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WHAT IS ADDITIVE MANUFACTURING (AM)

O ASTM F2972: @ NISTRE

AM IS ‘PROCESS OF JOINING MATERIALS TO MAKE OBJECTS FROM 3-D CAD
MODEL, USUALLY LAYER UPON LAYER, AS OPPOSED TO SUBTRACTIVE
MANUFACTURING METHODOLOGIES. @

d SYNONYMS:

3-D PRINTING, FREE FORM FABRICATION (FFF), DIRECT DIGITAL
MANUFACTURING (DDM)

d AM DESCRIBES TECHNOLOGIES THAT CAN BE USED THROUGHOUT THE LIFE
CYCLE OF APRODUCT, FROM PREPRODUCTION (RAPID PROTOTYPING) TO
FULL SCALE PRODUCTION (RAPID MANUFACTURING).

d AM STARTED WITH POLYMERS, THEN BRANCHED INTO METALS, CERAMICS &
COMPOSITES

d AM IS AFAST, LOW-LABOR, PUSHBUTTON TECHNOLOGY

(1) STANDARD TERMINOLOGY FOR ADDITIVE MANUFACTURING TECHNOLOGIES, ASTM

(2) SUBTRACTIVE MANUFACTURING IS A RETRONYM COINED IN RECENT YEARS TO DISTINGUISH
TRADITIONAL METHODS, SUCH AS MACHINING, FROM THE NEWER ADDITIVE MANUFACTURING
TECHNIQUES



IMPORTANT ADDITIVE MANUFACTURING
PROCESSES AT A GLANCE
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(1) PBF MOST RELEVANT TO NEW METAL PART PRODUCTION
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PBF: POWDER BED FUSION @
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@) UAM IS SIMILAR TO LOM, BUT ONLY FOR METALS; LOM FOR PAPER, METALS &

POLYMERS.

IT ISNOT YET WIDELY USED IN THE AM FIELD. NOT FURTHER

CONSIDERED HERE. FOR ADDITIONAL INFORMATION, SEE PAPER BY R. J. FRIEL AND

R.A. HARRIS, PROCEDIA CIRP 6 ( 2013 ), PP. 35 - 40

@) UV TECHNOLOGY IS NOT YET UTILIZED COMMERCIALLY IN THE AM FIELD. IT IS NOT
FURTHER CONSIDERED HERE. FOR ADDITIONAL INFORMATION, SEE PAPER BY JERBY

ETAL., 14 TH INTERNATIONAL CONFERENCE ON MICROWAVE AND HIGH FREQUENCY
HEATING, AMPERE-2013, NOTTINGHAM, UK, SEPTEMBER 2013



LIQUID BASE AM

NOT RELEVANT TO FAA PROJECTS



LIQUID BASE AM- STEREOLITHOGRAPHY

Build Platform

d BUILD PLATFORM IMMERSED IN LIQUID RESIN, COVERED BY THIN LAYER
(THICKNESS D)

O ULTRAVIOLET (UV) LASER CURES FIRST THIN LAYER PER CAD
» LAYER BONDS (ADHERES) TO BUILD PLATFORM-MECHANICAL BOND
d PLATFORM DROPS DISTANCE D
» THIN LAYER (THICKNESS D) IS NOW ON TOP OF FIRST LAYER
d UV LASER CURES SECOND LAYER PER CAD
» LAYER TO LAYER ADHESION-MECHANICAL
d AND SO ON UNTIL PART IS COMPLETE
d PLATFORM IS RAISED
» PART SEPARATED FROM BUILD PLATFORM AND CLEANED



STEREOLITHOGRAPHY, CONTINUED

O FIRST AM PROCESS (1986)
O CHARLES HULL INVENTED AND PATENTED PROCESS (1986)

> COINED THE TERM STEREOLITHOGRAPHY

> FOUNDED 3D SYSTEMS, INC.

= TO COMMERCIALIZE PROCESS

O AKA VAT POLYMERIZATION, DIGITAL LIGHT PROCESSING
ONLY FOR PHOTO-CURABLE RESINS (POLYMERS)
O ORIGINALLY USED FOR RAPID PROTOTYPING, THEN FOR PARTS

U



SOLID BASE AM
POWDER BED TECHNIQUES



POWDER BED TECHNIQUES

d INKJET. AKABINDER JETTING, 3-D PRINTING
» NOT RELEVANT TO FAAPROJECTS

d POWDER BED FUSION (PBF)
» MOST RELEVANT TO NEW PART PRODUCTION IN FAAPROJECTS



POWDER BED TECHNIQUES
INKJET 3D PRINTING

d ALAYER OF POWDER IS SPREAD ON BUILD PLATFORM
d INKJET HEAD MOVES ACROSS POWDER BED
» SELECTIVELY DEPOSITING A LIQUID
BINDER (ADHESIVE) PER CAD
d PLATFORM DROPS BY ONE LAYER THICKNESS
» ANOTHER POWDER LAYER IS SPREAD
d PROCESS REPEATS UNTIL PART IS COMPLETED

O ALLOW TIME FOR ADHESIVE TO SET BEFORE
REMOVING PART

d PART NEEDS TO BE CURED OR HARDENED
» OFTEN INFILTRATED
d FOR POLYMERS, CERAMICS, COMPOSITES METALS (STRUCTURAL?)




