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REZUMAT

Uf {b ef bcj mjyvelbsfrelucrdeagudasemdmaterialelor avansateq s f {g o u a
t j o u frdzdtatelor Bu j jednbdorgeniul tehnologiei laserale autoarei, pornind de la

pc bj ditfulsiflebdoctorj ohj of s T o epnfoj.vm johjofsjf | oe

Tezaf t uf sfebdubua are &2 dejpagmii ested umfv{danvAgs b Wd | v o]
distincte, respectivB1S f b mprdfediangle B2Sf b mB { jajs gBBF g p ncdreeiBj] C5
Bibliografia.

Lucrareae f ¢ v uclipregzemntareat v d d jsd bbanj i a s j mplesautqasejinddmenjup o b mf
ingineriei industrialee vga pcbj ofsfb uj umvmvj . Tehhologigpddu p s
prelucrare cu laser este domeniul principalélf sdf uasj qmqpé$ { Boupabj gpdbd
de abilitare domeniu care a permis o continuare fireascauaf { f | e f epdupshb
Research on Nd:YAG Laser Welding of Stainless Steel-Walled Componentst vt b jino v u a
2011 la Universitatea Politehniae j o Cv,8By s fbBuejj t f subbj f | j ouj u\
Austenitic Stainless Steel Thin Componentsvt bj ovua To 3122 mb Voj wi
Madrid. Profesional, autoared B | T odf g anbl@dl] cad fusbduffRhajujpas®g g | d
Optoelectronica2001 SA, Migurele, unde a profesat &na ih 2016, cand s-a angajat la
Universitatea Transilvaniadi€ s b Bpw- b wéaoe HBS tdgenw d®rinemjpatba uj d
uf { fj - PObinu{ b jud oreziptg sutcjintpfobprmiv bj b T o dbsj fs
bduj wjubufb ef dfsdfubsf B7bgqepbétpuyf BEfOfat
B a publicathumeroasearticoleB u j j difitrp caje d1f sunt indexatén baza de date Web of

science core clection.

Cea @-a douat f db pteref,C3 Sf bmj {asjf tBuUj jtoubsjvgdjudvfs b u a
bcpsefb{a dpnqgsfifotjw epnfojvm ufiopmphjf]
efubmjv df sdfuasj gvoebnfoubmf qgsjwjoe tvebs
tvgfsgjdj bma dvsjobftndjsd vnnb uribstj fosnfb dejogvff obj pob
tipul FeCrAl.

Capitolul 1al tezei intitulat Baze teoreticeBj n p,e f w& sfgribdx@unerean puj wbhbj f

care a stat la baza f b myrezenteijtege de abilitareQs pgqsj f uabj mes b gjulsbjpfs

electromagnetice provenita din surse naturale sau artificiale sunt exponentulcare face

gptjveuyjmiij { bsf b pentupj hibjnfa] ohbistdfau & § | gvoebnfoub
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industrial. Pe parcursul capitlului este dezvoltat treptat conceptul tehnologiei laseB sunt

prezentate principalek caracteristici ale radibej electromagnetice.

in continuare Capitolul 2intitulat Ps p d f t f dbsf vuj mj deéchefele mgibt dj
importante metode de procesare cu laseiprocese care sunt utilizate de care autoairecadrul

bduj wjuabj mps e f Prindré acdstea, bedairea @iulas¢r cedtg gnp dliatre

gsj odj gbmf mf bigindustrie®esteb cbpnsf e brmubat fesfvunbvnij bu T o d|
Principiul sudarii prin dpoevdbj f - t vie bmodulb keytlole suntbcdorfcepte
fundamentale care stau la bazstudiilor de caz prezentategy f q b s d v s Dewasemenead s a s |
depunerea cu fascicul laseB texturarea cu laser sunt prezentatatat conceptualcat B din

punct de vedere experimental, fiind prezentatezultate propriidespredepunerile cupulberi
Tnaltaliate B armate cu particulale carbura de wolfram.La finalul acestui capitol este introdus
conceptulde tratament termic cu laserind p o k voo thfrg¢aft v g f s gylasgr B pust

detaliate b g mj dadestgi fehmitiin industrie Estef wj e f apficativitatéaa tehnicilor de
procesaret v q f s gtppilej /bretopire cu laser, la materialele avansate de tipul FeCrAl
eftujobui®d dbpmgbmbmfi ovdmaBhdft uefdblyff afpsnb pjgff s
dpngsfifotjwa bt v castdareangintegram diferitele procese bazate pe

tehnologialaserin raport culiteratura de specialitate.

Capitolul 3 Df sdfudasj fyqfsjnfoubmfelgierineyidabde estev e b s
dedicatdescrieriia trei studii experimentaleprivind sudarea cu laser a @elurilor inoxidabié.
Optimizarea parametrilorla sudarea cu laser a [elurilor AISI 321 estes f bmj { bua «
determinareainfluenkei puterii laserului ae v s b u f j gv mt v,msupra gégmetitei g s f
cordonuluisudatSf { vmubuf mf tuvejvmvj gsf {f oudiwindbv qf
parametrii optimi de proces pentru sudarea cu pulsuri laser in domeniul milisecundelor.
Dpousjcvbjj mf pisgcdsidamemusuntsl mfj el viBlppnkdealizgrea unor
fncjoas| f u f ®itpe hobelo darbom B el unbxidabil (AISI 1010\ AISI 321).
Rezultatelet uv ej v mv | putereabasaiulubrespedia densitatea de putere este
parametrul principal care j o g mv f dishilfulb {eflementelor chimicein cordonul sudat.

Conform celui deal treilea studiu prezentain acest capitgl sudabilitatea delurilor inoxidabile

poate fil n c v o a® @b ytilizdrea unui flwactiv, de tipul Si@Q care @t ncvoauabf bt
graduldeb c t p satadticulul laserSf { vmubuf mf df sdfuasj mps ej o
usfj gvecmjdbbjj Bujjobjgjdf- qfsnj inreplizafeawb mv b
ef T ncjoasj tvebuf T ousf nbuf sj bmf ef bdf mb

gvodbj pofb{a jo sfhjn dpoujovv tbv gvmtbul/
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Capitolul 4gsf { joua df sdfuasj mf Bujjobjgjdf €] 0 €
nbufsj bmfmps bwbotbuf e f ujgvm Gf DsBm/ Upqj
t pmv b bdequoprgpentridd s f Buf sf b s f {j tdarB o ubf jealiegbjorudapbsj pj -
Gf DsBm- bmjbkf eftujobuf To tqgfdj barRezuliatelenj { & s
din acest capitosuntp ¢ b j inwmafd p mbcpsasj j ej sf duBERAMETMb c p ¢
ej o dbesvm Voj wfstjuabjejf sQpmigstyldj Madejiatefmetalifeo Cv
bwbot buf gf ousv opj mf hf of sbbj | (CerftractdPCOAI S b m1

243/2014) la care autarea a fost responsabil.

Topirea superficial cu laser esteo tehnian pef soa e f tqvsqgf snbvgdhsblifgli@ sb

n p e j gnicdogtrsigturile B morfologice datoratetopirii / retopirii materialului B j ebups]
dj dmv mvj sbhbgjada | ef b od pmefepstfuyfsif anvadlas bef / gspdf
fundamentul studiuluiprezentatin capitolul 5,intitulat Nf v p e & dderacéséreicu laser

in lichid

Capitolul 5descriep u f i o p mp h j procepasejsiperficie oudasezfdlosind un lichid
btugfm Todau t a tratdmeny ferno-mecani€, lwargbdrab cu \maroalierea
tvgsbgf bf jDppdff qwd/anb pfs/j hj obm qgsf {foubu T o bdi
ef dbwj ubdegtat de hichel, raeztiliatelep ¢ b j au validateficacitatea tehnologei
propusd¢ Dbwjubbjb T0o mjdije- To0o bdftu dpoufyu-
procesareatermo-mecani@, e b s Bj njdspbmjfsfb da ojdifm b
B usfjb tf,&8) Fwp mb bpebi{tabursnipfarsufilg de dezvdhre a carierei
didacticeB de cercetare Dezvoltarea contin@a aptitudinilor profesionale utilizarea tehnicilor

moderne de predarel o w a dreewsnfB actualizareaq f s n b o fcursurdéor sbnt obiective

principaleale autoareit o f wpmvbj b dbsjfsf] bdbefnjdf

Activitatea de cercetare a autoareiacontinuain domeniul tehnologiélaserB sunt descrise

succintu s f | \a@itpasetlecdrgetpre

1. Determinarea unei metode pentru monitorizareim timp real ag s p d fcu laserj |
2. Sudareaf u f s paltifarmlai cu del inoxidabil

3. Proiectarea de noi materiale de tipul HEB\prelucrarea superficidl cu laser

Ultima parte a tezeiB4 Bibliografia prezinis f gf sj obf mf c¢cj cmj phsbgjdf
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B Scientific and professional achievements and the evolution and development

plans for career development

B1. Professional achievements

The Habilitation thesis entitled Laser welding andsurface engineeringf advancedmaterials
reflects the continued development and growth of my research activitieziginating from the
defending of my doctoralthesis in September 2011. My academicareerand professional
trajectory can beoutlined as follows:

Emerging into the domain of welding engineering in 2008, | graduated from the Faculty of
Engineering and Management of Technological Systems at the University Politehnica of
Bucharest. Myspecialtyis on Welding Equipment and Technology. Subsequently, in 2010, |
continuedmy academicpathc z dpngmf uj oh uif nbtufsnt qsph
the same institution.

In 2008, myactivity into the Industrial Engineeringdield starts with enrollment in the doctoral
program at the Faculty of Engineering and Management of Technological Systems at the
University Politehnica of Bucharestin 2011, | successfully defended my doctoral thesis
entitled "Research on Nd:YAG Laser Welding of Stainless Steel-Wialled Components." This
experimentalresearch based thesis in the field ofaser welding technology was undertaken

in collaboration with the Centro Laser department at théniversidad Politécnica de Madrid.
This collaborativewith Centro Laser enhanced my technicaskills and expertise in laser
technology.Simultaneously, from 2009 to 2011, | pursued a Master of Laser Technology from
the Applied Physics Department ETS Ingenieros Industriales at Universidad Politécnica de
Madrid, resulting in a master's thesis on "Laser Welding of Austenitic Stainless Stideh
Components."

After finished the master and doctoral studies, my professional activity in research continued
as CSlll researchefrom 2011 to 2016 at the R&D company Optoelectronica 2001 SA,
Magurele, Bucharest.

In this interval spanningl have beermprincipal researcherbeing involved irresearch activities
based on exploration of diversepplications of laser technology, contributing to various
experimental studiesunder both national and international research grants. My main research

activities include laser processing, particularly welding and heat treatment, alongside the
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development of innovative materials for solar cell applications and also an emphasis on
advanced alloys such us FeCrAl.
Since 2016 | start my affiliation with Transilvania University of Brasov as lecturer, being
involved into two main trajectories. teaching and research. These duallirections have
numerous interdisciplinarypursuits that synergistically complement my academiactivity.
Pedagogical responsibilities, research leadership, knowledge propagation, conference
participation,projects proposals and beyondire examples of main activitiesn the same time
my proactive involvement in the Advanced Welding EG@chnolmies research center within
the R&D Infrastructure of Transilvania University of Brasov continuously improve my skills and
knowledge in the laser welding technology.
The teaching is the most important activityin my career encompassing the delivery of
courses, seminars, and handsn laboratoriesin the field of materials science, materials
technology, nondestructive testing, and mechanical processing at bachelor's and master's
degree levels. Concurrently, my dedication to mentoring and guiding undergraduate and
master's students in their final projects has erched my pedagogical experience. étally of
14 undergraduate students and 5 master's students have been umday tutelage for their
final projects.
My pedagogical strategies have been meticuloustyphancedby constant refinement based
on students feedback.The enrichment of the courses content is made by usingeal-world
engineering case studies anbly integration of contemporary technological developments into
the curriculum.
My expertise in industrial engineering is based on fundamental and applied research,
sustained by investigations into diverse topics such as laser welding across various alloys,
laser process optimization, lasebased surface treatments, and advanced mafat
development within the sphere of industrial engineering. These research activities were the
foundation of numerous projects undertaken over the past 12 years.
As project director and principal investigatet havemanagedonenational PCCArantandtwo
international research grantsSFERA 1l (Solar Facilities for the European Research Area),
projects thatattest to my researchleadership:

1. Advanced Metallic Materials for New Generation Nuclear Power Plants, 4R,

NUCLEARMAT (PCCA 243/2014,mincipal investigator / project responsable

2. Solar Synthesis of Functional Carbonaceous under Constant Electric ChaSfeERA
" (2019,France)
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3. Corrosion and Wear Behavior of NiCrBSi Coatings Fabricated by Laser Cladding,

At the same time my role as goroject team memberhas been pronounced across various

European Solar Research Infrastructure for Concentrated Solar POWeSFERA 11"
(20186, Italy).

national and international researclgrants, such us:

1.

"Studies Concerning the Redalime Monitoring of the Laser Welding/Cutting Process"

and "New Methods for Cutting Metallic WasteThird party poject with EU private

sector (20152018, Netherlands).Project coordinatedc z Qs pg/ Nj sdf b

from Transilvania University of Brasov.

Key personof "Reclamation of Gallium, Indium and Rafearth Elements from
Photovoltaics, SolidState Lighting and Electronics Waste RECLAIM, FP@rant type,
grant agreement no: 309620https://cordis.europa.eu/project/id/309620/reporting,
Project coordo b u f e cCz Cs a o efror®B Opibplectionidath RO01 SA,

Magurele.

"Perovskites for Photovoltaic Efficient Conversion Technoldg§ SEEranttype, EEA
JRPRONO-2013-1, Project coordinated by Prof. Mihaiela Iliescufrom
OptoelectroniceA 3112 TB- Nahvsf mf/

"Compactbiophotonic platform for drug allergy diagnosid\ COBIOPHA[H2020grant
type, Grant agreement no: 688448 Qs pkf du dppsejobufe
OptoelectroniceA 3112 TB- Nahvsf mf/

C z

"Improvement of Electric Contact CorrosidResistance”, SFERA Il type project (2014,

Italy) Qs pkf du dppsej ob dréoneTraosdvaniadhiverdity af BrasovS p b u a

"Mechanical proprieties improvement of CulOAl laser cladded on aluminium”, SFERA I

type project (2014, SpainQs pkf du dppsejobufe cz Es/

University of Brasov.

"Residual stress relieve of Ni based coatings fabricated by laser cladding”, SFERA Il type

project (2015, FranceProject coordinated by Prof. Pascu Alexandru from Transilvania

University of Brasov.

"Synthesis of carbon nanotubes using solar radiation and@}tMn/Cu,O catalyst",

SFERA Il type project (2016, Frand@joject coordinated by Prof. Pascu Alexandru from

Transilvania University of Brasov

E

Jp
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9. "ALGOS/TIO., cladding in preplaced powder geometry using concentrated solar
radiation”, SFERA Il type project (2017, Frandejoject coordinated by Prof. Pascu

Alexandru from Transilvania University of Brasov

10."Corrosion improvement of FeCrAllloys designed for Molten Salt Reactors”, SFERA Il
type project (2017, Italy) Project coordinated by Prof. Pascu Alexandru from

Transilvania University of Brasav

11."Research on the Development of DiodBumped Laser Equipment Family for Medical
Applications, Especially Urology"- ELASMEDURO, POSCE type project,
N0.159/2011. Qs pkf du dppsejobufe cz CsaoeviB Dpn
2001 SA, Magurele.

12."Advanced and Extended Functionality Complex System for Document Examination
and Scientific Research in the Field of Forersigrant type PNII-IN-DPSF2012-1-
0026.Qs pkf du dppsejobufe cz Es/ ON 20 B BA,v U |
Nahvsf mf/

13."Application of Laser Techniques for Manufacturing ReBime Microfluidic Based
Biosensors SOLE grant type PNI-PT-PCCA2013-4-1992, grant number
34/01.07.2014.Qs pkf du dppsejobufe cz Es/ O dBpj
3112 TB- Nahvsf mf/

The dissemination of my scientifiactivity has beenmade through publications in journals
indexed within the Web of Science Core Collection and other international databases (BDI).
Besides participation at international conferences, workshops and seminaries, my
dissemination activity on 25.11.2023,can be summarised as following:
1. Web of Science Core Collection:

o 41 articles indexed, accumulating a total of 216 citations (excluding sathtions).

o H-index of 9.
2. Scopus Database:

o 59 articles indexed, with a combined total of 321 citations.

o H-index of 10.
3. Google Scholar Database:

o 78 articles listed,gatheringa total of 423 citations.

o H-index of 12 and an ildndex of 13.

