Multi sensor arrays for insitu electromagnetic
imaging of parts during metal PBF-LB AM processing
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PLANIT Problem:
1. Post processing: significant costs, delays
- CQ 2. QC and inspection: 30-50% costs
; ; 3. Time and cost for qualification and optimisation

DESIGN & MODELING CHOICE OF OPTIMAL
AM PROCESS
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SELECTING WHAT TO PRINT MATERIABSELECTION

Major hurdle for the growth of metal AM
business

PERFECT IT

Solution:
= °|° Strengthen the in-situ monitoring tools
| lb} Provide subsurface information
) e " Integrate NDT tools in the process

U LPBF offers opportunities:

) Part is open and available for tests
AMiquam Recoater -> scanner

We make the testing digital




Eddy currents for NDT/QC

* Normalised technique (ASNT, 1SO15548, ASTM E1004-17, ASTM 3166:20, BS EN)
« Technique of choice for surface breaking crack detection in metallic components

« Useful for other applications (material properties, sub surface defects, etc...)

* Local, Simple surface preparation, no couplant

State of the art
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ASTM standard for NDE of metal AM
aerospace parts E3166-20: Eddy Currents

Excerpt from the Standard
8.1 Scope
8.1.1 This section describes eddy current examination

v . :
procedures commonly used in industry for quality
DR I e B e e ::;:v’:; — assessment of metallic materials. These procedures are

overed in this .
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A Abbreviations used: . = not icable, AE = Acoustic Emission, CR = Computed Radiography, CT = Computed Tt aphy, DR = Digital Radiology, ET = Eddy Current . . .
Tosting, IRT ~ infrared Tharmography. LT = Loak Testing. MET - Metrclogy, T  Magnete Parte Testng. NF - Neutron Fadiography. PCRT - recess Compensaied the miaterial surface that is proximate to the sensor.
Resonance Testing, PT = Penetrant Testing, RT = Radiographic Testing, UT = Ultrasonic Testing, and VT = Visual Testing.

8 Inchudes Digital Imaging. , , | However, by selecting appropriate instrument operating
Especially helpful when characterizing internal passageways or cavities (complex geometry parts) for underfill and overfill, or other internal features not accessible to ..

i e g parameters, the condition of both surface and near
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I A’C’mm < 3 @ . . o . . .

Doty vesiaiorn Wi oy thow up i imaged regions g epuivalont tichness. subsurface discontinuities such as cracks, porosity, voids,
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C Residual stress can be assessed if resuling from surface post-processing (for example, peening). and inclusions as long as the flaw, discontinuity, or
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the base material.”



AMiguam Product roadmap
From AMiguam W1 to a CaaS platform

AMiquam W2 NDT Certification as a Service Platform

Digital marketplace enabling

Process monitoring providing A .
unique information on Full-volume 3D NDT enabling certified inspectors to certify

material properties part certification parts remotely

2024 2025




Our solution can already be applied to 75% of
the LPBF market and can be integrated in most
of the machines on the market

Existing concepts for other Metal AM
techniques (e beam, WAAM, DED, etc..)

Applied in pilot projects in Aerospace, Medtech,

Energy, Manufacturing Industry

AMiquam technology allows integration in
various LPBF machines
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&3 AMiquam R - Region of Interest Analysis

AMigquam Inspect
Post-processing inspection
Features tagging
Thresholds settings

%‘___%Awquam Live Monitoring

AMiguam Monitoring kayarsi
OK/NOK for each layer
Based on features selection
OPC-UA server based

Machine delivered to Aviation service provider




Layer-by-layer

| Data acquisition segmentation
EC sensors
—_] A
= 5 LR YYY. WSR3
CAMiquam Wireless Wl) 3 Bunud ‘ | ;;:; :;;g{ 1
(in-situ) — ~—]
(AMDB) &=
‘ (AIMD) @ Segmented
) Raw data DB DB

New data setjavailable
after each reqoater motion

OPCJUA
Digital Huj MES ! Visualizatioriand post process software v
o i
_]_I_ i
AMiguam Monitor® AMiguam Inspect®




IRoff [urr

lift off (um)

