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My scholastic passion: Manufacturing, Sensing, and Analytics.

Neurophysiology Metal Additive Manufacturing (AM)

Seizure Interval

Ultraprecision Machining and Polishing Polymer Additive Manufacturing and
Graduate Studies Aerosol Jet Printing

Diamond Turning Polishing Printed Electronics

4 mm H

Fused Filament




My research goal is to make flaw-free AM parts.

Observing the Process Signatures
Sensing

Born Qualified
Zero defects
Digital Twin

In-process Quality Assurance

Qualify-as-you-build

Modeling Model diagnosis and calibration Analytics

Understanding the Detecting Defects from the
Process Physics Process Signatures




Prior Work with Oakridge

Using graph theory to quantify the dimensional
variation between parts from point cloud data.
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(a) ABS Chamber (b) ABS Platform (c) CF-ABS Platform

Tell what went wrong, where it went wrong, and by how much?

P. Rao, Z. Konyg, Kunc, R. Smith, C. Dyi#&ssessment of Dimensional Integrity and Spatial Defect
Localization in Additive Manufacturing (AM) usidigectral Graph Theory (SCASME Transactions,
Journal of Manufacturing Science and Engineeri38(5),doi: 10.1115/1.4031574

LINK
INC


https://asmedigitalcollection.asme.org/manufacturingscience/article-abstract/138/5/051007/376769/Assessment-of-Dimensional-Integrity-and-Spatial?redirectedFrom=fulltext

This presentation has two parts.

Part |: Ultrafast thermal modeling in AM using graph theory (Slide 157 70).
Part |I: Combining thermal modeling with data analytics (Slide 711 83).
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This work has been published

A.C. Gaikwad, R. Yavari, M. Montazeri, K. Cole, L. Bian, P. Rao,

Toward the Digital Twin in Metal Additive Manufacturing T Integrating Thermal
Simulations, Sensing, and Analytics to Detect Process Faults,

lISE Transactions (Accepted)

10.1080/24725854.2019.1701753

R. Yavari, K. Cole, P. Rao

Thermal Modeling in Metal Additive Manufacturing using Graph Theory.
ASME Transactions, Journal of Manufacturing Science and Engineering
2019, Vol. 141, pp. 0710071-20.

10.1115/1.4043648



https://www.tandfonline.com/doi/full/10.1080/24725854.2019.1701753
http://manufacturingscience.asmedigitalcollection.asme.org/article.aspx?articleid=2733087&resultClick=3
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Ultrafast Thermal Simulation of Metal Additive Manufacturing

Simulate the thermal field in AM in near real-time using graph theory.

A Mesh-free, discrete modeling.
A Faster and error within 10% of finite element analysis.

Graph Theory Finite Element (Abaqus) Commercial Code
18 minutes 180 minutes 30 minutes
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Decreasing flexibility and ability to tinker >




Objective and Hypothesis

Solve the heat diffusion equation using graph theory.
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Hypothesis

The heat equation is solved using graph theory.

Qutcome
Graph theory takes 1/10™ of time to converge than finite element
analysis within acceptable error (10%).
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Application to Flaw Detection: Digital Twin

Innpr ocess sensor data + Theoretical

Actual Part Sensor Data

Pred|ct|on of pores
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Who Cares?

Fundamental research is needadAMprocesses
Integrating modeling, sensing, and process control.

2014 NSF Additive Manufacturing Workshop Report.

Y. Huang M. C Leu,J Mazumderand A. Donmez AdditiveManufacturing CurrentState,FuturePotential, Gapsand Needsand
Recommendationgransaction®f the ASME,Journalof ManufacturingScienceand Engineeringyol. 137, p. 014001 2015



Outline

Motivation & Rationale
Who cares?
Part I: The graph theory approach for thermal modeling in AM
How does it work, and what is different about it?
Verification of the graph theory approach
How does it compare to the known solutions and existing techniques?
Experimental validation

How well does it work in the real-world?

Part Il: Application (Digital Twin)

Combining thermal modeling with machine learning to detect defects

Conclusions and future work

16
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Research Goal

Predict the thermal history in AM parts and use the knowledge to prevent defects.

