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EXECUTIVE SUMMARY

The COMBILASER project consortiumdffasially finished its activities in the third and final project year.
¢CKS LIN22SOiQa FAY gla (G2 RS@OSt2L) AYyGS3INIGSR a2t dz
Destructive Testing (NDT) solution and fuse them with al&alhing System module.

The COMBILASER project tested and implemented a whole array of monitoring and NDT technologies
ranging from meHpool monitoring system, spectral monitoring system, thermal monitoring system, laser
ultrasound, acoustic emission, IRT monitoring and mactisien.

A key part of the COMBILASER project was the developmentudly &unctionaland modular Self
Learning System that enables achievement of zeramear zerefailure targets within the laser welding
and laser cladding processes. The system psesess inputs from monitoring and NDT systems, and
through advanced algorithms supports the machine learngmgcess, whichin turn enables the
manufacturing process to be mum more reliable, producing zero scrap parts.

¢t KS LINR2SO0Qa leit@dwidé aryyof indastriés lahdfteghddiogies since it was tested in
three usecases from three industries (automotive, white goods, oil & gas), it is applicable to two
manufacturing processes (laser welding, laser cladding) and covers a wide aoragudts (sensories
based engine parts, safety home appliance elecmmponent, heavy industry parts).

The consortium consisted of industrial partners (Hidria AET, Orkli, TMCOmas), laser research institutions
(Lortek, Laser Zentrum Hannover, Recentdgrdware suppliers (4D, Laserline, Cavitar, Mondragon
Assembly), a university specialized in laser technology (the University of Sheffield), and an industrial
networking institution (SIEVA), bringing together a wide array of partners to achieve the dssblp
outcome.

Through the threeyear period the partners conducted a series of lab tests where the final setup as
confirmed and validated and then replicated, tested and validated in a real industrial environment. The
partners conducted a careful spédcdtion of parts and processes, chose and tested the most appropriate
monitoring and NDT technology, defined parameters for each UC needed as the input for the SLS, and
after lab environment validation decided on implementation in ##al industrial enwionment.

The developed solutions enabled an effective LBaddiction process for the welding of the
technologically advancedPressureSensor Glow Plug for diesel engines, an efficient -p@sdtling

inspection system for thermocouple manufacturing lineda@ptimization tool and laser power
management system for the laser cladding processes applied to repairing of gas valves and tubes.

The demonstrated technologies have shown great exploitation potential and a wide range of possibilities

in EuropeanA Y RdzZA G NB® / ha. L[!{9w LINIYySNEQ SEGSyarodsS R
European and national levels, as well as twinning activities with other EU projects have shown that the

R&D activities in the project were on the right track and an impdrtaeakthrough in providing a zero

failure approach in laser welding and laser cladding processes.

SACEl This project has received funding from the European Union's Horizon 2020 researcimavetion
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B COMBILASER
INTRODUCTION TO THE COMBILASER PROJECT

COMBILASER istfaee-year European research projedinanced under theHorizon 2020Research
Perspective COMBILASER an industrial research project thaims to bring beyond statef-the art
solutions to industrial welding and claddingprocesses developingan innovative combination of
monitoring and non-contact NDT techniques together witla ground-breaking selflearning system
module.

Solutions developed in COMBILASER were appligadete industrial usecases from Slovenia and Spain

Hidria AETs an automotive supplier from Slovenia who applied the COMBILASER solutions to the welding
processes of its sta-of-the-art Pressure Sensor Glow Plug.

Orkliis amajor global supplier of components foeating and appliances member of the renowned
Mondragon/ 2 NJ1.J2 Nsbofekasivg and will apply the developed solution to welding process of
thermocouples for gaburners.

TMComasds a Spanish famigwned company that has gained reputation in reparateord SMBEbased
near Barcelona that specializeslaser claddingepair for oil & gas industrgnd will use the developed
solution to improve the accuracy andliedility of demanding laser cladding processes.

