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AM: Complexity «for free»

Traditional manufacturing

In control surface

Additive manufacturing

Complexity vs inspectability

«The limited stability and repeatability of the process still represent a major barrier for the

industrial breakthrough of metal AM systems»
(Mani et al., 2015, Tapia and Elwany, 2014, Everton et al., 2016; Spears and Gold, 2016)



Why?

PROCESS
4 )

CONTROLLABLE
Laser velocity

Laser Power

Laser Beam Diameter
Layer thickness

Inert Gas Flow Rate
Inert Gas Flow Pattern

Scanning Pattern «Process mapping»

PREDEFINED
Powder Size
Layer thickness
Packing Density
Absorptivity
Reflectance

\Build Plate j

Source: NIST -NISTIR 8036

AM: costs, times, sectors
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PRODUCT

Dimensional deviationg
Geometric deviations

MECHANICAL
Strength

Hardness
Thoughness
Fatigue Resistance

PHYSICAL

Residual Stresses
Surface Roughness
Porosity




From product data to process data

(in-situ in-line)

PROCESS PRODUCT

Acoustic emission

video-images
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- Anomaly detection (waste and time savings)
Why not? - Increase processunderstanding and support process optimization
« Supporting “unmanned AM”
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. «in-situ» AND « monitoring» AND «additive » AND « manufacturing » (Scopus)
In-situ March 112025

Documents by year

monitoringin .
AM: why? o ~5700
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Are we really creating impact?
s Are we ready for insitu qualification?
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In-situ
monitoring for
qualification
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Sensor Technology 1 2B . s 6l 7 _8 9

Optical Imaging o s
Thermal Imaging . - ©®

Spectrometer

|HLHHULULLDT9 .
Displacement Sensors .
Ultrasonic . [ ]
Eddy Current .
Accelerometer
Microphone .
X-Ray (ELO) .
L]

Neutron Diffraction .

@ 2020 @ 2025 Outlook
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Geometrical and dimensional errors
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Effectiveness of insitu monitoring in real industrial settings 13
S

d-esa @)roumenco
I 'A‘ European Space Agency
> LEONARDO S

Main Mirror Support of the High-Resolution
Spectrometer for the Flex Mission
Material: AISITOMg

Thrust chamber of M10 liquid rocket
engine for VEGA-E launch system
Material: In718

Phase 1: structural integrity Phase 2: in-situ monitoring

logo,

oy

» Define maximum allowed defect sizes for a « Develop an enhanced insitu process
highly loaded, mission critical part through monitoring method (PMMs) to detect the
fracture mechanical methods critical defects size



Defect

catalogue
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IAMSPACE - Rome, Dec. 13, 2024

Defect class Defect subclass

Vel e e erad e | NG S Tel L shrinkage, oversizing, super-elevated edges, warping, geometrical/dimensional deviations

and geometrical

Micro-geometrical (Surface)

Microstructure and inclusions

from nominal

roughness, balling, stair-stepping, dross formation, sagging, partial powder melting (sintering)

Residual stress-induced

Volumetric (porosity)

+ Atlas of the defects
* Root cause analysis
* In-situ sensing
Level o - ﬁ Signals from sensors embedded into
1N \’/i_’ the AM system (chamber control,
PPN automation, ...)
—/ Powder bed & printed slice (powder
it g & / bed inhomogenity, geomeltrical
0w distortions, surface patterns, ...)

Level 2 Scan track (process by-products:
spatters & plume, hot/cold spots,
healing/cooling gradients, ...)

Level 3 Melt pool (slability of size, shape,

intensity, temperature distribution, ...)
o
Level 4 ' Under the layer (melt pool depth,

sub-surface pore and erack formation,
support detachment,...)

thermal stresses, cracks, delamination

lack-of-fusion, keyhole porosity, gas-induced porosity

microstructural inhomogeneity, contaminants inclusions, other material inclusions

Process parameters related
High energy
density"

[Process conditions related)

5§ Process gas entrapment’

[Process related|

[Process conditions related]|

Low energy
density

IProcess parameters relatedl

IProcess conditions relaledl

High energy

(1) Roughness
(2) Balling

(3) Stair stepping
(4) Dross formation

density™**¢ //‘/‘ (5) S
aging
L Reconting errors (6) Partial powder melting
b
ntering Lack-of-fusio
[Process parameters related] [Process conditions related] ities
Surface defects
[Process parameters related) [Process conditions related|

|Feedstock-related| |Design-related|

IDimensionalandGeornetrica\defecul i walls

Microstructural defects;
and inclusions

mplex features

Grasso & Colosimo, 2017, 2021
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In-situ process monitoring method (PMM) selection

