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Standard Qualification Approach

* Documentation
- Part Design Package with Revision
- Manufacturing Procedure/Process Plan
- Inspection and Testing Plan

- Applicable Rules, Industry Standards Feedstock
* Qualification Technical
- Procedure Qualification Requirements
- Material Qualification — AM Facility for Application
- Prototype Part Qualification — AM Part for
Each Specific Part Post Build

* Production
- Qualified AM Process
- Agreed Inspection and Test Plan
- Quality Control
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Part Design

Part Design Package

Technical Specification Engineering Design Materials Specification

Part Solid Requirements for
Model/Drawing Mechanical Properties

P : Requirements for Other
Specific Digital Design Properties such as

for AM Fatigue, Corrosion etc

Engineering
Calculation/Simulation Non-destructive Testing
for Alternative Design

System/Equipment to be Installed
for Function Requirement

ABS Rules or Industry

Standards

Load Tests

Specifications by
Designers

Pressure Tests

Balance Tests etc.

Approval for Alternative
\WEGCE]
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Design Requirements

Design Criteria
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Feedstock

Powder Specification Wire Specification

- Material grade - Material grade

« Chemical composition « Chemical composition

- Powder manufacturing process Wire size

« Post-atomization classification The applicable additive
Powder size & distribution manufacturing process

* Powder morphology and internal Documentation
microstructure

*  Flowability

* Applicable AM process

* Documentation




Build Procedure Specification

PBF and DED Procedure
Industry Standards Specification

« AWS D20.1 for Specification for + Heat Source

Fabrication of Metal » Deposition
Components using AM  Build Environment and Other
« ASME PTB-13 for Criteria for Parameters
Pressure Retaining Metallic « Procedure Qualification Record
Components using AM (PQR) — Pre-build, Build and
 ASTM F3303 for PBF Process Post-Build

« ASTM F3187 for DED Process




Inspection and Testing

ABS Rules for Materials and Welding
and the applicable sections enclosed in
other ABS Rules for application

ASTM A751 for Chemical Analysis
ASTM A370 for Mechanical Testing
ASTM EB8 for Tensile Testing

ASTM E23 for Notched Bar Impact
Testing

ASTM E10 for Hardness

ABS Guide for Non-Destructive
Inspection or ISO 5817, ISO 10675-1

Other recognized standards, such as
ISO, ASTM, API, ASME

10 | Qualification and Certification for Additive Manufacturing Supported by Model-based Approach

Special
Properties, if
required

Dimension,
Features,
Surface

Surface
Defects

Testing Report in
accordance with
Rules/Guides, industry
. standards or designer’s |

e ek Volumetric
specifications

Defects

.I Tensile and Chemistry and
Charpy Microstructure




Standard Qualification Approach

Challenges Standard Approval Tests - Materials

@ ¢

« Standard qualification approach is not suitable for AM Stjarjccia[drApproval Tests Parts .

benefits in spare parts, obsolete parts, small batch
production.

* High approval test scope is big hurdle for expanded
adoption.

IZABS

« Qualification is linked to each part design, material grade
and AM machine.

 Qualification/approval cost is high.




Risk Assessment

« AM Test Level 1, 2, 3

llCritical application (Test Level

3, High)

- Semi-critical application (Test
Level 3, Medium)

sllNon-critical application (Test

(<20%,
>10%)
©
(@)
(@)
= (<10%, >5%)
()
4
—
(<5%)
1 2 3
Risk Assessment Low Medium High
= Likelihood x Consequences
ISO 5817 ISO 5817 ISO 5817
Class D Class C Class B

AM Level 1, 2, 3

Consequences (Increasing Severity >>)
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Rapid Qualification by Model-Based Approaches

Expert System/knowledge-
Based Approach

In-Situ Process Monitoring
Approach

Physics Model Approach

Guidance for AM Industry —
Rapid Qualification with
Verified and Validated Model
Based Approaches

Process

AM Process
Parameters

e
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Porosity &
Defects

—{ Grain Size

Surface
Roughness...

N

.

Quality Assessment
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Mechanical
Properties

. J

Dimension
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Physical
Properties
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Expert/Knowledge-Based Model

