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Collaboration: NASA and non-NASA Players

Background

 NASA is providing key leadership In an international effort
linking NASA and non-NASA resources to speed adoption of
additive manufacturing (AM) to meet NASA’s mission goals.
Participants include industry, NASA’s space partners, other
government agencies, standards organlzatlons and academia:

{ f .

National Institute of
Standards and Technology
U.S. Department o f Commerce

U.S. AIR FORT

tmenhin® BOEING

MARTIN

A @B e

-.Afncufr/ NoRTHROPF SPALCE

ROCKETDYNE GRU

e Nondestructive Evaluation (NDE) Is |dent|f|ed as a universal
need for all aspects of additive manufacturing
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NASA/TM-2014-218560 ¢+ NDE of AM State-of-the-Discipline Report

Background

NASATM—2014-218560

Nondestructive Evaluation of Additive
Manufacturing
State-of-the-Discipline Report

Jess M. Waller
White Sands Test Facilily, Las Cruces, New Mexico

Bradford H. Parker
Goddard Space Flight Center, Greenbelf, Maryand

Kenneth L Hodges
Goddard Space Flight Center, Greenbelf, Maniand

Eric R. Burke
Langley Research Center, Hampion, Virginia

James L. Walker
Marshall Space Flight Center, Hunisville, Alabama

Prepared for

Edward R. Generazio
Mational Asronautics and
Space Administration

Langley Research Center
Hampton, Virginia

November 2014

Contacts: Jess Waller (WSTF); James

Walker (MSFC); Eric Burke (LaRC)

 NASA Agency additive
manufacturing efforts were
catalogued

 Industry, government and academia
were asked to share their NDE
experience in additive manufacturing

 NIST and USAF additive
manufacturing roadmap were
surveyed and a technology gap
analysis performed

* NDE state-of-the-discipline was
documented
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NASA Agency & Prime Contractor Activity
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NASA/TM-2014-218560 Recommendations & Technology Gap Analysis

NDE of AM Technology Gaps

e Develop in-process NDE to improve feedback control, maximize part
quality and consistency, and obtain ready-for-use certified parts

« Develop post-process NDE of finished parts

e Develop voluntary consensus standards for NDE of AM parts

» Develop better physics-based process models using and corroborated
by NDE

* Use NDE to understand scatter in design allowables database
generation activities (process-structure-property correlation)

« Fabricate AM physical reference samples to demonstrate NDE
capability for specific defect types

« Apply NDE to understand effect-of-defect, and establish acceptance
limits for specific defect types and defect sizes

e Develop NDE-based qualification and certification protocols for flight

hardware (screen out critical defects)
NNWG-




NASA/TM-2014-218560 Recommendations & Technology Gap Analysis
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NDE-based AM Part Qualification & Certification

Concept

IN-process
NDE

post-process
NDE

Design for Powder
Bed Fusion

*Build box limitations
*Self-supporting design
*Powder and Support removal
* Finishing allowances
*Surface texture requirements

Build Lot
Execution

* Platform selection
*Recoater selection
* Powder selection
*Build parameters
*Build data collection
* Chamber environment
*Restart policies
* Post-build

*Powder removal

* Platform removal

\ +Repair policies /

)

*Visual

Raw Part Inspection

*Radiography or CT
+Metallurgical
*Dimensional

Structural Assessment

*Material Properties

Equipment

*Calibration

* Maintenance

* Equipment Vendor
*Software versions

Thermal Processing

+Part and lot acceptance
articles

*Stress relief

*HIP

+Solution treat or anneal

*Precipitation age

Model Quality

« Integrity of solid
*Model checking
*Version control

Part Classification
—

*Consequence of failure
*Build complexity
+Structural margins

Component
Development
Plan

o

Model Processing

*File formats
*Supportintegration

* Platform layout
*Part build orientation
* Lot acceptance

+Planning for all operations
from Concept to Part

«Written prior to handoff
from design to build

L Build Vendor

* Quality system
* Qualification

Virgin Powder

*Qual control spec
* Certification/analysis

Blend Lot  de——— Feedstock
+ Chemistry L
«Mixing Rt?cy.cled Powder post_process
*Sieving