+ Maturity of the sensing solutions
To identify the most suitable PMMSs, a scoring

system (1to 5 - 5 being the most mature solution . _
for anomaly detection) was developed considering: * 1€chno-economical gains
- Applicability to the IAMSPACE objective (phase 1)

- Defect detection probability (based on literature, industrial practice)

~ N
‘ FROCESS PROCESS SENSING COMPAID! RELATED FROBADY O% JECHNO: APPLICABILITY TO Selected
MONITORING WITH PROCESS MATURITY DETECTING A ECONOMICAL SCORE COMMENTS
‘ SIGNATURES | METHODS DEFECTS CASE STUDY PMM
METHOD CONTROL DEFECT GAINS
\ Dimensional
h High Hyenvse (imy ::f\:med .Mmean(al
Powder bed | powder bed | Off-axis imaging in | imaging - recoating | ‘:'“m“ . g:l)e(ls High - but affected by | (| oL s — g YES selected  because
inhomogeneity | image visible range ::::jl\“:’lﬂx)wlu)ll is "'“’uwul o lighting conditions ® © of highest score
systems) defects
Porosity
Selected  because
High Layerwise Low (ot High - but affected by of high score, same
imaging - Possibility to lentad Difensional lighting equioment of
y o | reject defective parts e e conditions/Shrinkage e
Printed slice | printed slice | Off-axis imaging in in industrial and Powder bed
e ——— or to stop their | S 1 and  thermakinduced | S High S High S 4,2 YES
eomet image visible range system, but geometrical inhomogeneity
geometry manufacturing if the distortion may not be
with high defects and high potential
process gets out of captured on a layer-by
potential) in  commercial
control layer basis
| 1 | systems |
Low long  time Medium-Lot 3;1enslonal
Off-axis  NIR/IR | exposure  image SeR o Low - high variabiity of
: i (implemented geometrical =
Slice dynamic | sice  thermal | video imaging | Possibility to mark | oniyinone | 2 | defects thermal map intensities | 4 High g P 7 NO
signature map (€0S Optical | outlying behaviors of may  mask  actual
Tomography) the printed  parts '““S‘;“r""‘;' (Wnked ‘: 'Z anomalies
during the process Sy it
| hot spots) 1 | |
Low (not
Medium High
ente 1,
Co-axial  video | Simple video structure ot ::;“’"’“ Medium - the defect is
Size and shape | imaging in visible | - computational time | 4 ‘:‘:’(em‘ ot |3 DG indirectly  correlated | 3 Medium 3 High 5 3.2 NO
and NIR/IRrange | compatible with fast ety 288INE. with the signature
st i with high roughness)
| R potential) — _ 1 1 |
Medium - High - Low - the defect &s |
Melt 00/ ,
e — Simple 10- 4 | Medium-low | 2 | Porosity indirectly  correlated | 1 Medium 3 Medium 3 NO
monitorin signal/Simple video (Co-axial with the signature
Co-axial video structure pyrometry
Radiation imaging in the | computational time implemented Swrface
intensity vls-blog range/Co compatible with fast i sorie Defects Medium - the defect is Selected  because
4 5 X
Sl oy o 4 industrial 2 | (Dross, indirectly  correlated | 3 Medium 3 High 5 34 YES of the  high
SagRing, with the signature potential
thanks to simple systems) x )
image structure b




Geometrical
deviation from the
nominal shape:

1. Ashape-agnostic
image analysis
approach

Deviation from the
nominal shape and
related
uncertainty

Self-starting
anomaly detection
procedure
developed

IAMSPACE - Rome, Dec. 13, 2024

In-control

Missing material

Out-of-control

X
7
f

Missing
¢ SIINE =
_ /. madterial,

[ Layerwise image J

L Mask with nominal shape ]

Step 11. ......................... l ......................... 1
{ Image pre-processing :

[ Image smoothing ]

Pixel intensity correction of
scanned stripe offset

—
—J

1.5

Deviation map estimation
and computation of

Deviation [mm]

0.5

statistical descriptors

Step 4 7 l
Statistical process
monitoring of the deviation
form the nominal
(Control chart)