The disseminationactivity is alsoaugmented byrealisingof two patents:

10
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1 Patent of Invention, No. 133180/30.08.2022, for FeCrAI(Y) alloy types and a method for
obtaining a product from this alloy, by V. Geamt J/ Wpj dvmftdv- S/ Dbuf
Stanciu, A. Pascu, C. Postolache, M.R. loan.

{1 Patent of Invention, No. 132082/28.06.2019, for a Printer for Depositing UlfEhin Layers
with Different Physice Chemical Properties, by I. Mihaiela, M. Lazar, |. Pintilie, L.
Vladareanu, T. Necsoiu, V. Stancu, A.G. Tomulescu, C. Besleaga Stan, M..Sirhaphat,

E. M. Stanciu, B. Comansescu, A.V. Enuica.

Furthermore,my commitment to advancing scientific activity is completeaith my keyrole in

the organizing committeesof international events likethe International Conference on

Materials Science and EngineeririgBraMat 2019 and Bramat 2022 Additionally, | have the

role of reviewer for ISI journals, includg Optics and laser engineering anlaterials Today

Proceedings.

The scientificresults presented inthis Habilitation thesis are rooted within the following

research grants,scientific papers, presentations in international conferences and peer

reviewed journalssubsequent to the research andefenceof my PhD thesis in 2011.

Research grants

1. Advanced Metallic Materials for New Generation Nuclear Power Plants, 4R,
NUCLEARMAT (PCCA 243/2014,Rrincipal investigator /Project responsable

Scientific papers

1. StanciuE.M.,PascuA., Tierean M.H., Roata I.C.,Voiculescul., Hulka I., Croitoru C.,
Dissimilar Laser Welding of AISI 321 and AISI 1010, Technical Gazette, ISSN 1330
3651, Vol. 25/No. 2, 2018I.F.0.72.

2. StanciuE.M.,PascuA.,Roatal.C.CroitoruC.,TiereanM.H., Laser welding of dissimilar
materials, Materials TodayProceedings, 19, pp 1066072, ISSN 22147853, 2019.

3. StanciuE.M.,PascuA., Gheorghiul., CMT Welding of Low Carbon Steel TRiheets,
IOPConference Series: Materials Science aadgineering209, 2017, 012051

4. StanciuE.M.,PascuA.,S p b ILCaCroitoruC.,TiereanM., Mirza Roscal. Hulkal., Solar
radiation synthesis of functional carbonaceous materials using.@J/TiO.-CuHA
doped catalyst, Applied Surface Science 438, ppA3®, 2018, ISSN 01694332, I.F.
5.15,Q1

5. StanciuE.M.,PascuA.,S p bliCdatanC. MoldovanE.R. andriereanM.H., Millisecond
pulsed laser welding of AISI 316 stainless steel, IOP Conf. Series: Materials Science and
Engineering, IOPublishing, 1251, 2022, 012012

11
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6. StanciuE.M.,PascuA.,CroitoruC.,Roatal. C.CristeaD.,TiereanM.H.,Hulkal., Petre
[.M., Mirza RoscalJ. C., Functional Surfaces via Laser Processing in Nickel Acetate
Solution, Materials, 2023, 16, 3087,F.3.4, Q2

7. Voiculescu, V. Geanta, E.M. Stanciu, D.A. Jianu, C. Postolache, V. Hfégouof
Irradiation and Temperature on Microstructural Characteristic of FeCrAl Alloys, Acta
Physica Polonica A, 134(1), gi6-118, 2018 I.F.0.725

8. Hulka, I.; Utu, I.D.; Avram, D.; Dan, M.L.; Pascu, A.; Stanciu, E.M.; Roata, I.C. Influence of
the Laser Cladding Parameters on the Morpholog¥ear and Corrosion Resistance of
WG Co/NiCrBSi Composite Coatings. Materials 2021, 14, 5583

9. Moldovan E.R. Doria C.C.OcanaJ.L.Baltes L.S.,Stanciu E.M.,Croitoru C.,PascuA.,

Roatal.C. TiereanuM.H., Wettability and Surface Roughness Analysis of Laser Surface
Texturing of AISI 430 StainlesSteel, Materials, 2022 15(8),2955, I.F.3.4, Q2

10.GeantaV., Voiculescul., TenciuD., BaschirL., StanciuE.M.,PascuA., Effect of laser
processing on the microstructure of the FeCrAl alloys, Journal of Optoelectronics and

Advanced Materials2020, 22(7-8), pp 411418,1.F.0.63

Presentations in international conferences

1. PascuA, StanciuE. M., CuculeaD., ArdeleanG, latan C, MoldovanE. R, MachedonT.,
Influences of the Nozzle Shape on Bead Appearance and Morphology in Coaxial Laser
Cladding International Conference on Innovative Researdfiay 26th to 27th, 2022,
lasiA Romanig ISSN Print 26014580.

Moreover, unpublishedesults have been adjoinedor a better presentation of the scientific
contents of the thesis.

The present habitation thesis satisfies and surpasses the indicated minimum criteria set by
the Romanian National Council for Titles, Diplomas, and Certificates (Industrial Engineering
and Management domain), as outlined in OMENCS Nr. 6129/20.12.2016 [MOQ,
123/15.02.2017).The criteria are presented and summarised &sdlowing:

12
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director/responsible | National grant

MINIMUM CRITERIA Minimum _
requested Accomplished
Al. Teaching & training 130 1398
A2. Research 300 640.34
A3. Recognition & impact of research activity 100 174.50
MANDATORY MINIMUM TERMS SUBCATEGORIES Minimurm Accomplished
requested
A.1.1.1. Books / chapters in engineering as ) 3
author (first author)
A.1.1.2. Didactic textbook, laboratory guidance / applicatio
(first author) 4(2) 42
A.2.1. Articles in ISI Thomson Reuters journals & proceedings
Minimum 8 articles in ISI Thomson Reutel
of which | journals and proceedingsA from the last|8 15
promotion (2018)
in ISI Thomson Reuters journals| 3 15
of which as first author in ISI Thomsor
Reuters journals 3 4
in a Q1 or Q2 rated journal 1 12
A.2.2. Articles in journals and volumes of scientific ever g 10
indexed in international databases from the last promotion
A.2.5 Research grants (obtained by competition)
A.2.5.1 As| International grant ) 2 director

1 responsible

A.2.5.2 As| International grant

9

member/participant | National grant

15

13
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B2. Scientific achievements

LASER WELDING AND SURFACE ENGINEERING OF ADVANCED
MATERIALS

Chapter 1BACKGROUND ANBOTIVATION

Since completing my Ph.D. thesis in 2011, | have bestracted by the field ofindustrial
engineering, particulariyby the application of various light sources in matergprocessing.
Light,is a fundamental form of electromagnetic radiatioand has proven to be a versatile tool
in engineering processedjeing usedn a wide range of applications such as welding, cladding,
surface melting, cutting, and the synthesis of micro and natmarbonaceous materials. One of
the most interesting facts of light-based materials engineering is its ability taitilise the
properties of electromagnetic radiation for diverse applications. Light, originating from both
artificial sources like lasers and specisdid lamps, as well as natural sources such as sunlight,
can havea broad spectrum of wavelengths. Each wavelengttan alter the material in a
different way and special designed #ificial light sources have beemlevelopedto produce
intense and focused beams, allowing for precise modifications at micro and nanoscales.
Simultaneously, sunlight, Earth's primary natural light sourcetart to be used through
concentrated solar power (CSP) systems foexperimental or large-scale industrial
applications.As researcheyl have been involved in variougrojects that employed natural
(sunlight) or artficial light (lases) to synthesisor to processmaterials. Below isdepicted the
@oweroand capabilitiesof the sunlight to producecarbon nanotubes, in controlled conditions
asresulted from the projectSynthesis of carbon nanotubes using solar radiation and@t
Mn/Cu,O catalyst

Concave mirror

copper

cold finger
o ge\‘ Thermocuple

vacuum
+filter

Al,O/TiO,-Cu-HA
catalyst

Graphite

(a) Water cooling4 Thermocuple

Figure 1.1Solar synthesis of the carbon nanotubes using a pugephite target

a) schematic representation of the setip, b) solar reactor, c) obtainedddJ [STELS].
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This isonly one example of how thenatural light can be usedfor synthesis of advanced
materials where precise control over size and composition is achieved through carefully
designed processingonditions. The sun light, evenf is the greener source okenergy, has
considerable limitation for engineering applicatiorend to overcamethese down backshave
been createdstate of the art lasergenerators with high quality and powerlight beams.
Nowadays the entire industrial engineering field benefits on the laser technologdy.the field

of welding, lasers have revolutionized the process by enabling higitecision fusion of metals,
ensuring superior weld quality and minimizing thermal distortion. Cladding, a technique used
for surface maodification, utilizes focused light beams to depogitrotective layers onto
substrates, enhancing their mechanical and corrosiaasistant properties. Surface melting,
another cutting-edgeapplication, involves the contrééd melting of a material's surface using
laser, resulting in improved surface characteristics and performance.

As an engineer, professor, and researcheanh deeply involvedn the field of laser technology
used to various engineering applicationsThe relevance ofthe laser technology into the
nowadays researchactivity isproved by the27000+ article publishedand indexed by Clarivate

Analyticsin the last five years

5,963
Engineering Manufacturing

3,499
Chemistry Physical

16,026 11,135
Physics Applied Metallurgy Metallurgical Engineering

Figure 1.2 Articles related with laser technology for industrial applications. On 05.2D23.

The focus of this Habilitation thesis is to address existing gaps in the field of laser processing,
specifically concerning the welding of materials with similar or dissimilar compositions,
surface engineering techniques involving the addition of a newdayhrough cladding, and
surface treatments such as heat treatment, surface remelting, analiquid processing of

materials.
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1.1 Fundamentals of lasetechnology

The field of LASER technology involves the utilization of advanced devices that are specifically
engineered for the emission and amplification of radiation at the quantum level. The success
of their functioning is basedon the complex interaction between two separate physical
components a gain medium, commonly known as an active or laser medium, and an optical
resonator. The gain medium contains a variety of materials, including hglrity rare-earth-
doped crystals, glasses, gaseous molecules, semicondust and dyes. These materials
undergo the process known as energy pumping. The optical resonator, which includes an
optical cavity or resonating cavity, encloses the gain medium and is composed of several
mirrors. These mirrorsgive feedback to the system, resulting in the generation of resonant
stationary waves, namely longitudinal modes or transverse modes. The synchronization of
these waves is done with great precision to match the frequency at which electrons move
from a state of high energy (excited tate) to a state of reduced energy, which is a
characteristic feature of the particular gain medium being used. There are several energy
pumping techniques that can be employed, such as resonant energy transfer, chemical
reactions, and the utilization of kectrical and magnetic fields. These methods are bigh
significancein facilitating the gathering of energy within the active medium. This previously
mentioned energy can be successfully gathered and later released by the process of
stimulated emissionswhich occurs under the influence of laser radiation.

The acronym LASER is derived from the phraseght Amplification by Stimulated Emission

of Radiation," which simply describes the fundamental quantum phenomenon that facilitates
the functioning of LASER systems. A LASER system is a device that has been designed to
produce and enhance electromagnetic radiation in several domains, includingay UV,
visible, infrared, or microwave. This capability is based on the principle of stimulated emission,
as previously addressed. The resulting radiation shows profes of great coherence,
monochromaticity, and a substantially higher power density.

The laser functions as a quantum radiation amplifier when it is stimulated by external radiation
in certain specified cases. On the other hand, in cases when the photons initially created within
the device cavity spontaneously induce stimulated emissiohgtlaser functions as a quantum
radiation generator.

Basically, the laser is a complex device that employs a solid, liquid, or gaseous active medium

coupled to a resonant optical cavity. This active medium has a particular chemical composition
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and welldefined properties, and it obtains external energy through a process known as
pumping [URS86].
Pumping can be accomplished through either electrical or optical means. Optical pumping
involves the use of a luminous source (flash) that induces excitation in the atomic or molecular
species residing in the active medium. This excitation involves thens@ion of electrons from
the ground energy level to a higher energy state, resulting in the absorption of energy. In
accordance with the dual corpusclevave principle, subsequent transitions between higher
and lower energy levels result in the emission ehergy quanta or photons. A photon, a particle
associated with light, is capable of transferring kinetic energy to a single electron, thereby
altering the electron's energy level. According to the Planck relation, the quantum of energy
supplied by a phota, denoted E, is inversely proportional to the wavelength of light radiation,
denoted and measured in meters [ADO8, IONO5]:

3E=h-c/] (1.1)
where ¢ = 3 * 1@ m/s represents the speed of light in a vacuum and h = 6.626 **%@s is the

Planck constant.

Characteristics of the laser beam

Based on the phenomenon of stimulated emission, the laser emits electromagnetic radiation
that differs from those emitted by conventional sources due to its unique characteristics.
Important laser beam parameters include beam intensity, focalization, anddiation
wavelength. Coherence, monochromaticity, intensity, and temporal beam distribution
distinguish laser radiation.

Table 1.1 explains the primary characteristics of laser radiation and emphasizes its most
important industrial applications. In addition, the table specifies the appropriate laser

generator variety for each application.

The main properties of laser radiation and iggpplications Table 1.1
0 )
5 7 z g 2
(] =
E 2|8 |2 |% E | 2 | ¢
.| 8§ |Z |9 |E |5 ¢ | 3 | 8
Laser beam proprieties S o g = S > = o
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Coherence X X X X X X
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Directionality X X X X X X
High intensity X X X X X X
Monochromaticity X X X
Small divergence X X X X X X X X
Efficiency X X X X
Active medium Ruby, Glass Nd, YARd, | He-Ne- He- |He- | Argon
CQ-N:-He Argon Ne Ne | Krypton
Ruby
YAGNd

Laser systems operate within the domain of the electromagnetic spectrum, emitting

radiations that span the visible spectrum and extend into the infrared and ultraviolet

wavelength regions (Fig. 3).

E
EE E E g E :
ee@ EB N Eg 3 8
cN CN - 5 ™ 10 0o = pois
0020 S92 O ©o o) o
gL 2 F < oZ <
L5ts 35 3 3% % > >
F2XZ XZ z £3 3 i 8
Soft X-rays Infrared
and UV radiation radiation
(760 nm - 1,0 mm)
I [ [ I 1 1,0 L3l I l R
100 nm 1,0 um 10,0 um

Figure 1.3. Electromagneticspectrum|[MARO8].

The main proprieties of the laser beam are coherency, collimation and monochromatic

properties.

Coherency

Coherence of a laser beam is the property of its constituent light waves to maintagoastant
and fixed phase relationship over time and space. The coherence arises from the underlying

physics of stimulated emission and the coherent amplification process within the laser cavity.
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In stimulated emission, when an incoming photon interacts with an excited atom, it triggers
the emission of an identical photon. This process results in the creation of light waves that
possess the same frequency and phase. As these waves propagate, thajntain their phase
alignment, exhibiting a high degree of temporal and spatial correlation.
A source emits a series of light particles, known as quanta, with a specific coherence length.
The coherence length refers to the distance traveled by a light source before experiencing
changes in coherence. The coherence length, denoteddas , is contingent upon both the
wavelength, represented by, and the bandwidth, indicated as }[IONO5]:

a — (12)
When the radiation source possesses a significantly broad bandwidth, it leads to a diminished
coherence length, hence resulting in the absence of interference events. The coherence time
can be defined as [AAFO08]:

0 — 13)
where is the speed of light.
The laser's ability to maintain coherence igery important in obtaininghighly focused and

narrow beams of lighthat allows processing of various materials.

Collimation

The collimation or directionality property of a laser beam is its ability to preserve an almost
parallel and uniform distribution of light waves as it travels through space. In other words, a
collimated laser beam does not disperse or diverge excessively as it travels, remaining focused
across great distances.

This unique property is a consequence of the laser's design and the physics determining how
laser light is generated. Using mirrors and the laser's active medium, light waves are tightly
confined and aligned within a laser. This alignment ensures that tight waves exiting the
laser stay arranged and coherent, resulting in minimal dispersion.

Due to the diffraction phenomenon, the laser beam must have a certain divergence, which, for
most lasers, is extremely reduced (fig.4l). Laser emission directionality depends on the way
of achieving the stimulated light emission, on the wavelengthand on the beam diametef2

. The minimum divergence of the laser beam may be assessed with relalid{AAF08]:

- = (14)
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Distance
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v

Figure 1.4. Divergenceof a laser beam [AAF08].

