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ABSTRACT 
 
Three 316L stainless steel materials are studied and reported upon; wrought, as-built additively 
manufactured (AM), and heat-treated AM material.  The AM material was produced from the 
laser engineered net shaping (LENS) process.  Macroscopic uniaxial compression stress-strain 
curves were obtained for all three materials.  The curves were similar for the wrought and heat-
treated AM materials but the as-built AM material demonstrated approximately 1.7 times greater 
flow stress at any given level of strain than the other two materials.  Electron-backscatter 
diffraction analysis of the materials also showed that the microstructures of the three materials 
differed; with complex grain morphology for the as-built AM material.  The mean grain size of 
each of the three materials also differed.  The initial dislocation density was also measured with 
neutron diffraction and line-profile analysis for both wrought and as-built AM materials with the 
density in the AM material approximately 2.5 times greater.  A single crystal model was 
proposed to represent the essential features of the three FCC materials accounting for dislocation 
interactions and representation of grain size via a simple Hall-Petch type term.  The strength of 
this term is evaluated through independent experimental results on traditionally manufactured 
materials.  The model was applied to each of the three materials by simulation of the uniaxial 
compression experiments by direct numerical simulation of electron-backscatter diffraction 
images.  This allowed for representation of the size of each grain in the simulations.  The results 
suggest that the difference in initial dislocation density of the three materials is the primary 
factor causing the difference in stress-strain response.  Although the differences in grain size 
contribute to a higher stress for the as-built AM material, the effect is small.  Other factors such 
as internal stress and grain morphology could play a role in mechanical behavior difference and 
these two factors are also discussed. 
 

                                                           
*
 Corresponding author.  E-mail address: cbronkhorst@wisc.edu 

LA-UR-18-29418 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

 
Keywords: Additive manufacturing, plastic slip, dislocation density, flow stress, polycrystal 
plasticity, stainless steel. 
 
1. Introduction 

The metal additive manufacturing (AM) processes being offered commercially at the present 
time are diverse - with combinations of process type and equipment manufacturer (Gao, 2015; 
Frazier, 2014; Guo, 2013).  Each of these variations will have the potential to produce materials 
of differing characteristics (Wang et al., 2016; Yang et al., 2017).  In addition, the process 
conditions and component geometry add an additional source of variation to the characteristics 
of the material produced by any given AM system (Morrow et al., 2018).  It has been clearly 
demonstrated that the materials produced from AM processes are unique to our prior mechanics 
experience (Bartolomeu, 2017; Lou, 2017; Lu et al., 2018; Marya et al., 2015; Nishida et al., 
2015; Pham et al., 2017; Martin et al., 2017).  The individual grain morphologies differ 
significantly from the traditionally manufactured and annealed metallic materials (Gray et al., 
2017; Chen et al., 2017, 2018; Guo et al., 2017; Lim et al., 2015; Pace et al., 2017; Zhong, 2017; 
Li and Tan, 2018).  Traditionally manufactured thermo-mechanically processed metallic 
materials have grain topologies which are generally equiaxed and reasonably isotropic.  Rolling 
or extrusion processing steps are capable of rendering both morphological and crystallographic 
texture to the material, however those anisotropies are usually relatively uniform throughout the 
component.  This is certainly not the case in general for additively manufactured materials 
(Livescu et al., 2018).  Processing conditions and build patterns can play a significant role in 
influencing the mechanical response of the as-built material (Brown et al., 2017, 2018).  The 
build pattern plays a significant role in determining mechanical response since there are two 
characteristic structural features within the as-built materials – the “weld” bead and the single 
crystal (Rännar et al., 2017; Wang et al., 2018).  Each is readily observable in as-built materials 
and the crystallographic morphology of grains within each “bead” is determined by the 
processing and solidification conditions.  The morphology of grains can be quite complex – far 
outside our experience in representing the micro-mechanics of deformation for such materials 
(Francois et al. 2017; Tapia et al., 2017; Livescu et al., 2018). 

The attractiveness of using additively manufacturing components for applications is the ability to 
produce complex shaped parts – which could not be produced through casting or subtractive 
machining procedures alone (e.g. Bonatti and Mohr, 2017).  In practice, an additively 
manufactured component generally requires some modest subtractive machining for surface 
finish or dimensional specification reasons.  However, much of the component will have been 
produced by AM.  With this complexity in part topology, the conditions (e.g. laser energy, build 
pattern, cooling rate) of the material production at different locations within the component have 
the potential to vary greatly (Wang et al., 2016).  With these differing conditions comes the 
possibility that the characteristics and properties of the material will also vary greatly within a 
single produced component.  This could mean that “weld” bead size and grain size and 
morphology could change with position within the part.  This is illustrated in the micrograph 
images given in Fig. 1.  In addition, the initial dislocation state of the material could also be 
variable (Pokharel et al., 2018; Brown et al., 2017, 2018).  For structural applications then, the 
plastic flow resistance of the material could vary substantially (> 10%) at different locations 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

within the part (Gray et al., 2017; Guo et al., 2017; Yadollahi et al., 2016; Wang et al., 2016).  It 
has been demonstrated that there is a residual internal stress state in these parts upon cooling.  
This is true both at the part scale and the scale of the microstructure (Strantza et al., 2018; Wu et 
al., 2014; Kapoor et al. 2018; Simson et al. 2017).  This internal stress state then could also 
potentially varying spatially.  For traditionally manufactured materials, the single crystal was the 
primary microstructural constituent that dictated the variability in stress state and damage 
response of the material.  For AM materials, the single crystal remains an essential structural 
feature of the material, however there are now AM weld beads that add an additional 
morphological length scale to the material microstructure.  In terms of internal material 
interfaces, not only are there grain boundaries to consider, but also the interbead regions or 
interfaces which are as yet poorly understood and subject to the same variability due to varying 
process conditions (Gray et al., 2017; Yadollahi et al. 2016).  Through post-processing heat 
treatment it may be possible to alleviate these spatial variations for some components, however 
with residual internal stress, there is a potential to also change the dimensions of the part once 
heated and re-cooled.  Although we do not explicitly account for the possible effect of residual 
internal stress in our results, we do consider its potential influence in the discussion. 

