is consistent with the respitssented by Browat al (2017) in their work

on additively manufactured 304L stainless steé.. H4 in Brownet al. (2017) suggests a strong
relationship between dislocation density and pidiiv stress of the material manufactured by
differing process conditions. Wamegjal (2018) examined in detail the structural statédf
produced 316L stainless steel and showed thatstiveii#t material contained a substantial
amount of dislocation substructure but also a &igant amount of lattice rotation within each
grain suggesting the presence of geometricallysszog dislocations (GNDs). They also
proposed a single crystal model for representiegytiain size and dislocation density of the
material and used the characteristic size of thlcktion subcell in their grain size
representation for their calculations since it wash a prominent feature in the material. They
also presented results that suggested possibiiitienaterial design through manipulation of the
structure of the material to enhance mechanicardedtion performance. Kapoetal (2018)
examined the feature of strong GND density wittgrbailt Ti-6Al-4V. This alloy contained

both HCPa and BCCpB phases as part of the very sophisticated micrastre. The authors
proposed and used a deformation rate dependen¢ sirygtal model for both phases which
accounted for GND populations to study the evotutbinternal stress within numerical
simulations of representative 2D microstructur€ley initialized the as-built internal stress
conditions of the material by incorporating theialiGND densities. This work did not however
speak to the aggregate deformation behavior viagdgin plastic flow stress due to internal
stress or structural evolution. This work doassiifate the importance of representing both
statistically stored (SS) and GND populations slatiations for as-built materials at the single
crystal level of model development for this smalinpling of material examples.

Dislocation line profile analysis (DLPA) is currénthe only experimental method that provides
bulk dislocation density. In Fig. 12, we observiedttthe model under-predicted the flow stress
for the as-built AM 316L material. The paramettiedyy shown in Fig. 14 suggests that between
grain size and dislocations, dislocations playimary role in contributing to the observed
increased flow stress in AM materials. If thishe tase, an incorrect initial dislocation density
being assumed by the model would explain the m®daller-prediction of flow stress. On the
other hand, AM materials exhibit hierarchical stawe with melt pool sizes of several
millimeters and internal substructures of seveuaidred nanometers (Waegal (2018). This
hierarchical size effect cannot be captured byglsiaverage grain size value, which is also
non-trivial to estimate for AM materials, due t@ttact that large intragranular orientation
gradients are ubiquitous in AM microstructures. @davith size, grain morphology, and grain
boundary types are other microstructural paraméatsshow significant spatial heterogeneity
in AM materials. Grain boundary types and grainpgsaare known to influence mechanical
properties in conventional materials and could aifloence the variation observed in AM
material properties. In addition, a 2D microstruatuepresentation does not entirely capture the
3D nature of deformation and microstructure evolutiAlthough efforts are ongoing to
characterize crystallographic 3D microstructuréagibigh-energy X-rays at%yeneration light

25



sources, the complexity of AM microstructures wilge internal deformation and tortuous
grain morphology make it challenging to probe 3@nmmstructures in AM materials.

The question of the influence of initial residutekss internal to the as-built material was not
addressed within the theory or calculations preskaarlier. We know from the work using
diffraction analysis to probe the microstructutalts of as-built materials (Browet al, 2017,
2018; Strantzat al, 2018; Pokharedt al, 2018) that the internal stress implied by lattic
distortion has a magnitude that can be on the @fl#d0’s of MPa. The length scale of these
measurements is generally large so these measetreesidual stress fields are larger than a
single weld bead. Based upon measured initial géacally necessary dislocation density, the
work of Kapooret al (2018) modeled this field and implied a graindiemternal stress
magnitude. Neither of these studies examinedffieeteof the internal stress state on the stress-
strain response of the as-built material. In d@argsting study of prior loading history and its
effect on the stress-strain response of 7050 Tmialum plate, Bartoet al (1999) examined the
differences between Sachs, Taylor, and crystatipigsfinite element models. Of particular
interest here are the cases in which simulations wenducted by load path changes — tension-
compression and tension-shear. This study foualdthie internal stress formed by the tension
cycle effected the duration of the knee of thesst®train curve upon loading reversal. One
might expect that within an as-built component h externally unloaded that if internal
stress exists this must exist so that internallyabmponent balances the tension and
compression stress states. Upon application efeakloading, one would expect that plastic
flow will initiate earlier as the regions with irat stress conditions complementary to those of
the externally applied stress would achieve pldkie first. One would then expect that as
loading continues, those regions of the materiaconmplementary to the loading would then
reach plastic flow conditions later. The net effiechis thought experiment would then be a
stress-strain curve which may display a more exddrahd larger radius knee in the stress-strain
curve as compared to that for a material withositgal internal stress.