Monochromaticity

Monochromaticity of a laser beam is the essential property of a laser to emit light at a single,
precise wavelength or color. This characteristic is a direct result of the basic physics of
stimulated emission in a laser system. The main phenomenon in lageneration, stimulated
emission, assures that photons produced by stimulated emission have the same energy and,
therefore, wavelength. This consistency is a result of the requirement that the photon emitted
must have the same energy as the photon that trdted the emission. Therefore, the active
medium of a laser, whether it is a solid, liquid, or gas, generates photons with a highly specific
energy level, which corresponds directly to a specific wavelength.

Monochromaticity is given by mb o HEC3 tHAN9S]:

o (15)
Monochromaticity depends on the characteristics of the resonant cavity and is connected to
the fact that the stimulated emission takes place. The bandwidtu of a resonant cavity is
given by the relation:

y — (16)

while the bandwidth of the laser radiationYs is much less:

o)

@n
where P is the laser power, and h is the Planck’s constant.
The spectral purity of laser radiation represents the ratio between radiation bandwidth and its
frequency, according to relation:

P — (18)
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Spectral purity is determined by the stimulated emission phenomenon, which requires induced
photons to possess the same properties as inductive photons. The photons emitted are
initially spontaneous photons that occupy the entire range of energy levelseTéssential
function is played by the resonant cavity, which, based on the natural transition width, selects
and amplifies certain characteristic frequencies.
The distance between two such cavity resonant frequencies or modes can be expressed as
follows:

3 ’ - (19)
where cis the speed of light and_is the distance between the resonant cavity mirrors.
This emission of photons at a single wavelength contrast with traditional light sources, such
as incandescent bulbs and fluorescent lights, in whiphotons are emitted across a diverse
spectrum of wavelengths. The monochromatic nature of laser light is a fundamental property

that allows for its wide range of industrial applications.

1.2 LASER beam parameters

1.2.1Laser wavelength

The wavelength of a laser is the length of a single cycle of the electromagnetic wave and is
measured in units of nanometers (nm). Depending of the laser type the emitted light is at
different wavelengths and have a high influence on the material that isithg processed.

The interaction between the laser beam and the material is influenced by the material's optical
properties and the laser's wavelength. When incidelaserradiation is directed onto a metallic
material, three phenomenaoccur: some of theradiation is reflected from the material's
surface (), some is absorbed by the materiaj X, and some passes through the materia)(
[WIEOQS8]. Equationsl.10A 1.11establish the ratio of how the values of th&aserradiation flux

parameters change

” m " p (1.10
f mT p (1.11)
+ nm t p (1.12
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Absorption is a key factor in laser welding, as it determines how much of the laser energy is
absorbed by thematerial. This absorbed energy is then converted into heat, which melts and
fuses the material.The absorption of the electromagnetic radiation in a material follows the
Beer-Lambert law, given by

o o0 (21.13)
where I(z2) is the intensity at z depth, lo is the incident radiatignis the absorption coefficient
influenced by the medium, radiation wavelength, and intensityaser radiation consists of
electric (E)and magnetic fields(H) When it meets charged particles, like electrons of the
material, it induces them a motion through the electric force from the electric field, E. If the
laser radiation's frequency doesn't match the particle's natural vibration, no light is emitted or
absorbed. Instead, a forcednovement and vibration of particle occurs. This interaction,
namely "inverse bremsstrahlung,"involves photons being absorbed in by free or bound
electrons. These vibrating electrons can either radiate agdireflected and transmitted light)
or their motion can be restricted by the material's structure, turning the energy into heat.
Phonons make the structure vibrate, and this heat transfer is governed by Fourier's laws of
heat conduction. With enough absorbed energy, molecular bonding stretches, causing melting.
Further heating leads to molecular vibrations that weaken bonding, rdsuj in evaporation.
The vapor can still absorb radiation but not very effectively, as it only has bound electrons. If

the absomption is strong enough, the electrons break free, and the vapor turns into a plasma.

Heats Melts Boils Plasma
10° W/cm? 10* W/cm? 10° W/cm? 10° W/cm?

Figure 1.5 Phenomena during absorption

Besides absorption, reflectivity of materials playscrucial role in laser processingh wide

range of materials exhibit a high coefficient of reflection when exposed to longer wavelengths.
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The optical characteristics of metals at a wavelength of 1060 nm are shown in Tah[2
[TOYO05]. It should be noted that optical properties are temperatuwdependent. The smaller
the wavelength of photons, the easier they are absorbed into the surface of metallic materials.
The photon population density increases with temperature, so at higherntperatures

increase the possibility of interaction between electrons and the material.

Opticalproprieties of materials Tablel.2
Material k n
Al 8.50 1.75
Cu 6.93 0.15
Fe 4.44 3.81
Ni 5.26 2.62
Pb 5.40 1.41
Ti 4.00 3.80
Zn 3.48 2.88
Glass 0.10 0.50

1.2.2Laser power density

The laser power density, or irradiance, is the most important parameter in laser processing
because it is a measure of the amount of laser power (energy per unit time) delivered per unit

area of the laser spotliameter. Analytically, the laser power density (P) can be expressed as:
0Q - wia (1.14)

Where:
1 Pdis the laser power density
1 Pis the total optical power of the laser beam (W)

1 As thearea of laser spot crosssection(m2)

Consequently, the laser power density is dependent on the diameter of the laser beam. A small
laser spot will increase the power density delivered to the surface of the material, which will
influence the lasermaterial interaction phenomena. The power dsity is crucial in processes
such as laser heat treatment, cladding, and welding because it determines the material
melting rate, heat affected zone, and overall process quality.
The laser spotdiameters often employed for welding typically range from 0.3mm to 1mm,
whereas for laser cladding, the range is typically 1mm to 3mm, depending on the specific
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method utilized. Heat treatments can be conducted utilizing spot sizes ranging from 1 to 5
mm.
Considering a laser beam with a flat top shapafie 1.3 shows the laser power density of a

1kW continuous laser with a laser spot diameter of 0.4mm vs. a 0.8 mm.

Laser power density of a 1kW CW laser with 0.8 and 0.4 laser spot diameter  Tablel.3
0.8 mm laser spot 0.4 mm laser spot

Mbtfs dsptt tfdujpo bsf Mbtfs dsptt tfdujpo bsf
Radius=Diameter /2=0.8 mm/2 =0.4 mm = 0.0004 Radius = Diameter/2 0.4 mm/2=0.2 mm = 0.0002

meters meters

Area> d + ) 3=/5.026 £ B’ nteters? Area> d + ) 3=/1.256 £ " meters?
Power density= Laser power/ Laser area Power density =Laser power / Laser area

Pd= 1000 W /5.026 x 1/ m2=1.98 x 1¢ W/m2 Pd= 1000 W /1.256 x 160 m2=7.95 x 1¢ W/m2
Pd=1.98 x 16 W/m2 * 0.0001 = 0.198 kW/cm? Pd=7.95 x 160 W/m2 * 0.0001 = 0.795 kW/cm?

In addition to laser power density, the duration of lasanaterial interaction has major
significance. The interaction time icaseof a continuous wave (CW) laser is directly correlated
with the speed at which laser processing made

The interaction time when using pulsed lasers is determined by the duration of the individual
laser pulses. Each pulse is characterized by its pulse width or pulse duration, and the overall
process isinfluencedby the laser power density of each pulse, the pulse repetition rate, and,
of course, the processing speed.

In this case, the laser power density of a 1kjlsedlaser with a laser spot diameter of 0.8mm

and a pulse duration of 0.5 ms will be:

Laser power density of a 1kW pulsed laser with pulse duration of 0.5.ms Tablel.4
0.8 mm laser spot 0.4 mm laser spot
Mbt fs dsptt tfdujpo bsf Mbtfs dsptt t(Rdujpo bsf
Radius = Diameter /2 0.8 mm /2 =0.4 mm = 0.0004 Radius = Diameter/2 0.4 mm/2 = 0.2 mm = 0.0002
meters meters
Bsfb > d #=50265x10"nbterst * Bsfb > d #=1)25/k101nefrsn *
Pulse energy =Average Powe[W] * Pulse Width[s] Pulse energy =Average Power [W] * Pulse Width [s
Energy per Pulse = 1000 W * 0.005 s = 5 Joules Energy per Pulse = 1000 W * 0.005 s = 5 Joules
Pulse pwer density = Pulse laser power / Laser are Pulse power density = Pulse lasgrower / Laser area
Pd =5J/5.026 x 10" m2=9.94 x 10° W/m?2 Pd =5J/1.256 x 10" m2=3.98 x 10/ W/m2
Pd =9.94 x 10 W/m2 * 0.0001 = 099 kW/cm? Pd =3.98 x10” * 0.0001 =3.98 kW/cm?
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The table shows the power density of each pulse without considering the repetition rate. If we

add the repetition rate the results will be:

Laser power density of a 1kW pulsed laser with pulse duration of 0.5 ms and 10Hablel.5

0.8 mm laser spot

Mbtfs dsptt tfdujpo bsf
Radius = Diameter/ 2 0.8 mm/2 = 0.4 mm = 0.0004
meters

Bsfb > d #LJ)61//11317m6terg?*2 1
Pulse energy =Average PowelW) * Pulse WidtHs]
Energy per Pulse = 1000 W * 0.005 s = 5 Joules
Laser power[W) = Energy per Pulsg] * Repetition
Rate[Hz) =5J* 10 Hz =50 W

Power density = Laser power / Laser area

Pd =50W /5.026 x 10 m2 = 9.94 x 10 W/m?

Pd =9.94 x 106W/m2 * 0.0001 = 9.94 kW/cm?

1.2.3Laser pulse shape

0.4 mm laser spot

Mbtfs dsptt bsf
Radius = Diameter/ 2 0.4 mm/2 =0.2 mm = 0.0002

tfduj po

meters

Bsfb > d #LJ)21//316lMeRysn21
Pulse energy =Average PowefW) * Pulse WidtHs]
Energy per Pulse = 1000 W * 0.005 s = 5 Joules
Laser power[W] = Energy per Pulsg¢] * Repetition
Rate[Hz] =5 J * 10 Hz = 50 W

Power density = Laser power / Laser area
Pd=50W/1.256 x 10 m2 = 3.98 x 16 W/m?2

Pd = 3.98 x 18W/m2 * 0.0001 = 39.8 kW/cm?

Pulsed lasers release light in shodptical pulses,comparedwith continuous lasers that emit

an uninterrupted beam of lightTherefore,in case of thepulsed lasersthe light isemitted as

a pulse with aprecise pulse duration or pulse width. Each pulse is form@&gda certain number

of photons and depending of the laser typgthe number of photors can berealisedas pulses

in the range of millisecondsip to pulsesin the rangeof femtoseconds(10* second orl/1000

picosecond. This characteristic of the pulsed lasers is very important being the key factat

influence the interaction between the laser and material.

A

Pulse energy

ms ps fs

>

[time]

Pulse duration

(a)

A
y Repetition rate
> | Pusewidh PO @
@ : :
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[0
0
=2 Averange power
>

Pulse duration

(b)

Figurel.6a) Non scale representation of laser pulses,itg¢al rectangular pulse train

25



Habilitation thesis Elena Manuela STANC

The average power of the pulsed lasers is calculated by multiplying the number of pulBes
X ] ui ui f q Pe)dividedton thedifesohpalsegt).

5 0]
)

(1.15)
Y o — (1.16)

and therefore

0 YD Q (1.17)

where R is the repetition rate

At a constant pulse energy, the average power will increase proportionally with the repetition
rate.

Processing with pulsed lasersnvolve more parameers that needs to be set up but also
increased control over the lasematerial interaction. Laseraveragepower, pulse widthand
repetition rate determine the amount of energy that isbsorbed into the material Another
important key factorof pulsed lasebeamis that the pulse duration can be modulated in order
to fine tune the distribution of power over the pulse duration. Thisodulation can be als@
decisive factor that influence thematerial heating, melting or ablation during the laser

processing Figurel.7 shows the most common type ofoulsegeometry.
A

Pulse energy

Pulse duration [time]

Figurel.7 Variouspulse geometryused for materials processing

1.2.4Laser focal distance and deep &dcus

The laser focal distance and depth dield/focus are interdependent parameters,and very
important in laser processing by determining the energy density on the material surface and
the positioning of the laser focuselated to the material. Both parameters are key factors
when utilizing lowpower lasers, where maximizing the utilization of available power for
material processing isnandatory and obtaininghe smallest laser spot diameter is desirable.
The spot diameter is influenced byariousfactors, such usthe type of laser, the quality of the
laser beam, and the focusing optics. Allustrated in FHgure 1.8, a short focal length results in
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a smaller laser spot diameteif a largerfocal lengthis used thana proportionalincreasing of
the laser spot diameter wilbccur. It is a basic physigsinciple but is very importantfor laser
welding of materials A larger depth of field allows fohighertolerance in the distance between
the focusingoptics andthe material. This is advantageous ivelding application when a high
distance between (500 A 1500 mm) the welding head and material are desired duto
positioning / access limitationsAlso,a higher focusing distance and a high depth of fieddn
be advantageousin situations where there are variations in the material surface or when

working with irregular shapes.

W\Lwi {2 I R A
_—\ —— :
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Y YYVYY

Short  focal \

length (f)
Leng focal
Depth of focus (DOF) - length (f)
Depth of focus (DOF) ¢ .

Spot diameter (O,p,) W

- -

Spot diameter (0;;,,,) I

Figurel.8 Laser spot diameter and deep of focus afferent focallength [MARL7].

Attention should be paid to focal length becausevery large depth of fieldan diminish the
energy density, affecting the efficiency of material processirig.applications where precision
isimportant, a smaller depth of fieldnd asmall laser spot is used tonaintain a concentrated
and well defined interaction zonebut itis a solution only for thin materials. In case of thier

material, a higher focal distance and focal depth is requiredwelding or cutting thematerial.
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CHAPTER DIFFERENT PROCESSES, SAME THERMAL SOURCE: LASER BEAI

Lasers have emerged as cuttingdge tools in materials processing and are now in direct
competition with conventional methods for operations such as cutting, welding, heat
treatment, and surface alloying. The unique characteristics of laser beams haveothiced a
higher degree of precision and repeatability into material processing applications when
compared to traditional techniques. In industrial engineering, lasers find their primary
application in laser cutting, closely followed by laser marking. Thaggplications haveevolved

and are wellestablished technologies within thdield of materials processingAs presented

in figure 2.2, laser cutting stands out as the most widely utilized laser application in the
industry.

On the other hand, lasemwelding, additive manufacturing, heat treatment, and surface
processing represent more intricate operations that continue to be subjects of active research.
Researchers are dedicated to defining the optimal techniques and parameters for these
processes.

The primary objective of thigHabilitation thesis is to address certain knowledge gaps within
the domain of laser welding and surface processing and to expand the current understanding
of laser welding techniques and surface processing methodologies.

To achieve this objective, the thesis presents various research studies in the field of laser
processing for industrial applications, conductegrimarily at the Advanced Welding Eeo
Technologies Research Center, situated at the research facilities of Transilvania University of

Brasov.

Laser processing

v ’ v

Welding Surface treatement Cladding
Gas shielding enviroment Liquid media

Figure 2.1 Laserprocesses that areaddressed in thidHabilitation thesis.
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2.1. Laser welding

2.1.1 Techniques and principles

Laser welding of metallic materials represents a special category within the broasjgectrum
of fusion welding techniques. In contrast to conventional joining methods, which often exhibit
inherent drawbacks such as heightened stress and strain resulting from continuous heat
input, variability in welding quality depending on the operatoskill, reduced overall efficiency,
and limited applicability to thin plates, laser welding has emerged as a compelling solution
poised to address the challenges of the 21st century in the field of joining processes.
Among the various laser processing techniquen, 2020 welding ranks fourth in terms of its
prevalence in the industrial laser beam applications, as depicted in Figu The thermal
energy delivered by the laser beam offers the capacity to concentrate significant energy onto
small surfaces, facilitating the creation of narrow and deep welds. Furthermore, this method
delivers high productivity and process repeatabilityll ahile eliminating the need for physical
contact between the workpiece and the weidg head.
To obtains a quality welded joint, two distinct challenges arise:

1. Ensuring the precise alignment between the pieces to be welded.

2. Ensuring the precise alignment between the pieces and the laser head or, more

specifically, the laser beam itself.

m Welding

= Marking

m Semiconductors
Fine metal

B Non-metal

M Other

m Metal cutting

m Additive

Figure 2.2Ultilisation oflaser forindustrial application[***LAS].
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Laser beam welding can be done in two main ways: continuously or in a pulsed manner. In this
process, the laser beam is directed at the material's interface, where it is absorbmat not
totally. Phenomena of reflection and diffraction plays an important role in the process.
Commonly, protection othe melted metal poolis made usingan inert gas introduced through

the laser welding head. A diagram illustrating the laser welding process is shown in Figge

LASER beam —

v Focusing lens
Shield gas

»—— Colimating lens

Water cooling

Weld bead

Base material

Figure2.3 3D schematic representation of the laser welding principle.

