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§ Thin	Films
§ Data	Science
§ Thermal	History	Models
§ Direct	Numerical	Simulation	for	Mechanics

V.

Outline
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COMPUTATIONAL LENGTHSCALES & TOOLS

SPPARKS FRAMEWORK & APPROXIMATING SOLIDIFICATION

PARTNERING EFFORTS

ADDITIVE CASE STUDIES

CONCLUDING THOUGHTS & SUMMARY

A DATABASE APPROACH TO ADDITIVE



Leverage core expertise of MDMC members
§ Materials, manufacturing, data management
§ Software infrastructure and networks

Focus
§ Schema development, software & network 

integration, 
§ standards, interfacing with AM initiatives 

worldwide

and more….

GRANTA’s	Approach	to	Additive
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Feed	materials
§ Bulk	properties
§ Simulation	input	data	
§ Microstructure

Processes	(Machines	and	simulations)
§ Type	and	capabilities	details
§ Processing	parameters	stores
§ Project-specific	data

Fabricated	parts	
§ Characterization,	measurements,	properties

Materials Processes

Parts

Polymers
Low	density	alloys
High	temp	alloys
Medical	alloys
Innovative	alloys…

Direct	laser	deposition
Laser	sintering
Electron	beam	deposition
Electro-mechanical…				

Mechanical	testing
Ultrasonic	inspection
Computed	Tomography
Metallography
Microscopy…				
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AM	Schema	Requirements
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AM	Schema	Visualized
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Granta MI,	AM	Schema	Layout	Headings

Machines Materials Part Design Material Batches Builds Parts
General Information General Information General Information Project Information Project Information Project Information
Calibration General Properties Original Design General Batch Information General Information Part Information
Machine Specifications Composition overview Re-Design Manufacturing Build Information Part Specifications
Material Bulk Mechanical Properties Dimensions Material Quality General Build Parameters Samples
Machine Properties Bulk Thermal Properties General Material Properties Particle Properties and Size Distribution Build Atmosphere Visual Inspection
Build Environment Bulk Electrical Properties Processing Interstitial contamination Material Used Accuracy Testing
Laser Properties Biological Static Tensile Properties Flowability Support NDT Testing
Electron Beam Properties Chemical High-cycle fatigue properties Wire Properties Filament Information Post Processing

Eco Fracture Toughness Chemical Analysis and Composition Substrate Heat Treatment
Cost Fatigue Crack Growth Quality of Welding Consumables HIP
Safety and Handling Surface Roughness Requested Build Alarms Machining
General Information Other Requested Properties Themes Used Laser Polishing
Requirements Final Part Details Powder Build Parameters Other Post Processing
Composition Quality Assurance Wire Build Parameters
Physical Properties Key Benefits Laser Properties
Further Information Electron Beam Properties

Arc Properties
In-Process Rolling
In-Process Analysis

 Layout Headings - Granta AM Schema v1.01
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Currently Includes individual attributes800+
Traditional brute force design of experiment
approaches are no longer tenable. Efficient &
flexible modeling approaches in additive are
needed now more than ever.

AM	Schema	Attributes	Count
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§ DEFORM – forming	heat-treatment	&	machining

§ DANTE –metallurgical	process	&	thermal	stress	analysis

§ ProCast – solidification

§ Micress –microstructure	formation

§ JMatPro – composition	dependent	properties	(thermo,	chemical,	mechanical,	etc.)

