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What is Additive Manufacturing/3D Printing

0 Joining materialsto make objectsfrom 3D model data,
usually layer upon layer (American Society for Testing
and Materials ASTM F2792).

Subtractive Manufacturing Additive Manufacturing
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Advantagesto AM/3D Printing

Decreased design to manufacturing times

= 3D printerscan produce a part immediately after engineers create
the 3D computer-aided design (CAD) model.

Decreased tool cost

= The projected cost of automotive tooling will reach $15.2 billion
dollars by 2018 according to MoldMakingTechnology Magazine.

Lesswaste: 3D printing only usesthe material needed
Reduced energy consumption

Fewer constraints can lead to stronger and lighter parts
Assemblies can be printed using few parts

Rapid prototyping




a Tissue and
organ
fabrication

o Custom
Prosthetics

o Implants

o Anatomical
models

o Pharmaceutical
drug delivery
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Dental Applications

o Digital
orthodontics

0 Biocompatible
resins

0 Digital dentures
0 Dental implants
o Crowns
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Aerospace Applications

o According to Boeing,the F/A-18 Super Hornet has
approximately 150 partsin the forward fuselage area
that have been produced through selective laser
sintering.

0 Morethan 20,000 3D printed plastic partsare currently
In use in Boeing aircraft.

o Alcoarecently opened a 3D printing production facility
for aerospace parts printed from titanium, nickel,and
aluminum powders. Source: Alcoa Inc.

o Honeywell recently opened an aluminum 3D printing
facility in Phoenix. Source: Honeywell International Inc.



Defense

o According to the company website,the Raytheon
Missile Systemsdivision has already 3D printed
almost every part of aguided weapon, including
rocket engines, guidance and control systems
components, fins,and more.

0 Body armor
a Drones
0 Housing

Photo Credit: Raytheon Company




Other Industries

o Automotive

o Fashion

0 Art

o Food
Architecture
Consumer Goods

Education
Mold Industry
Archeology

o 0 0 0 0 DO
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http://www.3ders.org/

Composites
Glass
Concrete
Food
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Fused Deposition Modeling (FDM),
Fused Hlament Fabrication (FFF)

Filament is led Filament spool
to the extruder

The extruder uses torgue
and a pmnch system lo feed
and retract the filament
precise amounts

A heater block melts the
filament 1o a useable
lemperature
The heated filament is forced i
out the heated nozzle al a The extruded matenal is lad down

smaller diameler on the model where il 15 neaded

The print head and/or bed is moved
to the correct X/Y/Z position for placing
the matenal
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Stereolithography (
Laser Source ~i \
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Resin Surface
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Photopolymer
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Selective Laser Sintering (SLSor LS)

o SLSusesahigh power laser to fuse plastic powdersto
form 3D shapes.

Photo Credit: 3D Systems Inc.




Direct Metal Laser Sintering (DMLYS)

o DMLSuses ahigh power focused laser to fuse metal
powder into 3D shapes.



http://www.nanalyze.com/
http://www.foundarymagazine.com/

Hectron Beam Additive Manufacturing

0 An electron beam (EB) gun deposits metal (viawire
feedstock), layer by layer, until the part reaches near-

net shape.
0 Partsand structuresup to 19 ft.x 4 ft.x 4 ft.
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Worldwide Sales of Desktop 3D Printers
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2007 2008 2009 2010 2011 2012 2013 2014 2015
source: Wohlers Report 2016

More than 278,000 desktop (under $5,000) 3D pnnters were sold worldwide last year
Source: Wohlers Report 2016




Future Predicted Growth of 3D Printing

0 Compound annual growth rate (CAGR) from 2012-2014
was 33.8%

o 3D printing industry grew to $4.1 billion in 2015

Worlwide 3D Printing Industry Forecast, Billions

2014 2015 2016 2017 2018 2018 2020

Previous Forecast m Current Forecast

Source: Forbes Magazine [2015] $4.1 Billion Industry Forecast In Crazy 3D Printing Sock Market. http://www.forbes.com/




3D Printing as a Disruptive Technology

0 “Three-dimensional printing makesit as cheap to
create single itemsasit isto produce thousands and
thus undermines economies of scale. It may have as
profound an impact on the world asthe coming of the
factory did....Just asnobody could have predicted the
Impact of the steam engine in 1750—or the printing
pressin 1450, or the transistor in 1950—it isimpossible
to foresee the long-term impact of 3D printing. But the
technology iscoming,and it islikely to disrupt every
field it touches.”