INKJET 3D PRINTING, CONTINUED

d DEVELOPED AT MIT
» LICENSED TO Z CORP @
= CODE NAMED PROCESS 3-D PRINTING
o 3-D PRINTING IS ACRONYM FOR AM
»LATER LICENSED TO OTHER COMPANIES
» AKABINDER JETTING

d SIMILAR PROCESS
» POLYJET (STRATASYS-US)
= PHOTOPOLYMER, UV INSTANT CURE

() NOW COLOR JET PRINTING SYSTEMS



POWDER BED TECHNIQUES, CONTINUED
POWDER BED FUSION (PBF)

O LAYER OF POWDER IS SPREAD |
ON BUILD PLATFORM / SUBSTRATE .. tmsoremenonst 77 o decnn

_= Roller
0 LASER/ELECTRON BEAM . -
MOVES ACROSS A BED OF |
POWDER SELECTIVELY FUSING '
AREAS PER CAD

QO PLATFORM DROPS BY ONE e

Powder

BUILD PLATFORM /
SUBSTRATE

LAYER THICKNESS
LASER: INERT ATMOSPHERE
O ANOTHER POWDER LAYER IS SOME LASER EVSTEMS DESIGHED TO OFERATE N VACUUN
SPREAD ON BUILD PLATFORM /
SUBSTRATE

d PROCESS REPEATS UNTIL PART IS CONSTRUCTED
» POLYMERS, CERAMICS, COMPOSITES, METALS

O PART REMOVED, SEPARATED FROM BUILD PLATFORM / SUBSTRATE, ()
CLEANED FROM EXCESS POWDER

O PART MY NEED ADDITIONAL CONSOLIDATION (E.G., HIP) OR INFILTRATION

(M FIRST LAYER BONDS (ADHERES) TO PLATFORM / SUBSTRATE



POWDER BED FUSION (PBF), CONTINUED.
PBF TECHNOLOGIES

0 SEVERAL TECHNOLOGIES FALL UNDER THE PBF, AS CONFUSINGLY
BRANDED BY DIFFERENT MANUFACTURERS / USERS (PATENT AND
LICENSE CONCERNS)

» SLS (SELECTIVE LASER SINTERING) @ -DEVELOPED BY UNIV. OF TEXAS,
MARKETED BY 3D SYSTEMS GROUP: @

» DMLS (DIRECT METAL LASER SINTERING) @ - EOS &) GmbH

» SLM (SELECTIVE LASER MELTING)- USED BY SLM SOLUTIONS GmbH,
PHENIX SYSTEMS GROUP,  RENISHAW, INC., REALIZER, MATSUURA &
OTHERS

= SLM REFERRED TO AS:
o DIRECT METAL LASER MELTING (DMLM) BY GE
o LASER CUSING ®) BY CONCEPT LASER GmbH
» EBM (ELECTRON BEAM MELTING)-ARCAM ©)

(1) SOME AUTHORS INDICATE THAT DMLS AND SLS ARE SIMILAR. SLS IS THE GENERAL TERM USED FOR
GLASS, CERAMICS, GLASS AND METAL. DMLS IS STRICTLY FOR METALS

(2 3D SYSTEMS GROUP ACQUIRED THE PHENIX SYSTEMS GROUP

®) ELECTRO OPTICAL SYSTEMS

) CUSING: LETTER C FROM CONCEPT LASER + LAST FIVE LETTERS FROM FUSING (COMPLETE MELTING)

) ARCAM AB, A SWEDISH COMPANY, MANUFACTURES THE ONLY POWDER BED ELECTRON BEAM SYSTEM,
THE ARCAM A2



POWDER BED FUSION (PBF), CONTINUED

d PBF MOST RELEVANT TO AM METAL & ALLOY NEW PART PRODUCTION
IN FAAPROJECTS
» POWDER BED EQUIPMENT MANUFACTURED BY COMPANIES OUTSIDE THE
US
d COMPARED TO LPBF, EB PBF
» LOWER RESIDUAL STRESS
= RUNS HOTTER
» FASTER BUILD RATES
» ROUGHER FINISH
= DUE TO COARSER POWDERS, THICKER LAYERS & LARGER MELT POOLS
= NEEDS POST PROCESS MACHINING
d FUSION MEANS CONSOLIDATION OF THE POWDER
d CONSOLIDATION BY
» MELTING OR SINTERING (SEE NEXT SLIDE)
» DIFFERENT PROCESSES; BUT BOTH YIELD METALLURGICAL BONDS
» WHETHER MELTING OR SINTERING DEPENDS ON
= LASER/EB POWER
= LASER TYPE
= LASER MODE (CONTINUOUS, PULSED, ETC.)
= SCAN SPEED
0 UNFORTUNATELY, MELTING AND SINTERING USED INTERCHANGEABLY
IN AM LITERATURE; E.G., SLS/ SLM & DMLS / DMLM
» ADDS TO THE CONFUSION