Poor finish and
overheating

e

Overhang

Powder
Recoater\ '

Powder
Reservoir

I_r

Bed

Metal AM Knee Implaunt

Part quality (geometry, microstructure, surface finish)
in AM is governed by the thermal history.
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Build-and-test is ineffective in AM

Seven identical parts built simultaneously on a commercial machine. Only 2 out of 7 were built defect free.

EL “ -
R
Yoo

- A
@ Balling

3

Warping s <N A :
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Everything is linked to the thermal history

Experiments may span over several years and cost millions of dollars.

AM Software &

Part Geometry i il Feedstock Quality
) Build Chamber
Applied Energy Atmosphere

X Material
Beam Interactions | Heat Transfer ater.|a B
] Chemistry
Process Temperature Melting & Melt

Pool Geometry

Porosity | ¥

Solidification
Cracking, Swelling, _— I
Delamination

W
0 Cool Down Microstructural Evolution
Residual Stress

Substrate
v

> Adherence & Machining
Warping Feature Size & ‘
Thermal Post-Processing Geometry Scaling

J

Vv
Surface Finish —

Grain Size & Orientation

v

Failed Builds

W. JSamesF. A. List, annalaR. RDehoff& S. S. Babu (2016) The metallurgy and processing science of metal additive
manufacturing, International Materials Reviews, 61:5,-369, DOI10.1080/09506608.2015.1116649

Mechanical Properties



https://doi.org/10.1080/09506608.2015.1116649

Rationale 20

It is important to have a simulation capability and models that can predict part
performance, support development of processing and materials strategies, and
enable materials design in an integrated fashion.

W. JSamesF. A. List, RannalaR. RDehoff& S. S. Babu (2016) The metallurgy and processing science of metal additive
manufacturing, International Materials Reviews, 61:5,-365, DOI10.1080/09506608.2015.1116649



https://doi.org/10.1080/09506608.2015.1116649
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Combine process physics with data analytics and sensing to scale AM

Paradigm shift from empirical optimization to physits/en AM.

Materials &
Process
—\ Optimization
Predict
Residual Part Design,
Stresses & Placement,
Warping \_ Orientation, & >
, ‘ Suppons
\\ //;
Y U Thermal \\

—\ History /
Predict _
Microstructure, Sensing &
. Alloy Phases, Analytics
\ and Defects /
\ Process
Monitoring
& Control My Expertise Area




My Vision: Correct-as-you-build in AM

Theoretical Modeling. Theoretical Model + Adaptive Control
— Process Correction

Defect Correction :

* Rescanning the layer I
» Machining defective layer and re- :
|

|

I------------------
I B
I Predict the thermal 4
I bhenomena in metal

=AM in near real-time.

depositing a new layer.

Remove defects, I

Thermal Image Light Intensity Rescanning machining
' with changed o
laser power Machining

and velocity to Head

correct defects
such as pores

. U . ——

Excess’
- Powde

..' t@‘ -«

Acicular‘“ Delamination
Pores Pores and Cracking

Sensing and Analytics for Real-time Defect Defection.
Sensor Signatures + Theoretical Predictions — Defects

F-----——----1
S e L
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Unigue Capabilities for Metal AM in Nebraska

-"__", /! /

- —

LENS®

3D M
3D METAL HYBRID VMC INERT

2 X Matsuura Lumex Hybrid LPBF Optomec LENS 450 Hybrid DED

A Optomec LENS 450 Hybrid Directed Energy Deposition Metal Additive Manufacturing system
A Matsuura Lumex Avance Hybrid Laser Powder Bed Fusion Machine (open atmosphere)
A Matsuura Lumex Avance Hybrid Laser Powder Bed Fusion Machine (inert atmosphere)
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Hybrid AM is the key to Correct-as-you-build.

Hybrid Additive Manufacturing
& (Machining + powder bed fusion)

Only laser powder
bed fusion

Ve

A ' /
P | g ) Hybrid Additive Manufacturing A\
Only laser powder bed fusion " ° ~  (Machining + powder bed fusion) =~ = |

\




Outline

A Motivation
A Part I: Graph theory approach for thermal modeling in AM

How does it work, and what is different about the approach?
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Background to Thermal Modeling in AM

1. Meltpool or smallscale modeling (£00>m)
Focuses on heat source interaction zone (rpelbl)

2. Partscalemodeling(>100>m)
Focus on predicting patével distortion and residual stresses

Meltpool Scale Part Scale Modeling

,? g W : o4
e et LA NECTNe 2 ey > 100>m
<10>m 10>m ¢ 100>m 100>m ¢ 200>m Thermatinducedcracking
Vaporization Melting/Fusion Meltpool dynamics and distortion

W. J.SamesF. List, 2annalaR. RDehoff andS. S. Babu'The Metallurgy and Processing Science
of Metal Additive Manufacturing,” International Materials Reviews, vol. 61, pp-3605 2016. N
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Part-level thermal modeling in AM is computationally intensive

It takes several hours, if not days to conduct thermal analysis of a simple geometry.

