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Polymer-Based Additive Manufacturing
Guidelines for Aircraft Design and Certification

* Motivation and Key Issues

— Additive Manufacturing is expanding at a high rate
— Process sensitive material (like composites) - Variability and
repeatability are common issues not well understood

— Process control has shown to be an issue across all platform
types
— Sources of variability are both material and process based

— No substantial database exists |




The NCAMP Approach for Polymer AM

« Additive Manufacturing is quickly moving from development - production
— Reliable design allowables are required

— Process for generating allowables is critical

— Working with industry and regulators provides a unique perspective
on allowable development, status and issues.
« NCAMP is a proven process for allowables

« Equivalency aspect allows manufacturers to qualify installations




Objectives and Technical Approach

« Develop a framework to advance polymer-based additively manufactured
materials into the aerospace industry.

« Utilize the experience and framework of the NCAMP composite program as
an example of process sensitive material characterization.

« Assess the validity with equivalency testing.

 Note: Program is in collaboration with America Makes (see objectives on
following slide)
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America Makes - Project Overview

. Problem Statement: ULTEM™ 9085 is a polyetherimide high performance thermoplastic material with application
acceptable strength-to-weight ratio and flame, smoke and toxicity (FST) rating. This material is often used in aerospace

where a high strength thermoplastic material is needed. As this material is one of the only high performance
thermoplastic materials available for Fused Deposition Modeling, it is important to establish a complete database of
material properties to further enable use in various commercial and government applications. Such a database is a

minimum requirement for deployment of an additively manufactured solution in a production environment.

. Objectives: 1) Ensure Process Control and create documentation; 2) Identity and publish appropriate test matrix for
process/material combination; 3) Fabricate test coupons; 4) Complete testing and publish results.

. Project Benefits: Completed database to allow membership to exploit for commercial applications; Framework for

future materials/processes will be completed and available to membership; Equivalency process will be defined for
membership to utilize outcomes in house.
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TASK 1: Steering Committee

« [nitial meeting/workshop: St. Paul — August 2016
— Material for initial qualification was selected: ULTEM 9085
— Discussion on specifications and overall plan
« Collaboration with America Makes/AFRL/rp+m program

— Shared resources
— Deliverables and overall reporting are not changing

« Material Partner: Stratasys - Certified ULTEM 9085

— Polyetherimide high performance thermoplastic

— Good smoke and toxicity rating

— Ability to withstand high temperatures — common use in aerospace and
automotive duct work

A Center of Excelence
Jm Advanced Materials in
Transport Aircraft Structures
JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE



TASK 2: Qualification & Equivalency Overview

QUALIFICATION ADDITIONAL BUILDS

| ]
l Build #3
TBD

BUILD

* Outside of current project
scope, but NIAR project

deliverable  will allow or
equivalency process for future
use by any party with the

appropriate  equipment and
process.

Equivalency/Additional Testing

TEST

NOTES
- All qualification and equivalency coupons to
be built on Fortus 900 MC machines.
- Additional Builds
- Phase 1 =Equivalency: Standard
equivalency matrix, 1 lot only, will be
same as one of the original lots for
initial program
- Phase 2 = Additional Testing: Tests
not part of qualification database
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TASK 2: Qualification Methodology
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2 Machines are required for qualification

Notes:

however 3 or more are recommended.
Extra specimens should be tested for each
property and temperature as “spares” to

ensure desired quantity (min of 3 specimens).




NCAMP DOCUMENTATION STATUS

Raw
Resin m
Spec.
Filament
Spec. - Final drafts of material and

process specs - complete
Build and Pack files included
to reduce variation.

NCAMP

Process Specification

Change
Control

Pedigree Qual and Equiv. Test Plans

NCAMP Test Plan finalized
Test Site Inspections
Matrix - Qual.: complete

Equiv.: complete

Ld

Ana

ysis
Material
Report

NCAMP Data Analysis

Controlling the process is essential to succeéss.
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Build Orientation Investigation
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Test Matrix

Tensile Strength Tensile Strength Tension-Tension Fatigue
Compressive Strength Compressive Strength =TSR aAr )

Flexural Strength Flexural Strength

Shear Shear

Open Hole Tension Open Hole Tension

Filled Hole Tension Open Hole Compression

Open Hole Compression IZOD Impact

Filled Hole Compression

Single Shear Bearing Strength *Tests performed at CTD, RTD, RTW, ETW conditions.
Varying specimen thickness ils also incorporated into the
test plan.
1ZOD Impact

Trial studies were conducted to define shear and compression test methods with ISC input.