POWDER BED FUSION (PBF), CONTINUED
MELTING VS. SINTERING

d MELTING
» COMPLETE MELTING
» AS IN SLM AND DMLM
» USED FOR PURE METALS & METAL ALLOYS
O SINTERING @
» SOLID STATE SINTERING (SSS)
= NO MELTING
= CONSOLIDATION BY GRAIN BOUNDARY MIGRATION
= SLOW
o INCOMPATIBLE WITH DESIRED HIGH PRODUCTION RATES
= NEEDS ADDITIONAL CONSOLIDATION
o E.G., HIP AND INFILTRATION
= USED FOR CERAMICS
= NOT SUITABLE FOR PURE METALS
o PURE METALS TRANSITION FROM SOLID STATE TO LIQUID STATE IN
NARROW TEMPERATURE RANGE
» LIQUID PHASE SINTERING (LPS)
= PARTIAL MELTING
= DISCUSSED NEXT SLIDE

() THE SINTERING PROCESSES DISCUSSED HERE ARE NOT ORDINARILY USED IN PRODUCTION OF THE
METALLIC ENGINE AND AIRFRAME COMPONENTS USED IN AIRCRAFT




MELTING VS. SINTERING, CONTINUED
LIQUID PHASE SINTERING (LPS)

O LIQUID PHASE SINTERING (PARTIAL MELTING)

» WITH BINDER

LOW MELTING BINDER + HIGH MELTING STRUCTURAL MATERIAL
BINDER MELTS AND BONDS STRUCTURAL MATERIAL PARTICLES
BINDER PERMANENT OR SACRIFICIAL

THREE TYPES OF STARTING MATERIALS

o SEPARATE POWDER BINDER AND STRUCTURAL MATERIAL
PARTICLES

o COMPOSITE POWDER
% ONE TYPE OF POWDER PARTICLES
« CONTAINING BINDER AND STRUCTURAL MATERIAL
o COATED PARTICLES
“ BINDER APPLIED AS COATING TO STRUCTURAL MATERIAL
NEED FURTHER CONSOLIDATION E.G., HIP AND INFILTRATION



POWDER BED FUSION (PBF), CONTINUED
ADVANTAGES & LIMITATIONS

» WITHOUT BINDER

= JUST THE STRUCTURAL MATERIAL

= ONLY ASHELLAT BOUNDARY OF EACH PARTICLE IS MELTED
o CORE REMAINS SOLID

= TWO TYPES OF MATERIALS
o SINGLE POWDER
o A MIXTURE OF DIFFERENT POWDERS

d ADVANTAGES

> CAN BUILD COMPLEX PARTS, HOLLOW PARTS, PARTS WITH COOLING
PASSES (E.G., BLADES)

» GOOD SURFACE FINISH, HIGH PRECISION
d LIMITATIONS
» LIMITED / NON-EXISTENT CAPABILITY FOR REPAIR & REMANUFACTURING
= DUE TO HORIZONTAL LAYER CONSTRUCTION
» LIMITED BUILD ENVELOPES & LOW DEPOSITION RATES
» FEATURE ADDITION NOT POSSIBLE
» SINGLE MATERIAL PER BUILD




SOLID BASE AM
DIRECTED ENERGY DEPOSITION (DED)

RELEVANT TO FAA REPAIR, REMANUFACTURE & FEATURE ADDITION PROJECTS



DIRECTED ENERGY DEPOSITION (DED)

d DED PROCESSES
» POWDER FEED PROCESSES
= AKAPOWDER DEPOSITION
» WIRE FEED PROCESSES

= FUSION WELDING PROCESSES THAT ADD FILLER CAN BE USED IN
AM

o E.G., EWIHOT WIRE GTAW & RR SMD (SHAPED METAL
DEPOSITION) - ALSO GTAW

Od DED CANBE USED TO
» BUILD NEW PARTS
» REPAIR, REMANUFACTURE EXISTING PARTS %
» ADD FEATURES TO EXISTING PARTS

() THERMAL & COLD SPRAY METHODS CAN ALSO BE USED IN A SIMILAR CAPACITY



DIRECTED ENERGY DEPOSITION (DED), CONTIN’D

Gun K|:2v | EB Gun Build Platform /
Botions Substrate
Beam Guidance System S Electron Beam
Wire
ﬂ * Carrier Gas Feeder\ / Z
i Vad Molten Alloy — Y
: : Re-solidified Puddle arBepasit I f
[} Alloy Substrate
Lens [
\<¢ — Processx
|l : Coordinate
‘l : POWDER SUPPLY < Dirsction of Puré Motion System
Y
DEPOSITON HEAD ™%, WIRE OR POWDER FEED-ELECTRON BEAM
AM DEPOSIT WIRE FEED SHOWN HERE
&« BUID
<4— PLATFORM/
SUBSTRATE