The choice between welding with or without filler material depends on the type of material
and its thickness. For materials with high thickness grooved sides, or in cases of dissimilar
joints that present metallurgical compatibility challenges, filler material in the form of wire or
powder may be used to fill gaps. Using filler material provides more flexibility in positioning
the base materials ad closing gaps between components.

Regarding the positioning of the laser beam relative to the workpieces, several notable
orientations exist: horizontal plane welding, vertical plane welding with lateral movement
(left-right), movement from top to bottom, from bottom to top, and overheadeiding. These
orientations result in different characteristics in the flow of the weld pool. When welding
workpieces with complex shapes that are in motion, these basic welding positions can be
combined.

The laser welding process can be carried out either continuously or in pulses. Laser radiation
is absorbed at the material interface, and protecting the molten metal pool involves

introducing an inert gas through the laser welding head. Depending on thecafic application
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and the thickness of the components, protection of the molten pool can also be achieved by
directing the flow of gas laterally. The root of the seam can be shielded by manipulating the
gas flow within the componentholding device.

Optimizing welding parameters depends on the irradiation mode in relation to the nature and
thickness of the workpiece material. Irradiation can occur either continuously or in pulses.
Typically, the welding speed and the distance between the laser weldimgad and the
workpiece remain constant throughout the process. Focusing can be directed towards the
surface of the workpieces or within the material itself. In addition to ensuring sufficient
penetration, it is crucial to prevent workpiece deformation daog welding. Workpiece
deformation could lead to significant fluctuations in thermal flux density at the workpiece

surface, potentially compromising the welding process.

2.1.2 Conduction welding

Laser conduction welding can be achieved in two ways: direct heating and energy transfer. In
direct heating, the materiad surface absorbs the laser energy, and theéhe energy conducts
inside the material,as the name"conduction mode welding." This type of weldingan be
realised usingrelatively low laser beam intensityDuring the conduction weldingprocess
semi-spherical weldingbead and a nearby heataffected zone are formed similarly to
conventional processes like electrical arc welding. This method is particularly useful for thinner
materials or when full penetration is not needed. The welding process occurs quickly,
influencing the joint geometry and resulting in fine granulation with improved mechanical
properties. Continuous weldingcan beachieved by overlapping weldingpots or by using a
continuous wave beamand it is suitable for materials that absorb infrared radiation, where
the laser energy creates a melted layer, leading to the formation of a welded joint upon
solidification.

Oneof the advantagesof laser welding is theability to change the welding typessuch as from
conduction to keyhole welding, depending on the laser begower density and duration
respectively, the laser welding spee8oth welding types, conduction and keyhole welding can
be achievedby using continuous wave lasers or pulsed one€ontinuous welding offers high
productivity and faster welding speed compared to pulse welding.

In conduction welding modethere is one condition it is required that the material surface

temperature to exceed the melting temperature but not reach the vaporization temperature.

31



Habilitation thesis Elena Manuela STANC

The optimal parameters for conduction welding vary for different materiadsd trials must be
done in order todetermine when conduction welding changes into keyhole welding.

Despite some initial limitationsthe conduction weldingprocesshas some advantagesIthas
better stability and heat control, and it can besed instead of keyhole andconventional
welding. Largespot diameters laser beamin this mode reducesthe problems created by
components misalignments and the laser system doesn't demand high beam quality/eld

without pores and splashes can be obtained in conduction welding mode.

»—— Colimatinglens ———

»— Focusinglens ———=

Shield gas

Water cooling

. Vapor
Al Plasma

Melted material

Base material ——*
TRGL

Conduction welding Key-hole welding

Figure2.4 3D representation of thdaserwelding process in a) conduction mode and b) key

hole mode.

The main disadvantage of the conduction welding process is firaited penetration depth,
especiallyin case of processingeflective materials. Theprocessefficiency, which measures
how much laser energy is absorbed by the material, is lower in conduction mode compared to
keyhole modeThe laser materials interactiophenomenadependon multiple conditionsand
therefore the point when conductionmode ends andkeyhole weldingstarts is not precisely
defined, but it generally occurs when thiaser power isnot sufficientto cause boiling or when
vaporization is insignificantFigure 2.4 shows the schematic ofconduction and the keyhole

mode.
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2.1.3 Keyhole laser welding

The leyhole laser welding it differs significantly from conduction welding. The keyhole mode
welding relies on achieving high- power density, causing the formation of &oid / hole similar

in appearancewith a [Keyholenin the material.In this mode, the laser beam penetrates the
material with such intensity that it creates a localized cavity, or keyhole, within the molten
pool. This keyhole isainly a vaporfilled void surrounded by molten material. The high power
density causes rapid evaporation of the mated, and the resulting pressure creates the
keyhole.Oneimportant factor in the keyhole weldingprocessis achieving a power density
sufficient to cause boiling in the molten pool. This leads to the creation of the keyhole and
enables the laser beam to penetrate deeply into the material. The power density required for
keyhole welding is typically higher thathat used in conduction welding.

The boundary between conduction and keyhole it generally occurs when the power density
surpasses a certain threshold, often considered to be around® Yo/cm>. This value isheavily
used inliterature as theminimum power density atwhich the laser welding can be done. It is
not always correct becausetts value is independent of welding speed or beam diameter.
Moreover, in case of laser processing / welding besides laser power is very important the
material absorption / reflectionfactor which influencethe occurrence of boiling or vaporization
of the material.

Keyhole laser weldinghas severaladvantages, such as deeper penetration compared to
conduction welding. Théigh- power density allows for the creation of a weltlefined keyhole,
resulting in a more profound weld. This mode is particularly useful for thicker materials or
when strong weld penetration is required.

In keyhole welding mode, teention should be paid to procesparametersas excessive power
density can lead to instability andnuniform keyhole formation.In the same time the process

is more sensitive to the reflective properties of the materias higher reflectivitycanreduce

the absorption of laser energy and makkeyhole formation more difficult.

2.2 Laser welding in scientific research

Nowadays, the laser welding offers a versatile and precise method for joining materials,
particularly in applications requiring high precision, such as microelectronics, medicine, and

aerospace. It provides advantages in terms of weld quality and the &pito create welds
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unattainable through conventional welding methods. However, successful laser welding
requires careful consideration of factors like material characteristics, temperature control, and
process parameters to maintain the optimal balance of energy input andpit. Researchers
continue to explore and optimize laser welding processes to unlock its full potential in various
industrial applications.Laser welding issuitable for welding various irorbased steels,
stainless steels, and nonferrous alloys

One of the topics addressed by this habitation thesis is laser welding in similar and dissimilar
configuration. My experience in this topic starts in 2010 and continue to be a key focus area in
my current research this subchapter beenl@ad-in into the topic of stainless steel welding in

similar and dissimilar joint configuration.

Laser welding of stainless steel

In the latest years stainless steelhas becomeone of the most used alloys in areas where
corrosion resistance is a vital material performance. Laser welding is commonly used in the
automotive industry to join stainless steel components, offering high precision and speed,
making it suitable for produmg various structural components as well as in aircraft and
aerospace applications due to its corrosion resistance and strength.the medical field,
stainless steel is a preferred material because of its biocompatibility and resistance to
corrosion. Lasr welding is a precise technique for assembling surgical instruments,
implantable devices, and medical equipment. It ensures the highest quality and reliability
standards are met.

The family of stainless-steel grades is large including austenitic, ferritic, martensitic and
duplex steels and among them, several grades are preferred for utilization in industry and a
special attention is paid for weldability of this steelslhus, austenitic steels have the best
impact resistance qualities at low temperatures and the maximum resistance at high
temperatures, whereas martensitic steels are the hardest at room temperature. Stainless
steels have a variety of mechanical qualitieldt, together with their high corrosion resistance,
make them desighuniversal for engineering [FOL88Austenitic grades like AISI 304, 308,
316, and 321 are preferred for various applications requiring welded joints.

These grades are versatile and widely used for creating durable welpbaakts in medicine or in

industries such aschemical food, and construction. The choice oftainless steel grades,
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especially austenitic ones, plays a vital role in ensuring the reliability of welded structures
across diverse sectors.

As a consequence, austenitic stainless steels such as AlSI 316 and AISI 321 have become the
subject of numerous studies exploring material behaviour during laser welding in order to
identify the optimal parameters and welding setps.

It is important to note that the laser joining method for stainless steel can be done in two
different wave modes: continuous mode for welding joints with a high thickness and pulsed
mode for thinner parts where precise control of the energy is very impamt.

Continuous laser welding of AISI 317, a preferred choice owing to its superior corrosion
resistance compared to AISI 316 and AISI 321, was made in a recent study by Ceyhun Kose
[CEY22].He obtained good welded joints using AISI 317 of 3mm sheets on which applied a
PWHT that increased the ductility and impact toughness.

For thicker materials, such as AISI 316 LN with a thickness of 11mm, alternati@ahniques

can be usedPavan et al. [PAV23] successfully employed a hybrid process involving laser beam
and MIG welding to achieve optimal results. In this context, precise alignment between the
laser beam and the MIG torcivas determinedas beena critical factor. Through the utilization

of Hybrid Laser Welding (HLW) hegh joint efficiency of 101% was attained for AISI 316 LN, as
reported by Pavan.

When dealing with thicker materialsjariouswelding techniquescan be usedincluding hybrid
welding, preheating, postheating treatments, and welding assisted by vibration, among
others. Conversely, the welding of thin sheets using lasers presents a more intricate challenge.
One of the primary concerns is the rapid cooling bietwelded bead and the potential for root
burnout. These issues have been addressed through optimization of process parameters and
the utilization of pulsed lasers.

The mechanism underlying pulsed welding seams, characterized by low residual stress, robust
mechanical properties, and an aesthetically pleasing appearance, relies on a bainced
sequence of highenergy pulses. These pulses are precisely defined byithmilse energy and
density, as highlighted in the literature [BR1, GHL21, KUML7].

Nevertheless, pulsed welding is susceptible to thermal cracking due to rapid cooling. In
response to thisissue, Zhang et al. [ER1] use a novel approach involving thenodelling of
pulse shapes to control over the crystallization process during the cooling phdsaser
welded structures are prone to residual stress and strain due to the thermal expansion

coefficient and relatively low heat conductivity of stainless steel in the 300 seri&henghong
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et al. [HE22] investigated the effects of oscillating laser beam characteristics, such as
amplitude and frequency, on residual stress in 316 stainless steel using Goldak's deuble
ellipsoidal finite element technique.

While stainless steel is primarily selected for its exceptional corrosion resistance properties,
the researchon austenitic stainless steels have revealed that the corrosion resistance
performance in the heataffected zone (HAZ) is affected by laser heat inputA22]. It is
noteworthy that the choice of shielding gas can als@mvea highinfluence on the hardness of
laser beamwelded (LBW) specimensSumanet al. [SJM19] have reported lower hardness
values whenusing argon as a shielding gas. Furthermore, for LBW seams, the width of the
joint is mainly influenced by laser power, while the pulse width assumesnaain role in
determining the ultimate strength of 316 stainless steeK{UML7].

To date, there has been many reports and studies on stainless steel welding; however, the
comprehensive exploration of process parameters for pulsed beams remains a relatively
understudied domain. The overall quality of welding outcomegispendentupon a of various

factors, including thefine variations in process parameters.

Laser welding of heterogenous materials

It is known that the most processable and less timeonsuming process to assembly two
components is by welding but challenges arise if the materials are not similarecent years,
there has been an increase of investigations conducted in the field of heterogeneous welding,
with a specific focus on its utilization within industrial applications. The laser technology has
allowed the emergence of heterogeneous weldindsetween materials that have matching
melting and vaporization temperatures. Heterogeneoyints, characterized by a combination

of various materials, are widely used in various applications to avoid the use of costly materials
such as stainless steel. The development of various material combinations for welded
structures has been motivated byeconomic and environmental factors. In order to attain
optimal performance of these welded joints, it is imperative to use appropriate welding
techniques that effectively mitigate potential challenges, including the formation of
nonhomogeneous regions witin the fusion zone, the development of brittle layers
accompanied with increased internal stresses, and the presence of secondary phases, among

various other factors.
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Nowadays, aser welding is the best technology to be used for dissimilar welding daehigh
concentration of energy and the high welding speed. With those two characteristics hirggh-
quality welding joints of stainless steel, titanium, copper, aluminium in various combination
has become possible.From economicreasons ahigh interestis addressedin welding of
stainless steel with carbon steel, usually known as black and white joir@)11, IORL0] being
commonly used in the fabrication afthemical installations, power generating installations, and
are also prevalent in the petrochemical, nuclear, and automotive sectokél$14, LPO5,
KUO7]. Depending on the chemical composition of the steel and stainlestgel type at the in
case of heterogenous joints a diffusion area with a distinct chemical composition from both
the base materials and the weld can be formed in the fusion zone [IIS1O[A#4]. In case of
welding dissimilar materials that includgwo different steels, there is a carbon difision
phenomenonto the material with a higher content of alloying elements, where carbon exhibits
a strong affinity. Consequently, at the interface with the alloyed steel, carbmtreases
leading to the formation of carbides at the grain boundaries. This weakens the cohesion of the
metallic matrix and promotes intercrystalline corrosion. Therefore, it is essential to control
carbon diffusion and limit the dilution effect. Laser weldinggwves advantageous in this regard
as it reduces the size of diffusn areas due to the high concentration of linear energy.
Furthermore, in the case of stainless steel, chromium precipitation on the grain boundaries
can be mitigated by utilizing a high laser welding speed, which decrease the weld bead
exposure to high temperature$LOKD9, LIMO5, YAN10Q].

In my experience, structural and operational key factors in heterogenous joints, are variation
in alloying elements, surface reflectivity, heat conductivity rate, and thermal expansion
coefficients of the basematerials. Of course, in conjunction with the process parameters,
which have the main influence on the welding procesall these factors hae been
investigated and reported in the literatureAccording to Khan et al[KRK12] the factors that
influence the weld bead geometry in dissimilar laser weldj of AlISI 304 and AISI 340 stainless
steel include laser power and incident beam angle. A welding in black and white configuration
(laser spot welds between low carbon and austenitic stainless steels) was successfully
conducted by Torkamany, obtaining paie results in terms of tensileshear monotonic
loading [TORL2]. Baghjari et al. BAG14] reports on a more difficult research, defect free
welding of AlISI 420 stainless steel to kovar alloy while reducing hot crack development in the

weld zone.
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Mousavi achievedavourableoutcomes in the laser welding of AISI 321 and AlSI 630 stainless
steels, employing a circular butt weld configuratiodKB09]. Anawarevealedimprovements

in the mechanical properties of ferritic/austenitic (F/A) joints by employing monitored
experimental settings regarding laser poweANAOS]. In term of dissimilar laser welding of
stainless steel, valuable research was present §ose C[KO22] showing that AISI 904L
super austenitic stainless steel can be successfully weld with AISI 317L. In depth
characterisation using EBSD electron microscopy analyses revealed that contemt gfains
increased after a post weld heat treatment was applieahd their direction chanced in the
[101] and [001] direction after compared with [111] and [101] in as welded condition. As effect
was determined an increasing of toughness while the tensile strength and resistance to
bending decreaseAs indicated in the literature a additional factor that should be considered
for the stainless steelcarbon steel welded jointsrespectively the fast coolinddue to the fast
cooling of the metal bath, which can cause an incomplgte transformation [JOHO05, YGZ10,
ARI11, KHA12], delta ferrite phaseis possible to beformed with a negative impact on the
corrosion resistance of the weld bead. Moreovetelta ferrite phase ismore susceptible to

grain boundary corrosion as the material thickness decreases.