 

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

The influence of grain size on the plastic flow resistance is well known, but that experience is 
based upon the traditionally manufactured material.  The well-known empirically based Hall-
Petch expression for characterizing the relationship between mean grain size and flow stress of a 
material is based upon material of a traditional structure (Cordero et al., 2016; Feaugas and 
Haddou, 2003; Kashyap and Tangri, 1995; Singh et al., 2002).  Our understanding of grain 
boundary influence on mechanical behavior is not yet good enough to generalize the influence of 
grain size to plastic flow resistance of the materials of vastly differing structures such as AM 
produces (Livescu et al., 2018).  It has also become clear that AM processes produce states of 
dislocation structure that differ greatly from an annealed state (Wang et al., 2016).  The result of 
this structure is manifest in significantly greater plastic flow resistance for the as-built materials 
in comparison to annealed material.  In addition, each process condition has the potential to 
produce material with differing initial structure and hence significantly different mechanical 
behavior.  Building alloys also introduces the possibility for alloying chemistry variability, either 
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by design or accident.  Finally, each given AM system may be used to build components of 
differing alloy composition (e.g. AlMangour, 2017; Zhong et al., 2017).  With this opportunity 
also brings with it the possibility for un-intended chemical elements to invade a given component 
build and for impurities to be introduced during the build process. 

The Laser Engineered Net Shaping (LENS) process of metal additive manufacturing was used to 
manufacture the sample material used for the work presented here (Gray et al., 2017).  This 
process employs a powder feed system, which guides a flow of metal powder to the point of the 
sample surface containing the melt pool produced by the laser.  Generally, multiple feed ports 
are directed along the axis of the laser within the vertically mounted laser head.  The sample is 
produced on a build plate that is mounted on an X-Y table that traverses within the plane of the 
table in concert with the laser head.  The laser head then moves in the Z direction as the part 
builds in dimension.  During processing the laser head is generally encased with a flow of inert 
gas to prevent excess influence from ambient oxygen and facilitate surface wetting.  More details 
of the particular processing conditions used for this work are given below in the experimental 
section. 

Given the many outstanding questions surrounding the nature of additively manufactured 
metallic materials outlined above, the general performance certification for structural application 
of these new class of materials remains a very large challenge (e.g. Francois et al., 2017).  This 
also implies challenges in numerically representing these materials within engineering 
simulations during design or performance evaluation when plastic deformation and especially 
damage assessment may be of interest (Gray et al., 2018; Yadollahi et al., 2016).  Although the 
commonly used J2 plasticity theories that employ traditional strength models remain largely 
phenomenological in character, the progression of single crystal models over the past several 
years has been towards a greater physical basis (e.g. Gurtin et al. 2010; Cheong and Busso, 2004; 
Grilli et al., 2018; Knezevic and Beyerlein, 2018; Hansen, et al., 2013; Feng et al., 2018; 
Haouala et al., 2018; Dequiedt et al., 2015; Kubin, 2013; Wang et al., 2017).  The use of 
dislocation density rather than flow stress as the primary evolutionary state variable has 
facilitated a greater capability in predicting dislocation slip based plasticity behavior.  This 
progression has also opened a great many opportunities to better couple with advanced 
experimental techniques for measurement of dislocation state and results from discrete 
dislocation dynamics calculations in a quantitative way.  Recently, continuum theories of 
dislocation slip have moved from the traditional scalar scaling factor for simple forest hardening 
to a tensorial representation where specific interactions between dislocations on each slip system 
and between the slip systems can be defined (e.g. Dequiedt et al. 2015; Grilli et al. 2018; Kubin, 
2013).  This affords an additional level of physical accuracy in hardening behavior and also 
begins to open up the potential to calculate dislocation sub-structure development.  The latter has 
long been lacking in continuum single crystal theories and the ability to more quantitatively 
predict intra-granular deformation behavior.  We will employ an advanced model for FCC 
materials here with the goal of describing the deformation response of AM materials and 
interpreting the underlying physical response. 

Our experience to date with AM is that the morphology of grains within the as-built materials is 
far from equiaxed.  Although indications are that process conditions weigh heavily on the 
microstructure that is developed and there is yet much to be learned, the grain shape in many 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

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

The manuscript will continue in section 2 by describing the processing history of the three 
different materials examined in this study.  Section 3 will present the experimental results from 
those conducted on the three materials.  In section 4 the single crystal model is defined and 
described in the context of this study.  Section 5 contains the description of material parameter 
evaluation and the sources of information used during that process.  The simulations performed 
are described in section 6 along with comparisons to experiments and uncertainty assessment.  
The results are discussed in section 7 and we will conclude with some final thoughts in section 8. 

