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NIST Mission

To promote U.S. innovation and industrial competitiveness by advancing
measurement science, standards, and technology in ways that enhance economic
security and improve our quality of life
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NIST AT A GLANCE
Industry’s National Laboratory
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Additive Manufacturing at NIST

* Multiple Lab effort Activities Include
* Engineering Lab * Workshops
* Materials Measurement Lab * Roadmaps
* Physical Measurement Lab * Standards Development
* Information Technology Lab * Measurement Technology
* NIST Center for Neutron Development
Research

* Multiple Technologies
* Metals
* Polymers
* Concrete



NIST Dedicated AM Facilities

Additive Manufacturing Research Center
e Powder Bed Fuision
* EOS M270, EOS M290
* Directed Energy Deposistion
*  Optomec LENS MR7
* Binder Jetting
* ExOne

Powder characterization laboratory
e Dynamic imaging for PSD
* Laser flash for thermal properties
* Rheometer and powder spreading test platform

Post-processing and testing facilities
* High temperature heat treatment furnace, EDM

* XCT, White light interferometry, focus variation microscopy,
SEM, XRD

New In Process capabilities coming...
* In Situ monitoring with Cornell High Energy Synchotron Source
* New test bed developed for in situ measurements
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Leveraging the Digital Nature of Advanced

Manufacturing

Robotics:

e.g. Robc

* Current “state-of-the-art”

e.g. Running simulation

Big Data and Analytics: e the ¢

most often benefits from

develop tools and improve
efficiency

during the 1 phase helps

increased digitalization

* Advanced manufacturing T
processes often driven by S ETT—

set of proce
fixing equipment. That Are Transforming

St rO n g d ig ita I CO m po n e nt Industrial Production ?
* The digital, piecewise nature Pt

eg A car I
facilty uses

of many of these processes sl

A

lend themselves well to the

e.g. A cloud-based analytics Cybersecurity:

digital twin concept e A

allows the operator to
munimize nisk of web breaks and intellectual property theft.
oplimize gquality.?

The Emergence of Digital Manufacturing

https://www.nist.gov/mep/manufacturing-infographics/emergence-digital-manufacturing



Foundation for a The Digital Twin

Characteristics of a Digital Twin:

- Avirtual representation of a thing
- Many different definitions

Scalable
- A twin can exist within a twin

Flexible
- Simulation and emulation

- Purposeful
- Context dependent adaptations

https://www.nist.gov/itl/iad/mig/nist-smart-space-project/nist-
smart-space-project-data-flow/nist-data-flow-system




Digital Twin in Manufacturing

Multi scale in manufacturing:

Part, machine, factory,
supply chain

Common uses in
manufacturing

To assess behaviors of parts
or processes during
operation

e  M&O of machines and parts

To configure systems on
component-system levels

*  Production system design,
complex product integration

To establish provenance
and/or control during the
fabrication of a part

*  Quality control mechanism
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https://www.nist.gov/topics/manufac Shao, Guodong, et al. "Digital twin for smart manufacturing: The simulation
turing/nist-led-standard-enables- aspect." 2019 Winter Simulation Conference (WSC). IEEE, 2019.
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{2) 3D STL fite (b) 20 sliced layers

Yeung, Ho, et al. "Continuous laser scan strategy for
faster build speeds in laser powder bed fusion
system." Proceedings of the 28th Annual International
Solid Freeform Fabrication Symposium. 2017.
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With the increasing significance of data in
manufacturing, the Digital Twin has become an
important concept:

* |Implications due to perspective/connotation;
 Couple to a physical counterpart;

 Often spatial and temporal components

The digital twin approach can be used to provide a
basis on which detailed analyses can be performed

Leveraging the Digital Twin in Manufacturing NIsST
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Today’s Capabilities are Underpinned by

a Digital Transformation

Industry 4.0 or Smart Manufacturing

e Often characterized by increased connectivity,
automation, productivity and quality

The digital transformation has enabled:

* |Increased trust in measured observations
* Enormous amounts of data now being generated Business

Product DFSC
* Real world iterative apBroache_s made possible by
immediate empirical observations

* Increased production capabilities and capacities
* Advancements in hardware and software
* |ncreased collaboration

* Increased cross pollination in research activities

* Increased cross pollination in standards
communities

Production

12
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Parts in Production with

' l’n
Many companies are = ;‘-(.\:«, GE T25
successfully using AM ‘&,  sensor

to create parts used
across different
industries!