POWDER FEED-LASER W.Rh electrode (=)
OR ELECTRON BEAM g o
LASER SHOWN HERE

Shield gas
nozzle

0 POWDER BED IN PBF REPLACED BY

» CONCENTRIC POWDER DELIVERY
NOZZLES

As plasma column

Molten metal pool

OR
» SIDE-FED WIRES

5+ axis robot

WIRE FEED-PLASMA ARC



DIRECTED ENERGY DEPOSITION (DED), CONTINUED

d NEW PART CONSTRUCTION

» PART IS BUILT LAYER BY LAYER, PER CAD, ON A BUILD PLATFORM /
SUBSTRATE, AS IN PREVIOUS PROCESSES

4 REPAIR, REMANUFACTURE AND FEATURE ADDITION
» EXISTING PART PLACED ON BUILD PLATFORM / SUBSTRATE
» PROCESSED LAYER BY LAYER, PER CAD, AS BEFORE

O LAYER TO LAYER, LAYER TO PART & LAYER TO PLATFORM / SUBSTRATE
ADHESION

» THROUGH MELTING (METALLURGICAL BOND)
d IN LASER POWDER FEED SYSTEMS

» DEPOSITION HEAD REMAINS STATIONARY, WHILE WORKPIECE
MOVES

OR

» DEPOSITION HEAD MOVES, WHILE WORKPIECE REMAINS
STATIONARY



DIRECTED ENERGY DEPOSITION (DED), CONTINUED
DED TECHNOLOGIES

d SEVERAL TECHNOLOGIES FALL UNDER THE DED CATEGORY,
AS BRANDED BY DIFFERENT MANUFACTURERS / USERS (PATENT
AND LICENSE CONCERNS)

O POWDER FEED-LASER, AKA LASER POWDER FORMING (LPF)
» DMD (DIRECT METAL DEPOSITION
= DEVELOPED AT THE UNIV. OF MICHIGAN
= MARKETED BY THE POM GROUP, @ INC.
» LENS (LASER ENGINEERED NET SHAPING)
= DEVELOPED AT SANDIA (US)
= MARKETED BY OPTEMIC, INC. (US)
» LC (LASER CONSOLIDATION)-SIMILAR TO LENS
= DEVELOPED BY GE GLOBAL & NATIONAL RESEARCH COUNCIL-CANADA
= LICENSED TO ACCUFUSION INC.-CANADA
» CLAD (DIRECT ADDITIVE MANUFACTURING BY LASER)
= BeAM, OFTEN REFERRED TOO AS BEAM (FRANCE)
» LASER CLADDING-POWDER ®
(1) PRECISION OPTICAL MANUFACTURING DM3D TECHNOLOGY (US) ACQUIRED THE POM GROUP, INC.(US) IN
2013

(2 PROCESS UTILIZES A LASER TO METALLURGICALLY BOND A COATING TO A PART (SHALLOW MELT POOL).
SIMILAR TO THERMAL SPRAY



DIRECTED ENERGY DEPOSITION (DED), CONTINUED
DED TECHNOLOGIES

0 POWDER FEED-ELECTRON BEAM
> EBFFF (ELECTRON BEAM FREEFORM FABRICATION)
= SCIAKY (US)
QO WIRE FEED-LASER
> LASER CLADDING-WIRE @
0 WIRE FEED-PLASMAARC
> PAAM (PLASMA ARC ADDITIVE MANUFACTURING)
= DEVELOPED BY NORSK TITANIUM (NORWAY)
> PTAS FFF (PLASMA TRANSFERRED ARC SELECTED FFF @)
= MER ® CORPORATION (US)
> IFF (ION FUSION FORMATION)
= HONEYWELL (US)
O WIRE FEED-ELECTRON BEAM
> EBF3 (ELECTRON BEAM FREEFORM FABRICATION)
« DEVELOPED BY LOCKHEED MARTIN
= STUDIED & IMPROVED BY NASA
> EBFFF (ELECTRON BEAM FREEFORM FABRICATION) @)
= SCIAKY (US)

(1) PROCESS UTILIZES A LASER TO METALLURGICALLY BOND A COATING TO A PART (SHALLOW MELT POOL);
SIMILAR TO THERMAL SPRAY. @ FREEFORM FABRICATION. &) MATERIAL AND ELECTROCHEMICAL
RESEARCH. ®) FORMERLY EBDM (ELECTRON BEAM DIRECT MANUFACTURING)



DED TECHNOLOGIES, CONTINUED
DED ADVANTAGES & LIMITATIONS

d DED ADVANTAGES Vi
» FASTER DEPOSITION RATES THAN PBF (WIRE FEED > POWDER FEED)
» LARGER BUILD ENVELOPES THAN PBF (WIRE FEED > POWDER FEED)
» MORE SUITED THAN PBF
= FOR REPAIR, REMANUFACTURE & FEATURE ADDITION
» ABLE TO DEPOSIT MULTIPLE MATERIALS IN A SINGLE BUILD

