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AMMT — Digital Platform

Objectives:

« Develop a digital platform and associated processes to couple data analytics with

design and manufacturing data for use in rapid prototyping and quality
evaluations of manufactured products.

« Demonstrate part quality predictive capability of the digital platform

FY 22 Milestone

m Milestone ID Milestone/Activity Title m

Submit Report on Digital Platform Diagnostic and Predictive 9/30/2022

Paquit M2CT-220R1305013 Capability Development
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Data Analytics Framework for Advanced Manutfacturing
Scientific drivers

Develop new certification
methodologies
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Accelerate production of
complex components
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Improve manufacturing
technologies
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Smart Manufacturing Approach

ORNL has developed a technology agnostic data analytics framework for manufacturing.

A four-steps data driven approach toward processes optimization, and qualification, and
certification of manufactured parts

Step 1: Understanding the process

Step 2. Optimizing the process

Step 3: Feedback loop for self-optimization/correction

Step 4: Certifying and qualifying components
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I XQAKRIbeE  Digital Platform for Manufacturing

Advanced manufacturing technologies produce valuable datasets at every stage of the
manufacturing workflow. Collecting, structuring, and analysis such data is paramount to
understanding, optimizing and validating the manufacturing process.
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X QakRIDGE - R&D Activities — Data Management

Web-based Digital Tool Database & API
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Entity Relationship Diagram (UML Notation)
ConceptLaserM2-ORNL1 UPLOAD SEARCH EXPLORE WAITING TO ANALYZE exoneinnovent0137.

Alka Singh | March 1, 2021

build_id
Build(s): ConceptLaserM2-ORNL1 Search Q . - - - layer_number
machines.machines operations.operations roles.roles -
Action Name Start Date End Date Status Material Setup Tech. ‘Start Tech. Was Test? PK machine id serial PK operation_id serial K id int binder_set_tin
— | user_i in
[ Framatom Arch 202002-04 2020-02:04 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes ; - drying_time
@ Airfoils & TCR Moderator Pieces 2020-02-07 2020-02:07 Successful 3161 /Praxair/27 Alka Singh Alka Singh Yes machine_name varchar operation_name varchar FK  operation_id int recoat_speed
© Kairos Impeller 202002-12 2020-02-12 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes machine_type varchar description varchar role_type varchar .
© MDF Framatome Fasteners 01 2020-02-26 2020-02-26 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes Tocati i A i
© Fastener Assembly 2020-02-06 2020-02-06 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes save_location varchar (iEYS Ines*used rray[ ntegers]
© Framatome Fastener Components 2020-02-14 20200214 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes machine_added datetime param_map jsonb
© TCR Moderator Pieces 2020-02-03 20200203 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes i 137.build_1
© Framatom Middle Section 2020-02-05 2020-02-05 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes N
© Inner Mask Mold Bottom Section 20200408 2020-04-08 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes . int
© Theta Impeller and TCR Endcaps 2020-03-12 2020-03-12 Successful 316L/Praxair/27 Alka Singh Alka Singh Yes materials.powder people.users order_id int
FILTER BY PARAMETER(S) PK material_id serial PK user_id serial template id int
composition varchar name_first varchar template_type varchar
Rowsperpage. 10 v 1100f 60 > manufactturer name varchar u ucams varchar
manufacturer_item_name varchar name_last varchar
" exoneinnovent0137.build_layer_info
M -I- -I- r h manufacturer_lot_no varchar user_added datetime g2
ﬁ build_id int
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R&D Activities — Data Management
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I ¥oaxkRinee  Research platform : Concept Laser M2 — laser powder bed

Onboard sensors (log file)
Pyrometer
High resolution camera

CONCEPT
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» Description Technology

- Thin layer of powder spread
over a build plate

— Laser beam scans the
surface at selected locations 2ot0%
to fuse the powder | ﬂ
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powder & printed
Arcam Q10 (EB-PBF)
NIR (fusion)

recoater streaking
Arcam Q10 (EB-PBF)
NIR (spreading)

porosity
Arcam Q10 (EB-PBF)
NIR (fusion)

spatter
‘| Arcam Q10 (EB-PBF)
[ NIR (fusion)

10

cracking
Arcam Q10 (EB-PBF)
NIR (fusion)

balling
Arcam Q10 (EB-PBF)

NIR (fusion)

swelling
Arcam Q10 (EB-PBF)
NIR (fusion)

LPBF

Typical Powder Bed Defects

powder & printed

ConceptlLaser M2 (L-PBF)

visible-light (fusion)

super-elevation

ConceptLaser M2 (L-PBF)

visible-light (spreading)

recoater streaking
ConceptlLaser M2 (L-PBF)

visible-light (spreading)

recoater hopping

incomplete spreading
EOS M290 (L-PBF)
visible-light (spreading)

EOS M290 & AddUp FormUp 350 (L-PBF)

visible-light (spreading)

swelling

debris
ConceptlLaser M2 (L-PBF)
visible-light (spreading)