2.3 Laser surface engineering: Methods and applications

As previously stated, laser surface treatment, in addition to laser welding and cutting, is a new
technology of surface engineering used to improve material properties such as corrosion
resistance, hardness, wear and friction behavior, heat resistance face strength, and so on.
There are several techniques in surface engineering that involve laser beams, all of which been
used to increase the component lifespan, to recondition or to improve overall surface
tribological featurescan be used with a continous or pulsed laser beanut all are based on

one of the following 3 principle

l. Laser surface engineering by adding a material
. Laser surface engineering by removal the base material
Il. Laser surface engineering withouthanging the surface topography

All three processesoffer versatile solutionsfor surface engineeringand can comply with
specific application requirements across various industries. The choice of technique depends

on the desired surface properties and theroprietiesof the material beingprocessed
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Figure 2.5Laser surfaceprocessing depending on the surfademperature [ANA20]

The main important factos that influenceall the laser processing methodarethe laser power
density and the lasersurface interaction time.Depending on that, surface melting or
vaporisation will emerge or not. If the temperature at the surfac@)is lower than the
materials melting temperature (Tm) then surface topology will not be changednd only
subsurface solid-state transformation will appear as for the heat treatment processing,
hardening or engravinglf the temperature is higheenough then melting or vaporisatioTv)

of the surfacewill occur. Laser cladding, glazing or surface alloying need a superficial melting
of the surface and cutting, drilling or surface texturingeed the material vaporisationA special
case is represented by the laser shock processing where surface topography is changed due

to mechanical action of the laser pulse but without melting.

2.3.1Laser caldding

Laser cladding is a modern technique of deposition in which the laser beam is used as thermal
source and a cladding material in form of powdemslted on the surface of the base material.
Metallurgical bonding is obtained by superficially melting and mixing with the substrate
[PASLE]. The filler material can be in the form of powder and feeded coaxially oragfs with

the laser beamor the powder can b@replaced on the material surface in the form of a paste
Also, prior the laser melting, the powder cand be preplad®dusing another spraying process

like thermal spraying.
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Nowadays the laser cladding with coaxial powder injection is the best technology available for
reconditioning or to enhancing of new surface€ven if the laser cladding is the best
techniques to apply a coating with superior tribological characteristithe process is
dependent on the numerous process and setp parameters.

As presented in the figur.6, the overall quality of the cladded layer @&resultof the matching

of various parameters that are the subject aingoingresearch in the community of coatings
researchers. Parameters likeaserpower [YON23, YAX23], pulseduration [ZHE21], repetition
rate [WER3], powder feed rate]LON23], cladding speedHUL21], beam profile[ XIN24] are

investigated and optimised in scientific studies.

Laser power Laser beam spot dimension
Pulse duration Focal distance

Repetition rate Powder preheating

Powder feed rate Beam profile | pulse shaping
Gas flow rate Laser — Powder intersection
Cladding speed Geometry of the nozzle

Figure 2.6 Interdependence of laser cladding process paramet¢PAR2].

Not on the last the claddingnozzle, respectively the angle of the feeding powder has a major
influence in the case of coaxial laser claddingsually,the coaxial powder injection can be
realisedat angles between 15 and 40 degreeés | and my colleagues presented at the ICIR
International ConferenceRAS22] in 2022, the laser cladding head can completely change the
shape of the cladded layefrigure2.7 presents a case study realisedsing 20-, 25 and 32
degreecladding nozzles. Each claddimgs a differentgeometry of the sprayed powder which
will interact differently with the laser beam.

Depending on the nozzle angle a different interaction between the powder and the laser beam
will be employed. In each casthe focal point of the laser can be positioned in the same spot
with the power, above the intersection tip of the powder steam of below the intersection point
of the injected powderMoreover, besides the poinof intersection between the powder and
the laser beam, an important parameter is the relative positioh that point related withbase

material surface.

40



Habilitation thesis Elena Manuela STANC

Nozzle Type 1 Nozzle Type 2 Nozzle Type 3

Coincident angle

' 320, 25°, 20° 2 ] Y B
e g
v 10—

Laser beam

32° 25° 20°

Figure 2.7Examples ofdifferent cladding headsPrecitec WC 50, focal lens 200 mm
[Centerfor Advanced EceTlechnologies at UNITBV Research Facili{ifdAS22].
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Figure 2.8Schematic representation of laser beark powder steam intersection area aB2-,
25- and 20-degree[PAR22].

The angle of the cladding unit influences the shape of the powder steam and also the area and
location of the intersection point between the laser beam and the powder. It is an important
parameter because this will further influence the quantity of the ntetl powder, the quantity

of the absorbed and reflected of the laser beam. Depending on the intersection point the laser
beam will have a different power density because of the variable radius of the beam as

illustrated in figure2.8.

Figure 2.9Powder spraying geometry aB2-, 25 and 20-degree. Standof distance,
d=11mm; [Center for Advanced Welding E€bechnologies at UNITBV Research Facilifies
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This is important in controlling the geometry of the cladded laser and also the dilution of the
cladding with the base materialThis variable of the technological setip was investigated
using aNi-based powder and three c@xial cladding units with 20, 25- and 32-degree angle
of powder injection. The seup was completed using a 1kW continuous laser and a robotic
arm, the powder being feed et by a designed powder feeder (Therematéiighel based
powder with chemical composition oNi17C2.5B4Fe4Si0.5Gind 235 low carbon steel o8

mm have been used for the experiments.

] "4.':/__" LD B < !
Figure 2.10 Experimental frame used for testing various cladding unasd the general
appearanceof the cladded trackStand-of distance, d=11mm[Center for Advanced Welding
Eco Technologies at UNITBV Research FacilitifRA22].

Figure2.10presents the experimental setup and the macro appearance of the cladded tracks
which have been fabricated using different cladding units.

By the carrying out of multiple tests with different parameters, it was determined that the
control of the powder injection angle has the potential to influence the rate of dilution. The
cross-section of two cladded track obtained with similar parametergveal that dilution is

mainly affected by the cladding unit, respectiveB2-degree vs 2@ degreethe angle.
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Figure 2.11Examples of how the cladding head angle can influence the dilutibaser power
800W, cladding speed 25 cm/min, (a) 32flegreeangle of powder injectiorand (b)20° -
degreeangle of powder injectiofPAR22].

Dilution in case of coatings is defined as:

Am

Dilution(areas ratio) =
( ) Ay +A,

(2.1)
Where Amis the melted area and the Ac is the cladded area as depicted in figlfe. The
main difference between the two tracks is the melted area of the base material that indicate
a high dilution with the cladded material. This is not desired in the laser cladding processes
because a high degree of dilution between materials meatisat diffusion phenomenaof

chemical elements of the substrate into the cladded layeill occur.

ALY

Figure 2.12Detail view of the diffusion lindPA22].

A high degree of diffusion will negatively impact the mechanical proprieties of the cladded

material, eglow hardness, chemical resistance of wear resistance of the coating.

The negative effects resulting from a significant dilution encountered as a result of increased

power density are illustrated infigure 2.12, which indicates the presence of a diffusion

boundary between materials. The observed separation line is a distinct dendritic structure that

serves as a boundary between the substrate and the cladded layer. This separation line is most
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evident in the case ofthe samplewhich was produced using cladding head no(flg. 2.7 and

2.8).

This highlights that the laser cladding process is significantly influenced by the process
parameters and the configuration of the laser cladding sep, since the cladding head /nozzle
can impact both the geometry of the cladding layer and mechanical piefpes.

According to my observations, the utilization of a nozzle with a low incidence angle, specifically

categorized 15 20 degrees, has the potential to produce coatings of superior quality.

Powders

In addition to process parameters, the selection of materials significantly impacts the quality
of the cladded layer, therefore playing a critical role in achieving a superior result. One major
advantage of the laser claddingrocessis its capability to utilize a wide range of alloyed
powders, including those with commercially available compositions or specifically designed
recipes.

Typically, powders ranging from 10 to 100 um in size, based primarily on iron, nickel, or cobalt,
are commonly utilized for cladding processes in order to enhance corrosion resistance, wear
resistance, or achieve high levels of hardness. Powders consistifigpure compositions of
nickel (Ni), aluminum (Al), titanium (Ti), and cobalt (Co) are often used as matrices for hard
phases such asirconia o tungsten carbide (WC).

Due to its versatility the cladding process with powders is used in various applications that
request special materials with good proprieties in term of erosion, cavitation, abrasion,
corrosion, heat resistance etdPASL7]. Finding new alloys and adapting the process
parameters to various conditions imposed by the advanced materials is a continuous quest in
the scientific research. In a detailed study Zhang et alZHA23] optimise the process
parameters to control the dilution of 165PH alloy on U75V pearlitic steel during the laser
cladding. In this particular case the increased dilution was beneficial due to the strengthening
effect of diffused carbon into the claddingincreased hardness and wear resistance was
declared. Downside of higher dilution is the increased cracking susceptibility. Wei at al.
[WER3] limit the dilution percent for Cebased and Nibased alloys on 1Cr12 substrate and
obtain 5.4 % and 3.1 % dilution rate for NiCrMoNb+WC and Stellite 6 respecti@elyd
corrosion resistance and tribological results were obtainedhe general opinion among
numerous studies is that achieving a highuality coating requires a precise alignment of

materials, process parameters, and saip.
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An effective approach presented in several study papers is to use a ductile matrix and a hard
phase in order to increase the wear resistance. The disadvantage of this combination is that
the soft material and the carbides have different thermal expansicates, which increases the
cracking susceptibility of the deposited layer. Farahmand and &ARL4] have use an
inductive heating forlaser cladding of Ni-60%WC ontccarbon steelas a solution for the
reducing of cracksln the same study was revelated that addition of nan@/C particles and
LaO; can increase the homogeneity and refine the microstructure of the coatirgser
cladding assisted by inductive heating is an option to reduce the cracking but increased heating
can damage the WQan order to mitigate the dissolution of WC particles in the melted bath,
Wang et al[WANL7] conducted a study on the effect of process parameters on the integrity
of WC particles. They identified three mechanisms of dissolutidiffusion- precipitation of WC
particles during laser irradiation and concluded that a higher cladding speed is advantageous
in reducing the negative impacts on WC particleAnother way for reducing cracking
susceptibility and preserving the WC particle integrity is to precisely tune the soft matrix in
order to promote the encapsulation of the hard phasel a recent studyGuoet al [GUQ3]
design a new class of cladding alloy based on a soft Co matrix and a hard Co one reinforced
with WC particles. For claddingf €o 5wt%WC alloy on Inconel 718 base material was added
5, 10, and 15 wt% Cu as supplementary soft matrbhe results highlights that a certain
amount of Cu acts like a solid lubrifiant increasing the wear behaviour room temperature and
CuO reduce the friction at high temperatures, 600°C.

A particular methodstudied at Center for Advanced Eedechnologies at UNITBV Research
Facilities HUL21] is to use a distinctive blend of WACo with NiCrBSand NiAl compositions.
The addition of NiAl into thélendis expected to enhance the bonding capacity between the
material and the substrate. Consequently, thizriginal adaptation allows the use of a lower

laser density which prevent the damaging of WC patrticle.
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Figure 2.13Detailed analysis of METCO 439 NS powder, a argeberalappearancec)

cross-section of the particle, d) EDS microanalysis of each part[el&L21].

Commercial powder Metco 439 N8able 2.1) alloyed with NiAl was used as coating material

on AISI 5140 steel substrate for determination of optimal preheating temperature and
cladding speedFigure2.13 shows the electron microscopy of the mixed powder composed
form of WG Co/NiCrBSi/NiAl and the EDS microanalyses of each particle cresstionsowing

uniform geometry and distribution of the W&Co within the powder.

Chemical composition of the powder e2.1 Tabl
Chemical compozition WC-12Co Ni Al Cr B Fe Si C
Element [%)] 50 balance 28 58 13 14 14 03

Continuous diode laser coupled with a PRECITEC YC50 were employed for fabricating single
cladded tracks and overlapped ones using variable cladding speeds. Substrate preheating at
320 °C was considered for a uniform thermal gradient during the cladding pess.

As preliminary tests, 10individual cladded tracksvere made using laser power of 720 W,

powder feed rate of4g/min and linear increasin@f cladding speed from 15 to 105 cm / min.

Figure 214 Back scattered electron micrograph of a laser cladded single track indicating the

main geometrical dimension$HUL21].
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Figure2.14 show the backscattered analyse of the sample no. 4 revealing a dense, defest
coating with relatively uniform distribution of the hard phases. It can be observed that dilution
is high being a direct consequence of the substrate preheating. Dilutiaies between 38 and

56 % were obtained showing that cladding speed has a major impact on the melted area and
on dilution phenomena.Although the high dilution rates, in the present case, it is
advantageous in reducing the cracking susceptibildfthe coating.

The second part of the study was conducted on partially overlapped tracks using the optimal
process parameters window as determined for the single tracks. Tall® summarise the
parameters used for cladded tracks maintain the same experimental strategy, linear variation

of the processing speed.

Laser cladding parameters Table 2.2
Parameter  Power Cladding Energy POW(EIEI' T Preheat Ar
Coating [WI] Speed Density Feeding °C] [L/min]
[cm/min] []/mm2] [g/min]

Coating 1 45 80

Coating 2 55 65.4

Coating 3 720 65 55.3 4 320 14
Coating 4 75 48

Coating 5 85 423

Five samples were fabricated using the same experimental frame. Dense, uniform cladded
layers with reduced cracking susceptibility have been obtained using a 320 °C substrate

preheating.

Figure 2.15SEM micrographs of samples 1 to[HUL21].
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Figure2.15 presents thecrosssection of samples 1 to &t various magnificatiorhighlighting
dense coatings with good adherence to the substrate andgithout any visible cracks.
Thickness between 607.9um and 938.9um were obtained andas expecteddecreasingof the
thickness occurred at higher speed$iuL21].

The laser cladding process features high speed, fast melting and solidifying of materials,
whereby the particles, when reaching the molten substrate, may undergo complete melting,
partial melting, or remain in an unmelted statdn the cladded aregfig. 2.15), it can be
observed WC phases that don't have complete melting or have only partially melted. The
particles are dispersed in the entire cladded area. However, in the bottom region of the
cladding, the agglomeration of WC phases is evident due to énbigdensity of these particles.
The optimal laser cladding speeds are between 55 and 65 cm/min, which can give good
melting of WCCo particles as seen in the micrographs of Samples 2 and 3. Higher speeds
above 65 cm/min willreducethe laser energy and will result in thinner cladded layer. As a
result, the carbidebased particles do not have enough energy to melt, as seen in Figuié,
Sample 4.

The interface between overlapped cladding tracks (Sample 2) and certain pores (Sample 3)
may be visible in several areas of the cladding layer. Darker regiesspresented in the
micrographs of Samples 4 and 5, are rich iron patches intermingled with the coating as a result

of the vortex created by the laser beam during cladding.
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Figure2.16 Microstructure of the sample 4 and the EDS analysis in the 1, 2 and 3 micro spots
[HUL21].

The microstructure of the cladded layer is formed of dendrites with branch tree growth and an

Ni rich eutectic matrix. Dendrites with a high concentration of Ni solid solution containing Cr,

Fe, Co, and Si are surrounded by interdendritic zones with dtdgrbide content and Fe. The
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diffusion of iron in the cladded coatings is expected to enhance the creation of coarse dendritic
formations and impact their size and shape. The bright phases in the micrograph are mostly
composed of tungsten carbideich areas, as corroborated by tHEDSspectra shown in Figure
2.16.
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Figure2.17. Microhardness measurements from top of the coating to the substrate (a) and

Fe wt% content from top of the coatings to the substrate (iuL21].

The cladded layers are characterised by a high hardness compared with the base material.
Figure2.17 shows the evolution of hardness depending on the process parameters, mainly
the cladding speed for the partially overlapped tracks. It can be observed that for all samples
the microhardess is decreasing closer to the interface with the base material anattsample

2 exhibits the higher microhardness. The result is in accordance with the EDS analyses of iron
as depicted in the graph b from fid2.16 that shows a low amount of iron diffused for this
sample[HUL21].

The study shows that cladding speed is an important element that influence the mechanical
properties of the cladded material. At the same time, material has an important role in
reducing the cracking susceptibility of alloys that include hard phases sushvéC.Alloying

with NiAl and applying a preheating temperaturdave been proved as goodhethods to

further reduce the cracking susceptibility and fareserve the integrity of hard particles.

2.3.2Laser texturing

In laser texturingthe laser beam is usedo induceablation, melting or vaporization of a
material from a solid surface, resulting in the modification of its topography through the

formation of small holes, grooves, or irregular shapes. Laser surface texturing (LST) is a
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technique used to enhance the adhesion, frictidsehaviour, and hydrophilic/ hydrophobic
properties of different surfaces, as well as to increase their compatibility for coatictaddings
or painting applications.The gocess is highly dependent on various parameters but, among
them, the

i Laser power

1 Pattern distribution / overlapping

1 Geometry of each texture

are currently usel to fine tuning the surface proprieties.