» SOME DED SYSTEMS HAVE NOZZLES WITH CHANNELS THAT SUPPLY
SHIELDING GAS

= NO NEED FOR ENCLOSED CHAMBERS
O DED LIMITATIONS
» COARSE SURFACE FINISH

» LIMITED FOR CONSTRUCTION OF NEW COMPLEX & HOLLOW PARTS AND
PARTS WITH COOLING PASSES (E.G., BLADES)

» PARTS PRODUCED BY WIRE FEED SYSTEMS
» MORE EXTENSIVE MACHINING THAN THOSE PRODUCED BY PBF ™

o WIRE FEED MORE SO THAN POWDER FEED

(1) IN GENERAL, PROCESSES THAT PROVIDE HIGH DEPOSITION RATES FAVOR PRODUCTION OF PARTS THAT
REQUIRE POST-PROCESS MACHINING PROCESSES THAT PROVIDE LOWER BUILD RATES OFFER
SUPERIOR QUALITY



METALLURGY-METAL MELT PROCESSES

d MELT PROCESSES INVOLVE LAYER BY LAYER DEPOSITION
» EACH LAYER IS CAST HOT UPON A PREVIOUS LAYER
» PREVIOUS LAYER IS COOLING DOWN
d COMPLEX, TIME DEPENDENT TEMPERATURE PROFILES.
» TEMPERATURE PROFILES DEPEND UPON
= AM EQUIPMENT
TIME BETWEEN PASSES
PART SIZE
DEPOSITION RATE
HEAT INPUT
CHARACTERISTICS OF INPUT MATERIALS
= MANY OTHER FACTORS
» ALLOY MAY EXPERIENCE REPEATED PHASE TRANSFORMATIONS
O MELT PROCESSES ALSO INVOLVE RAPID DIRECTIONAL SOLIDIFICATION
» FREQUENTLY LEADING TO COLUMNAR GRAIN STRUCTURES.



METALLURGY-METAL MELT PROCESSES, CONTINUED

d COMBINED EFFECTS OF RAPID DIRECTIONAL SOLIDIFICATION &

REPEATED PHASE TRANSFORMATIONS
» PROFOUND EFFECT ON MICROSTRUCTURE
= HENCE, PART PROPERTIES
d THICK LAYER DEPTHS ADVERSELY AFFECTS
BONDING (ADHESION)
» DEPTH OF MELT DOES NOT REACH BOTTOM
OF LAYER
THIN LAYER DEPTHS SLOWS DOWN PROCESS
SCAN STRATEGY HAS PRONOUNCED EFFECTS
ON PROPERTIES
» E.G., ON DENSITY (Ti-6 Al-4V)

O HATCH DISTANCE ® ALSO HAS PRONOUNCED
EFFECT ON RESIDUAL STRESSES AND OTHER
PROPERTIES

U0

(1) DISTANCE BETWEEN ADJACENT SCANS —_—
T

(a) Attainable density

Material: TIBAI4V
RN T
=
F 9925 F-= - - —— B .
§ o EECIENC O RC
©
2 ss7s EESIEEENES TS e
5 BN
& a
Uri-di Zig-zag g
(b) Scanning strategy
- 4-—. P Su—
+ + +
— —
+ + s
—— e 3 ,’4'
e V L om—_>
Uni-directional Bi-directional Alternating
(zig-zag) Bi-directional

(a) Effect of scanning strategy on the relative
density for Ti6Al4V material, (b) schematic of applied
scanning strategy; standard deviation about 0.3%.



METALLURGY-METAL MELT PROCESSES, CONTINUED

d TO OBTAIN MORE ISOTROPIC PROPERTIES, IT MAY BE
NECESSARY TO

» ROTATE SCAN DIRECTIONS WITH RESPECT TO EACH OTHER
AND

» USE DIFFERENT SCAN PARAMETERS
(SCAN SPEED, LASER POWER, HATCHING DISTANCE)

layer n+1 (67°) &=

m down-skin Core T



METALLURGY-METAL MELT PROCESSES, CONTINUED

d LASER SURFACE REMELTING (LSR) CAN BE USED FOR
» DENSIFICATION
= AFTER SCANNING A LAYER AND MELTING THE POWDER
o SAME LAYER IS SCANNED AGAIN
% BEFORE PUTTING A NEW LAYER

» IMPROVING SURFACE QUALITY / FINISH OF CURVED OR INCLINED
SURFACES

= REMELTING IS APPLIED ONLY TO CONTOUR
o TO ELIMINATE / MINIMIZE STAIR EFFECT @

(1) THE STAIR EFFECT IS A FEATURE IN ALL LAYERED MANUFACTURING TECHNIQUES FOR THE
PRODUCTION OF CURVED OR INCLINED SURFACES &

8‘ b Qa2

a1 <qQ2 S1>82
[>0 S1>82

lllustration ofthe stair-effect as a function of layer thickness and inclination angle.