“How a new manufacturing technology will change the world”. Economist Technology. 2011-02-10




Are there health and safety concerns?

0o 3D printers are often located in schools, libraries,
businesses, and home offices

0 What are the emissions and exposures?
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Ultrafine Particle Emissionsfrom 3D Printers

0 In 2013, Stephenset al.wasthefirst to publish
measurements of ultrafine particle emissions (UFPs)
from 3D printers.

73 o~
E c
® E
“;’ ®
— @
: &
s c
9 Q
:g B
@ @
3 &
D
el o
S 5
= —
= E
o
0 =3
™

50 100
Particle diameter (nm)

 SephensB, Azimi P, Orch Z, Ramos T. [2013]. Ultrafine particle emissionsfrom desktop 3D printers. Atmospheric Environment, 79,

334-339.



2015 study by Kim et al.

0 Particulate and gaseous materials were measured
before,during, and after desktop 3D printing with
acrylonitrile butadiene styrene (ABS) and polylactic
acid (PLA) in an exposure chamber.

0 Most particleswere nanosize (<100 nm) during ABS
(96%) and PLA1 (98%) use, but only 12% for PLA2.

0 The emissionsrateswere 1.67 x 1011 particles/g
cartridge with the ABSand 3.77-3.91 x 10° particles/g
cartridge with the PLA cartridge.

o Their conclusionswere that more research and
sophisticated control methods are needed.

Kim Y, Yoon C,Ham Set al. [2015]. Emissions of Nanoparticlesand Gaseous Material from 3D Printer Operation. Environ Sci and
Technol, 49, 12044-12053.



2016 study by Azimi et al.

0 Measured UFPs and volatile organic compounds (VOCs)
from five FDM desktop 3D printerswith nine different
filaments by controlled experimentsin atest chamber.

0 Median estimates of time-varying UFP emission rates
ranged from ~108to ~10%! particles per minute varying
by filament material and,to alesser extent, bed
temperature.

a VOCs:
= caprolactam (ranging from ~2to ~180 pg/min)
= styrene (ranging from ~10to ~110 pg/min)
= lactide (ranging from ~4 to ~5 ug/min)

Azimi P, Zhao D, Claire P et al. [2016]. Emissions of Ultrafine Particles and Volatile Organic Compounds from Commercially Available
Desktop Three-Dimensional Printers with Multiple Filaments. Environ. Sci. Technol, 50, 1260—1268.




2016 study by Yi et al.

0 BEmissionswere evaluated in a0.5-m3 chamber and in a
room (32.7 m3) using real-time instrumentation to
measure UFP emissions.

o UFPswere measured when 3D printing with different
ABSand PLA filament colors.

0 Hlament type and color influenced emissions.

0 Use of acover on the printer reduced total particle
emissions by afactor of 2.

Yi J, LeBouf R, Duling M et al. [2016]. Emissions of particulate matter from a desktop three-dimensional (3D) printer. J Tox and Environ
Health, Part A, 79:11, 453-465.