THE CORRECT ANSWER REQUIRES VECTOR-BY-VECTOR
COMPUTATION

Without Supports
Layers: 66
Hatches Considered: 17,490
Laser Positions: 13,216,038

With pillar supports
Layers: 233
Hatches Considered: 61,745
Laser Positions: 25,766,422

ANSYS Computational Time :
~150 years

- N
#@) 3DSIM

P @ WWW.3DSIM.COM
.

Z. Luo and Y. Zhao, "A survey of finite element analysis of temperature and thermal stress fields in powder bed fusieMAdditicturing,"Additive
Manufacturing,vol. 21, pp. 31832, 2018/05/01/ 2018.
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Thermal modeling in AM involves multi-scale phenomena

Simplifycomputationby ignoringmeltpootlevel and mesgcalephenomena

Frame 2744
t=1539.7 ms

Residual heat at
overhang

Melt pool

continuing 3" stripe

1) Energy supplied by the laser

2) Radiation on the top layer (part to air)

3) Conduction within the part (within part)

4) Convection between part and surrounding area
5) Latent heat at the melt-pool.

6) Temperature dependent properties

King, W., Anderson, AgerenczR., Hodge, N., Kamath, Khairallah S., andRubenchik A., 2015, "Laser powder bed fusion additive manufacturing of metals; physics, computational,
and materials challenges,"” Applied Physics Reviews, 2(4), p. 041304.

Khairallah S. A., Anderson, A. RubenchikA., and King, W. E., 2016, "Laser powats fusion additive manufacturing: Physics of complex melt flow and formation methsuoif

pores, spatter, and denudation zonegttaMaterialia, 108, pp. 3&45. N
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Graph Theory Approach for Thermal Modeling in AM

Layers to follow Y.
\ v ,-,! s Y. L :.';‘"

Deposited
Layer

Nodes

Step * Convert the part into a set of discrete nodes  Step 2 Network graph constructio

Laser
Sintered Hatch / 1

Fused Layer

Step 3 Step 4 .
A Heating a layer, hatch by hatch, Result as temperature matrix
A Diffusion of the heat through the part which shows the temperature

A Deposition of a new layer history of the part
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The Scientific Problem

Solve the steadgtate continuum heat diffusion equation

Temperature {) Is a function ofpace(X, y, z) and timet)

The Heat Equation (Fouriero6s L

IR VU N B :4 ”
o e o Ta ’

Time (&) Spacex,y;2

K = thermal conductivity = densityd = specific heat




Solving the Heat Equation with Graph Theory

~

r4 Q1 ! !
= o)
o wGa> G T¢>4 &
Laplacian operator

I T
YKQm R T@)

T 4 o
— Y)4 T
5 | )
Thermal diffusivity

'F'Q " (’:J |
Melting point of the material
A0 M 4
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Solving the Heat Equation with Graph Theory

L2 94

— TT

o |
The Key Idea

Replace the continuous Laplacian operator y
with a discrete matrix called the Graph Laplacian fl.

7

y A

1 4 fl )4
T_(‘)l() LAt

Why do it this way?
The second derivative term does not have to be solved.



Solving the Heat Equation with Graph Theory

1 4 fl )4
T_(‘)|() LAt

First Order differential equation Y separate variables and integrate.

@ 10

@ 10
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Solving the Heat Equation with Graph Theory

4 Q M 4
Decompose fl into eigenvalues and eigenvectors
fln nv¥
fl n¥n

Eigenvectors df are orthogonal
n n

fl . n¥n

4 Q C )4

The Heat Equation is solved as a function of the
Eigenvalues (¥) and Eigenvectors (i) of the Discrete Laplacian Matrix (fl)

NI
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Simplify Q@ ¢ )

Taylor Series Expansion

nQ () nee

(1| (0% (| W0gde (| 0% .