=3 T o
Safran combustor swirler

Unmanned undersea and fuel injector nozzle Airbus hydraulic

vehicle housing ] manifold

GE Advanced turbo prop (ATP)
-35 percent additive content
and a huge parts-count
reduction—from 855
subtractive-manufactured parts
to just 12 additive-
manufactured parts.

) Baltic | &
@\ Orthoservice Mercedes Benz

implant thermostat cover

VW water conngctors



Integration of AM into Supply Chain

11.25 mm

Established Role of AM in the national
supply chain
= AM is a real alternative in supply
chain agility
= Adjustments made for acceptance
of parts
= Still lessons to learn

Concerns remain with quality control

Not accepted to the level of
“traditionally manufactured” parts

In Situ and Ex Situ I\_lon-De§tructive
measurements are increasingly used to
for evaluation

= Contribute to creation of a
“Digital Twin”



Supply Chain in Additive Manufacturing NIST

* With current AM production
* Supply chains are vertical

e Dedicated AM resources with well understood
processes

 Even within organizations

 Continuous engagement between design and
manufacture

* Process often “locked down” once suitable
parameters are reached

What can be done to help make these supply chains
more horizontal and/or better integrated?

16



A LOT of Our Ongoing Work Falls in Purview of Digi
focused Standards and Robust Supply Chains

The Digital Twin is a Virtual

B Representation of the Part

Digital Twin

. Diverse geometric representations in the workflow
. How do we validate the part as it moves through different phases?

Phase t Phase 2 Phase 3 Phase s Phase § Phases  Phase?  Phases
P (o0 . T

€T Scan
(As-manufactured
models)

Slices Island Scanning in PBF
As-planned models)

(exact path)

Intact
Solution:

Tessellated (original or lightweighted )
(As-designed models)

Part courtesy Desktop Metal

Material Property Analysis

Configuration Management H The Data Package
S, et identifies WHAT
. Informationis of Interest |

Lt T LR R L L L D LBl i e e

' Data Package

The Digital Thread :

Establishes the Potential |
Information Flows for a Part |

Digital Thread

Additive Manufacturing—Data - Data
Packages for AM Parts

- @amBuild Attribute Creation Order: Creation Order NOT Tracked
wamProcesses =
Number of attributes = 13
wieadst Add Attribute Delete Atiribute
wgeneralinfo Name Type Aray Size Value[50](
G buildFile buildiD String, length = 30, padding = HST_STR_NULLPAD. cset=HST_CSET_ASCIl Scalar  3dScanStrat

wmaterialName buildServiceProvider  String, length = 4, padding = HST_STR_NULLPAD, cset= HST_CSET_ASCIl  Scalar  NIST

@ materialVendor customerName String. length = 4, padding = HST_STR_NULLPAD, cset= HST_CSET_ASC!l  Scalar  MSAM
wpartTests description String. length = 188, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl Scalar  This build is.
wparts designiD String. length = 34, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl Scalar  3dScanStrat

©LWI_Layerl finishTime String. length = 19, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl Scalar  2018-07-081
©MPM_Layer! location String. length = 12, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl Scalar  Gaithersbure
machineModel String. length = 4, padding = HST_STR_NULLPAD, cset=HST_CSET_ASCIl  Scalar  AMMT

machineSerialNumber String, length = 3, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCIl  Scalar 001
machineVendor String. length = 4, padding = HST_STR_NULLPAD, cset= HST_CSET_ASCHl  Scalar  NIST

operators String, length = 2, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCIl  Scalar  HY
stariTime String. length = 19, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCI  Scalar  2018-07-081
vendorMatenallD String. length = 9, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCH Scalar 9011-0022

AM Data in HDF5

o S S S S N S S o N O A A o S S Ay A

BENCH?2022

A operas oo o Cergeh mesmare

o )

Thes o T [ et coment

STEP-NC to AMMT

AM Bench



NIST eeoiines
* Developing Data-based
Standards
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Updates on Current Standards Involvement

Recently Released

. ASTM F3490-21 Standard Practice for Additive Manufacturing — General Principles — Overview of Data Pedigree
. ASME Y14.46- Product Definition for Additive Manufacturing