Reasonswhy a NIOSH study is needed

0 Previousstudies have:
= BEvaluated alimited number of materials (ABSand PLA plastic)
= Only evaluated one type of 3D printing technology (FDM)
= Only evaluated desktop 3D printers
= Not evaluated occupational exposures (primarily chamber studies)
= Not evaluated effective engineering control solutions

0 Our NIOSH 3D printing study will evaluate:
= Emissionsfrom more materials (metals,composites, CNTs, etc.)
= Additional 3D printing technologies (F-F 9L.S, DMLS, SLA, etc.)
= Occupational exposuresand perform chamber emission tests
= Existing 3D printer engineering controlsin multiple industries
= Develop new engineering controlswhere needed
= Provide recommendationsto companiesand in publications




Specific Aims

o Specific Aim 1: Conduct field studiesto better
understand existing engineering controlsused to
contain industrial 3D printer emissions.

o Specific Aim 2: Evaluate the effectiveness of
engineering control techniques for containing
iIndustrial 3D printer nanoparticle emissions and
develop new approaches as needed.

o Specific Aim 3: Conduct laboratory evaluations of
engineering controls and containment techniquesfor a
variety of common desktop and industrial 3D printers
that are known to emit nanoparticles.



Laboratory Emissions Test Chamber
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Equipment for Particle Measurementsduring
Chamber and Held Studies

Condensation Particle Counter (CPC) 10 nm to >1 pm

Fast Mobility Particle Sizer (FMPS) 5.6 to 560 nm with a
time of resolution of 1 second.

Nanoscan Particle Szer (SMPS) 10to 420 nm with a
time of resolution of 60 secondsfor 13 size channels or
1 second for a single channel scan.

Optical Particle Sizer (OPS) 0.3—10 uminupto 16
channels of resolution.

Sioutas Cascade Impactor: Four stages (< 0.25,0.25-0.5,
0.5-1.0,and 2.5-10 um aerodynamic diameter) and
operated at 9 liters per minute.




Held Studies

0 12 sites (4 per year for 3 years)
= |nclude small, medium and large companies
= |nclude local site visits

0 Each site visit will include:

= (1)identification and quantification of emission sources and
emission rates;

= (2) characterization of task-based exposures by direct-reading
instruments and filter-based sampling;

= (3) assessment of plant ventilation;and
= (4) characterization of engineering controls.




Characterization of engineering controls

o Tracer gas
= Sulfur Hexafluoride
= Miran SapphiRe
= Photoacoustic analyzer

0 Smokerelease
o Particle measurements |
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Plant ventilation evaluation

Characterize plant supply and make-up air
= Balometer air capture hood (Model EBT 731, TS, Inc.)

Pitot traverse of the exhaust ducts

Air velocity measurements acrossthe face of the
exhaust duct opening

Evaluate re-entrainment
= Tracer gas
= Smoke

Zone pressurization

Photo: Howkinetics.com Photo: Globalspec.com



Methodsfor engineering control evaluations will
be tailored to the needs of individual companies
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Provide Additional Recommendationsto
3D Printing Companies
A E ~
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Conclusions

0o 3D printing isarapidly growing field with new
technologies and new materials.

0 Occupational exposuresto 3D printer emissions may
pose risksfor workers.

o Thisnew NIOSH research project will provide
evaluations and recommendationsto protect workers
from exposure to 3D printer emissions.



Requested input from the BSC

0 1) Several companies have already approached NIOSH
asking for information about how to reduce worker
exposure to 3D printer emissions.We would appreciate
input on developing a strategy to effectively and
efficiently move our engineering control solutionsinto
practice asthey are developed.

o 2)What mix of studiesin larger companiesthat are
already developing engineering controls and smaller
start-upsthat do not have expertise within the
company would be most effective in gaining
knowledge that would be most beneficial?



Thank you

For more information please contact the National Institute for Occupational Safety and Health

Duane Hammond

1090 Tusculum Avenue Mail Sop RS

Cincinnati, OH 45226

Telephone: (513) 841-4286

E-mail: ahzO@cdc.gov Web: http://www.cdc.gov/NIOSH

The findings and conclusionsin this presentation have not been formally disseminated by the National Institute for Occupational Safety and
Health and should not be construed to represent any agency determination or policy.

Mention of any company or product does not constitute endorsement by the Centersfor Disease Control and Prevention or the National
Institute for Occupational Safety and Health.

National Institute for Occupational Safety and Health

Division of Applied Research and Technology
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