=1

pPA CA oA
pan @O, @)@
| Gﬁ 0 -
Eigenvectors are Orthogonalnn p
ny¥ya n on NGt 0N £
PA CA oA
4 nQ ()n4

%0 C I%se
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Solving the Heat Equation with Graph Theory

The Heat Equation is solved as a function of the
Eigenvalues (¥) and Eigenvectors (n) of fl

4 nQ (Jna

Cis called thegain factor
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Even Ei nstei n was all owe

Cosmological Constant

~ 8nG

1
R,ul/ _ ERg,uV =+ Eg;u/ — C—4T,ul/7




1.
2.
3.

Advantages of the graph theory approach

4 nQ (Jn4

No meshing steps.
Freedom to discretize time ointo any desired length.
Does not require matrix inversion; only matrix multiplication.

How to obtainn andx?

38
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N andy are obtained in Step 2

Layers to follow Y.
\ v ,-,! s Y. L :.';‘"

Deposited
Layer

Nodes

Step * Convert the part into a set of discrete nodes  Step 2 Network graph constructio

Laser
Sintered Hatch / 1

Fused Layer

Step 3 Step 4 .
A Heating a layer, hatch by hatch, Result as temperature matrix
A Diffusion of the heat through the part which shows the temperature

A Deposition of a new layer history of the part
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Obtaining the Laplacian Matrix (fl)

Connect nodes with a radius ®mm
Layers to follow

S

Deposited
Layer

Step 2 Network graph construction

Find the Gaussian distance between nodes (o0 o)(o @) ] ]
(Closer nodes have higher edge weights) ] Q

Similarity matrix

Y o OK[a ]
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Obtaining Eigenvectors (i) and Eigenvalues (¥)

Similarity matrix "YK [1 ]

Degree matrix

Q M T
Q ] "KIlImTm Q T
T T ’Q_

Sum each row of the Similarity matrix, and put it on the diagonal

Laplacian matrix

fll KT Y



Obtaining Eigenvectors (i) and Eigenvalues (¥)

Laplacian matrix

fl KC 7Y
fl ;7 and“Yare Matrices of real positive numbers
. - 1 E 2
Q m T P . =
fl m Q 1 : A,J = QE : ~
m m Q © c ©
i . ] E p |

fln =¥n
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Outline

A Part I: Verification of the graph theory approach

How does it compare to the known solutions and existing techniques?

¢ Graph Theory vs. exact analytical solution
¢ Graph Theory vs. finite element for AM

A Experimental validation of the graph theory approach

Part Il: Application (Digital Twin)

A Conclusions and future work
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GreenoOs Foalysist i ons

Exact Analytics solution to the heat equation in simple shaped bodies.

Cole, K. D., Beck, J. V., Haji-Sheikh, A., and Litkouhi, B., 2010,
Heat Conduction Using Greends Functions,

Cole,K.D.,2018, nParall el epiped with Insul ated I
Conditiono EXACT AnalyticalinkConduction To

u

Exact Analytical Conduction Toolbox (EXACT) at UNL
www. exact.unl.edu


http://exact.unl.edu/exact/contents/display.php?eqtype=Heat%20Equation,%20Cartesian,%20Three%20Dimensional&&name=Parallelepiped%20with%20insulated%20boundaries%20and%20piecewise%20initial%20condition.

. . . . 45
Comparison with Exact Analytical Solution

vdzk YGATFE GKS | OOdzN> O 2F 3IN) LK GKS2NE

|l nsul at ed

Point 2 o
. \ — 1 T
bounda @e& \\\\\\ % —F’Dint1
$ \ £
Point1 < § E06}
N o | S
s =
5 N\ go4
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\ © 0.2
\ A E
T\ Z 0 0.2 0.4
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Graph Theory vs. Gr e e Funcgon Solution

Graph theory captures the physics of heat transfer imanlatedcuboid

1 = = Graph Theory at point 1
= = Graph Theory at point 2
0.8 — Analytical at point 1
o 9 - Analytical at point 2
Q>
N <06
(_U -
€8
‘6 % 04}
Z 2
0.2
0 1
0 0.2 04
Time
Number of nodes computational time Mean Absolute
[seconds] Error
80 0.97 10%
800 1.55 7%
4,000 38.14 5%