Moving window control chart

self starting :
approach

defect

®

Real
defect

------------- i.- bnlog & b PTG
: \ TNy e men
—
100 120 140 160 180

Layer

The approach is able to avoid false positive and false negative!
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PPM for Defect "
geometrical - _
deviation Sensitivity to Defect size
Max deviation Max deviation Max deviation
0.5mm 1mm 1.5mm
) SenSItIVIty Defect sizes

 Robustness
» Effectiveness

Robustness
1. Machines:
« EOSM 400,

 (Customized Prima
Additive@POLIMI)

2. Sensor configuration
« camera location

3. Materials (AISi10Mg*)

IAMSPACE: PREPARATION OF ENABLING SPACE

JECHNOLOGIES AND BUILDING BLOCK'S:-‘
AM PROCESS MONITORINGAND STRUCTURAL™
INTEGRITY

*similar campaign on In718




Camera setting and architecture - the existing solutions

Industrial AS-IS Industrial improved Novel
Machine EOSM 400 Machine 3DNT @Polimi Machine 3DNT @Polimi
Camera model iDS UI-5490SE Camera model iDS UI-5490SE Camera model Line scanner
Focal length 25 mm Focal length 8.5 mm Working distance 15 mm
Working distance 600 mm Working distance 400 mm Resolution 21 um/px
Resolution 50 um/px Resolution 80 pm/px Conﬁguratjon Blade-mounted
Configuration Off-axis (front Configuration Off-axis (top

viewport) viewport)

In
Y
Y
Y
Y
.
Y

Recoater

‘
v, -
N
.
e

Top
viewport

Front}
viewport

Refoater coater

[ | Baseplate Baseplate




Scan it:
The intelligent
recoater

Size and sensing
matter!

High resolution (21 um/px)

Built-in illumination

Color imaging (discoloration,
oxidation can be observed)

Line sensor (encoder is required for
synchronization and 2D image
reconstruction)

Contact Image Sensor

TR S N I S N S S A N S N

Flatbed Scanner Powder Bed Fusion

Contact image
sensors (CIS) -
usua”y Used Inour prlnter Contact Image Sensor + Powder Re-coater
scanner 3

Powder Bed Defects Map

Jut-of-focus zone In-f

Synchronous line scanner mounted on powder recoater for powder bed topography (5
um/pixel)

Non-uniformities in the powder bed are identified by quantifying out-of-focus regions in the raw
scans
Camgrg | SCANiT Camera | SCANiIt

*&k @sa ‘ SYRLELET R
European Space Agency o :i ; SCAN if




Effectiveness
(Probability of Detection - POD)

We explored the Probability of defect detection to characterize

our PMM solution as a function of the defect size.

100% A

80% A

60%

Industrial
improved
40% A

Probability of detection

20% A

0% 1

Industrial AS-IS

—— Configuration 1
—— Configuration 2
—— Configuration 3

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

Defect size [um]

Significant improvement in the POD can be achieved by

improving the sensing solutions

Max deviation Max deviation

0.5mm 1mm

Defect sizes

Max deviation
1.5mm

Industrial
improved

Industrial AS-IS

- SCANit




Colosimo and Grasso, JQT 2022 -ASQ Brumbaugh

Metamaterial or lattice structures

Lattice structure
(i, , k)™ unit cell

e ‘
JEE2 7,

" ]
12/Y
1 2 - 1
X

SPACE RACING MACHINERY BIO

_ Undersizing  Excess of Irregular Porosity and
. . As-built and lack of material thickness, cracks
Exa m p | es Of defects I n I a tt I Ce As-built OVe‘Hq Strut thickness variation Porosity inside structs

structures 8 o
(Liu et al.,, 2017, Melancon et al., 2017, Dallago dm. ion
et al, 2019)
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Powder bed
camera

Geometrical
deviation via
off-axis
Imaging

Powder bed

AddMeab

Lattice structure Layerwise evolution of the
real geometry (Xray CT/insitu imaging)

o e e e Layerwise evolution of the deviation
© s e Real (printed) vs nominal shape (CAD)
- il A o " o
* * - - & & & &
* * * @ < < 9
L ' lution of LT
_ ayerwise evolution o s e e
Nominal geometry (CAD)  tha nominal geometry (CAD) e o ¢ e
v« & Deviation index
* - - - -@
. . - >(é
'

X-axis



01/MN/24

Geometrical
deviation via
off-axis
imaging

Lattice structure

BM Colosimo - ICAM 2024

z

y.