2. Experimental Results 
 
The material being considered in this study was manufactured using a LENS MR-7 laser AM 
system from Optomec (Albuquerque, NM) as described in a publication by Gray et al. (2017).  
The details of the commercially available wrought plate material used as the reference in this 
study were also reported upon by Gray et al. (2017).  In addition to the plate and as-built AM 
materials, a portion of the as-built material was heat-treated to 1060o C for one hour under 
vacuum followed by cooling to room temperature in 2 ½ minutes by rapid Argon gas quenching 
with the intent to fully recrystallize the AM microstructure.  Electron backscatter diffraction 
(EBSD) and light optical microscopy (LOM) were utilized to investigate the microstructures of 
the three starting 316L SS materials. Representative images of the microstructures for all three 
materials are given in Fig. 2. All AM samples were produced 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 considered in this study.  The scale 
and relative position of each EBSD image are shown in the figure. 
 

Simple compression experiments were also conducted on each of the three materials by electro-
machining cylindrical samples of 5 mm diameter and 5 mm tall.  Quasi-static compression tests 
were conducted using an Instron screw-driven test system at a strain rate of 0.001 s-1 and 
temperature of 298 K and the stress-strain curves for those experiments are given in Fig. 3.  The 
simple compression experiments performed on the wrought material also included a strain rate 
jump from 0.001 s-1 to 0.1 s-1, which is apparent from the black curves in Fig. 3.  Once again, the 
details of the experiments can be found in Gray et al. (2017).  A number of replicate 
compression experiments were conducted on each of the three materials.  The loading direction 
for the AM materials was along the build axis (Z direction) of the manufactured cylinders. 
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Fig. 3.  Stress-strain response of the three materials considered here.  The data 
represented is taken from Gray et al. (2017).  The red curves are those of the as-built AM 
material, the blue curves those of the heat-treated AM material, and the black curves are 
from the wrought material. 

 
The wrought and as-built AM materials were probed by in situ neutron diffraction measurements 
using the procedures outlined in Brown et al. (2017).  These measurements were conducted on 
the Spectrometer for Materials Research at Temperature and Stress (SMARTS) at the Lujan 
Center at the Los Alamos Neutron Science Center (LANSCE) in order to carry out diffraction 
line profile analysis on both materials.  The diffraction patterns collected during heat treating 
were analyzed with Rietveld refinement of the full pattern using the General Structural Analysis 
Software (GSAS) to determine the lattice parameter, phase fraction and peak variance.  
Quantitative diffraction line profile analysis was completed using the extended Convolutional 
Multiple Whole Profile (eCMWP) line profile analysis method (Ribarik et al., 2004). 

The diffraction intensity profile is affected by the lattice distortion caused by the presence of 
dislocations in the material.  A higher level of lattice distortion will generally lead to the 
broadening of the lattice diffraction peaks due to the variability in lattice dimensions caused by 
that dislocation distortion.  An analysis of the line profiles for an estimate of the structural state 
of the material begins by calculating theoretical profile functions as the convolution of the 
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theoretical size, distortion, and planar fault profiles and measured instrumental profiles which 
have the characteristics of the microstructure as parameters.  These theoretical profiles are based 
on physical models, which describe the effect of size, dislocations, and faulting on the shape of 
the diffraction profiles.  The profile functions are fitted to the full measured pattern by a non-
linear, least-squares algorithm through which the parameters of the microstructure are 
determined.  The dislocation density was determined from the diffraction data collected in the 
high-angle, high-resolution, detector on SMARTS.  The (002) peak for both the wrought and as-
built AM materials are given in Fig. 5 to highlight the peak broadening observed in the AM 
material.  The dislocation density from these line profiles were determined to be 9.0 × 107 mm-2 
and 2.3 × 108 mm-2 for the wrought and AM materials respectively.   Dislocation density 
measurements were not made on the annealed materials but were assumed to have an initial 
dislocation density that of the annealed wrought material. 
 

 
 

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

In-situ measurements during heat treating were made on both materials on the lower resolution 
detector bank (bank 1) to glean the ferrite fraction quantitatively and the dislocation density 
qualitatively.  Each material was heated to a temperature of 1050 oC at a rate of 10 ºC/min, and 
then cooled to room temperature at the same rate, while diffraction data was collected.  For each 
material, the full-width half maximum (FWHM) of the (200) peak is shown as a function of 
temperature in Fig. 5. Initially, the AM material exhibits a broader peak consistent with Fig. 4 
which is associated with a high dislocation density. With heating, the breadth of the peak from 
the AM material decreases sharply between 720 ºC and 800 ºC indicative of dislocation 
recovery.  Unfortunately, the same range of data was lost during the heat treating of the wrought 
sample because of an accelerator failure. High resolution measurements (bank 3) after the 
completion of the heat treatment exhibited peaks consistent with the instrumental resolution, that 
is the dislocation density was below the detection limit of ~1.0 × 107 mm-2.  A thermal expansion 
coefficient of 16.2 µm/m-K for the 316L material was measured.  
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Fig. 5.  Line profile peak width and ferrite fraction as a function of temperature for the 
thermal cycle imposed on the as-built additively manufactured material. 

 
 
3. Single Crystal Model 
 
The historical basis for the single crystal constitutive model presented here can be found in the 
works by Rice (1971), Hill and Rice (1972), Asaro and Rice (1977), Asaro et al. (1983a,b), 
Kocks et al. (1975), Kalidindi et al. (1992), Bronkhorst et al. (1992), Anand (2004), Bronkhorst 
et al. (2007), Alleman et al. (2015).  Within the deformation rates examined here, the coupled 
thermo-mechanical elasto-viscoplastic formulation assumes that thermally activated slip is the 
dominant mechanism for plastic deformation. 
 