EOS M290 & ConceptLaser M2 (L-PBF)

visible-light (spreading)

spatter or soot

} Renishaw AM250 & ConceptlLaser M2 (L-PBF)
1 visible-light (fusion)

BinderJet

MDF

powder & printed
ExOne Innovent (Binder Jet)
visible-light (binder)

recoater streaking
ExOne Innovent (Binder Jet)
visible-light (powder)

incomplete spreading
ExOne Innovent (Binder Jet)
visible-light (powder)

debris

ExOne Innovent (Binder Jet)
visible-light (powder)



» MDF
I ¥oakRincE  Defect detection Al workflow and transfer learning *

99999999 %

mask of pixel
locations
global wl
! Ko TH LI
T Y network l‘
ﬂmnh&\\\l\‘l“ /
1
_—
|
localization
—( network 4
=% »
- ~ 7~ X\ g::Zater - St?pj)c:err-Elevation
-_ / ~ \ ‘ bE T i - Hopping 1 Debris
[ ot . & [ Recoater Minor
-_ ‘j ' COBtEXt:al | B Streaking ' super-Elevation
P e ‘— — Incomplete p— Part
Spreading Damage
i Part
= outlines

Dynamic Segmentation Convolutional Neural Network



¥QakRicE  Summary of DSCNN Applications
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MDF

« Al software for real-fime 3D
print monitoring

e Main platform for most of the
TCR data analytics activities

« Commercial copyright license
available

+ Licensed to 10 companies

Recoater Streaking

e 2022 FLC Excellence in Incomplete Spreading
Technology Transfer Award Swelling
Debris
« Publication DOI: Super-Elevation

10.1016/j.addma.2020.101453 Soot

13




¥QakRIbGE  Simurgh Al / CT reconstruction

Axial Slice @ center Axial Slice near top

Standard

A Sagittal Slice

A Coronal Slice

2.5D DLMBIR
W/ CAD Based

BH Correction
(Ours)

Technology provides
a x10 improvement in
feature resolution

Commercial
copyright license
available

Provisional patent

Licensed by Zeiss

Publication DOI:
10.1115/IMECE2020-
23766




I ¥oaxkRinee  Example Geometry: Phase 2, Build 3

As built component Design layout Mech. Test Placement

15



¥OakRIbGE  Example Geometry: Phase 2 — Build 3

Peregrine Classification Result

In-situ Image
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Build 1.1 — designed to
capture baseline data
i.e., thermal history
based on part
geometry and laser
module used to fuse
the material

Build 1.2 — designed to
induce porosity and
microstructure
differences from
different melting
parameters

First sample manufacturing campaign

Build 1.3 — designed to
investigate the effects
of overhanging
geometries on thermal
history and on surface
roughness

Build 1.4 — designed to
investigate porosity
population and
microstructural
differences resulting
from increased spatter
landing on the samples

Build 1.5 — designed to
investigate the effects
of recoater streaking
anomalies and atypical
inter-layer bonding
from incomplete
powder spreading



I ¥QakRincE  Second sample manufacturing campaign

Build 2.1 - designed to
capture tensile
property trends aft taller
build heights and
acquire examples of
intermediate UTS and
YTS values

Build 2.2 - designed to
capture the effects of
more localized process
parameter differences

Build 2.3 - designed to
capture the effects of
adjacent thin walls,
build pauses, and
missed powder spreads



I XOaKRIDGE - Mechanical testing

Testing Regimen Testing campaign to date NelaglellsRifelel dgle

e Tensile  Phase 1 tensile testing
campaign complete

- Tested 6,331 out of 8,480

- 5 mm nominal gauge length

e / orientation

« Phase 2 tensile testing

B 1-%0ﬂfjm nominal gauge campaign in progress
wi
: — Tested 1,121 out of 6,432
- 0.75 mm nominal gauge samples
thickness

- 16 mm nominal total length
e Room temperature only

0.5 mm/min displacement
rate

19



A Generalizable Framework for AM Part Qualification using an Augmented Intelligence

Relay
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FY22 Digital Platform Improvements

= Reduction of super-voxel edge effects

= Increased control over the construction of the super-voxels

= Integration of the SWAN module into Peregrine to enable inclusion of scan path data in super-voxels
= Increased capabilities to interrogate and visualize super-voxel features and local property predictions

anomaly segmentations scan path data | SUp els | O
— o S 0
O O O O

I T~ [ -~
o=/ —— y — —s—n ( )
’7J = —C—O0\ — ——a\/ —

— —

0 O 0

0
O O.O O.G
O O

=  Reduction in computation time for the end-to-end AIR workflow

= Improved implementation of pixel-wise segmentation heuristics and improved DSCNN accuracy
= Streamlined implementation of QR codes and the Digital Platforms web interface

= Implementation of real-time monitoring and control of the Concept Laser M2 printer

