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Manufacturing

Demonstration Facility
(Established 2012)

$1B+impact on U.S.
manufacturing with >20:1 ROI

110,000+ sq. ft. facility
180+ staff members

40,000+ visitors, 6,000+ visiting
companies

50%+ of equipment is industry
owned
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Hybrid: A ‘factory in a boxgsils

Where is QC?

Traditional

Multiple hoppers: . e
On the fly alloying ' .ub’rroc’rlve } 3[
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Rapid solidification

Me We can only automate and control what we can measure.

Can we bring our sensing closer to the process to accelerate innovation?
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Three tools to pursue scientific automation:

Operqndo . Real-time microstructure
Neufron Diffraction eesatiiiasil

Live data synthesis for

Simulafion Twin model-guided control

Convergen’r Fully automated production for
Manufactu r]ng high throughput process science
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Distortion and Stressin DED

Insufficient material
removal

* In welding, longitudinal and
transverse stresses develop

o Stresses in additive manufacturing
add up

e The problem scales up with
component and melt size

Inner surface finishing |38
punctured component |58




Strong interactions with microstructural evolution

2000
) ) Js00 J[—17467C ...
e Highly worked microstructure from I e i e
thermal expansion differential strain g e
£ 800-
« Dynamic annealing from heat buildup 2
- Heat treatment isn’t always an option to )

‘erase’ complexity
— Solid state fransformation effects

* Microstructural evolution makes
quantitative simulation challenging

— Highly coupled and hierarchical
— Demands extensive calibration

[11J. Ge et al., Applied Thermal Engineering, vol. 163, p. 114335, Dec. 2019, doi: 10.1016/j.applthermaleng.2019.114335.
[2] J. P. QOliveira, T. G. Santos, and R. M. Miranda, Progress in Materials Science, vol. 107, p. 100590, Jan. 2020, doi: 10.1016/j.pmatsci.2019.100590.
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How to measure residual stress and distortion

Neutron Diff. Volume | Y | N | N
SynCh. XRD SmO” VOlume N N N Dzili“aair:::?eu:fnfnec:é;n :.‘.;;;“W
Bench XRD Suface | N | N | N D
Contour method| Surface Y | N |Y
illi oin
Hole drillin Point Y | N |Y
Beam/ring/arch Volume Y | N |Y
Strain gauge Line N | N |Y
DIC Surface N | Y |Y
~
SR
Ibm [1] K. An, L. Yuan, L. Dial, I. Spinelli, A. D. Stoica, and Y. Gao, Materials & Design, vol. 135, pp. 122-132, Dec. 2017
“ [2] The Contour Method, Michael B. Prime and Adrian T. DeWald, 2013, chapter 5, ISBN: 978-1-118-34237-4.
*OAK RIDGE [3] VEQTER The Center Hole Drilling Technique https://www.veqgter.co.uk/residual-stress-measurement/centre-hole-drilling

National Laboratory [4] P. Promoppatum and S.-C. Yao, Journal of Manufacturing Processes, vol. 49, pp. 247-259, Jan. 2020


http://books.google.com/books?id=ZRxwAAAAQBAJ&lpg=PA302&ots=Zd4mnoxQow&dq=practical%20residual%20stress%20measurement%20methods&pg=PA109#v=onepage&q=practical%20residual%20stress%20measurement%20methods&f=false
https://www.veqter.co.uk/residual-stress-measurement/centre-hole-drilling

OpeN-AM Operando Neutron Additive Manufacturing

Open-source
control system
and data
collection

Opticaland IR
cameras for

digitalimage
correlationand

hyperspectral
thermalimaging

Active cooling
with compressed
air for thermal
control
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3-axis CNC capabilities
for subtractive machining

6-axis roboft for

flexible

deposition and

scan paths

Wire-arc

additive

manufacturing

(WAAM)
High-
bandwidth
edge
computing
node



OpeN-AM Sensors

« Spallation Neutron Source
* Multispectral infrared
e High-bandwidth DIC

e Low tfemperature

Austenite

transformation steels e

e Phase fransformations,
thermal and strain evolution

A. Plotkowski et al., “Operando neutron
diffraction reveals mechanisms for controlled
strain evolution in 3D printing,” Nat Commun,

vol. 14, no. 1, Art. no. 1, Aug. 2023, doi:

10.1038/s41467-023-40456-X.
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Use case — Understanding Solid State Phase Transformation

e Cyclic heating induces repeated
Austenite = Martensite fransitions

e This iInduces complex residual stress patterns

* Directly measures lattice strain, phase, and
temperature over the entire build

D Point 1 during Section 1

1.50 2000 BCC
o » Relevant scale for large scale WAAM
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OpeN-AM is excellent for materials processing science...
... but can we scale ite