PROJECT CONSORTIUM FACTS&FIGURES:
The COMBILASER consortium consistetRgbartnersfrom Slovenia, Spain, Germany, Austria, United
Kingdom, France and Finlan@ihe three year project had haudget of 3,4 miion EUROThe basic
information is presented below:

This project has received funding from the European Union's Horizon 2020 researicinavation
programme under grant agreement No 636902
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COMBILASER PROJECT ORGANIZATION OF WORK AND ACTIVITIES
¢KS /ha.L[!{9w LINEZ2SOIiQ&ight ik padkades (®@s). s SNBE 2 NHI yATl S
_ Proces Conro! | WP1: Project Specifications

WP2: Monitoring
Development

Technique:

Process physical parameters
information

WP4. Self-Learning
e B

WP3: NDT Techniques Development

Quality-assurance
information

WP4: SelLearning System Development

WP5: Integration of defined System o
Laserbased Manufacturing

WP6: Validation and Demonstration

‘WP 8. PROJECT MANAGEMENT

WP7: Dissemination and Exploitation

WP8: Project Management

SHORT DESCRIPTION OF WORK DONE IN EACH WORK-PACKAGE

1.1WP1¢ Project Secificationgled byHidria AEY

The task of the Project Specifications work package was to fully explore and identify process and
technology demands behind each one of the three industrialaases. The objectives of this work
package were

- to collect production line issuesom the industrial partners

- to select the optimum variables and techniques for process monitoring
- to select the optimum process parameters for actuation

- to define the specifications of the system to be developed

- to redefine the work plan according to spiéications if needed

COMBILASER INDUSTRIAL USE CASE BASIC DATA

HIDRIA AET Use Case

Orkli Use Case

TMComas Use Case

Pressure Sensor Glow Plug

Thermocouple for flame senso

Cladding of pumps and valve

Automotive Industry

Capital Goods

Oil & Gagndustry

Laser Beam Welding

Laser Beam Welding

Laser Cladding

*
*
*

x*

* ox*

" This project has received funding from the European Union's Horizon 2020 researicinavation
* programme under grant agreement No 636902

Page9 of 24



BONMBIEASIR D

The work package defined the quality
parameters for each industrial use case,
definitions of good bald manufacturing process
and good / bad weld and clad definitions.

Different and most appropriate monitoring and
non-destructive techniques to be used were
defined for each industrial use caséonitoring
technologies such as thermographic
monitoring, spectral monitoring melt pool
monitoring with illumination were consiéred.
Non-destructive technologies such as Laser
Ultrasonics, Acoustic Emmission, Infrared
Thermographywere identified and studied in
this step.

1.2WP2 ¢ Monitoring Techniques Developmeméd by Laser Zentrum

Hannove)
The objective of thigzork packagevas first to study the monitoring techniques and technologies available
and decide on their best combination for each wsese. This development stage was carried out in a

laboratory environmeniwhere the technabgies were chosen, combined in a coherent system setup and
prepared for their integration with the logarithms developed for the &elarning System.

The technologies chosen are:

1. Melt-pool monitoring system
(provided by Cavitar)

2. Spectramonitoring system
(provided by 4D)

3. Thermal monitoring system -l g :
(provided by IK4 LORTEK) - e

Integration of solutions at a lab scale was done at Laser Zentrum Hannover and IK4 LORTEK.

SACEl This project has received funding from the European Union's Horizon 2020 researcimavetion
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1.3WP3 ¢ NDT Techniques Developméet by IK4 LORTEK

Thethird COMBILASER work package covered the development of threBédductive Testing (NDT)
Systems, each most suitable for its own industrial use case and capable of being integrated together with
the SelfLearning System. Thie2 NJ  LJ-b@R of a8t8ti@sivas implemented by LORTEK and Recendt
and consisted of:

- studying the state of the art of noftontact NDTs

- developing the selected NDTs (IRT and LUS)

- development of a proper synchronization rules for common study of NDT increasing the
system sensiti\ty

- obtaining an automatic defects interpretation system

method was used. This
method most efficiently
addressed the detection and
profiling of different joints
= used in the welding of most
001 crucial pressure membranes
s Of the PSG. -xay Computed
oo Tomography (CT) was used as

@ a reference point for th&.US
For Hidria AET useaseand

its assembly of ultrasensitive
pressure sensors in the
PressureSensor Glow Plug
(PSG) #aser ultrasonic (LUS)

For theOrkli UCthree typesof welding defects had to be measured:

tume{a u)

a)pores b) lack of fusion c) excessive welding

The consortium decided upon amtificial vision
system KI G O2dzZ R 06S I LILIK A (
and postinspection systems. After the
0KSNXY202dzLJt SQa ¢St RAY3
inspecsli KS Sy (A NB | thkaNificialé (i K
vision system captures a sequence of images
corresponding with the whole circumfence,
procesgsthe images and &st of results of the
found defectds produced.