*Distribution
+Environment control

*Re-use limitations

NDT

Finishing Operations Final Inspection/Acceptance \
*Machining *Dimensional *Proof Testing
*Bead/grit blast *Surface texture *Packaging
*Peening +Final part PT, ET, UT, CT
*Honing/polishing * Lot acceptance test/result
+Etching *Process certification records
+Cleaning

Part




United States and International AM Standardization Efforts

ASTM WK47031, NDE of metal parts used in aerospace

applications (NASA leadership)
ASTM E07.10 WK47031 NDE of AM Guide ISO TC 261 JG59 Best NDE Practice

Yo

T
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Additive manufacturing — General principles — Non-
destructive testing of additive manufactured products
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 First defect catalogues to show defect «»> NDE linkage
* Process method determines defects
o Defect type & part complexity determine NDE selection
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ISO TC 261 JG59 Best NDE Practice ® ¢ Process Method Determines Defect Type

g RIE
While certain AM flaws SEIRAF
(e.g., voids and porosity) 502088
. E = c
can be characterized 5183
using existing standards Flaw type ©
Poor surface finish
for welded or cast parts, Porosity
Other AM fIaWS (Iaye r’ i:ii::ljz:\:g:m accuracy/steps in part “
cross layer 2 | s
. ! Non-uniform weld bead and fusion characteristic
unconsolidated and Hole or void
Non-metallic inclusions
trapped powder) are Cracking
- nconsolidated powder (
unlque to AM :ck ofqeo:nedtri:al‘::u::urac:fsteps in part H \‘~__/l\
and neW N D E ;{:cc:igzcri]:echanical properties Deve|op
methods are g | void S
* | Layer ! e new
HGEdEd . Cross layer l\\ . N DE
Porosity I~ - -

Poor surface finish PG \/ methOdS

Trapped powder | “

N\
§ ISO TC 261 JG59, Additive manufacturing — General principles — Nondestructive evaluation of additive manufactured products, -

under development. %@ %_ _
Note: DED = Directed Energy Deposition., PBF = Powder Bed Fusion \“'




NASA/TM-2014-218560 Recommendations & Gap Analysis

NDE of AM Technology Gaps

e Develop in-process NDE to improve feedback control, maximize part
quality and consistency, and obtain ready-for-use certified parts

« Develop post-process NDE of finished parts

e Develop voluntary consensus standards for NDE of AM parts

» Develop better physics-based process models using and corroborated
by NDE

* Use NDE to understand scatter in design allowables database
generation activities (process-structure-property correlation)

»- Fabricate AM physical reference samples to demonstrate NDE

capability for specific defect types

« Apply NDE to understand effect-of-defect, and establish acceptance
limits for specific defect types and defect sizes

e Develop NDE-based qualification and certification protocols for flight

hardware (screen out critical defects)
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AM process
method

alloys

reference
standard
geometries

features
interrogated

AM defects
interrogated

NDE method(s)
targeted

Comments

DMLS

titanium, Inconel,
and aluminum

complex geometries;

large/thick/dense and
very thin cross sections;
(universal NDE standard,
slabs, rods, gage blocks)

porosity/unfused matl.
(restart, skipped layers),
cracks, FOD, geometric
irregularities

post-process
2 MeVand puCT; PT,
RT,UT, ET

collaboration with MSFC
AM Manufacturing Group
& Liquid Engines Office

Demonstrate NDE capability

VISHEG=GING

DMLS (metal),
LS (plastic)

titanium, SS PH1,
vero-white RGD835

rectangular prisms, rows
of cylinders, cylinders,
flat-bottom holes, cone

hole roughness and
flatness/centricity

post-process
?MeVCT

flat |Ql not suitable due
to 3D CT artifacts

1=
(ah
=
|

LS

S8

Conventional:

G

AM (planned):

steps, flat bottom
holes

porosity, lack of fusion

post-process
?MeVCT

x-ray CT
LS step wedge

=3 o - m) e
DA AT

EBF?

titanium

wrought (JSC) and
AM (LaRC):
i -

bead arrays, steps,
holes

grain structure, natural
flaws, residual stress,
microstructure variation
with EBF?build
paramsters

post-process
UT, PAUT

Transmit-Receive
Longitudinal (TRL) dual
matrix arrays

Actual and Planned NASA Physical Reference Samples for Additive Manufacturing

titanium

2 jteration (AM):

o

future (AM):

—

=

36 printed in-holes
beginning at surface;
9 printed in-spheres

internal to the part;

cold plate (future)

internal unfused sections

in-process
NDE, not UT

collaboration
with CSIRO
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NASA/TM-2014-218560 Recommendations & Gap Analysis

NDE of AM Technology Gaps

e Develop in-process NDE to improve feedback control, maximize part
quality and consistency, and obtain ready-for-use certified parts

« Develop post-process NDE of finished parts

e Develop voluntary consensus standards for NDE of AM parts

» Develop better physics-based process models using and corroborated
by NDE

* Use NDE to understand scatter in design allowables database
generation activities (process-structure-property correlation)

« Fabricate AM physical reference samples to demonstrate NDE
capability for specific defect types

»- Apply NDE to understand effect-of-defect, and establish acceptance

limits for specific defect types and defect sizes

e Develop NDE-based qualification and certification protocols for flight

hardware (screen out critical defects)
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Sacrificial Effect-of-Defect Standards

Determine effect-of-defect on sacrificial specimens with
seeded flaws

Airbus Laser Powder Bed Fusion Advratech Laser PBF samples
(PBF) samples (in progress®)

Metallography e Metallography e Metallography e
Samples Samples Samples
Point Defects
Planar Defects
Damaged
Powder Spreader
Nominal
Optimal . o Fuai
All Builds | (35.98% Dense) I Keyhole-Mode Lack-of-Fusion
L:z:;h'rg::;:s;%ﬂpl:"m Power: 60% (~194 W) Power: 30% (~111 W) Power: 100% (~400 W)
As AM T6 HIP + T6 Powder Particles 1545 Speed: 1100 mm/s Speed: 600 mm/s Speed: 700 mm/s

Investigate effect post-processing on

Spherical Paint Defect
+ 900@ 0D
+ 600@ 0D

fatigue properties

AISil0Mg ASTM E8 compliant dogbones
13mm@, 85mm long (6mm@, 30mm Gauge Length) 5 G

+ 300 pm?

Cube Point Defect
+ 900 pm?

8 FY17 STTR T12.04-9979 Real-Time Geometric Analysis of
Additive Manufacturing status (NASA MSFC) Develops a novel process control and

Ti-6Al-4V ASTM E8 compliant dogbones for in situ OM/IR
and post-process profilometry, CT and PCRT

part documentation solution for selective laser melting (SLM) additive manufacturing. A A




NASA/TM-2014-218560 Recommendations & Gap Analysis
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Qualification & Certification/NASA MSFC Guidance

Background

Contact: Doug Wells (MSFC)
Rl _wesnee @ Comprehensive draft technical
s i e standard is in review
» All Class A and B parts are expected

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

S to receive comprehensive NDE for
BESEC TECUNSEAL STANDHRD surface and volumetric defects
Engineering and Quality Standard within the limitations of technique
for Additively Manufactured and part geometry