The kinematics are defined such that the deformation gradient is decomposed into reference, 
intermediate (iso-clinic), and current configurations.  Therefore, the deformation gradient 
decomposition is correspondingly given by  

 
* p≡F F F ,       (1) 

 
where it is assumed that  
 

*det 0>F ; det 0p =F .     (2) 
 

Lattice rotation is contained within the elastic deformation, *F , therefore the slip system direction 
vector 0

αm  and slip system normal vector 0
αn  defined in the reference configuration are defined 

in the current deformed configuration as 
 

*
0

α α=m F m ; * T
0

α α−=n F n .      (3) 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

The constitutive model is defined in the intermediate configuration and therefore the second 
Piola-Kirchoff stress is given by 

 

( ) ( )* *
0θ θ θ = − − T E ALLLL  ,      (4) 

 
where θ  is temperature, 0θ  is the reference temperature, ( )θLLLL  is the fourth order elastic 

stiffness tensor as a function of temperature, and A is the thermal expansion tensor.  The elastic 
Green-Lagrange strain *E  in the intermediate configuration is given by  
 

( )* * *1

2

T

≡ −E F F 1 .          (5) 

 
The second Piola-Kirchoff stress is related to the Cauchy stress, T  in the current configuration 
by 

 

( )* * 1 * *det T− −=T F F TF .           (6) 

 
The plastic velocity gradient, pL  is defined in relation to the slip rate on the collection of slip 
systems pγ&  by 

1
0

p p p α α

α
γ−= =∑L F F S& & ,          (7) 

 
where the Schmid tensor 0

αS , defining the geometry of each of the 12 {111}<110> slip systems 

α  is given by 
 

 0 0 0
α α α= ⊗S m n .                 (8) 

 
The shear rate due to dislocation slip is defined on each slip system α by an expression 
representing the thermally activated motion of dislocations (Kocks et al., 1975; Busso, 1990; 
Cheong and Busso, 2004) 
 

( ) ( )
( )0

0

0

exp 1 sgn

qp

l

F

k
s s

α
α α

α α
ρ

τ
γ γ τ

µ θθ
µ

 
 
 

= − − 
 +
 
 

& & ,              (9) 

 
where 0γ&  is a constant strain rate factor, F0 is activation energy, k is Boltzman’s constant, µ is 

the temperature dependent shear modulus, 0µ is the reference shear modulus at 0 K, sα
ρ  is the 

deformation resistance stress due to dislocation structure, ls
α  is the intrinsic lattice resistance, 
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and p and q are exponents to determine the shape of the energy barrier for dislocation motion.  
The resolved shear stress is given by the following expression 

 

( )* * *
0 0

α α ατ = ⋅ ≈ ⋅C T S T S ,          (10) 

where 
* * *T

=C F F .       (11) 
 

The shear modulus is given by 
 

( ) ( ) ( ) ( )11 12
44 2

C C
C

θ θ
µ θ θ

− 
=  

 
 ,     (12) 

where 
 

( ) 0ij ij ijC C mθ θ= +  .                    (13) 

 
The resistance stress due to grain size and dislocation structure is given by 

 

gr

gr

k
s s b a

d
α αβ β
ρ

β
µ ρ∞= + + ∑ .               (14) 

 
where b is Burger’s vector, kgr is the grain size factor, s∞ is a far field resistance, dgr is mean grain 
diameter, aαβ is the dislocation interaction tensor, and βρ is dislocation density on slip system β.  
The interaction tensor has been developed over some time for FCC materials (Dequiedt et al., 
2015; Kubin, 2013; Madec et al., 2002, 2003; Devincre et al., 2006, 2008; Hansen et al., 2013; 
Haouala et al., 2018).  
 
The evolution of dislocation density on slip system α is given by (Dequiedt et al., 2015; Haouala 
et al., 2018) 
 

1
2 cd r

b
α αβ β α α

β
ρ ρ ρ γ

 
= −  

 
∑& & .                  (15) 

 
Where dαβ is the dislocation multiplication interaction tensor and rc is the dislocation capture 
radius for dislocation annihilation.  The tensor dαβ  is given by the following for self-interacting 
and coplanar slip systems, with constant kc  

2
c

a
d

k

αβ
αβ = ,            (16) 

and for intersecting non-coplanar systems, with constant knc   
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2
nc

a
d

k

αβ
αβ = .           (17) 

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

0
0

k
A

c cr r

θ
αγ

γ

 
 =
 
 

&

&
.                  (18) 

 
This model was implemented within an ABAQUS UMAT and follows the numerical integration 
strategy outlined in Kalidindi et al. (1992) and Bronkhorst et al. (1992).  The following section 
defines the evaluation of the physical quantities in the model for use on the three materials of 
study in this work. 
 