Quality

Norm. quality

Machine brand
Machine model
Fabrication name
Material

Number of layers
Layer thickness
Prabe position 0/1

Probe position 111

Layer index

ft off (um)

er (um)

Yy

Layer Tk

e

Metal la

STDEV i

5
s
5

e enprzhs




'L:.:H, : AMiguam

P Acquisition and
Calibration
Eamigsam
- y e —— . . . Layer 87
» SET N \ - AMiguam Monitoring
AMiquam _ oo - : £ OK/NOK for each layer
- . . = e | Based on features selection

OPC-UA server based

£3AMiquam R - Region of Interest Analysis

= ml
: I
o
'
. gkt
\ I\ o < 2\ '
/

AMiguam Inspect
Post-processing inspection
Features tagging
Thresholds settings




R it
v

GG,

g N i
Ilff!r(:

" r/f&»?/ A

SWanZ4o |




General Build Job Details Eddy current testing:
- Material: 316L - 500um lift-off at the start
- Machine: Aconity Midi+ - 200 kHz excitation frequency

EC array: 64 coils

Coverage: 240mm

Sensor pitch: 3.75mm (y resolution)
Data acquisition rate 92Hz, 1pt/0.6mm
(x resolution)

Parameters:

30um layer thickness — 1333 layers (40mm)

Nominal parameter > 99.5% everywhere except where there are designed
defects

Dimension 150x38x40 (height) mm

100% of build plate fully inspected during fabrication with compliant NDT ET
technique



Process and Seeded Artifacts

64 independent XZ planes
10 planes crossing the part

- The first 5 mm height from build plate no defects

* Porosity
* Full slice
» Slices with different process parameter inducing lack of fusion

 Localized discontinuities:
“Cracks”
* Cylindrical/Spherical cavities

* Empty cuboids with thin walls

» Effect of the chessboard patterns (90°-I—z;ser trajectories) and helicity of
laser trajectory angles on the EC signals



In phase cross section plots
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Channel 37

[A] 1ied jeau
o 10 o
m o o~

h TP TR T
. ¢ .3
W <

B )

iy %:. I

T ;’ _.:._

o o o o o
o o o o (=)
o~ o [eo} (e} <
—~ —~

Xapul 12Ae|

n
—

1.0

200

0.5

150

100

50

—-150 —-100 -50

—-200

x1 [mm]



Out of phase cross section plots
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Layer index
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Defect Parameter = scan speed [mm/s] Observed (Yes/No)
Full porosity 1250 YES
“Random” porosity 1250 YES

1000 YES

1250 YES

850 YES

1100 YES

Defect Parameter = scan speed [mm/s] Observed (Yes/No)

Full parosity 1250 YES

“Random” porosity 1250 YES

1000 YES

1250 YES

850 YES

1100 YES

Long crack with angle W=1;H=15 YES

W=1;H=03 YES

W=08H=15 YES

W=08H=03 YES

W=05H=15 YES

W=05H=03 YES

Long crock 90° W=1,H=15 YES

W=1;,H=075 YES

W=1;H=03 YES

W=08H=15 YES

W=08H=075 YES

W=08H=03 YES

W=05H=15 YES

W=05H=0.75 YES

W=05H=03 YES

Empty Cylinders Coil 1 D=15H=3 YES

D=15H=15 YES

D=15H=075 YES

D=15H=03 M.A.

D=1;H=3 YES

D=1;H=15 YES

D=1;H=075 YES

D=1,H=0.3 MN.A.

Empty Cylinders Coil 1 D=15H=3 YES

D=15;H=15 YES

D=15H=075 YES

D=15;H=03 MN.A.

D=1;H=3 YES

D=1,H=15 YES

D=1;H=075 YES

D=1;H=03 MN.A.