Figure2.18 Macrotexturing on stainless steel surfacea) top view of the textured surface,

b),c), d)and e) 3D profile of the textured pattern

Figure 2.18 presents an example of macro texturing realised #te Center for Advanced
Welding EceTechnologieswithin UNITBV Research Facilitiesith a pulsed laserat 10 kW
peak power / pulse.This macro texturing, visible on thetainless-steel surface, exemplifies
the capabilities of laser technology in creating distinct patterns and texturdsgure 2.18
shows how each laser pulse creates the specific rourgussian pattern on the material
surface. These modifications are particularly relevant in industries where surface properties
significantly impact performanceThe texturing of materials surface&ean enhanceadhesive
bonding betweenvarious polymers and ishe best solution to createweldingsbetween metal

and plastics. Nowadays the joinig of metal with plasticsis a must in order to produce
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lightweight structures. Currently, metalscan be successfullyaserwelded with plastics (PET)
and texturing of the metal part is mandatory for increasing the adhesion strenghy
mechanical lock of theplastic into the texture of the metal parfMOLL7]. Good results have
been reported by Yanlong Luan YAN23] for joining of AISI 3@ with polyethylene
terephthalate by usingaser transmission weldingand an overlapped geometryHe obtained
goodmechanical anchoring35.26 MPatensile strenght) of the PET in thestainless- steelplate
by texturinggroovesof 69um depth and21um width.

Complementary, the lasermicro texturing can be used for fine tuning thestainless-steel
surfaces to obtain new proprietiesuch ushydrophobicor nonwetting surfaces[MOL22].
Figures2.19 show an example of micro texturingf AISI 430using an Nd: Fiberlaser in the
nanosecond rangeapable ofrepetition rate up to 1000 kHz. In this casen octagonalpattern
was usedfor increasing of the surface arewith various tribologicalapplication The pattern

was obtained by 40% overlapping each pulsecteate a continuous ablation of the material in
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333333333

e o 200 pixels
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Figure 2.19 Micro texturingof AlSI430 usingan octagonalpattern [MOL22].

It should be mentioned thafor macro texturing are usually usegdulsed lasers in the range of
millisecond(fig. 2.18) with diameters of 500 to 1500 pmwhich canproducelarge textureon
the material but also a heat affected aresurroundingthe processed suface, compared with
the micro texturing that is realised with laserswithin short pulse range of picoseconds or

nanosecondg(fig.2.19) without thermal damagingof the surface.
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2.3.3Laser surface heat treatment

The heat treatmentprocess similar to other laser processes, has significantly altered the field
of precision surface engineering by providing enhanced conwato the material properties
and microstructural development.

Basically, he heat treatment is thesimplest laser processing techniquas the laser beam is
focused on the material surface, leading tapid localised and controlled heatinépliowed by
controlled coolingThe heattransfer is governed by the inverse Bremsstrahlung effe€trecise
temperature modulation may be achieved by changing the laser power and focus, allowing the
modification of the material surface properties through grain refinement and phase
transformations.

Nowadays the laser heat treatment is a wide ternThe laser can be used for a variety of
heating processes that allowsngineersto obtain specific proprieties of metallic surfaces.
Commonly, there arethree main processes that use the laser as heating sourcelaser
transformation hardening, annealing, and laser surface meltinfhe laser transformation
hardeningis the most used process antesideslaser annealing do not involvehanging of the

material topography but only heating andooling as depictedn fig. 2.20.

Laser Laser

Heat treat surface Melted surface

Base material ) Base material

Figure 2.20 Principle of thelaser heattreatment.

In case of laser transformation hardeninghere are three mainfactors that determine the
efficacy of the process.
1. Temperaturemust be above the austenitizing zone
2. During the transition between heating and cooling phases, the substrate must be
maintained at the austenitizing temperature for a duration sufficient to facilitate

carbon diffusion
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3. The component/material to haveenough mass for sefquenching to happenensuring
that the cooling rate meets the critical quenching rate requirement

The wavelength of the laser, théocal distance and the spot geometry, thpulse length and
repetition rate in case of pulsed lasers are only several additioparametersthat must be
consicered for a successful heat treatmentAttention should be paid to the surface finish, as
it has the potential to impact the rate of laser radiation absorption.
The advantages of the laser heat treatment extend far beyond traditional heat treatment
methods. Its norcontact and precise localisation of the treated areaobviate the risks of
contamination and material distortion. Thenain characteristic, toinduce rapid heating and
cooling rates ensures the formation of unique microstructures withpecific properties,
including exceptional hardness, enhanced wear resistance, and Higimperature stability.
Additionally, the nonuniform heating gradient allows fofine tuning oflocal property.
New developments if the laser technology andutomation with robotic systems further
increase precisiorand efficiencyof the processfor surfaceengineeringapplications.
The main advantage of the laser technology rif®m the possibility to control the energy and
thus to obtain the controlled melting of the surfaceBy doing that, the topography of the
surface can beaaltered and depending on the final application the surfag@an be subjected to
other manufacturing operation to smoothtthe surface.Compared with laser heat treatment,
in case of surface melting, a thin layer of the substrate is melted andckly solidified By doing
so, all the constituents are dissolved, uniformly distributed in the melt, and immediately
solidified giving the possibility to refine the microstructure and to control the distribution of

the carbonor other elements in thesubsurface layer of the material.

Laser
Laser Laser surface
modifications
\
Without Width confinement
| confinement environment - liquid ‘lm . Liquid ‘
Material ateria

Figure2.21 Laser surface processing

Cast irons,nickel aluminium bronze, iron chromium aluminiurand HEA alloys are few
examplesof materials that are currently subjected to laser surface meltind\s presented in
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figure 2.21, the process @ laser surfacemodification / melting can be realised in two ways.
The surface melting can be realised air/ controlled atmosphere usually an inert gas like
argoryheliumor it can be realisedising a confinedenvironment, e.g.water or other liquid If
confinedmedia is usedbesidessurfacemelting, other phenomena will be involve@cavitation,

shock waves)Both techniquesare further discussedon this Habilitation thesis.

2.4 Laser surfaceengineeringin scientific research

In recent years, there has been considerable focus on the exploration of effective methods for
enhancing the performance of metallic components. This involves the use of surface
modification techniques that are both energgfficient and cost effective. Inorder to enhance

the mechanical properties and resistance to wear and corrosion of metallic materials, a range
of techniques can be utilized, including bulk or surface treatments using heat or
thermochemical processes, as well as the deposition of protegticoatings. Laser processing
has been widely utilized as an effective technique for miepsocessing and/or microalloying

of metallic surfaces within the field of standard processe3he latest advance of laser
technology has enabled the processing of materials through a multitude of distinctive
methods, marking a significant advancement in the field of surface engineering.

Basically, for thesurface modification can be usetivo principles, i) melting of the surface or

i) altering the surface by shock processingn the second case the surface modification can be
with or without the surface melting.

Laser surface melting shielded by argon gasasommontechniqueto improve the hardness,
wear and corrosion resistancdn 2023, Lidong et al[LID23] use the laser melting process to
enhance the corrosion resistance of the C45E steel by using a pulsed laser and optimised
parameters in term ofspot overlap rate.The corrosion resistance of theemelted surface
increased 3 timesimproving the corrosiorresistanceand resistance tocavitation erosionof
AISI304 by laser surface meltingvas attendedby Cao et al. JAC23]. He obtainedgood results

in term of corrosion resistancey fine tuning theprocess parameters to obtaira remelted
surface with better self-repairing and repassivation ability.Corrosion resistancas the key
features in many industrial applicationsLaser surface melting of ACoCeLa alloy was
investigated bySayed et alCoriosion resistance was improved compared with the as cast
material byrefining the microstructureand reducing the Al/ALCe eutectic composition.

The laser surface meltingan be realisedusing continuous or pulsed laseBoth types have

advantages and disadvantagemostly due to the lasermaterial interaction. Pulsed lasers
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especially the ones witlshort pulse duration will produce a shock wavat the interaction with

the material.If the intention is toheat treat, melt and ad ahock wave thera confining media
can be used tamplify the shock wave produced by the plasma formation.

The use of laser technology for material processindinuid environments have great potential

as a method to enhance the surface characteristics of metallic materials. This technique offers
several advantages, including enhanced absorption, confinement, wave transmission,
vaporization, and liquid convectioaffects [HOFL7]. Currently, there is an increasing amount
of research focused on using underwater laser processing techniques to mitigate the
undesirable thermal effects associated with laser processing, such as minimizing the heat
affected zones. These thniques include underwater laser welding\JAN18, GJOL7, ZHA06],
cutting [SHI18, $HI117], cladding FENL8, WEN19], and peening in liquid mediunZHU12]. The
utilization of lasers in an agueous environment presents significant challenges due to the
multitude of characteristics and variables that could affect an already intricate technology.
The formation of a plasma plume inside a liquid environment happens when the laser
irradiation is above a certain threshold within a concentrated area. Upon reaching the
threshold, there is a fast increase in temperature of the liquid in close proximity, subsequently
leading to its forceful expansion and the release of a shock wave. The enlargemenhef
heated volume also leads to the creation of a cavitation bubble, with a maximum threshold
radius ranging from 1 to 3 mnjPHU20]. The continuedncreasingof the cavitation bubbles
will result in their subsequent collapse, so creating a shock wave. According to the research
conducted by ZhongZHQOR0, LEEL1], it has been shown that during the collapse of a bubble,
a narrow zone of intense heat is generated around the surface of the bubble, with
temperatures reaching as high as 9700 °QLEEL1]. The thermal and chemical impacts in
materials processing are attributed to the superheated area, whereas the mechanical
processing is mostly attributed to the shock wave.

The laser processing in liquid media may be classified into two primary groups based on the
physical processes involved: continuous wave (CW) and long pulse laser processing
(milliseconds, microseconds), and ultrashort laser processing in nanoseconds,sptnds,
and femtoseconds. The primary distinctions are in the manner in which the pulse interacts
with the material, specifically including heat conduction inside the material, the process of
melting, vaporization, and the production of plasma during ertked laser pulses.

The interaction between ultrashort laser pulses, namely those with picosecond (ps) and

femtosecond (fs) durations, and the material may be described as having a negligible thermal
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effect. Instead, the interaction is primarily characterized by a straightforward transition from
solid to vapor due to the short timescale and high intensity of the laser pulse. This is followed
by the formation of a plasma with high intensityHAM16, LEIL1]. In liquid media these
processesgeneratekinetic energy in the form of shock waves and additional pressure known
as plasmainduced pressure. Additionally, they result in the development of cavitation
bubbles, which have the advantageous ability to mechanically affect the material being
irradiated [XIA17, KAN19]. Additionally, the generation of plasma inside a liquid medium might
induce thermochemical reactions that are advantageous for the formation of nanopatrticles,
thus offering a possible alternative to traditional chemical approaches.

Plasma or low intensity plasma is not expected to be created at power densities lower than
10°A 107 W/cm?. Instead, the primary effect observed is an explosive boiling phenomenon that
leads to the generation of vapor pressure.

The occurrence of thermocavitation phenomena may be achieved when the liquid exhibits a
significant absorption of the laser wavelength, as evidenced by the research conducted by J.
P. PadillaMartinez et al. PAD14, PAD11, KORL1].

As observed in the literature, the utilization of low power continuous or long pulsed lasers for
laser processing in liquid has become prevalent in many applications such as welding, heat
treatment, and cutting. This technique relies on constant delivery loeat to the material
surface Ina study form 2016 Nikolic et al[NIK16] utilized an adaptive neural fuzzy inference
system to enhance the prediction accuracy of watget aided underwater laser cutting
parameters. According to Shin et aBif119], laser cutting was employed to cut stainless steel
with a maximum thickness of 60 mm. The cutting process was conducted in a water
environment utilizing a continuous ytterbium fibre laser. Significant advancements have been
achieved in terms of efficieng and the mitigation of secondary waste, rendering them
applicable for the dismantling of nuclear reactors. In a recent scientific study, Xiangru Feng
[FCZ19 revealed the use of titanium and the application of a zii@msed coating onto a
substrate composed of nickel aluminium bronze, utilizing an underwater laser cladding
configuration. The analysis of the samples indicated an enhancement in the resistance to
corrosion and a refinement in the microstructure of the coating at the grain boundaries. In an
additional study, the research group mentioned in referencd-EN19] examines the
interactions of laser, water, and the substrate, emphasizing the advantages of utilizing
underwater laser cladding with titanium rodsAs previouslymentioned, the utilization of ultra

short laser pulses has the capability to generate a shock wave inside a liquid medium, hence

56



Habilitation thesis Elena Manuela STANC

enhancing the fatigue strength and resistance of a given material. This technique is commonly
referred to as Laser Ablation in Liquid (LAL) or Laser Peening in Liquid (LPL). In contoéstito
laser processing techniques, laser peening is described as a cold process. The hardness of AISI
316 stainless steel was enhanced using the process of femtosecond laser ablation in water,
as demonstrated by Hoppious et alHOP18].

In their study, Wang et a[WAN18] employed water and aluminium foil as the confinement
layer in the laser peening process of 5083 Al alloy. This approach resulted in an enhanced
hardness of the materialurface, achieved by thdormation of a precisely regulated micro
dimple array on the treated surface. In addition, Wang et[&l/AN19] effectively enhanced the
microhardness and wear resistance of NiTi shape memory alloy with the application of high
pressure shock waves using laser shock peening carried out in distilled water.

In contrast to laser shock peening, laser heat treatment (hardening) is a processing method
that enables the attainment of higher levels of heating and cooling for the materials being
treated. The standard laser heat treatment (LHT) typically employs ailaogon quenching as

a cooling method for the treated region. The heating process can be performed using either
continuous or pulsed laser systems. Lapounge and colleagugsAP19] conducted a
comprehensive investigation on the behavior of martensitic andual-phase steel under
various temperature conditions during the laser heat treatment process. The authors state
that the relationship between the spot size of the laser and the thickness of the material has
considerable significance, as it exhibits a ditamrrelation with the surface properties.

The intricate nature of the phenomena associated with liquid media laser processivas
observedinthe results detailed in several scientific articles. Telrandig] 18] employed finite
element analysis to estimate the area of the heaffected zone resulting from the motion of

a laser heat source. In their study, Sehyeok and Hyungd@HS19] employed a three
dimensional thermal simulation technique to predict the distribution of hardness in H13 high
speed steel tools subjected to laser heat treatment. The results demonstrated a remarkable
accuracy of 94.4% in predicting the hardness distritmut based on the temperature gradient.

In addition, Hyungson KKIH12] presents a process map that correlates mathematical models
with actual data for the laser heat treatment of AISI 1035 and 1020. Additionally, previous
studies have shown the optimizatn of laser processing settings in order to achieve a
consistent surface hardnessyEN04, MAH19, MAH10]. Nevertheless, the entire potential of

laser heat treatment/alloying in a liquid medium remains incompletely known.
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CHAPTER 3. EXPERIMENTAL INVESTIGATIONS INTO LASER WELDING OF
STAINLESS STEEL

3.1. Laser welding of stainless steel

As presented in chapte, stainless steel is one of the most used materials foengineering
applications where high corrosion resistance is hecessaAmong the numerous grades of
stainless steel, the AISI 316L is weknown not just for its resistance to corrosive
environments but also for its exceptional weldability. In this chapter, | am presentihg
results of the extensive experimental research about laser welding of austenitic stainless

steel.

3.1.1 Concept Overview

Stainless steel and especially AISI 316L, a widely used material in various industries, demands
precise welding technigues to maintaithe highcorrosion resistance.

The presentedstudy, address to systematically optimise and fine-tuning the keywelding
process parameters to achievligh qualityweld. When using pulsed laser is mandatory to
determine the intricate relationship between laser parameters (such as laser power, pulsed
duration, pulse repetition and focal length), shielding gases, and material properties, in order
to ensures agood geometrical appearancelow distortion, and maximum mechanical
behaviour.To do that, | haveonducted numerousstudies[STA22] regardingthe optimisation

of parameters for the laser welding process of stainlesseels.

The optimal laser power, pulse duration and repetition rateere determinedby employing the

method of varying only one parameter at a time within a series of experimental tests.

3.1.2 Methodology, Resources, and Outcomes

Stainless steel AISI 316L was used as base material for achieving experimental fusion lines
and butt welding. This austenitic stainless steelenriched with molybdenum, exhibits a high
resistance to a wide range of corrosive media, including acidic, alkaline, and chloride
environments. Its low carbon content enhances corrosion resistance and also mitigates the
detrimental effects of carbide preipitation during welding.Plain sheets of 100x100x1 mm
having the chemical composition as presented in Tal3ld were used as coupon for the laser

processing.
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Chemical composition of the base material Table 3.1.
Material Element wt. (%)
C% Si% MN% P% S% Cr% Ni% Mo% N%
AISI 316L |[0.03 0.75 2 0.004 0.003 16-18 10-14 2-3 0.10

For the experimental tests, | utilized a pulsed laser system, specifically the Trumpf TruPulse
556, characterized by a peak pulse power of 10 kW and a wavelength of 1064 nm. The optical
configuration was based on a Precitec YW50 coaxial welding head witbcal length of 150
mm, which was manipulated by a CLOOSaXis welding robot. To facilitate the positioning and
secure clamping of the samples a specially designed table was employed, as illustrated in
Figure3.1. The Argon gas shielding was provided fnahe top and at the root of the weld bead

in order to prevent any external contamination.