Recently Balloted
. ASTM WK73978 Standard Practice for Additive Manufacturing- General Principles- Data Registration

Recently Updated
. ASME B46.1-2019 Surface Texture
. ISO 21920-1:2021 - Geometrical product specifications (GPS)

Active Development

. ASTM F42 WK66682 “New Guide for Evaluating Post-processing and Characterization Techniques for AM Part Surfaces”
. ISO TC 261 JG 73: PWI 52951Additive Manufacturing—Data — Data Packages for AM Parts

. ISO TC 184 WG 15 : STEP-NC AP-238 E4

. ISO TC 184 WG 15 ISO 23247 Digital Twin Framework for Manufacturing

. ASTM WK73289 Guide for In-Process Monitoring of Metal Additively Manufactured Aerospace Parts

. ASTM F42 WK76038 New Test Method for Additive Manufacturing of Metals

19



Leveraging Digital Twins in AM

-Outlining data and format
representation requirements -l T —— *
-Including HDF5 Pesgecte

-Extending work with STEP NC
-New standardization -

MESO

3

From NIST EL Measurement Science for Additive Manufacturing Prog
Precursor Materials Qualification : Thien Phan

opportunities for validation
-Qualification through data and Digtal i a’ﬂ

Physical Thing

relationship between digital

p a rt a n a |ys i S Virtual thing with explicit K

AM Discretization "y , . _
Figure 5. Data registration across time t.

wamBuild Atribute Creation Order. Creation Order NOT Tracked
""’“p’“"““ Number of atiributes = 13 Add Attribute Delete Attribute
U teedstock
‘generalinio Name Type Armay Size Value|S0](
wbuildFile buildiD String, length = 30, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCI Scalar  3dScanStrat
wmaterialName buildServiceProvider String. length = 4, padding = HST_STR_NULLPAD. cset=HST_CSET_ASCIl  Scalar  NIST
customerName String, length = 4, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCIl  Scalar  MSAM
il upartTests description String. length = 188. padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl Scalar  This build is
| wparts designiD String, length = 34, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCI Scalar  3dScanStrat
©LWI_Layer! finishTime String. length = 19, padding = HST_STR_NULLPAD, cset = HST_CSET_ASCI Scalar  2018-07-081
GMPM_Layer! location Stiing. length = 12, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl  Scalar Gaithersburg
. machineModel String, length = 4, padding = HST_STR_NULLPAD, cset =HST_CSET_ASCII  Scalar  AMMT
2D Sliced o : machineSerialNumber String. length = 3, padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl  Scalar 001
Layers machineVendor String. length = 4, padding = HST_STRUNULLPAD, cset=HST_CSET_ASCIl  Scalar  NIST
1D Scan operators String. length = 2. padding = HST_STR_NULLPAD. cset = HST_CSET_ASCIl  Scalar  HY
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- vendorMateriallD Stiing. length =9, padding = HST_STR_NULLPAD, cset=HST_CSET_ASCII  Scalar  9011-0022
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Data Registration

* ISO/ASTM DIS 52953 Registration of geometric data
acquired from process-monitoring and for quality

Clause 6
control Capture meta data
. Sensor 1 starts sensin — T
* To go to DIS ballot this month L ~__~— Meta Data —
In-situ, ex-situ sensing Sensor2..n startsensir
. I Raw Data |
7 4 Data cleansing
1 3 v 5
g 7 $ Clean Data
- Z : : .
A oS ° ° Assign data identifier
- Z: & | |
7 Z, ey ¢
z no® % . .
i, £ J/z " Spatial alignment Clause 7
- g Spatially aligned data
v e ol ! 6 Applications: feature
R ¢ analysis, decision
R 4 ST making, control, etc.
% %
, S



Supply Chain Integration through Data

Packages

The Digital Twin is 2 Virtual
Representation of the Part

ISO TC 261 JG73 (Product Design Definition and AM

Data Management) Il €xpeditionary | Developmental | Production
e ISO PWI 52951 Additive Manufacturing—Data — \---

Data Packages for AM Parts

4 '} i [} ’

© TheDataPacage
identifies WHAT
 Informeationis of Interest

General 61,62, 64.1) Configuration Management

Pant{P2,P3.1, P4.3) Falrllge i 4 (L WSS %
Materal(M1}
Inspectiont2 1]