4. Material Parameter Evaluation 
 
In this section, we outline the procedure used to quantify the list of material parameters used in 
the model presented in the prior section.  The list of quantities and their value are listed in Table 
1.  The mass density ρ and specific heat cp are both taken as constant for the loading conditions 
used here and are evaluated from experimental data given in Fig. 9 below.  The thermal 
expansion coefficient α was measured as explained above in the experimental section and taken 
as isotropic for a single crystal.  The Taylor-Quinney coefficient η was taken as 0.0 for quasi-
static rates of loading and 0.95 for rates of loading 1000 s-1 and greater.  Since the elastic 
constants of stainless steel are very close to those of iron (Boyer and Gall, 1985), the single 
crystal data for iron from Simmons and Wang (1971) was used to evaluate the temperature 
relationship for C11, C12, and C44.  The pre-factor 0γ&  in Eq. (9) was taken as 107 s-1 as in 
Bronkhorst et al. (2007).  The quantities p and q, also from Eq. (9), were taken as 0.33 and 1.66 
as guided by the work of Kocks et al. (1975).  The Hall-Petch type term found in Eq. (14) 
contains the single quantity kgr to quantify the grain size influence on mean flow stress for a 
single crystal.  We have used experimental data from the works of Feaugas and Haddou (2003), 
Kashyap and Tangri (2002), and Singh et al. (2002) to estimate this parameter.  The 
experimental data sets from each of the three publications is given in Figs. 6-8.  For each of those 
data sets, the experimental results at a strain of 0.05 was used to evaluate kgr and is indicated by 
the red lines in each figure.  The value from the work of Feaugas and Haddou (2003) was 
evaluated to be kgr = 31.0 MPa-mm1/2; that from Kashyap and Tangri (2002) kgr = 5.0 MPa-
mm1/2; and from Singh et al. (2002) kgr = 15.2 MPa-mm1/2. 
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Fig. 6.  Grain size versus flow stress at different levels of strain from the 316L stainless 
steel data of Feaugas and Haddou (2003).  The red line represents the portion of the 
experimental dataset which was used for the present study. 
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Fig. 7.  Grain size versus flow stress at different levels of strain from the 316L stainless 
steel data of Kashyap and Tangri (2002).  The red line represents the portion of the 
experimental dataset which was used for the present study. 

 
 
 
 

200

300

400

500

600

700

800

900

0 0.1 0.2 0.3 0.4 0.5 0.6

F
lo

w
 S

tr
es

s,
 M

P
a

d-1/2, µm-1/2

0.002
0.01
0.02

0.05

0.10

0.24

0.34

Strain



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

 
Fig. 8.  Grain size versus flow stress at different levels of strain from the 316L stainless 
steel data of Singh et al. (2002).  The red line represents the portion of the experimental 
dataset which was used for the present study. 
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Table 1.  Material parameter set used in this study unless indicated otherwise within the 
manuscript. 

 

The values for the dislocation interaction quantities comprising the tensor aij in Eq. (14) were 
taken directly from the magnitudes reported by Dequiedt et al. (2015), Kubin (2013), Madec et 
al. (2002,2003), and Devincre et al. (2006,2008).  Although there remain some uncertainty to the 
magnitude of each of these 6 values, aself, adipolar, aHirth, acollinear, aglissile, aLomer, the precision with 
which these quantities are being quantified is continuing to improve.  In a similar fashion, the 
value of capture radius rc0 was taken as the value used by Hansen et al. (2013).  The intrinsic 
lattice resistance ls

α , for most FCC materials is generally very small so we have assumed that it 

is zero for this study.  In addition, for purposes of this study we have assumed that the long-range 
resistance s∞  is also zero.  The values of initial dislocation densities for the three materials are 

those evaluated experimentally and described above.  The initial density for the two annealed 
materials is taken as 9.0 × 107 mm-2 while for the as-built AM material is taken as 2.3 × 108 mm-

2.  The remaining 4 quantities, activation energy F0 from Eq. (9), the dislocation evolution 
constants kc and knc from Eqs. (14) and (15) respectively, and capture radius constant A from Eq. 
(18) were simultaneously evaluated against experimental uniaxial compression data for 316L 
stainless steel at differing initial temperatures and strain rates.  A cube of 1000 elements with 
each element a single crystal with assumed initial random crystallographic texture was deformed 
in uniaxial compression to replicate the experimental conditions.  The grain size for these simple 
compression simulations was taken as the grain size measured on the wrought material for this 
study with dgr = 15.9 µm and initial dislocation density of 9.0 × 107 mm-2.  The resulting 
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representation of experimental stress strain curves with the completed list of material parameters 
given in Table 1 is given in Fig. 9. 

 

 
Fig. 9.  Representation of simple compression experimental data at differing temperature 
and strain rate conditions for wrought 316L stainless steel.  The solid lines are 
experimental data and the broken lines are simulation results.  The red curves represent 
the conditions of 23 C initial temperature and strain rate of 2000/s.  The blue curves 
represent the conditions of 600 C initial temperature and strain rate of 2300/s.  The black 
curves represent the conditions of 23 C and a strain rate of 0.001/s.  The single green 
curve is from the heat-treated AM material at 23 C and a strain rate of 0.001/s – with a 
strain rate jump at higher strains which is ignored here. 

 
 
The experimental data for the wrought material of this study was therefore used as the material 
for parameter evaluation.  There was no input of information from experiments conducted on the 
as-built AM material nor from the AM material that was heat-treated.  In the section that follows, 
we employ this model to describe the deformation behavior of both the as-built AM and heat—
treated AM materials. 
 
5. Prediction of Experimental Results and Sensitivity Analysis 
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In this section, we return our focus to the stress-strain curves given in Fig. 3 where significant 
differences between the responses of the heat-treated materials and the as-built AM material 
were observed.  In using an advanced model for representation of the 316L material as proposed 
earlier, it allows for us to provide a physical interpretation of the relative responses of each of the 
three materials.  As already pointed out in the introduction section above, the morphologies of 
grains produced from AM processes can be quite complex and in stark contrast to our experience 
with conventionally manufactured materials.   
 
Three EBSD images together with mapped 2D models of each of the microstructures are given in 
Fig. 10.  The colors in the upper row of images indicates crystallographic orientation, however 
the bottom row colors indicate only individual grains represented by elements.  The EBSD 
sample points in the upper row of images are each defined as a single element in the 2D finite 
element model.  The array of image points is also used to define a two-dimensional grain size for 
each crystal. 
 