/[~

Figure3.1. Details of the experimental fram§gSTA22]

"Advanced Welding Ecotechnology R&D Center" from Transilvania University of Brasov
The experimental tests were conducted using pulsed beam with 0.7 mm spot diameter in focal

on the surface of the material. A total of 18 fusion lines and one welding were realised using a

constant processing speed of 45 cm / min. The input variables wehe tlaser power, pulse
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duration and pulse repetition rate using one single factor at a time approach. The process
parameters window was chosen based on preliminary tests.

The optimization of the laser welding process was madsinga systematic approachin which

the laser power, pulse duration, and repetition rate were gradually increasBlde parameters

used forthese incremental adjustmentsare presentedin Table3.2, 3.3, and3.4.

Variation of the laser power Table 3.2.
Parameters / sample 1.1 1.2 1.3 14 1.5 1.6
Laser power [w] 900 1000 1100 1200 1300 1400
Pulse duration [ms] 7 7 7 7 7 7
Repetition rate [Hz] 40 40 40 40 40 40
Power density [J] 6.3 7 7.7 8.4 9.1 9.8
Welding speed [cm/min] | 45 45 45 45 45 45

Variation of the laser pulse duration Table 3.3.
Parameters / sample 21 2.2 2.3 2.4 2.5 2.6
Laser power [w] 1300 1300 1300 1300 1300 1300
Pulse duration [ms] 5 5.5 6 6.5 7 7,5
Repetition rate [Hz] 40 40 40 40 40 40
Power density [J] 6.5 7.1 7.8 8.3 9.1 9.8
Welding speed [cm/min] | 45 45 45 45 45 45

Variation of the laser repetition rate Table 3.4.
Parameters / sample 3.1 3.2 3.3 3.4 3.5 3.6
Laser power [w] 1300 1300 1300 1300 1300 1300
Pulse duration [ms] 7 7 7 7 7 7
Repetition rate [Hz] 15 20 25 30 35 40
Power density [J] 9.1 9.1 9.1 9.1 9.1 9.1
Welding speed [cm/min] | 45 45 45 45 45 45

All of the samples were crosssectionally examined in order to determine the ideal welding
geometry. Standardised processes were used to cut and prepare the samples (polishing with
sand paper from 180 to 2000 grit and polishing on velvet cloth with 0j83n Alumina
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suspension). The samples were then electrochemically etched for 20 seconds at 5V and 500
mA using a 10% oxalic acid solution.

As with any welding, the goalvas to achieve complete penetration and a minimurheat
affected zonewhile utilizing the least amount of energy. The dimension of the heat affected
zone of any laser processing is determined by energnd speed Figure 3.2 shows the
influence of thelaser power and power densitpn the geometry of theweld bead. The macro
pictures of the materials were obtained witla LEICA EZ4 stereo microscope, and the optical
microstructures of the fusion lines and welding joints were exansid with a LEICA DML
inverted microscope.

The macrographs in figur&.2, samples 1.1 to 1.6, show that melt depth increases virtually

exponentially as laser power increases. It is a predictable result, and it is evident that complete

penetration is reached only at 1400 W.

Figure3.2. Laser power influence on the melt geometry. Cross section of samples 1.1 to 1.6
[STA22].

Regarding repetition rate and pulse length, comparable results were also observed. Figige 3
revealsthat by increasingthe pulse duration, a melt shape that is almost identical may be
achieved. The penetration depth and meitidth will both rise as the pulse duration and power
density increase. Théehaviourof the laser pulse's interaction with the material surface must
be taken into account, even when theross-sectionprofile is almost identicalOne of the most
important variables in laser processing is the pulse energy [J], which is calculated as the

average power * pulse time. Samples 1.6 and 2.6 were realized with the same laser energy but
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different power and pulse duration, as shown in Tabl@2 and 3.3. The results show that,
even when the total pulse energy remains constant, the melt depth will increase at longer

pulse duration (Figure3.3).

Figure3.4. Laser repetition rate influence on the melt geometry. Cross section of samples 3.1
to 3.6 [STA22].

The pulse energy must be related to the repetition rate, as shown in FiguBg&se and f. The

repetition rate influences the melt width and depth. Even though a high pulse energy of»®.1
was usedfor the samples 3.1 to 3.6, the melt width and depth are minimal. Furthermore, the

rate of laser repetition throughout the welding process must be proportional to the welding
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speed. If the speed remains constant, it is evident that increasing the repetition rate would
result in more pulses interacting with the same surface arebhis testshows thatincreasing
the repetition rate at constant speed allows us to achieve complete penetration.

The repetition rate is the most influential parameter on the microstructure of the melted

region. A high repetition rate implies laigherlaser energy per surface area.

Power vs melt depth Power vs melt width
1 1.4
0.9 b 1.35
E . 0) —
E 08 -5 E 1.3 Y
3 o o)
07 & =125 o ) 0 y g 2
b5 ) £
b1 o) T
T06 Q- 2 12
=
0.5 115
0.4 11
800 900 1000 1100 1200 1300 1400 1500 800 900 1000 1100 1200 1300 1400 1500
(a) Laser power [W] (b) Laser power [W]
Pulse vs melt depth Pulse vs melt width
11 1.4
O
! - 135
=09
E M| T 13 O
=08 E S - SN |
g £1.25 | g o
S 07 D | E
P e 2 1.2
=06 O
1.15
0.5
11
0.4
45 5 55 6 6.5 7 75 8 4.5 5.5 6.5 7.5 8.5
(C) Laser pulse duration [ms] (d} Laser pulse duration [ms]
Repetition rate vs melt depth Repetition rate vs melt width
09 1.4
0.85 *
08 . 1.35
E 075 * * — 13
£ g i
= 0.7 _ E * — ' L
‘s 0.65 - = 125 P
7} * = 2 e
T 06 g
T 3 1.2
£ 055 Py et
05 115 =
0.45 *
04 1.1
10 15 20 25 30 35 a0 a5 10 15 20 25 30 35 40 45
(e) Laser repetition rate [Hz] (f) Laser repetition rate [Hz]

Figure3.5. Graphical representation of the process parameters influenoe the melt depth
and width, and indication of linear trendline (a) Power vs melt depth, (b) laser power vs width,
(c) pulse duration vs melt depth, (d) pulse duration vs width, (e) pulse repetition rate vs melt

depth, (f) pulse repetition rate vs melt with [STA22].
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Figure3.6. Macro &) and microstructure i) of the sample 3.§STA22].

Figure3.6 shows the microstructure of sample 3.5, which was realized at a repetition rate of
35 Hz. The microstructure of SS 316L is characterized by a completely austenitic matrix with
polyhedral grains. The rapid cooling that occurs during laser processing, @glaith the
repeated interactions of the laser pulses with the material, results in the occurrence of
multiple solidification patterns (Figure3.6 a). Lathy and skeletal ferrite, noticeable as darker
structures in Figure3.6b, develop during the meltingsolidifying and remelting process when

laser pulses interact with the materig]STA22].

Figure3.7. Pulsed laser welding of AlSI 316L, a) weld bead profile, b) top view of the weld
joint, c) base material, d) and f) detail of the weld befathase material interface, e) detail of
the weld area[STA22].
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The optimal parameters for welding of AISI 316 L stainless steel have been determined using
the graphical representation in Figurd.5, respectively: laser power of 1300 W at 7ms pulse
duration and 40 Hz repetition rate (Figur®.7). For all of the experiments, a welding speed of
45 cm/min was utilized. The welding was protected at the top and bottom using pure argon
gas. Although the butt weldgeometry is simple, negap alignment between components is
required forlaser welding ofthin sheets. To test the process repeatability, five welding joints
were made.

Using theabove-mentioned parameters a defectfree weldedjoint was achieved. Figur&.7
presentsthe overall look of the weld as well as details from theterface of themelt zone and

base material. The welgbint has complete penetration and no obvious heat impacted zone.
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Figure 3.8. Fracture and stresstrain obtained on AISI 316 L laser weldif§TA22].

The mechanical behaviour of the welded specimen was determined using an universal testing
machine. Tensile testing of the welds was carried out on specimens 10 mm width and 200
mm long. The fracture of the samples occurred in the base material, at a cagrgidle distance

of the HAZ or weld bead, as can be observed in 8@. The welding mechanical behaviour is

in accordance with Figur8.8's stress strain curve.
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Specifically, for AISI 316L stainless ste#te tests show that geometrical profile of the weld
bead can be heavily influenced by the proceparameters Using the 18 tested samplesl
demonstratedthat laserparametershave amajorimpact on the geometry and microstructure

of the fusion linesand n orderobtain a full penetration a laser energy of at least 9.1 Joule is
required. Laser power (1300W), pulse length (7ms), and repetition rate (40Hz) were found to
be thebest parametersfor welding AlISI 316lthin sheets, by usingthe lowest possible enegy

input into the process

3.2 Dissimilar laser welding of stainless ste&lcarbon steel

Nowadays the laser welding of stainless steel issed as aconventional process in various
industrial applications.Lots of stainless-steel grades have a god weldability and are
employed inmanufacturing of components that ar@xploited in corrosive environments.

In addition to the favourable performance characteristics exhibited by stainless steel, there
exists a drawback that restricts its utilization, namely its cost.

One potential approach to reduce the manufacturing expenses of diverse items is the selective
use of stainless steel just on the most vital surfaces that are prone to corrosion. To address
this issue, the practice of combining stainless steel with other teaials, such as carbon steel,
emerged as a potential solution. However, this approach also posed challenges in achieving

heterogeneous welding.

3.2.1 Key Concept

Up to present, due to the complexity of the domain, there are relatively few research covering
physical and mechanical behaviour of stainlesteel welding in a dissimilar configuration.

Due to the many variables that affect weld quality, several steel combinations have not been
investigated thoroughly.One exanple, is the AISI 321 stainless steel and AISI 1010 carbon
steel combination thathave multipleapplications mainlydue to the nature of AISI 32Which
been alloyed with titanium poses a goodeldability and corrosion resistance.

Subsequently materials compatibility and weld characterigs of heterogenous AISI 101@
AISI 321 are presentedas an indepth study conducted in the laboratory dCDT, Transilvania
University of Braso[STAL18].
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3.2.2 Methodology, Resources, and Outcomes

Welding experiments were carried out using 50x100x0.5mm AISI1010 and AISI 321
commercial steel specimens. AISI 1010 (CS) steel is a low carbon steel that is widely used in
the automotive and construction industries.

The AISI 321 (SS) austenitic stainless steelaiscommercially stainless steel alloyed with
titanium. The addition of Ti to the chemistry of AISI 321 is beneficial in providing excellent
surface oxidation resistance dftainless steel components as well as reducing integranular
corrosion and chromium carbide precipitation at the grain boundary during welding
procedures. Tabl&.5 shows the chemical composition of the materials utilized in the welding

experiments.

The chemical elemental composition of the welded steel types Table 3.5

Material Element wt. (%)
C% Sie Mn% P% S % Cr% Ni% Mo% Ti%

AISI 1010 0.099 0.168 0.51 0.003 0.006 0.043 0.041 0.002 -
3 9 4

AISI 321 0.08 1 2 0.045 0.03 18 11 - 0.15

Theheterogenous weldingswvere carried out with a Coherent F1000 diode laser operating at
=975 nm with a peak power of 1000 W and a maximum divergence of 56 mm*mrad for the
incident beam As in the previous description, an CLOOS Quirox welding robot was employed
to manipulate the welding head (Precitec YW 50)
The sheets were positioned and fastened usingspecially constructed tool (see Fi§.9(b))
4L/min argon has been purged through a specially designed chammakthinedat the bottom
of the device in order tgrotect the weld bead rootThe upper part of the melted metal bath
was shieldedtrough the welding headvith 99.98% vol. argon at a constant flow of 10 L/min.
The laser welding process of the €SS materials was conducted without filler material. In
order to protect the laser optics, a 5° inclination of the welding head was used in the direction
of welding. The experimental setup used for the dissimilar laserldiag is presented in Figure
3.9 aand 1bTable 3.6 provides a summary of the process parameters used for the dissimilar
welding of carbon steel and stainless steel (€55). The input variable in the welding
experiments was the welding speed. In order taghlight the impact of the factors on weld
shape, a method involving a gradual increase in welding speed while keeping constant power
was employed.
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Fastening clamp  Root shielding gas

Figure3.9 (a) Experimental setup used for the laser welding tests, (b) closgp of
positioning and fastening devicé’Advanced Welding Ecotechnology R&D Center" from

Transilvania University of BrasofSTALS8].

Based on a series of first experimental trials, it has bedetermined that a laser power of
550W is the lowest threshold required to achievill penetration within the welding speed
range of 166200 cm/min.

The positioning of the laser beam was primarily focused on the stainless steel plate rather
than the carbon steel, owing to the stainless steel's comparatively lower heat conductivity and

higher reflectivity.

Experimental conditions and response factors Table 3.6
Sample 3.1 3.2 3.3 3.4 3.5

Parameters

Laser power W] 550 550 550 550 550
Power density  [kW/cm?] 143 143 143 143 143
Energy density [J/mm?] 29.4 27.7 26.2 24.8 23.5
Welding speed [cm/min] 160 170 180 190 200
Weld penetration [mm] 0.51 0.50 0.51 0.37 0.30
Weld bead width [mm] 1.19 1.14 1.09 1.07 1.05

0.69 0.54 0.47 - -

Weld bead area [mm?] 0.41 0.36 0.33 0.25 0.19
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The power density and the energy density are calculated as follolwa\B13:

0Q — Qo d (3.1)

0Q —5— ura a 3.2)
where: Pd is the laser power density, Ed is the laser energy density, P is the laser power, V is
the welding speed and As is the laser spot area.

The welded samples were cut and processed according to a standard procedure before being
electrochemically etched using a 10% solution of oxalic acid for the SS and Nital 1.5% reagent
for the CS. For metallographic analyses, an Olympus GX51 optical miopesand a Quanta
Inspect F electron microscope at 30 kV were used.

In the case of industrial applications of welded components, thorough penetration of thin
sheets butt welds is necessary to get the optimal tensile behaviour while limiting the heat
affected zone. In theceaseof CS SS laser welding, full and partial penetration was attained, as
illustrated in Figure3.10. The geometrical profile of the weld bead demonstrates that full
penetration requires aptimal corelationbetween welding speed and power density (samples
3.1,3.2, 3.3).

Figure3.10 Low magnificationcross-section of CSSS laser welding; (a) sample 3.1, (b)
sample 3.2, (c) sample 3.3, (d) sample 3.4, (e) sampld STA\18].

The minimal laser energy required for a proper weld bead profile was determined by keeping

the same laser power while increasing the welding speed by about 6%. Figuréshows the
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relationship between welding speed and weld bead width and area, illustrating that weld bead

area reduces significantly over 180 cm/min

Welding speed vs. weld bead width and area
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Figure3.11 Relationshigbetween the welding speed and the weld bead profil8TA18].

According to this, a minimum energy of 26 J/nfiis required for complete penetration welding

of 0.5 mm dissimilar sheets. The heterogeneous structure created in the weld bead could be
seen in the micrographs from Figure8.12 and 3.13. The weld bead microstructure is
composed by mixed and unmixed regions due to the high cooling rate of the weld zone. Strong
non homogeneity regions with distinct areas rich in ferrite alternating with areas of mixed

austenitic- martensitic-ferrite microstructures are revealed in Figurg.12a.

Unmixed regions

Figure3.12 Opticalmicrograph at the interface of stainless stedl weld bead andhardness
distribution at the interface with the SYSTAL8].
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The overall microstructure of the dissimilar joints is defined by tis¢éainless stee| which is
characterized byanaustenitic twin grainsstructureswith ferrite particles precipitated on grain
boundaries and carbon steel with ferrite pearlite structure. There is a boundary fusion zone
(unmixed zone, partially mixed zone, intermediate mixed zone, or foterference zone, as
defined by reference liteature studies NAF09]) at the interface with the base materials that
varies in structure and dimension depending on its location (near ttagbon steelor near the
stainless steel side).In all circumstances, the fusion boundary is structurally distinct from the
weld region and the base materials. Figur&10b and 312a show that a substantiabmount

of carbon steelelements (darker region) are present at the border with tretainless steeland

a bigger area rich in Cr and Ni is present near the interface with the carbonlstagoroximity

of the carbon steel is a ferrite structure mixed with pearli{&TALS].