METALLURGY-METAL MELT PROCESSES, CONTINUED

g AM CAN BE USED TO
» FABRICATE NEW COMPONENTS
» ADDING FEATURES TO COMPONENTS
» REPAIR EXISTING COMPONENTS
O DIFFERENT THERMAL CONDITIONS IN EACH CASE
d POST-DEPOSITION HEAT TREATMENT
» MAY NOT BE POSSIBLE IN ALL CASES
d DIFFERENT MECHANICAL PROPERTIES ANTICIPATED



SOLID BASE AM
WIRE / FILAMENT FEED TECHNIQUES-EXTRUSION

NOT RELEVANT TO FAA PROJECTS



WIRE / FILAMENT FEED-EXTRUSION
FUSED DEPOSITION MODELING (FDM)

UDEVELOPED BY STRATASYS INC. (US) IN 1989
»USED FOR THERMOPLASTICS, EUTECTIC ALLOYS, WAX
»AKA EXTRUSION AM, SEMI-SOLID FREEFORM FABRICATION
UWIRE FED INTO AN EXTRUSION HEAD
»HEATED JUST BELOW MELTING POINT / RANGE
»EXTRUDED THROUGH A NOZZLE
»DEPOSITED LAYER BY LAYER ON PLATFORM PER CAD
UFIRST LAYER TO PLATFORM AND LAYER TO LAYER ADHESION
»MECHANICAL-
»SOME SOLID STATE DIFFUSION IN THE CASE OF METALS
UNEED SUPPORTS
»EXTRUDED MATERIAL NOT STRONG ENOUGH
USIMILAR PROCESS
»FUSED FILAMENT FABRICATION (FFF)



SOLID BASE AM
SHEET STARTING MATERIALS

NOT RELEVANT TO FAA PROJECTS



SOLID BASE AM-SHEET
LAMINATED OBJECT MANUFACTURING (LOM)

optical
mirror  _><T head  Heated roller flattens
Laser beam i PV and adheres each
__________ = : ayer to the rest o
~ [N o odel.

ooooooooooo

O DEVELOPED BY HELISES, INC. (US) IN 1988

O UTILIZES LAYERS OF PAPER, METAL FOIL, PLASTIC FILM WITH ADHESIVE
BACKING

O EACH LAYER HEATED BY AROLLER
» TO ACTIVATE ADHESIVE
= BOND FIRST LAYER TO BUILD PLATFORM / SUBSTRATE
= BOND TO LAYER BELOW
» ADHESION-MECHANICAL
4 PER CAD, AT EACH LAYER LASER CUTS
» OUTLINE OF THE PART AT THAT LAYER
» A BORDER AROUND THE BUILD AREA PER CAD



LAMINATED OBJECT MANUFACTURING (LOM), CONTIUED

d LASER CROSS HATCHES NON-PART AREAS PER CAD
» CROSS HATCHES
- FACILITATE REMOVAL OF WASTE MATERIAL
d AFTER ALAYER IS PROCESSED, BUILD PLATFORM DROPS
» BY ONE LAYER THICKNESS
d ANOTHER LAYER IS LAID AND
PROCESS IS REPEATED UNTIL THE BUILD IS COMPLETE
d THE BUILD, IN THE FORM OF A BLOCK BONDED TO
PLATFORM IS REMOVED FROM MACHINE

» BLOCK IS SEPARATED FROM PLATFORM & DE-CUBED TO REVEAL
PART

= SOMETIMES CHISEL NEEDED TO PRY CUBES AWAY FROM PART
O PART SANDED AND FINISHED
O LOW RESIDUAL STRESSES

U



ADDITIVE MANUFACTURING
OBSERVATIONS, USER CONCERNS &
PERSONAL VIEWS



OBSERVATIONS-DOMESTIC & GLOBAL AM EFFORTS

d OVERALL LEVEL OF AM ACTIVITY AND INFRASTRUCTURE IN EU
GREATER THAN THAT IN US
d ENGINE MANUFACTURERS WERE FIRST TO RECOGNIZE AM AS ATTRACTIVE
MEANS TO BRING THEIR COMPLEX PARTS TO PRODUCTION
» AIRFRAME MANUFACTURERS ARE CATCHING ON
= BALD (BLEED AIR LEAK DETECT) BRACKETS, Ti-6-4, EB PBF PLUS HIP
o LOCKHEED MARTIN AND OAK RIDGE NATIONAL LABORATORY
o F-35 (JOINT STRIKE FIGHTER)
= [N 2015, AIRBUS ANNOUNCED:
o THE NEW AIRBUS 350 XWB CONTAINS OVER 1000 AM PARTS
0 ASTM STANDARDS COMMITTEE F 42 FOR AM ESTABLISHED 2009
» DEFINE AM TERMINOLOGY, M & P, TEST METHODS & DESIGN
= ASTM F2972: STANDARD TERMINOLOGY FOR ADDITIVE
MANUFACTURING TECHNOLOGIES
= ASTM F2924: STANDARD SPECIFICATION FOR ADDITIVE
MANUFACTURING TITANIUM-6 Al-4 V WITH PBF
= ASTM F3001: STANDARD SPECIFICATION FOR ADDITIVE
MANUFACTURING TITANIUM-6 Al-4 V ELI (EXTRA LOW INTERSTITIAL)
WITH PBF
» COMMITTEE F 42 WORKING WITH ISO TC 261
= TO DEVELOP UNIFIED STANDARDS TO BE USED GLOBALLY