A Centerof Excelence
Jm Advanced Materials in
Transport Aircraft Structures
JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE




NCAMP Test Plans

Mcmmm

TIONAL CENTER for ADVANCED MATERIALS

Material Supplier Contact: Specimen Fabricator Contact:

Stratasys RP+M

7665 Commerce Way 33490 Pin Oak Pkwy
Eden Prairie, MN. 55344 Avon Lake, OH. 44012
1-952-937-3000 1-440-930-2015

Document No.: NTP AM-P-001

Material Property Data Acquisition and Qualification Test Plan For

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE

- NCAMP has created formal test
plans for Qualification Sites
- ...for Equivalency Sites
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TASK 2: Qualification and Equivalency Printing

SubTask 1: Audit of Material Specification (@ Stratasys Inc.
filament facility), Process  Specification, Process
Control Documentation (@ Rapid Prototype and
Manufacturing LLC)

Date: March 28-30, 2017
Status: Complete with minor corrective actions closed.
Outcomes: Material specification passed quality audit.

Process specification passed quality audit.
Process Control Documentation passed quality
audit.

rp+m AS9100C QMS passed quality audit.
Eﬁinﬁi{}ﬁ’f’f qualification specimens began March
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TASK 2: Examples - Dispositioned versus
Acceptable Specimens

ed Acceptable
— ; - V c Z‘ ?% -
s
Color Striation Bubbles

Purge Blobs

*Sample dispositioning has occurred at all 3 printing locations throughout the coupon
manufacturing process.
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TASK 2: Qualification and Equivalency Printing

Qualification Specimens: (2846 specimens) - Complete

2 Major set backs (one on each machine) pushed back forecasted
timeline considerably

— Issue #1: Machine 1 — tip and tip wipe setup errors

— Issue #2: Machine 4 — under filled specimens due to head output

issues
— Testing results suggest we will have to complete some reprints.

Equivalency Printing: (504 specimens each) - Complete
« Site 1. Stratasys Direct Manufacturing
 Site 2: Lockheed Martin MFC Orlando
« Some reprints will be required from each site.
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Coupon Gauging and Inspection @ NIAR
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Coupon Testing
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Tension Data — Example of Compiled Data

Stratasys Certified ULTEM™ 2085

Tension, Type 1
As Buille, -45/45

Test Temperature [F)
Mohtwe Condition
fquiiteum at T, RM

Print Orienmation Xy XZ 45 D XY X2z
Mean 12.96 1359 9.77 1059 9.73 1118
Minimum 1147 1158 885 788|874 1099
Mamrmus 14.50 1505 10.88 11.88]10.14 12.27
V%) $13 681 477 £32)|337 w2

No. Specimens M 24 24 24 24 24
No. Batches 3 3 3 3 3 3
Mean 354 0%
Minimum 489 S99
Mawrmus . S9s 113
VN 455 S,

No. Specimens 2¢ M
3 3

Mean 0.3 0
0.5 oW
Mawrmus= 0.3 0»
25 1%

24 24
3 3
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Tension Data - Room Temperature Dry

TENSILE STRENGTH [ksi] TENSILE STRENGTH [ksi]
Orientation = ZX Orientation = Z45
1] ?
3 1 g L
£ £
@ %
% 9 ;Is 9
2’| e - — 2
F s "o
7 . . . 7 . r T
A B c A B c
Batch Batch
TENSILE STRENGTH [ksi] TENSILE STRENGTH [ksi]
Orientation = XZ Orientation = XY

=

n - - B
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TENSILE STRENGTH [ksi]
3
TENSILE STRENGTH [ksi]

o
o
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Variability — Machine, Batch

DATA SET RANGE PLOT DATA SET RANGE PLOT
ULTEM 9085. OHT. CTD o e oY

w
=
I
]
<
=

8.0 8.5 9.0
DATA VALUE

— =Mean #Set Averages g 72 T4 T8 78 80
DATA VALUE

NOTE: Batches and machines can be pooled.
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Sample Results — OHT, CTD condition

Additively Manufactured Polymer Material / Stratasys Ultem 9085
Open Hole Tension (OHT1) Strength CTD Condition
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Sample Results - SSB, RTD condition

Additively Manufactured Polymer Material / Stratasys Ultem 9085
Single Shear Bearing 2% Offset Strength RTD Condition
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|ZOD Impact Resistance Data — Example of
Variation within Data

1ZOD Impact

Fortus 900mc
Unnotched

-45/45

Impact Resistance
ULTEM 9085

MH

éZ, . 245
rientation

Impact Resistance (j/m)
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Task 3: Development of statistical guidelines

GOAL: Understanding of how parameters interact and affect variability as well
as final allowables.