Thin Walis Coil 1 D=08 YES
D=03

Thin Walls Coil 2 D=05 YES
D=0.2

2: Height

2: Height

Long cracks 90°

X: Recoater motion

Defect

Width (W) and Depth (H) (mm]

Observed (Yes/No)

Long crack with angle

YES

YES

YES

YES

YES

YES

Defect

Width (W) and Depth (H) [mm]

Observed (Yes/No)

Long crack 90°

W=1LH=15

YES

YES

YES

YES

YES

YES

YES

YES

YES

N
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2: Height

X: Recoater motion
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2: Height

FF]Empty Cylinders

X: Recoater motion

Defect

Diam. (D) and Depth (H) [mm]

Observed (Yes/No)

Empty Cylinders Coil 1

D=15H=3

YES

D=15H=15

YES

D=15H=075

YES

D=15H=03

NA.

YES

YES

YES

NA.

Empty Cylinders Coil 1

YES

YES

YES

NA,

YES

YES

D=1;H=075

YES

D=1;H=03

N.A.

N.A. because the coils did not monitored them:

2:Hoight

X: Recoster mation




Long cracks. perpendicular:
Length =40 mm

Width =[0.5; 0.8; 1] mm
Depth =[0.3; 0.75; 1.5] mm

" 05 08 1mm

Io
-8

1.5mm

Visible on the surface

Subsurface

X = 3.3 mm
Cavity width  —11.5 1 X = -6.7 mm
Blue: 1mm O/o x =-16.7 mm
Green: 0.8mm ’9/},9
Orange 0.5mm 25
-12.0 - o
9.
s G
£
m
j=1
2 _12.5
e ' Q
.a % .
£ > Cavity loop
= &)
%
—13.0 Z
< f\\\.(\e
o)
N
a\ \
%"a ' e
-13.5 - .
T T A‘\s‘\\d\(\lg T T
-56 -55 -54 -53 =52 =51
Real part [V]
7/

RS



Real part [V]

Signhatures of cavities (‘long cracks)
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Real part [V]

Signatures of cylinders (large)

Channel 31, w = 1.5 mm, h = 3.0 mm Visible on the surface Subsurface
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Signatures of cylinders (medium)
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IN-situ powder check
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Powder bed Inspection

detect particles, powder bed iInhomogeneities, and powder aging

Channel 54
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Process monitoring
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Variations of the signals used to assess the regularity of
the process

Integration of compliant sensors on the recoater of a Concept Laser M2 to
directly monitor the quality of the parts during the powder recoating
motion 10

V] v @v 0.100
8<
y "

L

0 100 200 300 400 500 600 700

Part being built

Input parameters

» Position, reference value, acceptable deviation

Z « Possibly layer dependent

» Acceptable deviation determined by performing several
fabrications and extracting a standard deviation

3DPrecision collaboration




AMIiguam application

verify the presence of critical features in the part




Scene Systeme de coordonnées

Porosité [%]
14.31
12.88
11.45
10.02
8.59
715
572

14.29
2.86
1.43
0.00

Scéne Systéme de coordonnées

Porosité [%]
14.31
12.88
11.45
10.02
8.59
715
572

[ 4.29
2.86
1.43
0.00

0.5mm: hole

0.3mm: hoie

Scene Systeme de coordonnées
7.40 mm

Porosité [%)]
14.31
12.88

I 11.45
8.59
(1S

Extremum 5 value, lowpass filter with f = 0.2, fs = 3

Raw signal

~ Filtered signal

0.2mm: no hole

1.5mm

1250
Layer index

0.1mm: no hole

1.5mm




Layer number

Layer number

EC image, channel : 0, part : liftoff, layer direction : direct
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INn-situ metrology and
part displacement




AMIiguam application

IN machine metrology <10um resolution AN g
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Farly detection of
cold cracking

position due to cracking

Unnoticed by the other machine
monitoring tools (and without collision
with recoater) the process continued
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350} 350

About 40mV
=about 0.22% density

300 | 300

250 |

250

200 |

200

150

100 100

Environ 1.5mm, i.e, 25 couches
Env. 269-273 couches 3 50 | i 50

14,8 mm
Entre la 244¢m et 0

s s 185 190 195 20.0

8 mm

c e 220 0.1% swelling of the part detected during fabrication
Lower density detected at the region where the crack occurs

-> these are correlated with the crack presence
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Thanks!

AMiquam SA
2, route Cité Ouest
1196 Gland, Switzerland
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