8,000 236.64 3% N
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Graph Theory Comparison with Finite Element Analysis

Graph theory solution converges much faster than FE analysis for a fixed error level

Initial cool zone (Normalized temperature equal to 0)

»

»

Initial heated zone (Normalized temperature equal to 1)
Step 1- Mesh generation Step 2- Define boundary condition and heated zone
observation point 2 {0.75, 0.75,0.75}

28,

observation point 1 {0.25, 0.25, 0.25}
Step 3- Heat diffusion to steady state

Error Graph theoretic approactime (sec.) FE analysis time (sec.)

~ 5% 237 3,540
4mi ns 59Mi ns
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Outline

A Motivation

A Part 1: Graph theory approach for thermal modeling\ivi

How does it compare to the commercial solution?

¢ Graph Theory vs. finite element vs. Netfabb for AM

A Experimentalalidation
A Part 2 Digital TwirApplication

A Conclusions and future work
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Effect of Part Geometry on Heat Flux

Two different part geometry studied in the contextld?BF

1.5ﬁ, «

2.5

GShaped Part Modified GShaped part
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Graph theory converges to similar trends as FE.

Normalized Temperature

o o o
~

o

15
10
]
T1 Zoomed-In

_________ === Finite Element - - 1
T1 | 1 i —-—Finite Element| |
Graph Theory. | 4 4 |==Grapn Theory I
| 0.8F 3 :

r
. I :% H ||
o i I 0.6 .! ii 3 |
Sensor Location 10 mm I |i It I
| 0.4} 1 :
: 1 |
I 021N 1 [
| I
| 0 i i I
I 100 200 300:
__________ | I :_ (c) Time Steps |
200 400 600 800 e

Time Steps One layer consists of 4 hatches

Graph theory captures heat accumulation in the
overhang region of the C-shaped part.

20

® Sensorlocation
#® Hatch peak
—>» Laser path
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Graph theory captures the effect of change in geometry.

© 1 === C Finite Elerment —-="Finite Element| |
5 | —Graph Theory —Graph Theory_ |
-Ej' 0.8 I | 1 :
o |
3 | |
£ 06 | 1
l_ :::' & _|T : I
8 04 H LA |
N ' |
© One layer consists |
g 0.2 of 4 hatches 1]
2 N T1 (Zoomed in) :
| i i |

0 200 400 600 800
TimeSteps |l |
Graph theory predicts the heat diffusion facilitated by supports. N



Graph theory converges to similar trends as commercial software.

52

8% 8,000 41 min

Graph Theory Netfabb

© ]
() T
Q T
© T
e uE
({) g
© i
©
()
o
)
<
P
S
e;
D
o
S| N

Error . Graph theory .

(SMAPE) Total number of node: approachtime FE analysis time
16% 1,000 0.5 min S
10% 5,000 18 min min

(2,000elemnts




Conclusion from Verification with FE

Graph theory simulates the thermal field with error
less-than 10% and within 1/10% of time of FE.

53
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Outline

A Experimental validation of the graph theory approach

How does it stand up to the Areal wo

Part II: Application (Digital Twin)

A Conclusions and future work
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~ Imperial College
& London

Vst

The experimental data of this study are provided by
Dr. Paul Hooper at Imperial College, London

20

60
10

42°

2" 5200 mmx 125 mm

Williams, R., Piglione, A. , Ronneberg, T. , Pham, M. S., Davis, CHdopead P. A, 2019, Tn-situ thermography for laser powder
bed fusion: effects of layer temperature on porosity, microstructure and mechanical propeAiditive Manufacturingln Press N
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Experimental Setup

A thermal camera is used to measure the surface temperature on the top surface.

Thermal camera is calibrated offline using a black-body cavity method.

Scanning Optics

LWIR Camera

20

Recoater

60
10

42°

2

Build 2

((I?ul'”ddl ) (Inverted Cone)
ylinder

i 316LStainless Steel Material

Layer thickness: 589 Y
point distance: 40> Y exposure time: 56 a

I\



The first two test parts have a simple geometry
Even coarse FE analysis will perform well.
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Cylinder is built in three phases to induce change in the surface temperature.