SACEl This project has received funding from the European Union's Horizon 2020 researcimavetion
i programme under grant agreement No 636902
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TheTMComas Udtilised theAcoustic Emission
NDT test The method is suitable due to the
cladding process being relatively veryovsl
During the lasedeposition process, the
displacement of the surface of the cladded part
. is measuredy a laser interferometerbased on

. mixing of two waves.). Thereby the acoustic
emission caused by the cladding process is
measured permanentlyThe goal is to measure
cracls of the cladding which occur due to
internal stress caused by heterogeneous
cooling of the partMeasurements weréone on
pre-heated and norpreheated parts.

—n

1.4WP4 - SelfLearning System Developmeiied by The University of
Sheffield

The fourth COMBILASER wpdckages centered around thelevelopment of the main feature of the
COMBILASER project: a Segfarning Systencapable of being integrated with different monitoring and
NDT technologies.

The SLS which was developed by the University of Sheffieldavasted in its algorithmic performance
via two steps:

1. Virtualenvironment validation Thiswasperformedusingsynthetic datain the firstinstance,and
subsequentlyusingother benchmarkdataand casestudies

2. Realprocess dataForeachuse-casea number of experimentdtials were carriedout to generate
datasuitableforthe Wt S I plddskof tHeSelfLearningSystem(SLS)Thedata (setof experimentd were
definedfor eachuse-caseviaa systematicapproachbasedon designof experiments(DOE)

one of the two welds)These were used to create
——— the fuzzy output surface graphical ma.

classification

Input Data System :"> Multi-class

classification is

In the Hidria AET U@wo data classification ,
problems were addressed: binary classification —Ssose®
(weld ok / not ok) and multiclass classification

(prediction of corresponding value of the second

Sl This project has received funding from the European Union's Horizon 2020 researcimavetion
i programme under grant agreement No 636902
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used to create the fuzzy output surface graphical
matrix.

Predicted Output Candition

|o
o
£
H
Prediction (OKtault)

] 1

8 El
Desired Output Condition

In the Orkli UCthe SelfLearning System :
noticeably addresses 5 different faults, denoting MR
a type of fault using numbers® pore,EW, lack
of fusion, head tilt, double fault. These were

1 o4
Meaan of Max temperature

The TMComas UC  addresses a specific
monitoring problem continuous output.
Thedata set consists of
18 eleventhdimensionafeature vectors
: e Three types of defects are measured (cracking
Ponsa a0 5 Gy appearance, lack of fusion, pores) as well as
dilution and hardness.

570

£ 560

& 550
g 540
= 530

2

4 520
510,
05

04
03

02"

o8
Melt Pool Area 01 04 06
0" 02

0 1R Signal (V)

The SLS system uses an ensentisised modelling used for forecastingThis approach fqovides
robustnesdo the predictionresults.A collectionof anumberof sub-models was used as an aggregator
of predictions.Eachsub-modelin the ensembleis createdby varying the modelling structure; the
aggregatingprocessprovidesthe averaging processinimizerobustness to the final prediction as the
impact of any outlier predictions

Process Operating Window

RBF Ensemble

Monitoring
-

Confidence intervals « w
Model-based Control (MPC)
Melt-pool guided

Process Feedback (TMC)

" This project has received funding from the European Union's Horizon 2020 researicinavation
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1.5WP5¢ Integration of defined System on Ladwsed Manufacturing
(led byMondragon Assembly)

After the independent development of th@entioned systems, in WP5 all of them are integrated with
the clear purpose of guaranteeing correct coordination between NDT and monitoring data through the
SLSThis work package consists of integration of the followilgt®ns

- Monitoring systens developed in WP2
- NDT systems developed in WP3
- SelfLearning (SLS) algorithm developed in WP4

The systems wer@tegrated in two stages: P

- Lab environment setup preparation s ’ o
and integrationat Laser Zentrum — DT S
Hannover and 1IK4 LORTEK  m— f‘fs _——

- Industrialenvironment setup Exn wan [ SR

preparation and integration == ; z 5

iEEEé%%%EE!“§§§|§§§§§§§EE§§§|§§§§§EE

LRl el T T T T
ot =§§=z§=5§=55=z§~=§~§§‘=§§=§z=
[
[
aa““sszgsuguluggaasaagu|s“un

=[=[=[2felelelelels|

(=] 2| 5| 8]