 
 

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

 
Since there are certainly variations in the structure from image to image, we use three different 
images and construct three different two-dimensional models for each of the three materials to 
obtain a better estimate of the mechanical response of each material.  Each of the EBSD based 
two-dimensional models displayed in Fig. 10 is constructed into an axi-symmetric compression 
configuration with the left side representing the centerline of the simulation.  Each of the EBSD 
scan points in the regular scan grid in represented by a single axi-symmetric element CAX4H 
within ABAQUS.  The nodes on the bottom of each image are fixed vertically while allowing for 
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horizontal displacement.  The top line of nodes is prescribed to motion vertically to allow for a 
true strain rate of -0.001 s-1 and allowed to displace horizontally as needed.  Consistent with the 
experiments, an initial temperature of 298K was used for the simulations.  The right side line of 
nodes is unconstrained while the left side edge represents the line of axi-symmetric symmetry.  
The simulations then are axi-symmetric compression deformation.  Grain boundaries are not 
explicitly represented in these simulations.  The grain size is determined for each of the grains in 
the model and this value of size is used to represent each grain individually.  The 
crystallographic orientation for each grain is also taken to be initially constant.  This grain size 
dependence then is applied to the entire grain equally at each element.  The sizes of the grains 
are scaled so that the mean grain size within each 2D model is consistent with that measured 
experimentally. 

 

 
 

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

The predicted axi-symmetric compression response of the as-built AM and heat-treated AM 
materials together with the represented response of the wrought material are given in Fig. 12 and 
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compared directly with the experimental results.  In Fig. 12 the dashed lines are those from the 
simulations while the solid lines are the experimental curves.  The simulation results in this 
figure use the value of the grain size dependence kgr = 15.2 MPa-mm1/2.  The simulation results 
from the wrought material derive directly from the parameter fitting process and therefore it is 
not surprising it is represented well.  The heat-treated AM material differs from the wrought 
material in that the grain size is different and this difference is applied to the simulations.  The 
variability of the three microstructures leads to stress-strain curves that display some difference – 
not seen with the other two materials.  The heat-treated AM material results compare quite well 
with the experimental curves in an average sense.  The as-built AM material differs in both mean 
grain size and also initial dislocation density and displays values of flow stress which are 
significantly greater at any given strain level than that of the other two materials.  This is 
consistent with the experimental results as well but the calculated results for the as-built AM 
material are somewhat lower still than the experimental results.  Overall however, the predicted 
results capture well the nature of response of the three materials with differences presumed to 
arise primarily from differences in grain size and initial dislocation density. 
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Fig. 12.  Comparison between predicted and experimental results based upon the axi-
symmetric simple compression representations using the two-dimensional EBSD 
images.  The solid lines are experimental curves while the broken lines are simulation 
curves.  The red curves represent the as-built AM material.  The blue curves represent 
the heat-treated AM material.  The black curves represent the wrought material. 

 
 
As alluded to in our discussion of the Hall-Petch coefficient kgr earlier, there is significant 
uncertainty in the magnitude of the value of this quantity based upon the three sources of 
experimental information.  In addition, as pointed out by the work by Brown et al. (2017) there is 
also some degree of uncertainty in the ability of line profile analysis work based upon diffraction 
techniques to discern dislocation density and structure.  Both grain size effects and dislocation 
structure remain topics of intense research.  We can however, use what we have with regards to 
the variability of the information to test the uncertainty in our calculated results.  Some simple 
comparisons are given in Fig. 13 using as our reference the deformation behavior of the as-built 
AM material for both experiments and the calculation representing the as-built AM material (red 
curve).  The same calculations for the 3 as-built AM models were performed using values of the 
Hall-Petch coefficient kgr of 5.0 MPa-mm1/2 and 31.0 MPa-mm1/2 and are represented by the gold 
and blue curves respectively in Fig. 13.  Using a value of kgr = 15.2 MPa-mm1/2 and increasing 
the value of initial dislocation density to the point of matching the experimental curves we arrive 
at a value of ρ0 = 3.1 × 108 mm-2.  This result is given by the green curve overlaying those of the 

0

200

400

600

800

1000

0 0.05 0.1 0.15 0.2 0.25

St
re

ss
, M

P
a

Strain

Experiment - Solid 
Simulation - Dashed

As-Built AM

Wrought

AM - Recrystallized



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

experiments.  This is in comparison to the value of initial dislocation density of 2.3 × 108 mm-2 
used to arrive at the red curve and that used for Fig. 12. 

 
 

 
Fig. 13.  Simulations showing variability of results based upon uncertainties in both 
representations of initial dislocation density as well as Hall-Petch parameter.  The black 
curves are the experimental curves for the as-built AM material.  The broken lines are all 
simulation results.  The blue curve is a simulation using a Hall-Petch parameter value of 

31.0 MPa mm, the red curve a value of 15.2 MPa mm, and the orange curve 5.0 

MPa mm.  The green curve is a simulation using a Hall-Petch parameter value of 15.2 

MPa mm and initial dislocation density of 3.1 × 108  mm-2. 
 