§ PrecipiCalc –multiparticle	diffusive	precipitation	kinetics

§ PanDat – thermodynamic	calculations/predictions

§ ThermoCalc – thermodynamic	calculations/predictions

§ MedeA – combinatorial	property	predictions	by	lower	length	scale	simulation(s)

§ *LAMMPS	 –molecular	dynamic	simulation

§ VaSP – first	principles	quantum	molecular	dynamics	(DFT,	HF,	GF)
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Computational	Tools
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SPPARKS
Stochastic Parallel PARticle Kinetic Simulator

• Open	source	kinetic	Monte	Carlo	
platform	with	user-editable	
“apps”	for	specific	applications

• Used	to	study	several	mesoscale	
phenomena	including	sintering,	
recrystallization,	vacancy	
diffusion,	grain	growth	and	
welding

• Problems	are	easily	parallelized	
and	a	range	of	Monte	Carlo	
solvers	are	available

http://spparks.sandia.gov
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§ The	Potts	model	is	widely	used	to	simulate	curvature-driven	grain	growth
§ The	simulation	domain	is	divided	into	a	discrete	lattice	and	each	site	is	assigned	a	grain	ID	or	

“spin”.
§ Grain	boundary	motion	occurs	by	changing	a	site’s	grain	ID	to	that	of	a	neighboring	lattice	site	

and	determining	the	resulting	change	in	system	energy.

§ The	change	is	accepted/rejected	via	the	
§ Metropolis	function:							

§ where	system	energy,	E,	is	determined	by:
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Solidification
• In directional solidification, it has 

been widely understood that select 
combinations of thermal gradient 
(G) and solidification front 
velocity (V) produce specific grain 
morphologies in single phase 
metallic systems

G

V

W. Kurz, & D.J. Fisher, Fundamentals of Solidification, Chapter 4: 
Solidification Microstructure, Trans Tech Publications (Enfield, NH, 1998)

M.F. Ashby, K.E. Easterling, Acta Metall., 
(1982) vol. 30, pp. 1969-1978 

G



• The	molten	zone	randomizes	grain	identities	when	it	enters	a	region.	
• Along	the	trailing	surface,	voxels	either	join	existing	columnar	grains	

or	form	new	grains.
• The	temperature	gradient	creates	a	corresponding	gradient	of	grain	

boundary	mobilities	via	an	Arrhenius	relationship.	
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kMC &	Solidification



141414modified Kinetic Monte Carlo (MkMC) via SPPARKS

Additive	Processes

http://www.fusionimplants.com

LASER ENGINEERED NET SHAPING

POWDER BED FUSION



§ Thin-wall	builds	of	Inconel	718	by	DED	

§ Two-pass	build	of	Ti-6V-4Al	by	SEBM

§ High-power	LENS	build	of	304L	Stainless	Steel

15

Microstructural and texture development in direct
laser fabricated IN718

Lakshmi L. Parimia, Ravi G. A.a, Daniel Clarkb, Moataz M. Attallaha,⁎
aSchool of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
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Microstructural characterisation was performed for IN718 thin-walled builds, produced
using direct laser fabrication (DLF), to understand the influence of the variations in the
deposition path and the laser power on the microtexture, grain structures and intermetallic
particle morphology development. Considerable differences were observed, with the high
laser power input generating a columnar grain structure, with a strong <001> fibre texture
along the build height, compared to a mixture of fine uniform and large columnar grains in
the low power builds, with a near random texture. The influence of different DLF conditions
on the formation of Laves and of δ phase was also found to be significant, with the Laves
phase precipitates being larger in the high laser power sample. Carbides and δ were also
present in the high power build, but were not observed in the low power samples regardless
of the deposition path.

© 2013 The Authors. Published by Elsevier Inc.

Keywords:
Electron backscattered diffraction
Texture
Direct laser fabrication
Inconel 718

1. Introduction

Direct laser fabrication (DLF) is a near net shaping technique
where three-dimensional components are produced layer-by-
layer by consolidating powder using a focused laserheat source.
Over the past decade, DLF has shown to be capable of producing
components with complex geometries to near net-shape, with
considerable cost and material savings for low batch runs in
Ni-base superalloys [1–3]. One of the major drawbacks in the
process is the bonding defects and porosity in the builds, aswell
as the creation of heterogeneous microstructure, which result-
ed in extensive work being undertaken in the past decades to
produce structurally-sound builds with acceptable mechanical
properties [4,5]. Although sound builds could be produced using
DLF, their mechanical properties were poor compared to
wrought products [4–6], which highlights the influence of the