3[o||k[=|2 &
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LAB SCALE SOLUTION TEST SUMMARY

HIDRIA AET Use Case Orkli Use Case TMComas Use Case
- LZH: Correlation between pal - LOR: Parameter - LOR: Parameter
and experiment; Referenc definition definition
positon for NDT; Lasq - USFD: Definition 0 - TMC: Part paramets
parameters laboratory - LOR: Monitoring
- HID: Part parameters; Resu experiment signals
from the leakage test - ORKPart parameters - LSL: process control
- 4D: laser sensor signal - LOR: Ndnitoring - REC: Acoustic Emissi
- CAV: melt pool camera imag systems development system for crach
data file thermal signals detection

spectral signals an
melt-pool data

- 4D: spectral sensor

- CAV: laser lightin
system for mekpool
monitoring

- LOR: postvelding
inspection system

1.6 WFRo6 ¢ Validation anddemonstration of the integral solutiofled by
Hidria AET)

After the compact solution have beatesignedithe Work packagé deat with the integration of the
developments made in previous work packages into et S N & NB | £ Th#d®A B/ dekSEMNZ o Aff My
of the developed lab scale compact solutivas checkedandthe compatibility with the real production

lineswas asessed.

COMPONENT FUNCTION

CAVILUX SYSTEM | MELTPOOL MONITORIN

WELDWATCHER SYSTEF SPECTRAL SENSORIN

TACHYON MICRO CAMHE IR THERMOGRAPHY

TXGGIGABIT ETHERNE

CAM MACHINE VISION SYST

SACEl This project has received funding from the European Union's Horizon 2020 researcimavetion
i programme under grant agreement No 636902
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COMBILASER LAB SCALE SOLUTIONS

HIDRIA AET Use Case Orkli Use Case TMComas Use Case

Setup provider: Laser Zentru| Setup provider: IK4 LORTEK | Setup provider: IK4 LORT
Hannover

COMPONENTS: COMPONENTS: COMPONENTS:

- SPEErEl SRmEer (L) 1. Housing and mountings| 1. Laser head and las

2. High speed camera (Mondragon Assembly) guidance (Laserline)

3. Laser illumination (Cavitar) 2. Laser lllumination (Cavitar)

A validation of developed systems at industrial level under the real use cases dafik¢d1 followed.
Developedsolutions werestudied in the 3 different use cases and facilities:

HAET use case; Tolmin, Slovenia
TMC use case; Blanes, Spain

ORK use case Ordizia, Spain

This work packageonsists of integration of the following systems:

Monitoring systemsdeveloped in WP2

NDT systems developed in WP3

SelfLearning (SLS) algorithm developed in WP4

Integration of defined system on laser based manufacturing processes in WP5

Validation and demonstration of final solution in WP6

i This project has received funding from the European Union's Horizon 2020 researicinavation
i programme under grant agreement No 636902
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HIDRIA AET COMBILASER RESULTS:

The final setup consisted of:
1. Outside encoder with PSO designed MAS
2. CAV mekHpool monitoring system with lightning

3. 4D Weldwatcher system
4. Industrial computer with @V Caviluxn 5 Waldwatcher and SLSoftware by USFD

5. Laser ultrasound system fromE&

A~

SLSunction:f S 1 (S&aG G2 WIdARSQ (GKS fSIFENYyAy3a FTdzyQiArAz2y =

Industrial computer with installed software

ORKLI COMBILASER RESULTS:

Leakage test

The final setup consisted of:

1. Welding station and welding chamber, designed by LOR and ORK

2. Melt-pool monitoring system developed by LOR

3. Postwelding inspection developed by LOR, Post welding station by MASS

SLSunction: The integration of the SLS at gredustrial level

This project has received funding from the European Union's Horizon 2020 researicinavation
programme under grant agreement No 636902
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= >

TMC COMBILASER RESULTS:

The final setup consisted of:

1. Melt pool-monitoring system developed by LSL

2. Laser power controller developed by LSL, housing provided by MAS
3. Acoustic Emission sensor for cracking detection. REC and LOR

SLSunction: SLS Used as optimization tool for the three variables process conditions

National Instruments CompactRIO controller configurable with
several |10 modules

Laser cladding with no-controlled process vs. controlled process

Setup at the TMC

This project has received funding from the European Union's Horizon 2020 researicinavation
programme under grant agreement No 636902
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