The two primary physical features which are prominent here in this work regarding additively 
manufactured materials is grain size and dislocation structure.  The computed results shown in 
Fig. 14 demonstrate the relative influence of those two factors on the flow stress.  The solid red 
curves are the experimental results for the as-built AM material.  The black broken curves are the 
computed results representing the wrought material and the broken red curves are computed 
results representing the as-built AM material.  Each of these computed results are those used in 
Fig. 12.  For each of the computed results in Fig. 14, a Hall-Petch parameter of kgr = 15.2 MPa-
mm1/2 was used.  The broken green curves in Fig. 14 are the computed results for the as-built 
AM material using the initial dislocation density of the wrought material.  The broken blue 
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curves are the computed results for the wrought material using the initial dislocation density of 
the as-built AM material.  Fig. 14 then suggests that within the context of the assumptions made 
in the model employed here that the primary factor in the increase of flow stress of the as-built 
AM material is the difference in initial dislocation structure between the wrought and as-built 
AM materials.  Although as the results in Fig. 13 suggest that there is significant uncertainty in 
the ability of a simple Hall-Petch representation of grain size on flow stress, grain size from 
current estimates does not appear to be a significant factor.  This also is consistent with 
observations made by Brown et al. (2017) in their study of 304L stainless steel. 
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Fig. 14.  The relative contributions to enhanced flow stress of the additively 
manufactured material from grain size and dislocation density.  The green curves 
illustrate the effect of grain size relative to the reference of the wrought material.  The 
blue curves illustrate the effect of imposing the dislocation density magnitude of the as-
built AM material on the wrought simulations.  The broken red curves represent both 
grain size and greater initial dislocation density.  A Hall-Petch parameter of kgr = 15.2 
MPa-mm1/2 was used for all calculations. 

 
6. Discussion 

Based upon the materials chosen for this study and introduced in section 2 above, it was 
hypothesized that grain size and initial dislocation structure of the material were the primary 
factors affecting the flow stress for additively manufactured 316L stainless steel.  This 
hypothesis was built into the model which was proposed in section 4.  It is also convenient that 
the austenitic stainless steels are of FCC structure – for which our ability to represent some of the 
sophistication of dislocation interactions within a continuum model are the most mature.  As 
discussed in section 5, the evaluation of the physical parameters in the model was done using 
multiple sources of physical information and represented well the available experimental data.  
This is not to say however that all uncertainty for FCC materials is eliminated, but rather that we 
make our assessment of structural performance of these three materials with a model which 
efficiently represents the prominent characteristics of this class of material in as accurate a way 
as possible currently. 
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As the results presented in the previous section suggest, dislocation density is the prominent 
factor contributing to the substantially higher flow stress for the as-built AM material.  Using 
directly measured estimates of the net dislocation density of the material, we showed that a 
substantial amount of the increase in plastic flow stress could be predicted with the proposed 
model.  This result is consistent with the results presented by Brown et al. (2017) in their work 
on additively manufactured 304L stainless steel.  Fig. 14 in Brown et al. (2017) suggests a strong 
relationship between dislocation density and plastic flow stress of the material manufactured by 
differing process conditions.  Wang et al. (2018) examined in detail the structural state of AM 
produced 316L stainless steel and showed that the as-built material contained a substantial 
amount of dislocation substructure but also a significant amount of lattice rotation within each 
grain suggesting the presence of geometrically necessary dislocations (GNDs).  They also 
proposed a single crystal model for representing the grain size and dislocation density of the 
material and used the characteristic size of the dislocation subcell in their grain size 
representation for their calculations since it was such a prominent feature in the material.  They 
also presented results that suggested possibilities for material design through manipulation of the 
structure of the material to enhance mechanical deformation performance.   Kapoor et al. (2018) 
examined the feature of strong GND density within as-built Ti-6Al-4V.  This alloy contained 
both HCP α and BCC β phases as part of the very sophisticated microstructure.  The authors 
proposed and used a deformation rate dependent single crystal model for both phases which 
accounted for GND populations to study the evolution of internal stress within numerical 
simulations of representative 2D microstructures.  They initialized the as-built internal stress 
conditions of the material by incorporating the initial GND densities.  This work did not however 
speak to the aggregate deformation behavior via changes in plastic flow stress due to internal 
stress or structural evolution.  This work does illustrate the importance of representing both 
statistically stored (SS) and GND populations of dislocations for as-built materials at the single 
crystal level of model development for this small sampling of material examples. 
 
Dislocation line profile analysis (DLPA) is currently the only experimental method that provides 
bulk dislocation density. In Fig. 12, we observed that the model under-predicted the flow stress 
for the as-built AM 316L material. The parametric study shown in Fig. 14 suggests that between 
grain size and dislocations, dislocations play a primary role in contributing to the observed 
increased flow stress in AM materials. If this is the case, an incorrect initial dislocation density 
being assumed by the model would explain the model's under-prediction of flow stress. On the 
other hand, AM materials exhibit hierarchical structure with melt pool sizes of several 
millimeters and internal substructures of several hundred nanometers (Wang et al. (2018). This 
hierarchical size effect cannot be captured by a single average grain size value, which is also 
non-trivial to estimate for AM materials, due to the fact that large intragranular orientation 
gradients are ubiquitous in AM microstructures. Along with size, grain morphology, and grain 
boundary types are other microstructural parameters that show significant spatial heterogeneity 
in AM materials. Grain boundary types and grain shapes are known to influence mechanical 
properties in conventional materials and could also influence the variation observed in AM 
material properties. In addition, a 2D microstructural representation does not entirely capture the 
3D nature of deformation and microstructure evolution. Although efforts are ongoing to 
characterize crystallographic 3D microstructures using high-energy X-rays at 3rd generation light 
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sources, the complexity of AM microstructures with large internal deformation and tortuous 
grain morphology make it challenging to probe 3D microstructures in AM materials. 
 
