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AFRL Vision Overview

A Century of Scientific Excellence for our Airmen

Vision Requirements

Challenge: Form, Fit, & Function will require:

» Arobust 3D framework to capture/describe build
intent and process quality assurance

+ Analytics/learning tools to extract actionable
information from that data

+ Pathway to feed this info back to design/fabrication

What are the “essential process variables” for AM?

What is the quality of in situ characterization for AM?

How do we quantify the above to:

 Establish processing equivalency between coupons,
features, parts, etc.?

 Link defects & microstructure (thus performance) to
local processing state?

 Design future (unconventional?) processes to
achieve desired location specific defect &
microstructures

Need an approach that incorporates geometry & scan path

Capabilities /Need ed

Establish
process
equivalency

Link defects &
microstructure
to processing

Design future
processes
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Process Complexity: DMLS
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What makes a ‘bad’ stripe boundary? — Need correlative analysis to answer

Visually apparent that voids align with stripe boundaries
— Not all stripes though!
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Overview of Datasets

< 4

- Process Intent & Monitoring — point cloud of laser
position & properties w/ additional in-situ sensors

Ld

Laser Position(t)

# A Century of Scientific Excellence for our Airmen

‘-
CAD Geometry — —

triangulated surface
representation of parts
to be built

Other sensor data
- Often not spatially
located

Laser Properties

Computed Tomography (CT) —
voxelized representation of
defects/voids
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Multi-Modal Registration & Fusion
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Remove points
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Compute 3D Delaunay triangulations to

extract a concave hull

4 )

CAD

Nodes do not
uniformly sample
surface

Compute triangle areas &
construct piecewise
constant distribution

weighted by areas

Sample triangles from distribution and pick points
uniformly within triangles

J

Automatically registered to
CAD geometry with ICP using
affine transformation only

e cT
. .
Density Gradient magnitude

Automatically compute threshold — weighted by gradient
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n

Surface mesh of threshold

Sample triangles in
same manner as CAD

)
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‘Simple’ Green’s function analytical solution for Gaussian point source — apply
superposition to approximate moving source

A ez + (y—y) (2 —2) PAt

— exXp — Ot -7 Ai=n
[2“ (0 +2a(t — ;)" 20% +dalt — 1) PmCp
*considers only conduction*
%850
4-dimensional ! [“25
kernel ~0.000s+00
Thermal kernel from analytical
Green’s function solution at some Superposition of all point sources
time, t>0

active prior to time, t

Number & time between melting events — influenced by geometry
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Locally-resolved thermal histories — more
comfortable basis for materials science
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Number & time between melting events — influenced by geometry
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Dimensionality Reduction

9, 2
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Perform Symbolic ApproXimation (SAX) to reduce histories to strings — further
reduces strings to ‘images’ counting pairwise substrings

*adapted from E. Keogh, UC-Riverside*
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Correlative Analysis

CTORP
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Mapping local volumes into ‘processing
space’ shows voids systemic in certain
processing regimes :

Processing-Microstructure relationships
are analogous to genotype-phenotype
association & can utilize machine learning
techniques
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Process Variable 1
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Correlative Analysis
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Zone/Cluster regions of common processing — Tunable to ‘SNPs’ linked to specific structures/’diseases’

Square, 2 stripes - Unidirectional N Square, 2 stripes - Triangle, 1 stripe, long to short Triangle. 1 stripe, short to long
P h an t O m S Square. 3 stripes - 3 Square, 3 stripes - Triangle, 2 stripes, long to short Triangle, 2 stripes, short to long
o . . . .
Distribution A: Approved for public release: distribution unlimited. 88ABW-2017-4658 % 17



QOutline

A Century of Scientific Excellence for our Airmen

Overview of Additive Manufacturing

Process, Design, and Qualification Complexity

0[s]

Process, Structure, Properties Linkages: DMLS
Voids in DMLS Ti-64

Process, Structure, Properties Linkages: EBM
Mechanical Response in EBM Ti-64

Forward Vision

Forecasting, Optimization, and Design for AM

Distribution A: Approved for public release: distribution unlimited. 88ABW-2017-4658

32[s]

Engineering Stress (MPa)
o

Long Line Length / Low Energy
Short Line Length / High Energy

01 015
Engineering Strain (m/m)



Arcam A2 e-beam powder bed fusion: Ti-6Al-4V

Parameters (Normalized to Region A)

Energy Density / E, gp

HED LED
REGION REGION
Long Line

Length [mm] 20 107.6 Length
Power / Pyep 1 4.67
Spot Velocity / V 4gp 1 8.10
Line Velocity / Vgp 1 1.5 HED Region
Scan time / tygp 1 0.636

Y

Notional parameters uniform throughout bed A
Local processing parameters changed by system in

response to geometry
OAK

RIDGE

Short Line Length
€<

20

e
National Laboratory ) X

‘Process Design’ through collaboration & deep knowledge of system
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Variation in As-Built Mechanical Response
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Crystallographic Texture
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—— Single Bar, Line Length= 20 mm
——— Full Plate, Line Length= 106 mm
- Tm

Temperature [C]

Time [s]

Thermal model shows solidification differences — explains textures
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Control Spatial Processing Variation — Control Structure

CAD Geometry

Processing-
Structure
Maps

Process Variable 2

Data collected at GE (AFRL contract)
EOS M280  Ti-64

ol
-4
A/@) Temp v. Time
T 4

Profiles . Process Variable 1

= Stripe center
—— Stripe End
[ — Hatch

pj I(J (SR & Tr
/mperalure [C]

\
4

%R

~ | ) Time [sec]

Post-Build Defect -~

Characterization
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Automated Registration of Intent, In-situ, & Post Build Characterization Data

CAD (.stl) PrintRite Point Cloud CT Scan Registered Data
" MAI’ =
Automatic keypoint extraction, mapping computation, and ' > | Fully automatic, one-
transformation application for all geometry types, within DREAM.3D click registration
Cone Beam CT, Model Based Iterative Reconstruction PURDUE -"EE
Thilo Balke & Charles A. Bouman Experimental Data Model Projection Trivirsiey WA

’ i {

. l MAI’ =
Reconstruction techniques |

on GE medical scanners
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*Inputs — envelope, boundary conditions, figure of merit

* Assumptions —isotropic, homogeneous nominal properties
—does not consider processing, inspection, u-structure
*Model - 1,000s of iterations, compare to figure of merit

* Present voxelized representation of best solution

® Airbus A320 ® Weight reduction by 64%
Nacelle Hinge Bracket 918g -> 3269

ADS reestion Worts

GE Bracket Challenge

Must account for processing influences on material properties
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Mlcrostructure Texture

Temportue

Engineering Stress (MPa)

noa i s
Engineering Strain (m/m}

H|gh fldellty Detalled Processing, Structure & Property
Characterization

Excerimefts

.. Sandia
ACE UTAustn=== 1

10000 -

e,

P Transvers@

Strain

Strain

Force (N)

il Validation & Benchmarking of R e,

Crack opening displacement (mm)

w - Current Forecasts Community Challenges

Build framework to assess data streams & models — build
surrogates models to forecast zones for topology optimization
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Questions?
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