The boundary zoneearthe AISI 321 is formed by a needlike epitaxial growth area with an
austenite-ferrite twin structure, as shown in Figur8.12. The identification of an unmixed zone
with a high iron level in this location is an unexpecteesult. The epitaxial growth suggests
that the mixing of the different components did not occur during the meltirgplidification
process,solidification being facilitated in this case by the high cooling rate increased by the
shielding gas given at the weld's root.

Figures3.13a and3.13b show the solidification pattern determined by columnar development
from the weld zone perpendicular to thetainless steel base material. The lamellar ferrite
stringers that resist austenite transformation during cooling may be seen in this boundary

zone between thewelding zoneand thestainless steel

Solidification front - | Weld = Epitaxiai

: / ‘ z bead 4 growth /. % )
== S = l}ustenite L
7 Fusion

zone

~ Ferrite stringers

(@)
Figure3.13 SEM microscopy of the fusion zone on the stainless steel sj& A18].
The high magnification micrograph from Figu@14d illustrates the ferrite branches that are

surrounded by the austenite matrix. The microstructure of the weld zone is characterized by
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an austenitic matrix,along with residualy -ferrite and partial development of widmanstatten
austenite.

Theregionsthat have not undergone mixing are observed as discrete ar¢atands)consisting
of a high concentration of ferrite in carbon steel. These areas were subjected to melting and
subsequent solidification within the entirety of the weld zone, either with or without limited
dilution from the matrix of the weld bead. The presencd these distinct zones is particularly
evident in close proximity to thébase materials. Figure3.14c shows visible darker sections,
signifying a substantial presence ofan originating from the carbon steel. Additionally, there
are lighter areas characterized by a notable concentration of nickbromium. The chemical
analysis conducted on the microzones depicted in Figi:d5a highlights the distribution of
the primary alloyingelements over the crosssectional area of the weld bead. Due to the
significant heterogeneity of the weld bead, the local chemical analysis wapeated three

times, and the resulting average data values were taken into consideration.

Epitaxial
growth

100 pm f 50 pm

507‘mn S

Figure3.14 SEMmicroscopy of the sample 3.2 crossection, (a) weld interface at CS side, (b)
higher magnification of weld interface at CS side, (c) distinct regions with higher content of
CS and SS, (d) details of the ferrite branches in austenite masixAL8].

72



Habilitation thesis Elena Manuela STANC

Si 45 |20 |20 |11 |13 (13

Ti 19 |09 |08 |15 |04 (0.3
Cr 154 | 14.3 | 13.2 | 14.1 [ 10.3 (3.5

Mn 22421 (15 |20 |16 |09

Fe |61.9 |69.1 (742|726 (822 |91.6

Ni 141 (116 (83 |86 |62 |24

8.00 10.00

Figure3.15 (a) Distributionof the 6 microzones punctually analysed on the crosection of
the 3.1 sample, (b) EnergPispersive Xray spectrum EDS of sample 3.1 microzone 2
[STALS].

The temperature induced diffusion phenomenon causes a change in the composition of the
weld bead ascan be observed in the areadoser to theboundary with thebase material.This
alteration is attributed to the diffusion mechanisms that are enhanced by the temperature.
The phenomenon of diffusion is evident in the migration of alloying elements such as
chromium (Cr), nickel (Ni), and titanium (Ti) from stainless steel into theld bead.
Additionally, a notable diffusion of iron (Fe) occurs from carbon steel (CS) towards the whole
of the weld joint. A noticeable trend of decreasing nickel (Ni) and chromium (Cr) concentrations
can be noticed in the regionhat arein close proxmity to the low alloy steel. Thelate obtained

from the Energy Dispersive Spectroscopy (EDS) analysis indicate that the extent of iron
diffusion within the weld bead was less prominent in samples 3.3 and 3.4, which were welded

using a lower energy density, compared to samples 3.1 and 3.2.

Figure3.16 EDSmapping of iron and chromium content on the sample 3.1 at the interface
with the SS[STA18].
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The distribution of iron and chromium on the crossection profile of the 3.1 sample is
highlighted by the chromatic contrast seen in Figure 3.16he energydispersive Xray
spectroscopy (EDS) mapping technique provides a visualization of the spatial distribution of
chemical elements present at theveld interfacewith the stainless steel. The wiel zonehas
highiron concentration as compared to the SS, along with a corresponding drop in chromium
levels.

Thefast-coolingcondition during the laser weldingan cause hardening of the welding zone
or of the heat affected zoneThis phenomenons potentiated by the fact that no filler material

is used so no beneficial chemical elements can be added into the welding.

The microhardness testingf the welded jointswas conducted using a Futurdech FM700
tester. The experimental procedure involved applying a load of 100gf and maintaining it for a
duration of 10 seconds. Four indentations have been made on every specific region of the
weld joint. The hardness invegjation was conducted twice in each location due to the
significant nonhomogeneity of the weld bead.

The microhardness profile of samples 3.1, 3.2, and 3.3 is illustrated in the diagram shown in
Figure3.17. The graphical representation illustrates that both the weld zone and ha#fected
zone exhibit arhigherhardness in comparison to the base materials. It is evident that the heat
affected zone near to the carbon steel exhibits a greater level of hardness in comparison to
the corresponding zone on the stainless steel side.

The observed outcome is surprising when considering the relative hardness values of stainless
steel (248 HVO01) and carbon steel (160 HVO1). Furthermore, a significant reduction in
hardness (250 HV01) was seen in the fusion zone of the stainless steel sidlbe observed
decrease in hardness within the fusion zone (Figure 5b) can be attributed to the rapid cooling
rates experienced, which resulted in the transformation of the austenite phase into a ferrite
austenite microstructure characterized by lower hangss values. MousaviAKB09] reported
comparableresults. The increase in hardness observed in the heaffected zone (HAZ) of
carbon steel can be attributed to the transition of the ferritg@earlite microstructure into a
martensite structure, which is facilitated by the significant temperature gradient expereed
during the welding proces$STA18].

The presence of iron enrichment in the fusion zone next to tterbon steelside, together with

a significant concentration of nickel (Ni) and chromium (Cr), has the potential to result in the
production of hard FeNi/CrNiFe phases. This is supported by the observation of increased

hardness in this particular region.
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Figure3.17 Microhardnessdistribution on the crosssection of the dissimilar butt welding of
AISI 1010 and AISI 32/BTA18].

It is worth noting that the hardness profile of all the samples analyzed has a similar trend, as
seen in Figure3.17. A slight reduction in micrdhardness is evident in sample 3.3. Based on
the process parameteremployed, it can be concluded that the hardness profile is subject to
the effect of the energy density, given that the sample waselded using the minimum heat
input.

The tensile properties of theheterogenous weldswere assessed using a servtydraulic
universal testing equipment operating at a crosshead speed of 10mm/s under ambient
conditions. The transverse tensile tests were conducted on specimens with a width of 15 mm
and a length of 120 mm. The fractures ofldhe tensile testing samples occurred on the carbon
steel side, at a significant distance from the heatffected zone (HAZ) or the welded joint. The

specimens experienced fracture when subjected to a forde3ol kN and an elongation of 15%.
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Figure3.18 Stress-strain curves of dissimilar welded samples 3.1(a) and 3.4®)A18].
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Figure 3.18 shows the stressstrain curve acquired from specimens 3.1 and 3.4. In both
instances, an acceptable tensile response was achieved, despite the fact that sample 3.4 (as
seen in Figure3.18b) exhibits only partial penetration.

Good resuls were obtained within thepresent study of heterogenouslaser welding ofAlSI
1010 A AISI321 demonstrating that this configuration canbe used for various industrial
applications. Attention should be paid to mitigation of norhomogeneous regionsand on
diffusion of iron from the carbon steel into the weld bead. Ag&monstrated, the laser energy

or the total energy introduced into therocess can influence the overall composition of the
weld bead As the energy level diminishes, there is a corresponding reduction in the extent of
the non-homogeneous region.

Moreover, he hardness profile in the dissimilar welding of AISI 1010 and AISI 32als®
influenced by the diffusion of iron from the carbon steel. This diffusion process can result in
the formation of intermetallic phases with the alloying elements, ultimately leading to an
overall elevation in hardness. The presence of elevated iron contksatds to an increase in

hardness, mostly attributed to the production of hard phases such as FeNi/CrNiFe.

3.3 Dissimilar laser welding of stainless steel and carbon steel with active flux

It becomes obvious that controlling the input energy in the laser welding process is cruoial
mitigating most of the drawbacks associated with laser processing. It is recommended to
avoid the risk of material overheating and the use of excessive cooling ratesvelding
processes.

Onemethod is to restrict theenergy employed in laser processing; nevertheless, it should be
noted that thereis a minimum threshold below which the energy supplied will not be enough
to cause material melting.

In order to reduce laser energy, it is important to enhance the capacity of the materials to
absorbthe laser radiation. By doing so, lawer amount ofenergy will be required for melting

or processingthe materials.

3.3.1.Concept Overview

There are two methods for reducing thmput of the laser energy.

1. By using gulsed laser
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2.Byincreasingthe absorbance of theanaterials surface Both solutions can be used for laser
welding processes.

Assuming that,| have used a pulsed laser to obtain heterogenous welding between AlSI 321
and S235 carbon steel an@lso, | used amctive flux for fine tuning the weld bead composition
[STAL9].

By using theactive flux (Si@+ Poly (vinyl alcohol))aimedto increase the laser absorption and
also to promote the formation of ferrite during the solidification of the weldoead A less

plasma plume and a narrower weld bead profileatso aimed by using the Si@ctive flux.

3.3.2 Methodology, Resources, and Outcomes

As described in the introduction of this chapter, pulsed lasers provide advantages in terms of
reduced energynput and the potential formodulatingthe shape of the laser pulse. Despite a
reducedenergy, the characteristics of the molten bath exhibit variations when compared to
those achieved with continuous lasers, mostly due to the generation of shock waves induced
by each individual pulseBecause of that the weld zone is susceptible to the phenomenon of
hardening and thgormation of regions with incomplete mixing.

To further research and improve the heterogenous laser welding process | have been wsed
pulsed laser, namely TRUMPH TruePulse 556 and a welding module PRECITEC 2D
mm focal distance tdfabricate fusion lines and welding samples with and without active flux.
Experimental tests were performed on plain sheets of carbon steel (S235) and stainless steel
AISI 321, with dimensions of 50x100x0.5. The chemical composition of both materials is

presented in Table3.7.

Chemical composition of the carbon steel asthinless-steel Table 3.7.
Material E(éfhent wt.

C% Sie Mn% P% S% Cr% Ni% Mo% Ti%

S235 0.099 0.168 0.51 0.003 0.006 0.043 0.041 0.002 -

AISI 321 0.08 1 2 0.045 0.03 18 11 - 0.15

The active flux was produced by combining $#&hd Polyvinyl alcohol in a proportion of 15%.
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Each plate was submerged in the active flux solution, ensuring that both sides were covered,
and after that allowed to air dry at room temperature for a duration of 2 hours.

The experimental tests wereconducted in the same laboratory as the previous ones,
employing the CLOOS-@xis robot for the manipulation of the PRECITEC YW 50 welding
module.

The same clamping system was used to position and fix the test plates in a butt joint
configuration. Argon gas, with a purity level of 99.99%, was used to provide shielding for both
the top and root parts of the weld bead. The shielding of the weld beadtravas achieved via

a channel that was machined into the clamping device, as seen in Figdua. Before
performing the welding tests, a series of fusion lines wemmade on a 1.5 mm AISI 321
stainless steel sample. The goal was to determine the effecttbe SiQ mixing ratio and the
range of process parameters on the welding results. The initial experimental results indicate
that the laser power may be adjusted within the range of 2000 to 2500 W while maintaining

a constant frequency of 150 Hz.

15% sicz P

SS

Fig.3.19 Set-up used for the experimental tests, a) fastening device for welding of carbon
steel - stainless steel, b) stainless steel plate with 15 % S&nd 30% Sigactive fluxes
"Advanced Welding Ecotechnology R&D Center" from Transilvania University of Brasov

[STAL9].
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The parameters summarized in the tablg.8 have been chosen for the final tests in order to
emphasize the influence of the active flux. Increasing of the welding speed was necessary to

not over-melt the weld bead.

Laser welding parameters Table 3.8
PARAMETERS UNITS SAMPLE
1 A without active flux 2 A with SiQ active flux
Laser power w 2300 2000
Frequency Hz 150 150
Pulse duration ms 1 1
Welding speed cm/min 73 90

The samples were cut using a hydraulic machine and then prepared for analysis by polishing
and electrochemical etching in a solution consisting of 10% oxalic acid in water. The specimens
were analysed using an LEICA DM ILM LED inverted optical microscog@ acanning electron
microscope (SEM) model Quanta FEG 250, manufactured by FEI in the Netherlands, operating
at 30 kilovolts (kV).

Silicon dioxide (SiKp functions as an oxidizing flux and acts as an acceptor of free oxide ions
(&¥). The activator flux facilitates the introduction aficreasedconcentrations of oxygen and
silicon into the weld bead. A certain quantity of oxygen can lead to the development of oxide
particles, which in response can enhance the creation of acicular ferrite, resulting in improved
welding toughness 5IN03. However, excessive oxygen content has several negative effects
on the mechanical properties and susptibility to cracking of the weld bead.

Excessive silicon content in the weld bead can lead to the hardening of the metal matrix, hence
reducing the toughness of the welded junction. The decomposition of SiCcurs as a result

of the elevated temperatures achieved during laser welding, as stated in refererSé&D3.

SiQ=SiO(g)+1/2 @(g) 3.3 (

The equation 8.3) represents the reaction in which Sy@ecomposes into SiO gas and half of
an Q gas molecule.

Two different mixing ratios of Si@to polyvinyl alcohol (15% and 30% by weight of SpMlere
used in order to determine the most favourable composition for the activator flux. The

objective is to enhance the depth of penetration while avoiding excessive saturation of the
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molten bath with oxidizing agents. Moreover, the quality of the welding is significantly
affected by the stability of both the welding process and the plasma plume. Consequently, first
experiments were conducted on stainless-steel plate with a thickness of 1.5 mm. The plate
was coated with active flux containing 15% and 30%.SAMer that, five fusion lines were
created todeterminethe impact of the active flux, as seen in FiguBe20. The fusion lines were
created using aconstant speed of 80 cm/min,pulse length of 1 ms, and frequency of 120 Hz.
The power was gradually raised from 1500 to 3500 W in increments of 500 W, with each line
representing a different power level (line 11500 W, line 2 2000 W, line 3- 2500 W, line 4-
3000 W, and line 5 3500 W)[STAL9].

Lines/samples 1 and 2 will not be further elaborated upon as they exhibit a lack of surface

melting or absence of melting altogether.

Figure 3.20 Fusion lines realized on stainless steel plate with different content of the Si0
flux [STAL9].

The impact of active flux on the geometrical profile amdicrostructure of the melt region it
can be seen in figure 3.21 The utilization of an active flux enhances the laser absorption
process and results in the formation of a more pronounced kéyple profile of the melt zone,
despite the fact that the depth ofthe melt is comparatively less in relation to the reference
samples. At the same time the presence of Si@fluences the solidification pattern and
facilitates the production of ferrite phase (as seen in Figure 3.22b), characterized by the

presence of vemicular and lathy ferrite, rather than austenite phase.
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Fig. 321 Cross section of the fusion lines realized with 15% and 30%, 8iix
(3, 4 and 5 reference sample without flux, sample B5, 4-14 and 515 with 15% Si§ sample
3-30, 4-30 and 530 with 30% Sig) [STAL9].

The fusion zone observed in the reference sample (as shown in FiguP2a) has an austenitic
shape, wherein the development of austenite grains can be observed originating from the
unmelted austenite grains present in the substrate. The orientation of growth is parallel to the
temperature gradient generated by the laser. Thadion zones generated with the addition of
SiQ show a microstructure characterized by a mixture of lathy and skeletal ferrite
morphologies. These morphologies are clearly visible as darker structures in figu2@b. The
presence of acicular ferrite is advantageous in the context of welding stainless steel, whether
in similar or dissimilarjoint configurations, since it enhances toughness.

The analysis of the data shown in Figure 3 indicates that an increased concentration of SiO
has the potential to decrease the depth of the fusion line. Hence, the utilization of an active
flux containing 15% SiOexhibits superior results in relation to weld depth and the

development of microstructure.
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