microstructure. Generally, the builds were reported to have a
columnar grain structure, growing epitaxially from the sub-
strate, with the orientation of the grains being strongly
influenced by the deposition strategy [7]. Some builds were
found to have a banded grain structure with alternate coarse
and fine grain bands due to different cooling rates, where the
fine grains are typically found in the locations associated with
rapid cooling rates [4,8]. Furthermore, the build direction
appears to influence the mechanical properties, whereby the
tensile strength along the deposition direction was found to be
~55–60% higher than across the build direction in IN718 builds
[5]. Although limited work is available in the literature on the
effect of this deposition strategy on the build microstructure, it
is important to understand the grain size distribution and
texture between the layers in detail [7]. With respect to the
texture development, it was previously reported that IN718
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Effect of build geometry on the β-grain structure and
texture in additive manufacture of Ti\6Al\4V by
selective electron beam melting

A.A. Antonysamya,1, J. Meyerb,2, P.B. Prangnellc,⁎
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With titanium alloys, the solidification conditions in Additive Manufacturing (AM) frequently
lead to coarse columnar β-grain structures. The effect of geometry on the variability in the
grain structure and texture, seen in Ti\6Al\4V alloy components produced by Selective
Electron BeamMelting (SEBM), has been investigated. Reconstruction of the primary β-phase,
from α-phase EBSD data, has confirmed that in bulk sections where in-fill “hatching” is
employed growth selection favours columnar grains alignedwith an <001> β direction normal
to the deposited powder layers; this results in a coarse β-grain structure with a strong <001> β

fibre texture (up 8 x random) that can oscillate between a near randomdistribution around the
fibre axis and cube reinforcement with build height. It is proposed that this behaviour is
related to the highly elongated melt pool and the raster directions alternating between two
orthogonal directions every layer, which on average favours grains with cube alignment. In
contrast, the outline, or “contour”, pass produces a distinctly different grain structure and
texture resulting in a skin layer on wall surfaces, where nucleation occurs off the surrounding
powder and growth follows the curved surface of the melt pool. This structure becomes
increasingly important in thin sections. Local heterogeneities have also been found within
different section transitions, resulting from the growth of skin grain structures into thicker
sections. Texture simulationshave shown that the farweakerα-texture (~3 x random), seen in
the final product, arises from transformation on cooling occurring with a near random
distribution of α-plates across the 12 variants possible from the Burgers relationship.

© 2013 The Authors. Published by Elsevier Inc.

Keywords:
Titanium
Additive manufacture
Selective electron beam melting
Texture
Columnar grains
Electron backscatter diffraction (EBSD)

1. Introduction

In powder bed Additive Manufacture (AM) processes powder
layers are consolidated layer-by-layer using a focused heat

source, enabling a component to be built-up directly from a
computer aided design (CAD) file. The attraction of AM to
industry is that it can be used for near-net shape fabrication of
complex components without dies or substantial machining,
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Dynamic compressive response of wrought and additive manufactured
304L stainless steels

Erik Nishida1,a, Bo Song1, Michael Maguire1, David Adams1, Jay Carroll1, Jack Wise1, Joseph Bishop1,
and Todd Palmer2

1 Sandia National Laboratories, 1515 Eubank Blvd. SE, New Mexico, USA
2 Pennsylvania State University, MatSE Department, 301 Applied Science Building, Pennsylvania, USA

Abstract. Additive manufacturing (AM) technology has been developed to fabricate metal components that include complex
prototype fabrication, small lot production, precision repair or feature addition, and tooling. However, the mechanical response of
the AM materials is a concern to meet requirements for specific applications. Differences between AM materials as compared to
wrought materials might be expected, due to possible differences in porosity (voids), grain size, and residual stress levels. When
the AM materials are designed for impact applications, the dynamic mechanical properties in both compression and tension
need to be fully characterized and understood for reliable designs. In this study, a 304L stainless steel was manufactured with
AM technology. For comparison purposes, both the AM and wrought 304L stainless steels were dynamically characterized in
compression Kolsky bar techniques. They dynamic compressive stress-strain curves were obtained and the strain rate effects were
determined for both the AM and wrought 304L stainless steels. A comprehensive comparison of dynamic compressive response
between the AM and wrought 304L stainless steels was performed. SAND2015-0993 C.