Real geometry

L)

7

\/

N

cell as afunction of z

Layerwise evolution of the deviation
from the nominal shape in each single cell is a
profile

8,k

500

450

400

350

Colosimo and Grasso, JQT 2022 -ASQ Brumbaugh Award

'+ Real vs nominal

'
'
'
'
'
'
'
'
'
'
'
'
'
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Nominal geometry i Deviation on the single
'
'
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'
'
'
'
'
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B-Spline Fits

300 N7

250

200 | JIARN

150

100

50

100 150 200 250
Slice along the build direction (z)

300

6ijk(2)

Unit cell deviation
along Z

0 50 100 150 200 250 300 350 40¢
> z AR Z 3 . I ke

N | | ‘ S R | P 7
Slice along t ui irection (Z

RRARPPY:
\ M,/»W/\w\v\ A \\%

(] 50 100 150 200 250 1300 350 __400

BSPLINE FUNCTIONAL DATA

MULTIVARAITE CONTROL CHARTING ON
COEFFICIENTS (DIMENISONAL REDUCTION)

23



Geometrical
deviation via
off-axis
Imaging

Lattice structure

w
o

w
o
T

Unit cell area (in-situ) [mm2]

-
(=]

Deviation from
ground-truth (%)

N
o
T

n
o
T

-
o
T

Example of layer with dark-field pattern

DARK-FIELD IMAGE (good reconstruction

INn-situ raw

20

40 60 80 100 120 140 160 180 200
z
iz

??g. bootstrap Cls - Mean RMS error (reconstructed area)

)14

).13

)12

)11

0.1

).09

).08

.07

).06

).05

4% —1

—t  0.05%

in-situ rawjilin-situ WELspline

)

BRIGTH-FIELD IMAGE (bad reconstruction)

In-situ WBspline

w
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N
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n
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T

oy
w
T

Unit cell area (in-situ WLS) [mm?]

-
(=]

40 60 80 100 120 140 160 180 200
Zz

(=]
N L
o

Weighted bspline
Pi= (B"W(2)B)"'B"W(2)6;(2)

Weight = inverse of the pixel intensity variance in
aband around the detected edge






Assess the real TRL of all the developed solutions

Hot-and cold- spot detection Spattering

spatters

M IC
LABS
¢«
T —
Colosimo& Grasso 2018; Yan et al. 2022; Bugatti &Colosimo 2022, Caltanissetta et al. Repossini et al., 2017; Colosimo et al., 2024
2022
Surface texturing and Roughness prediction Microstructure (classification amd prediction)

Overhang TAT [ms] Porosity vs Ssk_mean (Rearson corr: -0.67)

Ly
v

9

270

Bugatti &Colosimo 2024



Data is not information and information is not knowledge 7

Powder bed images Off-axis high speed video Off-axis high speed IR video Co-axial photodiode Co-axial meltpoole

5-10 Gbyte 5-10 Tbyte 50 -100 Tbyte 10 - 30 Gbyte 5-10 Thyte

¥ Y

supervised unsupervised (Semi-supervised reinforcement
leaming leaming learning leaming

e = - self-training I ing
[Artificial Intelligence regression 2) Q leaming )
e e dy o Deep learning Maioow
fe2ake Gaciskns. 10C0peLe pafiems, and sohe Artificial Intelligence : : MC Jecision process,
compix protiens in & maner sk 0 buman Machine learning 3
reetsgence - Unsupervised SCMI-SUPCTVises

> Text generation - CNN

Machine Learning l Supervised decp leaming
ML s @ subsec of AL, uses advanced aigodthes 1o Machine L 2 —

Al Use (or Abuse?)

iassHicauon BC
imensionality
reduction
Machine translation

Expert systems KNN

Speech to text 7
Text to speech

Image recognition <
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Generative Al
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Speech
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deep |
Vision
Machine vision
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E 4 z
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L g Al C -AC View of Al, L ing, Deep L Planni .

and Generative Al. - = nm;gb ti Source: FABERNOVEL NN Fu et ala 2022 - ReVIeW On ML for L_AM
obotics

(Created by Dr. Lily Popova Zhuhadar, 07, 29, 2023) LST™M

Fig. 7. Categories of different machine learning algorithms (all the abbreviations are listed in the nomenclature and can be found in the paper).



Digital+green= “twin” transition ?






http://www.polimi.it/