OBSERVATIONS-DOMESTIC & GLOBAL AM EFFORTS,
CONTINUED

0 EWI ORGANIZED THE ADDITIVE MANUFACTURING CONSORTIUM (AMC)
IN 2010:
» BOEING, LOCKHEED MARTIN, GE, GD, RR, P & W, GOODRICH,
HONEYWELL, SCIAKY, EWI, US ARMY, US AIR FORCE, US NAVY, NIST,
NASA, LAWRENCE LIVERMORE, OSU, OTHERS
Q SAE AMS ADDITIVE MANUFACTURING COMMITTEE (AMS-AM) LAUNCHED IN
2015
» AMS 4999: TITANIUM ALLOY LASER DEPOSITED PRODUCTS ~ 6 Al-4V-
ANNEALED
= THIS FOR DED PRODUCTS
0 AMERICA MAKES , FORMERLY NAMII (NATIONAL ADDITIVE MANUFACTURING
INNOVATION INSTITUTE) LAUNCHED IN 2013
» FUNDED BY DOC, DOD, DOE, NSF, AND NASAALONG WITH MULTIPLE
INDUSTRIAL, ACADEMIC, AND NONPROFIT PARTNERS
O NIST PROPOSED AN ARTIFACT (COMPLEX TEST PART)
» TO ASSESS AM CAPABILITIES
O THERE IS AN ADDITIVE MANUFACTURING JOURNAL
» GOOGLE ADDITIVE MANUFACTURING JOURNAL-ELSEVIER
www.elsevier.com
O THERE IS ALSO THE AMUG (ADDITIVE MANUFACTURING USERS GROUP)
» AN INDEPENDENT INDUSTRY-WIDE USERS GROUP




OBSERVATIONS-DOMESTIC & GLOBAL AM EFFORTS,
CONTINUED

Q

Q

EFFORTS ARE UNDERWAY TO TAKE AM OUT OF THE CONFINES OF
EXISTING TECHNOLOGIES

» BIG AREAADDITIVE MANUFACTURING (BAAM) IS ADEVELOPMENT OF
LOCKHEED MARTIN AND OAK RIDGE NATIONAL LABORATORY

= SYSTEM CAPABLE OF MANUFACTURING COMPONENTS THAT ARE
MULTIPLE YARDS IN ALL DIMENSIONS.

» IN THE NETHERLANDS, AN ARTIST IS USING AM TO MAKE FREEFORM
POLYMER DESIGNS THAT ARE SEVERAL FEET LONG

» ALSO IN THE NETHERLANDS, THERE IS A PLAN TO USE AM TO BUILD A
BRIDGE IN MID-AIR

AM CAN EMBED SENSORS IN MATERIALS AS THEY ARE BEING
MANUFACTURED

» NOT POSSIBLE BEFORE

AM CAN BE USED TO PRODUCE PARTS DIRECTLY FROM A CAD FILE
GENERATED BY REVERSE ENGINEERING, USING CT (COMPUTED
TOMOGRAPHY) SCANS, CMM (COORDINATE MEASUREMENT MACHINE) DATA
AND / OR LASER SCANNING

» EXPECT AFLURRY OF PMAACTIVITY

= GOD HELP THE FAA



SOME USER CONCERNS IN AM APPLICATION

Q

Q

U

LACK OF CONSENSUS METHODS AND TEST DATA FOR QUALIFICATION
AND CERTIFICATION

LACK OF AM STANDARDS

» BEING RECTIFIED BY ASTM, SAE, ISO TC 261 & OTHERS
LACK OF PROCESS REPEATABILITY
CAN PROPERTIES BE RELIABLY PREDICTED BY MODELING?

» TESTING MAY BE DIFFICULT.

LACK OF DATA SOURCES FOR MATERIAL & PROCESS SELECTION
LACK OF EXTENSIVE STATISTICAL DATABASE (MMPDS STUFF)

» RECENTASTM F 42 / MMPDS INTERACTION NOT POSITIVE
VARIATIONS IN INPUT MATERIALS (E.G., POWDER / WIRE SIZES, CHEMISTRY)
EQUIPMENT & PROCESS VARIATIONS
ANISOTROPY DUE TO

» LAYERING

» STITCHING

» CORNERS, INTERSECTIONS

» COLUMNAR GRAINS



PERSONAL VIEWS

7):
\/

7

d FAA SHOULD REMAIN INVOLVED IN THE AM EFFORTS INITIATED GLOBAL \””STR"“’\\
BY VARIOUS ENTITIES

» TO FAMILIARIZE OURSELVES WITH
= APPLICATION METHODS
= PROCESS PARAMETERS
= [INSPECTION REQUIREMENTS
= MATERIALS AND PROCESSES SPECIFICATIONS
= QUALIFICATION & LOT ACCEPTANCE PHILOSOPHIES

» AND BE INABETTER POSITION TO ASSESS OEM AND AFTERMARKET AM
SUBMITTALS

d MY UNDERSTANDING IS THAT FAA SELDOM APPROVES MATERIALS &
PROCESSES AS STANDALONE ENTITIES &

» MATERIALS & PROCESSES APPROVALS ARE IMPLIED WHEN A
PARTICULAR DESIGN HAS BEEN CERTIFICATED

= REGARDLESS OF WHETHER THIS DESIGN IS A COMPONENT, AN
ENGINE OR AN AIRCRAFT

O THEREFORE, WHY IS FAAATTEMPTING TO REGULATE AM AS A STANDALONE
ENTITY?