* User’s Request

- Knowledge O _
Acquisition N | et

User

Inference /
Prediction
Engine

— Data to Knowledge
Transformation

- Hybrid Knowledge
for Prediction

 Inference and
Decision-Making

Knowledge-base
for rapad
quahification

Buffer

Knowledge
acquisition module

Data-to-knowledge
transformation
module

- — T,
Inference and L'I-.-:--:isim:-?xbuu\
\

MongoDB
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Reduction of Test Scope Supported by Expert/Knowledge-Based Model

g Ti-6Al-4V TioAlav
* Expert-System or Statistics Model 1400 10.0
3 8.0
£ 1200 : 3 L= 6.0 .
-~ T B,
)= 1 EE o test = 000 g W £E 2o .
- X) = e 2\ o or tes g 200 t [5e™ 2% o0 =
A o2 ! = s S < 2o
data from literature or 000
B vield i BN [ T B Vield Asias Bl E-Enmn, Asinonopi, Yl B e PEF, Amisstnosic, Yadd
ma n Ufa Ctu rer viel Wrongkt Bl UTS i M UTsinZ Bl Toveadin-DETY, Amistzopsic, Yicld EEuss, Anwoic, LTS
B vrsas-cas (Bl wrs wreaght Bl 1 anerPHE, Anisstropis 1515 B Ponsder- 13001 Anisatropic, L7TS
- Design required y|e|d and Yield, UTS and Anisotropic Coefficient in X/Y and Z direction for E-Beam-PBF, Laser-PBF and Laser-
UTS Powder-DED Ti-6Al-4V

Kok, Y. Anisotropy and Heterogeneity of Microstructure and Mechanical Properties in
Metal Additive Manufacturing: A Critical Review, Materials and Design, 2018, 139: 565-586

m Yield, ksi Charpy, ft-lbs at 0 °C

— Anisotropic coefficient

* Reduce Test Scope for Approval Avg. Std. Dev. Avg. Std. Dev.
Tests X 86.2 0.78 95.5 2.89
Y 86.0 1.38 - -
v 76.2 1.17 79.3 1.53

ASTM F3184 for PBF 316L: Min. Yield 30.0 ksi
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In-situ Monitoring and Machine Learning Model

* In-Situ Monitoring Flaw

DeteCtlon Past-processing to facilitate supervised machine learning
: High-res | Ground Truth Labels
- PZ =1 — sl sl Lt CT Scan {Actual Flax Locations)
N N — - Autorated
.’X,'=S(x) (Pl)x(l — Pl)N X’ Data acquisition in ] | Defe-:tlﬁ‘l.:ler::-lz;n{itian_
o build chamber | Data Correlation ' and CT Data Re gistratian
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Flaw Detection by In-situ Monitoring and Machine Learning Model
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« Ground Truth  Ground Truth

* Original )

* Oiriginal
Predictions

Predictions

* Filtered Prediction
for Multi-Spectral
(Left)

* Filtered Prediction
for Layerwise
(Right)
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Physics Simulation Model

* Physics Simulation

Inputs/Parameters AM Build

Process Final Part
AM Build Process

Outputs/Parameters

Physics Simulation Surrogate Modeling

Parameters Parameters Residual Stress
Materials Properties v 4 Displacement
Materials _
Properties for Deformation
Heat Transfer
v f
Temperature Mechanical
in Time and ™ R
Spatial Scale esponse
5
(1) 2) (5)

Residual Stress or

Distortion

N

>
3) J (4)

Experimental Uncertainty

Approach Quantification

Fine Scale Model
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w1 1054 130

(a) = - (B

5 ¥

(7
.

. g i
g g - = o - : v T { o = - f 1 {
A SRR
| L ORREE [na e
Time Last time step
D /Il-wm /Hl.iwrs
Thermal histories without reheating effect Residual Stress
Time _ Last time step
|j
Layers /'grers
Thermal histories including reheating effect Residual Stress

VI~ 3
VIRGINIA TECH %’*ABS



Distortion and Residual Stress Prediction by Physics Simulation Model

« Cylinder Test Artifact Results — Part Scale Model
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Distortion and Residual Stress Prediction by Physics Simulation Model

* Nozzle Ring Results
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Summary

Purchase Specification Manufacturing Procedure Rapid Qualification

« Part Design Package — Solid * Manufacturing Procedure and * Reduced Essential Parameters for
Modgl_anq AM Final Material Specification Range of Approval
Specification * Inspection and Testing Plan « AM Level 3, 2, 1 — Qualification for

 Test Level —AM Level 1, 2, 3

« Any Additional Requirements for Material ificati
Intended Application * Material Qualification - Partial/Full Replacement NDT
« Part Qualification using In-situ Monitoring Tool

Specific Part, by Part Family or by

* Procedure Qualification Design Feature Family

« Reduced Test Scope by
Recognized Test Data from
Literature or Manufacturer

+ Potential Qualification by Material
Group
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Recent ABS Projects on Additive Manufacturing

« ABS Requirements for Additive
Manufacturing

» Robotic Arc Directed Energy Deposition
(DED) — Marine Component or Repair

* Rapid Qualification of Metal-based AM
Supported by Models

« Shore-Based Additive Manufacturing in
Support of MSC (Military Sealift Command)

« Scaling Up 3D Printed Steel Castings

« Crane Hook with Design Load 80 Metric
Tonnes using Wire Arc Additive
Manufacturing

* Implementation of AM Spare Parts Onboard
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