DSCNN validation scores | | SS-J3 with QR code
v R




= Debris

Example L-PBF Peregrine Results S

Top Flow Rate
Bottom Flow Rate
Module Oxygen

Build Height (mm)
raw image 4.7%0 20 40 60 80 100 120 140 160

3.8%

il

2.8%

layer: 3030
height: 151.500 mm
value: 1.63%

1.9%

t tt t
0.0% S ——
35s -
91 m3/h
S 40 m3/h
T 0.11%
0 500 1000 1500 2000 2500 3000
e Layer Number
= Unexpected discoloration =  Each layer of in-situ = The DSCNN results show that soot levels increased at
bands appeared in the visible-light imaging data time intervals corresponding to the discoloration bands
as-printed parts is analyzed by the DSCNN
= Plotted alongside the temporal data, it is apparent that
= The domain experts = The outputs are pixel-wise the in the build chamber
leveraged Peregrine to anomaly detections increased during these periods
investigate throughout the height of
the build = Which resulted in more oxidized (darker) soot particles
and discoloration of the part until the printer detected
g){ﬂrgllng}E a reduction in and adjusted its setpoints
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Voxelized Property Prediction Model (VPPM) Performance

YTS
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The AIR is currently using a Multi-Layer Perceptron (MLP) for the VPPM

RMS errors range from 9.6% to 16% of the ground truth property ranges
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o

Predicted (%)
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4,500 and 500 SS-J3 samples have been used for training and validation of the AIR, respectively

Elongation
"
Bi3
e
G

RMSE: 9.1% (16%)

0 10 20 30 40 50 60
Ground Truth (%)

I 2021-04-16 TCR Phase 1 Build 2
[ 2021-04-28 TCR Phase 1 Build 3
[ 2021-08-03 TCR Phase 1 Build 4
[ 2021-08-23 TCR Phase 1 Build 5

If a VPPM had perfect predictive abilities, all the data points would lie on the dashed line



I ¥QakRIbGE  |nvestigating UTS Prediction Outliers

BN 2021-04-16 TCR Phase 1 Build 2
1 2021-04-28 TCR Phase 1 Build 3 . - -: ’!'.-,:"
[ 2021-08-03 TCR Phase 1 Build 4 :

BN 2021-08-23 TCR Phase 1 Build 5 Q
v

600 1

> Q These samples were printed with Lack-of-Fusion (LOF)

parameters, the in-situ data look similar across the
samples but the variation in measured UTS is very high

500 (between 250 MPa and 500 MPq)

0 These samples came from two parts, both of which
contained a lot of soot and debris detections, yet the
measured tensile properties are still good; the oxygen
concentration is high for this build which might account
for the increase in detections

450

Predicted (MPa)

FaN
o
o

These samples are all from bulk regions processed with
Keyholing (KEYHOLE) parameters

@

3501

©

These samples came from a build with intentionally
generated soot, but had relatively low soot detections

300

25Q & - : ' : - : :
%50 300 350 400 450 500 550 600
Ground Truth (MPa)



I ¥xQoakRivce  Predicting Local UTS at a Specific Layer within Phase 1 Build 2

613

540

w
o
(=)}
Ultimate Tensile Strength (MPa)

324

252

=  Average differences in UTS due to process parameter differences are well predicted by the VPPM

= Increased UTS variability for parts melted with KEYHOLE parameters is captured by the VPPM

= Both the ground truth measurements and the VPPM indicate slightly reduce UTS for thin walls and near part edges



I ¥xQoakRvce — Predicting Local UTS for the Entirety of Phase 1 Build 2

2450 Build Height (mm)
10 20 30 40 50 60 70
LOF BEST 573 MPa : : : : : : :
220.5 & ﬂ - P3
(=) n
P17
196.0 S - -
15 P18
458 MPa P30
P31
B - ‘ E- — P32
&) L - J —— P34
344 MPa
g 22
;E:IZZS -
o NOMINAL
5 229 MPa
E Y
73.5 - -
5 57 b -
- O 115 MPa|

o9/ I T 0 MPa g 200 400 600 800 1000 1200 1400

(mm) « Recoater « Gas Flow
i ecomer ot Layer Number

= Largest UTS differences are aligned with process parameters
= There is a prediction of slightly decreasing local UTS as build height increases across all process parameters

= Predictions are not possible at the start of the build because VPPM was not trained on data near the build plate
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Conclusions Future work

27

Predictive capability demonstrated for
mechanical tensile test results for UTS

Strong correlation between super-voxel
digital signature and mechanical test
results

Digital discipline ensures collection of
pedigree datasets

Digital twins of component contains link
between intent, manufacturing, and part
quality

Improve and expend approach to other
mechanical testing measurements

Validate AIR approach with burst fubes
and geometry

Automated mechanical testing to build
AM material database for nuclear
application

Transfer digital discipline and tools to
participating members of AMMT program

Use digital twin information to identify
target sample to reduce number of tests
for fatigue, creep, etc.



Questions®e

Contact: paquitvc@ornl.gov
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UTS Behavior by Feature
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Yield Tensile Strength, RMSE (14.09)

YTS Measured vs Predicted (MPA)
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Ultimate Tensile Strength, RMSE (27.14)

UTS Measured vs Predicted (MPA)
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Elongation, RMSE (6.68)

Elongation Measured vs Predicted
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