Deta Parlage

New Part
""" TheDigtalTread
BSsHng Faet DigialThread Establishesthe Potential
. Information Flows fora Part
o o i | mormaon TOWSTOr
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¢ High More Medium Less Low
Capability Capability Capability Capability Capability
o 8 Second _run of post-
<‘,\° processing data for - - - -
_» the qualification High Medium Medium  to | High Control
A - production phase Critical Control High Control
Workflow
P2-A5.B More Medium  to | Medium Medium  to | High Control
- Critical Low Control Control High Control
Production -
P3 - Approved
Phase Medium Medium  to | Medium Medium  to | High Control
Low Control Control High Control
P2 - Qualification Less Critical Medium  to | Medium Medium to
Low Control Control High Control
Low Critical Medium to | Medium
P1- Pratotype | Low Control Control
First version of
/

machine independent

process planning data _g—
for the prototype
production phase

P1-A2.A



Distributed Data Sharing through

Common Interpretations

F3490-21 Standard Practice for Additive Manufacturing — General Principles —
Overview of Data Pedigree

(ﬂglb) ASTM INTERNATIONAL Al B Search topic, title, author, A53 | @
‘u"[ Helping our world work better

“Common Data Dictionary”

Home Products & Se Standards & Publications / Standards Products
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+DesignID +StocklD +MachinelD +ConfigurationiD . é- ! ASTM F2490-21® PR *
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. a dadl i me e ' General Principles — Overview of Data Pedigree @
T 2 i v ! _:m
SEEEEE SEEN D=1 ---- . AssociatedWith i .
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'
'
i
I
'
'

+SeanninglD £ 11 The scope of this document outlines the interpretati
] +B_||Il:|ID_ £ +MonitoringltemiD 5 ‘ AM dota e <tored i difforont datab e A “dicti P dditi f ing d
StrategyType - 2 = =|< BuildSetting |=== = Deseription i +SensorlD egacy AM data is stored in different databases or datc new ictionary” for additive manu acturmg ata
: - S0 own data dictionary. A common data dictionary allows
ScanningPath MenitoringType g _|) Se pe
LaserSetiings Date g - <] SensingLocation |- - % ‘l Manufacturar federated, and analyzed to improve both the understa Oy
EU SensingTime {‘E Modol parts.
L et - Genarate i SensorSpec
n _ / : . st
! CorrespandTo : ge?ig:me 1.2 A common data dictionary facilitates the interoperz
|
' ' il (fidentifying the general AM data pedigree elements ~ sesonuy (called 25t a0 23
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I
: - - AR - AssocialedWith provide a first subset of the common data dictionary b
i B PartName —
Location SensorCalibration u agree to the storing of cookles on your device to enhance site navigation, analyze site usage,
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Model Based Definition

ASME Y14.46- Product Definition for Additive
M a n Ufa Ctu rl ng Product Definition

for Additive
Manufacturing

Engineering Product Definition and
Related Documentation Practices

The only standard that extends to capturing relevant additive
manufacturing detail from design, manufacturing and quality
engineering is Y14.46. Along with that, this Standard also covers
definitions of terms & features unique to AM technologies with
recommendations for their uniform specification.

ASME and NIST update AM
design language standard

- @s,_]‘[

, VOL3 - MAT2

_ VOL2 - EQ1:50% MATA, EQ2:25% MAT2 == ‘ =

THE POWER T0 CREATE

_ VOL1 - MAT1

Changes in color highlights transition from MAT1 to MAT2. 422




Neutral Part and Process Representations nNisT

STEP-NC effort to incorporate AM
process information as neutral STEP
representation

-Proposed Edits for AP238 E4

l——————( AM_zerod_operation

/
AM Discretization 3D
CAD model
(X,Y,Z) Coordinates

NIST SFA
A

1°

“
2D
Sliced Layers,

Scan Strategies
\

1D
Scan Paths,
Contour

2D Sliced
Layers

oD
Time Stepped
Digital Command

0D Time Stepped
Commands



Recent Data Standards Developments

Creation of ASTM
F42.08 on Data
Standards for AM
(2020

New AMSC Chapter (Additive
Manufacturing Standards
Collaborative) on Data (2023)