1. Introduction
Additive manufacturing (AM), also commonly known as
3D printing, has been increasingly utilized in many appli-
cations that include rapid prototyping and manufacturing,
as well as mass customization for automobile, aerospace,
construction, and defense industries. For example, Sandia
National Laboratories developed a Laser Engineered Net
Shaping (LENS) technology, a type of AM technology
which utilizes a combination of metal powders and a
laser to create metallic components designed by computer
aided design (CAD) models [1]. New AM processes that
are LENS-like have been recently developed to create
components at much higher deposition rates. Often as AM
materials are created, residual stresses may occur and grain
structures may change [2], which can lead to uncertainties
in the mechanical behaviour of the material. Particularly,
the AM materials may be utilized in abnormal mechanical
environments where the materials are subjected to impact
loading. Understanding the dynamic response of the AM
materials is critical for applications in terms of reliability,
particularly when compared to wrought materials.

In this study, a wrought and AM processed 304L
stainless steel (SS) were dynamically characterized to
compare compressive stress-strain curves at various strain
rates with a split Hopkinson pressure bar (SHPB) or
Kolsky compression bar.

2. Materials & experimental procedure
The 304L SS used in this paper has been formed
using a high-powered (3.8 kW) LENS-like AM process

a Corresponding author: eenishi@sandia.gov

developed at Pennsylvania State University. The chemical
composition of the AM 304L SS was exactly the same as
that of the wrought 304L SS. The compressive specimens
for the wrought 304L SS were machined in a disc
shape with a diameter of 6.35 mm and a thickness of
3.175 mm along the longitudinal and transverse directions,
respectively. The compressive specimens for the AM 304L
had the same dimensions, but were machined in an X, Y,
and Z direction, respectively. It is noted that the AM 304L
specimens were treated as delivered without any additional
heat treatment or annealing process. The purpose of
making the compressive specimens in different directions
for both wrought and AM 304L SS is to examine and
compare the isotropic characteristic for both wrought and
AM 304L stainless steels. In this study, we characterized
the wrought 304L SS in both longitudinal and transverse
directions, and the AM 304L SS in the X direction. The X
direction refers to the travel direction of the laser during
the LENS process.

The dynamic compression experiments were con-
ducted with a Kolsky compression bar at Sandia National
Laboratories. The Kolsky compression bar, also called
the SHPB, was originally developed in the 1940s [3]. As
shown in Fig. 1, a general Kolsky compression bar set-
up consists of a striker, incident bar, transmission bar, and
momentum bar.

The striker is usually launched with a gas gun to
impact the incident bar, generating a compressive stress
wave (incident wave) that is recorded with the strain gages
on the incident bar. When the incident wave propagates to
the specimen, part of the stress wave is reflected back into
the incident bar and recorded with the same strain gages
due to the mismatch of mechanical impedance between the

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

Additive	Case	Studies

Parimi et al., Mater. Charact. (2014), vol. 89, pp. 102-111

A. Antonysamy et al., Mater. Charact. (2013), vol. 84, pp. 153-168

Nishida et al., Proc. of DYMAT 2015
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Application to Thin Film
Grain Growth

17



0
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Simulation
Initial

Re-solidified

Experimental ASTAR
Initial

Re-solidified

• Thin Films of Al-Si binary alloys melted to undergo rapid solidification while being 
observed in a time-resolved dynamic TEM (DTEM). 

• Solidification interface profiles are extracted and used as inputs for a 2D kMC model.
• Simulations are now being modified to allow incorporation of crystallographic texture

J. McKeown (LLNL), A. Clarke (CSM), J. Gibbs (LANL), T. Rodgers, J. Madison (SNL)

Grain	Growth	in	Thin	Films
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Application to Data Science
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• Developed a reduced-order model for microstructure prediction using chord length distributions (CLDs).