As pointed out in the introduction, it is possibde other strengthening mechanisms to play a
role in changes to flow stress within AM materialsis expected that chemistry differences and
impurities not present in the more traditionallpEesses materials could provide additional
resistance to dislocation motion. These factonewet included in the present quantitative
assessment. It is clear from the present workrésatlts suggest that as-built dislocation density
and structure play a very large role in the obsrlevation of flow stress. It is still too eanty
our study of as-built AM materials to know how théial dislocation structure in these

materials differ from those induced by simple igothal deformation. Representing the
mechanics of subgrain structure development isvetily much a research topic. Certainly the
observations of significant populations of geonoalty necessary dislocations is a unique
feature. This will require sophisticated techngte initialize computational problems. In
addition, it is still important to understand thdth any material with an established dislocation
structure, we as yet are not able to experimentidiynguish between mobile and immobile
portions. There is significant opportunity for aiéed computational work to parallel that of
guantitative metallography. With the new clas&\bf materials, the opportunity for more
advanced collaborative work is made more urgerdgrgihe need to contribute more
understanding to the problem of material certifxat This also applies to our understanding of
grain boundaries and their relationship with mobdildocations and the relationship between the
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grain boundary and their ability to resistant thegng of dislocations. The work here does not
tangibly represent grain boundaries and therefaeannot offer any tangible insight into the
role that grain boundaries play, however it remaimsmportant question.

The above discussion highlights the point that att@rizing as-built materials remains a
significant endeavor due to the complexity andalality of microstructures produced. The
structures of the materials produced from addmnanufacturing processes are new to our
experience of modeling materials with certificatioomind. Although we have used a simple
Hall-Petch representation of the influence of gare on the flow stress of the single crystals,
this is considered to be an oversimplificationth@lgh work demonstrating the influence of
grain size on flow stress of many materials has pegformed for many years (Cordexioal,
2016), the materials have been traditionally fadied. The traditional processing techniques
generally produce reasonably equiaxed grains aatibspariability of microstructure is
generally mild. Since the Hall-Petch expressioveiy simple and is used to describe
empirically based observations, we do not yet khow well such a simple representation will
perform applied to as-built additively manufacturedterials. The microstructures produced
from AM processes can produce very complex tope®@e.g. Gragt al, 2017; Livesciet al,
2018; Wanget al, 2018). The role of grain boundaries affectilogvfstress for topologically
complex grains remains to be explored at an apjat@pevel. As we learn more about the
details of the structure of the as-built materidigs will also guide us in understanding the types
of models necessary to represent them. The weadepted here together with that found in
literature clearly indicate that process type arat@ss conditions lead to differences in state of
the as-built material.

7. Conclusion

In this study we have proposed a single crystalehtmirepresent to first order accuracy the
physical features hypothesized to be different betwas-built AM 316L stainless steel and the
same material from traditional wrought processind heat-treated AM material. These
structural feature differences were shown to dbsai significant portion of the 1.7 times flow
stress difference between the as-built AM matennal the other two materials. The 2.5 times
higher initial dislocation density in the case loé as-built material over that of the wrought
material explained the majority of the flow stred$erence. The influence of grain size was
shown to be relatively small, however significaatiability in the Hall-Petch coefficient was
observed based upon literature data for 316L stssnéteel manufactured by traditional means.
There is also uncertainty in the use of simple {Pa&lich representation of grain size due to the
complex topology of grains in as-built AM materigdn uncertainty analysis was offered based
upon possible variability in our understanding oftbgrain size and initial dislocation density.
This simple analysis suggests that more work ieseary in formulating proper models for the
class of as-built AM materials to enable more rag@dification for structural applications.
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