Data

CENTER of
EXCELLENCE

AMERICAN NATIONAL STANDARDS = STANDARDS COORDINATION 1SO  USNC / IEC  INTERNATIONAL TRADE & DEVELOPMENT = OUTREACH EDUCATION

ABOUT NEWS EVENTS ACCESS STANDARDS MEMBERSHIP RESOURCE CENTER FAQ HELP O\
STITTOaTOS UEVEOPITET etV

Research to Standards

ADDITIVE MANUFACTURING ACCESS ADDITIVE MANUFACTURING STANDARDS >

ASTM F42 | \
f ‘ ' STANDARDIZATION ROADMAP FOR ADDITIVE

i ' : MANUFACTURING

To date AMSC has published two versions of its Standardization Roadmap for
Additive Manufacturing, most recently Version 2.0, June 2018. The roadmap

m & identifies existing standards and specifications, as well as those in

development, assesses gaps, and makes recommendations for priority areas
M where there is a perceived need for additional standardization.

Following a 2022 survey about the use of the roadmap, the AMSC advisory
group — comprised of industry, government, and SDO representatives —
concluded that it was time to update the document to ensure it remains
relevant and aligns with current practices and stakeholder needs. The
roadmap revision process in 2022-23 to develop version 3.0 will consider the
m previously identified gaps and priorities, including progress by SDOs and




Recent and Upcoming Efforts

& ACM Ubiquity: Symposia X @ Using Additive Manuf,

JULY/AUGUST 2021 | VOL 179 | NOS

< (& @& whitehouse.gov/cea/written-materials/2022/05/09/using-additive-manufacturing-to-improve-supply-chain-resilience-and-bolster-small-and-mi [CHNT- N + ¢ » 0O * : lll
- =3

THE WHITE HOUSE MEND =
==

==

Q =

MAY 09, 2022

ADDITIVE MANUFACTURING

Using Additive Manufacturing to FAIR PRINCIPLES FOR
Improve Supply Chain Resilience and AM DATA MANAGEMENT
Bolster Small and Mid-Size Firms P&

& ACM Ubiquity: Symposia X s Empowering Small and Medium X 4

[ » CEA » WRITTEN MATERIALS » BLOG

< (&) & nist.gov/news-events/events/2023/06/empowering-small-and-medium-size-enterprises-through-effective-additive

| - Empowering Small and Medium Size Enterprises Through
0 Effective Additive Manufacturing Data Management

On May 6th, President Biden joined five leading U.S. manufacturers to
T celebrate the launch of Additive Manufacturing Forward (AM Forward).

AM Forward 7 is a voluntary compact among large manufacturers to help

their smaller U.S.-based suppliers increase their use of additive
manufacturing, otherwise known as 3D printing. The Biden

Administration will support this effort with a variety of current and

proposed Federal initiatives. These public and private efforts have o Read the Code of Conduct for NIST
potential benefits up and down supply chains in many industries: SAVE the DATE: Conferences.
enhancing small firms’ ability to make and sell higher-performing parts,

The workshop will explore how best

to empower the productive working WORKSHOP

relationship of small and medium e
O
size Enterprises (SMEs) with top tier L l, - - June 6 -8,2023
manufacturers through effective TN L.
LN

additive manufacturing (AM) data CRIES & 9 NCCoE

management. NIST will host the Empowering §mall and Medvum Size Enterprises Through 9700 Great Seneca Highway
o e Effective Additive Manufacturing Data Management e

event in partnership with the R |y [T Rockville, MD 20850

National Manufacturing Innovative

NIST

Institute for additive manufacturing,
America Makes and the Regional
Additive Manufacturing Partnership
of Maryland (RAMPMD). The goal is to
examine the AM data management “Pain Points” associated with SME interactions with large system integrators

Registration will open soon!

& REGISTRATION CONTACT‘



Moving Forward

FY23 a transition year for MSAM Program
 Continue to move forward, but with an open mind
* Planning for new 5-year program focused on AM

Incorporate feedback from upcoming Additive Manufacturing
Standards Collaborative Roadmap refresh

Potential for measurement science road mapping workshops

Engagement with key stakeholders to identify emerging AM
measurement science needs

fgr“

7 PR - 19

'J !

# Measurement
Science
~ Roadmap for
Metal-Based

‘ Additive

. &Munulacturing

28
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