Phase 1Print 9 cylindersdia. 8 mm, L = 60 mm)
Phase 2Print only the middle cylinder.
Phase 3Print all 9 cylinders again.

1600

1600 1600

1400

1400 1400

1200

1200 1200

1000

1000 1000

800

800 800

600

600 600

400

400 400

Phase 1 Phase 2

Powder

[

60 mm

<

Change in the build plan causes variation in the Hager cooling time (ILCT). N



Surface temperature is a function of interlayer cooling time (ILCT).

Build all nine cylinders

Top surface temperature for
1200 layers (171 minutes build).

Phase 1
ILCT=10s

900
800
700 |
600 |
500
400 |
300

Temperature K

1 W
|

Increase in ILCT linked to decrease in surface temperature

Layers

NI
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Graph Theoretic Thermal Modeling in AM

Edges

Nodes

Step 1 Convert the part into
a set of discrete nodes

Super Layer Fused Layer Diffusion

Step 3
A Deposition ofsuper layers

A Diffusion of the heat through the part

Step 4 Obtaining the result N



Simulating the deposition of multiple layers
(metalayers/superlayers) favors FE analysis.
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Close match of graph theory and FE predictions.

900 ,
m— E xperiment
m—EA (SLT = 0.3 mm)
800 |I= =Graph Theory (SLT = 0.3 mm)

\I
o
o

Temperature (K)
3
o

500

400

300 . . : ! .

0 200 400 600 800 1000
Layer

ActualBuildTime171minutes
SuperLayerThickness 0.3mm 0.5mm 0.3mm 0.5mm
ComputationTime 34 minutes 22 minutes |27 minutes 15 minutes
MAPE 8 % 18 % 6 % 14%
RMSEKelvin K) 338 481 14.5 338

Graph theory converges faster than FE, and has slightly smaller error. N



Build 2 (Inverted Cone)

63

a0

100

250

300

Frame 009002 t=00:02:30.03

Inverted cone e
top surface
| 1400
| 1200

800

Temperature (K)
o
o
o

600 f

17

c.)

e
>

0 50 100 150 200

Build time: 51 minutes

50 100 150
X (pixels)

200

600

400

Inter-Layer Cooling Time (S

- a4 o
o w

O
O

- N

©

Both surface temperature interlayer cooling time increase during the build.

Build Height (mm)

25 5 75 10
T
Y
e‘ )
g=

point of the IR camera

Layer

Build Height (mm)
25 5 7.5 10

0 50 100 150 200
Layer NI



Change in surface temperature leads to
microstructural heterogeneity and flaws.

Need to adapt ILCT and processing conditions to avoid flaws.

/

s ooy |

75 pimi :
TN S N
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Close match of graph theory and FE predictions.

1600

1400

—_—
N
o
o

Temperature (K)

1000

[ xperiment
= FEA (SLT = 0.2 mm)
=== Graph Theory (SLT = 0.2 mm)

Upper calibration
point of the IR
camera

0 50 100 150 200
Layer

ActualBuild Time53 minutes

Finite Element Graph Theory

SuperLayerThickness 0.2 mm 0.3 mm 0.2 mm 0.3 mm
ComputationTime 54 minutes 48 minutes | 41 minutes 35 minutes
MAPE [ 9% | 14% [ 8% | 9%
RMSEKelvin K) 37.7 73.0 26.0 35.4

NI
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Qutcome

Graph theory simulates the thermal heat field within error less than 10% o
experimentadata, andis about 25% faster than coars&A
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Experimental Validation with a Large Part

1600

1400

1200

1000

800

600

8 inch-wide, 1.5-inch high
316L Stainless steel part
16-hour build time.

400

Video of Infrared Thermal Images

B Imperial College N
4&JP London




100

120

140

160

180

200

220

240

68

Surface temperature varies due to change in cooling time and surface area.

40 60 80 100 120 140 160 180 200 220

40 60 80 100 120 140 160 180 200 220

800

40 60 80 100

0 140 160 180 200 220

= E xperiment

Temperature (K)

N
o
(@)

(©))
o

o)
o

o)

200

400
Layer

600

40 60 80 100 120 140 160 180 200 220

120

40 60 80 100 120 140 160 180 200 220

I\



Two simulation strategies to reduce computation burden

Strateqgy 1
Radial slice

Strateqy 2
Horizontal Slice

69