Spacetlight Hardware « Not clear that defect sizes from

DRAFT 1 - JULY 7, 2015 NASA-STD-5009¢ are applicable to
AM hardware
-  NDE procedural details ﬂ%
il

are still emerging .
CHECK THE MASTER LIST— § ) . . Standards Worldwide
VERIFY THAT THIS IS THE CORRECT VERSION BEFORE USE NASA-STD-5009, Nondestructive Evaluation Requirements for
THIS STANDARD HAS NOT BEEN REVIEWED FOR EXPORT CONTROL RESTRICTIONS Fracture-Critical Metallic Components

DRAFT VERSIONS DISTRIBUTED FOR REVIEW ARE NOT TO BE DISSEMINATED
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Qualification & Certification/NASA MSFC Guidance

Background

Consequence
of Failure

Structural
Margin

High

Functional
Evaluation

No

Comprehensive
NDE required
for surface and >

High

volumetric

defects &

[Class Class | | Class Class Class Class || Class Class] Class Class

Al A2 A3 A4 Bl B2 B3 B4 Cl C2

8 NASA classifications should not to be confused with those used in the ASTM International standards for AM parts, such as F3055
Standard Specification for Additive Manufacturing Nickel Alloy (UNS N07718) with Powder Bed Fusion. The ASTM classes are

used to represent part processing only and are unrelated.
ARV A=




NASA OSMA NDE Program Foundational Methodology for Additive Manufacturing

FY16 Continuing Projects

An Assessment of NDE Capability and Materials Characterization for Complex Additive
Manufacturing Aerospace Components (\Walker, Martin)

» Foundational Methodology for Additive Manufacturing
Investigation of NDE Flaw Detectability in AM Parts (Koshti, Stanley, Taminger, Hafley,
Brice, Burke)

o X-ray Computed Tomography Image Quality Indicator Development (Jones, Fischetti, Kent)

» KSC Foundational Methodol. for Additive Manuf. — Electron Beam Melting NDE (Skow)

» Evaluation of Additively Manufactured Metals for use in Oxygen Systems (Tylka)

* NDE of Aerospace Parts (including Additive Manufactured) Voluntary Censensus
Organization Standards and Related Round-Robin Tests (Waller, Nichols)

\\\\\\ ; Image tional Methodology for A
S e s acturing ~ EBM AM NDE

ts fincluding Additive Mamufactured) Ny

k. anufactured Metals e
Investigation of NDE Flaw Detectabilit 3 " ~ Voo elsed Rowd-Robin Tests

AM Part ust /LaRrC) N i

uuuuuuu




NASA OSMA NDE Program Foundational Methodology for Additive Manufacturing

FY17 New Starts

A Quantitative Assessment of NDE
Capability on Additive Manufactured = o \
(Selective Laser Melting) Inconel 718 SR e

James Walker

(Wa I ke r, M a rt i n) Rl':jj; g;:;si]:ill Space Flight Center

MNASA Glenn Research Center

o Effect-of-Defect of Unique Laser Powder
Bed Fusion Flaw Types: NASA-Industry
Round Robin Study (Waller, Nichols)

Effect-of-Defect of Unique Laser Powder Bed Fusion
Flaw Types: NASA-Industry Round Robin Study

New Start Project (2017 = 200%)
Jess Waller, NASA WSTF
Charles Nichols, NASA WSTF

Anpsnal Beview Meethye —March 9, 2016, 11:00 am EST
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Additive Manufacturing Structural Integrity Initiative (AMSII)

* |Involves the characterization of defect structures of selective laser
melting (SLM) Inconel® 718 material within the nominal process
window and its limits, build test articles for NDE studies and
correlation with destructive test results

* Relevance to parts made for Commercial Crew Program (CCP), Space
Launch System (SLS) and Multipurpose Crew Vehicle (MPCV)

Ssevan J. Ganiz

Initial Evaluation

Additive Manufacturing Structural Integrity Initiative
(AMSII) Project Oversight and Support

Steven J. Gentz
April 21, 2016
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Questions?

THIS IS ONLY THE BEGINNING

%*A ns, esa
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National Institute of
Standards and Technology
U.5. Department of Commerce
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