« Establish qualification statistical requirements. The factors affecting
variability will be assessed during this task.

« Establish equivalency requirements including specification minimums for
acceptance.

Allowab
les

Data

S—— oo
ency

T limits

A Centr of Excellence
Advanced Materials in
Transport Aircraft Structures
JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE




Task 4: Guidelines and Recommendations

GOAL: To provide guidance to industry for the collection of statistically
meaningful critical data that designers need to utilize polymer-based additive
manufacturing materials potentially including:

« Creation of a shared polymer AM database including test data, material and
process specifications and statistical analysis methods.

« Development of handbook data and guidelines (i.e., CMH-17) — new Volume

« Coordinate with SAE to develop specifications from this program.

 Coordinate with ASTM and NIST on test method development and
modification

« Collaborate with other organizations involved — ongoing
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SAE AMS-AM Committee

Formed in 2015 by request of FAA - to assist the FAA
in developing guidance material for AM certification.
Scope e
» To develop and maintain aerospace material and w3
process specifications for additive manufacturing.
» Tied to the appropriate shared material property
database.
« Ensure material specifications are controlled and
traceable.
Currently: 480+ members, 8 specs and 4 guidance
documents in development

First Polymer AM Spec = ULTEM 9085 and ULTEM
1010

(e
h




Significance of Qualification Program

RESULTS

— First publically available Material Allowables for the FDM Process and ULTEM 9085
— Repeatability proven for the first time — process is controlled

— Understood to be a Mature Process widely utilized by industry

— Control demonstrates machine repeatability through process specification
implementation

— Quantify material variability through process

— Quantify other design variables through process

Several process controlled parameters addressed variability
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Status — Based on FY2017 Deliverables

Completio Milestone /
Activity
n Date Deliverable

Hold kick-off meeting on PBAM 8/24/2016 Milestone

Industry Steering Committee 9/30/2016 Milestone /
- Establish group of participants

- Create online portal for document sharing and data

repository

Preliminary drafts of qualification framework 3/31/2017 Deliverable /
- Material and process specifications

- Test plan

- Conformity documentation

Qualification Builds 10/15/2017 Milestone /
- Site audit complete

- Coupons builds complete and delivered to NIAR
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Status — Based on FY2017 Deliverables

Activit T DAt Milestone /
clivity arge ate Deliverable Complete'-’

Literature Review 11/30/2017 Deliverable
- Conduct a literature review of relevant PBAM
Research.

- Document results of the review in a technical report.

Equivalency Builds 3/1/2018 Milestone ‘/
- Site audit complete

- Coupon builds complete and delivered to NIAR

Qualification Testing 7/1/2018 Milestone /
- Perform physical and mechanical testing on

qualification builds.

— Generate test data for qualification program.

8 Equivalency Testing 8/1/2018 Milestone

- Perform physical and mechanical testing on

N

-
w

-

- - - - - -
. . .\. .O') .01 . . -

equivalency builds.

— Generate test data for equivalency program.

Develop Statistical Guidelines based on qualification 10/1/2018 Milestone
data

Develop Equivalency Guidelines based on qualification 12/31/2018 Milestone
data

NCAMP Reports on Qualification Data 2/28/2019 Deliverable
- Material technical report

- Statistical analysis technical report

CMH-17 5/31/2019 Deliverable
- Submit content, data, and protocols to Composite

Materials Handbook 17 (CMH-17)

Final Report 8/30/2019 Deliverable
- Final Technical Report on the Guidelines for PBAM

Qualification.
A Center of Exce
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Looking forward

 Benefit to Aviation

— First AM qualification database with M&P specs
— Understanding of relevant considerations — how to qualify an AM
process, parameters, sources of variability

 Future needs

— Perform qualification on other AM materials, including
filled/reinforced AM or other processes
— Determine if framework can be pulled to metallic AM

— Machine Variability — machine type investigation

— Building Block — how do coupon properties correlate to part
properties
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