(1) APART PRODUCED BY AM IS BOTH A MATERIAL AND A PROCESS



PERSONAL VIEWS, CONTINUED

Q AM IS BEING USED
> ON TRANSPORT CATEGORY AIRCRAFT (PART 25)
= SUBJECT TO REQUIREMENTS OF
o §25.303 (FACTOR OF SAFETY),
o §25.613 (STATISTICAL DESIGN VALUES)
o POSSIBLY § 25.619 (SPECIAL FACTORS)
> ON ENGINES (PART 33)

= COMPONENTS WILL NOT BE SUBJECT TO ANY OF ABOVE
REQUIREMENTS

O HOW WILL FAAADDRESS THE ISSUE OF DIFFERENT PART 25 AND PART 33
REQUIREMENTS?

» CONSIDERATION SHOULD BE GIVEN TO WAIVING SAID REQUIREMENTS
FOR PART 25 AM COMPONENTS

= |IN FAVOR OF MEANINGFUL QUALIFICATION & LOT ACCEPTANCE
TESTING @

o QUALIFICATION TESTING (FIRST ARTICLE)

% TO VERIFY ADEQUACY OF MANUFACTURER’S MATERIAL &
PROCESS SELECTIONS

o LOTACCEPTANCE TESTING

s TO ENSURE THAT CONFORMING PARTS ARE BEING
MANUFACTURED AT ALL TIMES

(1) FAA ORGANIZATIONS MAY REQUEST REVIEWING THE QUALIFICATION AND LOT ACCEPTANCE DETAILS




PERSONAL VIEWS, CONTINUED

O TESTING SHOULD BE PERFORMED ON ACTUAL PARTS-AS AGREED
» CONCURRENT COUPONS SELDOM REFLECT THE NATURE OF
THE COMPONENT
» SOME TESTS MAY BE PERFORMED ON CONCURRENT COUPONS
» THERE MAY BE SITUATIONS WHERE PARTIES CAN AGREE THAT
= SPECIALLY DESIGNED COUPONS CAN BE USED IN LIEU OF
ACTUAL PARTS FOR LOT ACCEPTANCE TESTING
d AS AMINIMUM, THE TESTS SHOULD INCLUDE
» ADHESION VERIFICATION
» TENSILE TESTING
= LIKELY TO BE PERFORMED ON CONCURRENT COUPONS
» MICROSTRUCTURE EXAMINATION
= E.G., CONTAMINATION, POROSITY, EXCESSIVE GRAIN GROWTH,
UNMELTED REGIONS, ETC.
» OTHER TESTS
= FATIGUE, CREEP, ENVIRONMENTAL, ETC.
o CONCURRENT COUPONS MAY BE REQUIRED
= |F WARRANTED BY THE APPLICATION
O THERE COULD BE SITUATIONS WHERE FUNCTIONAL TESTING WOULD BE
REQUIRED TO VERIFY PART ADEQUACY




PERSONAL VIEWS, CONTINUED

d 1AM NOT IN FAVOR OF INCLUDING AM ALLOWABLES IN THE MMPDS

d THREE REASONS FOR THIS VIEW

1-

ALLOWABLES GENERATED FROM SPECIMENS PRODUCED BY A PARTICULAR
PROCESS USING SPECIFIC PROCESS PARAMETERS INCLUDING INPUT
MATERIALS, AT ONE OR MORE PRODUCTION FACILITIES,

= SET OF ALLOWABLES COULD BE CONSTRUED AS INTRINSIC TO ALLOY

o REGARDLESS OF PROCESS, PROCESS PARAMETERS, INPUT
MATERIALS OR PRODUCTION FACILITIES

= SPECIMENS SELDOM REFLECT NATURE OF PARTS PLANNED FOR
PRODUCTION

PRESENCE OF ALLOWABLES CAN ENCOURAGE UNQUALIFIED AFTERMARKET
SUPPLIERS TO WAIVE THE TESTING REQUIRED FOR QUALIFICATION & LOT
ACCEPTANCE TESTING AND OFFER LOW QUALITY PARTS AS LOW COST
ALTERNATIVES TO OEM PARTS

= ESPECIALLY IN VIEW OF THE FACT THAT SOME AM EQUIPMENT ARE
FAIRLY INEXPENSIVE & READILY AVAILABLE

PRESENCE OF ALLOWABLES COULD SERVE AS JUSTIFICATION FOR SOME
REGULATING AUTHORITIES NOT TO REQUIRE QUALIFICATION AND LOT
ACCEPTANCE TESTING AS PART OF CERTIFICATION SUBMITTALS
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