 Neutron diffraction is the
gold standard for RS

e But, other methods give
related information

e Can a combination of
available sensing
achieve similar results?e
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Let’s approach the problem by discussing ‘Digital Twins'’

VERIFICATION, VALIDATION, UNCERTAINTY QUANTIFICATION / ETHICS [/ SECURITY

FROM PHYSICALTO VIRTUAL

Sensor fusion, data assimilation,
inverse problems

Physical (§ Virtual
counterpart representation

Sensors and observing T T o Modeling and simulation;
systems, data acquisition, lecision-makin artificial intelligence;
and data integration | first-principles, mechanistic,
and empirical models;

and visualization

FROM VIRTUALTO PHYSICAL
Automated control and dedision-making

VERIFICATION, VALIDATION, UNCERTAINTY QUANTIFICATION / ETHICS / SECURITY
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Controlling Thermomechanical Evolution

Fusion

. 2 |

Measurement Model

o 4

Action

¥ OAK RIDGE
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Controlling Thermophysicol Evolution

/ r{t) = System Setpoint eft) = Error Signal ult) = Control Signal ~ y(t) = System Output
Reference
Status Measuring Valuec 4
System >
element -
Feedback rror
C d
A C '|'I O n Effector Prdo it Controller |

Problem: Spatially complex state & response



Controlling Thermophysical Evolution
SCOPS Adamantine

Fusion

-

Measurement Model

Temperature Strain

Action
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SCOPS: ‘Stereo Correlated Optical and Pyrometric System’ (/;76

J Hal . _p -

T oot entose « Directed Energy Deposition
welding induces distortion.

Confrol requires measurement.

— DIC tracks surface roughness
features in 3D, IR tracks
temperature over time

— Thermoplastic history observed

Visible camera pair .
— Projector

e Imaging enhances simulation.
— Validation, or assimilation into live

e Works for all DED classes
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Control reactions rely on fast simulation...

¥ adamantine

Built to scale from laptops to GPU
supercomputers

10x faster than real-time for thermal
simulations

Adamantine and its key dependencies
developed at ORNL, we can modify and
integrate at-will

https://github.com/adamantine-sim/adamantine

S_QOAK RIDGE
National Laboratory B. Turcksin, S. DeWitt, Journal of Open Source Software, 9 (102), 2024.



https://github.com/adamantine-sim/adamantine

The “Shadow Simulation” approach to distortion in DED

e Aprint-time FEA model

 Information is ‘cast’ into the shadow
from ground truth sensors

e Simulation assumptions are

. . . Real-time thermal Data projection & , :
iteratively tuned to match reality  simulationensemble ~ Kalman filter assimilation  Updated simulation
onthe f |y (Slightly different parameters)/, (laser absorption, emissivity, etc)

* Provides a better snapshot of
temperature state for Process Sensor ground truth ) Layerwise controls feedback
controls Infrared, thermocouples, N... (laser power, dwell time, )

S_QOAK RIDGE
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Sensor data mapping f

e Robust spatial calibration

— Simultaneous infrinsics &
extrinsic parameters

— Visible and infrared
— 0.02MP to 64MP cams

e Build frame localization
— Fiducial markers
— ICP fit mesh to pointcloud

e Ray frace to sim. Mesh

- Nearest neighbor node
— Export as CSV

T TP T TPV PO TP T TP NPT PRV PUR TP P
1d a TR AXIS o 1 - AXIE
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Model reference conirol feedback established

(K)

700/ \
6001

5001

Temperature

4004

10 15 20 25 30
Time (secon ds)

Assimilation adjusts twin based on IR
Control targets adjust to follow nominal simulation

« Nov ‘24 — SNS validation

- Scan path choice based
on predicted deviation
from reference simulation

o - Integrated with HPC
0 Ry Real-time simulation twin “hrough INTERSECT




Applications - Controls with Confidence

Controls

— Allows full state estimation of
unseen nodes

— Allows estimation of unmeasured
quantities
(stress instead of just strain!)

Adamantine FEA simulation

Camera coordinate
tfransforms

 Confidence I
- All models are wrong, etc.

— Therefore, uncertainty needs to
be estimated & propagated

— Gives site-specific confidence
in thermal histories &
microstructure predictions ;

Prior Likelihood Posterior
(simulation state) (in-situ measuremen 1) (updated prediction)

S
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% 0AK RIDGE Mapped temperature to, . ENKF updates assumptions
National Laboratory S|mU|C|‘|'|On mesh ‘




A Demonstration — IMTS Emerging Technology booth
Fu’rure Foundnes Convergent Manufacturing platform

Okuma MU4000V
machining center

Fastems FP
pallet changer

3D scanning station
with Zeiss ATOS-Q scanner

Preheat station with
Ajax induction system U=

Multi-material wire-arc
additive manufacturing cell
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Thank you!
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