The question of the influence of initial residual stress internal to the as-built material was not 
addressed within the theory or calculations presented earlier.  We know from the work using 
diffraction analysis to probe the microstructural state of as-built materials (Brown et al., 2017, 
2018; Strantza et al., 2018; Pokharel et al., 2018) that the internal stress implied by lattice 
distortion has a magnitude that can be on the order of 100’s of MPa.  The length scale of these 
measurements is generally large so these measured net residual stress fields are larger than a 
single weld bead.  Based upon measured initial geometrically necessary dislocation density, the 
work of Kapoor et al. (2018) modeled this field and implied a grain level internal stress 
magnitude.  Neither of these studies examined the effect of the internal stress state on the stress-
strain response of the as-built material.  In an interesting study of prior loading history and its 
effect on the stress-strain response of 7050 T7 aluminum plate, Barton et al. (1999) examined the 
differences between Sachs, Taylor, and crystal plasticity finite element models.  Of particular 
interest here are the cases in which simulations were conducted by load path changes – tension-
compression and tension-shear.  This study found that the internal stress formed by the tension 
cycle effected the duration of the knee of the stress-strain curve upon loading reversal.   One 
might expect that within an as-built component which is externally unloaded that if internal 
stress exists this must exist so that internally the component balances the tension and 
compression stress states.  Upon application of external loading, one would expect that plastic 
flow will initiate earlier as the regions with initial stress conditions complementary to those of 
the externally applied stress would achieve plastic flow first.  One would then expect that as 
loading continues, those regions of the material not complementary to the loading would then 
reach plastic flow conditions later.  The net effect in this thought experiment would then be a 
stress-strain curve which may display a more extended and larger radius knee in the stress-strain 
curve as compared to that for a material without residual internal stress. 
 
As pointed out in the introduction, it is possible for other strengthening mechanisms to play a 
role in changes to flow stress within AM materials.  It is expected that chemistry differences and 
impurities not present in the more traditionally processes materials could provide additional 
resistance to dislocation motion.  These factors were not included in the present quantitative 
assessment.  It is clear from the present work that results suggest that as-built dislocation density 
and structure play a very large role in the observed elevation of flow stress.  It is still too early in 
our study of as-built AM materials to know how the initial dislocation structure in these 
materials differ from those induced by simple isothermal deformation.  Representing the 
mechanics of subgrain structure development is still very much a research topic.  Certainly the 
observations of significant populations of geometrically necessary dislocations is a unique 
feature.  This will require sophisticated techniques to initialize computational problems.  In 
addition, it is still important to understand that with any material with an established dislocation 
structure, we as yet are not able to experimentally distinguish between mobile and immobile 
portions.  There is significant opportunity for detailed computational work to parallel that of 
quantitative metallography.  With the new class of AM materials, the opportunity for more 
advanced collaborative work is made more urgent given the need to contribute more 
understanding to the problem of material certification.  This also applies to our understanding of 
grain boundaries and their relationship with mobile dislocations and the relationship between the 
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grain boundary and their ability to resistant the passing of dislocations.  The work here does not 
tangibly represent grain boundaries and therefore we cannot offer any tangible insight into the 
role that grain boundaries play, however it remains an important question.  
 
The above discussion highlights the point that characterizing as-built materials remains a 
significant endeavor due to the complexity and variability of microstructures produced.  The 
structures of the materials produced from additive manufacturing processes are new to our 
experience of modeling materials with certification in mind.  Although we have used a simple 
Hall-Petch representation of the influence of grain size on the flow stress of the single crystals, 
this is considered to be an oversimplification.  Although work demonstrating the influence of 
grain size on flow stress of many materials has been performed for many years (Cordero et al., 
2016), the materials have been traditionally fabricated.  The traditional processing techniques 
generally produce reasonably equiaxed grains and spatial variability of microstructure is 
generally mild.  Since the Hall-Petch expression is very simple and is used to describe 
empirically based observations, we do not yet know how well such a simple representation will 
perform applied to as-built additively manufactured materials.  The microstructures produced 
from AM processes can produce very complex topologies (e.g. Gray et al., 2017; Livescu et al., 
2018; Wang et al., 2018).  The role of grain boundaries affecting flow stress for topologically 
complex grains remains to be explored at an appropriate level.  As we learn more about the 
details of the structure of the as-built materials, this will also guide us in understanding the types 
of models necessary to represent them.  The work presented here together with that found in 
literature clearly indicate that process type and process conditions lead to differences in state of 
the as-built material. 
 
7. Conclusion 
 
In this study we have proposed a single crystal model to represent to first order accuracy the 
physical features hypothesized to be different between as-built AM 316L stainless steel and the 
same material from traditional wrought processing and heat-treated AM material.  These 
structural feature differences were shown to describe a significant portion of the 1.7 times flow 
stress difference between the as-built AM material and the other two materials.  The 2.5 times 
higher initial dislocation density in the case of the as-built material over that of the wrought 
material explained the majority of the flow stress difference.  The influence of grain size was 
shown to be relatively small, however significant variability in the Hall-Petch coefficient was 
observed based upon literature data for 316L stainless steel manufactured by traditional means.  
There is also uncertainty in the use of simple Hall-Petch representation of grain size due to the 
complex topology of grains in as-built AM material.  An uncertainty analysis was offered based 
upon possible variability in our understanding of both grain size and initial dislocation density.  
This simple analysis suggests that more work is necessary in formulating proper models for the 
class of as-built AM materials to enable more rapid certification for structural applications. 
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