E. Popova, S. Kaladindi, T. Rodgers, J. Madison, et. al., IMMI, (2017) vol. 6, pp. 54-68

Exploring	AM	via	Data	Science	I

20



• Developed a reduced-order model for microstructure prediction using chord length distributions (CLDs).

E. Popova, S. Kaladindi, T. Rodgers, J. Madison, et. al., IMMI, (2017) vol. 6, pp. 54-68

Exploring	AM	via	Data	Science	II
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Application to Thermal 
History Models
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§ Using thermal histories simulated within SNL’s production code, ARIA as an input, the modified
Monte Carlo Potts model within SPPARKS is coupled to predict grain morphologies within an
additive manufacturing build. This demonstrates an ability to predict grain morphology from a
rigorous multi-physics model as opposed to a simplified and idealized approximation of the molten
zone.

ARIA SPPARKS

Linking	to	Thermal	Models	I

K. Johnson, T. Rodgers, (Sandia National Labs)
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ARIA SPPARKS

Linking	to	Thermal	Models	II

EBSD

K. Johnson, T. Rodgers, O. Underwood (Sandia National Labs)



Application to Mechanics
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• AM simulations have been performed on cylindrical domains and the resulting 
microstructures used in solid mechanics simulations.

Equiaxed stressesAM-micro stresses

• Stress fields 
along tube for 
several 
equiaxed (top) 
and AM 
(bottom) 
microstructures.

DNS	Inputs	for	Mechanics

J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)
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Synthetic AM builds

• 4 scan velocities.
• 2 concentric circular scan paths per layer.
• Idealized molten pool
• Significant microstructure variation w.r.t.

scan velocities and w.r.t. wall thickness.

DNS	Inputs	for	Mechanics

J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)
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Direct	Numerical	Simulation
Stress response in tension

J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)
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Direct	Numerical	Simulation
Stress response in tension

J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)
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Direct	Numerical	Simulation
Stress response in torsion (w/stress concentrator)

J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)
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J. Bishop, T. Rodgers, J. Madison, (Sandia National Labs)

Direct	Numerical	Simulation
Stress response in torsion



Modeling Mechanical 
PERFORMANCE

• (DNS) Direct Numerical simulation
• (FE) Traditional FEA

Constitutive Models; Material 
PROPERTY Definitions

• Crystal Plasticity
• Viscoplasticity

Synthetic MICROSTRUCTURE
Prediction

• (kMC) Kinetic Monte Carlo
• (PF) Phase Field

Extraction of Relevant Physics for 
Additive Manufacturing PROCESSING

• Thermal-fluid Simulation
• Heat & Mass Transfer

Texture, residual stress, dislocation density

dimensional form, homogenized response, SROM
error estimation, UQcrystallographic texture, hardening, embrittlement

compositional change, selective grain 
orientations, porosity 

MICROSTRUCTURE

PROPERTY

PERFORMANCE

PROCESSING

P-S-P-P	Linkages	by	Simulation
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§ Process-Parameter	space	in	additive	manufacturing	is	so	large	and	so	rapidly	
evolving,	traditional	design	of	experiment	approaches	are	inadequate	to	reliably	
ascertain	conclusive	and	exhaustive	understanding	of	AM	product

§ Versatile	modeling	tools	are	needed	to	help	scope,	inform	and	aid	our	
understanding	of	AM	product	

§ SPPARKS	is	a	versatile,	open	source,	on-lattice	Monte	Carlo	simulation	suite	
containing	a	variety	of	microstructural	evolution	apps	and	has	been	adapted	to	
simulate	first	order	approximations	of	AM	microstucture in	2- and	3-dimensions

§ Synthetic	SPPARKS	microstructures	are	now	being	utilized	to:
§ Rapidly	explore	process-parameter	space	via	data	science	methods
§ Link	with	more	rigorous	thermal-fluid	models
§ Serve	as	inputs	for	mechanics	simulations

Summary
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