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CLOSEOUT MEMORANDUM FOR NRL BASE PROGRAM 1J40:
MICROSTRUCTURE-PROPERTY CORRELATIONS FOR THE DESIGN OF NEW
MATERIALS

1. PROGRAM DESCRIPTION

The objective of the program is to develop a data analytics modeling framework to identify the effects of
microstructural features on mechanical behavior relating to structural performance. This program seeks to
develop predictive models that relate stress and strain localization to the underlying microstructural features
in order to improve the predictability of material failure. Improving the understanding of how material pro-
cessing relates to microstructure formation and mechanical properties and performance will reduce the cost
of novel materials development. In order to achieve program goals process-structure-property models were
developed for additively manufactured metals. Process to microstructure modeling was developing using the
cellular automata finite e lement (CAFE) m odel, w hich w as m odified to co mputationally ef ficiently model
laser powder bed fusion processing. The CAFE code was interfaced with MOOSE Multiphysics Model-
ing Framework in order to conduct mechanical analysis of microstructural representative volume elements
to predict material properties. One study was conducted that computed microstructural-resolved residual
stress of as-built L-PBF 316L stainless steel, which demonstrated the role of polycrystalline heterogeneity
on stress and strain localization. As these models are computationally expensive, Gaussian process surro-
gate models were developed that provide process-structure-property mappings by establishing functional
relationships among the aforementioned computational models inputs and outputs. Below provides more
details on the developed models and materials characterization to support model development. The publi-
cations and dissemination material produced under this program are listed at the end of this report, where
more details of the studies can be found.

1.1 Microstructure Simulation

One thrust of the program has been to develop computational models to generate statistically equivalent
virtual microstructures. These are digital microstructures that are generated such that they match the statisti-
cal features of a real material, which is collected through microstructural characterization. The first models
developed under this program is a random tessellation model called Generalized Balanced Power Diagrams.
This is a tessellation that generalizes the concept of a distance metric to control the region of a given grain.
Training these models to material data often involves expensive optimization routines that are difficult to
implement. Under this program, a simple, heuristic approach was developed that was shown to be just as
good as costly optimization techniques while being able to determine model parameters in a trivial amount
of time. This enabled fitting this type of tessellation model to practically-sized m i crostructures. However,
while this model can represent traditional material microstructures that have grain morphologies that are
nearly equiaxed, it cannot capture the complex microstructural features of additively manufactured (AM)
materials.

Therefore, in order to properly model the microstructural solidification process and as-built microstruc-
ture for additive manufacturing, an in-house code of the cellular automata finite element (CAFE) model was

Manuscript approved March 7, 2023.
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developed. This model takes AM build conditions as input and outputs solidified, as-built microstructures.
It does this bv simulating the thermal field historv during solidification and uses an emviricallv derived ther-
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Fig. 1—Isometric view along with example SD, TD, and BD cross sections of L-PBF 316L built using a
back and forth scan pattern.
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Fig. 2—Pole figures of the (001), (101), and (111) crystallographic directions for the simulation in Fig.
1.

1.2 Micromechanical modeling

A number of computational micromechanical models have been developed under this program. A com-
putational homogenization technique was developed that performs Monte Carlo simulation of crystal plas-
ticity finite element (CPFE) simulations of statistically equivalent microstructures. As these models are
computationally expensive, the developed technique utilizes random field theory to represent the distribu-
tion of the homogenized properties to enable extrapolating the predicted properties for large domains based
on simulations of smaller domains. In addition to homogenized properties, an analytical formula for the
maximum value distribution of a random field was utilized to characterize micromechanical response quan-
tities. In particular, the distribution of fatigue indicator parameters was quantified through this analytical
model such that its distribution can be extrapolated for much larger domain sizes than simulated.

The CAFE model which simulates the solidified, as-built microstructure was coupled to thermomechan-
ical finite element solver in the MOOSE Multiphysics Modeling Framework to predict the residual stress
in the microstructure due to the thermal history during solidification. This model uses the crystal plasticity
constitutive model to describe material behavior and is capable of capturing stress and strain distribution and
concentration due to microstructural heterogeneity. This model enables relating residual stress and strain to
input build conditions at the microscale. It was shown in this work that treating the material as homoge-
neous (i.e., not including polycrystalline morphology and crystallography) can tremendously underestimate
the plasticity in the as-built material. Example simulation results showing the von Mises residual stress
for 3 different build conditions along with analogous simulation using isotropic and homogeneous material
properties are shown in Fig. 3.

This program also partially supported the PhD dissertation of colleague Dr. Robert Saunders. Under this
program, a process-structure-property surrogate mapping was developed that links input build parameters to
microstructure statistics, and microstructural statistics to material stress-strain curves. This approach con-
structs a database of CAFE simulations and mechanical responses using CPFE simulations. Then Gaussian
process (GP) surrogate models are trained on this database to establish the aforementioned relationships. It
was shown that the trained GP model was capable of accurately predicting the microstructural statistics and
stress-strain curve for a build condition not included in its training. This suggests that the upfront effort of
establishing the database is offset by the fast prediction of process-structure-property relations of the GP in
order to explore the build parameter design space.
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Fig. 3—Scan direction cross section cuts of the isotropic homogeneous and three cases examined mapped
by average residual von Mises stress (top row) and grain orientation (bottom row).

1.3 Materials characterization

In conjunction with other programs, 3D characterization of AM microstructures has been conducted to
collect and statistically analysis material data. In particular, detailed statistical processing of the tortuous
grain morphology of large grains as well as the pore structure of an L-PBF 316L sample was conducted.
The complex grain morphology of AM microstructures renders classical statistical representations such as
grain size insignificant. Therefore, effort has been made to develop novel representative feature definitions
as well as their statistical characterization. This includes using a watershed algorithm to decompose a grain
into subdomain regions that can be fit to ellipsoids. It was found that the ellipsoidal primary axes align
with one of the family of 6 (001) crystallographic directions, whose directions are strongly determined
by the laser scan pattern. These results provide experimental verification that solidification is dominated
by competitive epitaxial dendritic growth with strong (001) anisotropy, which is oriented along the melt
pool boundary normal direction. This is a key finding for validating the presumptions of the CAFE model.
Characterization efforts have been extended to mechanical properties, where samples were tested using high
energy synchrotron X-rays enabling 3D characterization of strain distribution. These results are vital for
validating crystal plasticity finite element models.
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